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“fingerprint”

1 :  the impression of a fingertip on any surface; also : an ink impression 
of the lines upon the fingertip taken for the purpose of identification 

2 :  something that identifies: as a : a trait, trace, or characteristic revealing 
origin or responsibility b : analytical evidence (as a spectrogram) that 
characterizes an object or substance; especially : the chromatogram or 
electrophoretogram obtained by cleaving a protein by enzymatic action 
and subjecting the resulting collection of peptides to two-dimensional 
chromatography or electrophoresis 

from the “Merrian-Webster Online Dictionary” 
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1.Glossary

Symbols

A pre-exponential factor (L.mol-1.s-1 or s-1)

a radical coupling constant (Gauss) 

b chain-length exponent (-) 

c concentration (mg.mL-1)

C constant

cf correction factor 

d density (g.mL-1)

D0 diffusion coefficient of a monomer (m2.s-1)

Di diffusion coefficient of a polymer of chain length i (m2.s-1)

E endgroup mass (g.mol-1)

Eact activation energy (kJ.mol-1)

Ep Energy per laser pulse (mJ) 

f initiator efficiency 

f laser repetition rate (Hz)

Fi mole fraction of monomer i in a copolymer 

fi mole fraction of monomer i in the feed 

G‡ Gibbs energy (kJ.mol-1)

h Planck constant (J.s) 

H‡ activation enthalpie (kJ.mol-1)

hµ number of molecular reactant combinations 

I initiator molecule 

i radical chain length 

I intensity

K experimental constant 

kb Boltzmann’s constant (J.K-1)

kb rate coefficient for back-biting (s-1)

kd rate coefficient for initiator dissociation (L.mol-1.s-1)

khij propagation rate coefficient for the addition of monomer j to a radical with penultimate 

unit h and terminal unit i (L.mol-1.s-1)

kp propagation rate coefficient (L.mol-1.s-1)

kp(i) rate coefficient for propagation for radical with chain length i (L.mol-1.s-1)

kp
avg average propagation rate coefficient in a copolymerization (L.mol-1.s-1)
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kp
obs observed propagation rate coefficient (L.mol-1.s-1)

kt rate coefficient for termination (L.mol-1.s-1)

kt
0 constant in the geometric mean model (L.mol-1.s-1)

kt
i,j microscopic termination rate coefficient for the termination reaction between radicals 

of length i and j (L.mol-1.s-1)

<kt> average termination rate coefficient (L.mol-1.s-1)

ktr rate coefficient for transfer (L.mol-1.s-1)

L0,i characteristic chain length for polymer grown between i+1 pulses 

M monomer

m mass (g.mol-1)

M molar mass (g.mol-1)

n radical chain length 

n number of propagation steps 

n! factorial of the number n

Nav Avogadro’s number 

Nlps number of loops 

Nmon number of monomers 

Npulse number of pulses 

Nrad number of radicals 

Nt cumulative number of dead polymer chains present at time t

P chance of an event happening 

Pn polymer of chain length n

Pn number average degree of polymerization 

Pw weight average degree of polymerization 

R gas constant (J.mol-1.K-1)

r correlation coefficient 

RI primary radical 

RI rate of initiation (mol.L-1.s-1)

ri (monomer) reactivity ratio 

ri’ monomer reactivity ratio 

Rn· radical of chain length n

Rp rate of polymerization (mol.L-1.s-1)

Rt rate of termination (mol.L-1.s-1)

S‡ activation entropy (kJ.mol-1.K-1)

si radical reactivity ratio 

ss sum of squares 

T temperature (oC or K) 
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t time (s) 

tp time between pulses (s) 

U uniform distributed random number 

V reaction volume (L) 

Ve elution volume (mL) 

wp weight fraction of polymer 

X(i) number fraction of chains with chain-length i

Greek symbols 
 individual block distribution intensity 

 constant 

 molar extinction coefficient (L.mol-1.s-1)

 transmission coefficient 

µ number average degree of polymerization 

 pi 

 width of normal or Gauss distribution 

 contribution of disproportionation to the overall mode of termination (-) 

 Monte Carlo time step (s) 

 Chi-squared parameter 

Acronyms
BA n-butyl acrylate 

BzA benzyl acrylate 

CL Chain length 

DCTB trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile 

DMPA 2,2-dimethoxy-2-phenylacetophenone 

DRI differential refractive index 

E endgroup mass (g.mol-1)

EA ethyl acrylate 

EPUM Explicit Penultimate Unit Model 

ESR Electron Spin Resonance 

HA n-hexyl acrylate 

i.p. inflection point 

IPUM Implicit Penultimate Unit Model 

M.C. Monte Carlo 

M+ cationization agent 

MA methyl acrylate 
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MALDI-

ToF-MS

Matrix-Assisted-Laser-Desorption-Ionization Time-of-Flight Mass-Spectroscopy 

max maximum 

min minimum 

MMA methyl methacrylate 

MMMP 2-methyl-1-[4-(methyl)phenyl]-2-morpholinopropan-1-one 

MWD molecular weight distribution 

PDA photo diode array 

PDI polydispersity index 

SEC Size exclusion chromatography 

(SP)-PLP (Single-Pulse) Pulsed-Laser-Polymerization 

St styrene 

TM Terminal Model 

TR-ESR Time-Resolved Electron-Spin-Resonance 

TR-SP-PLP Time-Resolved Single-Pulse Pulsed-Laser-Polymerization 
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1.Introduction

1.1 A brief history 

Polymers have established a firm position in modern life due to their numerous possibilities and 

applications. Self-evident as this may seem nowadays, the first synthetic plastic of major industrial 

importance only originates from the beginning of the 20th century. Accidentally discovered by the 

Belgian scientist Dr. Leo Baekeland around the turn of the 19th to the 20th century, Bakelite made a 

splash in the early 1920s and found numerous applications in a family household. 

Applications of natural rubber can even be traced back to as early as the 15th century, where 

British explorers discovered the ancient Mayan civilization in Central America. The Mayans 

children were fond of playing with balls made from local rubber trees. The first modern application 

of natural rubber dates back to 1893 where Charles Goodyear discovered the vulcanization process. 

As a result of vulcanization, the natural rubber became much more durable, resulting in the 

commercial exploitation of rubber in for example tires. 

In the beginning of the 20th century, the concept of a polymer was still vague. In 1920 a German 

organic chemist, Hermann Staudinger, proposed that polymers were made of long chain-like 

molecules containing thousands of atoms, joined together by the same type of covalent bonds that 

joined the atoms of smaller molecules. This concept is also known as Staudingers Macromolecular 

Hypothesis, and was rejected by many scientists as absurd: 

"Drop the idea of large molecules, organic molecules with a molecular weight higher than 

5000 do not exist. Purify your rubber; then it will crystallise." 
 - H.Wieland, to H.Staudinger, reported in 

"Polymers: The Origins and Growth of a Science", by Herbert Morawetz1

It lasted until the end of the 1920s before Staudingers hypothesis became generally established. 

The importance of Staudingers hypothesis granted him the Nobel-prize for Chemistry in 1953. Since 

then, the field of polymer chemistry has evolved tremendously and has become an important 

scientific part of natural sciences, with contributions of many chemists and chemical engineers. 
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1.2 Free-radical polymerization 

From an industrial point of view, free-radical polymerization is very appealing. The mechanism is 

very robust and a wide range of monomers that contain a vinyl group can be readily polymerized via 

the free-radical mechanism. In its most simple form, four different fundamental reaction steps can be 

distinguished: the generation of radicals, followed by the initiation of polymerization. The growth of 

the polymer via the process called propagation, which gives the polymer its characteristic high 

molecular weight. The final step is the bimolecular termination reaction in which two radical species 

react to form ‘dead’ polymer material. It is important to realize that the aforementioned reactions 

take place simultaneously during the polymerization process. As a result, the end-product does not 

consist of polymer chains with one unique size. Instead, the polymer consists of a distribution of 

polymer chains with a variety of different sizes!! 

Radical formation 

An active radical is formed by the decomposition of an initiator molecule, I. This can either take 

place by thermal, chemical or photochemical activation of the initiator molecules: 
,

II 2 Rdk f→ ⋅           (1.1) 

in which (usually) 2 primary radicals are produced with an efficiency, f, that is usually less than 

unity. The rate of radical production in a constant batch volume process, that actually initiate 

polymerization, is given by 

[ ] 2 [ ]i d
d RR k f I

dt
⋅= =          (1.2) 

in which kd is the rate coefficient of initiator decomposition, [R·] is the radical concentration and 

[I] the initiator concentration. 

Propagation

During the primary radical initiation and subsequent propagation steps, the site of the reactive 

center is transferred to the newly added monomer, thus forming a new active chain-end 

n+1R M Rpk
n ⋅ + → ⋅          (1.3) 

in which kp is the propagation rate coefficient. The actual initiation reaction may occur at rates that 

can be orders of magnitude larger than the subsequent propagation rate. The rate of propagation in a 

constant volume batch process, is a bimolecular reaction and is given by 

[ ] [ ][ ]p p
d MR k R M

dt
= − = ⋅          (1.4) 

in which [M] stands for the monomer concentration. 
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Bimolecular termination 

Termination reactions occur when two radicals combine to form ‘dead’ polymer chains. This 

process can occur by combination, in which two radicals combine to form a new bond, or by 

disproportionation, in which a -hydrogen is transferred from one radical to the other 
,R R  t ck

n m n mP +⋅+ ⋅ →          (1.5) 

,R R  P Pt dk
n m n m⋅ + ⋅ → +          (1.6) 

The termination rate coefficient kt is a summation of the rate coefficient for combination kt,c and 

the rate coefficient for termination by disproportionation, kt,d. The overall rate of termination in a 

constant volume batch process is a second order reaction in the radical concentration, [R·], and is 

expressed as 

2[ ] 2 [ ]t t
d RR k R

dt
⋅= = − ⋅          (1.7) 

in which the IUPAC preferred factor of 2 is used. This factor has been introduced because two 

radicals are lost upon one termination reaction. 

1.3 Kinetic tools 

Knowledge of the rate coefficients of all fundamental steps in a free-radical polymerization 

process is of much importance as these are inheritably related to the structure and therefore to the 

properties of the polymer. The kinetic tools available have evolved considerably in these last few 

decades. Classic methods involve the combined determination of the ratio of propagation and 

termination rate coefficients. For example, the use of a steady-state in the radical concentration may 

directly lead to a value for kp
2/kt. The use of non-stationary polymerizations, such as spatially 

intermittent polymerization2, or the rotating sector technique3,4, comprise a pseudo-stationary radical 

profile. In these non-stationary experiments, a mixture of monomer and photoinitiator is exposed to 

dark periods, and periods of irradiation by a light source. With these non stationary polymerizations, 

the ratio kp/kt can be determined. Combination of a stationary polymerization with a non stationary 

polymerization should in principle give access to the individual rate coefficients kp and kt. However, 

differences in experimental conditions between the two techniques lead to variations in kt and hence 

an enormous scatter in the obtained data. 

A major improvement in the field of polymerization kinetics took place after the introduction of 

pulsed UV lasers. The so called pulsed laser polymerization technique (PLP) was described 

originally by Genkin and Sokolov5 and Alexandrov et al.6 in 1977 and was further developed by Olaj 

et al. in 1987 and later.7,8 This PLP method comprises the generation of radicals through, for 

example, a photoinitiator, dissociated by the light of a short laser pulse (~10ns), at constant intervals 
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of time. In between two subsequent pulses (e.g. the so-called dark period), normal propagation and 

termination can occur, resulting in a quasi-stationary radical profile as presented in Figure 1.1. The 

time of growth for a polymer chain is directly controlled by the time between two subsequent pulses. 

0.0 0.1 0.2
0.0

2.0x10-7

4.0x10-7

6.0x10-7

8.0x10-7

1.0x10-6
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a
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dW
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w
(L
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M

)

Log(M)

L0,1
L0,2

b

Figure 1.1. a) Radical concentration as a function of time for a simulated Pulsed Laser Polymerization 
experiment with a pulse frequency of 25 Hz. b) Logarithmic molecular weight distribution for a simulated 
Pulsed Laser Polymerization experiment in which the position of the characteristic chain length, L0,i, for 

polymer radicals surviving i pulses is indicated by the arrows. 

The quasi-stationary polymerization process results in very characteristic polymer molecular 

weight distributions such as shown in Figure 1.1b. The degree of polymerization for polymer chains 

initiated and terminated by these short pulses of radicals, induced by light, is given by the simple 

equation7

L0,i=i⋅kp⋅[M]⋅tp          (1.8) 

where L0,i is the characteristic chain-length of a polymer formed in the process of growth in the 

time between the zeroth and ith laser pulses. Note that tp is the time between two subsequent laser 

pulses, and i=1,2,3,.... The higher order peaks (i=2,3,...) may occur when growing chains survive 

termination by one or more subsequent pulses. Analysis of this characteristic chain-length therefore 

gives direct access to kp, making a separation of kp and kt possible. In 1986 a IUPAC working party 

entitled “Modeling of Free Radical Polymerization Kinetics and Processes” recommended the 

pulsed laser polymerization technique as the most reliable method for the determination of kp
9-11 in

free-radical polymerizations. 

Apart from the determination of kp, the introduction of pulsed lasers has also been used in the 

determination of termination rate coefficients. To measure termination rate coefficients, Buback et

al. introduced the concept of time-resolved single-pulse pulsed laser polymerization technique.12,13

In this technique the decay of the monomer concentration, after applying one laser pulse, is 

monitored by near infrared spectroscopy. In this way, the ratio of kp/kt can be determined more 
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accurately. Combined with kp values determined by the PLP-technique, reliable values of kt can so 

be obtained. 

1.4 Objective and outline of this thesis 

Despite the availability of reliable techniques for the determination of propagation and termination 

rate coefficients, there are still several improvements to be made. One of the drawbacks of the 

commonly used PLP technique is related to the characterization of the polymer molecular weight 

distribution. An accurate determination of the propagation rate coefficient is directly linked to a 

reliable determination of the molecular weight distribution. To determine propagation rate 

coefficients, it is common practice to use size exclusion chromatography (SEC) combined with the 

PLP technique. An interesting question, in this respect, is related to the accuracy with which SEC 

can determine these PLP-generated molecular weight distributions. Every characterization method 

has its shortcomings, and a scientist who fails to recognize this may end up explaining analytical 

artifacts in terms of polymerization kinetics.

An interesting characterization method in this sense would be the application of Matrix-Assisted-

Laser-Desorption-Ionization Time-of-Flight Mass-Spectrometry (MALDI-ToF-MS). The technique 

has evolved enormously in the last decennium, and can be used to determine absolute molecular 

weight distributions for low polydisperse polymers.14 Although the technique has only been applied 

a few times in combination with the PLP-technique15-17, it has not reached the status of the PLP-SEC 

technique. The possibilities for the application of MALDI-ToF-MS in combination with PLP will be 

discussed in this thesis. 

Polymerizations are not limited to the polymerization of one type of monomer. Polymerizing two 

or more monomers opens a whole new world of functionalities and properties to the resulting 

polymer. An obvious consequence is that the kinetic scheme of the polymerization mechanism 

becomes increasingly complex. The application of PLP-SEC has often been applied in order to study 

copolymerization kinetics.18 Challenges in this field are again related to the combination of MALDI-

ToF-MS with the PLP-technique. Questions related to the possibilities of analyzing copolymers with 

MALDI-ToF-MS will be investigated and implemented towards the determination of a complete set 

of copolymerization propagation rate coefficients. 

Our knowledge of many aspects of the termination reaction is far from complete. The 

experimental techniques mentioned in the previous section only provide information on the overall 

termination rate coefficient, and not the termination rate coefficient of growing chains of specific 

chain-lengths, i and j, i.e. the microscopic termination rate coefficient.19 This can be understood once 

it is realized that the microscopic reaction rate is determined by the rate of diffusion by which the 
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polymer radicals approach each other. Large polymer coils diffuse less rapidly than small ones 

making the termination rate coefficient chain-length dependent. This microscopic termination rate 

coefficient is commonly denoted as kt
i,j in which i and j represent the chain length of the terminating 

radicals. Challenges in this field are related to the experimental techniques that are available for the 

determination of the microscopic termination rate coefficients. 

Chapter 2 deals with the chain-length dependency of the propagation rate coefficient. Recent 

discussion in literature has it that the propagation rate coefficient is dependent on the size of the 

polymer radical. It will be shown that these observations are partly the consequence of a wrong 

interpretation of the characterization method SEC. Measurements by MALDI-ToF-MS of PLP-

generated polymers will be presented for the systems methyl methacrylate and styrene, and 

compared to the PLP-SEC method. 

Chapter 3 will focus on the use of PLP-MALDI-ToF-MS for the determination of the propagation 

rate coefficient of the free-radical polymerization of a series of acrylates. The method will be used to 

shine some light on a family type behavior by determining the activation energy and the pre-

exponential factor as appearing in the Arrhenius equation. Furthermore, the results of a combined 

investigation of PLP-MALDI-ToF-MS and a PLP-ESR technique will be presented. The results of 

the two techniques will be related to the origins of the failure of PLP-SEC for acrylates at elevated 

temperatures.

The application of MALDI-ToF-MS in the field of copolymer characterization will be illustrated 

in chapter 4. The capabilities of MALDI-ToF-MS will be illustrated by the analysis of a block 

copolymer and two random copolymers. 

In chapter 5 the capabilities to analyze copolymers by MALDI-ToF-MS will be used to facilitate 

the determination of copolymerization kinetics. The system styrene-methyl methacrylate will be 

used to exemplify the possibilities of the PLP-MALDI-ToF-MS method. 

Chapter 6 starts by presenting the results of an end-group analysis of single pulse PLP created 

polymers. The results will be discussed in terms of the ability for radicals, to initiate polymerization. 

Three different photoinitiators have been investigated for two different monomers which differ in 

their mode of termination, i.e. methyl methacrylate which predominantly terminates by 

disproportionation and methyl acrylate which predominantly terminates by combination. The second 

part of this chapter will deal with the determination of microscopic termination rate coefficients for 

polymer radicals having equal chain-lengths, i.e. the determination of kt
i,i. The method is based on 

single pulse PLP techniques and allows for the model-independent determination of chain-length 
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dependent termination rate coefficients. Results are presented for the systems methyl methacrylate 

and styrene. 

The appendix of this thesis deals with the simulation of molecular weight distributions, obtained 

from a PLP experiment. A simulation program is presented based on the Monte Carlo methodology. 

The Monte Carlo simulations have been used in several chapters throughout this thesis to support 

experimental procedures and observations. 

Finally, the epilogue will provide the reader with some comments and suggestions for future 

work.
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2.The Application of Matrix Assisted Laser 
Desorption Ionization - Time of Flight - Mass 

Spectrometry in Pulsed Laser Polymerization*

2.1 Introduction 

The combination of pulsed-laser-polymerization with size exclusion chromatography (PLP-SEC) 

has become one of the most important techniques to determine the propagation rate coefficient (kp).

Since its recommendation by an IUPAC working party entitled “Modeling of Free Radical 

Polymerization Kinetics and Processes”, it has resulted in benchmarked kp values for several 

monomers.1-4 Although the PLP-SEC method can result in accurate kp values, there are some 

problems. The method relies on accurate SEC calibration. If narrow molecular weight standards are 

not available, the method of universal calibration can be applied which again relies on the 

knowledge of the Mark-Houwink constants. One solution to this problem is the use of an in-line 

viscosity detector. The values for the Mark-Houwink constants are regularly updated resulting in 

updated kp-values (e.g. Hutchinson et al.5). Another issue is the extent of column band broadening in 

SEC which can affect the resulting kp values.6,7

An interesting method that is absolute in terms of molecular weight determination is Matrix-

Assisted-Laser-Desorption-Ionization Time-of-Flight Mass-Spectrometry (MALDI-ToF-MS). Danis 

et al.8 were the first to investigate the molecular weight distribution of a polymer resulting from a 

PLP experiment with MALDI-ToF-MS. This was followed up in 1996 by Zammit et al.9 and 

Schweer et al.10 Interestingly enough the findings by Schweer et al.10 already indicated a big effect 

of column band broadening on the determination of kp prior to the simulations.6,7

* Reproduced from: Willemse, Robin X. E.; Staal, Bastiaan B. P.; van Herk, Alex M.; Pierik, Sebastiaan C. J.; 
Klumperman, Bert. Application of Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry in 
Pulsed Laser Polymerization, Macromolecules, 2003,  36(26),  9797-9803
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Although very similar results were obtained with SEC and MALDI-ToF-MS, this method has not 

frequently been applied in combination with PLP. A reason for this might be that the intensity of the 

MALDI-ToF-MS signals is not representative for the amount of the particular polymer with that 

molecular weight, i.e. mass discrimination can occur. 

2.2 Chain-length dependent kp

Recent results obtained with the PLP-SEC method by Olaj et al.11,12 and in our lab13 indicate that 

kp values do not seem to be independent of the frequency at which the results are obtained. This 

effect has been interpreted by Olaj et al. as a chain-length dependent kp, related to a change in the 

local monomer concentration at the site of propagation.11,12

The surprising fact in these results is that the chain-length dependence extends to chain lengths 

well above the first few propagation steps. The latter chain-length dependence is well recognized 

and forms the reason that another method to determine kp values, i.e. electron spin resonance 

(ESR)14, until recently rendered kp values that were inconsistent with the IUPAC values determined 

by PLP-SEC. The main reason for the differences between ESR and PLP is the high radical flux 

needed in the ESR experiment, rendering very short chains. It is known that the rate of propagation 

for the first propagation steps is higher than the long chain limit15-17 and therefore ESR-experiments 

usually gave higher values than PLP experiments. With this knowledge, the differences between the 

PLP and ESR method were resolved for styrene18 and dodecyl methacrylate.19

In this chapter the application of MALDI-ToF-MS in relation to instrumental issues in SEC and 

the chain length-dependence of kp is investigated. 

2.3 Experimental section 

Materials. The monomers methyl methacrylate (MMA, Aldrich) and styrene (St, Aldrich) were 

purified from inhibitor by passing over a column with inhibitor remover (Aldrich, tert-butylcatechol 

remover for styrene, hydroquinone remover for MMA). The photoinitiator benzoin (Fluka, 99%) 

was used as received.

Polymerizations. The photoinitiator benzoin was added to the monomer to a concentration of 7.5 

mM. The solution of photoinitiator in monomer was purged with argon for at least 20 min in order to 

remove oxygen. Pulsed laser polymerization experiments were carried out using a Lambda Physics 

LPX110iMC excimer laser operating at the XeF line (351 nm) with a pulse width of 20 ns. The 

monomer mixture is placed in a thermostatted quartz glass cell that is completely irradiated by the 

laser beam. The temperature is measured inside the thermostatted cell using a thermocouple. Laser 

repetition rates were varied between 0.5 Hz and 100 Hz, whereas the laser-energy directly measured 
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at the laser exit was set at a constant level of 50 mJ.pulse-1. Temperatures at which polymerization 

was carried out were in the range of -20ºC to 25ºC for MMA and 20ºC to 60ºC for styrene. Samples 

were exposed to the pulsed laser beam for 90 seconds up to 10 minutes to allow polymerization. 

After isolation of the sample, small amounts of hydroquinone or 2,2,6,6-tetramethylpiperidine-1-

oxyl (TEMPO) were added to MMA and styrene, respectively in order to prevent further 

polymerization. After evaporation of nonreacted monomer under reduced pressure, using a high 

vacuum pump, conversions were determined by gravimetrical analysis. and obtained conversions 

were well below 3%. For the calculation of the densities of styrene20 and MMA21, respectively the 

following formulas were used 
4

3 6 2 8 3

0.9236 8.87 10 T

0.9569 1.2129 10 T 1.6813 10 T 1.0164 10 T
St

MMA

d

d

−

− − −

= − ⋅

= − ⋅ + ⋅ − ⋅

where d is given in g.mL-1 and T is the temperature in ºC. 

Analysis. MALDI-ToF-MS analysis was carried out on a Voyager DE-STR from Applied 

Biosystems. The matrix is trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile 

(DCTB) which was synthesized according to literature procedures.22 Sodium trifluoracetate (Aldrich, 

98%) and silver trifluoracetate (Aldrich, 98%) were added to pMMA and pSt, respectively as 

cationization agents. The matrix was dissolved in THF at a concentration of 40 mg.mL-1. Salt was 

added to THF at typical concentrations of 1 mg.mL-1. Polymer was dissolved in THF at 

approximately 1 mg.mL-1. In a typical MALDI-ToF-MS experiment the matrix, salt and polymer 

solution were premixed in a ratio of 10:1:5. The premixed solutions were handspotted on the target-

well and left to dry. All spectra were recorded in the linear mode.

For a correct interpretation of MALDI-ToF-MS mass spectra, peaks were integrated in the mass-

domain23 over the monomer repetition unit. To minimize spot-to-spot variation, two or three separate 

spectra, recorded from different spots, consisting of 2000-5000 individual shots each, were used for 

the calculation of kp. Peak maxima were evaluated from the intersection of the first-derivative with 

the x-axis obtained after cubic spline smoothing of the integrated data. The spectra shown in this 

chapter were corrected for the fact that acquisition is carried out in the time-domain and not in the 

mass-domain.23

SEC analysis was carried out on a Viscotek Triple-SEC setup consisting of a Gynkotek pump and 

four mixed-B columns (Polymer Laboratories) with THF (Biosolve, Ar-stabilized, 99.8%) as solvent 

running at 1.0 mL.min-1. Calibration curves were constructed using both pSt (molar mass range from 

580 to 1.106 g.mol-1) and pMMA (molar mass range from 650-1.5.104 g.mol-1) standards (Polymer 

Laboratories) of narrow polydispersity. For evaluation of the molecular weight distributions the 

differential refractive index (DRI) detector was used as a concentration detector for both systems. 

The polymer was dissolved in THF at typical concentrations of 2 mg.mL-1.
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2.4 Results and discussion 

Propagation rate coefficients by MALDI-ToF-MS

The use of MALDI-ToF-MS in the analysis of polymer distributions has gained a lot of interest in 

the last years. Issues like correct interpretation of MALDI-ToF-MS-signals23,24 and the use of 

MALDI-ToF-MS in broad distributions are debated in several articles.25-30

One issue in PLP-experiments analyzed with MALDI-ToF-MS, is the best measure for kp.

Although usually the inflection point in a logarithmic molecular weight distribution resulting from 

SEC analysis is taken, the distribution resulting from a MALDI-ToF-MS analysis is a (discrete) 

number molecular weight distribution (nMWD). In 1996 Buback et al.6 already described that when 

working at high initial radical concentrations (the so-called high termination rate limit (HTRL), a 

term introduced by Sarnecki et al.31), kp can be estimated reliably from the peak maximum in a 

number molecular weight distribution within 2% accuracy. To investigate whether under the HTRL 

conditions peak-maxima can be used reliably to evaluate kp over a wide range of laser-frequencies, 

Monte-Carlo simulations of PLP-experiments have been carried out. A detailed description of the 

Monte-Carlo principle can be found in the appendix of this thesis. From the simulated nMWDs both 

peak-maxima and inflection points were used to calculate kp-values and compared to the simulation 

input value (Figure 2.1). It is clearly demonstrated that over a whole range of laser-frequencies, the 

kp-value can be reliably estimated within 3% accuracy from the peak-maximum in a nMWD. For kp-

values determined from the inflection point systematic deviations up to 15% are found at the higher 

repetition rates. 
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Figure 2.1. Dependence on laser frequency of kp values derived from peak maximum ( ) and inflection point ( )
from a nMWD compared to the input value for the simulation (---). The nMWDs are obtained by Monte-
Carlo simulations for MMA (termination by disproportionation) using laser-frequencies varying from 

1-100 Hz. Input for Monte-Carlo simulation: kp=320 L.mol-1.s-1, kt
i,j=2.108.(i.j)-(0.2)/2 L.mol-1.s-1,

[MMA]=10 mol.L-1, [R0]=5.10-6mol.L-1.
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Another issue that needs to be addressed is whether mass-discrimination in MALDI-ToF-MS can 

influence the position of the peak-maximum in a MWD obtained by PLP-experiments. From the past 

it is known that when dealing with broad distributions (as a general rule polydispersity index 

(PDI)>1.2) 26, mass discrimination can have a serious effect on the distribution and peak maximum. 

Any form of discrimination will therefore also affect the distribution obtained from a PLP-

experiment. In our experience, the selected matrix DCTB is showing much less mass discrimination 

effects than previously used matrices like dithranol or dihydroxybenzoic acid (DHB).32 Furthermore, 

the characteristic peaks that are the result of PLP-experiments usually have the characteristics of 

very narrow Gaussian-distributions (PDI<1.2, see Figure 2.2). For these narrow Gaussian-

distributions it is generally accepted that mass discrimination effects have a negligible influence on 

the peak position. Therefore, MALDI-ToF-MS can be used in a reliable way for kp-determination,

especially when peak maxima can be used as is indicated in Figure 2.1. 
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Figure 2.2. Some examples for MALDI-ToF-MS mass spectra from PLP-experiments obtained for methyl 
methacrylate bulk polymerization at –18.3 ºC varying the laser frequency from 50Hz down to 1Hz. 

PLP-experiments were carried out using the monomers methyl methacrylate and styrene with 

temperatures chosen as such that with a wide range of laser frequencies peak positions could be 

obtained ranging from low to high masses. Figure 2.2 gives a good impression of the type of molar 

mass distributions obtained, with clearly resolved first order peaks shifting to higher molecular 

weights with decreasing laser frequency. It can also be observed that at the higher frequencies 

(Figure 2.2, 50Hz), overlap is occurring between first order and higher order peaks resulting in 

tailing to the higher masses, whereas in the intermediate range well resolved second order peaks can 

be observed. According to the IUPAC working party on “Modeling of Free Radical Polymerization 

Kinetics and Processes”, these second order peaks can be used as an internal reliability check for the 

validity of the PLP-experiments, and indeed, in most cases observed propagation rate coefficients 

could be determined that corresponded close to the observed propagation rate coefficient from first 
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order peaks at that same mass. However, it was chosen not to include the obtained values from the 

second order peaks as these can suffer from clustering effects in a MALDI-ToF-MS measurement. 

This clustering effect is known from the analysis of low PDI standards in MALDI-ToF-MS 

measurements and can lead to the observation of clusters of molecules having masses that are 

multiples of the original distribution.33,34 This clustering effect can be observed with low PDI 

standards having a degree of polymerization close to 10.000 g.mol-1 or higher. As such, the 

determination of observed propagation rate coefficients from second or higher order peaks can be 

biased due to the clustering of first-order peak material. 

For the calculation of the observed propagation rate coefficients, peak maxima were determined 

from the nMWD obtained by a MALDI-ToF-MS analysis, whereas inflection points were 

determined from the logarithmic MWD analyzed by SEC. For the interpretation of the observed 

propagation rate coefficient it should be realized that, as already stated by Nikitin et al.35, Kaminsky 

et al.36 and Olaj et al.12, in the case of chain-length dependent propagation rate coefficients the 

observed propagation rate coefficient is a summation of all individual propagation steps, n, as 

described by 

1

1 1 1
( )( )

n

obs
i pp n k ik n =

=          (2.1) 

The use of MALDI-ToF-MS allows for the exact determination of polymeric masses and therefore 

the determination of the number of propagation steps, n, from the polymeric characteristic chain-

length, L0,1, according to 

0,1n L p= −           (2.2) 

where p equals 1 in the case of termination by disproportionation (MMA) and 2 in the case of 

termination by combination (St). 

