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1. Abstract 

 

Chain-transfer kinetics have been studied for styrene and MMA homo- and copolymerizations 

in bulk and in solution of supercritical CO2 (40 wt % scCO2). Three chain-transfer agents 

(CTAs) were used in this work: n-dodecyl mercaptan (DDM), the bis(methanol) complex of 

bis(difluoroboryl) diphenylglyoximato cobalt (II) (COPhBF), and the methyl methacrylate 

trimer (MMAt). Chain-transfer constants, CT, which are defined as ktr/kp, the ratio of the 

transfer and propagation rate coefficients have been measured by the pulsed-laser 

polymerization (PLP)-size exclusion chromatography (SEC) technique. CT values are derived 

by the chain-length distribution (CLD) procedure. ktr is calculated from CT by way of the 

known propagation rate coefficient, kp. The pressure dependence of ktr has been investigated 

between 300 and 1500 bar in both media, bulk and scCO2, at 80°C.  

 

ktr obtained for the CTAs differ by orders of magnitude: In MMA homopolymerization ktr is 

close to 102, 103 and 107 L⋅mol–1⋅s–1 for the MMA trimer, for DDM and for COPhBF, 

respectively. In styrene homopolymerization ktr is close to 102, 104 and 105 L⋅mol–1⋅s–1 for the 

MMA trimer, for DDM and for COPhBF, respectively. The difference in ktr for these CTAs is 

due to different transfer mechanisms. 

The presence of scCO2 has no influence on ktr with the exception of MMA 

homopolymerizations with COPhBF being the catalytic CTA. In this case, ktr is significantly 

higher in the presence of 40 wt % scCO2. Even for the transfer reaction of MMA with 

COPhBF, the activation volume in bulk and in scCO2 is the same. 

The high ktr value, the scCO2 influence on ktr, and the significant pressure dependence 

associated with an activation volume around + 35 cm3⋅mol–1 observed in MMA 

homopolymerization with COPhBF are consistent with a diffusion-controlled transfer 

reaction. 

The transfer reaction with DDM and MMA trimer as CTAs are chemically controlled. The 

activation volumes are around ± 3 cm3⋅mol–1. 

 

Kinetic modeling of ktr indicates that the terminal model does not allow for an accurate 

description of the experimental results in the transfer process in styrene-MMA 

copolymerizations in the presence of DDM as CTA. Models, which consider penultimate 

units, describe the copolymerization ktr behavior as a function of the monomer feed well. 

Estimates of the type of polymer endgroups for polymerizations with DDM as CTA clearly 
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indicate that even at very low fS, styrene is the dominant endgroup. In case of COPhBF as 

CTA, kinetic modeling has shown that the simple terminal model is sufficient to describe the 

copolymerization ktr observed. 

 

MWDs obtained by simulations via PREDICI considering a PUE model for the transfer 

process in styrene-MMA copolymerization with DDM as CTA are in excellent agreement 

with the experimental MWDs. 

 

CT values, thus ktr values, obtained with DDM may be used for simulations of homo-, copo- 

or terpolymerizations of styrene and methacrylates since it is known that CT of DDM for 

methacrylates is independent of the ester size. In addition, knowing the activation energy of 

ktr, simulations at different temperatures may be investigated. 



2. Introduction   3

2. Introduction 

 

 

Environmental concern over the emission of volatile organic solvents used in polymer 

synthesis has prompted researchers to look for less harmful alternatives. A very promising 

technology area should be the polymerization in supercritical fluids1. These fluids show 

gaslike diffusivities while having liquidlike densities that allow for solvation of many 

compounds. They exhibit a change in solvent density upon small variations in temperature or 

pressure without altering solvent composition2. In addition, the low viscosity of supercritical 

fluids and their ability to plasticize glassy polymers have implications on polymer processing 

and kinetics. When carbon dioxide is used as a supercritical solvent, additional advantages 

can be realized. CO2 is naturally occurring and abundant, it exists in natural reservoirs of high 

purity located throughout the world. CO2 has a critical temperature of 31°C, a modest critical 

pressure of 74 bar and a critical density of 0.468 g⋅cm–3. These characteristics3 allow for 

liquidlike densities at temperatures slightly above room temperature and by implication, 

liquidlike solvent characteristics. DeSimone and co-workers have shown that scCO2 is an 

ideal medium for both homogeneous and heterogeneous radical polymerizations4. Most of the 

investigations into polymerizations in scCO2 focused on reaction in heterogeneous phase as 

polymer solubility in scCO2 is generally rather low. Recently, several studies showed a 

significant influence of scCO2 on homogeneous phase polymerizations. For example, in butyl 

acrylate homopolymerization scCO2 was shown to have a significant influence on the 

propagation and termination rate coefficients5,6,7. 

The controlled synthesis of low molecular weight (MW) polymers is gaining greater 

importance as applications in coatings, detergents and water treatment industries continue to 

develop. The interest in the free-radical polymerization with respect to the preparation of these 

materials is originating from the fact that in contrast to ionic polymerization a greater number 

of monomers may be utilized. Although most common styrenic and meth(acrylic) polymers 

show only limited solubility, the synthesis of low molecular weight material in the presence of 

scCO2 is a promising alternative process. Due to the significantly increased polymer solubility 

at low MW, high degrees of monomer conversion are accessible in homogeneous phase of 

scCO2. For example styrene-methacrylate terpolymers which are used in coatings may be 

synthesized at complete monomer conversion (Mn ≈ 3000 g⋅mol–1) in scCO2
8. Because 

polymer properties are strongly dependent on MW, it is of great interest to effectively control 
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MW. One approach to molecular weight reduction involves the use of chain-transfer agents 

(CTAs). The knowledge of the transfer activity of a CTA, which is measured via the chain-

transfer rate coefficient, ktr, is necessary to predict the molecular weight of the polymer 

obtained. Thus, the aim of this work is to investigate the influence of scCO2 as a solvent on 

the transfer process in free-radical polymerization. Three types of CTAs in styrene and MMA 

homo- and copolymerizations are studied: A mercaptan (n-dodecyl mercaptan, DDM), a 

cobalt-complex (bis(difluoroboryl)diphenylglyoximato cobalt (II), COPhBF), and a methyl 

methacrylate macromonomer (MMAt). The use of these CTAs has two major advantages. 

Firstly, by using these CTAs it is possible to obtain polymers in very different MW ranges. 

Secondly, the polymer endgroups obtained are dissimilar: A saturated carbon bond is 

produced with DDM, whereas an unsaturated carbon bond is produced with COPhBF. In case 

of the MMA trimer, the polymer chain length is increased by three monomer units due to the 

incorporation of the MMA trimer into the polymer backbone and an unsaturated endgroup is 

obtained. This aspect is interesting as the type of terminal group in the polymer determines 

potential subsequent reactions and the properties of the polymer generated. 

A great advantage of using mercaptans as CTA is that they have a good transfer activity 

towards usual vinyl monomers. However, mercaptans are incorporated into the propagating 

chains which may affect the polymer properties. A new technology has emerged in recent 

years9,10: The use of catalytic chain transfer (CCT) agents, which is well known as a highly 

efficient method for producing oligomers. CCT has many favorable characteristics: The 

catalysts, which are generally cobalt complexes, are used in low concentration (ppm range), 

are generally non toxic and are regenerated during the polymerization. The mechanism is such 

that each polymer molecule has a terminal vinyl group, which can be used subsequently for 

copolymerization with other monomers, usually macromonomers such as MMA trimer, 

resulting in graft, comb, and star architectures11,12,13. The mode of reaction is an addition-

fragmentation reaction14. The type structure of the CCT substituents determines the 

functionality introduced at the polymer chain ends. 

Literature shows only few reports on the chain-transfer activity, thus on the chain-transfer 

constant (CT = ktr/kp) of cobalt complexes10,15,16 and macromonomers17. Even for the 

frequently used mercaptans only few informations on ktr are available18. 

Investigations into CT in styrene and methacrylates homopolymerizations at ambient pressure 

have shown that the transfer activity of DDM is more effective with styrene than with methyl 
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methacrylate (MMA)18. CT of 15.6 and 0.706 were reported for 60°C and 1 bar in styrene and 

MMA homopolymerization, respectively. 

The chain-transfer activity of COPhBF has been tested in styrene and MMA polymerizations 

at ambient pressure and different temperatures15. The reported CT values indicate that CCT is 

by one order of magnitude more effective in MMA homopolymerization than in styrene. 

However, even in case of styrene, CT values are high, which implies a strong transfer activity 

of COPhBF compared to common CTAs19. CT values reported at 60°C and 1 bar are in the 

range of 104 and 102 in MMA and in styrene homopolymerization, respectively. 

Investigations into CT for MMA homopolymerizations in the presence of MMA trimer17 result 

in CT of 0.188 at 80°C and 1 bar. No literature data have been reported on CT in styrene 

homopolymerization with MMA trimer as CTA so far. 

In order to effectively control MW in polymerizations in scCO2, knowledge of ktr in the 

presence of CO2 is required. However, so far only for MMA homopolymerization with 

COPhBF at 150 bar and 50°C the influence of CO2 on the transfer process was studied16. Due 

to the lack of ktr data in the presence of CO2, this work is focused on the influence of scCO2 as 

a solvent on ktr of DDM, COPhBF, and MMA trimer in MMA and styrene 

homopolymerizations. The variation of ktr with pressure has been studied between 300 and 

1500 bar since the physical properties of the system, such as viscosity, are altered. In addition, 

investigations into the pressure dependence of ktr are useful for the understanding of the 

mechanism of the transfer process. ktr data are derived from the pulsed-laser polymerization 

(PLP) technique combined with the molecular weight distribution analysis of the resulting 

polymer by size exclusion chromatography (SEC). 

The studies of the chain-transfer activity of CTAs are extended to styrene-MMA 

copolymerizations in case of DDM and COPhBF. These copolymers have many important 

applications in the polymer industry, e.g. are used in adhesive and coatings compositions, as 

dispersants and in the biomedical industry. In order to model and optimize the 

copolymerizations, the knowledge of copolymerization ktr is required. In addition, 

copolymerization ktr should improve the understanding of the transfer mechanisms. 

In order to understand the results obtained for styrene-MMA copolymerizations in the 

presence of DDM and COPhBF, kinetic modeling is carried out. Chain-transfer rate 

coefficients are determined via different kinetic models, applying a penultimate unit effect 

model and a terminal unit model in the transfer reaction. With the knowledge of ktr values 
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determined experimentally, simulations of molecular weight distribution are performed via the 

program PREDICI,20. 
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3. Experimental 

 

 

3.1 Apparatus 

 

3.1.1 Optical high-pressure cell 

 

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

homo- and copolymerizations under high pressure is illustrated in Fig. 3.1. The cell is 

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

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

(RGT 601, Material No. 2.4668, Arbed Saarstahl). The body length is 100 mm, and the outer 

and inner diameters are 80 and 22 mm, respectively. Four holes bored perpendicular to the 

cylindrical axis allow for fitting of high-pressure capillaries and insertion of a sheathed 

thermocouple (6) directly into the sample volume. Unused borings are sealed with plugs. 

The cell is sealed at each end by a conical ram (5) (Material No. 2.4668, Arbed Saarstahl) 

which sits into the cell cone. The ram is pressed against the cell cone by the flange (2) 

(Material No. 2.4668, Saarstahl) which is secured by six high-pressure bolts (1) (Material No. 

2.4969). 
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1 2 3 4 5
6

7
 

Figure 3.1:  Optical high-pressure cell.  

(1) bolt, (2) flange, (3) heating jacket, (4) high-pressure window,  

(5) ram, (6) sheathed thermocouple, (7) adjustable optical path length 

 

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

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

thick teflon foil is placed between the polished surfaces of the window. This set-up is self-

sealing under pressure in accordance with the Poulter principle1. The high-pressure optical 

windows used in this work were synthetic sapphire crystals (diameter 18 mm, height 10 mm, 

UV grade, Roditi, Union Carbide) made by the Czochralski procedure. This material is 

transparent in the wavenumber range from 2000 to 50000 cm-1. The optical transparency at the 

pulsed laser wavelength is not affected by laser irradiation or by changing the temperature. 

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

handling and fitting into the sample chamber of the FT-IR spectrometer. 
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3.1.2 Optical internal cell 

 

The optical internal cell used for the kinetic investigations in bulk polymerizations is depicted 

in Fig. 3.2. The cell consists of a teflon tube (1) (outer diameter 10 mm, inner diameter 9 mm, 

length ~ 11 mm) which is closed at each end by a calcium fluoride window (2) (diameter 10 

mm, thickness ~ 5 mm, Korth). To facilitate optimal sealing of the cylindrical cell, the sides of 

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

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

wavenumber range above 1100 cm-1, thus allowing detection in the desired IR region. The 

sample volume (3) is contained between the two windows. The distance between the CaF2 

windows determines the sample volume and optical path length, which was about 1.2 mm. 

The internal cell is fitted between the high-pressure windows of the high-pressure cell ((7) in 

Fig. 3.1) and held in place by a solid teflon spacer. 

 

12 mm

1 3

2 2

 

 

Figure 3.2:  Optical internal cell used for bulk investigations. 

(1) teflon tube, (2) CaF2 window, (3) sample volume 

 

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

found in ref. 2. 

 

3.1.3 Pressure generation and control 

 

For the kinetic investigations in bulk polymerizations, n-heptane served as the pressure 

transmitting medium. The system is pressurized using a manually driven ("syringe" type) 

pressure generator (volume 12 cm3). The pressure is measured using a high-pressure precision 

manometer (Class 0.1, 0 - 4 kbar, Wiegand). The pressure generating system is depicted in 

Fig. 3.3. 
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1

5

2 3

5

4
 

 

Figure 3.3:  Pressure generating system for bulk polymerizations. 

(1) optical high-pressure cell, (2) manometer, (3) pressure medium n-heptane, 

(4) "syringe" type pressure generator, (5) valve 

 

3.1.4 Heating and temperature control 

 

The optical high-pressure cell is heated by two heating jackets. They consist of a brass matrix, 

into which is embedded a sheathed resistance heating wire (CGE-Asthom). The closely fitting 

jackets slide over each end of the cell body (see Fig. 3.1 (3)). The temperature is measured via 

a sheathed thermocouple (Nickel-chromium against nickel, CIA S250, CGE-Alsthom) and 

regulated by a PID-controller (Eurotherm 815). 

 

3.1.5 Experimental set-up for polymerizations in scCO2 

 

The experimental set-up used for polymerization in supercritical CO2 (scCO2) is described in 

Fig. 3.4. The major components are a high-pressure liquid chromatography pump (HPLC), a 

pressure intensifier, an optical high-pressure cell and a mixing autoclave. The autoclave is 

equipped with a magnetic stir bar and a cooling device that keeps the mixture at 0°C to 

prevent polymerization. The pressure intensifier is used to compress CO2 up to a supercritical 

pressure. The HPLC pump generates a pressure of 200 bar inside the mixing autoclave and 

keeps the pressure at a constant level of 250 bar while filling the optical high-pressure cell. 



3. Experimental  11 

  

The reaction mixture consisting of monomer, photoinitiator and chain-transfer agent is filled 

into the autoclave and CO2 is added by means of a syringe pump. The pressure intensifier is 

used to provide CO2 at a pressure up to 400 bar. To achieve a homogeneous reaction system in 

the autoclave, the mixture is vigorously stirred for one hour at 0°C. Before filling, the optical 

high-pressure cell is purged with CO2 to remove O2. 

While part of the reaction mixture is transferred from the autoclave into the optical high-

pressure cell via the HPLC pump, the pressure is kept at a sufficiently high level to ensure 

homogeneity of the monomer/photoinitiator/chain-transfer agent/CO2 mixture. Further 

compression of the system is achieved by means of the syringe pump. Once the reaction 

pressure and temperature are reached, the high-pressure cell is disconnected from the pressure 

branch, inserted into the sample compartment of a Fourier-Transform infrared spectrometer, 

and subsequently into the laser irradiation assembly. 

 

HPLC
Pump

CO2

syringe
pump

500 bar

3000 bar

monomer supply

CO -pump2

valve

mixing
autoclave

magnetic
stirring

optical high-pressure cell  

 

Figure 3.4:  Set-up for the preparation of the polymerization mixtures containing scCO2 
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3.1.6 FT-IR/NIR spectrometer 

 

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

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

the spectrometer is enlarged (heightened) and fitted with a water-cooled cell holder (to prevent 

heat transfer). The chamber is purged with compressed air that has been freed from water and 

carbon dioxide. 

 

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

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

recording in the spectral range of 4000 to 10000 cm-1. 

 

Data acquisition and data processing were performed using the Opus software. 

 

3.1.7 Excimer laser 

 

The polymerizations were carried out with the pulsed-laser polymerization (PLP) technique. 

The XeF line (351 nm) of an LPX 200 excimer laser (Lambda Physik, EMG 103 MSC) was 

used to induce initiator decomposition and thus polymerization. The laser repetition rate is of 

1 Hz, see section 4.4. The incident laser energy was chosen to be close to 4 mJ per single 

pulse. 

 

3.1.8 Size-Exclusion Chromatography (SEC) 

 

The molecular weight distributions (MWDs) were determined by size-exclusion 

chromatography (SEC)3 using a Waters 515 pump, Waters 410 refractive index detector, 

PSS−SDV−columns with nominal pore sizes of 105, 103 and 102 Å, with tetrahydrofuran 

(THF) at 30°C as the eluent and toluene as the internal standard.  The calibration of the SEC 

was carried out with PS standards (Mw between 410 and 2⋅106 g⋅mol–1) and PMMA standards 

(Mw between 670 and 2.4⋅106 g⋅mol–1) supplied from PSS, Mainz.  

A part of the molecular weight distributions analysis was determined at the Polymer Institute 

in Bratislava, Slovakia by Dr. I. Lacík. 
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3.1.9 Preparation of the mixtures containing the cobalt-complex 

 

The Co-complex was kept in a glove box because of its air sensitivity. Very careful 

precautions were taken to prevent any air contact of the complex. All mixtures were prepared 

in a glove box and deoxygenated by four freeze-pump-thaw cycles. It should also be 

mentioned that the cobalt-complex was dissolved in the monomer mixture using an ultra-son 

bad. In case of the bulk polymerizations, the solution was filled into an internal cell (described 

in section 3.1.2) under argon atmosphere. For the CO2 polymerizations, the solution was filled 

in the glove box into a Schlenk flask which was closed with a valve. The CO2 set-up 

described in section 3.1.5 was evacuated with a vacuum pump and purged several times with 

CO2. A bulb was connected between the CO2 set-up and the Schlenk flask containing the 

solution. The equipment was evacuated for ten minutes. Then, the solution contained in the 

Schlenk flask was filled into the bulb by opening the valve and transferred into the autoclave. 

 

 

3.2 PLP-SEC Technique 

 

The pulsed laser polymerizations were performed using an optical high-pressure cell as 

described in section 3.1.1.  

In this work, the homo- and copolymerizations of styrene and methyl methacrylate (MMA) 

were performed in bulk and in supercritical CO2 (∼ 40 wt % scCO2) at 80°C under pressure 

with n-dodecyl mercaptan, methyl methacrylate trimer, and a cobalt complex as chain-transfer 

agents. The influence of scCO2 acting as solvent and the pressure dependence of ktr were 

studied for these three chain-transfer agents. 

For the bulk experiments, monomer, photoinitiator, and chain-transfer agent were mixed and 

the solution was filled into an internal cell. The internal cell, consisting of a teflon tube and 

two CaF2 windows is then inserted into the optical high-pressure cell and the assembly is 

brought to reaction conditions. The polymerization in scCO2 is described in the section 3.1.5. 

The excimer laser was used to induce initiator decomposition and thus polymerization, as 

described in section 3.1.7. Samples were initiated by successive laser pulses with a repetition 

rate of 1 Hz, an incident single pulse energy of about 4 mJ and a photoinitiator concentration 

of about 0.2 mmol⋅L−1. After irradiation of the sample, near infrared (NIR) spectra were 

recorded in order to determine monomer conversion, which is typically below 4 %. The 
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resulting polymer was then precipitated with an excess of a mixture of methanol with 

hydroquinone and  isolated. 

Molecular weight distributions were determined by means of size-exclusion chromatography. 

 

 

3.3 Determination of CT and CO2-content 

 

As explained in section 4.3, the chain-length distribution method is used to determine the 

chain-transfer constant, CT. Eq. 4.17 indicates that CT is derived from [CTA]/[M], thus the 

monomer concentration under conditions is not required for data evaluation. The ratio 

[CTA]/[M] was calculated from the weighted masses of monomer and chain-transfer agent, 

and their respective molecular weights: 

 

MM

CTACTA

M/

M/

[M]
[CTA]

m

m
=  

 

The CO2 content was calculated from the weighted masses of styrene and MMA and the 

known amount of CO2 used for the preparation of the reaction mixture4,5. 

 

 

3.4 Substances used 

 

3.4.1 Monomers 

 

Methyl methacrylate (MMA) 

 

O

O

 

 

Methyl methacrylate (MMA, 99.5 %, stabilized by 0.02 wt % hydroquinone, Fluka Chemie 

AG, Buchs, Switzerland) was distilled (using a Vigreux column) under reduced pressure 

(≈ 47 °C, 240 Torr) in the presence of K2CO3 to remove the stabilizer. Great care has to be 
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taken to avoid contamination of the monomer by vacuum grease. Therefore the distillation 

apparatus is kept sealed by teflon washers. 

 

Styrene 

 

 

 

Styrene (99.5%, stabilized with 0.005 % 4-tert-butylbrenzkatechlin, Fluka Chemie AG, 

Buchs, Switzerland) was washed several times with aqueous NaOH and water to remove the 

inhibitor, then dried with Na2SO4 and distilled under reduced pressure (≈ 45 °C, 20 Torr). 

 

3.4.2 Carbon dioxide 

 

CO2 (grade 4.5, Messer Griesheim, Krefeld, F.R.G) was used without further purification. 