Observed propagation rate coefficients (kp
obs): MALDI-ToF-MS vs SEC

In Figure 2.3 kp
obs is presented as a function of the number of propagation steps (n) as measured by 

MALDI-ToF-MS ( ) and by SEC ( ) for MMA (Figure 2.3a) and styrene (Figure 2.3b). An 

interesting fact is revealed when comparing the results of the two different analytical techniques at 

the higher number of propagation steps. Whereas kp
obs as measured by SEC decreases with 

increasing chain-length, thus confirming the observations as previously found by Olaj et al.11,12 the 

kp
obs in MALDI-ToF-MS has already reached its long-chain limit value within 5% accuracy before 

100 propagation steps have occurred. The fact that the observed propagation rate coefficient is 

almost constant after the first 100 propagation steps is therefore very strong evidence that any chain-

length dependent behavior is limited to the lower chain-length regions. At the lower number of 
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propagation steps, both analytical techniques show higher observed propagation rate coefficients 

thus confirming results obtained by ESR experiments under high radical fluxes.18
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Figure 2.3a-b. Experimentally observed propagation rate coefficients, kp
obs, versus number of propagation steps, 

n, for a bulk polymerization for MMA (a) and styrene (b) derived from the first peak-maximum from a 
MALDI-ToF-MS measurement ( ) and the first inflection point from a logarithmic molecular weight 

distribution measured by SEC ( ). The best fits according to equation (2.3) (--) for the MALDI-ToF-MS 
data are indicated with the parameters given in Table 2.1. 
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The differences between MALDI-ToF-MS and SEC at higher molecular weights can have 

different origins. First of all it has to be realized that kp values determined by MALDI-ToF-MS and 

SEC originate from different positions in different distributions. By simulations6 it has already been 

shown that the peak-maximum from an nMWD is found at higher chain-lengths than the inflection 

point in a logarithmic MWD. The fact that the differences between SEC and MALDI-ToF-MS 

increase with an increasing number of propagation steps, suggests that there is another mechanism at 

work. SEC suffers from two major disadvantages. First of all, it is not an absolute technique, e.g. for 

the calibration to be carried out correctly one needs to rely on the molecular weight values of narrow 

standards as supplied by the manufacturer. Furthermore, it is a well known fact that SEC suffers 

from band broadening effects.37 The effect of column band broadening can result in an 

overestimation of the PDI of narrow polymer distributions.38,39 As a result of this, the difference 

between the ‘true’ inflection point and the ‘observed’ inflection point for narrow distributions 

increases with molar masses increasing. Obviously, the same effect will also play a role in PLP-

generated polymer distributions. To visualize the differences between MALDI-ToF-MS and SEC 

Figure 2.4a and b provide two distributions for MMA at the higher molecular weights, where the 

integrated MALDI-ToF-MS mass spectrum has been converted to a logarithmic MWD, using the 

definitions by Shortt.40 In doing so, one has to realize that at the very high molecular weights, 

MALDI-ToF-MS mass spectra are very sensitive to baseline problems and low signal to noise ratios. 

Converting MALDI-ToF-MS mass spectra to logarithmic MWDs therefore enhances these effects.
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Figure 2.4a-b. Overlay of logarithmic MWD obtained from SEC (---) and calculated from a MALDI-ToF-MS 
nMWD distribution (—) for MMA at two different laser frequencies: a) f = 5Hz b) f = 2Hz. The arrows 

indicate the inflection points in the logarithmic MWD obtained by SEC. 

The main focus of Figure 2.4a and b therefore should lie on the shape and position of the PLP-

peak, for which it can easily be seen that calibration effects can have some influence on the position 

of the peak (Figure 2.4a), but broadening in general will result in an underestimation of the inflection 

point that is increasing with increasing chain-length (Figure 2.4a and Figure 2.4b). These 
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observations are in agreement with experimental observations by Schweer et al.41 and simulations of 

PLP dealing with column band broadening recently carried out by Beuermann.7 For a good 

understanding of the concept of column band broadening, MALDI-ToF-MS may be a valuable tool 

since broadening effects in MALDI-ToF-MS are insignificant. Comparison between MALDI-ToF-

MS and SEC should therefore be carried out for standards with low PDIs for which mass 

discrimination effects, baseline correction and signal to noise ratio should pose no problems. 

Observed kp vs ‘true’ kp

Knowing that the observed propagation rate coefficient is nothing but a summation of all the 

individual propagation steps that have taken place at lower chain lengths (equation (2.1)), it is 

tempting to extract information about the ‘true” propagation rate coefficient from the observed 

propagation rate coefficient. From transition state theory it has already been shown that starting from 

monomer derived radical species to the corresponding macro radical, propagation rate coefficients 

may change by a factor of 10-25.42 From experimental time-resolved infrared spectroscopy, it is also 

known that photo initiation can be accompanied by very high initiation rate coefficients (ki) which 

are several orders of magnitude larger than the subsequent propagation rate coefficients.43 In 1992 

Moad et al.16 showed by performing nitroxide-trapping experiments that indeed the first two 

propagation rate coefficients are an order of magnitude larger than the long chain propagation rate 

coefficient. Gridnev et al.15 later on published supporting evidence for this behavior with the use of 

catalytic chain transfer experiments. All these articles support the observation that indeed chain-

length dependent behavior is found in the oligomer range. So far however, no theoretical model has 

been developed that is able to describe the chain-length dependence of kp in the oligomer range. We 

therefore introduce a simplified model in which the minimum number of propagation steps, imin,

deviating from the long chain limit, kp( ), can be estimated. In this simplified model a minimum 

number of propagation steps including the initiation step (under these definitions kp(1) = ki) are 

assumed infinitely fast compared to the subsequent  (n > imin) propagation steps. Under these 

conditions equation (2.1) is readily transformed into 

min

( ) ( )obs
p p

nk n k
n i

= ⋅ ∞
−

         (2.3) 

in which kp( ) is a constant propagation rate coefficient for any radical having a chain length 

larger than (imin+1). Equation (2.3) has been used to fit the results as obtained by the MALDI-ToF-

MS analysis by nonlinear least squares analysis.44,45 Because small deviations at low chain-lengths 

can result in large deviations in the measured kp
obs, it was assumed that peak maxima in MALDI-

ToF-MS could be obtained with an accuracy of 2 repeat units at the lower masses, with a limit of 1% 
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accuracy at the higher masses. The nonlinear least squares fits have been included in Figure 2.3a and 

Figure 2.3b (dashed lines), whereas the values for these best fits are included in Table 2.1. 

Table 2.1. Values obtained by non-linear parameter estimation44,45 according to equation (2.3) for methyl 
methacrylate and styrene at different temperatures.a

MMA Styrene 
T

[ºC]
kp( )

[L.mol-1.s-1-]
imin
[-]

T
[ºC]

kp( )
[L.mol-1.s-1-]

imin
[-]

-18.3 65.6 ± 0.6 5.2 ± 0.7 20.1 76.0 ± 0.6 5.7 ± 0.6 
0.7 144.2 ± 1.1 4.9 ± 0.9 40.0 175.9 ± 1.3 7.3 ± 0.9 

24.7 345.4 ± 2.5 5.1 ± 1.1 59.9 372.2 ± 2.6 9.1 ± 1.2 
a The variances indicated refer to 95% confidence intervals, using a non 
linear least squares approach in which the weighing of the data was 
performed by an individual weighing scheme.44,45 The 95% joint confidence 
interval was constructed using the 2 distribution.44,45 The absolute errors in 
the measured chain-length, L0,1, were transposed to an error in kp, for which 
it was assumed that peak-maxima could be obtained with an accuracy of 2 
repeat units at the lower masses with a limit of 1% accuracy at the higher 
masses.

A striking result from the fits of equation (2.3) is revealed when inspecting Table 2.1. Although 

kp
obs decreases up to a chain-length of 100 units, this can be completely accounted for by a chain-

length dependent behavior of the ‘true’ kp limited towards the oligomer range (imin 5-9). The model 

used to fit the data is based on the assumption that the first imin propagation steps are infinitely fast, 

which, in reality, is not the case. However, if it is assumed that kp is constant after (imin+1)

propagation steps, and assuming that the initiation step is infinitely fast, the subsequent 5-9 

propagation steps on average only have to be 5-9 times as fast compared to the constant kp, which 

again is in agreement with experimental evidence.15,16 It is therefore believed that any chain-length 

dependence of the ‘true’ propagation rate coefficient is limited to the first ten propagation steps. 

Now that new long chain values have been established for kp using the new PLP-MALDI-ToF-MS 

method, these results can be compared to the IUPAC benchmark values published for both styrene4

and MMA3. For both monomers Arrhenius plots were constructed (Figure 2.5) using the obtained 

kp( )-values displayed in Table 2.1. The IUPAC benchmark values for the Arrhenius parameters are 

in good agreement with the newly obtained Arrhenius parameters for styrene as can be observed 

from Table 2.2, whereas differences are found for MMA. Comparison of the obtained Arrhenius 

plots however reveals that for both systems the differences at the investigated temperatures between 

this work and the IUPAC values are small. 
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Table 2.2. Frequency factor, A, and activation energy, Eact, for styrene and methyl methacrylate calculated by 
using the values for kp( ) derived from equation (2.3) compared to IUPAC values.4,3

 This work IUPAC

A
[L.mol-1.s-1]

Eact
[kJ.mol-1]

A
 [L.mol-1.s-1]

Eact
[kJ.mol-1]

MMA 6.52·106 24.4 2.67·106 22.4 
Styrene 45.1·106 32.4 42.7·106 32.5 
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Figure 2.5a-b. Arrhenius plots for kp( ) values derived from equation (2.3) for methyl methacrylate (a) and  
styrene (b). Indicated are the best fits with values taken from Table 2.2 (—) and IUPAC benchmark values 

(---).

2.5 Conclusion 

Just like the introduction of the IUPAC recommended method of pulsed laser polymerization in 

combination with size exclusion chromatography resulted in the determination of reliable 

propagation rate coefficients, it was just a matter of time before its limitations were to be revealed. 

The combination of pulsed laser polymerization and MALDI-ToF-MS has been shown to be less 

sensitive to inaccuracies in the determination of the MWD than PLP-SEC. This has led us to 

conclude that previously observed chain-length dependent kp-values at high chain-lengths are the 

result of column band broadening effects in SEC. Moreover, it has been demonstrated that using the 

PLP-MALDI-ToF-MS method enables one to extract detailed information on the chain-length 

dependent behavior of the observed propagation rate coefficient for both MMA and styrene. From 

the observed propagation rate coefficient it has been deduced that the chain-length dependence of the 

‘true’ propagation rate coefficient is limited to the first ten propagation steps. 
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3.PLP-MALDI-ToF-MS on a Family of Acrylates 

3.1 Introduction 

According to the transition state theory, reactants have to go through a transition state prior to the 

formation of the reaction product as schematically shown in Figure 3.1. The reaction rate, k, at which 

the formation of the reaction product occurs, can be described by the Eyring equation in which the 

reaction rate is related to the difference of the free Gibbs energy between the reaction state and 

transition state, G‡

‡G
b RTk Tk e
h

κ
−∆

=           (3.1) 

In this equation  equals a transmission coefficient, h is the Planck constant, kb the Boltzmann 

constant and R the gasconstant. 

Figure 3.1. Potential energy change according to the transition state theory for a (exothermic)reaction between 
two molecules A and B which form the product AB via the transition state [A--B]. 

According to the transition state theory, the activation Gibbs energy may be split in the activation 

entropy ( S‡) and the activation enthalpy ( H‡)
‡ ‡ ‡G H S

RT RT RkT kTk e e e
h h
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= =         (3.2) 

The resulting equation can be directly compared to the empirical Arrhenius equation 
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from which it can be observed that a change in the activation energy Eact, is related to a change of 

the activation enthalpy, H‡, and a change in the pre-exponential factor A is related to a change of 

the activation entropy, S‡. Although both equations can be used to describe the reaction rate 

coefficient of a free-radical polymerization, the use of the Arrhenius equation is common practice in 

polymer chemistry. 

With the introduction of pulsed-laser-polymerization techniques in the field of free radical 

polymerization combined with size exclusion chromatography, Arrhenius parameters could be 

determined with an increased accuracy. Nevertheless, one of the issues in free radical polymerization 

that still remained is whether the increase of the propagation rate coefficient, kp, due to an increase 

of the size of the ester side-chain for a family of (meth)acrylates can be traced back to an enthalpic 

or entropic effect. While electronic effects should be reflected in a change of the activation enthalpy, 

steric effects are associated with a change in the activation entropy. From a theoretical point of view, 

an increase of the ester side chain for (meth)acrylates should therefore only result in an increase of 

the frequency factor, A, and not a decrease of the activation energy, Eact.1

This variation of kp within a family of monomers has already resulted in a few papers on the 

subject. One of the first articles that tried to explain this behavior was reported by Hutchinson et al.2

In that article the authors reported the results of an investigation in which an increase of kp was 

related to an increase of the size of the ester-side chain for a family of methacrylates. Contrary to the 

expectations, the authors observed a decrease of the activation energy when the size of the ester 

group increased. Because the authors realized the importance of molecular weight distribution 

analysis in these types of studies, the authors postulated that errors in SEC calibration resulted in 

these strange observations. 

In 1998, Zammit et al.3 also investigated the propagation rate coefficients for a family of 

methacrylates. To overcome the problems with SEC calibration, the authors used a triple detector 

set-up which should result in an absolute molar mass determination. The monomers of interest were 

methyl methacrylate (MMA), ethyl methacrylate (EMA), n-butyl methacrylate (BMA), n-dodecyl

methacrylate (DMA) and benzyl methacrylate (BzMA), but only significant differences were found 

for the last two monomers. Again, contrary to the expectations, Zammit et al. observed a decrease of 

the activation energy for DMA compared to the shorter alkyl methacrylates, and an increase of the 

frequency factor in the case of BzMA. While the results of DMA were explained in terms of an 

interaction of the side chain with the unpaired radical, the results on BzMA were explained by 

postulating that the phenyl ring was at a too big distance from the radical to have any electronic 

effect on the radical. 
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The combination of MALDI-ToF-MS with PLP has one big advantage over the combination of 

SEC with PLP. MALDI-ToF-MS is an absolute measurement which does not need calibration. 

Especially in the field of acrylates, this is an important advantage over the conventional use of SEC, 

since low polydispersity standards are not readily available for acrylates. Moreover, acrylates suffer 

from branching. Since branched polymers have a different hydrodynamic volume than linear 

polymers, this can affect the calibration of SEC. The first part of this chapter therefore focuses on 

the determination of the Arrhenius parameters for a family of acrylates. 

One additional problem related to the determination of Arrhenius parameters for a family of 

acrylates is related to the failure of PLP experiments at elevated temperatures. It is generally 

believed that the break-down of the PLP experiment at higher temperatures is caused by 

intramolecular chain-transfer.4-7 The second part of this chapter focuses more on this break-down of 

PLP-experiments at higher temperatures. PLP coupled with ESR experiments are conducted in an 

effort to shine some new light on the occurrence of mid-chain radicals; a direct consequence of the 

process of back-biting. 

3.2 Experimental section 

Materials. The monomers methyl acrylate (Aldrich, 99%), ethyl acrylate (Aldrich, 99%), n-butyl

acrylate (Merck, 99%), n-hexyl acrylate (Aldrich, 98%) and benzyl acrylate (PolySciences, 99%) 

were purified using an inhibitor remover (Aldrich, hydroquinone remover). The photoinitiator 

benzoin (Fluka, 99%) was used as received. 

Density measurements. An Anton Paar DMA60 oscillating tube densimeter equipped with a 

density measuring cell (DMA602) was used to measure densities of the studied monomers. The 

equipment was calibrated using toluene and ethanol, with the respective densities taken from 

literature.8,9 Density measurements were carried out in the temperature range -22oC < T < 35oC. The 

obtained densities were fitted to 

( )T aT bρ = +           (3.4) 

where  is the density in g.cm-3 and T the temperature in degrees Celsius. The results of this fitting 

are collected in Table 3.1 and are well within 1% of the reported values at 20oC in the Polymer 

Handbook.10
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Table 3.1. Monomer density measurements in the temperature range -22oC < T < 35oC. The densities were fitted 
to equation (3.4)

a
[g.cm-3.oC-1]

b
[g.cm-3]

 (20 oC)
[g.cm-3]

methyl acrylate -1.216.10-3 0.980 0.955

ethyl acrylate -1.150.10-3 0.945 0.922 

n-butyl acrylate -9.95.10-4 0.919 0.899 

n-hexyl acrylate -9.04.10-4 0.906 0.888 

benzyl acrylate -9.27.10-4 1.075 1.057 

PLP-MALDI-ToF-MS measurements. Bulk PLP experiments were carried out using the 

photoinitiator benzoin which was added to the monomer at a concentration of 5·10-3 mol.L-1. The 

solution of monomer and photoinitiator was degassed by three freeze-pump-thaw cycles in order to 

remove dissolved oxygen. In order to maintain low conversions and isothermal conditions, the 

duration of the experiments was limited to a maximum of 1 second. Experimental conditions can be 

found in Table 3.4-Table 3.8. The polymer was isolated from the reaction mixture by evaporating off 

non-reacted monomer in a high vacuum oven. A detailed description of the set-up and the analysis of 

the molecular weight distributions by MALDI-ToF-MS can be found in chapter 2 of this thesis. 

PLP-ESR measurements. PLP-ESR experiments were carried out at the department of Physical 

Chemistry at the Carl August University of Göttingen. The set-up enables the recording of X-band 

ESR spectra on a Bruker Elexsys® E500 series CW-EPR spectrometer. Radicals are created by 

irradiation of the sample in the grid with a COMPex 102 excimer laser (Lambda Physik) operating 

on the XeF line at 351 nm. See Buback et al.11 for a more detailed description of the set-up. 

The photoinitiator 2-methyl-1-[4-(methylthio)phenyl]-2-morpholinopropan-1-one (MMMP, 98%, 

Aldrich) was used as received at an initial concentration of 10·10-3 mol.L-1. n-Butyl acrylate was 

purified using an inhibitor remover (Aldrich, hydroquinone remover) and distilled under reduced 

pressure. The solution of n-butyl acrylate in toluene (1 mol.L-1) was degassed by three freeze-pump-

thaw cycles to remove dissolved oxygen. ESR sample tubes were prepared in the glove box under 

argon atmosphere. PLP-ESR experiments were carried out at a laser repetition rate of 20 Hz and 

laser energy of 15 mJ.pulse-1 in the temperature range of -50oC to 60oC.

In order to determine the percentage of mid-chain radicals, the measured ESR spectra were fitted 

to a linear combination of the theoretical normalized spectra of the normal propagating radical and 

the mid-chain radical. The percentage of mid-chain radicals was calculated by minimizing the sum 

of squares of residuals between the measured spectrum and the theoretical spectrum. 
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3.3 Results and discussion 

The influence of laser energy and initiator concentration 

In 1996 an article was published by Buback et al.12 in which, with the use of Predici modeling, the 

influence of primary radical concentrations was investigated on the determination of kp. In this paper 

by Buback et al. it was found that if the propagation rate coefficient is determined from the peak 

maximum in a number molecular weight distribution, considerable influences are observed by a 

change in the initial radical concentration, especially at the very low radical concentrations, i.e.

radical concentrations lower than 10-7 mol.L-1. In chapter 2 it was reported that the best estimate of 

the intrinsic kp is obtained from the peak maximum in a number molecular weight distribution. 

Recall that the reason for using a number molecular weight distribution is related to the fact that 

MALDI-ToF-MS measures the number of ions. This, however, implies that if a detailed study will 

be carried out on the influence of the size of the ester side-chain on the observed propagation rate 

coefficient for a family of acrylates, systematic errors in the experimental conditions have to be 

prevented as much as possible. It therefore is important to study the effect that a change of the initial 

radical concentration can have on the determination of propagation rate coefficients, determined 

from PLP-MALDI-ToF-MS experiments. 

In order to investigate the influence of the initial radical concentration on the observed propagation 

rate coefficient, PLP experiments on methyl acrylate were carried out varying both the laser energy 

as well as the photoinitiator concentration. The reactions were carried out at -10.7oC and a pulse 

frequency of 100 Hz. The results of these experiments are shown in Figure 3.2a-b. From Figure 3.2a 

it can be observed that a decrease of the initial radical concentration results in a slight shift of the 

peak maximum to higher masses, while at the same time a second peak starts to emerge at 

approximately twice the mass of the first peak. This can be understood when it is realized that the 

chance of termination over propagation decreases with a decrease of the initial radical concentration. 

Chains that therefore successfully reach the arrival of the next pulse will have a lower chance to 

terminate. As a consequence, the peak maximum shifts to higher molecular weights whereas the 

chance to escape termination increases, hence the increase of the second peak maximum. In Figure 

3.2b, these peak maxima and corresponding kp values are shown as a function of the product of the 

laser intensity and the photoinitiator concentration (e.g. initial radical concentration). From this 

logarithmic plot, it can be observed that with a logarithmic increase of the product of laser intensity 

and photoinitiator concentration, the peak-maximum decreases linear, and changes in the measured 

kp values up to 6.5% are found. In order to study a family type of behavior, it is important to 

minimize differences in the experimental conditions as much as possible as they may lead to the 

introduction of systematic errors. 
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Figure 3.2. a) Number molecular weight distribution of methyl acrylate, generated by PLP at 100 Hz and
-10.7oC, analyzed by MALDI-ToF-MS. Experiments were conducted using initiator concentrations of 
10.28, 5.00, 0.70 and 0.28 mmol.L-1. Laser intensities were varied using 65, 45, 30, 20 and 15mJ per 

pulse. The arrow on the left side indicates the trend of a decreasing initial radical concentration, resulting 
in a shift of the peak maximum towards higher masses. b) Peak maximum and observed propagation rate 

coefficient as a function of the product of laser intensity and initiator concentration. 

Acrylate propagation rate coefficients determined by the PLP-MALDI-ToF-MS 

method

The monomers that were investigated by the PLP-MALDI-ToF-MS method all belong to a family 

of acrylates differing only in the size of the ester side-chain, i.e. methyl acrylate (MA), ethyl acrylate 

(EA), n-butyl acrylate (BA) and n-hexyl acrylate (HA). Subsequently one other monomer was 

chosen for which a ‘small’ electronic effect may be expected, i.e. benzyl acrylate (BzA), even 

though this is contrary to the findings by Zammit et al.3 for the methacrylates. 

Pulsed-laser-polymerizations were carried out in the range of -25oC to 37oC with laser frequencies 

varied from 60 Hz up to 100 Hz. In order to keep the temperature rise in the reaction cell as small as 

possible, the reaction time was limited to 1 second. Experiments were performed at two different 

laser energies, with laser energies decreasing slightly towards the higher reaction temperatures. The 

reason for this is related to a better observation of the characteristic PLP-peak in a MALDI-ToF-MS 

measurement when lower initial radical concentrations are applied in a PLP experiment at high 

temperatures as can also be observed from Figure 3.2. The full experimental conditions can be found 

in Table 3.4-Table 3.8 in the appendix of this chapter. 

Figure 3.3 gives a good impression of the type of molecular weight distributions obtained for a 

pulsed laser polymerization of methyl acrylate at various temperatures. At low polymerization 

temperatures, the characteristic PLP peaks are well resolved. With an increase of reaction 

temperature, the characteristic PLP peaks shift to higher masses and rapidly diminish in intensity 
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compared to the ‘background’ material, finally ending up being barely visible at a reaction 

temperature of 36.5oC.
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Figure 3.3. MALDI-ToF-MS mass spectra obtained by Pulsed Laser Polymerization of methyl acrylate at four 
different reaction temperatures. The arrows at the high temperature PLP-experiments indicate the 

characteristic mass from which the propagation rate coefficient is evaluated. 

The results of the PLP-MALDI-ToF-MS measurements are also collected in Table 3.4-Table 3.8 

and have been plotted as an Arrhenius plot in Figure 3.4. The results in Figure 3.4 clearly 

demonstrate that an increase of the ester chain length indeed results in an increase of the propagation 

rate coefficient. Whether this is due to an entropic or enthalpic effect can not be derived from the 

results in Figure 3.4. It is only for the monomer BzA that a significantly different slope can be 

observed which points to a different activation energy in comparison to the alkyl acrylates.
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Figure 3.4. Arrhenius plots for the systems methyl acrylate ( ), ethyl acrylate ( ∆ ), n-butyl acrylate ( ∇ ), n-hexyl 
acrylate (+) and benzyl acrylate (x). Experiments were carried out in the temperature range of -25oC to 
37oC with benzoin as photoinitiator with concentrations equal to 5·10-3 mol.L-1.

A general observation that can be inferred from the Pulsed Laser Polymerization experiments is 

that an increase of the ester chain length results in an earlier break down of the Pulsed Laser 

Polymerization experiment, i.e. at higher temperatures the characteristic PLP-peak can not be 

observed in a MALDI-ToF-MS measurement. This effect is strongest for the system BzA where 

above 10oC no characteristic number molecular weight distributions could be observed. 

In order to evaluate the Arrhenius parameters, a non linear least squares analysis was performed. 

The 95% joint confidence intervals were determined using a 2 test with an individual error weighing 

scheme, for which it was assumed that the peak maxima in a MALDI-ToF-MS measurement could 

be obtained with an accuracy of 1 %. The thus obtained errors were transposed into an error of kp

and are collected in Table 3.4-Table 3.8 located in the appendix. 
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Figure 3.5. 95% Joint confidence intervals for the systems methyl acrylate (MA), ethyl acrylate (EA), n-butyl 
acrylate (BA), n-hexyl acrylate (HA) and benzyl acrylate (BzA). Best fit parameters are collected in 

 Table 3.2. 

The resulting 95% joint confidence intervals, obtained by a non linear least squares analysis, can 

be observed in Figure 3.5, with the corresponding Arrhenius parameters collected in Table 3.2. From 

both the confidence intervals and the corresponding Arrhenius parameters in Table 3.2, it can be 

observed that the increase of the observed propagation rate coefficient with an increase of the ester 

size cannot be explained as the result of a significant change in the activation enthalpy or entropy. It 

is only when the alkyl acrylates are compared to BzA that significant differences show up. Also 

there it can be observed that the change of the propagation rate coefficient can be explained both in 

terms of a change of the activation enthalpy and the activation entropy. This change of the activation 

enthalpy can be explained by the electronic effects that the phenyl ring can exert on the radical, 

whereas the lowering of the activation entropy may be explained by a higher ordering of the 

monomer molecules resulting in an energetically more stable ground-state. This latter explanation is 

supported by the higher density of BzA at 20oC as compared to the density of the alkyl acrylates (see 

Table 3.1). 
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Table 3.2. Best fit values for the Arrhenius parameters as obtained by a non linear least squares analysis. The 
errors are the outer limits of the 95% joint confidence intervals (see Figure 3.5). 

Log(A)
L.mol-1.s-1

± Eact
kJ.mol-1

±

methyl acrylate 7.38 0.04 18.33 0.20 

ethyl acrylate 7.43 0.04 18.59 0.21 

n-butyl acrylate 7.44 0.04 18.55 0.22 

n-hexyl acrylate 7.44 0.05 18.46 0.28 

benzyl acrylate 7.32 0.07 17.38 0.34 

On the failure of the PLP experiment at elevated temperatures: Occurrence of mid-

chain radicals 

A general problem with the acrylates is related to the observation that above 20oC, the PLP-SEC 

method results in broad molecular weight distributions which do not have the characteristics of a 

successful PLP-experiment.13 With the use of MALDI-ToF-MS this temperature range for the lower 

alkyl acrylates could be extended up to a maximum of approximately 38oC, but also there the same 

problem persists; with an increase of temperature, the characteristic PLP-peak in a number molecular 

weight distribution measured by MALDI-ToF-MS disappears into the back ground material as has 

been clearly demonstrated in Figure 3.3. 

Van Herk4 introduced a number of speculations in order to explain the aforementioned problems. 

These speculations include transfer to monomer14,15 and transfer to polymer.5-7,16-19 In both cases, the 

transfer processes results in the breakdown of the narrow Poisson radical chain-length-distribution 

and, therefore, a loss of the PLP characteristic molecular weight distribution. For transfer to 

monomer it was soon realized that unrealistically high transfer rates were needed to explain this 

behavior.4 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.17,20-22 Especially at low polymer concentrations, 

intramolecular chain transfer to polymer (backbiting) therefore seems to be a very good candidate to 

explain the break-down of the PLP-method at elevated temperatures. 

Backbiting is supposed to occur via the formation of a six-membered ring as shown in Figure 3.6. 

The resulting mid-chain radical is a rather stable tertiary radical and will therefore lack behind in its 

growth compared to the normal propagating radicals. These tertiary radicals can either transform 

back into a normal propagating radical via re-initiation, or -chain scission. The latter reaction is 

only becoming important at temperatures higher than 80oC, and as such can be neglected at the 

temperatures at which experiments were performed in this work.18 The re-initiation step on the other 
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hand has been investigated with the use of steric hindered methyl acrylate dimers, and is known to 

occur at very low rates. 23
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Figure 3.6. The mechanism of intramolecular chain transfer (backbiting). 

Proof of the occurrence of mid-chain radicals has been obtained by ESR measurements24,25 under 

normal free-radical polymerization conditions, and by the observation of quaternary carbons with 
13C-NMR6 under pulsed laser polymerization conditions. 

Mid-chain radicals and the interpretation of ESR spectra 

With respect to the interpretation of the ESR spectra there seem to be some contradicting 

interpretations in literature. Three recent papers confirming the occurrence of mid-chain radicals for 

cyclohexyl acrylate25, phenyl acrylate26, tert-butyl acrylate and 2-ethylhexyl acrylate27 by ESR 

measurements were published by Yamada and coworkers. In the work of Yamada and coworkers, 

the interpretation of ESR-spectra, acquired at 60oC in benzene, was ascribed to a combination of 

normal propagating radicals with a 7-line spectrum (a = 17.7 G, a 1 = 10.7 G and a 2 = 29.5 G) and 

mid-chain radicals with a 3-line spectrum (a = 27.5 G). With respect to this latter spectrum, Yamada 

et al.25,26 assume 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 Yamada et al. refer to earlier work carried 

out on acrylate systems.28-31 Another paper published by Tanaka et al.24 in 2002 on cyclohexyl 

acrylate basically adopted the same interpretation for their ESR spectra. 

Surprisingly, the early work on the occurrence of mid-chain radicals was carried out in cross-

linked systems for which it can be expected that only two out of four -hydrogens can couple with 

the unpaired electron due to the low mobility of the polymer chains. In this respect, a paper 

published in 1986 is interesting as the authors of that paper32 showed that for mid-chain radicals in a 

butyl-acrylate film, an increase of the temperature resulted in a change of the observed three-line 

spectrum. The authors attributed this effect due to the coupling of the radical with two slightly 

inequivalent sets of -hydrogens. This finding seems to be in disagreement with the given 
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interpretation of mid-chain radicals by Yamada et al. as their spectra were acquired under conditions 

for which hindered motion of polymer chains are not expected to play a role. 

More recently, Kajiwara et al.33 reported about spectroscopic changes in ESR spectra in the 

solution polymerization of tert-butyl acrylate. In the initial stage at –30°C, a 6-line spectrum with 

narrow line width was observed. This spectrum was reasonably assigned to consist of a propagating 

radical in which the radical couples with two -hydrogens (a  = 20.6 G) and one -hydrogen (a  = 

22.8 G). At 60 °C the spectrum had very short lifetime and readily changed to a totally different, 

long lived 7-line spectrum with broader line width, very similar to the spectra observed by Yamada 

et al.26 Overlapping spectra of the first and latter spectra were observed at the intermediate 

temperatures. Interestingly enough, Kajiwara et al. suggest a different interpretation of the ESR 

spectrum for the normal propagating radical in contrast to the explanation as set forth by Yamada et

al.26, whereas they leave a question mark as to the interpretation of the spectra at elevated 

temperatures.

In the present work, 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. ESR-PLP experiments were carried out in the temperature range of -50oC

up to 60oC. Two spectra were acquired for each temperature. As a consequence, the second spectrum 

is measured at slightly higher conversions than the first.

In Figure 3.7, two examples of ESR spectra are shown which were recorded at a temperature of 

-50oC and 60oC, at low conversion. The low temperature spectrum clearly consists of a broad four 

line spectrum which can be attributed solely to a normal end-chain radical, in which the radical 

couples with 1 -hydrogen (a = 23.5 G) and 2 -hydrogens (a  = 20.4 G). These coupling constants 

seem to be in nice agreement with recent work of Kajiwara et al.33,34, who studied the ESR spectra 

of normal polymeric tertiary butyl acrylate radicals (a = 22.8 G and a  = 20.6 G). 

The ESR spectrum, obtained at a temperature of 60oC, has changed considerably and could be 

attributed to a linear combination of the four-line spectrum for the normal propagating radical (14%) 

and a 9-line spectrum for the mid-chain radical (86%) having two unequal sets of -hydrogens

(a  = 16.4 G and a  = 10.9 G).

A comparison between the high temperature ESR-spectra obtained in this study, and the observed 

ESR-spectra by Yamada et al.25,26 and Kajiwara et al.33 give rise to differences in the intensity of the 

observed ESR-spectra in the center and both outer-lines. These differences can be related to the 

combined occurrence of intermolecular and intramolecular chain transfer to polymer under the 

experimental conditions of Yamada et al.25,26 and Kajiwara et al.33 In the case of intermolecular 

chain transfer, the mid-chain radical can be positioned anywhere along the backbone and, as a 

consequence, differences as compared to the coupling constants for mid-chain radicals that have 
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been created on the event of a backbiting reaction, may be observed. As the experimental conditions 

in this work do not favor intermolecular chain transfer, a direct comparison between the studies is 

difficult, and therefore the question as to why the observed ESR-spectra in this study differ from the 

ESR-spectra by Yamada et al. and Kajiwara et al., is still left open. 

3280 3300 3320 3340 3360 3380 3400 3420

aHα
= 23.5 G
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T= -50oC

a2Hβ
= 20.4 G

Propagating radical

3280 3300 3320 3340 3360 3380 3400 3420
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a2Hβ
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a2Hβ
= 16.4 G
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a2Hβ
= 20.4 G

Mid-Chain radical

Figure 3.7. Measured and simulated X-band ESR spectra of n-butyl acrylate in toluene at a monomer 
concentration equal to 1 mol.L-1. The spectra were acquired at -50 oC and 60 oC.

In Figure 3.8, two additional examples are given for ESR spectra measured and simulated at -10oC

and 20oC. Unfortunately, these spectra suffer from a lot more noise than the low and high 

temperature spectra in Figure 3.7. This can be understood when it is realized that the quality of an 

ESR spectrum increases with a decrease of the temperature, thus explaining the noisy spectra at the 

intermediate temperatures. That the ESR-spectra become better at the higher temperatures can be 
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attributed to the higher concentrations of the (more stable) mid-chain radicals. Note that under the 

ESR-PLP conditions at a temperature of 60oC, already 86% of the observed radicals are mid-chain 

radicals!!

3280 3300 3320 3340 3360 3380 3400 3420

Gauss

T= -10oC

3280 3300 3320 3340 3360 3380 3400 3420

Gauss

T=20oC

Figure 3.8. Measured and simulated X-band ESR spectra of n-butyl acrylate in toluene at a monomer 
concentration equal to 1 mol.L-1. The spectra were acquired at -10 oC and 20 oC.

Comparison with Monte Carlo simulations 

The comparison between the normal PLP-MALDI-ToF-MS experiments and the PLP-ESR 

experiments is not straightforward as the results cannot be directly compared with each other. To 

facilitate the comparison between the two different techniques, Monte Carlo simulations including 

backbiting were performed in order to bridge the gap between the two techniques. In the appendix of 

this thesis, more information can be found on the Monte Carlo simulation algorithm. 

The activation energy and frequency factors as used in the Monte Carlo simulation algorithm are 

collected in Table 3.3 and are (in most cases) taken from literature. The simulation algorithm is 

capable of simulating chain length dependent termination reactions for which it is assumed that the 

geometric mean model can be used to describe the termination rate coefficient for polymer radicals 

that differ in chain length 
, 0 / 2( )i j b

t tk k i j −= ⋅           (3.5) 

 The data in Table 3.3 demonstrate that a termination reaction between end-chain radicals have a 

different chain length exponent b than a termination reaction between end-chain and mid-chain 

radicals or between two mid-chain radicals. This is adapted from the theory of Friedman et al.35

where mid-chain radicals are assumed to have a larger chain length exponent compared to normal 

propagating radicals. Furthermore it is assumed that the mode of termination is termination by 

combination with the exception being the termination reaction between two (steric hindered) mid-

chain radicals. 
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Table 3.3.Kinetic parameters for the Monte Carlo simulation including backbiting 

n-Butyl Acrylate Frequency
factor

[L.mol-1.s-1]
 or [s-1]

Activation
energy

[kJ.mol-1]

b
[-]

Reference

end-chain radical     

Propagation 2.75.107 18.55 - This work 

Chain transfer 
to monomer 

2.90.105 32.6 - 36 

Backbiting 4.31.107 29.8 - 5 

Termination
by combination 

1.20.109 * 6 0.14 37,38,35 

Cross termination
by combination 

1.20.109  * 6 0.27 37,38,35 

mid-chain radical     

Propagation 1.25.106 29.5 - 5 

Chain transfer
to monomer 

2.90.105 32.6 - 37,36 

Termination by 
disproportionation

1.20.109  * 6 0.4 37,38,35 

Cross termination 
by combination 

1.20.109  * 6 0.27 37,38,35 

*This value has been determined by extrapolating kt,0 from Buback et al.38 to a pressure of 1 
bar using an activation volume of 16 cm3.mol-1.37

The failure of PLP-experiments at elevated temperatures is usually explained in terms of broad 

featureless molecular weight distributions which do not exhibit any PLP characteristics. If these 

types of distributions are used for kp determination, this will result in a too low value of kp, and 

hence the leveling-off of the Arrhenius plot at higher temperatures.13 To understand this behavior for 

n-butyl acrylate, the obtained number molecular weight distributions as obtained by a MALDI-ToF-

MS analysis, were converted to logarithmic molecular weight distributions. 

Figure 3.9a shows several of these logarithmic molecular weight distributions obtained by 

MALDI-ToF-MS. The system of interest is n-butyl acrylate for which the PLP experiments were 

carried out in the temperature range of -25.0oC to 37.7oC. The plots shown in Figure 3.9a were 

obtained without performing any base-line corrections on the MALDI-ToF-MS signal. It is 

important to realize that small baseline effects in a MALDI-ToF-MS analysis can have a tremendous 

effect on the logarithmic molecular weight distribution. Nevertheless the observed signals at the 

lower temperatures result in very well defined PLP-shaped molecular weight distributions in which 

higher order peaks are clearly visible. 
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Figure 3.9a-b. Normalized logarithmic weight distributions obtained by pulsed laser polymerization of butyl 
acrylate at different temperatures. The distributions are the result of a MALDI-ToF-MS analysis (a) and a 

Monte Carlo simulation (b) with the parameters given in Table 3.3 and Table 3.6. 

From Figure 3.9a, it can be observed that with an increase of the polymerization temperature, the 

intensity of the PLP peak is decreasing and eventually almost disappearing. The distributions thus 

obtained are very broad and barely show the characteristics of a successful PLP-experiment. It 

should be realized that if these distributions would have been measured with size exclusion 

chromatography, the characteristic PLP peak would have disappeared even at lower temperatures 

due to the effect of chromatographic broadening effects, leading to the aforementioned deviation of 

the Arrhenius plot at high temperatures. 

Figure 3.9b demonstrates the result of the Monte Carlo simulations including backbiting. The 

simulations were performed using the rate coefficients as provided in Table 3.3 and the experimental 

conditions of Table 3.6, with an estimated initial radical concentration of 8.10-6 mol.L-1. As can be 

observed from Figure 3.9b, under these conditions the agreement between experiment and 

simulations is satisfactory. This may come as a surprise as the kinetic parameters have been gathered 

from different sources in literature. To demonstrate that the MWDs, obtained by the Monte Carlo 

algorithm, are very sensitive to the rate of backbiting, several simulations were performed 

corresponding to a reaction condition of 37.7oC, in which the rate of backbiting was varied. The 

results of these simulations are shown in Figure 3.10. With an increase of the rate of backbiting, the 

average percentage of mid-chain radicals obviously increases, whereas the resulting molecular 

weight distributions become very broad and exhibit no PLP-characteristics. With a decrease of the 

rate of back-biting however, the molecular weight distributions begin to exhibit PLP-characteristics. 
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Figure 3.10. Normalized logarithmic molecular weight distribution (kb=423.4 s-1, solid line) obtained by a 
Monte-Carlo simulation for a reaction temperature of 37.7 oC, with the parameters as given in Table 3.3. 
Also shown is the effect that the variation of the rate of backbiting has on the MWD (dashed and broken 

lines) with the average percentage of mid-chain radicals given between the brackets. 

The comparison between the logarithmic molecular weight distributions as obtained by MALDI-

ToF-MS and by the Monte Carlo simulations in Figure 3.9 already seem to indicate that the 

proposed back biting mechanism indeed is able to explain that the molecular weight distributions 

loose their PLP-characteristics.

To obtain further proof for the concept of backbiting, the mid-chain radical concentrations 

obtained by the ESR measurements in the second part of this chapter, were compared to the Monte 

Carlo simulation. Recall that these PLP-ESR experiments were carried out at a repetition rate of 

20Hz and monomer concentration close to 1 mol.L-1. It should also be realized that the time 

resolution of a Monte Carlo simulation is much higher than the time resolution of the ESR 

measurement. As a consequence, the radical concentrations as obtained by the PLP-ESR method 

refer to an average radical concentration. In order to compare the Monte Carlo simulation with the 

results of the PLP-ESR measurements, average radical concentrations have to be determined from 

the Monte-Carlo radical concentration versus time profiles. 
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Figure 3.11. Percentage of mid-chain radical as a function of temperature determined from PLP-ESR 
measurements (x). Also shown are the results of the Monte Carlo simulations under PLP-ESR conditions 

( ) and under PLP-MALDI-ToF-MS conditions ( ).

Figure 3.11 demonstrates the result of the PLP-ESR measurements and compares these to the 

percentage of mid-chain radicals as obtained by the Monte Carlo simulation. What can be observed 

is that the Monte Carlo simulation fits the PLP-ESR measurements reasonably well, thus again 

confirming that the breakdown of the PLP at elevated temperatures can be explained by the 

occurrence of mid-chain radicals. Also indicated in Figure 3.11 is the percentage of mid-chain 

radicals under normal experimental PLP conditions, e.g. the same conditions as used to obtain 

Figure 3.9b. The percentage of mid-chain radicals under these conditions is significantly lower than 

under the PLP-ESR conditions, which is primarily related to the lower laser frequency in the PLP-

ESR measurement. 

3.4 Conclusions 

The first part of this chapter has dealt with the successful determination of new point estimates for 

the Arrhenius parameters for a family of acrylates using the PLP-MALDI-ToF-MS method. The 

ultimate goal to explain the increase of the propagation rate coefficient, when the size of the ester 

chain-length increases, in terms of an entropic effect or an enthalpic effect, could not be obtained 

within significant accuracy. It was realized that the very small differences between the propagation 

rate coefficients of these alkyl acrylates were not significant enough, even though experimental 

conditions were optimized to avoid systematic errors. However, for one additional acrylate, i.e.
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benzyl acrylate, both enthalpic and entropic effects were measured which are related to the 

electronic interaction of the phenyl ring with the unpaired electron, and an energetically more stable 

ground-state due to a higher ordering of the monomer in bulk. 

 

The second part of this chapter has dealt with the failure of PLP-experiments for acrylates at 

temperatures higher than 20oC. In order to investigate whether this failure could be ascribed to the 

process of back-biting, ESR experiments were carried out under PLP conditions. Using these ESR 

measurements, it was established that at temperatures of 60oC approximately 85% of the radicals are 

mid-chain radicals. To relate these high concentrations of mid-chain radicals to the break down of 

the Pulsed-Laser-Polymerization experiment, Monte Carlo simulations were carried out. As it turned 

out, these Monte Carlo simulations proved to be capable of describing both the failure of the PLP-

experiment in terms of the molecular weight distribution, as well as the percentage of mid-chain 

radical as a function of temperature under the PLP-ESR conditions. These simulations thus provide 

proof for the concept of the break down of the PLP experiment of acrylates at higher temperature 

due to the occurrence of mid-chain radicals. 

 

3.5 Appendix 

In Table 3.4-Table 3.8 the experimental conditions and results of the PLP-MALDI-ToF-MS 

method are collected. Also indicated are the estimated errors in the propagation rate coefficients. 

These estimated errors were obtained by transposing the error in the peak maximum as obtained by 

the MALDI-ToF-MS analysis in the propagation rate coefficient, assuming that the peak-maximum 

could be determined within an accuracy of 1% using: 

0,1 [ ]p
fk L

M
∆ = ∆           (3.6) 

 
Table 3.4. PLP-MALDI-ToF-MS data on the system methyl acrylate 

T  
[oC] 

f 
[Hz] 

Ep  
[mJ] 

L0,1 
[g.mol-1] 

kp  
[L.mol-1.s-1] 

∆ kp  T 
[oC] 

f 
[Hz] 

Ep 
[mJ] 

L0,1 
[g.mol-1] 

kp  
[L.mol-1.s-1] 

∆ kp 

-25.0 60 60 55406 3290.1 32.9  7.8 100 40 90252 9298.8 93.02 
-25.0 60 40 55922 3320.8 33.2  15.0 100 30 109611 11397.4 114.0 
-15.6 80 60 57041 4567.3 45.7  15.0 100 15 109611 11397.4 114.0 
-15.7 80 40 57987 4642.5 46.4  21.8 100 30 130863 13726.8 137.3 
-8.0 100 60 57299 5787.9 57.9  22.3 100 15 131551 13807.9 138.1 
-8.0 100 40 57385 5796.6 58.0  29.9 100 30 153922 16316.7 163.2 
0.9 100 60 74335 7592.5 75.9  29.8 100 15 155298 16460.5 164.6 
0.9 100 40 74593 7618.9 76.2  37.2 100 30 182917 19578.2 195.8 
7.8 100 60 90338 9307.6 93.1  36.5 100 15 181196 19376.0 193.8 
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Table 3.5. PLP-MALDI-ToF-MS data on the system ethyl acrylate 

T  
[oC] 

f 
[Hz] 

Ep  
[mJ] 

L0,1 
[g.mol-1] 

kp  
[L.mol-1.s-1] 

∆ kp  T 
[oC] 

f 
[Hz] 

Ep 
[mJ] 

L0,1 
[g.mol-1] 

kp  
[L.mol-1.s-1] 

∆ kp 

-24.9 60 60 52820 3254.4 32.5  7.8 100 40 88762 9483.0 94.8 
-25.0 60 40 53621 3303.4 33.0  15.0 100 30 107784 11618.9 116.2 
-15.6 80 60 54822 4553.8 45.5  15.1 100 15 107584 11598.5 116.0 
-15.6 80 40 55222 4587.0 45.9  22.3 100 30 128508 13979.6 139.8 
-8.0 100 60 55723 5838.7 58.4  22.3 100 15 129209 14055.8 140.6 
-7.8 100 40 55523 5819.1 58.2  30.5 100 30 154038 16930.8 169.3 
0.9 100 60 72843 7716.3 77.2  30.5 100 15 154839 17018.8 170.2 
0.8 100 40 73143 7747.2 77.5  37.2 100 30 179468 19894.5 198.9 
7.8 100 60 88461 9450.9 94.5  37.4 100 15 178166 19755.3 197.5 
 

 
Table 3.6. PLP-MALDI-ToF-MS data on the system n-butyl acrylate 

T  
[oC] 

f 
[Hz] 

Ep  
[mJ] 

L0,1 
[g.mol-1] 

kp  
[L.mol-1.s-1] 

∆ kp  T 
[oC] 

f 
[Hz] 

Ep  
[mJ] 

L0,1 
[g.mol-1] 

kp  
[L.mol-1.s-1] 

∆ kp 

-25.0 60 60 53448 3396.3 33.9  7.8 100 40 90105 9886.9 98.9 
-25.1 60 40 53961 3428.6 34.3  15.0 100 30 109715 12135.1 121.3 
-15.5 80 60 55114 4716.7 47.2  15.1 100 15 109971 12164.8 121.6 
-15.6 80 40 56140 4804.0 48.0  22.3 100 30 129069 14392.7 143.9 
-7.7 100 60 55755 6014.4 60.1  22.3 100 15 130479 14549.9 145.5 
-7.8 100 40 56524 6096.7 61.0  30.7 100 30 155344 17487.4 174.9 
0.7 100 60 73571 8009.7 80.1  30.5 100 15 154831 17425.8 174.3 
0.8 100 40 74340 8094.4 80.9  37.7 100 30 185079 21001.5 210.0 
7.8 100 60 89208 9788.4 97.9        

 

 

Table 3.7. PLP-MALDI-ToF-MS data on the system n-hexyl acrylate 

T  
[oC] 

f 
[Hz] 

Ep  
[mJ] 

L0,1 
[g.mol-1] 

kp  
[L.mol-1.s-1] 

∆ kp  T 
[oC] 

f 
[Hz] 

Ep 
[mJ] 

L0,1 
[g.mol-1] 

kp  
[L.mol-1.s-1] 

∆ kp 

-24.1 60 60 57583 3723.0 37.3  -4.3 100 40 65574 7205.3 72.1 
-24.2 60 40 57896 3742.8 37.5  0.7 100 60 76174 8412.6 84.2 
-20.9 70 60 54326 4110.3 41.1  0.8 100 40 76174 8413.5 84.2 
-20.8 70 40 54326 4110.7 41.1  4.2 100 60 82758 9172.2 91.8 
-15.5 80 60 56958 4951.4 49.5  4.2 100 40 83383 9241.5 92.5 
-15.8 80 40 57583 5004.3 50.1  7.7 100 60 92109 10245.0 102.5 
-10.6 90 60 60106 5906.8 59.1  7.8 100 40 92577 10298.2 103.0 
-10.5 90 40 60106 5907.4 59.1  8.8 100 60 94323 10503.0 105.1 
-7.3 100 60 60239 6599.2 66.0  8.8 100 40 94635 10537.8 105.4 
-7.5 100 40 60239 6597.9 66.0  15.7 100 60 112417 12606.4 126.1 
-4.3 100 60 65261 7171.0 71.8  15.7 100 40 112105 12571.4 125.8 
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Table 3.8. PLP-MALDI-ToF-MS data on the system benzyl acrylate 

T  
[oC] 

f 
[Hz] 

Ep  
[mJ] 

L0,1 
[g.mol-1] 

kp  
[L.mol-1.s-1] 

∆ kp  T 
[oC] 

f 
[Hz] 

Ep 
[mJ] 

L0,1 
[g.mol-1] 

kp  
[L.mol-1.s-1] 

∆ kp 

-24.6 60 60 81753 4464.4 44.7  -9.1 100 40 85645 7899.6 79.0 
-24.8 60 40 84186 4596.5 46.0  -3.2 100 60 98945 9173.5 91.8 
-19.8 70 60 84186 5385.7 53.9  -3.1 100 40 97809 9068.9 90.7 
-19.9 70 40 83375 5333.3 53.4  1.0 100 60 109649 10203.3 102.1 
-16.5 80 60 83375 6113.1 61.1  1.0 100 40 109325 10173.1 101.8 
-16.7 80 40 82888 6076.3 60.8  4.7 100 60 120192 11220.6 112.2 
-12.8 90 60 83050 6872.2 68.8  4.7 100 40 118894 11099.4 111.0 
-13.1 90 40 82564 6830.2 68.3  8.7 100 60 131706 12338.5 123.4 
-9.2 100 60 82564 7614.7 76.2  8.7 100 40 130896 12262.6 122.7 
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4.Copolymer Analysis by MALDI-ToF-MS*

4.1 Introduction 

With the introduction of controlled polymerization techniques in the 1950’s, scientists succeeded 

in creating (co)polymers having predefined narrow chain-length distributions (CLD). The type of 

control gained by these procedures led to new polymeric structures with different chemical 

composition distributions (CCD) of which block copolymers or gradient copolymers are mere 

examples. Due to the increased complexity of these types of copolymers new routes had to be 

developed for their analysis. 

Characterization of copolymers comprises not only the analysis of CLDs, but also the analysis of 

CCDs. To accomplish this, usually a combination of different techniques is applied. In literature 

examples are found where size exclusion chromatography (SEC) is used to accomplish separation by 

molecular weight, after which MALDI-ToF-MS is used for the characterization of molecular weight 

and NMR to determine the chemical composition.1-3 Another technique that is gaining interest 

comprises two-dimensional liquid chromatography where usually in the first dimension liquid 

chromatography is used in which the separation is based on chemical composition and SEC in the 

second dimension to accomplish separation on molar masses.4-14

A very important technique for the analysis of polymers in general and more specifically 

copolymers is Matrix-Assisted-Laser-Desorption-Ionization Time-of-Flight Mass-Spectrometry 

(MALDI-ToF-MS). It has been successfully applied in combination with SEC analysis to provide 

off-line calibration for homo- and copolymers, leading to more accurate calibration curves even up 

to very high masses.15-25 The technique itself can, however, also be used to combine a CLD- and 

CCD-analysis in one go, although the mass range applicable for this analysis is limited. One of the 

first examples of this combined analysis can be found in the work of Wilczek-Vera et al.26-28,

although their analysis was limited to lower masses due to the lower resolution of the measurements 

(measurements were carried out in the linear mode). Their work was later on followed up by 

* Partly reproduced from: Willemse, Robin X. E.; Staal, Bastiaan B. P.; Donkers, Ellen H. D.; Van Herk, Alex M. 
Copolymer Fingerprints of Polystyrene-block-polyisoprene by MALDI-ToF-MS, Macromolecules, 2004, 37(15), 5717-
5723
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Suddaby et al.29 and Van Rooij et al.30 although strictly speaking, the technique used by Van Rooij 

et al. is not a MALDI-ToF-MS. 

The goal of this chapter is to show that an analysis based on the concepts by Wilczek-Vera et

al.26-28 can be applied to investigate the microstructure of copolymer samples, provided that the 

analysis is carried out in the reflector mode. The proposed procedure will be illustrated for: 

• a polystyrene-block-polyisoprene copolymer. Average chemical compositions are 

determined by the proposed method and compared to 1H-NMR. For this particular system, 

an additional complicating factor is the small mass difference between (multiples of) 

comonomers, which results in overlapping isotopic patterns. However, it will be shown 

that this overlapping of peaks has no observable effect on the obtained results. Finally, 

random coupling statistics26,27,28,30are applied to study the robustness of the method. 

• two solventless liquid oligoesters. These polymers can be regarded as random copolymers 

as they are created by condensation polymerization of one dialcohol with two diacids. As a 

result of this, two different repeat units are created. For these particular systems it will be 

illustrated that mass discrimination due to differences in chemical composition can be 

neglected. Furthermore the copolymer microstructure will be investigated and compared to 

theory.

4.2 General principle of copolymer analysis 

The mass for single charged copolymers can be calculated by the general formula 
+++++= MEEMmMnm IIIjjiith        (4.1) 

which relates the mass of the copolymer to the chemical composition (ni and mj) of the monomeric 

units (Mi and Mj) and the masses of the end groups (EI and/or EII) plus cationization agent (M+).

Since copolymers have a distribution over the chain length as well as the chemical composition, the 

obtained mass spectra can be very complicated to interpret. Access to a method that allows an easy 

interpretation of the MALDI-ToF-MS mass spectra is therefore very important, and can be carried 

out in a relative simple way. 

Let there be a matrix consisting of ni rows and mj columns. With knowledge of the masses of the 

different end groups (EI and EII) and the cationization agent (M+), each position in the matrix, (ni,

mj), corresponds to a theoretical mass of single charged copolymers, mth, which can be calculated 

with the use of equation (4.1). 

With the inequality 
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2exp
mmm th

∆≤−           (4.2) 

where m represents the accuracy (usually in the range of 1-2 g.mol-1), the mass-peak in a 

MALDI-ToF-MS spectrum with the highest intensity (Ii,j) that still falls within the accuracy 

(equation (4.2)) can be assigned to a position in the matrix at the location (ni, mj).

Two additional phenomena have to be taken into account before processing of the data can occur. 

First of all, the method that is proposed only takes the most abundant isotope into account. With 

masses increasing, the contribution of the most abundant isotope with respect to the isotopic pattern 

decreases, and a correction for this is necessary. Secondly, the proposed method uses the peak 

intensity for the calculations, but it is not the peak intensity but the area beneath an isotope that 

relates to the number of polymeric chains. For MALDI-ToF-MS mass spectra of copolymer species, 

it is very difficult to integrate these individual isotopes, since isotopic patterns are becoming broader 

with an increase in mass and overlap between different isotopic distributions can occur. 

To overcome both of these phenomena, a correction factor (cfi,j) is introduced that relates the peak 

height (Ii,j) of the most intense isotope of a polymeric species to the theoretical area underneath the 

isotopic distribution (see appendix A). The peak height subsequently has to be multiplied with this 

correction factor, cfi,j. Note that this correction factor does not take the overlap between neighboring 

peaks into account. Finally, the resulting matrix is normalized. 

 m0 … mj … mn

n0 I(0,0)⋅ cf0,0 … I(0,j)⋅ cf0,j … I(0,n)⋅ cf0,n

… … … … … … 

ni I(i,0)⋅ cfi,0 … I(i,j)⋅ cfi,j … I(i,n)⋅ cfi,n

… … … … … … 

nn I(n,0)⋅ cfn,0 … I(n,j)⋅ cfn,j … I(n,n)⋅ cfn,n

Figure 4.1. Schematic representation of a MALDI-ToF-MS mass spectrum in a matrix 

After analysis of the copolymer mass spectrum, this normalized matrix can be represented either 

as a three-dimensional graph26-29, or as a two-dimensional contour plot.30 The latter representation is 

favorable since two-dimensional plots are easier to interpret as they result in a so-called ‘fingerprint’ 

of the copolymer under investigation. 

Multiple peak assignment

One additional problem in analyzing MALDI-ToF-MS mass spectra is that sometimes copolymer 

masses can be assigned by different number combinations of the two monomer repeat units.
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This is best illustrated in the following way. Let there be a mass peak that can be assigned to a 

matrix position (nA,mB), corresponding to nA units of monomer A, and mB units of monomer B. By 

exchanging nA units of monomer A for mB units of monomer B, the same mass peak can also be 

assigned to the position (nA - nA, mB + mB) in the matrix. Wilczek-Vera et al.26 have also 

addressed this problem, and a simple way to calculate the number of units nA and mB that can be 

replaced for one another has been proposed as: 

A

B

B

A

M
M

m
n

=
∆
∆

          (4.3) 

in which nA and mB are related to the masses of the repeat units MA and MB. The problem of 

multiple peak assignment therefore requires additional knowledge of the copolymer under 

investigation in order to clean the obtained matrix. This additional information can be obtained 

from other techniques such as 1H-NMR, or, as is the case in one of the examples in this chapter, 

from the analysis of the first block in a block copolymer (see Appendix C where an example of 

this multiple peak assignment is given for the system Polystyrene-block-Polyisoprene). 

4.3 Experimental section 

Block copolymer synthesis. The polystyrene-block-polyisoprene copolymer was prepared by 

anionic polymerization using sec-butyllithium (Acros, 1.3M solution in cyclohexane/hexane (92/8)) 

as the initiator. Reactions were carried out in a 2-litre stainless steel autoclave reactor under nitrogen 

atmosphere using cyclohexane (VWR, high purity) as a solvent. Monomers and solvent were passed 

over an activated alumina column prior to polymerization. The autoclave reactor was loaded with 1 

kg of cyclohexane and heated to 40°C. For the first block, 50g of styrene (VWR, 99%) was added 

followed by 25 mL of 1mol.L-1 sec-butyllithium in cyclohexane. Styrene polymerization was 

allowed to reach full conversion (reaction time ± 80 min), after which a sample was taken that was 

terminated by quenching in an excess of methanol. For the second block 50g of isoprene 

(Mitsui&Co) was added. Samples were withdrawn from the reaction mixture after approximately 4, 

10, 20 and 120 minutes (corresponding to approximately 25, 50, 75 and 100% conversion of the 

isoprene monomer) and quenched in excess methanol. 

Random copolymer synthesis. The synthesis of solventless liquid oligoesters (SLOs) was 

detailed elsewhere.31,32 A typical example of SLOs used in this study was prepared as follows. To a 

250 mL 4-neck flask equipped with a mechanical stirrer, Dean-Stark trap, reflux condenser, 

thermometer and nitrogen inlet, was added 1,4-butanediol (36.04 g, 0.400 mol), adipic acid (21.95 g, 

0.150 mol), isophthalic acid (25.04 g, 0.151 mol), and a tin catalyst, butylchlorotin dihydroxide 

(FASTCAT 4101, Atofina, France, 0.1 % of the total weight). The flask was gradually heated to 

200°C over 0.5 h, and then kept at 200°C until the amount of water collected in the Dean-Stark trap 
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reached 70% of the theoretical amount (ca. 0.6 mol). The obtained SLO was dried under vacuum at 

40 °C for two days to remove the remaining trace amount of water. The acid number and hydroxyl 

number for the SLO were determined by titration31 to be 5.8 and 86.8 mg KOH.g-1, respectively, 

indicating that about 7 % of end groups for this SLO was COOH. 

A second SLO, synthesized in a similar way as described above was obtained after polymerization 

with 1,4-butanediol (BDO), acrylic acid (AA), and glutaric acid (GA) as starting materials (molar 

ratio: BDO: AA: GA = 0.403: 0.150:0.150). 

Polymer analysis. MALDI-ToF-MS analysis was carried out on a Voyager DE-STR from 

Applied Biosystems. The matrix used for the analysis is trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) which was synthesized according to literature procedures.33

The matrix was dissolved in THF at a concentration of 40 mg.mL-1. Silver trifluoracetate (Aldrich, 

98%) was used as cationization agent and was added to THF at typical concentrations of 1 mg.mL-1.

The polymer was dissolved in THF at approximately 2 mg.mL-1. In a typical MALDI-ToF-MS 

experiment the matrix, salt and polymer solution were premixed in a ratio of 10:1:5. The premixed 

solutions were handspotted on the target-well and left to dry. All mass spectra were recorded in the 

reflector mode and are the result of approximately 5000 individual laser shots. Mass spectra were 

baseline corrected with the advanced baseline correction mode from the Data Explorer© software 

from Applied Biosystems. For a correct interpretation of MALDI-ToF-MS mass spectra, isotopic 

patterns of single polymer chains need to be integrated in the mass domain.34 This integration was 

carried out for sample I (homopolymer of polystyrene). Due to the complexity of copolymer mass 

spectra this integration procedure cannot be applied, and therefore these mass spectra were analysed 

using a homemade program written in Visual Basic 6.0. This program needs the molecular formulas 

of the repeat units, end groups and cation as an input for a full mass spectral analysis. 
1H-NMR was carried out to determine copolymer composition. 1H-NMR spectra were recorded 

with a Varian 400 MHz spectrometer at 298 K, using CDCl3 as a solvent. 

4.4 Example 1. Polystyrene-block-Polyisoprene 

The five samples that were withdrawn from the block copolymer synthesis at different reaction 

times, were analysed with MALDI-ToF-MS. Figure 4.2 only includes the first, third and fifth 

sample. Figure 4.2a comprises the polystyrene block after 100% conversion of styrene and as shown 

in Figure 4.3 there is a clear match between the masses of the peaks when comparing the theoretical 

isotopic pattern with the measured isotopic pattern.

Figure 4.2b and c comprise the polystyrene-block-polyisoprene samples after approximately 50 

and 100% conversion of the isoprene monomer. Figure 4.2d is an enlargement of Figure 4.2c and it 

can be clearly seen that the isotopic patterns are well resolved. The complicated isotopic pattern 
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arises due to the difference of only 4 g.mol-1 between 3 isoprene units and 2 styrene units combined 

with the isotopic pattern of the silver-cation. 
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Figure 4.2. a-c) MALDI-ToF-MS mass spectra of the system polystyrene-block-polyisoprene after 0%, 50% and 
100 % conversion of the isoprene monomer and d) an enlargement of fig c between 4000 g.mol-1 and 

 4140 g.mol-1.
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Figure 4.3. Comparison between the isotopic patterns of sample I (upper spectrum) and the theoretical isotopic 
distribution (lower spectrum) in the mass range of 2140 g.mol-1 and 2152 g.mol-1, demonstrating a clear 

match between the two isotopic patterns. 