 

3.4.3 Initiators and inhibitor  

 

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

 

O

O O

 

 

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

 

Azo-bis-isobutyronitril (AIBN) 
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N N

CN

NC
 

 

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

AIBN was used for the polymerization in section 5.2.1. 

 

Hydroquinone 

 

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

 

3.4.4 Chain-transfer agents 

 

n-dodecyl mercaptan (DDM) 

 

 

HS
CH3  

 

 

DDM (97%, Fluka chemie, AG, Buchs, Switzerland) was used as received. 

 

Methyl methacrylate trimer (MMAt) 

 

CH2

CH2

CO2CH3

H

CO2CH3

CH2

2

C

CH3

 

 

A mixture of low molecular weight MMA oligomers was provided by DuPont Performance 

Coatings. The fraction of MMA trimer was isolated by fractional distillation under reduced 
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pressure (90°C, 0 Torr). The separation was confirmed by size-exclusion chromatography 

analysis. The SEC analysis of MMA trimer fractions showed the presence of a small amount 

of MMA dimer. 

 

bis(methanol) complex of bis(difluoroboryl)diphenylglyoximato cobalt (II) (COPhBF) 

 

Co

N N

NN

Ph

Ph

Ph

Ph

O

O O

O

B

B

F F

FF  

 

The bis(methanol) complex of COPhBF was prepared according to the method described by 

Bakac et al.6, replacing the dimethylglyoxime in the given procedure by diphenylglyoxime: 

 

A suspension of 2 g of cobalt (II) acetate tetrahydrate (Co(OAc)2, 4H2O, 99%, Lancaster) and 

1.9 g of diphenylglyoxime (dpgH2, 99%, Lancaster) in 150 ml of oxygen free diethyl ether 

was treated with an excess (100 ml) of freshly distilled boron trifluoride diethyl ether complex 

(BF3,Et2O, 99%, Lancaster). The mixture was stirred at room temperature for 6 hours, while 

the desired product precipitated. The brown solid obtained by filtration was washed several 

times with ice-cold water and air-dried. The powder obtained was recrystallized from 

methanol and isolated as the bismethanol adduct. 

 

X-ray Structure of the complex was carried out but was not a success. The crystals obtained 

were not enough structured for this analysis. Therefore, the purity of the complex was checked 

by elemental analysis. The composition of the complex ((CH3OH)2, COPhBF) was calculated 

from the relative carbon (C), hydrogen (H) and nitrogen (N) masses. The values found are in a 

good agreement with the calculated values: 



18  3. Experimental 

 

 C % H % N % 

experimental 51.59 4.12 7.92 

calculated 51.64 4.01 8 

 

 

3.5 FT−−IR/NIR spectroscopy 

 

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

practice5,7,8 to use the first overtone of the CH-vibration where the hydrogen atom is linked to 

a C=C double bond for quantitative analysis of olefinic monomers. This absorbance is located 

at around 6140 cm−1 for styrene and at 6170 cm−1 for methyl methacrylate. The peak is 

integrated over the high wavenumber half-band from the band maximum toward higher 

wavenumbers against a horizontal baseline determined by the absorbance at 6300 cm−1. The 

monomer conversion X is obtained from the ratio of peak integrals after pulsing Intp and the 

integral prior irradiation by the UV laser Into: X = [1 – (Intp/Into)]⋅100. 

For a reaction mixture with CO2 a shift of the peak maximum to higher wavenumbers is 

observed. For example, a styrene homopolymerization at 800 bar and 80°C with 40 wt % CO2 

shows an absorbance peak at 6144 cm–1, whereas the peak for the homopolymerization in 

bulk is located at 6137 cm–1. Schmaltz5 showed the same trend for the homopolymerization of 

butyl acrylate (a shift by 11 cm–1 to higher wavenumbers for a polymerization in 40 wt % CO2 

at 11°C and 200 bar). 

Fig. 3.5 shows typical NIR spectra of styrene (solid line) and of CO2 (dotted line) at 80°C and 

300 bar. The insert shows the absorbance spectra between 6000 cm−1 and 6500 cm−1. The 

spectrum of CO2 exhibits two weak absorptions at around 6325 cm−1 and 6200 cm−1. 
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Figure 3.5: NIR spectra of styrene (solid line) and CO2 (dotted line) at 80°C and 300 bar 

(optical path length of 0.25 cm). 

 

 

3.6 Consideration of errors 

 

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

pressure cell is achieved with the sheathed thermocouple to better than ± 0.3 K. The PID 

controller regulates the temperature within an error of ± 0.2 K. Temperature is assumed to be 

accurate within ± 0.5 K. 

 

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

limit, resulting in an error of ± 6 bar. Due to the volume contraction associated with the 

polymerization activity, the pressure in the reacting system is reduced. For example, the 

pressure decreases at 1000 bar by approximately 50 bar between zero and 100 % of monomer 

conversion. Therefore, the pressure variation during the experiments can be neglected in this 
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work, because monomer conversions are around 3 %. The precise description of the technique 

used to determine this uncertainty can be found in ref. 5. 

 

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

measurement up to 4 decimal places. The absolute error should therefore be ± 0.5 mg. 

However, the actual error in concentration measurement is greater than this, as the balance is 

very sensitive to small disturbances. It is estimated that the actual error in the concentration of 

the comonomer solutions does not exceed 2 % for CTA masses of 50 mg or higher. The 

polymerizations with the cobalt-complex as catalytic chain-transfer agent require a very small 

amount of the complex (few mg). To reduce the error several dilutions were carried. The error 

in the Co-complex concentration is assumed to be less than 5 % for CTA masses of 10 mg or 

higher. 

 

The error in the CO2 content is composed of the uncertainties in monomer and CO2 densities. 

The error in the styrene9 and MMA10 density at 20°C and 1 bar is about 4 %. The CO2 content 

was calculated using the density11 of CO2 at 10°C and 1 bar considering an error of 3 %. 

 

The error induced by the SEC calibration procedure is given by the uncertainties of the Mark-

Houwink coefficients of the copolymers under investigation and by SEC broadening. 
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4. Experimental considerations and choice of reaction 

conditions 

 

 

4.1 Selection of temperature and pressure 

 

Polymerizations were performed at 80°C and at pressures between 300 and 1500 bar. The 

temperature of 80°C was chosen because it is a good compromise of achieving reasonable 

polymerization rate and avoiding significant contributions of thermally induced 

decomposition of the initiator. The temperature dependence was not studied, because 

literature already reported the influence of temperature on CT. E.g. Hutchinson and co-

workers1 studied the temperature dependence of CT in homopolymerizations of methacrylates 

with DDM as chain-transfer agent. Measurement of CT at ambient pressure and temperature 

between 20 and 80°C did not show a variation of CT with temperature. In case of the cobalt-

complex as chain-transfer agent, the temperature dependence of styrene and MMA 

homolymerization was investigated2. The temperature does not significantly influence the 

chain-transfer constant for MMA, whereas a decrease of CT was observed for higher 

temperatures for styrene. A study of CT in MMA homopolymerization with MMA trimer as 

CTA has shown only a slight temperature dependence3. 

Informations on the pressure dependence of CT, thus of ktr, are not yet available. Therefore, 

pressures ranging from 300 to 1500 bar were applied. 

 

 

4.2 SEC calibration 

 

The molecular weight distributions, which are required for the derivation of CT, were 

determined by means of size-exclusion chromatography4 (SEC). Thus, the accuracy of CT is 

largely governed by the calibration of the SEC system. This is especially important for 

copolymer analysis. In this section, the methods used for the calibration of the SEC for the 

homo- and copolymers are presented. 

 

The polystyrene (PS) and poly(methyl methacrylate) (PMMA) samples were directly 

calibrated against PS standards and PMMA standards, respectively. 
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For the copolymer samples, two methods may be used to determine the molecular weight by 

SEC. The first method is based on the knowledge of the Mark-Houwink (MH) constants, a 

and K, for the copolymers, applying the principle of universal calibration5. To apply this 

technique, the SEC is calibrated against polystyrene. The Mark-Houwink (MH) constants for 

the copolymers are obtained from a linear interpolation between the MH constants of PMMA 

and PS considering the fraction of styrene in the copolymer (FS), as suggested by Coote et al6. 

The MH constants for the different copolymers are listed in Table 4.1. 

In this case, the absolute weight average molecular weight, Mw, of the copolymer is directly 

determined from a single molecular weight distribution analysis. 

 

Fs acopo Kcopo 105/ dL⋅g−1 

0 0.7190 9.44 ref. 7 

0.30 0.7181 10.04 

0.55 0.7173 10.52 

0.78 0.7166 10.97 

1 0.7160 11.40 ref. 8 

 

Table 4.1: Mark-Houwink parameters a and K for copolymers of styrene and MMA. 

 

The second method used to obtain the molecular weight distribution of the copolymer is based 

on the knowledge of the MH constants of styrene and MMA homopolymers. Since the 

solution behavior of styrene and MMA homopolymers in tetrahydrofuran is very similar (as 

evidenced by their MH constants), the following approximations for their copolymers can be 

made9: 

 

Mn,copo ≈ FSMn,S + (1−FS)Mn,MMA       (4.1) 

 

where Mn,copo is the number average molecular weight of the copolymer, Mn,S and Mn,MMA are 

the number average molecular weights considering the polymer to be PS and PMMA, 

respectively. 

For the determination of the chain-transfer constant via the chain-length distribution method 

(see section 4.3), the following expression is used: 
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Λcopo
−1 ≈ FS⋅ΛS

−1 + (1-FS)⋅ΛMMA
−1       (4.2) 

 

Λcopo is the slope of the ln f(M) vs M plot for the copolymer, and ΛS and ΛMMA are the slopes 

considering the polymer to be PS and PMMA, respectively. 

 

In order to check the validity of the CT values obtained by using these two methods, some 

investigations on styrene-MMA copolymerizations were carried out with DDM as chain-

transfer agent in bulk at 80°C and 300 bar. Table 4.2 lists the chain-transfer constants 

obtained with both procedures. Close agreement of the results was obtained, indicating that 

both methods are equivalent. 

 

FS a and K copolymers a and K homopolymers 

0.55 CT = 3.34 CT = 3.38 

0.78 CT = 8.14 CT = 8.68 

 

Table 4.2: Chain-transfer constants obtained with both methods of calibration of the 

SEC. 

 

Both procedures are actually based on the knowledge of homopolymer MH constants and 

require the same amount of experimental work, the difference lies in the analysis of the size-

exclusion chromatograms. A single analysis of the molecular weight distribution is required 

for the first method, whereas the second method affords two molecular weight analyses. 

Therefore, in this work the chain-transfer constants for the copolymerization were determined 

by applying the first method. 

 

 

4.3 Determination of CT 

 

4.3.1 Background 

 

According to the classical mechanism for free-radical polymerization, as shown in the 

following reaction scheme, a propagating radical R•, once generated, has three options to 
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react. It may propagate, terminate in a radical-radical reaction, or undergo a chain-transfer 

reaction. 

Chain transfer involves the reaction of a propagating chain Rn
• with a transfer agent to 

terminate one polymer chain and produce a new radical X•, which initiates another chain 

XR1
•. The substrate for the chain transfer may be a chain-transfer agent (X), or the initiator 

(I2), the monomer (M), or some other component of the polymerization medium. 

 

Initiation 
 

I2 → dk
 2R• 

 

Propagation 
 

Rn
• + M → pk

 R•
n+1 

 
Termination 
 

Rn
• + Rm

• → tdk
 Pn + Pm 

 

Rn
• + Rm

• → tck
 Pn+m 

 
Transfer 
 

Rn
• + X  → Xtr,k

 Pn + X• 

 

X• + M  → Xp,k
 XR1

• 

 

Rn
• + I2  → Itr,k

 Pn + I• 
 

Rn
• + M  → Mtr,k

 Pn + R1
• 

 

Rn
• + Pm  → ptr,k

 Pn + Rm
• 

 

kd and kp are the decomposition and propagation rate coefficients, respectively. ktd and ktc are 

the termination rate coefficients for termination by disproportionation and by combination, 

respectively. ktr,X, ktr,M, ktr,I and ktr,P are the transfer rate coefficients to CTA, initiator, 

monomer and polymer, respectively. 
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At any given instant of the polymerization process, the probability of propagation S, is simply 

the rate of propagation divided by the sum of reaction rates of the entire set of potential 

reactions of the propagating radical, as follow: 

 
S = Rp / (Rp + Rtr + Rt)         (4.3) 
 
where, 

 
Rp = kp[M][Rn

•]         (4.4) 
 
Rtr = ktr, X[CTA][Rn

•] + ktr, I[I][Rn
•] + ktr, M[M][Rn

•] + ktr, P[Pm][Rn
•]   (4.5) 

 
Rt = 2⋅kt[Rn

•]2          (4.6) 
 
Replacing the rate expressions into Eq 4.3 yields: 
 

2
n tnm Ptr,n Mtr,n Itr,n Xtr,n p

n p

][R2][R ]P[][R M][][R [I]][R [CTA] ][R M][

][R M][

⋅⋅⋅⋅⋅⋅
⋅

⋅+++++
=

kkkkkk

k
S

 
(4.7) 
 

which may be written as: 
 

[M]
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[M]

][P

[M]
[I]

[M]
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1

1

p

ntm
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+++++

=     (4.8) 

 
where CT, CM, CI, CP are the transfer constants for transfer to the chain-transfer agent, to 

monomer, to initiator, and to polymer, respectively. 
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p

ntm
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k
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S

⋅⋅
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The probability that a chain will propagate and terminate to yield a polymer molecule of 

length i is given by the product of the probability of individual propagation steps and the 

probability of termination of the chain of length i. If termination is independent of chain 

length, this can be expressed as the probability of propagation raised to a power of (i-1) 

multiplied by the probability of termination (1-S). Thus, the chain-length distribution is: 

 
Pi = (1-S) S i-1          (4.10) 
 
This is the well known Schulz-Flory10 most probable distribution, for which the following 

equations hold: 
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S
S

DP
−

=
1n           (4.11) 

 

n

n
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S

+
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Substitution of S in Eq. 4.9 gives the Mayo equation11 (Eq. 4.13): 
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In the absence of an added chain-transfer agent the number average degree of polymerization 

is given by Eq. 4.14. 
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Comparison of Eqs 4.13 and 4.14 shows that: 
 

[M]
[CTA]11

T

onn

C
DPDP

+=         (4.15) 

 
The chain-transfer constant, CT, is defined as the ratio of ktr,X and kp. 

The higher CT is, the lower is the concentration of chain-transfer agent that is required for a 

particular molecular weight reduction12. This effect on polymer molecular weight is 

quantitatively given by the Mayo-equation11 which expresses the reciprocal of the number 

average degree of polymerization, DPn, as a function of the rates of chain growth and chain 

stopping11,12 (Eq. 4.13). 

 

There are two possible procedures for determining CT data, the Mayo method and the chain-

length distribution (CLD) method. 

 

4.3.1.1  Mayo method 

 

The usually applied procedure for measuring chain-transfer constants proceeds via the 

determination of the average degree of polymerization for a range of [CTA]/[M] values and 

plotting the data as DPn
–1 vs [CTA]/[M], i.e., the so called Mayo plot. The value of CT is then 

determined as the slope of the straight line in the results. This procedure assumes that the 

product kt[Rn
•] is independent of the variation of [CTA]/[M]. However, if termination is chain 



4. Experimental considerations and choice of reaction conditions 29 

length dependent, then kt[Rn
•] will vary with [CTA]/[M] as the average degree of 

polymerization varies and hence the frequency of termination varies, even if the initiator 

concentration remains constant. This implies that the last term on the right hand side of 

Eq. 4.13 is generally not a constant and so the Mayo plot needs not to be linear. In principle, 

this is a weakness of the Mayo method for determining CT. However, in practice, this effect 

does not seem to be significant, which suggests that, in system with added chain-transfer 

agent, the last term of the right hand side of Eq 4.13 generally makes a negligible contribution 

to DPn
–1. 

There is two ways to use the Mayo equation for determining CT. The number average degree 

of polymerization can be obtained directly from the number average molecular weight, Mn, by 

dividing Mn by monomer molecular weight, M0. Although, this procedure is in principle the 

only correct way to determine DPn from a molecular weight distribution, in practice this 

procedure has an important shortcoming. The number average molecular weight is very 

sensitive to errors in the analysis of the size-exclusion chromatogram (e.g., peak and baseline 

selection), and it often leads to scattered results13. This is especially true for low molecular 

weight polymers. An alternative procedure for obtaining DPn from the molecular weight 

distribution is from the weight average molecular weight14, Mw. In a chain transfer dominated 

system, Mw is equal to 2Mn (except for very low molecular weights), and hence 

DPn = Mw/(2M0) for such system. The use of Mw is often more reliable because Mw is much 

less sensitive to errors in the analysis of the size-exclusion chromatogram. 

 

4.3.1.2  Chain-Length Distribution method 

 

A more recent procedure for determining CT has been developed by Gilbert and co-

workers15,16,17. It is called the Chain Length Distribution (CLD) method. This procedure is 

based upon taking the high molecular weight slope of the number molecular weight 

distribution, f(M), plotted as ln f(M) vs. M. The high molecular weight slope of a line on this 

plot, denoted as Λ, is related to the kinetic parameters as follows: 

 

0
TPIM

 p

n t 1
[M]

[CTA]
[M]

][R2

 d
)(ln  d

lim
M

CCCC
k

k

M

Mf
M 










++++

⋅
−==Λ

•

∞→
  (4.16) 

 
and, 
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where, a includes the contributions of all other chain stopping events. 

According to Eq. 4.17, – CT is equal to the slope of a straight line of the CLD plot, which 

refers to the plot of Λ⋅M0 vs [CTA] / [M]. 

Recently, a discussion has started about the adequate molecular weight region from which Λ 

should be determined13, i.e., whether the slope should be determined in the high molecular 

weight region (Λhigh: between A and B), which is the correct theoretical limit15, or in the 

region of the peak molecular weight (Λpeak: starting near Mw and ending at around Mz), which 

suffers less from experimental uncertainties13. These molecular weight regions are illustrated 

in Fig. 4.1. In a previous study Davis and co-workers9 found that Λpeak results compare most 

favorably with the Mw/2 results of the Mayo method, and therefore concluded that this should 

be the preferred option, which has been also confirmed by several others authors21,2. The 

choice of the peak molecular weight region is also justified by results obtained by Moad and 

Moad13, who argue that this high molecular weight region may be less affected by deviations 

in the baseline. In principle, CT can be evaluated from any part of the ln CLD plot. 
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Figure 4.1: Typical molecular weight distribution plotted as (a) w(log M) vs M and (b) ln 

f(M) vs M. The positions of the most important molecular weight averages 

used for the determination of CT are indicated. 



4. Experimental considerations and choice of reaction conditions 31 

4.3.2 Comparison of both procedures 

 

4.3.2.1 Theoretical comparison 

 

The formats of Eqs 4.15 and 4.17 for determination of CT according to the Mayo method and 

to the CLD method, respectively, are very similar. However, calculation of CT via the slope of 

the MWD (CLD method) provides a more robust estimate, since it is less dependent on the 

tails of the distribution. Since in each type of plot the ordinates are different, DPn
–1 for the 

Mayo plot and ΛM0 for the CLD plot, one might get the impression that the two procedures 

for determining CT are different. With respect to the required experimental material, both 

procedures are identical, only the analysis of the size-exclusion chromatograms is different. 

It is now generally accepted that the rate coefficient of termination in radical polymerization 

is chain-length dependent. Bamford18and Olaj et al.19 have considered the effect of a chain-

length dependence of the termination rate coefficient on the applicability of the Mayo method. 

They concluded that transfer constants should be slightly overestimated by the Mayo method. 

Gilbert and co-workers15,16 have indicated that by examining the high molecular weight tail of 

the distribution, the effects of some termination by combination and the chain-length 

dependence of propagation and termination rate constants on the slope of a CLD plot should 

be negligible. 

As explained before, both the Mayo and the CLD methods can be used in two different ways 

to determine the chain-transfer constant: Using Mn or Mw for the Mayo method and Λpeak or 

Λhigh for the CLD. In general, Mw and Λpeak are used17,9. Indeed, it has been previously 

shown9,20 that in cases in which significant curvature occurs, the results based upon the Mayo 

procedure using Mw agree very well with the results obtained from the CLD procedure using 

Λpeak. As already mentioned, the CLD method is less sensitive to the presence of artefacts in 

the GPC traces caused by experimental noise or poor baseline selection. One major benefit of 

the CLD method is that the requisite information can be obtained by analyzing a small 

segment of the chain-length distribution. Thus problems, that may arise from an incomplete 

separation of low molecular weight material, e.g. residual monomer, which affects Mn and Mw 

are excluded or are minimized. In addition, problems resulting from difficulties in the 

accurate analysis of the high molecular weight side of the MWD, or due to spontaneous 

polymerization, or due to a lack of reliable calibration standards, or due to branching of 

polymer as a result of transfer to polymer reactions, may be reduced or even eliminated. In 

these cases, the Mayo method may not be applicable since Mn and Mw values are affected: 
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This was the case in this work for styrene homopolymerizations with DDM as CTA (for 

comparison see section 5.1). Moreover, the CT values determined with the CLD method, via 

Λpeak and Λhigh, are seen to be very close to each other in most experiments performed in this 

work (more details in section 4.3.3). 

 

4.3.2.2 Experimental comparison 

 

As explained in section 4.3.2.1, theoretically both methods may be used, however it seems 

that the CLD method is more robust. In the following section, both procedures are compared 

via the calculated CT values. The weight average molecular weight, Mw, was used for the 

Mayo method and the peak region, Λpeak, for the CLD method for the reasons already 

explained.  

The chain-transfer constants determined are listed in Table 4.3, as example for the 

copolymerizations of styrene and MMA (fS = 0.2 and 0.8) with DDM and COPhBF at 300 bar 

and 80°C. 