Copolymer fingerprint 

As discussed before, each polymeric chain of the polystyrene-block-polyisoprene copolymer 

consists of one secondary butyl end group (EI = 57.115 g.mol-1), one hydrogen end group (EII =

1.008 g.mol-1), nSt units of styrene (MSt = 104.15 g.mol-1) and nIsoprene units of isoprene (MIsoprene =

68.12 g.mol-1). With this knowledge in mind the copolymer fingerprints were constructed with the 

use of equation (4.2) using an accuracy of 1.5 g.mol-1, resulting in the copolymer fingerprints as 

displayed in Figure 4.14a-d on page 83 of this thesis. In appendix C of this chapter, an example is 

given of Figure 4.14d where it can be clearly observed that multiple peak assignments lead to 

copolymer fingerprints at different locations. In this specific example the knowledge of the number 
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average degree of polymerization of the polystyrene-block allows for an easy identification of the 

‘true’ copolymer fingerprint. 

Examination of the copolymer fingerprints in Figure 4.14a-d, page 83, gives a clear indication of 

the growth of the polyisoprene block. As expected the growth takes place only in the direction of the 

isoprene axis, whereas no apparent change is observed along the styrene axis. 

A key-issue in MALDI-ToF-MS analysis is usually the impact of discrimination effects due to 

mass differences and differences in ionization efficiency. While it can be assumed that mass 

discrimination does not play a role as long as the polydispersity index of the sample is lower than 

1.235, differences in ionization efficiency may have its effect on the obtained results. For the 

polystyrene-block-polyisoprene it can be assumed that mass-discrimination does not play a role 

since the polydispersity index of the whole sample is lower than 1.2. A good way to see whether or 

not mass discrimination due to differences in ionization efficiencies play an important role, is the 

comparison with an independent technique such as 1H-NMR. For this reason, the average 

compositions of the copolymer were calculated by both MALDI-ToF-MS with the use of equation 

(4.17) (appendix B) and compared to 1H-NMR. The results of this are collected in Table 4.1 

demonstrating a very good agreement between the two independent techniques. These results 

therefore confirm that differences in ionization efficiencies do not play a significant role in this 

specific system. 

Table 4.1. Average composition of the Polystyrene-block-Polyisoprene samples as measured  
by 1H-NMR and calculated with the use of equation (4.17) (appendix B) 

Sample
Nr.

1H-NMR
FStyrene

MALDI-ToF-MS
FStyrene

II 0.79 0.77 

III 0.67 0.66 

IV 0.53 0.52 

V 0.45 0.42 

Individual block properties 

One very obvious but important feature of Figure 4.14a-d is the observation that there is no change 

in the distribution of the polystyrene block. Since Figure 4.14a-d is only demonstrating the growth of 

the polyisoprene block, this by definition implies that the polystyrene distribution cannot change. To 

further prove this, a closer look will be taken at the individual block properties of the polystyrene 

and polyisoprene block, which can be evaluated from the calculated copolymer fingerprints as has 

been demonstrated by Wilczek-Vera et al.28 To obtain the individual block distribution of for 
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example the polystyrene block, all intensities along the isoprene axis have to be summed according 

to:

⋅=Γ
Isoprene

IsopreneStIsopreneSt
m

mnmnSt
St cfIn )()( ,,        (4.4) 

in which St(nSt) is the intensity for the individual polystyrene block distribution consisting of nSt

units. These individual block distributions allow for a detailed investigation of the individual blocks. 

Figure 4.4a clearly demonstrates the normalized polystyrene block distributions for all four block 

samples compared to the original polystyrene distribution obtained from Figure 4.2a. It can be 

observed that there is an excellent match between the original polystyrene distribution (sample I, 

solid line) and the obtained individual block distributions (symbols) as was already indicated by the 

fingerprints. Table 4.2 tabulates the calculated individual block properties for both polystyrene and 

polyisoprene further demonstrating that the polystyrene distributions for all five samples are nearly 

identical. This proves that the problem of overlapping isotopes does not play an important role in 

this specific example and can therefore be safely neglected. 

Figure 4.4b demonstrates the evolution of the polyisoprene block at different conversions of the 

second block. As can be observed from Table 4.2 with an increase of reaction time, the 

polydispersity index (PDI) of the polyisoprene block decreases as can be expected from a controlled 

polymerization process. 
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Figure 4.4. a) Individual block distributions of polystyrene (symbols) compared to the original polystyrene block 
(solid line), and b) the individual block distributions of the polyisoprene block. 
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Table 4.2. Individual block-properties calculated from the individual block distributions using the equations as 
provided in appendix B 

Sample Polystyrene block Polyisoprene Block 

 Pn Pw PDI Pn Pw PDI 

I 20.84 21.83 1.05 - - - 

II 20.73 21.90 1.06 6.02 7.65 1.27 

III 20.89 21.93 1.05 11.00 12.60 1.15 

IV 20.80 21.77 1.05 19.55 20.92 1.07 

V 20.64 21.59 1.05 28.41 29.66 1.04 

Individual block distributions 

It is generally accepted that for anionic polymerizations the polymer growth can be described by a 

poisson distribution, as long as the rate of initiation is faster than the rate of propagation36:

!
)(

i
eiX

i µµ −

=           (4.5) 

where X(i) is the number fraction of chains with chain-length i and µ is the number average degree 

of polymerization. A close look at Figure 4.5a demonstrates that the polystyrene block can indeed be 

described by the Poisson distribution. Comparison between sample V and the Poisson distribution 

(Figure 4.5b), however, reveals that the polyisoprene block cannot be described by the Poisson 

distribution, as the obtained distribution is too broad. For this reason a second distribution, the Gauss 

or normal distribution was tested: 
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where σ is the width of the distribution. Comparing the Gauss distribution with the polyisoprene 

distribution demonstrates a good fit with the Gauss distribution, indicating that the growth of the 

polyisoprene block is less controlled than that of the polystyrene block. The reason for this is already 

revealed at the lower conversions of the polyisoprene block when a closer look is taken at Figure 

4.4b (sample II and III). It can be observed that for at least part of the chains the addition of the 

second isoprene unit is retarded. An explanation for this phenomenon may be related to the 

possibility of head-to-tail addition versus head-to-head addition that is known to occur in isoprene 

polymerization.36 If these two different types of addition occur with different reaction rates due to a 

different stabilisation of the anion, the anionic polymerization, which is normally governed by a 

Poisson distribution, is less controlled, i.e. broadening of the chain length distribution will occur. 
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Figure 4.5. Comparison between a) polystyrene block (sample I, ) and the Poisson distribution ( , µ = 20.84) 
and b) polyisoprene block (sample V, ) Poisson distribution ( , µ = 28.41) and Gauss distribution

(---, µ = 28.41, σ = 5.92). 

Random coupling statistics 

When considering a block copolymerization, the first block should not have an influence on the 

growth of the second block. This is also known as the random coupling hypothesis and Wilczek-

Vera et al. have proved this to be correct by statistical analysis of their systems.26-28 If the random 

coupling hypothesis is also valid in the polystyrene-block-polyisoprene system this can be used to 

show that the type of analysis as provided in this chapter is valid. According to the random coupling 

hypothesis the theoretical block copolymer distribution can be reconstructed using the individual 

block distributions according to: 

)()(),( j
j

i
i

ji
calc mnmn Γ⋅Γ=Γ         (4.7) 

Table 4.3 shows the correlation coefficient (r), which has been evaluated by comparison of the 

experimental intensities and those calculated by equation (4.7), combined with the unexplained 

variance (1-r2). If the correlation had been perfect, one would have obtained a correlation of 1 and an 

unexplained variance of 0%. The obtained correlation coefficients of 0.998 combined with an 

unexplained variance that is less than 0.5% suggests that the random coupling theory can be 

successfully applied to the studied system, and are therefore prove that the type of analysis as 

proposed in this chapter is valid, even when working on a complicated system where the isotopic 

patterns are showing overlap. 
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Table 4.3. Statistical analysis of the copolymers by the random coupling theory  

Sample Correlation 
coefficient

(r)

Unexplained
variance (%) 

(1-r2)

II 0.998 0.35 

III 0.998 0.31 

IV 0.998 0.43 

V 0.998 0.33 

4.5 Example 2. Solventless liquid oligoesters 

Solventless liquid oligoesters (SLOs) have been recently synthesized to prepare solventless liquid 

coatings in an endeavor towards the development of environmentally friendly coatings by 

eliminating volatile organic compounds (VOCs).37-41 Hydroxyl-end-capped SLOs have been 

successfully used to prepare low surface-energy (as low as 10 mN.m-1) polymeric films with 

partially fluorinated (blocked) polyisocyanates via the surface segregation of fluorinated species.42,43

The SLOs can also be partially fluorinated at first, and then reacted with polyisocyanates to prepare 

films with a low surface energy.31 Such thin layers with low surface energy may introduce many 

interesting properties to a coating, such as hydrophobicity/lipophobicity, excellent chemical 

resistance, low coefficient of friction, and so on. Recently MALDI-ToF-MS was successfully 

employed to identify end groups and end group distributions for a model oligoester (from a single 

diacid and a single diol) for SLOs.32 In this second example, MALDI-ToF-MS is used to 

characterize the microstructure of two SLOs that were synthesized by condensation polymerization 

of a single diol with two diacids. The interpretation of the resulting MALDI-ToF-MS mass spectra is 

carried out using the copolymer fingerprint analysis as described in the beginning of this chapter. 

The oligoesters were synthesized by condensation polymerization between 1,4 butanediol (BDO) 

and a mixture of adipic acid (AA) and isophtalic acid (IPA) or Glutaric acid (GA) as shown in Table 

4.4. For reasons of convenience the first system will from now on be denoted as AA-IPA whereas 

the latter will be denoted as AA-GA. Upon reaction, the diol and the two diacids form two new 

repeat units, A (containing BDO and AA) and B (containing BDO and IPA or GA). The formed 

oligoester may contain a number of different end groups as shown in Table 4.4. 
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Table 4.4. Structures of the monomers used to prepare the Solventless Liquid Oligoesters and possible polymer 
structures with different end groups. 

Diol Diacid 

HO (CH2)4 OH

1,4 butanediol 

HO

O

Xi

O

OH

XA = (CH2)4 Adipic acid 

XB = C6H4 Isophtalic acid or

XB = (CH2)3 Glutaric acid 

Possible oligoester structures 

I O (CH2)4 O

O

Xi

O

OH (CH2)4 OH
nA,mB

II O (CH2)4 O

O

Xi

O

OH H
nA,mB

III O (CH2)4 O

O

Xi

O

O HXi

OO

HO
nA,mB

IV O (CH2)4 O

O

Xi

O

nA,mB

Depending on the reaction conditions the polymer may contain predominantly two OH (structure 

I), two COOH (structure III) or one of both end groups (structure II). Another possibility is the 

formation of cyclic structures (structure IV). As discussed in the experimental section, in both 

polymerizations the diol was added in a ratio of 4:3 compared to the diacids, thus favoring the 

formation of polymer chains having two OH end groups (structure I, Table 4.4). 

Figure 4.6a-b shows an overall impression of the MALDI-ToF-MS mass spectrum for the two 

SLOs, whereas Figure 4.7 highlights a part of the mass spectrum with oligoester chains containing 6 

repeat units. Inspection of Figure 4.7 and Table 4.5 indeed confirm that the most prevalent structure 

in both systems is the structure having two OH end groups. 
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Figure 4.6a-b. MALDI-ToF-MS mass spectrum for the SLOs prepared from a condensation reaction between a) 
1,4 butanediol, adipic acid and isophtalic acid (AA-IPA) and b) 1,4 butanediol, adipic acid and glutaric 

acid (AA-GA) 
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Figure 4.7a-b. Enlargement of Figure 4.6 for a) the system AA-IPA between 1310 g.mol-1 and 1475 g.mol-1 and b) 
the system AA-GA between 1234 g.mol-1 and 1345 g.mol-1 showing oligoester structures having two OH 
end groups (Table 4.4, structure I) and number of repeat units equal to 6. The numbers between brackets 
refer to the amount of AA (nAA) versus IPA (nIPA) (a) incorporation and the amount of GA (nGA) versus AA 

(nAA) (b) incorporation. Theoretical and experimental masses are given in Table 4.5. 
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Figure 4.8. Enlargement of Figure 4.6a-b, respectively for a) the system AA-IPA between 1445 and 1565 g.mol-1

and b) the system AA-GA between 1328 g.mol-1 and 1435 g.mol-1 identifying oligoesters having both 
COOH and OH end groups (Table 4.4, structure II) and cyclic structures (Table 4.4, structure IV). The 
numbers between brackets refer to a) the amount of AA (nAA) versus IPA (nIPA) incorporation and b) the 
amount of GA (nGA) versus AA (nAA) incorporation. Theoretical and experimental masses are given in 

Table 4.5. Note that the intensity scale is approximately 5-10% of the scale of Figure 4.7a and b. 

Figure 4.8a-b, which are enlargements of Figure 4.6a-b, are showing part of the MALDI-ToF-MS 

mass spectra with low intensity peaks. Figure 4.9a-b combined with Table 4.5 indicate that in both 

systems oligoesters having both COOH and OH end groups (Table 4.4, structure II) are formed. 

Furthermore there is some evidence for the formation of cyclic oligoesters (Table 4.4, structure IV). 

Table 4.5. Theoretical and experimental mass of the most abundant isotope for the structures in Figure 4.7a-b 
and Figure 4.8a-b. 

AA-IPA  AA-GA 

Structure (nAA,nIPA)* mth
[g.mol-1]

mexp
[g.mol-1]

Structure (nGA,nAA)* mth
[g.mol-1]

mexp
[g.mol-1]

I (6-0) 1329.66 1329.63 I (6-0) 1245.57 1246.29 

I (5-1) 1349.63 1349.60 I (5-1) 1259.58 1260.31 

I (4-2) 1369.60 1369.57 I (4-2) 1273.60 1274.34 

I (3-3) 1389.56 1389.53 I (3-3) 1287.61 1288.36 
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I (2-4) 1409.54 1409.51 I (2-4) 1301.63 1302.38 

I (1-5) 1429.50 1429.48 I (1-5) 1315.65 1316.40 

I (0-6) 1449.47 1449.45 I (0-6) 1329.66 1330.43 

I (7-0) 1529.77 1529.75 I (7-0) 1431.66 1432.49 

I (6-1) 1549.74 1549.71 II (5-2) 1387.65 1388.85 

II (5-2) 1497.65 1497.66 II (4-3) 1401.65 1402.49 

II (4-3) 1517.61 1517.61 II (3-4) 1415.66 1416.52 

II (3-4) 1537.58 1537.56 IV (5-2) 1369.62 1370.43 

II (2-5) 1557.55 1557.55 IV (4-3) 1383.64 1384.45 

IV (4-3) 1499.60 1499.63 IV (3-4) 1397.65 1398.48 

IV (3-4) 1519.57 1519.62 IV (2-5) 1411.67 1412.49 

* The symbols between the brackets refer to the number of repeat units containing adipic acid 
(nAA), isophtalic acid (nIPA) or glutaric acid (nGA), respectively. 

Copolymer fingerprint 

Due to the complexity of having two different repeat units, the MALDI-ToF-MS mass spectra 

were examined by a copolymer fingerprint analysis as has been described in the beginning of this 

chapter. Although oligoesters with different end groups are present (Figure 4.8a-b), the copolymer 

fingerprint analysis was performed only on those oligoesters bearing two OH end groups (structure I, 

Table 4.5). For both SLOs, structure I can be considered as a copolymer consisting of two repeat 

units, i.e. nA units of repeat unit A (containing 1,4 butanediol and adipic acid) with mass MA=

200.236 g.mol-1 and nB units of repeat unit B (containing 1,4 butanediol and isophtalic acid or 

glutaric acid), with masses MB=220.225 g.mol-1 or MB=186.208 g.mol-1, and two end groups 

EI=89.11 g.mol-1 and EII=1.008 g.mol-1. The MALDI-ToF-MS analysis was carried out with 

potassium (M+=39.098 g.mol-1) as cation. With knowledge of these masses the theoretical mass of a 

copolymer can be calculated by using equation (4.1). The results of this analysis are shown in Figure 

4.15a-b on page 83 of this thesis, in which the MALDI-ToF-MS mass spectra for both SLOs is 

transferred to a matrix of nA x nB repeat units.

Because in both polymerizations the reaction was carried out with equimolar amounts of the 

diacids, it can be inferred from Figure 4.15a-b that for both cases, there is no preferential 

incorporation for either one of the diacids because the fingerprint appear to be symmetrically located 

along the diagonal. 
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In a similar investigation on oligoesters by Koster et al.44 it was observed that the intermolecular 

structure of an oligoester could have a severe effect on the ionization efficiency when analyzing the 

oligoesters with an Electron-Spray-Ionization Fourier-Transform Ion-Cyclotron-Resonance Mass-

Spectrometer (ESI FT-ICR MS). If differences in ionization efficiencies also play a role in a 

MALDI-ToF-MS analysis, than the intensity profiles cannot be used to investigate the oligoester 

microstructure, unless the ionization efficiencies are known. One very useful indication whether or 

not ionization efficiencies play a role in the system under investigation is based on the mass balance. 

Since for both SLOs, equimolar amounts of the diacids were used, the MALDI-ToF-MS analysis 

should result in a 49.9% and 50.0% incorporation of repeat unit A for the systems AA-IPA and AA-

GA, respectively. As already indicated by the copolymer fingerprint, this seems to be the case since 

the fingerprint is symmetrically located along the diagonal (which reflects a 50% composition). 

From the obtained copolymer fingerprint this composition can also be determined as a function of 

chain-length as demonstrated in Figure 4.9a-b. 
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Figure 4.9a-b. Chemical composition (FnA, ) of repeat unit A (containing AA) as a function of chain length 
(nA+nB) obtained from the copolymer fingerprint for the SLO systems AA-IPA (a) and AA-GA (b). The 

dotted line indicates the feed composition of the diacids, which were added in equimolar amounts. 

From Figure 4.9a-b, it can indeed be observed that for both systems, the average composition of 

repeat unit A with a chain length below 25 is within 2 percent of the feed composition of the diacids 

(equimolar amounts), thus indicating that the average chemical composition is independent of the 

chain length. The reason for the deviation towards higher chain lengths in the AA-IPA system is due 

to the lower signal to noise ratio of the MALDI-ToF-MS mass spectrum at higher masses. Based on 

the entire copolymer fingerprint, the average chemical composition of repeat unit A (containing AA) 

can be calculated using equation (4.17) and was determined to be 49.8% for both systems, which is 

in excellent agreement with the average composition based on the recipe. Based on the fact that the 

average chemical composition of the oligoester is in agreement with the synthesis recipe, it can be 

assumed that ionization efficiencies are equal for all oligoester chains, regardless of the chemical 
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composition, and therefore MALDI-ToF-MS can indeed be used as a tool for the investigation into 

the copolymer microstructure. 

Copolymer microstructure 

Insight in the copolymer microstructure can result in a better understanding of the underlying 

polymerization mechanisms. The polymer microstructure can be studied using Bernoullian and 

Markovian chain statistics.45 The Bernoullian chain statistics are used to model random 

copolymerizations, whereas Markovian chain statistics allow the modeling of both random and non-

random copolymerization reactions. If it can be assumed that the reactivity of the end groups is 

independent of the size of the polymer as well as the nature of the monomer, than there should be no 

preferential incorporation with respect to one of the diacids, and the polymer microstructure may be 

described by Bernoullian chain statistics. 

According to Bernoullian chain statistics, the polymer microstructure is solely dependent on the 

feed composition. The Bernoullian chain statistics state that the chance of finding nA units, given the 

polymeric structure AnBm, is given by 

( ) mn
mn BA

mn
mnBAnAP ][][
!!
)!(| +=         (4.8) 

in which [A] and [B] refer to the feedconcentrations of units A and B. In the case of the oligoesters, 

the concentrations [A] and [B] refer to the adipic acid and isophtalic acid or glutaric acid 

concentrations, respectively. 
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Figure 4.10a-d. Normalized oligoester chemical composition distributions obtained by MALDI-ToF-MS for the 
systems AA-IPA ( ) and AA-GA ( ) compared to Bernoullian chain statistics ( + ) evaluated at an 

oligoester chain length of 5 (a), 10 (b), 15 (c) and 20 (d) repeat units. 

Figure 4.10a-d compares the obtained chemical composition distribution as obtained from a 

MALDI-ToF-MS experiment with the Bernoullian chain statistics for four different chain lengths. 

As can be observed from Figure 4.10a-d, the MALDI-ToF-MS experiments are in excellent 

agreement with the Bernoullian chain statistics for both SLOs. This good correlation is further 

supported by Figure 4.11a-b where the R2-values are listed as a function of chain length for both 

SLOs. Good correlations are found for chain lengths up to a chain length of 25. The reason for the 

decreasing R2-values at the higher chain lengths is again the lower signal to noise ratio at the higher 

end of the spectrum (a chain length of 20 units corresponds to a mass of approximately 4000 g.mol-

1). The good agreement between the micro-structural investigation by MALDI-ToF-MS and 

Bernoullian chain statistics suggest that the reactivity of the end groups is independent of the type of 

monomer. This is not unexpected for the system AA-GA where the only difference between the 

monomers is the number of methyl units, which has almost no effect on the acidity of the diacids 

(AA46: pka1=4.42, pka2=5.41 GA46:pka1=4.34,pka2=5.42). In the case of the AA-IPA system, one 
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could have expected a difference in the end group reactivity due to the more pronounced difference 

in pka-values (IPA46:pka1= 3.46,pka2=4.46). The fact that our results indicate no difference suggests 

that the acidity of the monomer is not related to the end group activity in condensation 

polymerization and therefore no preferential incorporation occurs. 
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Figure 4.11a-b. R2-values calculated from the comparison between normalized MALDI-ToF-MS chemical 
composition distributions and Bernoullian chain statistics for a) the system AA-IPA and b) the system AA-

GA indicating a good correlation between the model and the measurements. 

4.6 Conclusion 

MALDI-ToF-MS has gained a lot of interest during the last years, although the number of articles 

where the technique is used for a full copolymer characterization is still limited. In this chapter we 

have shown an advanced copolymer analysis method that enables a complete structural analysis by 

an automated analysis of MALDI-ToF-MS mass spectra for copolymer samples. The method has 

been successfully applied to investigate a block-copolymer and two random condensation polymers. 

For both systems it was shown that mass discrimination effects due to ionization differences do not 

play a role. Furthermore, the proposed copolymer fingerprint analysis enables a full copolymer 

microstructure analysis. 
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4.7 Appendix 

A. Correction factor 

The correction factor cf’X, for a polymeric species X, is defined as the ratio of the area under the 

theoretical isotopic distribution (Atotal) and the intensity of the most intense Isotope (Imax).

max

total'
I
A

cf X =            (4.9) 

To obtain the relative abundances of this polymeric species X, a calculation procedure was used 

that is based on the theory of Yergey.47

In a MALDI-ToF-MS analysis it can be assumed that the time-of-flight of one single isotope, i, of 

species X, is normally-distributed over time. Therefore if the peak-height (Ii) of this species has to be 

related to the peak area (Ai), the following equation holds: 

σπ ⋅⋅= 2ii IA            (4.10) 

where σ is the half width at half height (HWHH) of the Gauss-distribution. Since an increase of 

mass is accompanied by an increase of the width of an isotopic pattern, σ is mass dependent, and can 

be expressed as a function of the resolution (expressed in g.mol-1) of the measurement: 

Resolution2
1 isotopem

=σ           (4.11) 

Finally, the correction factor can be defined as a summation over all isotopes of species X:

max

1

I
Resolution2

12
'

isotope
n

i
i

X

m
I

cf

isotopes

π
==         (4.12) 

Although the correction factor is dependent on the resolution of a measurement, and may therefore 

vary from measurement to measurement, it is a constant in the expression for a specific measurement 

and can therefore be set to 1 resulting in the general formula: 

max

1 2
12

I

mI
cf

isotope

n

i
i

X

isotopes

π
==   with misotope < resolution    (4.13) 

  The obtained equation only holds when there is no overlapping between neighboring isotopes. 

However, as long as the evaluated masses are smaller than the resolution of the measurement, the 

influence of this overlapping can be neglected. 

In the case of polystyrene-block-polyisoprene the correction factor (cfi,j) has to be calculated for all 

possible combination of styrene and isoprene monomers, e.g.

C(CH3)3[C8H8]n[C5H8]m-H-Ag+   with n,m = 0,1...100 
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This correction factor can be visualized as a 3-dimensional plot as shown in Figure 4.12. Please 

note that due to the elimination of the resolution in equation (4.12), the correction factor has an 

unrealistically high value.

Figure 4.12. 3-Dimensional plot for the correction factor (cfi,j) for the system polystyrene-block-polyisoprene as a 
function of the number of monomeric units, calculated using equation (4.13). 

B. Copolymer properties 

The evaluation of the individual block properties was done by: 
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C. Multiple peak assignment: an example 

The issue of multiple peak assignment can result in multiple fingerprints. If the system 

polystyrene-block-polyisoprene is considered than according to equation (4.3): 

17
26

12.68
15.104 ≈==

∆
∆

n

m

M
M

m
n

The consequence is that a mass peak may not have a unique solution, resulting in multiple 

fingerprints that are exact copies of one another having the same intensities located at different 

matrix positions (nSt + nSt, nIsoprene – mIsoprene) as shown in Figure 4.13. With the additional 

information from sample I which indicates that the styrene block is located at approximately 20 units 

of styrene, the matrix can be easily swept resulting in Figure 4.14d. 
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Figure 4.13. Fingerprint of the styrene-block-isoprene sample V, indicating the concept of multiple peak 
assignments. The dashed line is indicating the peak maximum of the styrene block located at 20 units of 

styrene.
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D. Copolymer fingerprints of polystyrene-block-polyisoprene 
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Figure 4.14a-d. Copolymer fingerprints of the system polystyrene-block-polyisoprene corresponding to 
approximately 25%, 50%, 75% and 100 % conversion of the isoprene monomer. 

E. Copolymer fingerprints of Solventless Liquid Oligoesters 
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Figure 4.15a-b. Copolymer fingerprint for the solventless liquid oligoesters considering only oligoester chains 
containing two OH end groups (Table 4.4, structure I) for the system AA-IPA(a) and

the system AA-GA (b). 
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5.Copolymerization Kinetics of
Methyl Methacrylate – Styrene obtained by 

PLP-MALDI-ToF-MS 

5.1 Introduction 

Many studies in the past have been devoted to describe copolymerization kinetics. One of the 

earliest models capable of describing copolymerization kinetics, chemical composition and sequence 

distribution is known as the Terminal Model (TM) and was introduced in 1944.1,2 However, soon 

after its introduction, systems were observed for which the TM failed to describe copolymerization 

kinetics. With the introduction of pulsed laser polymerization in the 1980s, the number of systems 

that were deviating from TM kinetics increased rapidly. 

In order to account for the discrepancy found in the kinetics, new models were developed of which 

the Penultimate Unit Model3 (PUM) is perhaps the best known and most applied currently. The 

major difference between the TM and the PUM is related to the considerable influence that a 

penultimate unit may exert on the terminal unit thus influencing the reactivity of the terminal radical 

and therefore its kinetics. 

Penultimate unit model (PUM) 

The penultimate unit model assumes that the chain end reactivity is not only determined by the 

terminal radical, but the penultimate unit may exert a considerable influence on the terminal radical 

reactivity. In order to describe the kinetics of a copolymer system a total of eight propagation steps 

have to be considered: 
111

11 1 11~ ~kM M M⋅ + → ⋅

⋅ →+⋅ 12
112

211 ~~ MMM k

⋅ →+⋅ 11
211

121 ~~ MMM k

⋅ →+⋅ 12
212

221 ~~ MMM k         (5.1) 

⋅→+⋅ 21
121

112 ~~ MMM k
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⋅ →+⋅ 22
122

212 ~~ MMM k

⋅ →+⋅ 21
221

122 ~~ MMM k

⋅ →+⋅ 22
222

222 ~~ MMM k

in which khij is the propagation rate coefficient of the propagation reaction between a penultimate 

unit h, terminal unit i and monomer j. In order to simplify the number of rate coefficients, reactivity 

ratios are assigned with respect to a common radical according to 

iij

iii
i k

k
r =  and  

jij

jii
i k

k
r ='         (5.2) 

and with respect to a common monomer according to 

iii

jii
i k

k
s =            (5.3) 

where i and j are 1 or 2 with the restriction that i j. The ratios r and s are called the monomer and 

radical reactivity ratios, respectively. 

The instantaneous copolymerization equation for the penultimate unit model is only determined by 

the monomer reactivity ratios according to 
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and i and j are 1 or 2 and fj = 1-fi, with the restriction that i j.

An expression for the average propagation rate coefficient as a function of the feed composition is 

given by 
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and i and j are 1 or 2 and fj = 1-fi, with the restriction that i j.

In order to reduce the penultimate model to the terminal model, the requirements ri = ri’ and si = 1 

irrespective of the value of i are needed. 

When describing the copolymer composition and copolymerization kinetics two different 

situations may arise. The TM is capable of describing the chemical composition data but not the 

average propagation rate data. In this case the requirement ri = ri’ is met but radical reactivity ratios 

are still needed to describe the kinetic data. This model is also referred to as the implicit penultimate 

unit model (IPUM). The second case is met when the TM is also incapable of fitting the chemical 
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composition data, and is referred to as the explicit penultimate unit model (EPUM) for which the full 

reaction scheme is required. 

In the rest of this chapter the system styrene-methyl methacrylate will be used as a model study. 

MALDI-ToF-MS will be used as a tool to study chemical composition data, average propagation 

kinetics and copolymer chemical composition distributions.

The approach undertaken requires three distinct stages.

• The determination of monomer reactivity ratios requires the analysis of the average 

chemical composition of the copolymer at different feed compositions. For this purpose 

high resolution MALDI-ToF-MS mass spectra are required, which are therefore analyzed 

in the reflector mode. 

• The determination of the radical reactivity ratios requires the analysis of the full molecular 

weight distributions. In order to suppress the effects of mass discrimination as much as 

possible the samples are analyzed in the linear mode. 

• The copolymer chemical composition distribution of the system is determined by high 

resolution MALDI-ToF-MS spectra and subsequently compared to Monte-Carlo 

simulations. These simulations are carried out with the parameters determined in the 

previous steps as an input. 

5.2 Experimental section 

Materials. The monomers methyl methacrylate (Aldrich, 99%) and styrene (Aldrich, 99%) were 

purified from inhibitor by passing over a inhibitor remover column (Aldrich, tert-butyl catechol for 

styrene, hydroquinone remover for methyl methacrylate). The photoinitiator benzoin (Fluka, 99%) 

was used as received. 

Polymerization and polymer analysis. Benzoin was added to the polymerization mixtures at 

concentrations of approximately 5·10-3 mol.L-1. Prior to the pulsed laser polymerization experiments, 

the polymerization mixtures were subjected to three freeze-pump-thaw cycles in order to remove 

dissolved oxygen. For each feed-composition, two PLP-experiments were carried out using laser 

energies of 40 mJ.pulse-1 and 60 mJ.pulse-1. A complete description of the set-up can be found in the 

experimental section of chapter 2 in this thesis, whereas further experimental conditions can be 

found in Table 5.3 on page 100. After the low conversion bulk PLP experiments, the polymers were 

isolated from the reaction mixture by evaporating of nonreacted monomer in a high vacuum stove. 

Conversions were determined by gravimetrical analysis and were well below 1%. 

Polymer samples were analyzed by MALDI-ToF-MS on a Voyager DE-STR from Applied 

Biosystems. Sample preparation was carried out along the same lines as in the experimental section 

of chapter 2 with the exception that potassium trifluoroacetate (Aldrich, 98%) was added as 
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cationization agent. Polymer samples were analyzed both in the linear mode and the reflector mode. 

One spectral analysis consists of a co-addition of approximately 5000 individual laser shots. Mass 

spectra obtained in the linear mode were integrated over the average monomer repeat unit. Peak 

maxima were evaluated from the intersection of the first derivative with the mass-axis obtained after 

a cubic spline smoothing of the integrated data. Mass spectra obtained in the reflector mode were 

baseline corrected using the advanced baseline correction from the DataExplorer® software, and 

interpreted using the copolymer fingerprint procedure as outlined in chapter 4. 

The average monomer concentration was determined according to: 

[ ] [ ] (1 )[ ]avg St St St MMAM f M f M= + −        (5.6) 

where [M]St and [M]MMA are the monomer concentrations of styrene and methyl methacrylate, 

respectively, and fSt is the monomer feed composition of styrene. The respective monomer densities 

are given in the experimental section of chapter 2 of this thesis. For the calculation of this average 

monomer concentration it is assumed that there is no volume contraction during the low-conversion 

polymerization experiments. 

For the determination of the characteristic chain length, L0,1, evaluated from the peak maximum in 

a MALDI-ToF-MS mass spectrum, the following equation was used 

peak maximum
0,1 (1 )St St St MMA

M
L

F M F M
=

+ −
        (5.7) 

where MSt and MMMA are the respective monomer masses and FSt is the respective copolymer 

composition of styrene. The latter was evaluated using equation (5.4) and the monomer reactivity 

ratio data as determined in this chapter. 

5.3 Results and discussion 

Interpretation of MALDI-ToF-MS mass spectra of copolymers 

In chapter 4 we have demonstrated the use of MALDI-ToF-MS in elucidating copolymer 

microstructure and average chemical composition with the use of a copolymer fingerprint analysis. 

The proposed analysis of copolymer mass spectra requires the knowledge on possible endgroups 

since the method only allows the analysis of one type of copolymer chain at the time.

When the system styrene-methyl methacrylate is considered already three different types of chains 

may be present in the mass spectrum due to differences in the mode of termination. For 

methacrylates it is known that disproportionation is the dominant bimolecular termination reaction 

whereas in the case of styrene, this is predominantly termination by combination.4 For a 

copolymerization reaction, the overall mode of termination may thus be a combination of the two 

modes of termination for which the contribution of either one of the modes of termination can 

change with a variation of the monomer feed composition. 
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The second difficulty that is met in pulsed laser polymerization experiments is the use of a 

photoinitiator. Since photoinitiators are asymmetrical, two different type of initiating species are 

present, both having different masses. This combined with the two termination modes may lead up 

to seven different copolymer species present in a mass spectrum. In this view, the choice of the 

photoinitiator benzoin is an important one since it consists of two different radicals which differ only 

2 g.mol-1 in mass, e.g. a benzoyl radical and benzyl alcohol radical, further denoted as radical A and 

B with masses MA=105.12 g.mol-1 and MB=107.13 g.mol-1, respectively. From the single-pulse 

pulsed laser polymerization experiments in chapter 6, it is known that in the case of Benzoin, the 

benzoyl radical is the more reactive radical which may greatly reduce the complexity of the resulting 

mass spectra.
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Figure 5.1. Expanded section of a MALDI-ToF-MS mass spectrum obtained via bulk pulsed laser 
copolymerization of methyl methacrylate and styrene using benzoin as a photoinitiator. The 

polymerization was carried out with a pulse frequency of 8 Hz at a styrene feed composition of fSt = 0.053. 
Two distinct regions are depicted in which polymer chains are present which are predominantly the result 
of termination by disproportionation or combination, respectively. Peak assignments are given in which A 

and B refer to the benzoyl or benzyl alcohol radical, respectively. In Table 5.1 the theoretical and 
experimental masses have been collected. 
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Table 5.1. Experimental and theoretical masses for the assigned peaks shown in Figure 5.1.The end groups A and 
B refer to the benzoyl and benzyl alcohol radical, respectively. 

Termination by disproportionation Termination by combination 

Formula m/zexp
[g.mol-1]

m/zth
[g.mol-1] Formula m/zexp

[g.mol-1]
m/zth

[g.mol-1]

A-MMA10±H 1142.88/1144.89 1143.51/1145.53 A-MMA9-A 1148.88 1149.50 

B-MMA10±H 1144.89/1146.89 1145.53/1147.55 A-MMA9-B 1150.89 1151.52 

A-MMA9-St±H 1146.89/1148.88 1147.52/1149.54 A-MMA8-St-A 1152.86 1153.51 

A-MMA9-St±H 1148.88/1150.89 1149.54/1151.56 A-MMA8-St-B 1154.88 1155.53 

   A-MMA7-St2-A 1156.88 1157.52 

   A-MMA7-St2-B 1158.89 1159.54 

   A-MMA6-St3-A 1160.89 1161.53 

   A-MMA6-St3-B 1162.90 1163.55 

In Figure 5.1 an expanded part of the MALDI-ToF-MS mass spectra is shown for a PLP reaction 

carried out at low styrene content (fSt=0.053). Indicated by the arrows are several possible peak 

assignments with the end groups A and B, for which the theoretical masses are collected in Table 

5.1. The systematic differences that can be observed between the theoretical and experimental 

masses stem from spot-to-spot variations in the MALDI-ToF-MS measurement. From the isotopic 

pattern in Figure 5.1, three observations can be made. 

• Several peaks are present which may be explained by more than one unique combination of 

monomer units, endgroups and mode of termination. 

• Introducing approximately 5 percent of styrene changes the bimolecular termination reaction 

from predominantly disproportionation to a considerable contribution of termination by 

combination. This can be rationalized in the following way.  

Using the terminal model, an estimation can be made of the ratio of terminal styrene radicals 

versus terminal methyl methacrylate radicals if it is assumed that the rate of crossover is 

constant:

][
][

][
][

,

,

MMAkr
Skr

MMA
S

StpMMA

MMApSt=
⋅

⋅         (5.8) 

in which kp,St and kp,MMA are the homopropagation rate coefficients for styrene and methyl 

methacrylate, respectively. The chance of a termination reaction to occur is directly related to 

the concentrations of the respective terminal radical end groups. If it is assumed that a 

termination reaction between a styrene radical and methyl methacrylate radical leads to 

termination by combination, than the overall chance of termination by combination to occur 

can be expressed by:  
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With rSt=0.48, rMMA=0.42, kp,St=65 L.mol-1s-1 and kp,MMA=257 L.mol-1s-1 and a feed 

composition of fSt=0.053 it can be estimated that [S·]/[MMA·]  0.25, meaning that 36% of 

the termination reactions results in termination by combination. It is difficult to estimate this 

ratio from the isotopic pattern in Figure 5.1 for two reasons. First of all, the mass peaks that 

are the result of termination by disproportionation have been created at a later point in time 

than the mass peaks that are the result of termination by combination. Second of all, there is 

an isotopic overlap between the mass peaks. Nevertheless, by a comparison of the peak areas 

of the two modes of termination in Figure 5.1, it can be estimated that approximately 60% of 

the peaks in this mass-range are the result of termination by combination. The deviation 

between the estimated value and the calculated value is primarily related to the different 

reaction time after the pulse (viz. differences in radical concentration) at which these polymer 

chains were created. Furthermore, the calculation of the ratio of terminal radicals is dependent 

on the model used to describe the copolymerization kinetics.5

Obviously with an increase of the styrene feed composition, the chance of termination by 

combination will increase further. Note that for a well chosen copolymerization system in 

which peaks related to termination by combination are separated from peaks terminated by 

disproportionation, the MALDI-ToF-MS technique can lead to the determination of the ratio 

of terminal radicals, and as such can be used as an alternative method as compared to 

nitroxide-trapping experiments6, to discriminate between different copolymerization 

models!!!

• From the isotopic distributions it can be observed that chains which are the result of a 

termination by combination reaction consist predominantly of two benzoyl radicals (radical 

A), although there are also chains containing both a benzoyl endgroup and a benzyl alcohol 

endgroup (radical B). This is in line with the observations in chapter 6. 

The copolymer fingerprint analysis is based on the general formula: 
+++++= MEEMnMnm IIIBBAA        (5.10) 

in which the mass of the copolymer is related to the chemical composition (nA and nB) of the 

monomeric units having masses MA and MB and the masses of the endgroups (EI and/or EII) plus 

cationization agent (M+). For the copolymer fingerprint analysis, only one type of copolymer chain 

can be evaluated. Given the MALDI-ToF-MS spectrum at low styrene feed composition, it can be 

stated that, certainly at higher styrene feed compositions, most polymer chains are the result of 

termination by combination reactions. Combined with the fact that most chains terminated by 
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combination have predominantly two benzoyl endgroups leads to the conclusion that the mass 

spectrum may be evaluated using two benzoyl engroups having a mass of 105.12 g.mol-1. At the low 

styrene feed compositions this approach will certainly lead to an error, but this error is estimated to 

be less than 2% at the higher chain lengths.* Together with the average masses of styrene 

(MSt=104.152 g.mol-1) and methyl methacrylate (MMMA=100.117 g.mol-1) and the mass of the cation 

potassium (M+=39.10 g.mol-1), these masses form the basis for the copolymer fingerprint analysis. 
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Figure 5.2. Copolymer fingerprints for PLP experiments carried out with methyl methacrylate and styrene at 
 fSt = 0.053, frequency = 8Hz (a), fSt = 0.249, frequency = 4Hz (b), fSt = 0.600, frequency = 4Hz (c) and 

 fSt = 0.792, frequency = 4Hz (d). The dashed lines in the copolymer fingerprint plots, which start out from 
the origin, are indicative for the average chemical composition of the copolymer.

In Figure 5.2 four examples are given for the copolymer fingerprints obtained by the analysis of 

four polystyrene-co-poly(methyl methacrylate) samples obtained by pulsed laser polymerization 

experiments at four different styrene feed compositions. A very evident observation from the 

copolymer fingerprints is that an increase of the styrene feed composition also results in an increase 

* In order to estimate this error, the MALDI-ToF-MS mass spectrum at low styrene feed composition was analyzed as if 
consisting of chains which are the result of solely termination by combination or termination by disproportionation. The 
differences thus found in the chemical composition varied from 5% at low chain lengths to lower than 2% at chain 
lengths larger than 50. 
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of the styrene incorporation in the copolymer. The dashed lines in the copolymer fingerprints 

indicate that the most intense peak with a certain chain length is lying on a line through the origin. 

MALDI-ToF-MS as a tool for the determination of monomer reactivity ratios 

The classical approach towards monomer reactivity ratio determination usually requires the 

determination of copolymer compositions, F, with for example 1H-NMR at low conversion 

experiments and relates these to the feed composition, f, by the instantaneous copolymerization 

equation (equation (5.4)).

There is one assumption for the use of this equation. It is known as the long-chain assumption 

which states that the monomer incorporated by initiation and transfer mechanisms is negligible 

compared to monomer incorporation by propagation. When considering low conversion pulsed laser 

polymerization experiments, a whole range of polymer chains is created ranging from oligomers to 

very high molar masses. This implies that only that part of the molecular weight distribution can be 

used for the evaluation of the reactivity ratios in which the long-chain assumption is valid. 

The copolymer fingerprints, of which a few examples have been shown in Figure 5.2, were used to 

evaluate the average chemical composition as function of the chain length. This evaluation was 

carried out for all the duplicate experiments, although in Figure 5.3 only the results are shown for the 

PLP experiments carried out with higher laser energy. From Figure 5.3 two important observations 

can be made 

• The average copolymer chemical composition is constant for chain lengths of 

approximately 30 units or higher 

• The average copolymer chemical composition is chain-length dependent for chain lengths 

smaller than 30 units. The observed difference between copolymer composition and feed 

composition is largest for the smallest chain lengths and gradually decreases until the 

chemical composition reaches its long chain limit 

The first observation is very important when compared to the results of Semchikov et al.7 In 

Semchikovs work, it was observed that the chemical composition of polystyrene-co-poly(butyl

acrylate) varies with the molecular weight of the copolymer, even up to very high masses. 

Semchikov et al. explained this behavior in terms of a preferential absorption model, in which one of 

the monomers preferentially absorbs in the growing polymer coil, thus creating its own locus of 

polymerization. Later on, Chambard et al.8 disproved these observations for styrene-butyl acrylate, 

stating that the observations by Semchikov et al. were induced by their experimental procedures. 

The results of Figure 5.3 clearly agree with the results obtained by Chambard et al.
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In order to understand the second observation, it is imperative to realize that the relationship 

between chain length and reaction time in a copolymerization reaction is not straight forward. In a 

pulsed laser polymerization experiment carried out for a homopolymer, at any moment in time 

radicals which have originated from the same laser pulse are governed by a Poisson chain length 

distribution. Because of this Poisson distribution it can be assumed that there exists a clear relation 

between chain length and time. With the introduction of a second monomer, this relation between 

chain length and time becomes distorted. Chains richer in one monomer may propagate slower 

compared to chains richer in the other monomer due to differences in propagation and cross-

propagation rates. These differences can result in radical chain length distributions which may be 

characterized by a ‘broad’ Gauss distribution where differences exist between the average chemical 

composition of radical chains at the lower chain lengths compared to radical chains at the higher 

chain lengths. With time proceeding after applying a laser pulse these differences may become less 

important, but especially at the lower chain lengths, these differences can result in the deviations as 

seen in Figure 5.3. 
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Figure 5.3. Average chemical composition of styrene, FSt, as a function of chain length for PLP experiments 
carried out at different styrene feed compositions. The average chemical compositions are directly 

evaluated from the copolymer fingerprints. The dotted lines indicate the long chain limit of the average 
chemical composition evaluated between chain lengths 40 and 100.

For the evaluation of the average chemical composition, only chain-lengths between 40 and 100 

units were used. Considering the use of MALDI-ToF-MS for the determination of reactivity ratios, 

there is one example in literature where MALDI-ToF-MS has been applied for a kinetic analysis of 

the copolymer system methyl methacrylate and butyl methacrylate, created by catalytic chain 

transfer.9 Although the authors were clearly able to measure the average chemical composition, they 

found a discrepancy between their MALDI-ToF-MS data and their composition data determined by 
1H-NMR. As an explanation for this phenomenon they postulated that this was due to the difference 
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in hydrophobicity between the monomer units, thus resulting in discrimination effects due to 

ionization differences.

With respect to discrimination effects, MALDI-ToF-MS results therefore always have to be 

interpreted with caution. The same holds for the copolymer system styrene-methyl methacrylate. The 

advantage of this system is that it has been investigated extensively in the past, and therefore reliable 

estimates of monomer reactivity ratio data already exist in literature.10 Whether or not mass 

discrimination effects due to ionization differences play an important role in this system may 

therefore be investigated by comparing the results from the MALDI-ToF-MS analysis with literature 

values.

The monomer reactivity ratios were determined by fitting the copolymer composition data to the 

TM, i.e. it is assumed that the IPUM is at work which seems to be a reasonable assumption when 

considering literature data.10 To evaluate these monomer reactivity ratios a non-linear least squares 

optimization was performed in which the weighing of the data was based on an individual error 

scheme. The 95% joint confidence interval was constructed using the 2-distribution. The individual 

errors were obtained by calculating the standard deviation of the average chemical composition 

between chain lengths 40 and 100. Figure 5.4a shows the Mayo-Lewis plot evaluated from the 

MALDI-ToF-MS data combined with the best fit (dotted line) to equation (5.4) using the parameters 

from the non-linear least squares optimization. Figure 5.4b is showing the results of the non-linear 

least squares evaluation resulting in rSt = 0.524 and rMMA = 0.421, combined with some monomer 

reactivity ratios from the literature. As can be observed from Figure 5.4b, the joint confidence 

interval is overlapping with work of van Herk et al.11, although the obtained reactivity ratios are also 

close to literature values as can be observed from both Figure 5.4b and Table 5.2. Since the values 

obtained by MALDI-ToF-MS are very close to literature values, it may thus be concluded that 

MALDI-ToF-MS can be a valuable tool for the determination of reactivity ratios by the analysis of 

copolymers created by pulsed laser polymerization experiments. 

Table 5.2. Monomer reactivity ratio parameters taken from literature 

 T (ºC) rSt rMMA

Coote et al. 12* 20-60 0.489 0.493 

Olaj et al.13 25 0.523 0.46 

Davis et al.14 25 0.472 0.454 

van Herk et al.11 50 0.48 0.42 

*This value is the result of a combined data set of 
different literature values 
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Figure 5.4. a) Mayo Lewis plot showing the correlation between the copolymer and feed composition for the 
copolymer system styrene and methyl methacrylate as determined by MALDI-ToF-MS. The dotted line 

refers to the best-fit using equation (5.4). b) Best fit value for the monomer reactivity ratio obtained by a 
least squares analysis of the MALDI-ToF-MS data using an individual weighing scheme. Indicated is the 

95% joint confidence interval constructed using the 2–distribution. The best fit values thus obtained; 
 rSt = 0.523, rMMA = 0.421 are compared to several literature values from Table 5.2. 

Average propagation rate coefficients (kp
avg) by the PLP-MALDI-ToF-MS method 

In literature several examples exist where SEC has been used for the evaluation of homo and 

copolymerization propagation rate coefficients (see Van Herk10 for a compilation of literature 

values). The average propagation rate coefficients can subsequently be used to determine the 

reactivity ratio data, and are as such a very powerful tool to study the copolymerization kinetics.

In order to carry out these type of experiments, usually a range of monomer feed compositions is 

selected† which are than subjected to pulsed laser polymerization experiments. Subsequently a 

molecular weight distribution analysis is carried out by means of size exclusion chromatography. 

The average propagation rate coefficient (kp
avg) is than evaluated from the inflection point in the 

resulting molecular weight distribution, which is related to the average propagation rate coefficient 

according to 

pavg
avg
pio tMkiL ][, ⋅=          (5.11) 

where L0,i is the characteristic chain length of the copolymer formed in the time between two laser 

pulses, tp. [M]avg is the average monomer concentration, and i = 1, 2, 3, .... The higher order peaks (i

= 2, 3, ...) may occur when growing chains survive termination by one or more subsequent pulses. 

† Often only two monomer feed compositions are selected by the ‘D-optimal criterion’ set forth by Tidwell and 
Mortimer.27 In this chapter, more than two monomer feed composition were selected, as the data is used to discriminate 
between models, instead of a parameter estimation.
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In order to measure the molecular weight distribution of the copolymer with SEC, several possible 

approaches exist. One suggestion by Davis et al.14 implies a linear interpolation of the calibration 

curve for the copolymer by using the calibration curve for the homopolymers. This approach has 

been used quite frequently.15-20 A better and more accurate option would be the use of Mark-

Houwink relation ships, which relate the average copolymer chemical composition to the 

hydrodynamic volume.21,22 However, the determination of this relationship requires well 

characterized copolymer standards which are not readily available. A third option and perhaps the 

best with regard to SEC would be the use of a triple detector setup which in principle results in an 

absolute molar mass determination. Calibration of the triple-detector setup however, is tedious and 

time consuming, but nevertheless the method has been used to evaluate copolymer kinetics for 

several systems.12,23-25

In contrast to the aforementioned SEC method for measuring copolymer molecular weight 

distributions, MALDI-ToF-MS can be a very valuable tool as the method requires no additional 

actions in order to measure copolymers. Although the use of MALDI-ToF-MS has been suggested23

in literature for the analysis of average propagation rate coefficients, so far it has never been applied 

since the analytical method is usually underestimated in its capabilities of analyzing copolymers. In 

this chapter it has however been shown that MALDI-ToF-MS may be used for the determination of 

average chemical compositions in a reliable way. 

In chapter 2 it was shown that when working in the high termination rate limit, i.e. high initial 

radical concentrations, propagation rate coefficients have to be evaluated from the peak maximum in 

the number molecular weight distribution instead of the inflection point. 

In that same chapter the combination of pulsed laser polymerization experiments and MALDI-

ToF-MS analysis were used in order to investigate the chain-length dependent propagation kinetics 

of the very first propagation steps. It was established that this chain-length dependent behavior may 

be observed until at least a chain length of 100 units, even though it is only limited to the first 10 

propagation steps. In order to determine accurate average propagation rate coefficients for a 

copolymer system the repetition rate of the laser therefore has to be chosen in such a way that the 

influence of the first 10 propagation steps can be safely neglected. Therefore experiments have to be 

designed in such a way that the peak maximum is located at chain lengths above 100 units. 
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Figure 5.5. Examples for MALDI-ToF-MS mass spectra obtained by PLP-experiments of the copolymer system 
styrene-methyl methacrylate. The spectra were analyzed in the linear mode at different styrene feed 
compositions. a) fSt = 0.053, repetition rate 8 Hz b) fSt = 0.249, repetition rate 4 Hz c) fSt = 0.600, 

repetition rate 4 Hz d) fSt = 0.792, repetition rate 4 Hz 

Table 5.3. Indicated are the positions of the peak maxima in the MALDI-ToF-MS spectra and the average 
propagation rate coefficient (kp

avg) obtained by carrying out experiments at different feed compositions 
and laser frequencies. 

fSt
[-]

f
[Hz]

L0,1
[g.mol-1]

kp
avg

[L.mol-1.s-1]
kp

avg * fSt
[-]

f
[Hz]

L0,1
[g.mol-1]

kp
avg

[L.mol-1.s-1]
kp

avg  *

0 12 201.17 257.46 6.40 0.297 4 159.11 69.27 2.18 

0 12 200.17 256.18 6.40 0.297 4 159.11 69.27 2.18 

0.053 8 156.14 133.71 4.28 0.342 4 150.13 65.57 2.18 

0.053 8 159.14 136.27 4.28 0.342 4 150.13 65.57 2.18 

0.100 6 166.10 107.01 3.22 0.400 4 141.10 61.87 2.19 

0.100 6 166.10 107.01 3.22 0.400 4 141.10 61.87 2.19 

0.149 5 163.11 87.87 2.69 0.600 4 122.15 54.32 2.22 

0.149 5 164.11 88.41 2.69 0.600 4 121.16 53.88 2.22 

0.202 5 149.14 80.64 2.70 0.792 4 117.23 52.85 2.25 

0.202 5 147.14 79.56 2.70 0.792 4 116.23 52.40 2.25 

0.249 4 171.08 74.24 2.17 1 4 141.87 64.93 2.29 

0.249 4 171.08 74.24 2.17 1 4 140.88 64.47 2.29 
*The absolute errors in the average propagation rate coefficient (kp

avg) were evaluated by transposing the 
error in the location of the peak-maximum in kp

avg by the following equation: kp
avg = L0,1·f/[M]avg. In 

order to evaluate the error in kp
avg, it was assumed that the peak maximum could be determined with a 

accuracy of 5 repeat units, e.g. L0,1=5.
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In Figure 5.5a-d it can be observed that well resolved spectra are obtained with clearly resolved 

first order peak maxima. It can be clearly seen that these spectra contain individual peaks which can 

be attributed to the small mass difference between the monomers styrene and methyl methacrylate. 

The evaluation of the average propagation rate coefficient is carried out by determination of the peak 

maxima. The results of this procedure are collected in Table 5.3, and as can be seen all peak maxima 

are located well above a chain length of 100 units. 

Determination of radical reactivity rate coefficients 

With respect to the determination of the reactivity ratios two different approaches were 

undertaken:

• The radical reactivity ratios can be determined independent from the (earlier) determined 

monomer reactivity ratios 

• Both monomer and radical reactivity ratios can be determined at once using a non-linear 

least squares analysis. 

For both approaches, a non linear least squares analysis was performed in which the weighing of 

the data was based on an individual error scheme. In the case of the four parameter fit, the sum of 

squares is determined in a four-dimensional space. As a result of this, the joint confidence interval 

evaluated at the 95% confidence level will also represent a joint confidence interval in a four-

dimensional space. Visualization of this confidence interval may be obtained by projecting the four-

dimensional confidence interval on a two-dimensional space, i.e. in this case the radical reactivity 

ratios sSt and sMMA. The results of the independent two parameter fit and the four parameter fit can be 

seen in Figure 5.6a together with the 95% confidence intervals. The obtained values are also 

collected in Table 5.4. 
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Figure 5.6. a) 95% Joint confidence intervals evaluated using a 2-analysis in which the weighing of the data was 
performed using an individual weighing scheme. The two parameter fit results in a ‘normal’ contour plot 

(black line) with best fit values sSt = 0.297 and sMMA = 0.266. The four parameter fit results in a grey 
projection of the least squares analyses with best fit values; sSt = 0.296 and sMMA = 0.262. b) Average 
propagation rate coefficient (kp

avg) as determined by MALDI-ToF-MS. Indicated are datapoints ( )
together with the best fit by the Implicit Penultimate Unit Model (Equation (5.5)) using the reactivity 

ratios as determined by the four parameter fit (solid line) and the two parameter fit (dashed line). 

Table 5.4. Best fit values for the (independent) 2x2 parameter fit and the coupled four parameter fit. Also 
indicated are the sum of squares (ss) values for the monomer reactivity ratios and the radical reactivity 

ratios together with the total sum of squares. 

 Monomer reactivity ratios Radical reactivity ratios  

rSt ± rMMA ±  ss sSt ± sMMA ±  ss sstot

2x2 parameter fit 0.523 -0.057
+0.063 0.421 -0.016

+0.018 13.99 0.297 -0.035
+0.045 0.266 -0.074

+0.170 3.68 17.67 

4 parameter fit 0.517 -0.052
+0.058 0.420 -0.017

+0.017 14.08 0.296 -0.036
+0.044 0.262 -0.073

+0.182 3.49 17.57 

The most important observation that can be inferred from Figure 5.6a is related to the size of the 

joint confidence intervals. The coupled determination of the reactivity ratios leads to an increase of 

the joint confidence interval with respect to the radical reactivity ratios, whereas the confidence 

intervals for the monomer reactivity ratios are virtually the same.‡ The reason for this is directly 

related to the size of the sum of squares of the two different datasets. From Table 5.4 it can be 

observed that the sum of squares value for the monomer reactivity ratios is largest and therefore is 

responsible for the largest part of the total sum of squares.

If Figure 5.6b is considered, than the independent data fit, as well as the coupled data fit lead to a 

virtually indistinguishable fit for the average propagation rate data. It is only from Table 5.4 that it 

can be observed that the four parameter fit will lead to a smaller total sum of squares and are 

therefore to be preferred over the independent 2x2 parameter fit. 

‡ The comparison between the 95% joint confidence intervals, obtained by the coupled four parameter fit and Figure 
5.4b is not shown here. 
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Copolymer chemical composition distribution 

As has been shown in the previous chapter, MALDI-ToF-MS combines the unique ability that 

within one simple measurement, both a molecular weight distribution as well as a chemical 

composition distribution can be obtained. Because the pulsed laser polymerization experiments were 

carried out at low conversions, therefore excluding composition drift, the measured chemical 

composition distributions can be directly compared to the Stockmayer equation.26 The Stockmayer 

equation can however only be applied in the long chain limit, and is therefore incapable of 

describing the variation of the chemical composition distribution at the lower chain lengths. For this 

reason refuge was taken into the use of Monte Carlo simulations. For a detailed description of the 

Monte Carlo simulations carried out, the reader is referred to the appendix of this thesis. 

The advantage of the Monte Carlo simulation is that the complete Pulsed-Laser-Polymerization 

reaction can be simulated, including the resulting microstructure of the copolymer. This thus allows 

for a detailed investigation into the dependence of the average chemical composition as a function of 

the chain length. As was stated earlier in this chapter, in the lower chain-length regions, the 

difference between the copolymer composition and feed-composition is largest for the smallest 

chain-lengths. The question was raised whether this behavior could be described with Monte Carlo 

simulations. The results of this Monte Carlo simulation are included in Figure 5.7. Simulations were 

carried out given the experimental conditions in Table 5.3, and the reactivity ratios determined in the 

beginning of this chapter. If the results of this simulation are compared to the measurements carried 

out with MALDI-ToF-MS it can be observed that the simulation results in the same trend as the 

MALDI-ToF-MS analysis. That there are still some difference between experiment and simulations 

may partly be ascribed to the fact that the Monte Carlo simulation does not take copolymerization 

termination into account. Instead, the simulation uses one simple power law to evaluate the chain-

length dependent termination rate of a radical, regardless of its chemical composition or terminal 

radical.
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Figure 5.7. Average chemical composition of styrene, FSt, as a function of chain length as measured by MALDI-
ToF-MS (symbols) compared to the results of Monte Carlo simulations (solid line). Input for the Monte 
Carlo simulation: kp,St = 64.7 L.Mol-1.s-1, kp,MMA = 256.8 L.Mol-1.s-1, kt(i,j) = 1.108·(i·j)-(0.2)/2 L.Mol-1.s-1,

[M]tot = 10 mol.L-1, [R]0 = 1.10-6 mol.L-1, rst = 0.523, rMMA = 0.421, sSt = 0.297, sMMA = 0.266. 
Experimental simulation conditions given in Table 5.3 

The copolymer chemical composition distribution was also compared to the Monte Carlo 

simulations for four different feed compositions at three different chain-lengths. The results of this 

comparison can be observed in Figure 5.8 from which it may be concluded that there is a very good 

agreement between the MALDI-ToF-MS analysis and the Monte Carlo simulation. It may thus be 

concluded that MALDI-ToF-MS combined with pulsed laser copolymerizations can give detailed 

information on both the copolymerization kinetics as well as the chemical composition distributions. 
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Figure 5.8. Comparison of the copolymer chemical composition distributions as obtained by the MALDI-ToF-MS 
copolymer analysis ( ) and the Monte Carlo simulation (-+-) evaluated at three different polymer chain 

lengths. The comparison was carried out for four different feed compositions; fSt = 0.100 (a), 
 fSt = 0.249 (b), fSt = 0.400 (c), fSt = 0.600 (d) 

5.4 Conclusion 

In this chapter the application of the PLP-MALDI-ToF-MS method has been used to investigate 

the copolymerization kinetics for a model copolymer system; i.e. styrene-methyl methacrylate. 

In order to get first estimates for the monomer reactivity coefficients, MALDI-ToF-MS was used 

to determine the copolymer composition. From a comparison with literature values, it was observed 

that in this specific case MALDI-ToF-MS does not suffer from mass discrimination due to ionization 

efficiencies and therefore may be a valuable tool for the investigation of copolymer compositions. 

Subsequent analysis of the pulsed laser generated polymers resulted in reliable average 

propagation rate data. A non-linear least squares analysis finally resulted in a new set of point-

estimates for the reactivity ratios. These reactivity ratios were subsequently used to carry out a 

Monte Carlo simulation from which it was observed that there is a good agreement between the 

microstructure of the copolymer measured by MALDI-ToF-MS and simulated by the Monte Carlo 

algorithm.

Now that the PLP-MALDI-ToF-MS method has been proven successful in analyzing copolymer 

composition, copolymerization kinetics and copolymer microstructure, the method may be 

successfully applied to other copolymer systems. 
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6.Investigation into Chain-Length Dependent 
Termination Reactions 

6.1 Introduction 

Of all the fundamental steps taking simultaneously place in a free radical polymerization reaction, 

termination kinetics is by far the most complex fundamental reaction to unravel experimentally. The 

cause of this complexity can be attributed to the diffusion-controlled nature of the process.* The 

process of termination is believed to occur via a three-step mechanism1 in which two polymer 

radical coils first have to approach each other as a result of center-of-mass diffusion. Once this 

contact has been made, segmental reorientation (segmental diffusion) has to occur in order to bring 

both radical chain ends into close proximity. The third and last step comprises the actual termination 

reaction itself, in which the two radicals react to form a ‘dead’ polymer chain. Since the actual 

termination reaction can be considered to occur instantaneously on the time-scale of diffusion, it are 

only the center-of-mass and segmental diffusion that contribute to the actual rate of termination. 