 

  CT CLD (Λpeak) CT Mayo (Mw) 

 CTA bulk scCO2 bulk scCO2 

fS = 0.2 
DDM 

COPhBF 

2.03 

42.2⋅102 

2.10 

125⋅102 

2.10 

39.4⋅102 

1.90 

111⋅102 

fS = 0.8 
DDM 

COPhBF 

8.14 

9.34⋅102 

8.98 

10.1⋅102 

7.82 

9.73⋅102 

7.75 

9.85⋅102 

 

Table 4.3: Chain-transfer constants, CT, determined via the Mayo and the CLD methods 

for the copolymerization of styrene and MMA at 80°C and 300 bar with DDM 

and COPhBF as chain-transfer agents. 

 

The CT values obtained via the CLD method are mostly slightly higher than the CT values 

obtained using the Mayo method. The difference is not significant, less than 15 %, and close 

to uncertainties observed in the literature9,21,22. Madruga et al.21 determined CT values for the 

homopolymerization of styrene at 50°C in bulk using the Mayo and CLD methods. The 

reported values are 12.6 and 15.1, respectively. This difference is larger than the one reported 
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here. Some literature data show a larger difference of the CT values (CT,Mayo= 550 and CT,CLD 

= 1.5⋅103 for the same system23). The CT values which are listed in Appendices 2, 3, and 4 

show also a good agreement between both methods. 

This section has shown that both procedures are almost equivalent. In this thesis, the analysis 

technique suggested by Gilbert and co-workers, the so-called CLD method, was preferentially 

used for the determination of CT in section 5. 

 

4.3.3 CLD method 

 
For all experiments performed in this work, the CLD procedure was used to determine CT via 

Λpeak and via Λhigh. The results obtained for styrene and MMA homopolymerizations at 300 

bar and 80°C with DDM as CTA are shown in Fig. 4.2. 
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Figure 4.2: CLD plots for DDM as CTA. The left hand side pictures the CLD plots of 

styrene homopolymerizations, on the right hand side are shown the CLD plots 

of MMA homopolymerizations. 

 

It is clearly seen that the slopes, corresponding to – CT, are the same in both cases, using the 

peak and the high molecular weight regions for analysis. The values of CT, which are 

summarized in Table 4.4 are independent of the considered region. Since there seems to be no 

convincing argument for an a priori choice of a particular region, the peak region was used to 

determine CT in section 5. However, for all systems it was verified that both CT (Λhigh and 

Λpeak) are in good agreement. 
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CT from CLD 

 Λhigh Λpeak 

 bulk scCO2 bulk scCO2 

MMA 0.681 0.801 0.702 0.811 

styrene 14.9 15.8 14.6 16.3 

 

Table 4.4: CT values obtained in styrene and MMA homopolymerizations at 300 bar and 

80°C using the CLD method. 

 

The good agreement of CT obtained by the two approaches is not surprising. Upon 

examination of Fig. 4.1b it can be seen that there is no curvature over the complete range of 

molecular weights. The same observation is made for most of the samples investigated in this 

thesis.  

 

 

4.4 Conditions for the determination of CT by PLP 

 

Initiation by PLP has been shown to be a reliable technique for the determination of kp if 

certain criteria are met. The advantages of PLP, e.g, the easy variability of the radical 

concentration in the polymerizing system and short reaction time, should also apply to the 

measurement of ktr
24,25,26,27. 

The limitations for the estimation of CT are examined and criteria are defined for the use of 

PLP in chain-transfer studies. 

As explained in the preceding section, the method used for the determination of chain-transfer 

constants in this work is the CLD15 method. It is based on the following equation: 
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       (4.18) 

 
The best estimate for ktr,X / kp (CT) is obtained when the contributions from other chain-

stopping mechanisms are small compared to that from the chain-transfer mechanism under 

consideration. In other words, the intercept value a should be close to zero. In this work, 
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experimental conditions are chosen such that chain transfer to chain-transfer agent dominates 

the MWD. 

It is necessary to determine under which conditions it is feasible to combine PLP, inherently a 

non-steady-state process, with a procedure developed assuming steady state conditions. 

The PLP technique involves the exposure of a monomer/photoinitiator system to laser flashes, 

which generate a burst of initiator radicals in a controlled and periodic fashion. Between two 

flashes, which occur every t0 seconds, the radical concentration in the system decreases due to 

radical-radical termination: 

 
d[R•] / dt = – 2⋅kt[R•]2  x⋅t0 < t < (x + 1)⋅t0      (4.19) 
 
where x is the number of pulses. 

Integration of this equation leads to an explicit expression for the variation of the total radical 

concentration with time: 
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⋅⋅        (4.20) 

 
where, [R•]max is the radical concentration immediately following the xth laser pulse. 

In PLP, a fraction of the growing polymer radicals survives without undergoing a termination 

or transfer event until the next pulse of radicals is generated t0 seconds later. A typical radical 

concentration-time profile is shown in Fig. 4.3. 

 

[R
]•

to
 

 

Figure 4.3: Typical radical concentration-time profile for the determination of kp. 
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The conditions required for the study of chain transfer are very different. It is necessary to 

design the experiments such that the majority of radicals undergoes a chain-transfer event 

before the next pulse arrives. Moreover, the calculation of ktr / kp from pulsed laser generated 

polymer is valid only as long as chain transfer is the molecular weight controlling mechanism. 

Fig. 4.4 shows a typical radical concentration time profile for the case of a transfer dominated 

system: 

 

[R
]•

0

to  

 

Figure 4.4: Typical radical concentration-time profile for transfer dominated system. 

 

Two conditions must be met in order to get a transfer dominated MWD and to measure 

transfer rates by PLP. 

 

1) Chain-transfer events must dominate termination events: 

 
2⋅kt[R•] << ktr,X⋅[CTA]        (4.21) 
 
where [R•] varies with time according to Eq. 4.20. 

Transfer is favored if: 

(a) the time between pulses is increased, allowing the radical concentration to decline to 

lower values, 

(b) the radical concentration generated per pulse is lowered, 

(c) the rate of chain-transfer events is increased. 
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2) Transfer should have taken place before the arrival of the next pulse: 

 

After each pulse, the total radical concentration in the system increases up to a value of 

[R•]max. At that time most radicals from the previous pulse will have undergone at least one 

chain-transfer event in t0 seconds. Mathematically, this second condition is expressed by: 

 
1 / t0 << ktr,X⋅[CTA]         (4.22) 
 
Again this condition is favored by increasing ktr,X⋅[CTA] or increasing t0. 

 

Eq. 4.22 provides a more easily observable criterion than Eq. 4.21; The above given condition 

is met if the MWD for the monomer/chain-transfer agent system is shifted to lower molecular 

weights compared to a MWD from a termination dominated system without chain-transfer 

agent. Note that establishing Eq. 4.22 as a criterion for analyzing PLP results for chain 

transfer implies that kp and ktr cannot be estimated1 from a single experiment*. To ensure that 

the criterion of Eq. 4.21 is satisfied, it is necessary to perform experiments to ensure that the 

results are not affected by the level of termination in the system.  

This highlights the limitations of PLP as a tool for measuring ktr. PLP offers advantages for 

studying chain transfer in systems for which the transfer can easily made to be the dominant 

event. 

Hutchinson and co-workers1 proved experimentally that reproducible results are obtained 

without excessive monomer purification. Although, the radical concentration is high 

immediately after a pulse, it is lower toward the end of the interval between pulses. Thus the 

effect of termination reactions between radicals and impurities (e.g. O2) on the chain transfer 

dominated part of the MWD is minimized by the CLD technique. It is of importance to verify 

that experimental conditions are chosen to create transfer dominated system. 

 

In this work the conditions required were as follow: 

(a) a very low repetition rate of laser pulses, 1 Hz 

(b) low initiator concentration for controlling the level of termination 

(c) variation of CTA concentration should be reflected in a systematic change in MW 

 

 
* Although, by a special choice of the laser pulse pattern, kp and ktr may be determined from a single 
experiment28. 
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Different means of controlling the level of termination in PLP experiments were tested. The 

condition (c) for each polymerization was checked and described in section 5. The condition 

(b) is developed for a styrene homopolymerization system below. 

 

The MWDs, obtained for styrene homopolymerization in bulk at 80°C and 300 bar, for three 

different concentrations of the photoinitiator ([DMPA] = 0.2, 1 and 2 mmol⋅L–1) and with n-

dodecyl mercaptan as chain-transfer agent, are plotted in Fig. 4.5. 
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Figure 4.5: Polystyrene produced at 80°C and 300 bar, with 3 vol % of DDM and varying 

amount of the photoinitiator DMPA: (a) molecular weight distributions 

obtained from SEC; (b) number MWD on a semilog scale. 

 

It can be immediately seen from the GPC traces (Fig. 4.5a) that the concentration of DMPA 

has the most significant effect on the styrene samples on the low molecular weight side. On 

the high MW side, the distributions are more similar. This can be understood by considering 

the periodic radical concentration generated per pulse. Immediately following a laser pulse, 

radical-radical termination of the very short chains makes a large contribution to the total 

number of polymer chains being formed. Thus, the low molecular weight side of the 

distribution is the most affected by the concentration of DMPA. As the remaining living 

chains grow, the radical concentration in the system is much reduced. These chains have a 

high probability of being terminated through transfer with DDM; The high MWD side of the 
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distribution is less affected by [DMPA]. This fact is very important since it is from the slope 

of this high MWD side that ktr / kp is estimated. 

Fig. 4.5b shows a plot of the distribution transformed to a semilog number scale. A slight 

initiator effect can be seen from the slopes but the high molecular weight side and particularly 

the slope between Mw and Mz used for the determination of CT (see section 4.3) are not really 

affected. Indeed, the slopes obtained for the concentration of DMPA of 0.2, 1, and                  

2 mmol⋅L–1 are 1.7⋅10–2, 1.8⋅10–2, 1.75⋅10–2, respectively. It is obvious from theory1 that better 

estimates for CT will be obtained if radical concentration (and thus concentration of DMPA) is 

kept low. Therefore, all the experiments in this work were carried out at a photoinitiator 

concentration of 0.2 mmol⋅L–1. 

 

 

4.5 Consideration of errors 

 

The errors in the chain-transfer rate coefficient, ktr, and in the chain-transfer constant, CT, 

which are determined by the PLP-SEC technique described within this section, are difficult to 

estimate and depend on the chain-transfer agent used. The error in CT was estimated using the 

chain-length distribution (CLD) technique, as described in section 4.3. In order to determine 

the uncertainty of the slope of the number of distribution plot, ln f(M) vs M, the slope was 

determined from several molecular weight ranges, with Mw always being the lower limit. The 

error in CT is estimated to be about 10, 20 and 10 % with n-dodecyl mercaptan, the cobalt-

complex and MMA trimer as chain-transfer agents, respectively. 

 

In summary, the error of the ktr / kp data is composed of several contributions: The error in the 

masses of the monomer mixture and chain-transfer agent, the error resulting from the 

ambiguity in selection of the molecular weight region for the semilog ln f(M) vs M plot and 

the error of the SEC calibration procedure. These errors sum up to a total of ± 30 % for the 

chain-transfer rate constant of this work. For the hompolymerization systems, the error is 

reduced to ± 25 %, as direct calibration using PMMA or PS standards may be carried out. 
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5. Results and discussions 

 

 

5.1 DDM as chain-transfer agent 

 

The use of mercaptans as chain-transfer agents has proven to be an effective method to reduce 

the molecular weight. In this section, the interest was focused on the n-dodecyl mercaptan 

(DDM). The mechanism of the chain-transfer reaction is illustrated in scheme 5.1 for styrene 

(a) and MMA (b) homopolymerizations. The mercaptan HST acts through a hydrogen transfer 

reaction with the radical chain, creating a dead polymer chain and a thiyl radical ST• which 

initiates a new chain. 

The terminal group of the polymer obtained consists of a saturated carbon-carbon bond, as 

described by scheme 5.1. The thiyl group is the initiator and hence a possible functionality to 

be introduced as an endgroup needs to be present in the chain-transfer agent. 

 

(a)

(b)

+ HST ST +
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+ST . O
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Scheme 5.1: Reaction scheme for the chain-transfer of DDM in homopolymerization of 

styrene (a) and MMA (b). HST represents DDM. 
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In the literature, only few reports1,2,3 deal with DDM as chain-transfer agent for the 

polymerization of styrene and MMA. The pressure dependence of CT and ktr as well as the 

influence of scCO2 as a solvent on the chain-transfer reaction of DDM have not been studied 

so far. Previously, Hutchinson et al.1 investigated the temperature dependence of CT for DDM 

in methacrylate homopolymerizations at ambient pressure. The values reported showed that 

CT is temperature independent. 

In this work, the pressure dependence of the chain-transfer rate coefficient of DDM as CTA in 

the homo- and copolymerization of styrene and MMA is determined in bulk and in scCO2. 

The PLP technique is applied using a laser pulse repetition rate of 1 Hz and a photoinitiator 

concentration, [DMPA], of 0.2 mmol⋅L–1, as explained in section 4. The same amounts of 

DDM are used for the different systems. 

The detailed discussion about DDM as CTA in homo- and copolymerizations of styrene and 

MMA is given in section 5.4. 

 

5.1.1 Homopolymerization of styrene 

 

5.1.1.1 Mayo method 

 

The molecular weight distributions of polymer obtained in the presence of DDM as CTA 

contain oligomer peaks in the low molecular weight region. As explained in section 4, the 

presence of oligomers in the MWD may influence the values of the number and weight 

average molecular weights, Mn and Mw, respectively. The program PREDICI (for 

comparison see section 6) was used to estimate Mn and Mw for the corresponding MWDs in 

the absence of oligomer peaks. Fig. 5.1 shows as example the MWD obtained without (dotted 

line) and after applying simulation via PREDICI (full line) for homopolymerization in 

scCO2 with [DDM]/[sty] = 0.01. 

Mn and Mw values obtained for both MWDs, without and after simulation, are listed in Table 

5.1 for styrene homopolymerizations in 40 wt % scCO2. As expected, Mn and Mw are very 

different when the peaks are eliminated to the molecular weight distribution. As explained in 

section 4, Mn and Mw are the parameters used in the Mayo method. Thus, it is obvious that the 

CT values determined using the Mayo method depend on the presence or not of these peaks. 

In other words, the Mayo method is not adequate for this system. 
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Figure 5.1: Molecular weight distribution obtained without (dotted line) and after applying 

the program PREDICI (full line) for polystyrene from homopolymerization 

with DDM as CTA in scCO2 at 80°C, 300 bar and [DDM]/[sty] = 0.01. 

 

 

 

 Experimental MWD Simulated MWD 

[DDM]/[sty] Mn Mw Mn Mw 

0.0025 

0.005 

0.01 

0.015 

1.51⋅103 

8.95⋅102 

6.92⋅102 

6.53⋅102 

5.88⋅103 

2.67⋅103 

1.33⋅103 

9.51⋅102 

1.62⋅103 

1.40⋅103 

9.17⋅102 

6.88⋅102 

6.1⋅103 

3.37⋅103 

1.57⋅103 

1.01⋅103 

 

Table 5.1: Summary of the average numbers Mn and Mw determined experimentally and 

simulated with the program PREDICI for styrene homopolymerizations with 

DDM as CTA at 80°C and 300 bar in scCO2. 
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5.1.1.2 CLD method 

 

As shown in Fig. 5.1, the oligomer peaks are only present in the low molecular weight region 

at M < 103 g⋅mol–1. This was also observed in the MWD of polystyrene obtained with 

tetrabromo methane (CBr4) as CTA in the same conditions of temperature and pressure4. In 

both cases, here and ref. 4, the MWDs of oligomer differ by one monomer unit. However, the 

presence of oligomers in the low molecular weight region should not affect the high 

molecular weight region that is used for the CLD method. As explained in section 4, MWD is 

shifted to lower values when the concentration of CTA is increased. Thus, the influence of 

oligomers on the high molecular weight region will be enhanced when [DDM] increases. 

Therefore small amounts of DDM were used in order to prevent the obtention of too low 

molecular weight. In summary, the CLD method is adequate for determining CT in this 

condition when using restricted amounts of CTA in styrene homopolymerization. 

 

5.1.1.3 Results 

 

Homopolymerizations of styrene were carried out with DDM as chain-transfer agent in 

40 wt % scCO2 and in bulk at 80°C varying the pressure between 300 and 1500 bar. 

The MWDs of PS obtained for polymerizations in scCO2 at 80°C, 300 bar, and various 

amounts of DDM are shown in Fig. 5.2. 

The MWDs are strongly shifted to lower molecular weights when the concentration of DDM 

increases. In the absence of DDM, the reaction yields polymer with a weight average 

molecular weight of 3.77⋅105 g⋅mol–1, and upon the addition of DDM (0.5 wt %, [DDM]/[sty] 

= 0.0025) Mw decreases to 5.91⋅103 g⋅mol–1. Therefore, the addition of only a small amount of 

CTA leads to a strong shift of the MWD to lower values. 
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Figure 5.2: Molecular weight distributions of polystyrene from polymerizations in 40 wt % 

scCO2 at 80°C, 300 bar, and DDM concentration as indicated. 

 

The corresponding ln f(M) plots shown in Fig. 5.3 exhibit a linear part in the high molecular 

weight region between Mw and Mz (as indicated for the lowest value of [DDM]/[sty]), which 

slope is used to determine CT, as explained in section 4. 
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Figure 5.3: ln f(M) distributions for polystyrene from polymerizations in 40 wt % scCO2 at 

80°C, 300 bar, and DDM concentration as indicated. 
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The slope of the linear part increases with DDM concentration, which indicates a change in 

the chain-transfer activity. Fig. 5.4 exhibits the so called CLD plots for the styrene 

homopolymerizations at 80°C and 300 bar in scCO2 and in bulk. The magnitude of the slopes 

is not significantly different in bulk and in scCO2, which traducts very close CT values. The 

values of CT determined are 14.6 ± 1.8 and 16.3 ± 1.5 in bulk and in 40 wt % scCO2, 

respectively. Thus, scCO2 has no significant influence on CT. 
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Figure 5.4: Determination of the chain-transfer constant, CT, from a plot of d ln f(n)/dn vs. 

[DDM]/[sty] for styrene homopolymerizations at 80°C, 300 bar in 40 wt % 

scCO2 (solid line) and in bulk (dotted line). 

 

Pressure dependence of CT and ktr 

 

The pressure dependence of CT and ktr for the homopolymerization of styrene was studied at 

80°C and at pressures between 300 and 1500 bar. 

The corresponding chain-transfer rate coefficients, ktr, were determined using the CT values 

calculated in this study and the propagation rate coefficients, kp, reported in the literature5,6 

under the same conditions of pressure and temperature. The kp values used are listed in 

Appendix 1 and those are nearly equivalent in bulk and in scCO2. 

Fig. 5.5 shows the pressure dependence of CT (a) and ktr (b) for polymerizations in scCO2 and 

in bulk at 80°C. In addition, the literature value1 obtained by PLP at 60°C and ambient 
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pressure is compared to the data of this work. CT of 15.5 determined in bulk polymerization at 

80°C and ambient pressure is in very good agreement with the literature data1 of 15.6. This 

finding indicates that CT may be temperature independent in styrene homopolymerization. 

CT measured in both media decreases significantly with the pressure: For example, CT values 

at 300 and 1500 bar in scCO2 are 16.3 and 11, respectively. The values determined in scCO2 

are very close to the bulk values in the entire pressure range. In contrast to CT, ktr for 

polymerizations in bulk and in scCO2 slightly increases with pressure. In addition, the 

difference on ktr in both media is not significant. 
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Figure 5.5: Pressure dependence of the chain-transfer constant, CT, (a) and of the chain-

transfer rate coefficient, ktr, (b) for styrene homopolymerizations at 80°C in 

40 wt % scCO2 and in bulk. Experimental data are reported in Appendix 2. The 

literature data is taken from ref. 1. 

 

Eqs. 5.1 to 5.4 correspond to the linear fits of the experimental data for CT and ktr given in 

Fig. 5.5. 

 

ln CT = (2.74 ± 0.01) – (2.16 ± 0.31) ⋅10–4 (p / bar)    (5.1) 

ln [ktr / (L⋅mol–1⋅s–1)] = (9.26 ± 0.02) + (1.54 ± 0.34) ⋅10–4 (p / bar)  (5.2) 

(bulk, 80°C, 300 ≤ p ≤ 1500 bar) 

 

ln CT  = (2.91 ± 0.11) – (3.31 ± 1.29) ⋅10–4 (p / bar)    (5.3) 

ln [ktr / (L⋅mol–1⋅s–1)] = (9.33 ± 0.1) + (0.62 ± 1.18) ⋅10–4 (p / bar)  (5.4) 

(40 wt % scCO2, 80°C, 300 ≤ p ≤ 1500 bar) 
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According to δ (ln ktr) / δ p = – ∆V# / (R⋅T) and δ (ln CT) / δ p = – ∆V# / (R⋅T), the activation 

volumes for CT and ktr are determined as: 

 

bulk: ∆V#(CT) = + (6.3 ± 0.7) cm3⋅mol–1   ∆V#(ktr) = – (4.5 ± 1.0) cm3⋅mol–1 

 

scCO2: ∆V#(CT) = + (9.7 ± 3.8) cm3⋅mol–1   ∆V#(ktr) = – (1.8 ± 3.5) cm3⋅mol–1 

 

Within experimental uncertainty, the activation volumes for CT, which are close in both 

media, indicate that CT is pressure dependent. In contrast, the low values of ∆V#(ktr) suggest 

that the transfer reaction is not pressure dependent in both media. This finding will be 

discussed in section 5.4. 

 

5.1.2 Homopolymerization of MMA 

 

MMA homopolymerizations were carried out in 40 wt % scCO2 and in bulk at 80°C and at 

pressures between 300 and 1000 bar. 

Figs. 5.6a and 5.6b show typical molecular weight distributions and their corresponding 

ln f(M) plots obtained for MMA homopolymerizations in scCO2 at 80°C and 300 bar with the 

indicated amount of DDM. 

The MWDs are shifted to lower molecular weights with increasing CTA concentration, as 

seen in Fig. 5.6a. In the absence of DDM, the reaction yields polymer with a weight average 

molecular weight of 5⋅105 g⋅mol–1, and upon addition of 1 wt % DDM ([DDM]/[MMA] = 

0.005) Mw decreases to 3.3⋅104 g⋅mol–1. In Fig. 5.6b the part of the distribution used to 

calculate CT is indicated by the bold line. The slope of this MW region is enhanced with 

increasing the concentration of DDM. 
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Figure 5.6: Molecular weight distributions (a) and corresponding ln f(M) distributions (b) 

for MMA homopolymerizations in 40 wt % scCO2 at 80°C, 300 bar, and DDM 

concentration as indicated. The bold line indicates the region where the slope 

is measured. 

 

Fig. 5.7 exhibits the CLD plots of MMA homopolymerizations at 300 bar and 80°C in bulk 

and in scCO2. 
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Figure 5.7: Determination of the chain-transfer constant from a plot of d ln f(n)/dn vs. 

[DDM]/[MMA] for MMA homopolymerizations at 80°C, 300 bar in 40 wt % 

scCO2 (solid line) and in bulk (dotted line). 
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The CT values obtained in scCO2 and in bulk are 0.811 ± 0.098 and 0.702 ± 0.071, 

respectively. Within experimental uncertainty, the chain-transfer constants obtained for MMA 

are close in both media. Thus, scCO2 as a solvent has no significant effect on the chain-

transfer activity. 

 

Pressure dependence of CT and ktr 

 

The pressure dependence of CT and ktr for MMA homopolymerization was studied in a 

pressure range from 300 to 1000 bar. The values of ktr were calculated from the CT values and 

kp data. For bulk polymerization the propagation rate coefficient is determined using the 

equation given by Beuermann et al.7. kp values in scCO2 were determined in this work using 

the PLP-SEC method, as described in the literature6. kp at 1000 bar in scCO2 was estimated 

using a ratio of kp,bulk / kp,scCO2 of 0.9, which is calculated for the different pressures measured. 

The kp values used in bulk and in scCO2 are listed in Appendix 1. 

Fig. 5.8 shows the pressure dependence of ktr and CT for polymerizations in scCO2 and in bulk 

at 80°C. 
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Figure 5.8: Pressure dependence of the chain-transfer constant (a) and of the chain-

transfer rate coefficient (b) for MMA homopolymerizations in 40 wt % scCO2 

and in bulk at 80°C. Experimental data are reported in Appendix 2. 

 

CT decreases with increasing pressure in bulk and in scCO2. The lines fitted to the 

experimental CT data in both reaction media are parallel. Moreover, CT values determined in 
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scCO2 are very close to the bulk values in the entire pressure range. In contrast to CT, ktr is 

enhanced in both media, as seen in Fig. 5.8b. However, the pressure dependence of ktr is low: 

For example, in scCO2 the ktr values are 1.14⋅103 and 1.28⋅103 L⋅mol–1⋅s–1 at 300 and 1000 bar, 

respectively. In addition, ktr,bulk / ktr,scCO2 are 0.95 and 0.9 at 300 and 1000 bar, respectively, 

which shows a minor difference in the pressure dependence of ktr in both media. 

 

The pressure dependence of ktr and CT for polymerizations in bulk and in scCO2 may be 

expressed by Eqs. 5.5-5.8: 

 

ln CT = – (0.267 ± 0.086) – (3.72  ± 2) ⋅10–4 (p / bar)    (5.5) 

ln [ktr / (L⋅mol–1⋅s–1)] = (6.88 ± 0.27) + (1.79 ± 1.27) ⋅10–4 (p / bar)  (5.6) 

(bulk, 80°C, 300 ≤ p ≤ 1000 bar) 

 

ln CT = – (0.095 ± 0.024) – (3.61 ± 1.02) ⋅10–4 (p / bar)   (5.7) 

ln [ktr / (L⋅mol–1⋅s–1)] = (7.02 ± 0.11) + (1.44 ± 1.01) ⋅10–4 (p / bar)  (5.8) 

(40 wt % scCO2, 80°C, 300 ≤ p ≤ 1000 bar). 

 

The respective activation volumes are as follows: 

 

bulk: ∆V#(CT) = + (10.9 ± 10.6) cm3⋅mol–1  ∆V#(ktr) = – (5.3 ± 3.7) cm3⋅mol–1 

 

scCO2: ∆V#(CT) = + (10.6 ± 3.0) cm3⋅mol–1   ∆V#(ktr) = – (4.4 ± 2.9) cm3⋅mol–1 

 

The activation volume of CT is around –11 cm3⋅mol–1 in both media, which confirms the 

significant pressure dependence of CT. Within experimental uncertainty, ∆V#(ktr) in bulk and 

in scCO2 are slightly pressure dependent. ∆V#(ktr) values are equivalent in both media. The 

extrapolation of CT in bulk to 1 bar via Eq. 5.5 gives a value of 0.765, which is in very good 

agreement with the value of 0.711 determined by Hutchinson et al.1. 

 

5.1.3 Copolymerization of styrene and MMA 

 

The chain-transfer reaction of DDM in copolymerizations of styrene and MMA was studied at 

80°C and four different pressures. The chain-transfer rate coefficients were obtained using the 

CT values measured and kp data for copolymerizations listed in Appendix 1, which were 
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obtained as explained in section 6.1 applying the IPUE model. Fig. 5.9 shows the CT values 

obtained at 80°C and 300 bar for different mole fractions of styrene in the monomer feed, fS. 
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Figure 5.9: Variation of CT with the mole fraction of styrene in the monomer feed for 

copolymerizations of styrene and MMA in 40 wt % scCO2 (full circles) and in 

bulk (open circles) at 80°C and 300 bar. Experimental data are reported in 

Appendix 2. 

 

The variation of CT with fS is not linear for reactions in bulk and in scCO2. CT increases with 

fS, which means that CT of styrene is higher than CT of MMA. It is also seen that the 

difference in bulk and scCO2 measurements is not significant in the entire range of fS. 

Fig. 5.9 shows that the increase of CT with fS is slow at low fS values. This aspect will be 

discussed in section 6. 

The variation of the corresponding ktr values with fS is shown in Fig. 5.10. 

Fig. 5.10 exhibits a linear increase of ln ktr with fS for copolymerizations in scCO2 and in bulk. 

It is clear that the presence of scCO2 has no influence on ktr at 80°C. The literature data 

included in Fig. 5.10 are calculated from the CT values reported in refs. 1 and 2 and from kp 

given in ref. 2. 
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Figure 5.10: Variation of the chain-transfer rate coefficients with the mole fraction of 

styrene in the monomer feed for copolymerizations of styrene and MMA at 

80°C and 300 bar. Literature data are taken from ref. 1 (∆) and ref. 2 (×). 

Experimental data are reported in Appendix 2. 

 

The literature data show the same trend as ktr from this work: ln ktr increases linearly with fS. 

Moreover, the plots of ln ktr vs. fS at 1 bar, 60°C and at 300 bar, 80°C are parallel, indicating 

that the variation of ln ktr with fS does not depend on the polymerization conditions 

(temperature, pressure, and reaction medium). In addition, comparison of ktr determined at 

60°C and 1 bar and at 80°C and 300 bar shows that ktr may be temperature and pressure 

dependent. 

 

Pressure dependence of CT and ktr 

 

The pressure dependencies of CT and ktr for copolymerization with fS = 0.5 at 80°C are plotted 

in Fig. 5.11. The CT and ktr values determined at each pressure are very close in bulk and in 

scCO2: CT,bulk/CT,scCO2 are in the range from 0.9 to 1. As seen for styrene and MMA 

homopolymerizations, CT decreases, whereas ktr slightly increases with pressure. Moreover, 

the effect of CO2 as a solvent on CT and ktr is not significant in the entire pressure range. 
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Figure 5.11: Pressure dependence of the chain-transfer constant (a) and of the chain-

transfer rate coefficient (b) for copolymerizations of styrene and MMA (fS = 

0.5) in 40 wt % scCO2 and in bulk at 80°C. Experimental data are given in 

Appendix 2. 

 

The pressure dependence of ktr and CT for copolymerizations (fS = 0.5) in bulk and in scCO2 

may be expressed by Eqs. 5.9-5.12: 

 

ln CT = (1.33 ± 0.05 ) – (3.33 ± 0.71) ⋅10–4 (p / bar)    (5.9) 

ln [ktr / (L⋅mol–1⋅s–1)] = (7.99 ± 0.04) + (8.82 ± 7.08) ⋅10–5 (p / bar)  (5.10) 

(bulk, fS = 0.5, 80°C, 300 ≤ p ≤ 1000 bar) 

 

ln CT = (1.43 ± 0.05) – (3.07 ± 0.58) ⋅10–4 (p / bar)    (5.11) 

ln [ktr / (L⋅mol–1⋅s–1)] = (8.00 ± 0.05) + (9.46 ± 6.43) ⋅10–5 (p / bar)  (5.12) 

(40 wt % scCO2, fS = 0.5, 80°C, 300 ≤ p ≤ 1000 bar) 

 

The corresponding activation volumes are as follows: 

 

bulk: ∆V#(CT) = + (9.8 ± 2.1) cm3⋅mol–1   ∆V#(ktr) = – (2.6 ± 2.8) cm3⋅mol–1 

 

scCO2: ∆V#(CT) = + (9.0 ± 1.7) cm3⋅mol–1   ∆V#(ktr) = – (2.8 ± 1.9) cm3⋅mol–1 
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The activation volume for CT is approximately + 9.5 cm3⋅mol–1 in bulk and in scCO2. This 

value indicates a significant pressure dependence of CT in both media. The variation of CT 

with pressure is close to the one determined in homopolymerizations of styrene and MMA. In 

contrast, the activation volume for ktr is approximately – 2.7 cm3⋅mol–1 in bulk and in scCO2, 

thus ktr shows a minor pressure dependence. Within experimental uncertainty, the values of 

∆V# (ktr) in copolymerizations are similar to the values for homopolymerizations. This finding 

indicates that ∆V# (ktr) is not dependent on the monomer feed used, which will be discussed in 

section 5.4. 

Since ktr is not pressure dependent, the difference in ktr between literature data and data from 

this work, shown in Fig. 5.10, is due to the different temperatures applied. Thus, ktr is 

temperature dependent in styrene and MMA copolymerization. 

 

5.1.4 Summary 

 

The table below summarizes the results obtained for homo- and copolymerizations of MMA 

and styrene in bulk and in scCO2 at 80°C with DDM as chain-transfer agent. CT and ktr are 

given for polymerizations at 80°C and 300 bar. 
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MMA 

 CT ktr 

scCO2  0.811 ± 0.098 (1.14 ± 0.25)⋅103 L⋅mol–1⋅s–1 

bulk 0.702 ± 0.071 (1.08 ± 0.21)⋅103 L⋅mol–1⋅s–1 

scCO2 influence no influence in the 

entire pressure range 

no influence in the 

entire pressure range 

∆∆V## / cm3⋅⋅mol–1 bulk: + (10.9 ± 10.6) 

scCO2: + (10.6 ± 3.0) 

bulk: – (5.3 ± 3.7) 

scCO2: – (4.4 ± 2.9) 

styrene 

 CT ktr 

scCO2  16.3 ± 1.5 (11.2 ± 2.1)⋅103 L⋅mol–1⋅s–1 

bulk 14.6 ± 1.8 (11.2 ± 1.4)⋅103 L⋅mol–1⋅s–1 

scCO2 influence no influence in the 

entire pressure range 

no influence in the 

entire pressure range 

∆∆V## / cm3⋅⋅mol–1 bulk: + (6.3 ± 0.7) 

scCO2: + (9.7 ± 3.8) 

bulk: – (4.5 ± 1.0) 

scCO2: – (1.8 ± 3.5) 

styrene / MMA (fS = 0.5) 

 CT ktr 

scCO2  3.77 ± 0.35 (3.03 ± 0.62)⋅103 L⋅mol–1⋅s–1 

bulk 3.34 ± 0.25 (2.98 ± 0.55)⋅103 L⋅mol–1⋅s–1 

scCO2 influence no influence in the 

entire pressure range 

no influence in the 

entire pressure range 

∆∆V## / cm3⋅⋅mol–1 bulk: + (9.8 ± 2.1) 

scCO2: + (9.0 ± 1.7) 

bulk: – (2.6 ± 2.8) 

scCO2: – (2.8 ± 1.9) 
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5.2 COPhBF as catalytic chain-transfer agent 

 

Catalytic chain-transfer agents (CCTAs) have been developed during recent years8,9. 

Frequently cobalt (II)-complexes are used, which are able to catalyze chain-transfer reaction. 

The mechanism of the catalytic chain-transfer reaction is illustrated in scheme 5.2. Cobalt 

(II)-complexes abstract a hydrogen atom from a β-carbon on the radical chain, creating a dead 

polymer with a vinyl end-group and a Co(III)-H species. This Co(III)-H species transfers the 

hydrogen atom to a monomer molecule, initiating a new chain. CCTAs are advantageous as 

compared to conventional CTAs, because the CCTA is regenerated during the polymerization 

and only a small amount (ppm range) of the complex is required. 

 

Rn
• + Co(II) → trk  Pn + Co(III)–H 

Co(III)–H + M →  R1
• + Co(II) 

 

 

+ +CH
. Co(II) Co(III)H- CH

(a)

+ +Co(II) Co(III)H-
(b)

O

O

.
CH3

O

O

CH3

 

 

Scheme 5.2: Typical reaction scheme for catalytic chain-transfer. Chain-transfer reaction 

for styrene (a) and for MMA (b) homopolymerizations. 

 

The mechanism of scheme 5.2 is usually presented for the catalytic chain-transfer reaction 

with cobalt-complexes. Although, recently several authors10,11,12 suspected the formation of a 

cobalt-carbon bond in the Co(II)/styrene system, as discussed in section 5.4. In the following 

part CT, thus ktr values are based using scheme 5.2. CT and ktr observed are noted as CT
obs and 

ktr
obs since the reaction scheme is not clear. 

Investigations reported in the literature focus on CCTAs in MMA and styrene 

polymerizations at ambient pressure. The only CT
obs data reported13 so far in MMA 
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polymerization in solution of scCO2 shows a significant influence of scCO2 as a solvent. The 

pressure dependence of CT for catalytic chain-transfer has not yet been studied. Thus, the 

pressure dependencies of CT
obs and ktr

obs are investigated in scCO2 and in bulk in this work. 

The cobalt-complex used is the bis(methanol) complex of bis(difluoroboryl) 

diphenylglyoximato cobalt (II), the so-called COPhBF (description in section 3.4). This 

complex is known to be air sensitive, therefore few polymerizations with COPhBF are carried 

out in section 5.2.1 in order to evaluate its air sensitivity. 

The polymerizations are carried out in bulk and in 40 wt % scCO2 applying the PLP technique 

with a laser pulse repetition rate of 1 Hz and a photoinitiator concentration of 0.2 mmol⋅L–1, 

as explained in section 4. The [COPhBF]/[M] range from 10–8 to 10–6 is used for the different 

systems: Homo- and copolymerizations. Low COPhBF concentrations are used in order to 

prevent the obtention of polymer with too low molecular weight. The homogeneity of the 

system is checked visually and by IR monitoring during the polymerization. 

 

5.2.1 Preliminary investigations 

 
Preliminary investigations are performed under the same experimental conditions as in the 

literature9,12 in order to compare the CT
obs values obtained, thus to check the validity of the 

technique used to prepare the mixtures of monomer, initiator, and CTA. In the follownig part, 

MMA polymerizations are performed in bulk at 60°C and ambient pressure using COPhBF as 

CCTA and AIBN as initiator. In this case, the PLP-technique is not applied and the 

polymerization is thermally initiated. The time required for a monomer conversion of 

approximately 2 % is about 10 minutes. 

Fig. 5.12 shows the CLD plots obtained for MMA homopolymerizations performed in bulk at 

60°C and ambient pressure. One set of experiments is performed without any precautions 

towards oxygen (insert of Fig. 5.12). The mixtures of COPhBF, monomer, and initiator are 

not degassed and prepared under normal atmosphere. The polymerization is carried out as 

described in section 3.1. Two others sets of experiments are performed under oxygen free 

conditions (circles in Fig. 5.12). In one set the reaction mixtures are prepared in a glove box 

(full circles) and in the other one, the stock solutions are degassed using a freeze-pump-thaw 

procedure prior to preparation of the reaction mixtures in the glove box (open circles). 
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Figure 5.12: CLD plots for MMA polymerizations at 1 bar and 60°C using AIBN as 

initiator. The methods used to prepare the mixtures are given in the preceding 

text. 

 

Fig. 5.12 clearly shows a difference in the slope, thus in CT
obs, for the different methods used 

for the preparation of the reaction mixture. CT
obs of 21.5⋅103, which corresponds to the 

reaction mixtures prepared in a glove box and degassed, is higher than the CT
obs value of 

16.1⋅103 obtained for polymerizations where the reaction mixtures are prepared in a glove box 

but are not degassed. The value of CT
obs determined for experiments without any oxygen free 

precautions is 3226, which is about one order of magnitude lower than CT
obs

 determined in 

oxygen free conditions. It is obvious that COPhBF in solution is less reactive in terms of the 

chain-transfer reaction when it is in contact with oxygen. 

Davis et al.12 performed MMA polymerizations at 60°C and ambient pressure considering the 

air sensitivity of the cobalt-complex. The solutions of MMA, initiator, and COPhBF were 

degassed by the freeze-pump-thaw procedure and the reactions performed using standard 

Schlenk apparatus and syringe techniques under oxygen free conditions. The values reported 

are in the range from 19.5⋅103 to 25.8⋅103, which is consistent with the CT
obs value of 21.5⋅103 

determined in this work. 

In summary, precautions have to be taken to measure the kinetics of COPhBF as catalytic 

chain-transfer agent. Thus, all reaction mixtures are prepared under oxygen free conditions: 

The solutions of monomer, initiator, and CTA are prepared in a glove box and degassed using 
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the freeze-pump-thaw procedure. The method followed for preparation of the reactions 

mixtures in scCO2 is described in section 3.1.9. 

 

5.2.2 Homopolymerization of MMA 

 

MMA is the most frequently studied monomer in polymerizations with COPhBF as CCTA. 

As already mentioned, the pressure dependence of CT
obs and ktr

obs was not studied so far. 

Several reports with cobalt-complexes as CCTA for MMA polymerization14,15,16 suggest that 

CT
obs is temperature independent. Therefore, MMA homopolymerizations were performed at 

80°C in bulk and in 40 wt % scCO2 at pressures between 300 and 1000 bar. 

The molecular weight distributions obtained from MMA homopolymerizations in scCO2 at 

80°C, 300 bar and different COPhBF concentrations are shown in Fig. 5.13. 
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Figure 5.13: Molecular weight distributions of PMMA from polymerizations in 40 wt % 

scCO2 at 80°C, 300 bar, and COPhBF concentration as indicated. 

 

The addition of COPhBF shifts the resulting MWDs to lower molecular weights. PMMA 

obtained in the absence of COPhBF yields Mw of 5⋅105 g⋅mol–1 and in the presence of only 

5⋅10–5 wt % of COPhBF ([COPhBF]/[MMA] = 7.5⋅10–8) Mw is shifted to a value of 2.1⋅105 

g⋅mol–1. For the highest amount of COPhBF, 2⋅10–4 wt % ([COPhBF]/[MMA] = 3.5⋅10–7), a 

value of 2.6⋅104 g⋅mol–1 is obtained for Mw. The addition of small amounts of COPhBF 
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strongly shifts Mw to lower values. The results demonstrate the exceptional transfer capacity 

of the cobalt-complex. 

The corresponding ln f(M) vs. M plots of Fig. 5.13 are reported in Fig. 5.14. The bold lines 

indicate the region where the slope required for the determination of CT
obs is measured, as 

explained in section 4. 
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Figure 5.14: ln f(M) plots for PMMA from polymerizations in 40 wt % scCO2 at 80°C, 300 

bar, and COPhBF-concentration as indicated. 

 

The slope is strongly enhanced with increasing COPhBF concentration. For example, the 

slopes corresponding to polymerizations without CTA and with [COPhBF]/[MMA] of  

1.5⋅10–7 are – 3.56⋅10–6 and – 1.80⋅10–5, respectively. This indicates a change in the transfer 

activity when the concentration of COPhBF increases. 

The CLD plots for MMA homopolymerizations in scCO2 and in bulk at 80°C, 300 bar (a) and 

1000 bar (b) are shown in Fig. 5.15, which slope gives – CT
obs. 

The values of CT
obs determined at 300 bar are (21.1 ± 5.1)⋅103 and (14.1 ± 2.2)⋅103 in scCO2 

and bulk, respectively, which indicates a high chain-transfer activity of COPhBF. The 

difference in CT
obs between bulk and in scCO2 is clearly illustrated in Fig. 5.15b: CT

obs in 

scCO2 is 3 times higher than in bulk. In addition, CT
obs determined at 300 bar is higher than 

CT
obs at 1000 bar. 
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Figure 5.15: CLD plots for MMA homopolymerizations in 40 wt % scCO2 (full circles) and 

in bulk (open circles) at 80°C, 300 bar (a) and 1000 bar (b) with COPhBF as 

catalytic chain-transfer agent. 

 

Pressure dependence of ktr and CT  

 

The pressure dependence of CT
obs and ktr

obs was studied for MMA homopolymerizations in 

bulk and in scCO2 at 80°C and pressures varying between 300 and 1000 bar, as seen in Fig. 

5.16. The values of ktr
obs were calculated with CT

obs values and kp data given in Appendix 1 

(for comparison see section 5.1.2). 
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Figure 5.16: Pressure dependence of the chain-transfer constant (a) and of the chain-

transfer rate coefficient (b) for MMA homopolymerizations in bulk and in 

40 wt % CO2 at 80°C. Experimental data are listed in Appendix 3. 
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As seen in Fig. 5.16, CT
obs decreases with increasing pressure, which is slightly more 

pronounced in bulk than in scCO2. In addition, ktr
obs determined in bulk and in scCO2 

polymerizations decreases with increasing pressure. 