The implications of the diffusion controlled nature of the termination reaction is that the size of a 

polymer coil, in solution, has a direct influence on the termination kinetics, e.g. the rate of 

termination is chain-length dependent. 

6.2 The ‘ideal’ photoinitiator 

The introduction of pulsed UV-lasers in the field of free radical polymerization has led to new 

efforts in the research into the fundamental reaction steps taking place in a free radical 

polymerization. Of these fundamental reactions, the determination of propagation reaction rate 

coefficients is well known and has lead to a considerable understanding of (co)polymerization 

mechanisms.

Considerable efforts have been invested into utilizing the pulsed laser technique for kinetic 

investigations on the chain-length dependent termination reaction as well. A good example can be 

* A good literature review on the subject of bimolecular termination kinetics was written by de Kock et al. 34
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found in the work of Buback and coworkers, who introduced the concept of time-resolved single-

pulse pulsed-laser-polymerization (TR-SP-PLP) in which the monomer conversion is directly 

monitored by near-infrared spectroscopy.2 This monomer conversion trace can than be used to derive 

an average termination rate coefficient, or the monomer conversion trace can be fitted to a 

theoretical model to yield the chain-length dependent termination rate coefficient for polymer 

radicals with equal chain lengths. With the TR-SP-PLP technique, several monomer systems have 

been investigated, even up to high monomer conversions. A comprehensive overview of the 

technique has been given by Beuermann et al.3

The requirements towards the type of photoinitiator used for kinetic investigations on termination 

rate coefficients are more stringent than for the determination of propagation rate coefficients. 

Besides a fast decomposition of the photoinitiator into radicals, all radicals formed should participate 

in initiation. That not all photoinitiators lead to two initiating species was soon realized in a kinetic 

study by Buback et al. employing a TR-SP-PLP study with the photoinitiator 2,2-dimethoxy-2-

phenylacetophenone (DMPA).4,5 Upon UV-irradiation, DMPA decomposes into a benzoyl (PhCO•) 

and dimethoxy benzyl (PhC(OCH3)2•) radical (see Figure 6.2 on page 113). In the kinetic study 

performed by Buback et al.4,5 the rate of polymerization decreased with an increase of the initiator 

concentration. This observation indicates that an increase of the photoinitiator concentration leads to 

an enhancement of the termination rate, resulting in a lower rate of polymerization. In order to 

explain the observed increase of the termination rate, the authors postulated that only the PhCO•

radical initiates the polymerization whereas the PhC(OCH3)2• radical only participates in short-long 

termination reactions, thus enhancing the overall rate of termination. The same mechanism has also 

been proposed to hold for the photoinitiator benzoin. 

Further support for the non-ideal behavior of DMPA and benzoin was obtained by a MALDI-ToF-

MS investigation on end-groups by Kowollik et al.6 In this research, end-groups were determined by 

analyzing poly(methyl methacrylate), obtained by a bulk pulsed laser polymerization experiment. 

Based on this research, Kowollik et al. concluded that DMPA is to be preferred over benzoin which 

shows a significant extent of side-reactions, and that for both DMPA and benzoin it is highly likely

that the benzoyl group almost exclusively contributes to the initiation process. However, these 

conclusions were based on very low quality mass spectra, obtained in the linear mode, and as such 

are still open for discussion. 

Nevertheless, the experiments by Kowollik et al. have triggered other researchers in the field to 

search for this ‘ideal’ photoinitiator which, upon irradiation, decomposes into two initiating radicals. 

In 2002, Vana et al.7 published a paper in which they stated that they found a suitable photoinitiator 

that comes close to an ‘ideal’ photoinitiator. The photoinitiator in question is a member of the -

aminoalkylphenones and is called 2-methyl-1-[4-(methylthio)phenyl]-2-morpholinopropan-1-one or 



Investigation into Chain-Length Dependent Termination Reactions 

109

MMMP (see Figure 6.2 on page 113).8 Vana et al. used electro-spray-ionization mass-spectrometry 

(ESI-MS) to carry out an end-group analysis on low molecular weight polystyrene and 

poly(dicyclohexyl itaconate). Both polymers were obtained by pulsed laser polymerization. In the 

ESI-MS mass spectrum, Vana et al. observed a theoretical perfect 1:2:1 ratio of the end-group 

distribution for polystyrene chains terminated by combination. Their observations were, however, 

biased by the fact that one of the mass-peaks showed an overlap with polymer material created on 

the event of termination by disproportionation. Nevertheless, the results gave a strong confirmation 

that both radicals, created upon the irradiation of MMMP, are capable of initiating polymerization. 

Later on, Buback et al.9 came to the same conclusion based on TR-SP-PLP measurements on methyl 

acrylate for which MMMP was used to initiate polymerization. 

Other evidence that MMMP could be the ideal photoinitiator was already published in 1999 by 

Jockusch et al.10 Jockusch et al. used an optical spectroscopic technique to measure radical addition 

rates to acrylates and oxygen. In their investigation, Jockusch et al. observed that both radicals 

participate in the initiation of an acrylate polymerization.11

Although there has already been some convincing support in literature with regard to MMMP as 

an ideal photoinitiator, the arguments against DMPA and benzoin as non-ideal photoinitiators from a 

mass-spectrometric point of view are far from convincing. The aim of the first part of this chapter is 

therefore a mass spectroscopic investigation on the end-groups of the aforementioned three 

photoinitiators, i.e. DMPA, benzoin and MMMP. 

The second part of this chapter will focus on the possibilities of determining chain-length 

dependent termination rate coefficients using a model-independent method developed in our 

laboratory by De Kock et al.12

6.3 Experimental section 

Materials. The monomers methyl acrylate (Aldrich, 99%), methyl methacrylate (Aldrich, 99%) 

and styrene (Aldrich, 99%) were purified using an inhibitor remover (Aldrich, tertbutylcatechol

remover for styrene, hydroquinone remover for MMA). The photoinitiator benzoin (Fluka, 99%), 

DMPA (Aldrich, 99%) and MMMP (Aldrich, 98%) were used as received. 

SP-PLP and PLP experiments. All bulk SP-PLP and PLP experiments were carried out on the 

PLP set-up as described in the experimental section of chapter 2. 

For the endgroup analysis by MALDI-ToF-MS, bulk SP-PLP experiments were carried out for 

methyl acrylate and methyl methacrylate, using benzoin, DMPA and MMMP at typical 

concentrations of 5.10-3 mol.L-1. Prior to the polymerization, the mixture of monomer and 

photoinitiator was degassed by three freeze-pump-thaw cycles. Experiments were conducted at 

polymerization temperatures of 24.7oC. In order to obtain a reasonable conversion, 10 to 15 laser-
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pulses were applied with 20 seconds between subsequent pulses. After the polymerization, the 

reaction mixture was precipitated in methanol which allowed a separation of very high molecular 

weight material from ‘low’ molecular weight material. 

Bulk PLP experiments on methyl methacrylate were conducted using MMMP as photoinitiator at 

concentrations of 3.10-3 mol.L-1and 0.6.10-3 mol.L-1. Prior to the polymerization, the mixture of 

monomer and photoinitiator were degassed by three freeze-pump-thaw cycles. Experiments were 

conducted at polymerization temperatures of -3.7oC, 10.7oC and 24.8oC. Pulsed laser experiments 

were carried out at laser energies of 40 mJ.pulse-1 with polymerization times of 30, 60 and 90 

seconds. Pulsed laser frequencies were varied between 5 and 2 Hz, thus covering degrees of 

polymerization in the range of 100 up to 1000. Monomer conversions were determined by direct 

injection of the polymerization mixture in SEC, and subsequent integration of the Differential 

Refractive Index (DRI) signal. 

Bulk SP-PLP experiments on methyl methacrylate and styrene were conducted using MMMP as 

photoinitiator at concentrations of 3.10-3 mol.L-1and 0.6 10-3 mol.L-1. Prior to the polymerization, the 

mixture of monomer and photoinitiator was degassed by three freeze-pump-thaw cycles. 

Experiments were carried out at polymerization temperatures of -3.7oC, 10.7oC and 24.8oC. Single 

pulse experiments were carried out at laser energies of 40 mJ.pulse-1 for MMA and 60 mJ.pulse-1 for 

styrene. The number of pulses applied to the polymerization system varied from 20 up to 100. The 

time in between pulses ranged from 30 seconds down to 5 seconds for MMA and from 20 down to 

10 seconds for styrene. The MMA monomer conversion was obtained by direct injection of the 

polymerization mixture in SEC, and subsequent integration of the DRI signal. Styrene conversion 

was determined using gravimetrical analysis. In all cases, conversions were well below 0.5 %. 

Polymer analysis. MALDI-ToF-MS analysis was carried out using the same procedure as outlined 

in the experimental section of chapter 2. 

SEC analyses were preformed on a system, which consisted of a three column set (two columns 

PLgel Mixed-C 5µ and one column PLgel Mixed-D 5µ from Polymer Laboratories) with a guard 

column (PLgel 5µ Polymer Laboratories), a gradient pump (Waters Alliance 2695, flow rate 1.0 

mL.min-1 isocratic), photodiode array detector (PDA, Waters 2996)  and differential refractive index 

detector (Waters 2414) as concentration detectors, light scattering detector (Viscotek), viscosity 

detector (Viscotek, dual detector 250) and THF (Biosolve, HPLC grade) as a solvent. 

MMA and styrene calibration curves were obtained by fractionation of PLP-created polymers 

using MMMP as a photoinitiator. The resulting fractions were characterized by MALDI-ToF-MS 

and resulted in a range of standards with masses from 450 g.mol-1 up to 130.000 g.mol-1 for MMA 

and 930 g.mol-1 to 170.000 g.mol-1 for styrene. The calibration at the high molecular weight end was 

completed with polystyrene standards (Polymer labs, 570k-2250k) and pMMA standards (Scientific 

Polymer Products, 333k-1577k). The resulting calibration curves are presented in Figure 6.1.
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Figure 6.1. Photo Diode Array calibration curve for poly(methyl methacrylate) ( ) and polystyrene ( ) at 305 
nm. Open symbols are the result of standards fractionated by SEC and analyzed by MALDI-ToF-MS, 

whereas the half-closed symbols refer to calibration standards. 

From the PDA-SEC trace at 305 nm, a differential number molecular weight distributions on 

logarithmic scale can be obtained, analogue to the definitions from Shortt13

( )1( )
/ ( )

e

e e e

h Vn LogM
dLogM dV h V dV

= −        (6.1) 

in which Ve is the elution volume, M is the molecular weight of the polymer, h(Ve) is the signal 

intensity, related to the end-group concentration at a certain Ve and dLogM/dVe is the derivative of 

the calibration curve. 

In the case of pMMA equation (6.1) directly leads to the number logarithmic weight distribution, 

but for polystyrene the resulting SEC trace at 305 nm has to be corrected for the fact that the 

polymer backbone also shows some absorption at these wavelengths. At the low molar masses this 

absorption can be neglected in comparison to the end-group absorption, but especially at the higher 

masses, a correction is necessary. 

The photo diode array (PDA) intensity at 305 nm is composed of the contribution of end-group 

absorption and back-bone absorption according to: 
305

. . . . . . . . . .( ) nm
e e g e g pSt pSt e g e g pSt n e gh V c c c P cε ε ε ε= + ≈ +       (6.2) 

in which e.g. and pSt stand for the molar extinction coefficients and ce.g. and cpSt stand for the 

concentrations of the end-group (e.g.) and backbone (pSt), respectively. Pn stands for the degree of 

polymerization at a certain Ve.

The PDA intensity at 265 nm is predominantly composed of the polymer backbone absorption 
265

. .( ) nm
e pSt pSt pSt n e gh V c P cε ε= ≈         (6.3) 

Combining equations (6.2) and (6.3) leads to 
305 305 265

. . . . .( ) ( ) ( ) ( )corrected nm nm nm
e e g e g e pst n e g e eh V c h V P c h V K h Vε ε≈ = − ≈ − ⋅    (6.4) 
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in which K is an experimental constant. The constant K can subsequently be evaluated by 

comparison with the intensity of the DRI signal, h(Ve+idd)DRI, according to 

( )305 265( ) ( ) ( ) ( )corrected nm nm DRI
n e n e e eP h V P h V K h V h V idd⋅ = − ⋅ ∝ +     (6.5) 

 in which Pn is the degree of polymerization at a certain Ve, and idd is the interdetector delay 

between the DRI and the PDA detector. The value of K thus obtained is 0.014. 

6.4 End-group determination using MALDI-ToF-MS 

MALDI-ToF-MS has already proven itself to be an attractive technique for end-group analyses of 

polymer systems.14-18 There still remain questions whether the obtained mass spectra with regard to 

end-groups can be interpreted on a quantitative basis or a qualitative basis. Two distinct situations 

may occur, e.g. if ionization occurs predominantly at the end-groups of a polymer, intensities in a 

MALDI-ToF-MS mass spectrum bearing different end-groups may be severely biased and only a 

qualitative analysis of the results is possible. If, on the other hand, the polymer backbone is 

responsible for the ionization, than peaks with different end-groups may be compared with each 

other on a quantitative basis. 

As a general rule it may be stated that the polarity of the backbone plays an important role as to 

where the ionization takes place. A polar backbone is more likely to be ionized, and therefore end-

groups as such are not expected to play a role in the ionization process, whereas a less polar 

backbone may result in ionization on the end-groups. In this research, poly(methyl acrylate) and 

poly(methyl methacrylate) were studied, for which it may be assumed that ionization takes place 

predominantly at the backbone. A comparison between polymer chains with the same degree of 

polymerization, but different end-groups, may therefore be regarded as quantitative. 

Photoinitiator decomposition 

The UV-light induced decomposition of benzoin, DMPA and MMMP has had a lot of attention in 

the past. All three photoinitiators fall into the class of type I photoinitiators which undergo a Norrish 

type I fragmentation to yield the initiating species.8 The most important fragmentation for these 

types of photoinitiators is through the -cleavage of the carbon-carbon bond as shown in Figure 6.2. 

For DMPA it is however known that a second fragmentation (either thermal or UV-light induced) of 

the PhC(OCH3)2• radicals may occur which results in the formation of CH3• radicals and 

methylbenzoate.
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Figure 6.2. UV light induced decomposition pathways of benzoin, 2,2-dimethoxy-2-phenylacetophenone (DMPA) 
and 2-methyl-1[4-(methylthio)phenyl]-2-morpholinopropan-1-one (MMMP) 

SP-PLP experiments 

Single-pulse pulsed-laser-polymerization (SP-PLP) experiments were carried out for methyl 

methacrylate and methyl acrylate which may be classified as two systems where termination occurs 

predominantly via disproportionation and combination, respectively.19 Figure 6.3 shows an 

arrangement of different end-groups that can be expected in a SP-PLP experiment, dependent on the 

mode of termination for polymeric radicals, combined with the ‘idealness’ of the photoinitiator, i.e.

do both radicals contribute to initiation, or is one of the primary radicals involved in primary radical 

termination.

I hν

Termination by combination Termination by disproportionation

R1 R2+

R1 R2initiates,R1 R2+ initiate terminates R1 R2+ initiate R1 R2initiates, terminates

R1 R1

R1 R2

R2 R2

R1 R1

R1 R2

R1

R2

R1

R1 R2

Figure 6.3. Possible end-groups that can be found in a SP-PLP experiment considering the two modes of 
termination and two extreme situations in which either both radicals initiate the polymerization or only 

radical R1 initiates polymerization, whereas the primary radical R2 terminates the polymerization. 
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The possibility to use MALDI-ToF-MS as a tool for the quantitative determination for the mode of 

termination has been explored by Zammit et al.20 Although Zammit et al. succeed in determining the 

mode of termination for styrene and methyl methacrylate, it is not a straightforward method. For a 

correct evaluation, the sum of peak-areas that correspond to termination by combination, have to be 

compared to the sum of peak-areas that correspond to termination by disproportionation. Due to 

isotopic overlap, this comparison is in most cases very complicated and has therefore not been 

carried out in this study, although a qualitative judgment on the dominant mode of termination can 

easily be obtained. 

End-group analysis for poly(methyl methacrylate) 

MALDI-ToF-MS experiments were carried out on poly(methyl methacrylate) generated by SP-

PLP experiments using benzoin, DMPA or MMMP as the photoinitiator. The mass-spectra of these 

experiments can be observed in Figure 6.4, Figure 6.5 and Figure 6.6, respectively, in which only 

that expanded part of the spectra is shown covering two repeat units. Peak assignments are given 

both in the figures as well as the tables in which the end-groups correspond to the same annotation 

as the radicals in Figure 6.2. 
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Figure 6.4. Expansion of a MALDI-ToF-MS mass spectrum of the product of a SP-PLP polymerization of MMA 
with benzoin as �hotoinitiator. The mass spectrum has been enlarged between 1300 g.mol-1 and

1525 g.mol-1, thus covering two repeat units of poly(methyl methacrylate). The analysis was carried out 
using potassium as cationization agent. Peak assignments are shown in which the annotation A and B 

refer to the end groups as given in Figure 6.2. 
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Figure 6.5. Expansion of a MALDI-ToF-MS mass spectrum of the product of a SP-PLP polymerization of MMA 
with DMPA as photoinitator. The mass spectrum has been enlarged between 1300 g.mol-1 and

1525 g.mol-1, thus covering two repeat units of poly(methyl methacrylate). The analysis was carried out 
using potassium as cationization agent. Peak assignments are shown in which the annotation A and C 

refer to the end groups as given in Figure 6.2. 
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Figure 6.6. Expansion of a MALDI-ToF-MS mass spectrum of the product of a SP-PLP polymerization of MMA 
with MMMP as photoinitator. The mass spectrum has been enlarged between 1300 g.mol-1 and

1525 g.mol-1, thus covering two repeat units of poly(methyl methacrylate). The analysis was carried out 
using potassium as cationization agent. Peak assignments are shown in which the annotation D and E 

refer to the end groups as given in Figure 6.2.

The dominant chain stopping mechanism in methyl methacrylate bulk free-radical polymerization 

is considered to be termination by disproportionation.19,20 Due to the process of termination by 

disproportionation, two polymer chains are formed in the ratio 1:1, which differ only 2 g.mol-1 in 

mass due to an intermolecular -hydrogen shift. Due to this mass difference of 2 g.mol-1, at the 

lower masses very characteristic isotopic patterns can be observed in which the third isotope is 

higher than the first isotope. 
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In Figure 6.7a, this characteristic theoretical isotopic pattern, which is the result of termination by 

disproportionation, is compared to the measured isotopic distribution for a benzoin initiated 

polymerization. From this comparison it can be observed that the measured isotopic distribution can 

not be explained by polymers initiated by radical A and terminated by disproportionation, since the 

intensity of the third isotope at mth = 1345.63 g.mol-1 is too high as compared to the calculated one. 

In the case of benzoin, this isotopic pattern can only be explained if radical B also takes part in the 

initiating process, although with a lower efficiency, e.g. the measured isotopic pattern can be 

explained by a linear combination of polymer chains terminated by disproportionation, containing 

approximately 78% of radical A and 22% of radical B as an end-group.

In Figure 6.7b this same comparison is carried out for a methyl methacrylate polymerization, 

initiated by DMPA and MMMP. In both of these cases a nice agreement can be observed between 

the theoretical isotopic pattern and the measured isotopic patterns.

A very important conclusion that therefore can be drawn from Figure 6.4-Figure 6.6 is that 

evidence has been found for the initiating capabilities for all radicals with respect to methyl 

methacrylate, e.g. radicals A, B, C, D and E all contribute to the initiation, albeit with different 

initiation efficiencies because al these radicals have been detected as end-groups! 
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Figure 6.7: MALDI-ToF-MS mass spectrum for a single pulse pulsed laser homopolymerization of methyl 
methacrylate. a) Mass spectrum of the product of a polymerization initiated with benzoin (—) enlarged 
between 1342 g.mol-1 and 1352 g.mol-1 combined with a simulated isotopic distribution ( ) assuming 

termination by disproportionation with a benzoyl radical (Figure 6.2, radical A) as an end-group. b) Mass 
spectra of the product of a polymerization initiated with DMPA(—)  and MMMP (---) enlarged between 

1389 g.mol-1 and 1399 g.mol-1 combined with the simulated isotopic distribution ( ) assuming termination 
by disproportionation with a dimethoxy benzyl radical (Figure 6.2, radical C). Note that the mass of the 

dimethoxy benzyl radical is approximately the same as the mass of a 4-(methylthio)benzoyl radical 
(Figure 6.2, radical D) making the comparison between the two different end-groups possible. 
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End-group analysis for poly(methyl acrylate) 

The second system that was investigated by MALDI-ToF-MS were poly(methyl acrylate) 

polymers generated by SP-PLP experiments using benzoin, DMPA or MMMP as photoinitiator. The 

mass-spectra of these experiments can be observed in Figure 6.8, Figure 6.9 and Figure 6.10, 

respectively, in which only an expanded part of the spectra is shown covering two monomer repeat 

units. Peak assignments are given both in the figures as well as the tables in which the polymer end-

groups correspond to the same notation as the radicals in Figure 6.2.
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Figure 6.8. Expansion of a MALDI-ToF-MS mass spectrum of the product of a SP-PLP polymerization of MA 
with benzoin as photoinitiator. The mass spectrum has been enlarged between 1250 g.mol-1 and 1425 
g.mol-1, thus covering two repeat units of poly(methyl acrylate). The analysis was carried out using 

potassium as cationization agent. Peak assignments are shown in which the annotation A and B refer to 
the end groups as given in Figure 6.2. 
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Figure 6.9. Expansion of a MALDI-ToF-MS mass spectrum of the product of a SP-PLP polymerization of MA 
with DMPA as photoinitator. The mass spectrum has been enlarged between 1250 g.mol-1 and

1425 g.mol-1, thus covering two repeat units of poly(methyl acrylate). The analysis was carried out using 
potassium as cationization agent. Peak assignments are shown in which the annotation A and C refer to 

the end groups as given in Figure 6.2. 
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Figure 6.10. Expansion of a MALDI-ToF-MS mass spectrum of the product of a SP-PLP polymerization of MA 
with MMMP as photoinitator. The mass spectrum has been enlarged between 1250 g.mol-1 and

1425 g.mol-1, thus covering two repeat units of poly(methyl acrylate). The analysis was carried out using 
potassium as cationization agent. Peak assignments are shown in which the annotation D and E refer to 

the end groups as given in Figure 6.2. 

The dominant chain stopping mechanism in bulk methyl acrylate free radical polymerization is 

considered to be termination by combination.19 Due to the generation of two different radicals this 

should result in three sets of peaks in a ratio of 1:2:1 for each polymer chain-length with the end-

group according to Figure 6.3. Figure 6.8-Figure 6.10 demonstrate that there are more peaks present, 

which is partly the result of the contribution of termination by disproportionation. 

The peak assignment for the benzoin initiated polymerization in Figure 6.8 can be understood by 

observation of Figure 6.11. The measured isotopic pattern is believed to be the result of a linear 

combination of two polymer species. Of these two species, a polymer chain having two radicals A as 

an end-group contributes 60% to the isotopic pattern whereas polymeric chains consisting of radicals 

A and B only contribute 40% to the isotopic pattern. Note that a polymer chain consisting of two 

radicals B (mth=1285.51 g.mol-1) is not observed. This therefore proves that the benzyl alcohol 

radical (Figure 6.2, radical B) does not contribute towards the initiation of a methyl acrylate 

polymerization.
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Figure 6.11. MALDI-ToF-MS mass spectrum for the product of a SP-PLP experiment of methyl acrylate initiated 
by benzoin. Measured mass spectrum enlarged between 1280 g.mol-1 and 1290 g.mol-1 (—). Simulated 

mass spectrum which is the result of a linear combination of polymer chains having either two radicals A 
(60%) or both radicals A and B (40%) as an end-group ( ).

Both Figure 6.8 and Figure 6.9 contain polymer chains which have been given the annotation X. 

Close inspection of these polymer chains show that they have the characteristic isotopic pattern of 

peaks belonging to species formed by termination by disproportionation. Further inspection of the 

masses, however, reveals that these chains are always 16.00 g.mol-1 higher in mass than chains 

which are the result of a normal termination by disproportionation reaction. This observed mass 

difference happens to be close to the mass of an oxygen atom. Reference experiments demonstrated 

that when a polymerization was carried out without degassing of the reaction mixture, peaks with the 

annotation X showed a remarkable increase in intensity. It is believed that these peaks are the result 

of the formation of peroxides which are formed when polymer radicals react with oxygen as shown 

in Figure 6.12. The mechanism of these reactions is very similar to photo-oxidation reactions that 

can take place upon curing reactions in polymeric films.21 These reactions are believed to occur in 

the very beginning of the polymerization. Even though the polymerization mixtures are degassed by 

three freeze-pump-thaw cycles prior to polymerization, low amounts of oxygen may still be present 

in the polymerization mixtures and thus affect the initial polymerization stage. It is very likely that 

most of the oxygen is consumed in the very first pulse due to the high radical addition rate of 

polymer radicals to oxygen, compared to monomer.10 That these peaks are not observed in Figure 

6.10 may be related to the much higher initial radical concentration of MMMP compared to benzoin 

and DMPA, which is related to the much higher absorption of MMMP at the wavelength of the 

excimer laser operating at the XeF line (351 nm). 
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+ O2 OO

OO + OO

OO O2 OH + =O

Figure 6.12. Proposed reaction mechanism for the reaction of polymer radicals with oxygen 

Figure 6.9 shows the result of a MALDI-ToF-MS analysis on a methyl acrylate polymerization 

initiated by DMPA. If the peaks are considered which are the result of termination by combination, 

than it can be seen that there are peaks present having two end-groups derived from radical A, 

radical C and one of both. This directly implies that the dimethoxy benzyl radical (Figure 6.2, radical 

C) is capable of initiating a methyl acrylate polymerization! 

Close examination of Figure 6.9 also shows that there are several peaks present which all have 

been given the annotation Y. The following can be observed: 

• All these peaks have an isotopic pattern which implies that the peaks have two (or more) 

end-groups. In other words, the peaks are not the result of a termination by dis-

proportionation process. 

• The position of these peaks is always 16.03 g.mol-1 lower than polymer chains bearing 

either radical A and C as an end-group, or two radicals C as an end-group. This mass of 

16.03 g.mol-1 is exactly equal to the loss of a methane molecule. This therefore could imply 

that this loss is related to the dimethoxy benzyl radical (radical C, Figure 6.2).

It is known that the dimethoxy benzyl radical is not a very stable radical and may fragment further 

giving rise to methylbenzoate and a methyl radical.8 However, this cannot explain the appearance of 

the peaks Y, as an initiation or termination with CH3• radicals cannot explain these masses.

Another explanation may be related to the fragmentation of ‘labile’ ions during a MALDI-ToF-

MS analysis. If this is the case for the DMPA initiated system, than an increase of the laser power 

during a MALDI-ToF-MS analysis should result in a decrease of the intensity of polymer peaks 

having both end-groups A and C, whereas the intensity of peaks Y should increase. As this was not 

observed it may be concluded that the peaks Y are not the result of fragmentation processes in a 

MALDI-ToF-MS analysis. This therefore implies that these polymer chains were created during the 

polymerization.

At this point in time, there is however no clue as to which mechanism is responsible for the 

polymer chains annotated as Y. If the observations of Buback et al.4,5 are reconsidered, in which the 

increase of the DMPA photoinitator concentration leads to lower polymerization rates can only be 

explained by an increase of the termination reaction due to the participation of the highly mobile 
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dimethoxy benzyl radical, than it can be postulated that the polymer chains annotated with an Y, are 

the result of a short-long termination reaction with the primary dimethoxy benzyl radical. The 

observed loss of methane could than be explained as the result of an internal rearrangement, 

immediately after the termination reaction has occurred. 

If the MALDI-ToF-MS mass spectrum in Figure 6.10 is considered, than it can be observed that 

for the system MMMP only those mass peaks that are to be expected from Figure 6.3 are present in 

the sample. Based on this observation it can therefore be concluded that both derived radicals from 

MMMP participate in the initiation, although not with the intensity profile of 1:2:1. 

Further support that both radicals derived from MMMP give rise to initiation can be obtained from 

a comparison between peaks that originate from termination by disproportionation. In Figure 6.13a-

b, a comparison has been made between the measured isotopic patterns and the theoretical isotopic 

pattern, assuming termination by disproportionation. What can be observed is that for both benzoin 

and DMPA, peaks that should have a double bond are underestimated with respect to the chains 

having a saturated end-group. On the other hand, for MMMP, the comparison between the 

theoretical isotopic pattern and the measured isotopic pattern is very good, giving further support 

that MMMP is indeed very close to the ‘ideal’ photoinitiator, whereas this is not the case for benzoin 

or DMPA.
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Figure 6.13. a) MALDI-ToF-MS mass spectra of the product of a SP-PLP created polymer enlarged between 
1260 g.mol-1 and 1270 g.mol-1, initiated with benzoin (—) and DMPA (---) combined with a simulated 

isotopic distribution ( ) assuming termination by disproportionation with a benzoyl radical (Figure 6.2, 
radical A) as an end-group. b) MALDI-ToF-MS mass spectrum of the product of a SP-PLP created 

polymer enlarged between 1306 g.mol-1 and 1316 g.mol-1, initiated with MMMP (—) combined with the 
simulated isotopic distribution ( ) assuming termination by disproportionation with a 4-

(methylthio)benzoyl radical (Figure 6.2, radical D). 
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6.5 Experimental investigation into model-independent chain-length 
dependent termination reactions 

Experimental studies into the evaluation of termination rate coefficients have received 

considerable attention in the past. In general, two different approaches can be distinguished in which 

either macroscopic (average) termination rate coefficients are evaluated, or microscopic termination 

rate coefficients. It is the latter of these two approaches which is interesting from a scientific point of 

view as these give insights into the ‘microscopic’ termination reaction itself. A better knowledge of 

the microscopic termination reaction can subsequently lead to a better understanding of 

polymerization processes and control of polymer properties. 

Two very interesting methods that can be used for the model-independent determination of 

microscopic chain-length dependent termination reactions have been developed in our laboratory by 

de Kock. A full description and theoretical validation of both methods can be found in his thesis 

entitled ‘Chain-length Dependent Bimolecular Termination in Free-Radical Polymerization’.12

Both of these methods rely on the principle of single-pulse pulsed-laser-polymerization 

experiments in which the ‘instantaneous’ creation of radicals by a photoinitiator, induced by an 

excimer laser, is utilized. The first method relies on the determination of the radical concentration as 

a function of time. The radical concentration can be either determined indirectly from monomer 

conversion measurements (via near infra-red spectroscopy analysis), or directly by ESR coupled to 

the SP-PLP experiments. Where the monomer conversion method suffers from too much noise for 

the implementation of de Kock’s method, the ESR method may become a viable method due to the 

recent introduction of the SP-PLP-ESR method by Buback et al.22

The second method relates the molecular weight distribution of polymers, formed during a SP-PLP 

experiment, to the microscopic chain-length dependent termination rate coefficient. In his thesis, de 

Kock implemented this method to study the chain-length dependent termination reaction for a family 

of acrylates. What de Kock observed is that there is no single power-law capable of describing the 

termination reaction in the chain-length region of approximately 6 to 100. As we know now, the 

results obtained by de Kock have to be interpreted with care for two reasons. First of all, the 

experiments were carried out for the non-ideal photoinitiator DMPA. The second reason being that 

the method, proposed by de Kock, relies on the monodisperisty assumption which implies that there 

is a linear relation between chain-length and time. What has been observed in chapter 3, is that 

acrylates suffer from back-biting. Evidently, this process of backbiting will hamper the 

monodispersity assumption and as such influence the measurements carried out by de Kock. 

The second part of this chapter will give some new results on the implementation of de Kock’s 

work on the model-independent chain-length dependent termination rate coefficients using the 

model-independent SP-PLP-MWD method. A slightly modified description of this method will be 
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given in the next section, after which some experimental results on the systems methyl methacrylate 

and styrene will be discussed. The reason for studying methyl methacrylate and styrene is directly 

linked to the low transfer rate coefficients for these systems, making them close to ‘perfect’ 

monomers. Obviously for these experiments the ‘ideal’ photoinitiator MMMP has been used. 