The values of ktr
obs, reported in Appendix 3, are very high in the range of 107 L⋅mol–1⋅s–1 and 

are similar in size to the rate coefficients for bimolecular termination reactions in free-radical 

polymerizations, which are known to be diffusion controlled17. This finding will be discussed 

in section 5.4. 

Eqs. 5.13 to 5.16 correspond to the linear fits of the experimental data for CT
obs and ktr

obs 

given in Fig. 5.16. 

 

ln CT
obs = (10.2 ± 0.2) – (2.33 ± 0.80) ⋅10–3 (p / bar)    (5.13) 

ln [ktr
obs / (L⋅mol–1⋅s–1)] = (17.4 ± 0.3) – (1.61 ± 0.54) ⋅10–3 (p / bar)  (5.14) 

(bulk, 80°C, 300 ≤ p ≤ 1000 bar) 

 

ln CT
obs = (10.4 ± 0.2) – (1.51 ± 0.41) ⋅10–3 (p / bar)    (5.15) 

ln [ktr
obs / (L⋅mol–1⋅s–1)] = (17.5 ± 0.16) – (1.07 ± 0.25)⋅10–3 (p / bar) (5.16) 

(40 wt % scCO2, 80°C, 300 ≤ p ≤ 1000 bar) 

 

According to δ (ln ktr) / δ p = – ∆V#/(R⋅T) and δ (ln CT) / δ p = – ∆V#/(R⋅T), the activation 

volumes for CT and ktr are calculated as: 

 

bulk: ∆V#(CT
obs) = + (68.7 ± 23.5) cm3⋅mol–1 ∆V#(ktr

obs) = + (47.5 ± 15.8) cm3⋅mol–1 

 

scCO2: ∆V#(CT
obs) = + (44.3 ± 12.1) cm3⋅mol–1 ∆V#(ktr

obs) = + (31.5 ± 7.3) cm3⋅mol–1 

 

The above given activation volumes for CT
obs and ktr

obs demonstrate the strong pressure 

dependence of the transfer reaction in bulk and in scCO2 polymerizations. Within 

experimental uncertainty, ∆V#(ktr
obs) and ∆V#(CT

obs) are close in bulk and in scCO2. The 

activation volumes of ∆V#(ktr
obs), in the range of +35 cm3⋅mol–1, are surprisingly high. For 

comparison, ∆V# of the termination rate coefficent is typically in the order of 20 cm3⋅mol–1. 

These findings will be discussed in section 5.4. 

The CT
obs

 value of 2.68⋅104, which is extrapolated to ambient pressure via Eq. 5.13 in bulk, is 

in the same order of magnitude as CT
obs of 21.5⋅103 determined at 60°C and 1 bar in section 
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5.2.1. Thus, this extrapolated value is in good agreement with the literature data12 determined 

at 1 bar and 60°C in the range from 19.5⋅103 to 25.8⋅103. Davis et al13 performed 

polymerizations of MMA in 80 wt % scCO2 at 50°C and 150 bar. The reported CT
obs value 

was 1.13⋅105, which is approximately one order of magnitude higher than CT
obs of 2.62⋅104 

extrapolated to 150 bar, in 40 wt % scCO2 via Eq. 5.15. The difference is certainly due to the 

fact that pressure, temperature, and CO2 content are not the same. More details about this 

aspect are given in section 5.4. 

 

5.2.3 Homopolymerization of styrene 

 

The only study14 on the temperature dependence of catalytic chain-transfer polymerizations of 

styrene reported in the literature up to date indicates a different behavior as observed in MMA 

polymerizations: Although a large scatter in the data, CT
obs appears to decrease with 

temperature at ambient pressure. This induces that ktr is only slightly temperature dependent. 

Informations on the pressure dependence of CT
obs and ktr

obs as well as the influence of scCO2 

on CCT in styrene polymerizations are not yet available. 

In the following section, the pressure dependence of ktr
obs and CT

obs and the influence of 

scCO2 as a solvent in styrene polymerization are investigated. 

Fig. 5.17a shows the molecular weight distributions for polystyrene obtained in 40 wt % 

scCO2 at 80°C and 300 bar with different amounts of COPhBF. The MWDs are shifted to 

lower molecular weights when the concentration of the cobalt-complex increases. In the 

absence of COPhBF, the reaction yields polymer with a Mw of 3.77⋅105 g⋅mol–1 and upon the 

addition of 7⋅10–5 wt % of COPhBF ([COPhBF]/[sty] = 10–7), the Mw decreases to 1.9⋅105 

g⋅mol–1. 
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Figure 5.17: Molecular weight distributions (a) and corresponding ln f(M) vs. M plots (b) of 

polystyrene from polymerizations in 40 wt % scCO2 at 80°C and 300 bar and 

COPhBF concentration as indicated. The bold lines indicate the region where 

the slope is measured for [COPhBF]/[styrene] = 0 and 10–7. 

 

As expected, the corresponding ln f(M) vs. M plots (Fig. 5.17b) show that the slope increases 

with increasing the amount of the complex. Although the slopes represented by the bold lines 

seem to be not linear, correlation coefficients of 0.998 are obtained. This indicates that the 
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slight curvature of the plot may not affect the determination of CT (for comparison see 

section 4). The CLD plots for polymerizations in bulk and in 40 wt % scCO2 at 80°C and 300 

bar are pictured in Fig. 5.18. 
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Figure 5.18: CLD plots for styrene homopolymerizations in 40 wt % scCO2 (full circles) 

and in bulk (open circles) at 80°C and 300 bar. 

 

The CT
obs values determined are (846 ± 80) and (435 ± 234) in scCO2 and in bulk, 

respectively. The influence of scCO2 on the chain-transfer activity of COPhBF is not obvious: 

The significant error calculated in bulk polymerization shows that scCO2 has probably a little 

influence in the CT
obs value. 

 

Pressure dependence of ktr and CT 

 

The pressure dependence of CT
obs and ktr

obs was determined varying the pressure between 300 

and 1000 bar. The ktr
obs values were calculated from the experimental CT

obs values and the kp 

values reported in the literature5,6 under the same conditions of pressure and temperature, 

which are listed in Appendix 1. Fig. 5.19 shows the pressure dependence of CT
obs and ktr

obs in 

styrene homopolymerizations at 80°C. 
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Figure 5.19: Pressure dependence of the chain-transfer constant (a) and the chain-transfer 

rate coefficient (b) for styrene homopolymerizations in bulk and in 40 wt % 

CO2 at 80°C. Experimental data are listed in Appendix 3. 

 

Fig. 5.19 shows a large scatter in the data, which is stronger in scCO2. CT and ktr decrease 

with increasing pressure in bulk and in scCO2. The values determined at 500 and 1000 bar are 

almost equivalent in bulk and in scCO2. In contrast, the values determined at 300 and 800 bar 

differ in both media. Nevertheless, considering the significant errors calculated in CT
obs and 

ktr
obs, the values are close in both media in the entire pressure range which indicates that CT 

and ktr in styrene polymerization at 300 bar are not influenced by scCO2. 

The pressure dependence of CT
obs and ktr

obs may be expressed by Eqs. 5.17-5.20: 

 

ln CT
obs = (6.60 ± 0.18) – (1.62 ± 0.52) ⋅10–3 (p / bar)   (5.17) 

ln [ktr
obs / (L⋅mol–1⋅s–1)] = (13.2 ± 0.2) – (1.31 ± 0.33) ⋅10–3 (p / bar)  (5.18) 

(bulk, 80°C, 300 ≤ p ≤ 1000 bar) 

 

ln CT
obs = (7.42 ± 0.49) – (2.39 ± 0.69) ⋅10–3 (p / bar)   (5.19) 

ln [ktr
obs / (L⋅mol–1⋅s–1)] = (13.8 ± 0.4) – (1.86 ± 0.63) ⋅10–3 (p / bar)  (5.20) 

(40 wt % scCO2, 80°C, 300 ≤ p ≤ 1000 bar) 

 

 

 



70  5. Results and discussions 

  

The corresponding activation volumes in bulk and in 40 wt % scCO2 are as follows: 

 

bulk: ∆V#(CT
obs) = + (45.6 ± 15.3) cm3⋅mol–1 ∆V#(ktr

obs) = + (38.5 ± 9.6) cm3⋅mol–1 

 

scCO2: ∆V#(CT
obs) = + (70.2 ± 20.3) cm3⋅mol–1 ∆V#(ktr

obs) = + (54.6 ± 18.4) cm3⋅mol–1 

 

The above activation volumes for CT
obs and ktr

obs indicate a strong pressure dependence of the 

transfer reaction in both media. The activation volumes in bulk and in scCO2 are very close 

considering the uncertainty in ∆V#. As seen in MMA polymerization, ∆V# for ktr
obs is 

exceptionally high, as compared to the activation volume of the termination rate coefficient. 

Eq. 5.17 is used to extrapolate CT
obs to ambient pressure at 80°C. The value of 733 obtained is 

in very good agreement with the literature data12, ranging from 478 to 718. 

 

5.2.4 Copolymerization of styrene and MMA 

 

Copolymerizations of styrene and MMA were investigated at 80°C and at pressures between 

300 and 1000 bar. 

The MWDs obtained for copolymers (fS = 0.2) in bulk and in scCO2 at 80°C and 300 bar are 

pictured in Fig. 5.20. The MWDs in bulk and in scCO2 are shifted to lower values with 

increasing COPhBF concentration. In addition, the MWDs in scCO2 are shifted to lower 

values compared to bulk MWDs. For example, the copolymerization performed with 8⋅10–5 

wt % of COPhBF (lowest CTA concentration in Fig. 5.20) generates Mw of 1.85⋅105 g⋅mol–1 

and 5.7⋅104 g⋅mol–1 in bulk and in scCO2, respectively. This indicates that the transfer activity 

of COPhBF is strongly increased due to the presence of scCO2.  
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Figure 5.20: Molecular weight distributions of styrene-MMA copolymers (fS = 0.2) obtained 

in 40 wt % scCO2 (full line) and in bulk (dotted line) at 80°C and 300 bar 

varying the amount of COPhBF. [COPhBF]/[M] range is from 1.5⋅10–7 to 

4.6⋅10–7 and from 1.5⋅10–7 to 5.8⋅10–7 in bulk and in scCO2, respectively. 

 

Fig. 5.21 summarizes the CLD plots obtained in styrene and MMA copolymerization with 

fS = 0.2, 0.5, and 0.8, at 80°C, 300 bar, in bulk and in scCO2. For copolymerization with fS of 

0.2 and 0.5, the CT
obs values are approximately by a factor of 3 higher in scCO2 than in bulk, 

which indicates a strong effect on CT
obs of scCO2 as a solvent. In polymerizations with 

fS = 0.8, the bulk data are very scattered and the CT
obs values are equivalent in both media, 

which indicates that scCO2 has no significant influence in CT
obs. 
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Figure 5.21: CLD plots for copolymerizations of styrene and MMA at fS  of 0.2, 0.5, and 0.8, 

80°C, 300 bar, in 40 wt % scCO2 (full circles) and in bulk (open circles). 

 

The variation of CT
obs with fS for copolymerizations at 80°C, 300 bar in bulk and in scCO2 is 

shown in Fig. 5.22. CT
obs decreases with increasing fS in both media, which indicates that 

CT
obs in styrene polymerizations is lower than CT

obs in MMA polymerizations. Indeed, at 300 

bar in both media CT,MMA
obs is more than one order of magnitude higher than CT,styrene

obs. The 

variation of CT
obs with fS is different in bulk and in scCO2: CT

obs in bulk shows a stronger 

decrease compared to CT
obs in scCO2, when a little amount of styrene is added in the 

copolymerization. CT
obs in scCO2 are 2.11⋅104 and 1.25⋅104 at fS = 0 and 0.2, respectively, 

whereas CT
obs in bulk are 1.41⋅104 and 4.22⋅103 at fS = 0 and 0.2, respectively. At fS = 0.8, 

CT
obs are equivalent in bulk and in scCO2. These findings and the preceding observations in 

the homopolymerizations suggest that at high fS, CT
obs are equivalent in bulk and in scCO2. 
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Figure 5.22: Variation of the chain-transfer constant with the mole fraction of styrene in the 

monomer feed for polymerization of styrene and MMA in bulk (open circles) 

and in scCO2 (full circles) at 80°C and 300 bar. The experimental data are 

listed in Appendix 3. 

 

The next plot shows the comparison of the variation of CT
obs with fS in bulk obtained in this 

work (80°C and 300 bar) and reported in literature9 (1 bar and 40°C). 

The variation of CT
obs with fS is the same here and in the literature: CT

obs decreases with 

increasing fS. As already mentioned, literature reported that CT
obs is independent on the 

temperature in MMA homopolymerization14,15,16, whereas a decrease in CT
obs is observed 

when the temperature increases in styrene homopolymerization14. CT
obs reported at 40°C and 

1 bar are slightly higher than CT
obs determined in this work at 80°C and 300 bar. It is obvious 

that CT
obs decreases with increasing pressure independently of the temperature. 
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Figure 5.23: Dependence of the chain-transfer constant on the mole fraction of styrene in 

the monomer feed for copolymerizations in bulk at 80°C and 300 bar. The 

literature data measured in bulk at 40°C and 1 bar (×) are taken from ref. 9. 

Experimental data are listed in Appendix 3. 

 

The corresponding ktr
obs values were obtained from CT

obs measured and the copolymerizations 

kp data, listed in Appendix 1, which were obtained as explained in section 6. The variation of 

ln ktr
obs with fS is shown in Fig. 5.24: The left hand side (a) shows the variation of ktr

obs in bulk 

and in scCO2 and on the right hand side (b) ktr
obs obtained in bulk are compared with the 

literature data. 

Fig. 5.24a clearly shows that ln ktr
obs decreases linearly with increasing fS in bulk and in 

scCO2. The lines fitted to the ktr
obs data obtained in both media are parallel, which is also seen 

in Fig 5.24b. The variation of ln ktr
obs with fS is the same for the different systems, which 

indicates that the variation of ln ktr
obs with fS is independent of the reaction conditions 

(pressure, temperature, and reaction medium). 
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Figure 5.24: Variation of the chain-transfer rate coefficient with the mole fraction of 

styrene in the monomer feed for copolymerization of styrene and MMA in bulk 

(open circles) and in 40 wt % scCO2 (full circles) at 80°C and 300 bar. The 

literature data (×) were calculated using the parameters (CT
obs and kp) 

determined in bulk at 40°C and 1 bar, which are listed in ref. 9. Experimental 

data are listed in Appendix 3. 

 

As seen for MMA homopolymerizations, the ktr values determined at fS = 0.2 in scCO2 are 

very high in the range of 107 L⋅mol–1⋅s–1 and are similar in size to the rate coefficients 

obtained for bimolecular termination reactions in free-radical polymerizations, which are 

known to be diffusion-controlled17. 

 

Pressure dependence of ktr and CT 

 

Fig. 5.25 shows the pressure dependence of CT
obs and ktr

obs for copolymerizations of styrene 

and MMA (fS = 0.5) in bulk and in scCO2 at 80°C and 300 bar. 
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Figure 5.25: Pressure dependence of the chain-transfer rate constant (a) and of the chain-

transfer rate coefficient (b) for copolymerizations of styrene and MMA (fS = 

0.5) at 80°C. Experimental data are listed in Appendix 3. 

 

CT
obs and ktr

obs decrease with increasing pressure in both media, which is slightly more 

pronounced in scCO2 than in bulk. 

The pressure dependence of CT and ktr may be expressed by Eqs 5.21-5.24. 

 

ln CT
obs = (8.10 ± 0.15) – (1.53 ± 0.44) ⋅ 10–3 (p / bar)   (5.21) 

ln [ktr
obs / (L⋅mol–1⋅s–1)] = (14.7 ± 0.2) – (1.02 ± 0.23) ⋅ 10–3 (p / bar) (5.22) 

(bulk, fS = 0.5, 80°C, 300 ≤ p ≤ 1000 bar) 

 

ln CT
obs = (9.14 ± 0.17) – (1.95 ± 0.48) ⋅ 10–3 (p / bar)   (5.23) 

ln [ktr
obs / (L⋅mol–1⋅s–1)] = (15.6 ± 0.1) – (1.43 ± 0.19) ⋅ 10–3 (p / bar) (5.24) 

(40 wt % scCO2, fS = 0.5, 80°C, 300 ≤ p ≤ 1000 bar) 

 

The corresponding activation volumes in scCO2 and in bulk are as follows: 

 

bulk: ∆V#(CT
obs) = + (44.9 ± 12.9) cm3⋅mol–1 ∆V#(ktr

obs) = + (29.9 ± 6.8) cm3⋅mol–1 

 

scCO2: ∆V#(CT
obs) = + (57.2 ± 14.1) cm3⋅mol–1 ∆V#(ktr

obs) = + (42.0 ± 6.7) cm3⋅mol–1 
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The activation volumes for CT
obs and ktr

obs indicate a strong pressure dependence in bulk and 

in scCO2 as seen for the homopolymerization systems. Within experimental uncertainty, 

∆V#(ktr
obs) and ∆V#(CT

obs) are similar in both media: In the range of +50 and +35 cm3⋅mol–1 

for CT
obs and ktr

obs, respectively. CT
obs is extrapolated to ambient pressure via Eq. 5.21 

resulting in CT
obs = 3.3⋅103, which is in very good agreement with the literature data of 3.3⋅103 

reported at 40°C and fS = 0.48. 

 

5.2.5 Closing remarks 

 

As mentioned before, the CT
obs data calculated are based on the reaction scheme 5.2, such as 

all the CT
obs values reported in the literature. However, recently a carbon-cobalt bond 

formation was directly measured in methyl acrylate polymerization18. The authors reported 

that this effect may be also seen in styrene homopolymerization. Thus, the ktr
obs values 

determined in this work in styrene and MMA copolymerizations and in styrene 

homopolymerization may be not accurate. ktr
obs determined in these conditions may be 

underestimated as explained in more details in section 5.4. 

 

The Table below summarizes the results obtained for homo- and copolymerization of MMA 

and styrene in bulk and in scCO2 at 80°C and 800 bar with COPhBF as catalytic chain-

transfer agent. 
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MMA 

 CT
obs ktr

obs 

scCO2  (10.0 ± 1.5)⋅103 (18.6 ± 4.5) ⋅106 L⋅mol–1⋅s–1 

bulk (5.01 ± 8.30)⋅103 (9.82 ± 2.62) ⋅106 L⋅mol–1⋅s–1 

scCO2 influence influence in the 

entire pressure range 

influence in the 

entire pressure range 

∆∆V## / cm3⋅⋅mol–1 bulk: + (68.7 ± 23.5) 

scCO2: + (44.3 ± 12.1) 

bulk: + (47.5 ± 15.8) 

scCO2: + (31.5 ± 7.3) 

styrene 

 CT
obs ktr

obs 

scCO2  376 ± 45 (3.12 ± 0.72)⋅105 L⋅mol–1⋅s–1 

bulk 237 ± 15 (2.19 ± 0.36)⋅105 L⋅mol–1⋅s–1 

scCO2 influence no influence in the 

entire pressure range 

no influence in the 

entire pressure range 

∆∆V## / cm3⋅⋅mol–1 bulk: + (45.6 ± 15.3) 

scCO2: + (70.2 ± 20.3) 

bulk: + (38.5 ± 9.6) 

scCO2: + (54.6 ± 18.4) 

styrene / MMA (fS = 0.5) 

 CT
obs ktr

obs 

scCO2  (2.15 ± 0.38)⋅103 (21.1 ± 6.3)⋅105 L⋅mol–1⋅s–1 

bulk (0.93 ± 0.08)⋅103 (10.1 ± 2.1)⋅105 L⋅mol–1⋅s–1 

scCO2 influence influence in the 

entire pressure range 

influence in the 

entire pressure range 

∆∆V## / cm3⋅⋅mol–1 bulk: + (44.9 ± 12.9) 

scCO2: + (57.3 ± 14.1) 

bulk: + (29.9 ± 6.8) 

scCO2: + (42.0 ± 6.7) 
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5.3 MMA trimer as chain-transfer agent 

 

Methyl methacrylate macromonomers have recently become of importance as precursors to 

block19,20, graft copolymers21, and as chain-transfer agents22,23. Currently there are data 

available on the chain-transfer constants of macromonomers only for few systems20,23,24,25. In 

addition, these investigations were only made at ambient pressure for bulk polymerizations. 

MMA macromonomers are usually prepared via catalytic chain-transfer polymerization, 

which is able to produce low molecular weight. The most favoured reaction of a 

macromonomer in a polymerization is the radical addition-fragmentation or β-scission 

reaction. Scheme 5.3 illustrates the transfer reaction of MMA trimer as chain-transfer agent in 

styrene (a) and MMA (b) polymerization. The first step is the addition of the radical chain to 

the macromonomer, which creates a macroradical. The second step of the chain-transfer 

reaction is a β-scission reaction of the macroradical, releasing a dead polymer and a new 

radical species derived from the macromonomer, which in turn can initiate residual monomer. 

Moad et al.23 performed a study with several MMA macromonomers of different chain length 

in MMA polymerization. The chain-transfer constant for MMA dimer has been reported to be 

one order of magnitude lower than MMA trimer (MMAt), whereas a little increase in CT is 

seen as chain length increases to tetramer, pentamer, etc. In addition, the transfer constants 

showed only a small temperature dependence and no variation with conversion. In this work 

MMA trimer was chosen as CTA in MMA and styrene polymerizations performed at 80°C. 

The fraction of MMA trimer, which was contained in the macromonomer mixture (dimer, 

trimer, tetramer, and pentamer) provided by DuPont Performance Coatings, was isolated by 

fractionated distillation under reduced pressure, as described in section 3.4.4. It has been seen 

that the distilled MMA trimer polymerizes after  few days. Thus, all experiments with one 

monomer were carried out with the same MMA trimer fraction. After the 

homopolymerization studies, several distillations of the macromonomer mixture were 

performed. It was observed that MMA trimer polymerized immediately after the distillation. 

For this reason, the copolymerizations of styrene and MMA with MMA trimer as CTA are not 

investigated in this work. 
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Scheme 5.3: Reaction scheme for the chain transfer of MMA trimer in homopolymerization 

of styrene (a) and MMA (b). 

 

As mentioned before, the determination of CT reported in the literature for macromonomers as 

CTAs were only investigated at ambient pressure in bulk polymerizations. Thus, in this work 

chain-transfer constants and chain-transfer rate coefficients of MMA trimer as CTA are 
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determined in bulk and in 40 wt % solution of scCO2 in styrene and MMA 

homopolymerizations. The pressure dependencies of CT and ktr are also investigated in both 

media since the pressure dependence has never been studied so far. The PLP technique is 

applied using a laser pulse repetition rate of 1 Hz and [DMPA] of 0.2 mmol⋅L–1 (see section 4 

for more details). The same range of MMA trimer concentration is used for both 

homopolymerizations. 

The detailed discussion about MMA trimer as CTA in homopolymerizations of styrene and 

MMA is given in section 5.4. 

 

5.3.1 Homopolymerization of styrene 

 

Styrene homopolymerizations were carried out with MMA trimer as chain-transfer agent at 

80°C in 40 wt % scCO2 and in bulk, varying the pressure between 300 and 1500 bar. 

The MWDs of PS obtained for polymerizations in scCO2 at 80°C, 300 bar, and various 

amounts of MMA trimer are shown in Fig. 5.26. 

 

0.0

0.2

0.4

0.6

0.8

1.0

w
M

(l
og

)
10

104 105 106 107

M / g mol⋅ −1

0

0.005
0.01

0.015

[MMAt]/[sty]

 

 

Figure 5.26: Molecular weight distributions of PS from polymerizations in 40 wt % scCO2  

at 80°C, 300 bar, and MMAt concentration as indicated. 

 

The MWDs are shifted to lower molecular weights when the concentration of MMA trimer 

increases. In the absence of MMA trimer, the reaction yields polymer with a weight average 
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molecular weight of 3.77⋅105 g⋅mol–1, and upon the addition of 1.5 wt % of MMA trimer 

([MMAt]/[sty] = 0.005) Mw decreases to a value of 9.77⋅104 g⋅mol–1. Therefore, the addition 

of only a small amount of CTA leads to a shift of the MWD to lower values. 
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Figure 5.27: ln f(M) vs. M plots of PS  from polymerizations in 40 wt % scCO2 at 80°C and 

300 bar with MMAt-concentration as indicated. For more details see the text 

below. 

 

The corresponding ln f(M) vs. M plots are pictured in Fig. 5.27. The bold line indicates the 

MW range for which the slope has been determined. The slope increases with increasing 

MMA trimer concentration as expected. Fig. 5.28 shows the so called CLD plots for styrene 

homopolymerizations at 80°C and 300 bar in scCO2 and in bulk. The slopes, which give – CT, 

are slightly different and the values of CT determined are 0.173 ± 0.010 and 0.208 ± 0.024 in 

bulk and in 40 wt % scCO2, respectively. Within experimental uncertainty the chain-transfer 

constant obtained in scCO2 is close to the bulk value, which indicates no significant influence 

of scCO2 on the transfer activity of MMA trimer in styrene homopolymerization. 
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Figure 5.28: Determination of the chain-transfer constant from a plot of d ln f(n)/dn vs. 

[MMAt]/[sty] for styrene homopolymerizations at 80°C, 300 bar, in 40 wt % 

scCO2 (solid line) and in bulk (dotted line). 

 

Pressure dependence of CT and ktr 

 

The pressure dependence of CT and ktr for the homopolymerization of styrene was studied at 

80°C and pressures varying between 300 and 1500 bar*. The corresponding chain-transfer rate 

coefficients were determined from the CT values obtained in this study and the propagation 

rate coefficients reported in the literature5,6 under the same conditions of pressure and 

temperature. The kp values used are listed in Appendix 1. 

Fig. 5.29 shows the pressure dependencies of CT (a) and ktr (b) for polymerizations at 80°C in 

scCO2 and in bulk. CT and ktr decrease with increasing pressure in both media. It is shown that 

there is no significant difference in CT and in ktr in bulk and in scCO2 over the entire pressure 

range: The CT,bulk / CT,scCO2 values at 300 and 1500 bar are 0.83 and 0.93, respectively. 

 

                                                 
* As already explained, MMA trimer polymerizes after  few days and styrene polymerization could only be 
studied at three pressures with the same batch of MMA trimer. 
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Figure 5.29: Pressure dependence of the chain-transfer constant (a) and of the chain-

transfer rate coefficient (b) for styrene homopolymerizations at 80°C in 

40 wt % scCO2 and in bulk. Experimental data are reported in Appendix 4. 

 

Eqs. 5.25 to 5.28 correspond to the linear fits of the experimental data for CT and ktr given in 

Fig. 5.29: 

 

ln CT = – (1.58 ± 0.47) – (5.05 ± 1.64) ⋅10–4 (p / bar)    (5.25) 

ln [ktr / (L⋅mol–1⋅s–1)] = (4.92 ± 1.30) – (1.13 ± 1.04) ⋅10–4 (p / bar)  (5.26) 

(bulk, 80°C, 300 ≤ p ≤ 1500 bar) 

 

ln CT  = – (1.31 ± 0.37) – (6.37 ± 1.40) ⋅10–4 (p / bar)   (5.27) 

ln [ktr / (L⋅mol–1⋅s–1)] = (5.03 ± 1.62) – (1.97 ± 1.6) ⋅10–4 (p / bar)  (5.28) 

(40 wt % scCO2, 80°C, 300 ≤ p ≤ 1500 bar) 

 

According to δ (ln ktr) / δ p = – ∆V# / (R⋅T) and δ (ln CT) / δ p = – ∆V# / (R⋅T), the activation 

volumes for CT and ktr are calculated as: 

 

bulk: ∆V#(CT) = + (14.8 ± 4.7) cm3⋅mol–1  ∆V#(ktr) = + (3.3 ± 3.1) cm3⋅mol–1 

 

scCO2: ∆V#(CT) = + (18.7 ± 4.1) cm3⋅mol–1  ∆V#(ktr) = + (5.8 ± 4.7) cm3⋅mol–1 
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The values of ∆V# for CT determined in scCO2 and in bulk indicate a significant pressure 

dependence, whereas no pressure dependence is seen for ktr. Considering the significant 

uncertainty determined in ∆V#, ∆V# for CT and ktr in bulk are close to the corresponding values 

in scCO2. As these are the first data reported for styrene polymerization with MMA trimer as 

CTA, comparison with literature data is not possible. 

 

5.3.2 Homopolymerization of MMA 

 

MMA homopolymerizations were carried out at 80°C in 40 wt % scCO2, in bulk and 

pressures varying between 300 and 1500 bar. 

Fig. 5.30 shows typical molecular weight distribution of PMMA from polymerizations in 

scCO2 at 80°C and 300 bar with the indicated amount of MMA trimer. The MWDs are shifted 

to lower molecular weights with increasing CTA concentration. In the absence of MMA 

trimer, the reaction yields polymer with Mw of 5⋅105 g⋅mol–1, and upon addition of 3 wt % 

MMA trimer ([MMAt]/[MMA] = 0.01) Mw decreases to a value of 2.4⋅105 g⋅mol–1. 
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Figure 5.30: Molecular weight distributions of PMMA from polymerizations in 40 wt % 

scCO2 at 80°C, 300 bar, and MMAt concentration as indicated. 
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The corresponding ln f(M) vs. M plots are pictured in Fig. 5.31. The part of the distribution 

used to calculate CT is indicated by the bold lines. The slope of this MW region is enhanced 

with increasing [MMAt]. 
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Figure. 5.31: ln f(M) vs. M plots for MMA homopolymerizations in 40 wt % scCO2 at 80°C 

and 300 bar with MMAt concentration as indicated. 

 

Fig. 5.32 exhibits the CLD plots of MMA homopolymerizations at 80°C and 300 bar in bulk 

and in scCO2. 

The CT values obtained in scCO2 and in bulk are 0.063 and 0.066, respectively. It is obvious 

that both CT are identical, which indicates that scCO2 as a solvent has no effect on the transfer 

activity of MMA trimer in MMA polymerization. 
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Figure 5.32: Determination of the chain-transfer constant from a plot of d ln f(n)/dn vs. 

[MMAt]/[MMA] for MMA homopolymerizations at 80°C, 300 bar, in 40 wt % 

scCO2 (solid line) and in bulk (dotted line). 

 

Pressure dependence of CT and ktr 

 

The pressure dependence of CT and ktr for MMA homopolymerization was studied in a 

pressure range from 300 to 1500 bar. The values of ktr were calculated with CT values and kp 

data given in Appendix 1 (for comparison see section 5.1.2). 

Fig. 5.33 shows the pressure dependence of CT and ktr for polymerizations in scCO2 and in 

bulk. In both media, CT decreases with increasing pressure. It is obvious that CT in scCO2 and 

in bulk are very close, which confirms that scCO2 has no influence on CT in the entire 

pressure range. In contrast to CT, ktr is enhanced with pressure as seen in Fig. 5.33b. ktr values 

determined in scCO2 are slightly lower than in bulk. Nevertheless, within experimental 

uncertainty, ktr is close in both media. In addition, the ktr values determined in scCO2 are 87.3 

and 113 L⋅mol–1⋅s–1 at 300 and 1500 bar, respectively, which indicates a minor pressure 

dependence. The lines fitted to the ktr data in both reaction media are parallel. 
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Figure 5.33: Pressure dependence of the chain-transfer constant (a) and of the chain-

transfer rate coefficient (b) for MMA homopolymerizations in 40 wt % scCO2 

and in bulk at 80°C. Experimental data are reported in Appendix 4. 

 

The expressions for the pressure dependence of CT and ktr are given by Eqs. 5.29-5.32. 

 

ln CT = – (2.66 ± 0.04) – (3.51 ± 0.92) ⋅10–4 (p / bar)    (5.29) 

ln [ktr / (L⋅mol–1⋅s–1)] = (4.5 ± 0.06) + (1.96 ± 0.97) ⋅10–4 (p / bar)  (5.30) 

(bulk, 80°C, 300 ≤ p ≤ 1500 bar) 

 

ln CT = – (2.72 ± 0.06) – (3.19 ± 1.43) ⋅10–4 (p / bar)    (5.31) 

ln [ktr / (L⋅mol–1⋅s–1)] = (4.36 ± 0.07) + (2.17 ± 1.53) ⋅10–4 (p / bar)  (5.32) 

(40 wt % scCO2, 80°C, 300 ≤ p ≤ 1500 bar). 

 

The corresponding activation volumes are as follows: 

 

bulk: ∆V#(CT) = + (10.3 ± 2.7) cm3⋅mol–1   ∆V#(ktr) = – (5.8 ± 2.8) cm3⋅mol–1 

 

scCO2: ∆V#(CT) = + (9.4 ± 4.2) cm3⋅mol–1   ∆V#(ktr) = – (6.4 ± 4.3) cm3⋅mol–1 

 

The values of ∆V# for CT and ktr show different trends, which were already observed in Fig. 

5.33. The activation volumes for CT in bulk and in scCO2 are approximately + 10 cm3⋅mol–1, 
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which shows a significant decrease in CT with pressure. In contrast, the ∆V# values for ktr in 

both media, which are around – 6 cm3⋅mol–1, indicate a slight increase in ktr with pressure. 

The extrapolation of CT in bulk to 1 bar via Eq. 5.29 gives a value of 0.07. Moad et al.20 

reported a value of 0.188 in bulk at 80°C and 1 bar, which is higher than the CT of this work. 

The SEC analysis of the isolated fraction used in this work showed traces of MMA dimer, 

which may influence the CT values. As previously mentioned, the transfer activity of MMA 

dimer is lower than for MMA trimer. Therefore, the presence of MMA dimer in the CTA 

contributes to a lower value of CT as expected for pure MMA trimer. In the literature a CT 

value20 of 0.015 is reported for MMA dimer as CTA. Thus CT of 0.07 extrapolated from Eq. 

5.29 is in between the CT values for MMA dimer and MMA trimer. 

 

5.3.3 Summary 

 

The Table below summarizes the results obtained for MMA and styrene 

homopolymerizations in bulk and in scCO2 at 80°C with MMA trimer as chain-transfer agent. 

CT and ktr are given for polymerizations at 80°C and 800 bar. 
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MMA 

 CT ktr 

scCO2  0.052 ± 0.002 97.1 ± 8.5 L⋅mol–1⋅s–1 

bulk 0.053 ± 0.002 103 ± 8 L⋅mol–1⋅s–1 

scCO2 influence no influence in the 

entire pressure range 

no influence in the 

entire pressure range 

∆∆V## / cm3⋅⋅mol–1 bulk: + (10.3 ± 2.7) 

scCO2: + (9.4 ± 4.2) 

bulk: – (5.8 ± 2.8) 

scCO2: – (6.4 ± 4.3) 

styrene 

 CT ktr 

scCO2  0.165 ± 0.011 136 ± 18 L⋅mol–1⋅s–1 

bulk 0.141 ± 0.009 131 ± 14 L⋅mol–1⋅s–1 

scCO2 influence no influence in the 

entire pressure range 

no influence in the 

entire pressure range 

∆∆V## / cm3⋅⋅mol–1 bulk: + (14.8 ± 4.7) 

scCO2: + (18.7 ± 4.1) 

bulk: + (3.3 ± 3.1) 

scCO2: + (5.8 ± 4.7) 
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5.4 Discussions 

 

The experimental results presented in the preceding sections showed very different trends for 

ktr. ktr values obtained for polymerizations of MMA at 80°C and pressures varying between 

300 and 1000 bar differ by orders of magnitude: Close to 102, 103 and 107L⋅mol–1⋅s–1 for the 

MMA trimer, for DDM and for COPhBF, respectively. The scCO2 influence on ktr in MMA 

and styrene homo- and copolymerizations is dependent on the monomer-CTA system under 

consideration. As shown in the schemes 5.1, 5.2, and 5.3, the mechanisms of the transfer 

reaction are very different for the CTAs. 

As mentioned in section 5.2, CT
obs and ktr

obs values determined in the presence of COPhBF in 

styrene-MMA homo- and copolymerizations are based on a direct abstraction of the hydrogen 

atom from the polymer radical by COPhBF, as illustrated in scheme 5.2. Recently it has been 

suggested that this scheme may be not adequate for the transfer reaction with COPhBF in 

styrene polymerization10. The different reaction schemes proposed for the transfer process in 

styrene polymerization are presented in the following part. Implications on CT and ktr values 

are discussed in section 5.4.1.3. 

The first part of the discussion deals with the mechanism of the chain-transfer reaction for the 

different CTAs, in order to explain the difference on ktr in styrene and MMA polymerizations. 

The second part deals with the ktr values obtained for the different systems, which are 

discussed in terms of pressure dependence and scCO2 influence. 

 

5.4.1 Mechanism of the chain-transfer reaction 

 

The table below summarizes the ktr values (L⋅mol–1⋅s–1) obtained in styrene and MMA homo- 

and copolymerization in scCO2 at 80°C and 300 bar. 

 

fS 10–3⋅ktr,DDM 10–5⋅ktr,COPhBF
obs ktr,MMAt 

0 1.14 ± 0.25  292 ± 100  87.3 ± 14.1 

0.5 3.03 ± 0.62 37.6 ± 12.1 – 

1 11.2 ± 2.1  5.79 ± 1.18 142 ± 23  
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5.4.1.1 DDM 

 

The ktr values, in the range from 103 to 104 L⋅mol–1⋅s–1, obtained in MMA and styrene 

polymerizations with DDM indicate a good transfer activity. The CT values of 0.771 and 15.5 

extrapolated or obtained at 80°C and ambient pressure in MMA and styrene bulk 

homopolymerizations, respectively, are in very good agreement with the literature data: 

Hutchinson et al.1 reported CT values of 0.711 and 15.6 in MMA and styrene 

homopolymerizations, respectively, under the same experimental conditions. 

As described in scheme 5.1, the transfer reaction of DDM with a growing radical is composed 

of two steps: the abstraction of a hydrogen atom of DDM by the polymer radical and the 

addition of the thiyl radical formed with a monomer molecule. The hydrogen abstraction is 

the rate-determining step in the transfer process with DDM since it creates the polymer. 

Styryl radicals are known to be very stable26, which induces a very low propagation rate 

coefficient compared to methacrylates and acrylates monomers, e.g. at 300 bar and 80°C in 

bulk kp for styrene is 763 L⋅mol–1⋅s–1 and for MMA is 1540 L⋅mol–1⋅s–1. If the reactivity of the 

styryl or methacrylic radical is the determining factor for the transfer rate, it is expected that 

the transfer reaction of DDM with styryl radicals should be slower than the transfer reaction 

with methacrylic radicals. However, the experimental results have shown that the hydrogen 

abstraction is clearly more difficult with methacrylic radicals, which are hindered due to the 

α-methyl group. Thus, it seems that not only the polymer radical reactivity determines the rate 

of the hydrogen abstraction. Interactions between DDM and polymer radicals may influence 

the rate of the transfer reaction. In addition, as styryl radicals propagate more slowly than 

methacrylic radicals, those are more prone to possible side reactions. 

Tronche et al.27 have shown that the rate of a hydrogen abstraction of octadecanethiol by a 

radical decreases by one order of magnitude when the radical contains polar substituents. An 

extreme example28 for this polar effect is the reaction of a perfluoroalkyl radical with 

phenylthiol which is a factor of 500 less rapid than reaction of an alkyl radical. A styryl 

radical, which is obviously less polar than a methacrylic radical, is thus supposed to abstract 

more rapidly the hydrogen atom of DDM than a methacrylic radical. This observation is 

consistent with the results of this work, thus the polarity of the monomer seems to be an 

important factor in the transfer process of DDM. 
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5.4.1.2 MMA trimer 

 

The mechanism of the transfer reaction of a macromonomer with a vinyl monomer is 

illustrated in scheme 5.3. Since chain transfer occurs via an addition-fragmentation 

mechanism, ktr is composed of kadd and kβ, which are the addition and the β-scission rate 

coefficients, respectively. For efficient chain-transfer to occur it is important that the lifetime 

of the intermediate macroradical is short with respect to the lifetime of a propagating species. 

Moad et al.23 found that there is no retardation in MMA polymerization carried out in the 

presence of macromonomers CTAs compared to experiments without CTA. They concluded 

that fragmentation is fast relative to addition. ktr is thus determined by the reactivity of the 

MMA trimer double bond towards the addition of a propagating radical in MMA 

homopolymerization. In styrene homopolymerization it has been shown that a competition 

between fragmentation and copolymerization of the macroradical formed after addition of the 

styrene radical may occur in some cases29, as illustrated in scheme 5.4 below.  
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Scheme 5.4: Competition between fragmentation and copolymerization in the chain-

transfer process with macromonomer. 
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The competition between fragmentation and copolymerization has also been shown for 

acrylate polymerizations, which are non-sterically hindered monomers such as styrene. In 

contrast, the incorporation of macromonomers into polymethacrylates via copolymerization 

was seen to be close to zero30. 

In case of copolymerizations as side reaction, the molecular weight distribution of the 

polymer obtained should be broader, due to the presence of graft polymers, as compared to 

MMA homopolymerization where the copolymerization reaction does not take place. Such an 

observation was not made for the MWD of the polystyrene obtained here. MWDs obtained 

for styrene and MMA homopolymerizations have approximately the same polydispersity 

index (PDI = Mw/Mn), which characterizes the broadness of a molecular weight distribution. 

The copolymerization of a styrene monomer and the macroradical may be compared to a 

styrene-MMA propagation reaction. Thus, it can be anticipated that the copolymerization rate 

will increase with pressure, as seen for kp in MMA-styrene copolymerization31. The formation 

of graft polymers resulting from this copolymerization will be increased, and the yield of 

polymers issued from the transfer process will be reduced. A change in the MWD of the 

polymer obtained, thus an enhanced PDI, is expected when increasing pressure. This was not 

observed here, where PDI is almost constant with pressure. In summary, these observations 

confirm the absence of the copolymerization as side reaction in styrene homopolymerization 

under the experimental reaction conditions applied in this work, and thus the applicability of 

the calculated chain-transfer rate coefficients. 

ktr values obtained for MMA trimer as CTA in styrene and MMA homopolymerizations are 

very low, in the range of 102 L⋅mol–1⋅s–1, indicating a very slow chain-transfer process. In 

styrene homopolymerization ktr is higher than in MMA homopolymerization. It should be 

kept in mind that the batches of MMA trimer used are different for styrene and MMA 

polymerization (see section 5.3). Although SEC analysis showed that both batches of 

macromonomer contain approximately the same amount of MMA dimer and MMA trimer, it 

can not be excluded that small differences in ktr as seen in this work may be due to the use of 

different batches of CTA. It has been shown that CT of MMA dimer is lower than CT of MMA 

trimer in MMA homopolymerization23. 

In a recent study, Bon et al.32 performed polymerizations of styrene and MMA with an allyl 

bromide as CTA. The structure of an allyl bromide is comparable to the one of a MMA 

macromonomer since only Mm (see scheme 5.4) is different: Mm = Br in case of the allyl 

bromide and Mm = 2 MMA units in case of the MMA trimer. In addition, the transfer reaction 

scheme proposed with an allyl bromide is an addition-fragmentation, such as here. The results 
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have shown that ktr obtained in styrene polymerization is higher than in MMA polymerization, 

as seen in this work. Thus, the literature data support the experimental results of this work. 