Model-independent chain-length dependent kinetic analysis 

The SP-PLP-MWD method described by de Kock starts of by the well known, IUPAC preferred 

definition for the rate of termination in a constant volume batch process 

2[ ] 2 [ ]t
t t t

d RR k R
dt

⋅= = − < > ⋅         (6.6) 

in which [R·]t is the radical concentration at time t, after the laser pulse and <kt> is the average 

termination rate coefficient. 

In a single-pulse pulsed laser polymerization the loss of radicals results in the formation of dead 

polymer material, therefore: 

[ ] [ ]1t td P d R
dt dtδ

⋅= −           (6.7) 

in which [P]t is the concentration of dead polymeric material at time t, and  equals 1 or 2 in the 

case of termination by disproportionation or combination, respectively. An expression for the radical 

concentration as a function of time is given by: 

0 0
0 0

[ ] [ ][ ] [ ] [ ]
t t

t t
t

d R d PR R dt R dt
dt dt

δ⋅⋅ = ⋅ + = ⋅ −       (6.8) 

Now consider a reaction volume, V, in which the rate of polymer formation can be expressed as: 

[ ] 1t td P dN
dt V dt

=           (6.9) 

in which Nt represents the total cumulative number of dead polymer chains formed at time, t, in the 

volume V. In a SP-PLP experiment the initiation period can be considered to be instantaneous on the 

time scale of propagation. The consequence of this is that all radicals formed in one laser pulse are 

of approximately the same size, e.g. the radicals exhibit a narrow chain-length distribution. As long 

as this relation holds, than at any point in time, t, the average radical chain length can be coupled to 

the chain length of the polymer radicals according to: 

[ ]pi k M t=             (6.10) 

The validity of equation (6.10) is also known as the monodispersity assumption. The right-hand 

sight of equation (6.9) can therefore be rewritten to 

[ ] [ ]1 p pt i
i

k M k MdN dN n
V dt V d i V

δ
δ

δ δ
δ

= =        (6.11) 
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if it is considered that the first derivative of the cumulative number distribution equals the number 

molecular weight distribution, n i. Note that a radical chain-length i corresponds to a polymer chain-

length equal to i with again  equal to 1 or 2 depending on the mode of termination. 

Due to the relation between radical chain length, i, and reaction time, t, the average termination 

rate coefficient, <kt>, may be approximated to the value of kt
i,i. Combining equations (6.11), (6.9) 

and (6.7) with equation (6.6) finally results in: 
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       (6.12) 

Since the integral of the complete nMWD equals the total number of dead polymer that has been 

formed, the initial radical concentration can also be expressed in terms of the nMWD: 

0
0 0

[ ] 1[ ] t
i

d PR dt n d i
dt V δδ δ δ

∞ ∞

⋅ = =         (6.13) 

Chain-length dependent termination kinetics for a low conversion methyl 

methacrylate homopolymerization 

The implications of equation (6.12) and (6.13) are very simple: knowledge of a correctly scaled 

number molecular weight distribution (nMWD) gives direct access towards a model-independent 

determination of the chain-length dependent termination kinetics. The measurement of the nMWD is 

relatively easy and can be carried out using size exclusion chromatography. The correct scaling of 

the nMWD (e.g. determination of V, equation (6.12)) has been addressed by de Kock. According to 

his work there are two basic routes that can be used for this scaling. 

Method I. The first route is based on the complete scaling of the nMWD according to equation 

(6.14)
max

max( ) ( )[ ] [ ]i
t i t i

i
i

R R
n d i

δ

δ
δ

δ
δ

⋅ − ⋅
≡         (6.14) 

which states that the integral of a part of the nMWD should be equal to the loss of radicals in a 

time window [t(i),t(imax)] corresponding to a radical chain-length [i,imax]. This method relies on the 

knowledge of the radical concentration at two points in time. An estimation of the radical 

concentration [R·]t(i) at a time, t(i) in a SP-PLP experiment can be obtained from a PLP experiment 

using a slightly modified method of Olaj et al.†

                                                
† This method can only be applied for small values of i. Note that under the condition i0 = 0, equation (6.15) is equal to 
the proposed equation by Olaj et al.23,31
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where Rp is the rate of polymerization, t0 the time between two consecutive pulses and  refers to 

the contribution of disproportionation to the overall mode of termination. If the PLP experiment is 

carried out with exactly the same temperature, photoinitiator concentration and laser energy as the 

SP-PLP experiment, the obtained value [R·]t(i) from a PLP experiment should equal the value of 

[R·]t(i) in a SP-PLP experiment. 

The radical concentration at any other point in time can than be evaluated by solving equation 

(6.6)
1
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      (6.16) 

Note that for this evaluation the average termination rate coefficient, <kt> is needed which may 

also be evaluated from the same PLP experiments as shown by Olaj et al.:
2

2
_ [ ] (3 )

2

p
t

w p

k
k M

P R
σ< >= −         (6.17) 

where
_

wP  equals the weight average degree of polymerization. 

Method II. The second route is from an experimental point of view the easiest method; the 

complete molecular weight distribution is scaled to the conversion per pulse. This conversion can be 

determined from gravimetrical analysis or from a SEC-analysis. Note that knowledge of the primary 

radical concentration via an independent method such as time-resolved single-pulse ESR (TR-SP-

ESR) can also be used to scale the complete molecular weight distribution via equation (6.13). 

Comparison between scaling method I and II 

The first experiments carried out were based on a series of PLP and SP-PLP experiments on MMA 

using MMMP as a photoinitiator in order to compare the reproducibility of method I and method II. 

PLP and SP-PLP experiments were carried out at 24.8oC, 10.7oC and -3.7oC with two different 

photoinitiator concentrations, e.g. [MMMP]  3.10-3 mol.L-1 and 0.6.10-3 mol.L-1. The PLP-

experiments were carried out at three different laser frequencies and three different reaction times. 

The SP-PLP experiments were carried out at the same temperatures and photoinitator concentrations 

as the PLP experiments. The number of single pulses applied ranged from 20 to approximately 100 

pulses, with a time in between pulses ranging from 20 seconds to 30 seconds. It should be realized 
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that the SP-PLP experiments are low conversion bulk experiments, with conversions well below 

0.5%.

In order to evaluate the chain-length dependent termination rate coefficients with the use of 

Method I, average termination rate coefficients and initial radical concentrations have to be 

determined with the use of equations (6.15) and (6.17). The initial radical concentration was 

evaluated at a time corresponding to a chain-length of 10 units. In order to investigate the 

dependence of <kt> on the degree of polymerization, and the reproducibility of determining 

[R·]t(i=10), PLP experiments were carried out at three different laser frequencies thus covering a 

weight average degree of polymerization in the range of 200-1000. The results of these PLP 

experiments are depicted in Figure 6.14a-c whereas the average values obtained by this method are 

collected in the table in Figure 6.14d. 
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Figure 6.14. Average <kt> values determined from equation (6.17) and radical concentrations evaluated at a 

time corresponding to a chain-length of 10 units evaluated using equation (6.15). In both cases the 
amount of disproportionation was set equal to  = 0.7.23 The polymerizations were carried out at reaction 

temperatures of 24.8 oC (a), 10.7 oC (b) and -3.7 oC (c). The average values are indicated by the dotted 
and dashed lines and are collected in the table. 

T
[oC]

<kt>a)

[L.mol-1.s-1]
[R·]t(i=10) high 

[mol.L-1]
[R·]t(i=10) low

[mol.L-1]

24.8 2.78.107 1.88.10-6 9.98.10-7

10.7 2.24.107 1.54.10-6 9.05.10-7

-3.7 1.75.107 1.34.10-6 7.69.10-7

a) Arrhenius parameters: A=2.2.109 L.mol-1.s-1, Eact=10.8 kJ.mol-1

d
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From Figure 6.14a-c it can be observed that the average <kt> values that were determined are in 

reasonable agreement with the value of Olaj et al.23 obtained at 25oC (<kt>= 1.7.107-2.2.107 L.mol-

1.s-1)‡ and seem to be independent on the weight average degree of polymerization studied. The 

evaluation of the radical concentration, [R·]t(i=10) is capable of discriminating the PLP-experiments 

carried out under high photoinitiator concentrations from the low photoinitiator concentrations and 

as such can be regarded as successful. 
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Figure 6.15. SEC-PDA trace extracted at a wavelength of 305nm for poly(methyl methacrylate) created by a 
single-pulse pulsed-laser-polymerization experiment. The inset demonstrates the base-line stability of the 

analysis.

For the determination of chain length dependent termination rate coefficient, four experiments in 

the range of 20-100 pulses were carried out at three different temperatures and two different 

photoinitiator concentrations. For the evaluation of kt
i,i the number molecular weight distribution 

(nMWD) has to be measured. The nMWD can be measured by SEC using concentration detectors 

such as UV or differential refractive index detectors. Figure 6.15 shows the result of a SEC-

chromatogram measured by a photo-diode array (PDA) detector with the chromatogram extracted at 

a wavelength of 305 nm. The reason for using the PDA-detector instead of a DRI detector is two-

fold:

• The PDA-detector allows the selective monitoring of end-group concentrations as long as 

absorption of the polymer can be neglected as is the case for poly(methyl methacrylate). 

With the use of a calibration curve, the end-group concentration signal therefore can be 

converted directly to a logarithmic number molecular weight distribution using equation 

(6.1).

• PDA and UV detectors are known for their good base-line stability in contrast to DRI 

detectors which are more sensitive to temperature changes and flow fluctuations. The base-

line stability is exemplified in the inset of Figure 6.15. 

‡ This value has been divided by two to bring it into line with the IUPAC preferred notation for the rate of termination 



Chapter 6 

128

Before the kt
i,i values can be extracted from the nMWDs, the measured nMWDs have to be scaled 

correctly.

For Method I, this requires the evaluation of the radical concentration at a second point in time, i.e.

the determination of [R]t(imax) in equation (6.14) with the use of <kt>. For a correct determination of 

this radical concentration, the monodispersity assumption should still be valid. In the case of methyl 

methacrylate, the monodispersity assumption is believed to hold over a long period of time as 

transfer to monomer and/or polymer are not very important for methacrylates. The second point in 

time that was chosen to evaluate the radical concentration corresponds to a radical chain-length of 

1000 units, and the complete nMWD was scaled accordingly. Please note that this chain-length of 

1000 is regarded as the maximum chain-length for which transfer effects can be neglected. 

The scaling according to Method II was carried out by scaling the complete nMWD directly to the 

conversion per pulse which was determined by the integral from the SEC chromatogram measured 

with the DRI-detector. 

For the evaluation of kt
i,i, the last requirement is knowledge of the propagation rate coefficient, kp.

In chapter 2 of this thesis, is was shown that, even though the observed propagation rate coefficient 

shows a pronounced chain-length dependent behavior up to chain length of 100 units, the true 

propagation rate coefficient is believed to be constant after approximately 5 propagation steps in the 

case of methyl methacrylate, and 5-8 propagation steps in the case of styrene. This therefore implies 

that kt
i,i can be evaluated by using the kp( ) values determined in chapter 2 as the intrinsic kp values 

are constant in the chain-length region studied. 
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Figure 6.16. Termination rate coefficient, kt
i,i, as a function of chain length, i, evaluated by equation (6.12) with 

=1 (termination by disproportionation). Shown are the results of scaling by Method I ( ) and Method II 
( ) at a reaction temperature of 24.8oC (a) and -3.7oC (b). The straight lines denote three different chain-

length regions which can be described by a simple power law. 
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In order to exemplify the differences between method I and method II, Figure 6.16 shows two 

extreme situations, where the termination rate coefficients have been evaluated by method I and 

method II. In Figure 6.16a, a comparison is shown where the two scaling methods are in good 

agreement. Figure 6.16b however shows an upward curvature of the kt
i,i curve as determined by 

scaling method I. The deviations between the two methods can be understood as is explained in the 

next section. 

Method I scales the nMWD by determining the radical concentrations at two points in time. The 

determination of the radical concentration at a time t(imax) with the use of equation (6.16) is rather 

insensitive to the radical concentration at time t(i), e.g. for high [R·]t(i) concentrations, equation 

(6.16) can be approximated to ( )
max

1
( ) max[ ] 2 ( ( ) ( ))t i tR k t i t i −⋅ ≈ < > − , making the method insensitive to 

errors in the initial radical concentration. If the initial radical concentration at time t(i) is chosen too

high, this will not affect the radical concentration at time t(imax). However, the evaluated termination 

rate coefficient has to ‘compensate’ for this too high initial radical concentration, resulting in the 

upward curvature of kt
i,i as can be seen in Figure 6.16b. 

Method II on the other hand is limited by the accurate determination of the conversion per pulse. 

An error in the conversion per pulse can be understood as changing the radial concentration as a 

function of time with a constant factor (see equation (6.14)), which will only result in a vertical shift 

of the kt
i,i curve. The determination of absolute kt

i,i values makes this method therefore very 

vulnerable. Evaluation of the chain-length dependence of kt
i,i on the other hand does not pose any 

problems and, as can be seen from Figure 6.16a-b, both kt
i,i curves evaluated by method II indeed 

show the same trend in their chain-length dependence behavior. 

Both Figure 6.16a and b reveal that the termination rate coefficient kt
i,i as evaluated with scaling-

method II shows a pronounced change with an increase of the radical chain-length. Three linear 

regions can be observed on the double logarithmic plot for three chain-length regions, i.e. 6 to 20, 20 

to 30 and 40 to 1000. The chain-length dependence of kt
i,i for each linear region can be fitted by a 

simple power law according to 
,i i b

tk C i−= ⋅            (6.18) 

in which C is a constant and b the corresponding chain-length exponent. Note that the evaluation 

of the constant C in the chain-length regions 6 to 20 leads to an (under)estimation of the termination 

rate coefficient for primary radicals, i.e. the evaluation of kt
1,1, rather than an absolute determination 

since the value of kp is chain-length dependent in this oligomeric range (see chapter 2). 
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Figure 6.17. Chain-length exponent b evaluated by Method I (a) and Method II (b) for two distinct chain-length 
regions at polymerization temperatures equal to 24.8oC ( ), 10.7oC ( ) and -3.7oC (+). The solid lines 
represent the averages of the chain-length exponents whereas the dashed lines indicate the standard 

deviation of the data-points. 

The chain-length exponents b have been evaluated by method I and method II for all three chain-

length regions and have been collected in Figure 6.17a and b. What can be observed is that both 

methods lead to approximately the same average values in the chain-length regions 6 to 20 and 20 to 

30. The major difference between the two methods become apparent when the methods are 

compared in the chain-length regions of 40 to 1000 units where method I even results in unrealistic 

negative chain-length exponents. It may therefore be concluded that method II leads to a better 

evaluation of the chain-length exponent b than method I. Furthermore, it can be concluded that the 

use of Method II for the evaluation of the chain-length exponent b is independent of the 

photoinitiator concentration, reaction temperature and number of pulses applied. 

Influence of the time between two pulses 

Up to now, the termination rate coefficient for methyl methacrylate has been studied for two 

distinct photoinitiator concentrations at three different temperatures. The SP-PLP experiments were 

carried out with a time between the pulses ranging from 20 seconds at 24.8 oC to 30 seconds at -3.7 
oC. In order to study whether this time-difference was long enough to guarantee a ‘true’ single-pulse 

experiment, the study was extended to lower time-differences between the pulses. The results of 

these experiments have been collected in Figure 6.18. The average chain-length exponent values 

obtained from Figure 6.18 compare extremely well with the values obtained in Figure 6.17b. It can 

thus be concluded that the experiment can be regarded as ‘true’ single pulse pulsed-laser-

polymerization experiments. 
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Figure 6.18. Chain-length exponent b evaluated for methyl methacrylate ( =1) using method II, for three distinct 
chain-length regions at polymerization temperatures equal to 24.8oC ( ), 10.7oC ( ) and -3.7oC (+). The 

solid lines represent the averages of the chain-length exponents whereas the dashed lines indicate the 
standard deviation of the data-points. 

Chain-length dependent termination kinetics for a low conversion styrene 

homopolymerization

In order to investigate the chain-length dependent termination rate coefficients for styrene, SP-PLP 

experiments were carried out at the same temperatures and photoinitiator concentration as for methyl 

methacrylate, with the time between pulses ranging from 10 to 20 seconds. The nMWDs were scaled 

to the conversion per pulse, as determined from gravimetrical conversion measurements, and the 

maximum chain-length analyzed was again set to 1000. 
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Figure 6.19. a) SEC-PDA trace for polystyrene generated by a single-pulse pulsed-laser-polymerization 
measured at a wavelength of 305nm. The inset demonstrates the base-line stability of the analysis. b) 

Termination rate coefficient, kt
i,i as a function of the chain length evaluated at 24.8oC for styrene ( =2, i.e. 

termination by combination). Also shown are the three different chain-length regions that all can be 
described by a simple power law. 
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Figure 6.19a demonstrates the PDA-chromatogram extracted at 305 nm, again showing a very 

good baseline stability. Figure 6.19b reveals the corresponding termination rate coefficient for the 

low conversion bulk homopolymerization reaction of styrene. Again, it can be observed that there 

are three chain-length regions that can be reasonably well fitted by a simple power law. It is worth 

noting that, although both systems show an abrupt change of the termination rate coefficient around 

a chain-length equal to 20 units, this change is in a complete opposite direction. Although these 

changes are apparent, they should not be overstressed and may be considered as some sort of cross-

over region in which the worm-like oligomer radicals become coiled macro radicals. This change in 

conformation inheritably leads to a change in the dominating diffusion process (i.e. center-of mass 

diffusion or segmental diffusion) of these radical species. 
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Figure 6.20. Chain-length exponent b evaluated for styrene ( =2, i.e. termination by combination) using method 
II, for three distinct chain-length regions at polymerization temperatures equal to 24.8oC ( ), 10.7oC ( )
and -3.7oC (+). The solid lines represent the averages of the chain-length exponents whereas the dashed 

lines indicate the standard deviation of the data-points. 

Comparison between the systems methyl methacrylate and styrene 

In Figure 6.18 and Figure 6.20, a complete overview of the chain-length exponents for the systems 

methyl methacrylate and styrene are given. From these figures the following observations can be 

made:

• There is no apparent influence of the number of pulses on the evaluation of the chain-length 

exponent b. This can be understood by realizing that the conversions in both systems are well 

below 0.5 %. 

• The chain-length exponent, b, can be evaluated independent of the variation of temperature and 

photoinitiator concentration. 

• The chain-length exponent b in the chain-length region of 4 to 20 units can be described by a 

‘universal’ power law (b  0.65-0.67) for both methyl methacrylate and styrene. 



Investigation into Chain-Length Dependent Termination Reactions 

133

• There is a pronounced difference in the chain-length exponent b evaluated in the chain-length 

region ranging from 35 to 1000 units for methyl methacrylate (b 0.30) and styrene (b 0.19)

homopolymerizations.

From the fitting procedures it is possible to obtain an estimate of the kt
1,1 values by determining the 

constant C in equation (6.18) in the lower chain-length regions, although it should be realized that 

they will underestimate true value of kt
1,1. Note that this value is also very sensitive to the scatter in 

the chain-exponent b in the lower chain-length region and to the determination of the conversion. 

The result for both systems can be seen in Figure 6.21. Due to the large scatter in the data, the joint 

confidence intervals are very large. Note that the scale of Figure 6.21 is rather small when 

compared to the scale of Figure 6.16 and Figure 6.19b. Nevertheless, a variation of the kt
1,1 values 

as a function of temperature can be observed which, in the case of methyl methacrylate, has an 

activation energy of 12.5 kJ.mol-1 and in the case of styrene even 17.0 kJ.mol-1. These activation 

energies seem to be high for a diffusion controlled process24, but should not be too overstressed as 

the 95% joint-confidence intervals are very large. Note that the activation energy for methyl 

methacrylate agrees fairly well with the results obtained by the PLP method (i.e. Figure 6.14, 10.8

kJ.mol-1). Also the values of kt
1,1 as obtained by this procedure are in reasonable agreement with 

other methods.22,25
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Figure 6.21. Determination of kt
1,1 for methyl methacrylate (a) and styrene (b) as a function of temperature 

obtained by determining the constant C in equation (6.18) in the chain-length region 6-20 for methyl 
methacrylate and 4-15 for styrene. Also shown is the Arrhenius equation (---) determined by non-linear 
least squares analysis. The insets show the corresponding 95% joint-confidence intervals obtained from 

the fitting procedure resulting in the following best fit values; MMA: Eact=12.5 kJ.mol-1,
A=1010.87 L.mol-1.s-1 and styrene: Eact = 17.0 kJ.mol-1, A=1011.09 L.mol-1.s-1.
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A comparison with literature values 

So far two monomer systems have been investigated showing a remarkable change of the 

termination rate coefficient with an increase of the radical chain-length. 

The first chain-length region is in the oligomer range and covers the chain-lengths 6 to 20 for 

methyl methacrylate and 4 to 15 for styrene. In both cases a ‘universal’ chain-length exponent was 

found equal to b  0.65-0.67, which is attributed to translational diffusion control. These values 

seem to compare extremely well with the ‘universal’ scaling laws found for the diffusion of styrene, 

methyl methacrylate and butyl methacrylate oligomers in several polymer matrices at a variety of 

concentrations26,27

(0.66 2 )
0

pw
iD D i− +=           (6.19) 

where D0 is the diffusion coefficient of the monomer, wp the weight fraction of polymer and i the 

oligomer chain-length. Recently, this scaling law has been found to describe the diffusion of 

hydroxylethyl methacrylate equally well.28

Further support for the ‘universal’ chain-length exponent, b, for oligomer species can be found in 

work by Wisnudel and Torkelson.29 In their work the authors examined the diffusion of small probes 

in pure solvents by phosphorescence quenching measurements. The authors found the diffusion of 

the probes to scale with the molar mass with a scaling parameter of b  0.6. 

A recent study by Buback et al.22 on dodecyl methacrylate, using a novel SP-PLP experiment 

combined with electron-spin-resonance measurements (SP-PLP-ESR), has resulted in a chain-length 

exponent b  0.52 in the range up to 100 units giving further support for a large chain-length 

exponent for short radicals. 

The long chain-length region found in this study covers chain-lengths from 35 to 1000, and there 

is no doubt that for both methyl methacrylate and styrene, the chain-length dependence in this region 

is lower than the oligomer range. The value of b  0.30 for methyl methacrylate seems to compare 

very well with phosphorescence quenching studies between polymer chains of equal lengths by 

Wisnudel and Torkelson.30 In the chain-length region of 20 to 2000 units, Wisnudel and Torkelson 

found the rate of quenching to scale with i-0.31. It should be noted that these quenching studies have 

been carried out on styrene moieties and therefore do not consent to the results found in this work for 

styrene.

A lot of work in the field of termination kinetics stems from kinetic investigations by pulsed 

lasers. Extensive work has been carried out in this field by the group of Olaj et al. In their work, PLP 

experiments have been used to extract average termination rate coefficients (equation (6.17) 

originates from their work) and they found weak chain-length dependencies for MMA (b  0.17)23

and styrene (b  0.19).31

Another group extensively involved in the study of chain-length dependent termination rate 

coefficients is the group of Buback et al. Most of their work on termination kinetics is carried out 
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with the use of a time-resolved single-pulse pulsed laser polymerization technique which has 

enabled the study of several monomer systems up to high conversion. In their work, chain-length 

exponents for several (meth)acrylates were determined ranging from 0.11 for dodecyl methacrylate 

up to 0.42 for dodecyl acrylate.32 These exponents are related to the whole chain-length regions and 

as such cannot distinguish between different chain-length regions, although they are in nice 

agreement with the values obtained in this work. The results of the SP-PLP-ESR technique22,

however, shows a sharp transition around a chain-length of 100, which is higher than the region 

between 20 and 30 units as is observed in this work. In the SP-PLP-ESR technique, chain-lengths of 

100 or higher could be described by a single chain-length exponent of b  0.18, which is in nice 

agreement with the chain-length exponent of styrene. 

Surprisingly enough, when the obtained chain-length dependent data for styrene and methyl 

methacrylate are compared to the acrylate values as obtained by de Kock12, than both the work of de 

Kock and this work, show a pronounced decrease of the termination rate coefficient as a function of 

chain-length. In both cases, different chain-length regions have been found with a high chain-length 

exponent in the oligomer range, and a low chain-length exponent in the range of 50-100 units. 

6.6 Conclusion 

MALDI-ToF-MS has proven itself as a powerful tool for end-group analysis and as such may be 

regarded as a valuable tool in polymer chemistry studies. In the first part of this chapter, MALDI-

ToF-MS has been used to investigate end-group distributions which were the result of photoinitiated 

free radical polymerizations using three different photoinitiators and two different monomers. The 

ultimate goal has been the clarification of the ‘ideal’ photoinitiator that upon UV-light irradiation 

decomposes into two radicals that both participate in the initiation of polymerization. Three 

photoinitiators were studied with respect to their idealness, i.e. benzoin, DMPA and MMMP, in 

conjunction with two different monomers, i.e. methyl methacrylate and methyl acrylate. Three main 

conclusions can be drawn from this study: 

• Methyl methacrylate terminates predominantly via termination by disproportionation, 

whereas methyl acrylate terminates predominantly via termination by combination 

• An end-group analysis by MALDI-ToF-MS for a photoinitiated polymerization of methyl 

methacrylate shows that all three photoinitiators generate a pair of radicals that both 

participate in the initiation mechanism. 

• An end-group analysis by MALDI-ToF-MS for a photoinitiated polymerization of methyl 

acrylate shows that only MMMP decomposes into two radicals that both participate in the 

initiation. For benzoin, it can be concluded that only the benzoyl radical (radical A, Figure 

6.2) initiates polymerization whereas the benzyl alcohol radical only participates in 
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termination reactions. For the system DMPA, both radicals initiate polymerization, but an 

unknown side-reaction occurs. 

The foregoing analysis seems to suggest that the ‘idealness’ of a photoinitiator is strongly related 

to the reactivity of the monomer. A more reactive monomer such as methyl methacrylate is very 

likely to be initiated by both radicals, whereas this is not the case for a less reactive monomer such 

as methyl acrylate. 

The second part of this chapter has investigated the model-independent chain-length dependent 

termination rate coefficient for methyl methacrylate and styrene with the use of a SP-PLP-MWD 

method developed in our laboratory. It should be stressed that the method, as used in this chapter, 

only allows the study of the termination rate coefficient between polymer radicals with equal chain-

lengths, i.e. the determination of kt
i,i. It was found that both MMA and styrene exhibit three distinct 

chain-length regions that can all be described by the simple power law 
,i i b

tk C i−= ⋅            (6.18)  

• The first chain-length region covering chains of 4 to 20 units can be described by a 

‘universal’ chain-length exponent, b  0.66 

• The second chain-length region covering a chain-length of 20 to 30 units may be regarded 

as a cross-over region from worm-like species to macro-radicals and can be described by a 

chain-length exponent of b  0.92 and b  0.04 for methyl methacrylate and styrene, 

respectively.

• The last chain-length region covering a chain-length of 35 to 1000 can be described by a 

chain-length exponent of b  0.30 and b  0.19 for methyl methacrylate and styrene, 

respectively.

It should be stressed that these results confirm the observation by de Kock that there is no single 

power law that can describe the observed microscopic chain-length dependent termination rate 

coefficients for free-radical polymerizations. Composite models based on the geometric mean model 

such as proposed by Smith et al.25 or based on the Smoluchowski equation as proposed by Russell33

should therefore be used as a more accurate description of the termination rate coefficients as a 

function of chain-length. 
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.

A.Monte-Carlo Simulations for Pulsed-Laser 
(Co)Polymerization Reactions 

A.1 Introduction 

The use of Pulsed-Laser-Polymerization has resulted in a considerable contribution of reliable 

propagation rate coefficients. As a kinetic tool it essentially consists of the repetitive irradiation of a 

reaction medium containing monomers and photoinitiator. After irradiation the polymer is isolated 

from the reaction medium and analyzed by Size Exclusion Chromatography or MALDI-ToF-MS. In 

a successful experiment the resulting molecular weight distribution (MWD) shows a pronounced 

peak at a chain length L0,1 which is related to the propagation rate coefficient by equation (A.1) 

p
p tM

L
k

⋅
=

][
1,0           (A.1) 

where kp is the propagation rate coefficient, [M] is the monomer concentration and tp is the time 

between two consecutive pulses. 

The location of L0,1 has not been chosen arbitrarily as being the maximum in the molecular weight 

distribution but has been carefully examined in several papers with the use of simulations.1-4

Utilizing these simulations, it was realized that if molecular weight distributions were analyzed by 

Size Exclusion Chromatography the best estimate of the propagation rate coefficient would be 

obtained by determining L0,1 from the inflection point at the low molecular weight side of a 

logarithmic molecular weight distribution (logMWD). There are two common approaches towards 

the simulation of these pulsed-laser-polymerizations. 

• The (numerical) solution of mass balances containing the rate equations of the fundamental 

steps

• Monte Carlo simulations 

In order to solve the mass balances, usually refuge has to be taken towards the numerical solution 

of the differential equations. The numerical solution of these mass balances may encounter problems 

when reactions are modeled in which there are chain-length dependent rate equations. Because there 



Appendix

140

is a limit to the number of differential equations that can be solved simultaneously, either a limit to 

the simulated chain length has to be set or several chain-lengths have to be lumped together, i.e. the 

so-called coarse graining approach. The advantage of Monte Carlo simulations over the numerical 

solution of mass balances is that there is no such limit to the number of reactions that can be 

simulated.

A.2 Monte Carlo methodology 

The Monte Carlo methodology used in this thesis is based on a stochastic simulation according to 

Gillespie5 in which at a reaction time, t, from a number of available radical species, Nrad, randomly 

one radical is chosen. In a Pulsed Laser Polymerization these (primary)radicals are assumed to be 

created instantaneously at equal intervals of time, corresponding to the frequency of the laser. The 

chosen radical, Rn, having a chainlength, n, may undergo any of the subsequent reaction steps* open 

for this species. Please note that (inter and intra-molecular) chain transfer to polymer are not taken 

into account in this basic kinetic scheme 

1n n
pkR M R ++ →    {propagation}      (A.2) 

,
,

n m n m

n m
t ck

R R P ++ →   {termination by combination}   (A.3) 

,
,

n m n m

n m
t dk

R R P P+ → +   {termination by disproportionation}   (A.4) 

1n n
trk

R M P R+ → +   {chain transfer to monomer}    (A.5) 

in which the subscripts refer to the size of the radical. 

Each reaction channel, Rµ, has a microscopic reaction rate constant, kµ associated with it. These 

microscopic reaction rate constants can be transformed into macroscopic reaction rate constants, kexp

according to5

expkk =µ             (A.6) 

for first order reactions and 

VN
knk

av

exp

=µ           (A.7) 

for second order reactions where n=1 in the case of a bimolecular reaction between distinguishable 

species, n=2 in the case of indistinguishable species and Nav is Avogadro’s number†.

* To simplify the reaction scheme, it is assumed that the rate of initiation equals the rate of propagation 

† Note that this definition of bimolecular reaction rate constants is in line with the IUPAC preferred notation for the 
termination rate constant. This can be understood by realizing that at the moment of a bimolecular reaction occuring, two 
species are removed from the reaction mixture instead of one. 
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In accordance with Gillespie5 for each reaction channel Rµ, we now define a function hµ that 

equals the number of molecular reactant combinations: 

Rµ hµ

Propagation NradNmon

Termination by disproportionation ½Nrad(Nrad-1)

Termination by combination ½Nrad(Nrad-1)

Transfer NradNmon

Each reaction path has a probability, P(µ), associated with it to occur according to 

=

= n

i
ii kh

kh
P

1

)( µµµ           (A.8) 

The reaction channel Rµ that a specific radical will undergo, can be evaluated with the use of a 

unit-interval uniform distributed random number, U1, according to the following relation 
1

1( ) ( )
i i

P i U P i
µ µ−

< ≤          (A.9) 

The time step between two successive reactions, , is also a stochastic variable and may be 

evaluated from5

2

1

1 1lnn

i i
i

Uh k
τ

=

=           (A.10) 

in which U2 is another unit-interval uniform distributed random number. 