The rate-determining step of the transfer process in MMA and styrene homopolymerization 

with MMA trimer, which is the addition reaction, may be compared to the MMA and styrene-

MMA propagation reactions, respectively. The propagation kinetics of the copolymerization 

of styrene and MMA is described satisfactorily by the implicit penultimate model31,33,34. This 

implies that the cross-propagation coefficient, kpsty/MMA, of 1004 L⋅mol–1⋅s–1 is evaluated from 

the reactivity ratio31 rstyrene (0.76) and from kp,styrene (763 L⋅mol–1⋅s–1) determined at 300 bar 

and 80°C in bulk polymerization. kp,MMA is 1540 L⋅mol–1⋅s–1 under the same experimental 

conditions. The chain-transfer rate coefficients of styrene and MMA homopolymerization 

with MMA trimer, determined here at 300 bar and 80°C in bulk, are 131 and 101 L⋅mol–1⋅s–1, 

respectively. This indicates that MMA radicals are more reactive than styryl radicals with 

MMA as "comonomer", whereas styryl radicals are more reactive than MMA radicals with 

MMA trimer as "comonomer". Thus, MMA trimer is not comparable with MMA in terms of 

reactivity. In addition, MMA trimer is 7 times less reactive than MMA towards a styryl 

radical and 15 times less reactive than MMA towards a methyl methacrylic radical. It is 

obvious that the reactivity of MMA trimer with a growing radical is very low compared to the 

homopropagation reaction of the monomer. This finding may be explained by the bulkiness of 

the MMA trimer. The addition reaction of the MMA trimer with sterically hindered radicals 

such as methacrylic radical is clearly more difficult than with styryl radicals. Thus, as seen 

here ktr in styrene homopolymerization is higher than in MMA homopolymerization with 

MMA trimer as CTA. 

 

5.4.1.3 COPhBF 

 

ktr values determined for COPhBF as catalytic chain-transfer agent (CCTA) are approximately 

two orders of magnitude lower in styrene polymerization (105 L⋅mol–1⋅s–1) than in MMA 

polymerization (107 L⋅mol–1⋅s–1). The values of CT obtained in Section 5.2 are in accordance 

with the literature data, which are reported to be for 60°C and ambient pressure in the range of 

102 and 104 in styrene and MMA homopolymerizations35, respectively. The ktr values are in 

accordance with a diffusion-controlled transfer process in MMA polymerization (more details 

are given in the next part) and with a chemically-controlled process in styrene 

homopolymerization. 
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Catalytic chain transfer is most effective for tertiary propagating radicals such as in 

methacrylates, from which a hydrogen atom is abstracted from the α-carbon atom in the 

substituent36,37,38, as seen in scheme 5.2. In contrast, for secondary radicals such as styryl, the 

chain-transfer reaction is less effective. Styrene lacks an α-methyl group, and hydrogen 

abstraction is proposed to occur from an internal β-H atom on the backbone47,39. Abstraction 

of a hydrogen atom from the backbone is likely to be more difficult than from an α-methyl 

group due to steric hindrance and should yield lower ktr values, which supports the results 

obtained in this work. This steric effect may be not sufficient to explain the strong difference 

in ktr for styrene and MMA homopolymerizations. It may also be explained by the chain-

transfer mechanism. No conclusive evidence exists regarding the actual chain-transfer 

mechanism other than presented in scheme 5.2, i.e., a hydrogen is abstracted from the 

growing radical, which is the rate-determining step and the hydrogen is transferred to the 

monomer. This mechanism seems to be the most conceivable and generally accepted 

mechanism to date. However, it is known from organometallic chemistry40,41,42 that many 

Co(II) complexes have the ability to form reversible Co–C bonds with organic radicals. 

Electron spin resonance (ESR) studies showed a decrease of Co(II) concentration in the 

catalytic chain-transfer polymerization of styrene, but not for MMA and this was attributed to 

a reversible Co-C bond formation35. Recently, Roberts et al.18 directly observed the formation 

of cobalt-carbon bonds in CCT polymerization with methyl acrylate, with CT being by orders 

of magnitude lower than for methacrylate polymerization. Therefore, it is obvious that the 

Co–C bond formation depends on the type of radical present in the system, and that the Co–

radical complex is more stable when secondary (styrenic, acrylic) rather than tertiary 

(methacrylic) radicals are present. In some cases, such as acrylates, free-radical 

polymerization in the presence of Co-complexes leads to living polymerization 

characteristics43,44,45. 

Three different mechanisms are suggested for styrene polymerizations with COPhBF as 

CCTA, for more details see ref. 10. 

Firstly, the well-known two-step mechanism involving Co–H intermediates as shown in 

scheme 5.2. 

 

Rn
• + Co(II)  → Co(II)tr,k

 Pn + Co(III)H 

Co(III)H + M → Co(II) + R1
• 

Scheme 5.2 
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The reaction scheme 5.2 is the most widely accepted version of the catalytic chain-transfer 

process and it is this mechanism on which all the CT values published have been based upon. 

A clear and thorough discussion of this mechanism is given in ref. 46. 

The second mechanism, given in scheme 5.5, is related to the reaction of a monomer molecule 

and a radical coordinately bound to the cobalt center. 

 
Kcomplex

Rn + Co(II)
. [Rn

.... Co]
 

 
Scheme 5.5 
 

The third mechanism is similar to the second one but with the exception that the monomer 

(M) acts as a ligand of the cobalt center, see scheme 5.6. This mechanism was previously 

suggested by Haddleton and co-workers47 to explain the decrease in CT of a cobalt-complex 

for MMA polymerizations in solution of toluene as compared to bulk reactions. Solvent 

effects may be explained by the formation of a strong solvent-catalyst complex, leading to a 

decrease in active catalyst concentration. However, Davis et al.10 have not observed 

significant solvent effects of this nature except when using pyridine, which is known to be a 

very strong ligand. 

 
Kcomplex

M + Co(II) [M.... Co]
 

 
Scheme 5.6 
 

Considering that the reversible cobalt-carbon bond occurs in catalytic chain transfer of styrene 

polymerization, as illustrated in scheme 5.5 and 5.6, the effective concentration of CTA is 

probably lower than what one expects. Thus, the true [COPhBF]/[M] ratios are lower than the 

[COPhBF]0/[M], which are used to determine CT (see Eq. 4.17). This implies that CT
obs is 

lower than the true CT, CT
true. This means that the true ratio will be obtained by a horizontal 

shift of the points to lower values on the CLD plot (Λ⋅M0 vs [COPhBF]/[M]), yielding a 

steeper slope and hence a higher CT. 

Since Λ in Eq. 4.7 is directly governed by the product of CT and [CTA], the relationship 

between the observed CT and the true CT is given by: 

 

CT
true ⋅ [COPhBF]true = CT

obs ⋅ [COPhBF]initial      (5.1) 
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Thus, considering a transfer process with a reversible cobalt-carbon bond, the CT
true might be 

easily accessible knowing the [COPhBF]true and using CT
obs determined in this work assuming 

scheme 5.2 to occur. 

In other words, ktr
obs may be underestimated and this may explain that catalytic chain-transfer 

polymerization of MMA is diffusion controlled and apparently chemically controlled in 

styrene. Considering the above finding, this difference may be actually smaller and its 

conceivable that catalytic chain-transfer in styrene is also diffusion controlled. Thus, it may 

be anticipated that ktr values of styrene and MMA are in the same range, as seen for ktr 

determined in the presence of DDM and MMA trimer. In addition, styrene and MMA have 

shown to have kp and kt values in the same range31. 

 

5.4.2 Activation volume ∆∆V## and scCO2 influence on ktr 

 

The table below summarizes the activation volumes of ktr, ∆V#(ktr) / cm3⋅mol–1, obtained in 

styrene and MMA homo- and copolymerization with the different CTAs at 80°C. 

 

fS 0 0.5 1 

∆V#(ktr,DDM) 
bulk 

scCO2 

– (5.3 ± 3.7) 

– (4.4 ± 2.9) 

– (2.6 ± 2.8) 

– (2.8 ± 1.9) 

– (4.5 ± 1) 

– (1.8 ± 3.5) 

∆V#(ktr,COPhBF
obs) 

bulk 

scCO2 

+ (47.5 ± 15.8) 

+ (31.5 ± 7.3) 

– 

– 

– 

– 

∆V#(ktr,MMA trimer) 
bulk 

scCO2 

– (5.8 ± 2.8) 

– (6.4 ± 4.3) 

– 

– 

+ (3.3 ± 3.1) 

+ (5.8 ± 4.7) 

 

Assuming the uncertainty on the ktr
obs values relative to the system styrene-COPhBF reported 

above, activation volumes are not discussed for styrene polymerizations with COPhBF as 

catalytic CTA. 

 
5.4.2.1 DDM 

 

In Section 5.1 it was shown that ln ktr,copo in styrene-MMA polymerization varies linearly with 

the styrene content in the monomer feed, which holds for reactions in bulk and in scCO2 and 



5. Results and discussions  99  

  

for pressure ranging from 300 to 1000 bar. In addition, ktr determined in scCO2 is close to the 

bulk value in the entire pressure range independently of fS. Thus, the activation volumes of ktr 

measured in both reaction media are similar, as reported in the table above. This aspect is also 

seen for kp obtained in styrene and MMA homo- and copolymerizations in the same 

conditions of experiment. Beuermann et al.5 showed that the propagation rate coefficients and 

consequently the pressure dependence of kp for styrene in scCO2 at 80°C are very close to the 

bulk data. In addition, kp determined for MMA polymerizations at 80°C performed in this 

work, which are listed in Appendix 1, also show no influence of scCO2. In addition, ktr values 

indicate that the transfer reaction is chemically controlled, as already seen for the propagation 

reaction5. 

The independence of ktr on scCO2 as a solvent suggests that the viscosity of the system is not 

a determining factor. This observation is in agreement with the results reported by Foster et 

al.48. Investigations in bulk polymerizations of methacrylates with ester groups largely 

different in size (MMA and 2-phenoxyethyl methacrylate (POEMA)) showed for both 

monomers the same ktr, despite a significant difference in the viscosity of the system: The 

viscosities of POEMA and MMA are 2.51 and 0.37 cP, respectively, at reaction conditions. It 

provides strong evidence that viscosity effects are negligible in a conventional chain-transfer 

reaction of theses monomers. The insensitivity of ∆V# on the reaction medium supports the 

view that the dynamics of the transfer reaction is essentially the same in both media. Madruga 

et al.3 report a similar effect: ktr values for styrene and MMA homo- and copolymerizations in 

solution of benzene are similar to the corresponding bulk values. As seen in this work for 

scCO2, the solvent effect is negligible in conventional transfer polymerizations in solvents of 

poor polarity. However, Gnanou et al.49 investigated the polymerization of styrene in various 

solvents with different thiols containing an ester group. An increase of the polarity of the 

reaction medium  results in an enhancement of ktr. They explained that this is most likely due 

to the transferring functionality that is made more accessible to the growing radical in such 

media. It is in accordance with a study of Tronche et al.27, which indicates an increase of the 

transfer rate of a radical with 1-butane thiol increasing the polarity of the solvent. Summary of 

the literature studies shows that solvents with high polarity increase the rate of the transfer 

process, whereas solvent with weak polar nature have no influence on ktr. scCO2 is a poor 

polar solvent, thus it is expected that there is no influence on ktr using scCO2 as a solvent. The 

results reported in this work are consistent with this observation. 

 



100  5. Results and discussions 

  

Within experimental uncertainty, the pressure dependence of the transfer rate coefficient is 

not significant for styrene and MMA homo- and copolymerizations in both media. However  

a significant pressure dependence is observed in the propagation reaction5,50: ∆V#(kp) for 

MMA and for styrene are around –16 cm3⋅mol–1 and –11 cm3⋅mol–1, respectively. kp and ktr 

are in the same range, thus a comparison of both processes is adequate. A difference between 

∆V#(kp) and ∆V#(ktr) is expected because the radical-monomer addition, in the propagation 

reaction, should be accompanied by a greater volume contraction than the transfer reaction, in 

which a thiyl-hydrogen bond must be broken. Tooney et al.51 reported that ∆V#(ktr) for 

triethylamine in styrene homopolymerization at 60°C up to 4400 bar is in the range from –2 to 

–3 cm3⋅mol–1, as seen for the values reported in this work. In both cases, transfer with DDM 

and triethylamine, the rate-determining step of the transfer process is a hydrogen abstraction 

of the CTA by the polystyryl radical. Walling and Pellon52 have indicated that ∆V#(ktr) for 

carbon tetrachloride in styrene homopolymerization at 60°C up to 4000 bar is close to the 

∆V#(kp) in the same conditions. In this last case, the rate determining step is a chlorine 

abstraction of the CTA by the polystyryl radical. This may indicate that ∆V# for the transfer 

reaction is strongly dependent on the radius of the atom abstracted, thus on the CTA. In 

contrast, the nature of the polymer radical does influence the pressure dependence of the 

transfer reaction significantly. 

 

In summary in MMA and styrene homo- and copolymerization, it has been shown here that 

scCO2, which is a solvent with a weak polar nature, has no influence on ktr. The variation of 

ktr with pressure is not significant as the abstracted atom, a hydrogen atom, is small. Thus, in 

styrene and MMA polymerization with DDM as CTA, ktr is not influenced by the viscosity of 

the system. 

 

5.4.2.2 MMA trimer 

 

The ktr values, and thus the activation volumes of ktr, determined in styrene and MMA 

homopolymerizations are similar in bulk and in solution of scCO2, as reported in section 5.3. 

The ktr values indicate a chemically-controlled transfer process. In an addition-fragmentation 

transfer process it has been shown that the rate-determining step is the addition reaction of the 

polymer radical and the MMA trimer23. This step is comparable to a propagation reaction 

since in both cases the addition of a polymer radical with a vinyl oligomer (or monomer) 

occurs. Thus, ktr determined in styrene and MMA homopolymerization are compared to kp 
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styrene-MMA and MMA polymerization, respectively. Previous studies have shown that the 

values of kp,MMA and kpsty/MMA determined in scCO2 are very close to the bulk values under the 

same conditions of experiments of this work31. These observations are in accordance with the 

results obtained here, where no scCO2 effect is seen for ktr in the presence of MMA trimer 

(see Table above). 

 
Within experimental uncertainty the enhancement of ktr in MMA homopolymerization is not 

significant with increasing pressure and the pressure dependence of ktr is close to the one 

observed with DDM as CTA (∆V# (ktr,DDM) = – (5.3 ± 3.7) cm3⋅mol–1 and ∆V# (ktr,MMAt) = – 

(5.8 ± 2.8) cm3⋅mol–1 in bulk polymerization). ∆V# (ktr) obtained in styrene 

homopolymerization is close to zero. The positive activation volume for ktr in styrene 

homopolymerization is probably due to the very low values determined for CT, thus for ktr, 

which increases the uncertainty of the data. In a chemically-controlled process, an addition 

reaction becomes faster with pressure, whereas a fragmentation is slowed down with pressure. 

Considering the results obtained, the addition to the double bond is the rate-determining step 

in the transfer process for MMA homopolymerization, as previously suggested by Moad et 

al.23. In addition, since the fragmentation reaction is supposed to be faster, the macroradical 

formed is immediately transformed to a dead polymer and a new radical. As a consequence 

the volume variation of the system does not significantly change, which induces a low 

pressure dependence as seen in this work. 

 
In summary, the activation volumes of ktr determined in styrene and MMA 

homopolymerizations in the presence of MMA trimer are not significant and are not 

influenced by the presence of scCO2 as a solvent. In addition, the values of ∆V# (ktr) are close 

to the ones determined with DDM as CTA, which transfer process is chemically controlled. 

 

5.4.2.3 COPhBF 

 
The results obtained in MMA homopolymerization with COPhBF as CCTA suggest a 

significant scCO2 influence on ktr (ktr at 80°C and 1000 bar are 14.5⋅106 and 5.5⋅106 L⋅mol–1⋅s–

1 in scCO2 and in bulk, respectively) and high positive activation volumes are determined 

(∆V# (ktr) is around +35 cm3⋅mol–1 in both media). These findings are in accordance with a 

diffusion-controlled transfer process. 

In the literature53 the kinetic results from catalytic chain-transfer reactions with methacrylates 

indicate also a diffusion-controlled transfer reaction. For methacrylates with ester groups of 
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different size, Arrhenius parameters for the transfer reaction are reported: Activation energies 

around EA(ktr) = +23 kJ⋅mol–1, which induces EA(CT) = 0 kJ⋅mol–1, and frequency factors 

around A = 1010 L⋅mol–1⋅s–1. The significant EA(ktr) indicates the presence of a reaction barrier 

and the high A is atypical for a chemically-controlled bimolecular reaction between a 

polymeric radical and a small molecule54,55, which is generally lower than 105 L⋅mol–1⋅s–1. It 

was also shown that ktr decreases with increasing ester chain in a homologous series of 

methacrylates48,56. This phenomenon was assigned to a diffusion-controlled transfer reaction 

and the individual ktr value was directly proportional to the inverse viscosity of the monomer: 

e.g., the higher the viscosity, the lower ktr. The results obtained in MMA homopolymerization 

in this work are in accordance with this observation: ktr is enhanced in scCO2 and decreases 

with increasing pressure. The presence of scCO2 decreases the viscosity of the system, 

whereas high pressure increases the viscosity of the system. Davis et al.13 performed MMA 

polymerization in approximately 80 wt % scCO2 at 50°C and 150 bar with COPhBF as 

CCTA. The reported ktr in the range of 108 L⋅mol–1⋅s–1 is also consistent with a diffusion-

controlled transfer reaction: ktr increases strongly in the presence of scCO2 and ktr is very 

high, comparable to termination rate coefficients which are known to be diffusion controlled. 

 

The following part will focus on the influence of the viscosity on the ktr values because 

literature data and the results of this work clearly indicate a dependence of ktr on the viscosity 

of the system. In addition, one of the special features of using scCO2 as an alternate solvent is 

the very low viscosity of CO2 compared to the monomer viscosity. The above mentioned ktr 

value around 108 in the catalytic chain-transfer polymerization of MMA at 50°C and 150 bar 

in 80 wt % scCO2 is one order of magnitude higher than the ktr value around 107 extrapolated 

at 80°C and 150 bar in 40 wt % scCO2 in Section 5.2.2. EA(ktr) was reported to be around + 23 

kJ⋅mol–1 so that ktr increases with temperature. Therefore, if a temperature dependence is 

anticipated in scCO2, ktr at 50°C should be slightly lower than ktr at 80°C. The reported above 

values are not in accordance with this finding. Thus, the difference in ktr between literature 

data and this work is due to the different scCO2 contents. This indicates that viscosity is an 

important parameter in MMA polymerization with COPhBF since the viscosity of the mixture 

with 80 wt % scCO2 is lower than the one with 40 wt % scCO2. 

It may be considered that the presence of COPhBF does not influence the viscosity since only 

a small amount of COPhBF is used to prepare the solutions. At 80°C and 300 bar, the CO2 

viscosity of 658 µP is by about one order of magnitude lower than the MMA viscosity, 

estimated to be approximately 3000 µP. The CO2 viscosity is taken from ref. 57, whereas the 
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MMA viscosity is estimated from the 30°C data given by Ogo et al.58 and the 60°C data given 

by Foster et al.48. The viscosity for MMA-CO2 mixtures is not available in the literature. 

Therefore the viscosity of the mixture5 is estimated from the data of the pure components 

according to: ln ηmix = x(CO2)⋅ln η(CO2) + x(MMA)⋅ln η(MMA), with the molar fractions 

x(CO2) and x(MMA) of CO2 and MMA in the mixture. As in the work of Fischer et al.59 

polymer contributions are not taken into account, as the monomer conversion was below 4 % 

in all experiments of this work. A value of 1200 µP is estimated, which shows that the 

viscosity of the monomer-CO2 mixture is significantly reduced compared to pure MMA. Thus 

the reduced viscosity may be the cause for the observed enhancement of ktr in the presence of 

CO2. This phenomenon was previously seen5 for the termination rate coefficient in styrene 

homopolymerization in scCO2, which is also diffusion controlled. 

The significant solvent effect observed in MMA homopolymerization may also be exerted via 

a ligation mechanism and partitioning of the catalyst. These two possibilities are discussed in 

the following part. In a recent work, it was shown that the solvent effects on catalytic chain-

transfer (methacrylate polymerizations) are not significant for solvents that are weak ligands, 

such as toluene and butyl acetate53. Solvent effect only becomes important for strong ligand 

such as pyridine. Neither toluene nor CO2 are strong ligands and therefore it seems unlikely 

that the strong effects observed in polymerization in scCO2 can be attributed to direct 

chemically interactions. An enhanced chain-transfer process may be possible if the local 

cobalt-complex concentration around the radical is increased. Klingler and Rathke60 studied 

the hydrogenation of dicobalt octacarbonyl in scCO2 and found no significant solvent effects 

in comparison to nonpolar organic solvents. Therefore it seems unlikely that the increase of ktr 

in scCO2 may be attributed to partitioning. 

 

The activation volumes obtained for ktr in MMA homopolymerization are surprisingly high 

(∼ +35 cm3⋅mol–1) compared to other systems and kinetic parameters studied so far. For 

example, the activation volume of the termination reaction50 in MMA homopolymerization 

∆V#(kt) around +16 cm3⋅mol–1 is lower than the value of ∆V#(ktr) observed for the transfer 

reaction determined here. Both reactions, transfer and termination, are assumed to be 

diffusion controlled. The difference on ∆V# of ktr and kt indicates the presence of a stronger 

reaction barrier in the transfer than in the termination process, thus a consequent pressure 

dependence. As discussed before, the viscosity of the system, which increases with increasing 

pressure, may also explain this phenomenon. However the pressure dependence of the 

viscosity, ∆V#(µ), is lower than the reported ∆V#(ktr): ∆V#(µ) = +14 cm3⋅mol–1 for MMA58. 
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Therefore, the strong pressure dependence observed for ktr may not only be explained by a 

diffusion-controlled reaction. Other phenomenons may have additive effects, which induces 

such unusual activation volume. 