Chain-length dependent termination 

If the number of publications in literature is considered dealing with Monte Carlo simulations in 

which chain-length dependent termination kinetics are simulated, than it can be seen that different 

approaches are followed which do not always result in correct simulations. One of the earliest papers 

on Monte Carlo simulations of Pulsed-Laser-Polymerizations incorporating chain length dependent 

termination was published in 1994 by O’Driscoll et al.6 Although the authors specified a chain-

length dependent termination rate coefficient, their simulation algorithm did not take into account 

the encounter of radicals with different chain lengths. 

Another approach for dealing with chain length dependent termination reactions was introduced 

by Tobita7 in the field of emulsion polymerization. Instead of using one single rate constant Tobita 

evaluates a number average bimolecular termination rate coefficient for all radicals present in an 

emulsion particle at that moment. However, evaluating this averaged termination rate coefficient is a 

time consuming calculation procedure when applied to a bulk/solution polymerization. Therefore 
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refuge was taken to a simpler approach in which at each reaction time, t, two radicals are randomly 

chosen from the reaction mixture. For these two radicals a termination rate coefficient, kt
i,j, can be 

calculated according to the geometric mean module: 

( ) 20, 2
b

t
ji

t jikk −⋅=            (A.11) 

in which kt
0 is the termination rate coefficient between two radicals having a chain length equal  

to 1. The constant b refers to the chain-length exponent. 

Random number generator

Although often not realized, one very important issue for Monte Carlo simulations is the choice of 

the random number generator. For the Monte Carlo simulations carried out in this thesis, the TT800 

developed by Matsumoto et al.8 was used, which is a so called twisted general feedback shift-

register generator or tGFSR. It has a period of 2800 and is known to be fast and reliable.9

Monte Carlo flow sheet 

Figure A.1 visualizes the Monte Carlo flow sheet. At the beginning of a simulation the system is 

initialized with the reaction conditions and with a given number of primary radicals, Nrad, which may 

be in the order of 103-105, and an initial radical concentration [R]0. The simulated reaction volume, 

V, can be evaluated with the use of equation (A.12) 

0[ ] rad

av

NR
N V

=           (A.12) 

In order to increase the resolution of the simulation, the Monte Carlo simulation may be repeated 

several times which can be controlled by the number of loops, Nlps.

The Monte Carlo program was written in Visual Basic 6.0. Depending on the input and the 

resolution, the simulation may run from a few minutes up to several hours on a 1 GHz desk-top 

computer.
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Initiation: Set Npulse, NLps, 
frequency, Nrad, [R]0

Create Nrad new radicals

Create 4 random numbers

Randomly choose 2 radicals using 2 random numbers and determine their 
chain length

Determine reaction probabilities and 
choose reaction

Propagation Terminate by combination Terminate by disproportionation

-Substract 1 monomer
-Raise chain length by 1

-Substract 2 radicals
-Store 1 dead polymer chain

-Substract 2 radicals
-Store 2 dead polymer chains

Determine t
time = time + t

If time>1/frequency no

yes

pulse=pulse+1

If pulse>Npulse no

yes

If loops > 
Nlps

no

yes

Output results

Transfer to monomer

-Substract 1 monomer
-Store 1 dead polymer chain

-Create new radical

Figure A.1. Monte Carlo flow sheet for the simulation of a Pulsed Laser homo Polymerization 

Validating the Monte Carlo approach 

The Monte Carlo simulation was validated by comparing the results of the Monte Carlo simulation 

to the analytical solution as put forward by Aleksandrov et al.10 It has to be realized that their 

analytical solution does not take into account chain-length dependent termination reactions and 

transfer events. The parameters used for the comparison are collected in Table A.1 and are based on 

a low conversion MMA bulk pulsed-laser-polymerization. 

What can be observed from Figure A.2 is that there is an excellent agreement between the Monte 

Carlo simulations and the closed analytical solution by Aleksandrov et al.
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Table A.1. Initial conditions, pulse frequencies and rate coefficients for an MMA pulsed laser polymerization in 
bulk.

Quantity Value  Quantity Value  

f 20 and 50 [Hz] kp 320 [L.mol-1.s-1]

[R]0 2.10-6 [mol.L-1] kt,d
* 6.3.107 [L.mol-1.s-1]

[M] 10 [mol.L-1] ktr 0 [L.mol-1.s-1]

* It has to be realized that throughout this whole thesis the IUPAC recommended 
notation of the termination rate coefficient is used. This however implies that the 
termination rate coefficient which was used for the closed simulation by the 
algorithm of Aleksandrov et al.10 is supplied with a value that is two times the 
tabulated value in Table A.1. 

1 01 0 1 0 0 1 0 0 0

w
(lo

gi
)

lo g ( i)

5 0 H z

2 0 H z

Figure A.2. Results of a Monte Carlo simulation (grey line) and of the analytical solution (dotted line) obtained 
with the procedure by Aleksandrov et al.10 Shown are two logarithmic molecular weight distributions for a 
simulated MMA pulsed laser homopolymerization carried out under the conditions as given in Table A.1. 

In order to asses the chain-length dependent termination kinetics, a comparison can be made 

between an analytical solution and a Monte Carlo simulation for the radical concentration as a 

function of time for one single pulse. Using the IUPAC recommended definition of the rate of 

termination and assuming that the termination rate coefficient obeys the geometric mean approach 

(equation (A.11)), one can show that in absence of chain transfer to monomer, the radical 

concentration as a function of time obeys the following equation 

0
1

,0 0 ,0 0

[ ][ ] ( 1)
( )

[ ]( 1) 2 [ ] ( [ ] 1) 2 [ ]
p

b
p t p t

k M R b
R t

k M b k R k M t k R−

−
=

− − + +
     (A.13) 

for which it is assumed that there exists a relation between chain length, i, and time ( 1
[ ]p

it
k M

−= ).
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Figure A.3. Radical concentration as a function of time after applying one single laser pulse. Shown are the 
results as obtained by a Monte Carlo simulation ( ) and the analytical solution (equation (A.13), solid 

line). It is assumed that the geometric mean model is at work with kt
0=2.108 L.mol-1.s-1 and two different 

chain length exponents; b=0.2 and b=0.5 (see equation (A.11)). The initial radical concentration was set 
equal to 2.10-6 mol.L-1

Comparison between the results of the Monte Carlo simulation and the analytical solution shown 

in Figure A.3, support the correct implementation of chain length dependent termination kinetics. It 

should be realized that the comparison is not a proof for a correct assessment of the encounter of 

radical species with different chain lengths. 

A.3 Monte Carlo: From homo- to copolymerization 

The number of reactions possible in a free radical polymerization reaction is considerably 

increased when two or more monomers are involved in the polymerization. Where in the case of a 

normal homopolymerization reaction the basic reaction scheme consists of 4 reactions (see equations 

(A.2)-(A.5)), the number of reactions is increased to 7 for a copolymerization with two monomers 

assuming the terminal model, and 11 if the penultimate unit model is used. The implementation of 

copolymerization kinetics into a Monte Carlo scheme is not new although the majority of the 

publications only consider the terminal model.11-13

PiTj

PjTA

PjTB

k ijA

kijB

Figure A.4. Schematic representation of the two propagation reactions possible in a Monte Carlo 
copolymerization simulation. Shown is a radical having a penultimate unit, i, and terminal unit, j. Both i 

and j are equal to repeat unit A or B. The rates of propagation with monomer A or monomer B are 
depending on the rate coefficients kijA and kijB and the monomer concentrations. 
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For a copolymer reaction the basic Monte Carlo reaction scheme has to be extended to include a 

(cross)propagation reaction with the two monomers A and B having rate coefficients kijA and kijB, as 

illustrated in Figure A.4.‡ In order to determine the rate coefficients kijA and kijB the type of 

penultimate unit, Pi, and terminal unit, Tj, are stored in the polymeric radical during the Monte Carlo 

simulation. In most cases the values for the rate coefficients can be determined with the penultimate 

unit model. There are however two exceptions: 

• for polymer chains having a chain length of 1 (primary radicals), the propagation rate 

coefficients are assumed to be equal to the homo propagation rate coefficients 

• for polymer chains having a chain length of 2, the terminal model is used for the evaluation 

of the propagation rate constants 

Comparison with the stockmayer equation 

One of the benefits of a Monte Carlo copolymer simulation is that the microstructure of the 

radicals can be stored in the polymeric radicals during the simulation in a very easy way. In order to 

assess the Monte Carlo algorithm for a copolymer simulation, a single pulse experiment was 

simulated for which the resulting chemical composition distribution was compared to the 

Stockmayer14 equation. The comparison was carried out for a degree of polymerization equal to 100 

units in order to suppress the influence of initiation effects. The system of choice is a 

copolymerization between styrene and methyl methacrylate at four different feed compositions. For 

the copolymerization kinetics it was assumed that the terminal model is obeyed.§ Please note that the 

conversion in a single pulse experiment is very low, thus the effects of composition drift can be 

neglected. The resulting chemical composition distribution for a copolymer determined by the 

Monte Carlo simulation and the Stockmayer equation can be observed in Figure A.5.  From the 

comparison of the chemical composition distributions it can be seen that there is a good agreement 

between the two models thus confirming the correct implementation of the Monte Carlo copolymer 

simulation algorithm. 

                                                
‡ Whether the propagation reaction is a cross-propagation reaction is dependent on the nature of the terminal unit, Tj.

§ From literature but also from chapter 5 in this thesis, it is known that for the system styrene and methyl methacrylate 
the implicit penultimate unit model has to be used for a correct description of the system. However, the use of the 
Terminal Model instead of the implicit penultimate unit model only has a small effect on the chemical composition of 
the copolymer due to small differences in the copolymerization kinetics. 
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Figure A.5. Four chemical composition distributions which are the result of a Monte Carlo simulation for a 
single-pulse copolymerization experiment and the Stockmayer equation. Indicated are the number of 

styrene units for a styrene-methyl methacrylate copolymerization having a chain length of 100 units at 
four different feed compositions. Conditions for the simulation; fSt = 0.05, 0.25, 0.50 and 0,75; Further 

conditions for the Monte Carlo simulation: rSt = 0.523, rMMA = 0.422 

A.4 Monte Carlo: Introducing backbiting 

Very recently an article was published by Arzamendi et al.15 considering backbiting events in a 

pulsed laser polymerization which was modeled by a Monte Carlo algorithm. The system under 

investigation was n-butyl acrylate, and the authors used a Monte Carlo simulation to investigate the 

break-down of the PLP characteristic MWDs at elevated temperatures. The approach followed in 

this thesis is very similar towards the earlier mentioned article, although, as an additional factor, 

chain-length dependent termination is considered whereas intermolecular chain transfer is neglected. 

When more than one reactive species is present in a Monte Carlo simulation, these species may be 

lumped together in clusters. These ‘clusters’ of species are considered independently from one 

another (although reactions between these clusters are possible) with each cluster having their own 

time-coordinate and, as a consequence, their own Monte Carlo flow sheet. In the case of a PLP-

simulation including back-biting, these clusters consist of the normal end-chain radicals and mid-

chain radicals as illustrated in Figure A.6. Mid-chain radicals are created on the event of a 

backbiting reaction taking place, and may be converted back to normal end-chain radicals by one 

propagation reaction. The different reaction paths open to both clusters of radicals are collected in 

Table A.2. 
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Figure A.6. Schematic representation of the time evolution when more than one type of radical is present in the 
Monte Carlo simulation. A ‘hypothetical’ number of reactions are shown for which the evolution of time is 

indicated by the arrows. The switching between the Monte Carlo calculation cycles is indicated by the 
dotted arrows. 

Each cluster of radicals has its own time step, , associated with it which can be evaluated with the 

use of equation (A.10). Due to the differences in size and reactivity of the clusters, the evolution of 

time may be different for end-chain radicals compared to mid-chain radicals. In practical terms this 

means that the end-chain radicals may undergo more Monte Carlo calculation cycles in a given 

period of time than the less reactive mid-chain radicals as has been illustrated in Figure A.6. 

 Table A.2. Reaction channels available for the end-chain radicals and the mid-chain radicals combined with the 
microscopic reaction rate constant, kµ and the number of reactant combinations hµ

End-chain radicals Mid-chain radicals**

Rµ kµ hµ Rµ kµ hµ

Propagation kp/NaV NradNmon Reinitiation kp2/NaV Nrad,MRNmon

Backbiting†† kb Nrad
Termination by 

disproportionation 2kt,d
i,j/NaV ½Nrad,MR(Nrad,MR -1)

Termination by 
combination 2kt,c

i,j/NaV ½Nrad(Nrad -1) Cross termination by 
combination kt

i,j
cross/NaV Nrad,MRNrad

Cross termination by 
combination kt

i,j
cross/NaV NradNrad,MR Transfer to monomer ktr/NaV Nrad,MRNmon

Transfer to monomer ktr/NaV NradNmon    

                                                
** From MALDI-ToF-MS experiments on butyl acrylate dimers it is known that mid-chain radicals terminate exclusively 
via disproportionation, which may be attributed to steric hindrance. For the cross termination reaction between end-chain 
and mid-chain radicals termination by combination is assumed to be the dominant termination mechanism.

†† Backbiting is believed to occur via the formation of a six-membered carbon ring17. During the simulations therefore a 
minimum chain length value of four is assumed before back-biting can occur. 
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The Monte Carlo simulation as used in this thesis allows for differences in the (geometric mean) 

chain-length exponent b in order to describe the chain-length dependent termination reaction within 

and between the two radical clusters. According to the theory of Friedman et al.16 on termination rate 

coefficients, the termination reaction between two secondary radicals, two tertiary radicals or 

between one secondary and one tertiary radical are all characterized by their own chain length 

exponent b. Friedman et al. considered these exponents to be equal to 0.17, 0.40 and 0.27, 

respectively. 

 

In order to asses the Monte Carlo simulation including backbiting, the radical concentration 

profiles for two subsequent laser pulses were simulated. In one case excluding backbiting and the 

other including backbiting. In order to make the comparison between these two different situations 

possible, a chain-length independent termination reaction was utilized. In this way, there should not 

be an effect on the overall rate of termination. The kinetic parameters for this simulation were taken 

from chapter 3 assuming a reaction temperature of 37.7oC. The resulting radical concentration 

profiles for both simulations are shown in Figure A.7, from which it can be seen that the total radical 

concentration for the simulation including backbiting (solid line) matches the concentration profile 

for the radical concentration excluding backbiting. One may thus conclude that the Monte Carlo 

algorithm, including backbiting events, has been successful. 
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Figure A.7. Radical concentration profiles as a function of reaction time for two subsequent laser pulses. Two 

simulations were carried out, e.g. a simulation including backbiting and excluding backbiting. Indicated 
are the radical concentrations for end-chain radicals (dashed line), mid-chain radicals (dotted line) and 

total radical concentration (solid line) compared to a situation without backbiting (○). Kinetic parameters 
used for the simulation are given in chapter 3 with an initial radical concentration of [R]0=5.10-6 mol.L-1, 

a reaction temperature of 37.7oC and assuming chain-length independent termination. 
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2.Epilogue

Evaluation of the investigations 

The investigations in this thesis primarily concern the application of the (single-pulse) pulsed-

laser-polymerization (PLP) technique to determine kinetic parameters involved in a free-radical 

polymerization. As the polymerization process amongst others is controlled by the underlying 

reaction mechanisms, a better understanding of the kinetics may facilitate the control of these 

polymerization processes and the control of polymer properties. 

The most important parameter in this research has been the determination of the propagation rate 

coefficient, kp. Challenged by rumors that kp is not a constant, but dependent on the chain-length of 

the growing radical, the PLP-SEC method was compared to the combination of PLP with MALDI-

ToF-MS. MALDI-ToF-MS is an interesting tool when compared to SEC, as it does not suffer from 

calibration issues or chromatographic problems. Furthermore, mass discrimination issues are not 

expected to influence the kinetic evaluation of the propagation rate coefficient. The PLP-MALDI-

ToF-MS tool was applied to methyl methacrylate and styrene. For both monomers, the propagation 

rate coefficient was observed to be independent of chain-length for radicals with a chain-length 

larger than 100 units. Deviations below a chain-length of 100 units could be attributed to the 

existence of a chain-length dependent propagation rate coefficient in the first 10 propagation steps. 

Reasons for the deviation between the PLP-SEC method and the PLP-MALDI-ToF-MS method 

have been primarily attributed to the effect of chromatographic broadening effects in the SEC 

analysis.

The PLP-MALDI-ToF-MS method has been used to investigate a family type of behavior for a 

range of acrylates. With an increase of the size of the ester side-chain, propagation rate coefficients 

also increase. Whether this is due to an entropic or enthalpic effect can in principle be deduced from 

differences in the Arrhenius plots. As compared with the PLP-SEC method, MALDI-ToF-MS 

enables a better determination of the PLP characteristic molecular weight distribution. The 

combination of PLP with MALDI-ToF-MS, however, turned out not to be sensitive enough to 

explain the observed differences in the Arrhenius plots in terms of entropic or enthalpic effects. Only 

when a monomer such as benzyl acrylate is used, a significant enthalpic and entropic effect can be 

observed. Nevertheless, the PLP-MALDI-ToF-MS method has resulted in new point estimates of the 

Arrhenius parameters for the investigated acrylates. 

Problems emerge when the PLP method is applied to acrylates at temperatures higher than 20oC.

Several possible mechanisms have been proposed trying to explain the failure of the PLP-method. 
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Of the proposed mechanisms the process of intramolecular chain transfer, i.e. backbiting, is believed 

to be very probable to cause the failure of the PLP-experiment. The process of backbiting results in a 

change of the type of radical which can be easily monitored with ESR. In order to investigate the 

occurrence of backbiting, ESR measurements have been performed under PLP conditions, albeit 

with a lower pulse frequencies. With the use of Monte Carlo simulations, the gap between the PLP-

ESR and PLP-MALDI-ToF-MS has been resolved, thus providing a proof that indeed backbiting is 

the dominant reason for the failure of the PLP method at elevated temperatures. 

The application of MALDI-ToF-MS for the elucidation of the copolymer microstructure has been 

extensively investigated for two types of copolymer; a block-copolymer prepared by anionic 

polymerization and 2 random copolymers prepared by condensation polymerization. With the use of 

just one characterization method, a combined analysis of both the molecular weight distribution and 

chemical composition distribution turned out to be possible!

The combined characterization of the molecular weight distribution and the chemical composition 

distribution has been put to use for the determination of the copolymerization kinetics for the system 

methyl methacrylate and styrene. The traditional approach for the determination of the 

copolymerization propagation rate coefficients usually requires low conversion polymerization 

experiments combined with for example NMR to determine the chemical composition as a function 

of feed composition. Subsequently PLP-SEC experiments are needed to determine the propagation 

rate coefficients. The combination of the two is than needed in order to describe the 

copolymerization kinetics. This whole procedure can now be carried out with the use of one single 

characterization method. With the use of MALDI-ToF-MS both the chemical composition as well as 

the propagation rate coefficients have been determined as a function of feed composition. As it 

turned out, the implicit penultimate unit model is required for a correct description of both the 

copolymer composition and the copolymer kinetics for the free-radical copolymerization of methyl 

methacrylate and styrene. 

The final chapter has been devoted to the determination of chain-length dependent termination rate 

coefficients. Requirements towards the photoinitiator used in these type of studies are more 

stringent; upon irradiation of the photoinitiator, both primary radicals should initiate the 

polymerization. In order to investigate the ‘idealness’ of the photoinitiator, an end-group analysis 

was performed on SP-PLP created polymers. Three different photoinitiators have been studied, i.e.

benzoin, DMPA and MMMP.  From these three photoinitiators, it is only MMMP which can be used 

within SP-PLP polymerizations to study chain-length dependent termination rate coefficients. 

To determine the chain-length dependent termination rate coefficients, a model-independent 

method, developed in our laboratory, has been used to determine the kt
i,i values for both methyl 

methacrylate and styrene. Chain lengths ranging from the oligomer range up to a chain length of 
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1000 have been investigated. As it turned out, different chain-length regions exist in which the 

termination rate coefficients can be described by simple power laws. The obtained results in the low 

chain-length region (4 to 20) and the high chain-length region (40 to 1000) compared well with other 

work in literature, making this relative easy method a very successful method. 

Future research 

The field of kinetic investigations, utilizing PLP, already dates back to the beginning of the 1980s. 

From these very first moments on, the method PLP has embraced size exclusion chromatography as 

the method of choice for the analyses of polymer molecular weight distributions. Introducing a novel 

analytical tool, such as MALDI-ToF-MS, in the field of free-radical polymerization kinetics is 

therefore bound to receive skepticism. An often expressed comment in that sense is the remark that 

“…MALDI-ToF-MS suffers from mass-discrimination and should not be used to analyze polymers 

with a polydispersity index larger than 1.2”. 

The results of this thesis have clearly demonstrated that the combination of a PLP with MALDI-

ToF-MS can result in reliable kinetic parameters. 

Of course there are still some challenges in the field of polymerization kinetics. In the combined 

field of PLP experiments with ESR measurements, the study towards the occurrence of mid-chain 

radicals may be extended to higher conversions and other acrylate systems in order to clarify 

differences found in the ESR-spectra observed in this thesis and studies performed by other research 

groups such as Yamada et al. Especially the improvement of the resolution of ESR-spectra may 

facilitate a better understanding. 

An important issue in the field of copolymerization kinetics is related to model discrimination. 

There are several different models available in literature, which are capable of describing 

copolymerization kinetics, but experimental techniques to discriminate between the available models 

are still lacking. A very interesting method that does enable the discrimination between the different 

copolymerization models requires the evaluation of the ratio of terminal radicals in a 

copolymerization reaction, as the different models lead to different ratios for these terminal radical 

concentrations. In chapter 5, it was shown that in principle, MALDI-ToF-MS is capable of 

determining this ratio, if a polymerization system is chosen in which peaks that have been created on 

the event of termination by combination are separated from peaks that have been created on the 

event of termination by disproportionation. 

Also in the field of termination kinetics, there are some challenges to be resolved. The 

determination of model-independent chain-length dependent termination rate coefficients as 

obtained in this study may be compared to results obtained by time-resolved single-pulse electron-

spin-resonance (TR-SP-ESR) spectroscopy. Both methods can lead to the evaluation of model-
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independent termination rate coefficients, and should therefore yield the same values. Furthermore, 

the evaluation of chain-length dependent termination rate coefficients may be extended to study the 

effect of bulky monomers and/or the effect of solvent quality on the microscopic termination rate 

coefficient.

The most important challenge in the field of termination kinetics however, is the study of the 

termination rate coefficient between radicals having different chain-lengths. This could be done by 

applying two laser pulses within a very short time period after each other. If monitored by TR-SP-

ESR, than the radical concentration profile should yield information on the termination rate 

coefficient between radicals with the same chain-length, and, more importantly, between radicals 

differing in chain-length. 

In conclusion, the (SP)PLP method, combined with MALDI-ToF-MS or Electron Spin Resonance, 

has proven to be an indispensable technique, important for a better understanding of polymerization 

processes.
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2.Summary

Accurate knowledge of kinetic parameters in free-radical polymerization processes amongst others 

facilitates a better control of polymer processes and polymer properties. In this thesis, the results of 

investigations are presented about the application of (single pulse) pulsed laser polymerization (SP-

PLP) experiments, assisted by MALDI-ToF-MS analysis, to determine kinetic parameters in free-

radical (co)polymerization reactions. 

The advantage of (SP-)PLP-experiments is that it allows control over the instantaneous initiation 

of a free-radical polymerization reaction which greatly reduces the complexity of the kinetic scheme. 

MALDI-ToF-MS on the other hand enables the absolute measurement of molecular weight 

distributions of polymers with a low polydispersity index. Molecular weight distributions obtained 

by PLP experiments exhibit low polydisperse characteristics from which accurate values of 

propagation rate coefficients can be obtained. The combination of PLP experiments with subsequent 

MALDI-ToF-MS analysis have resulted in a detailed study on the propagation rate coefficient for 

methyl methacrylate and styrene, demonstrating that propagation rate coefficients are not 

significantly dependent of chain-length for polymer radicals larger than 10 units. Furthermore, the 

study was extended to the determination of the temperature dependence of the propagation rate 

coefficients for a group of acrylate monomers, leading to accurate values of both the activation 

energy and pre-exponential factors. 

PLP-experiments performed on acrylate monomers at temperatures above 20oC do not yield the 

characteristic molecular weight distributions to be expected for these monomers. The combination of 

electron-spin-resonance with PLP-experiments has unambiguously shown that intramolecular chain-

transfer to polymer, i.e. backbiting, is the reason for the deviation between the expected and 

measured molecular weight distributions. 

MALDI-ToF-MS analysis on copolymers has demonstrated to be a very successful tool, capable 

of analyzing both molar mass distributions of copolymers, as well as chemical composition 

distributions for block and random copolymers, all within one measurement. This powerful 

advantage of MALDI-ToF-MS has been applied in a PLP study on copolymerization kinetics for 

styrene and methyl methacrylate, leading to accurate values of both propagation and cross-

propagation rate coefficients. 
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Finally, a single-pulse pulsed-laser-polymerization study was carried out on both styrene and 

methyl methacrylate homopolymerizations, in order to reveal the chain-length dependent termination 

reaction. For these studies, the analysis of a correct number molecular weight distribution is a 

prerequisite. To accomplish this, MALDI-ToF-MS was used as an of-line calibration tool for size 

exclusion chromatography. The results demonstrate that both styrene and methyl methacrylate 

exhibit three different chain-length regions in which the termination rate coefficient is well described 

by a simple power law. 

In most cases, the experimental procedures or observations have been supported with the use of 

Monte-Carlo simulations, i.e. simulations based on stochastic processes. 

In conclusion, the application of (single-pulse) pulsed-laser-polymerization experiments, 

combined with analytical tools such as MALDI-ToF-MS or Electron-Spin-Resonance, have clearly 

demonstrated to be indispensable tools in the unraveling of fundamental kinetic parameters in free-

radical (co)polymerization reactions. 
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2.Samenvatting

Diepgaande kennis van kinetische grootheden in vrijeradicaalpolymerisaties is van wezenlijk 

belang om polymerisatieprocessen en de kwaliteit van de producten goed te kunnen beheersen. In dit 

proefschrift worden de resultaten beschreven die zijn verkregen door slim gebruik te maken van 

gepulseerde-initiatie-polymerisatie-technieken, gecombineerd met een massa-spectrometrische 

analyse. Het voornaamste doel van het beschreven onderzoek betreft het vaststellen van de waarden 

van kinetische parameters in een vrijeradicaal(co)polymerisatie reactie. 

Gepulseerde initiatie technieken worden gekenmerkt door een zeer korte initiatieperiode waarin 

initiatie plaatsvindt binnen enkele nanoseconden. Het toepassen van een zeer korte initiatieperiode 

leidt tot een aanzienlijke vereenvoudiging van de kinetiek van het radicaal polymerisatieproces. 

MALDI-ToF-MS is een massa-spectrometrische analysetechniek die met name succesvol toegepast 

wordt voor de analyse van producten met een zeer smalle molecuulgewichtsverdeling (lage 

polydispersiteit). Molecuulgewichtsverdelingen die verkregen worden met behulp van gepulseerde-

initiatie-technieken vertonen plaatselijk zeer karakteristieke verdelingen, met een bijzonder lage 

polydispersiteit, waardoor zeer nauwkeurige waarden van propagatiereactiecoëfficiënten bepaald 

kunnen worden. De combinatie van gepulseerde-initiatie-technieken en MALDI-ToF-MS is onder 

andere toegepast om inzicht te verkrijgen in de molecuulmassa afhankelijkheid van de propagatie-

reactiecoëfficiënt. Hiertoe is de propagatiecoëfficiënt als functie van de ketenlengte bepaald voor 

zowel styreen als methyl methacrylaat, hetgeen heeft aangetoond dat er boven een ketenlengte van 

10 eenheden geen aantoonbare afhankelijkheid meer bestaat. Daarnaast is de methode gebruikt om 

voor een serie van acrylaten de temperatuur afhankelijkheid van de propagatiecoëfficiënt te bepalen, 

hetgeen heeft geleidt tot nauwkeurige waarden voor zowel de activeringsenergie alsmede de pre-

exponentiële factor van de propagatiereactie. 

Wanneer de gepulseerde-initiatie-polymerisatie-techniek bij temperaturen hoger dan 20oC wordt 

toegepast om propagatiereactiecoëfficiënten voor acrylaten te bepalen, leidt dit niet tot de verwachte 

karakteristieke molecuulgewichtsverdelingen. Om de achterliggende oorzaak hiervan te ontsluiten, is 

een combinatie van gepulseerde-initiatie-polymerisatie en elektron-spin-resonantie toegepast. De 

belangrijkste conclusie voortgekomen uit dit deelonderzoek is dat backbiting, een nevenreactie die 

voorkomt bij acrylaatchemie, verantwoordelijk is voor het verschil tussen de verwachte 

molecuulgewichtsverdeling en de waargenomen molecuulgewichtsverdeling. 
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In dit proefschrift is bovendien aangetoond dat MALDI-ToF-MS succesvol toegepast kan worden 

voor de analyse van blokcopolymeren en copolymeren waarin de monomeren willekeurig 

gerangschikt zijn, de zogenaamde randomcopolymeren. Met slechts één meting kan zowel een 

molecuulgewichtsverdeling evenals een intermoleculaire chemische samenstellingverdeling bepaald 

worden. Bovendien is deze unieke mogelijkheid van MALDI-ToF-MS succesvol toegepast op een 

gepulseerde-initiatie-polymerisatie van styreen en methyl methacrylaat, hetgeen geresulteerd heeft in 

de nauwkeurige bepaling van zowel homopropagatiereactiecoëfficiënten en kruislinkse-propagatie-

reactiecoëfficiënten.

Tevens is er in dit proefschrift met behulp van gepulseerde-initiatie-polymerisatie, onderzoek 

gedaan naar de ketenlengteafhankelijkheid van terminatiereacties. Daartoe zijn gepulseerde-initiatie-

polymerisaties met zeer lange tijd tussen de opeenvolgende pulsen uitgevoerd voor zowel styreen als 

methyl methacrylaat homopolymerisaties. Het is voor deze studies van belang dat de 

molecuulgewichtsverdeling op een correcte manier bepaald wordt. Daarom is er voor gekozen om 

MALDI-ToF-MS te gebruiken als “off-line” kalibratie methode voor vloeistofchromatografie 

waarbij moleculen op grond van grootte worden gescheiden, de zogenaamde Size Exclusion 

Chromatography (SEC). De resultaten van deze studie hebben daarbij aangetoond dat zowel styreen 

als methyl methacrylaat drie verschillende ketenlengte-regimes laten zien waarbinnen de 

ketenlengteafhankelijkheid van de terminatie reactiecoëfficiënt met een simpele machtsfunctie 

beschreven kan worden. 

Ter ondersteuning van experimentele procedures en resultaten, is er in dit proefschrift regelmatig 

gebruik gemaakt van Monte-Carlo simulaties. Dit type simulatie, gebaseerd op stochastische 

processen, is in staat om polymerisatiereacties en molecuulgewichtsverdelingen te beschrijven op 

basis van de kinetische grootheden en reactiecondities. 

Met betrekking tot het gebruik van gepulseerde-initiatie-technieken, in combinatie met analytische 

methoden zoals MALDI-ToF-MS of elektron-spin-resonantie, kan onomstotelijk worden vastgesteld 

dat deze methoden belangrijke bijdragen leveren met betrekking tot het verkrijgen van nieuwe 

inzichten in de tijdsconstante van fundamentele reactiestappen in vrijeradicaal(co)polymerisaties. 
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