Considering the mechanism proposed for MMA homopolymerization (Scheme 5.2) it may be 

supposed that the structure of the cobalt-complex changes during the abstraction of the 

hydrogen atom, which undergoes a significant variation of the volume of the system. This 

hypothesis could be verified by knowing the structure of the complex. A crystal analysis gives 

informations on the structure, which was not successful for this complex (see Section 3). 

Another cobalt-complex was also used as a CTA in the literature61: the bis(difluoroboryl) 

dimethylglyoximato cobalt (II) (COBF). The structure of COBF is very close to the one of 

COPhBF: substituting phenyl groups by methyl groups. COBF was reported to have a transfer 

constant, thus ktr, one order of magnitude higher than the one of COPhBF, which was 

explained by the restricted mobility of COPhBF due to the presence of phenyl groups. Thus, 

the abstraction of a hydrogen atom is made more difficult with COPhBF. It may be 

anticipated that the mobility of the COPhBF molecules is much more restricted with 

increasing pressure due to the enhancement of the viscosity. Thus, ktr will strongly decrease 

with increasing pressure, which is consistent with the results of this work. 

 

In summary, the viscosity of the system is a significant rate-determining factor in the MMA 

homopolymerization with COPhBF as CCTA, thus ktr is higher in the presence of scCO2 as a 

solvent. In addition, the bulky COPhBF molecule contributes to a strong and positive 

activation volume of ktr. 
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6. Kinetic modeling 

 

 

In order to understand the results obtained for chain-transfer rate coefficients, ktr,copo, in 

styrene-MMA copolymerizations with DDM and COPhBF as CTAs, ktr,copo are modeled 

applying the terminal and the penultimate unit effect models. As explained in section 5.2, ktr
obs 

obtained in styrene-MMA homo- and copolymerization with COPhBF are based on the 

transfer process described in scheme 5.2, which assumes a direct hydrogen abstraction by the 

Co(II) species. Recently1 it has been suggested that other transfer reactions may occur in the 

catalytic chain-transfer reaction of COPhBF in the presence of styrene as comonomer. 

However, no conclusive evidence exists regarding the actual chain-transfer mechanism other 

than presented in scheme 5.2. Thus, in the following part ktr
obs in styrene and MMA 

copolymerizations are also modeled. 

The fractions of endgroups, ΦA, formed are estimated for styrene-MMA copolymers. 

The program package PREDICI is used to simulate the molecular weight distribution of 

polymers obtained in the presence of DDM for styrene and MMA copolymerization. The 

results are compared to the corresponding experimental MWDs in order to confirm or 

disprove the predictions made in section 6.2, whether a terminal or a penultimate unit model 

describes the transfer process. In case of COPhBF, MWDs are modeled via PREDICI in 

MMA homopolymerization. 

 

 

6.1 Theoretical background 

 

6.1.1 Simulations of ktr applying terminal and PUE models 

 

Free-radical copolymerization 

 

In a copolymer system, the number of reactions occurring is higher than in free-radical 

homopolymerization, due to the presence of different types of radicals and monomers. 

Chain growth proceeds via four distinct propagation steps2, i.e., the addition of monomers A 

and B to propagating chains terminating in A or B, as shown in the following reaction 

scheme: 



110  6. Kinetic modeling 

 

RA• + A 
pAAk

→  RAA•         (6.1a) 

RA• + B 
pABk

→  RAB•         (6.1b) 

RB• + B 
pBBk

→  RBB•         (6.1c) 

RB• + A 
pBAk

→  RBA•         (6.1d) 

 

kpAA and kpBB refer to the homopropagation, and kpAB and kpBA to cross-propagation. 

This model is called the terminal or Lewis-Mayo model, which considers only the influence of 

the terminal unit of a macroradical on the propagation rate coefficient and copolymer 

composition. 

Within the terminal model, the mole fraction of monomer A in the instantaneously formed 

copolymer, FA, can be expressed as a function of the mole fraction of the monomer A in the 

monomer feed, fA: 

 

2
BBBA

2
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BA 
2

AA
A  2 f rfff r

fff r
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 ++
+

=         (6.2) 

 

where, rA is the monomer reactivity ratio given by 
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r =            (6.3) 

 

The propagation rate coefficient, kp,copo, is given by the expression: 

 

)  /  () /  (

 2

pBBBBpAAAA

2

BBBA

2

AA
copop,

kf rkf r

frf ff r
k

 

+

++
=        (6.4) 

 

In general, the terminal model is found to adequately describe the copolymer composition (Eq. 

6.2), but it fails to describe the average propagation rate coefficient, simultaneously2,3. 
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Several models have been proposed to account for the discrepancy between the terminal 

model predictions and the experimentally found average propagation rate coefficients2,3. The 

most frequently used model is the so-called "Penultimate Unit Effect" (PUE) model, which 

assumes that the radical reactivity is affected by the preceding unit on the chain as well. PUE 

model was first formulated by Merz et al.4. This model has attracted a lot of attention due to 

the work of Fukuda et al.5. In the penultimate model the radical reactivities s (e.g., sA = kpBAA / 

kpAAA) are defined in addition to the reactivity ratios r (e.g., rAA = kpAAA / kpAAB). These radical 

reactivities describe the effect of the penultimate unit on the homopropagation rate. A 

complete description of the development of the penultimate model can be found at ref. 6. 

 

The following scheme summarizes all equations describing the kinetic coefficients in the 

implicit PUE (IPUE) model. More details about IPUE model are found at refs. 7 and 6. 

 

A

B
AA

BAApAAA
pAA

)(

s

f
fr

ffrk
k

+

+
=   (6.5) 

B

A
BB

ABBpBBB
pBB

)(

s

f
fr

ffrk
k

+

+
=   (6.6) 

 

pAB

pAA
A k

k
r =     (6.7) 

pBA

pBB
B k

k
r =     (6.8) 

 

pAAA

pBAA
A k

k
s =     (6.9) 

pBBB

pABB
B k

k
s =     (6.10) 

 

The mean homopropagation rate coefficients, piik , are calculated using the mean reactivity 

ratio, r, the radical reactivities, s, homopropagation rate coefficients, kpiii, and the monomer 

mole fractions using Eqs. 6.5 and 6.6. 

 

Both the instantaneous copolymer composition and the propagation rate coefficient implicitly 

contain the ratio of the two propagating radical concentrations, ABA , of which an expression 

(Eq. 6.11) can be derived from the steady state assumption in all propagating radical 

concentrations. This ratio is important as it is basically a weighting factor for the contributions 

of the reactions of either radical to the overall observed kinetics and copolymer composition. 
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From this ratio the fraction of the different propagating terminal radicals, Aφ , is easily derived 

and given by Eq. 6.128. 

 

BBpAA

AApBB
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Considering the PUE model the fraction of propagating penultimate radicals, AAφ , may be 

expressed as: 
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The population BBφ  is calculated analog to AAφ . 

AAφ , ABφ , BBφ  and BAφ  are the fractions of the propagating terminal radicals AA, AB, BB, 

and BA, respectively. 

 

Copolymerizations in the presence of a chain-transfer agent 

 

In the literature it is shown that different propagating radicals have an impact on the 

propagation kinetics, by evidence of their propagation rate coefficients values9. Modeling of 

the termination rate coefficient, kt,copo, as a function of the initial monomer feed in the reaction 

mixture has been thoroughly addressed by Fukuda et al.10. These models such as for the 

propagation rate coefficients apply the terminal and penultimate unit effect models. In case of 

transfer reaction in a copolymerization, the polymer radicals which react with the chain-

transfer agent should also be differentiated. Thus, it is expected that a similar effect as seen 

for the propagation and termination reactions might exist for the chain-transfer reaction. 

The present work extends to chain-transfer reaction the models based on the terminal and 

penultimate unit effect, which were proposed for propagation and termination reactions. 
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The reactions shown in Eqs. 6.14a and 6.14b are those for a general chain-transfer process in a 

chain-transfer copolymerization considering only the terminal unit of a macroradical. Both 

reactions have an associated chain-transfer rate coefficient, ktr,A and ktr,B. 

 

RA• + X 
Atr,k

→  P + X•         (6.14a) 

RB• + X 
Btr,k

→  P + X•         (6.14b) 

 

These two chain-transfer reactions will contribute to an observed chain-transfer rate 

coefficient, ktr,copo, which can be expressed as an average of the two individual rate 

coefficients, weighted by the radical fractions. 

 

Model A:  Btr,AAtr,Acopotr, ) (1 kkk ⋅φ−+⋅φ=     (6.15) 

 

Model A, which is described by Eq. 6.15, assumes that penultimate unit effects are negligible 

in the chain-transfer reaction. This assumption is not readily tested, and it is difficult to make 

an a priori estimate of the magnitude of potential penultimate unit effects. 

 

In case of a penultimate unit effect in the transfer reaction, four (penultimate) transfer 

coefficients are taken into account, which are associated with the equations below. 

 

RAA• + X 
AAtr,k

→  P + X•        (6.16a) 

RBB• + X 
BBtr,k

→  P + X•        (6.16b) 

RBA• + X 
BAtr,k

→  P + X•        (6.16c) 

RAB• + X 
ABtr,k

→  P + X•        (6.16d) 

 

The corresponding chain-transfer rate coefficient for the copolymerization is simply given by 

the following Eq. 6.17. 

 

Model B: ktr,copo = ktr,AA ⋅ AAφ  + ktr,BB⋅ BBφ  + ktr,AB⋅ ABφ  + ktr,BA⋅ BAφ   (6.17) 
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Bamford et al.11 proposed Model B for the estimation of CT. 

 

Model B is also used to predict the termination rate coefficient in copolymerization assuming 

an arithmetic mean approximation10 for the determination of kt for reactions between two 

different "penultimate" free radicals. In this case, the model assumes that the polymer radical 

with endgroup AB terminates with the same radical (endgroup AB). Thus, the number of 

penultimate termination rate coefficients is reduced from ten to four. More details about this 

model are given in ref. 10. A second model, here Model C, differs from the last one in that a 

geometric mean approximation is applied. Model C is converted to ktr simulation since the 

transfer reaction scheme considers also four reactions (Eqs. 6.16a-6.16d) when a PUE is taken 

into account. 

Model C is described by the following Eq. 6.18. 

 

Model C: ktr,copo
0.5 = ktr,AA

0.5 ⋅ AAφ  + ktr,BB
0.5 ⋅ BBφ  + ktr,AB

0.5 ⋅ ABφ  + ktr,BA
0.5 ⋅ BAφ (6.18) 

 

 

Once ktr,copo is known as a function of the initial monomer feed for the two systems of this 

work, styrene-MMA copolymerizations in the presence of DDM and COPhBF as CTAs, a 

thorough analysis of the experimental data by model A is carried out in the next section. For 

models B and C, the experimental data (ktr) is fitted to derive the variables ktr,AB (CT,AB) and 

ktr,BA (CT,BA). An error function for the calculation of residuals is defined and the individual 

residuals are weighted such that both contributions are of similar size. The error function 

usually is: 

 

error = ∑ − 2
modelexp )data(data        (6.19) 

 

The least squares fitting procedure according to Levenberg-Marquardt12,13 is started and the 

program provides a set of optimum parameters. 
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6.1.2 Endgroups estimate 

 

The most important aspects of free-radical polymerization with and without chain-transfer 

agent were outlined (kp and ktr) in the preceding part. These concepts are now combined for 

the prediction of the fraction of a particular endgroup in chain-transfer copolymerization. It is 

clear that for a particular endgroup to be formed, the radicals of desired nature and a large 

reactivity of these radicals towards the chain-transfer agent are required. Thus, the probability 

of the formation of an endgroup of type A is defined as the product of the probability of 

finding a radical type A and the probability of RA• reacting with CTA. The former probability 

is given by the fraction of RA• radicals, Aφ , as given by Eq. 6.12. The probability of radicals 

reacting with the chain-transfer agent, P(A/CTA), is given by the ratio of the rate of reaction 

with CTA and all possible reaction rates involving RA• radicals (Eqs 20-21)14,15,16,17. The 

transfers to monomer are assumed to be negligible in case of a styrene-MMA 

copolymerization in the reaction conditions18. In a transfer dominated system, transfer events 

largely dominate termination events (see Chap. 4). Thus, terminations by combination and 

disproportionation may be negligible. 

 

∑ ⋅
⋅
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 xpossible all

 with xreacting RA of rate 

CTA with reacting RA of rate
  P(A/CTA)      (6.20) 
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Using, 
pAA

Atr,
AT, k

k
C =  and Eq. 6.3 gives: 
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where, CT,A and [CTA] are the chain-transfer constant for homopolymerization of A and the 

concentration of chain-transfer agent, respectively. [A] and [B] are the concentrations of 

monomer A and B, respectively. 
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The calculation of P(A/CTA) only involves the knowledge of kinetic parameters, which are 

already required for the modeling of the chain-transfer coefficient. To derive an expression for 

the fraction of A endgroups, AΦ , the probability of forming an A endgroup, i.e., 

φA⋅P(A/CTA), needs to be normalized by the overall probability of forming an endgroup. If 

this is taken into account, the fraction of A endgroups is given by Eq. 6.2314,15,16,17. 

 

P(B/CTA))(1P(A/CTA)

P(A/CTA)

AA

A
A ⋅φ−+⋅φ

⋅φ
=Φ      (6.23) 

 

 

6.1.3 Simulation tool PREDICI 

 

The kinetic model described in this work is implemented into the simulation program 

PREDICI (Polyreaction distributions by Countable System Integration) developed by M. 

Wulkow19,20. The program uses a highly efficient algorithm, called discrete hp-algorithm for 

solving complex sets of countable differential equations. An integrated function interpreter 

enables the coupling of rate coefficients of elementary reaction steps with individual species 

concentrations, conversion, copolymer composition, number and weight average of the 

formed polymer or chain lengths of individual species. As a special feature of PREDICI, the 

full molecular weight distribution can be derived without any assumption of closure 

conditions. 

 

 

6.2 Simulation of ktr applying terminal and PUE models 

 

In this section, the copolymerization behavior of styrene and MMA in terms of the fraction of 

propagating styrene radicals, φS, is modeled. The applicability of models A through C (Eqs. 

6.15, 6.17, 6.18) is tested for the description of a conventional (DDM) and a catalytic 

(COPhBF) chain transfer reaction in the copolymerization of styrene and MMA. 
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6.2.1 Free-radical copolymerization 

 

Fig. 6.1 shows the variation of φS with the mole fraction of styrene in the monomer feed for 

copolymerizations of styrene and MMA in bulk and in scCO2 at 80°C and 300 bar applying 

the terminal and IPUE models in Eq. 6.11 (A and B correspond to styrene and MMA, 

respectively). 
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Figure 6.1: Fraction of propagating styrene radicals as a function of fS in styrene-MMA 

copolymerization in bulk and in scCO2 at 80°C and 300 bar. Implicit 

penultimate predictions (dotted line) and terminal predictions (solid line). 
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The parameters used to calculate φS are collected in Table 6.1. 

 

 MMA styrene 

  bulk scCO2 bulk scCO2 

kp / L⋅mol–1⋅s–1 1540 1382 740 685 

IPUE model 
rB = 0.43 

s2 = 10 

rB = 0.50 

sB = 10 

rA = 0.85 

sA = 0.5 

rA = 0.87 

sA = 0.5 

Terminal model rB = 0.41 rB = 0.47 rA = 0.82 rA = 0.86 

 

Table 6.1: Parameters used to determine φS at 80°C and 300 bar in bulk and in scCO2 via 

the IPUE and the terminal models. kp,styrene, kp,MMA, r, and s are taken from refs. 

9, 21 and 22. 

 

Fig. 6.1 shows that the fraction of propagating styrene radicals increases with increasing fS. 

The simple terminal model and the more complex IPUE model give qualitatively the same 

trend for φS. 

As indicated in the literature, kp decreases with increasing the mole fraction of styrene in the 

monomer feed9,23,24. Therefore, kp styrene is lower than kp MMA in the same conditions of 

experiment. It has already been reported that the kp behavior in styrene and MMA 

copolymerization is well described by the IPUE model9,23,24. Thus, in this work φS and kp,copo 

are determined applying the IPUE model. 

In Fig. 6.1, the fraction of the radicals derived from the slower propagating monomer, styrene, 

is always larger than the corresponding fraction in the monomer feed. For example, at fS = 0.5, 

the corresponding φS value is around 0.9. Thus, even at low fS styryl radicals are the dominant 

radicals in the copolymerization system. Basically this means that the styrene radicals have a 

longer life time before they propagate and in the meantime are more prone to possible side 

reactions. It is indeed this behavior that is used in endgroup control. Therefore, in section 6.4, 

the study will be focused on styrene as endgroup. 
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6.2.2 Copolymerization in the presence of DDM 

 

Fig. 6.2 shows the ktr values for copolymerizations of styrene and MMA in scCO2 with DDM 

as CTA at 80°C and 300 bar obtained experimentally (circles) and via models A through C 

(lines). The experimental ktr data, which were determined in section 5.1, are listed in 

Appendix 2. The reported values show that ktr in bulk and in scCO2 are similar. Thus, 

copolymerizations ktr in bulk are not modeled since it is expected to have the same trend as ktr 

copolymerization in scCO2. 
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Figure 6.2: Chain-transfer rate coefficients of styrene-MMA copolymerizations in 40 wt % 

scCO2 with DDM as chain-transfer agent at 80°C, 300 bar plotted against the 

mole fraction of styrene. The lines (A) through (C) correspond to the 

copolymerization ktr models given in the text of Section 6.1.1. The dotted lines 

correspond to the linear fit of the experimental data listed in Appendix 2. 

 

The copolymerization transfer rate coefficients for the penultimate radicals, ktr,AB and ktr,BA, as 

obtained from fitting the ktr,copo data to model C are listed in Table 6.2. The rate coefficients 

ktr,AB and ktr,BA obtained are between the homotransfer rate coefficients and are very close to 

each other. This would allow to reduce the number of parameters for ktr,copo modeling.  
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log ktr,AB / L⋅mol–1⋅s–1 log ktr,BA / L⋅mol–1⋅s–1 

3.17 3.47 

 

Table 6.2: Transfer rate coefficients for penultimate radicals as deduced from models C 

for styrene (A) and MMA (B) copolymerizations at 80°C and 300 bar in scCO2 

using DDM as CTA. 

 

In both cases, for the experimental data and the predictions, the addition of the slowly 

propagating monomer styrene to the copolymer system, leads to an increase of ktr. As can be 

seen upon inspection of Fig. 6.2, the plot of log ktr vs fS is clearly linear for the values 

experimentally determined. It is obvious that models C and B, which assume four kinds of 

penultimate free radicals species, allow for a good representation of the experimental data. 

Model C provides a better representation of the experimental data. In other words, the simple 

terminal model, described by model A, does not allow for an accurate description of the 

chain-transfer rate coefficient for DDM as CTA and the more complex PUE model is 

required. 

The fraction of propagating styryl radicals is the dominant radical endgroup even at low fS as 

seen in Fig. 6.1. The results obtained in section 5.1 have shown that ktr in styrene 

homopolymerization is higher than ktr in MMA homopolymerization. Thus, it is expected that 

ktr significantly increases even at low fS, as depicted by the model A in Fig. 6.2. This effect is 

not seen for DDM, which confirms that the simple terminal model does not allow for an 

accurate description of ktr for DDM as CTA. 

Such PUE model considers steric factors, in particular a shielding of the free-radical chain 

end. Substituents on the terminal and on the penultimate unit should contribute to this effect. 

The values of ktr,AB and ktr, BA determined with model C are close to ktr,AA determined in MMA 

homopolymerization. This indicates that MMA, which is sterically hindered, strongly 

influences the transfer process as terminal and penultimate unit. 

 

6.2.3 Copolymerization in the presence of COPhBF 

 

ktr values for copolymerizations of styrene and MMA in bulk and in scCO2 with COPhBF as 

CTA at 80°C and 300 bar obtained experimentally (circles) and via models A through C 

(lines) are pictured in Fig. 6.3. The experimental ktr
obs data, which were determined 
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considering scheme 5.2 to be valid, are listed in Appendix 3. Copolymerization ktr
obs are 

modeled in both media since the reported values show an influence of scCO2 as a solvent on 

ktr
obs. 
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Figure 6.3: Chain-transfer rate coefficients of styrene-MMA copolymerizations in bulk and 

in 40 wt % scCO2, at 80°C, 300 bar with COPhBF as chain-transfer agent 

plotted against the mole fraction of styrene. The lines (A) through (C) 

correspond to the copolymerization ktr models given in the text of Section 6.1.1. 

The dotted lines correspond to the linear fit of the experimental data which are 

listed in Appendix 3. 
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Fig. 6.3 shows that in both cases, models A through C and experimental data, ktr
obs decreases 

with increasing fS. As reported in Appendix 3, the uncertainties of the experimental data are 

relatively significant. Thus, it may be anticipated that within experimental uncertainty model 

A, which considers only two types of radicals, provides a better description of ktr
obs for 

COPhBF as catalytic chain-transfer agent in bulk and in scCO2. The terminal model is 

sufficient to describe the ktr
obs in styrene and MMA copolymerization with COPhBF. 

In case of COPhBF, ktr
obs in styrene homopolymerization is lower than ktr

obs in MMA 

homopolymerization (see Section 5.2). If the terminal model describes the transfer reaction 

well, ktr
obs should significantly decrease for fS from 0 to 2. The values of ktr

obs reported in 

Appendix 2, clearly show this effect (ktr
obs in bulk at 300 bar are 2.16⋅107 and 4.64⋅106 L⋅mol–

1⋅s–1 for fS = 0 and 0.2, respectively). Thus, a terminal model is expected for the description of 

the transfer process with COPhBF as catalytic CTA. 

 

 

6.3 Modeling of full molecular weight distributions of styrene-MMA 

copolymers via PREDICI 

 

6.3.1 Experimental considerations 

 

In this section, the modeling of full molecular weight distributions, MWDs, of polymers is 

investigated. As described in the preceding section, IPUE has already been demonstrated to 

describe the propagation rate coefficients9,21,22 for copolymerization of styrene (S) and MMA 

(M). kpSSS and kpMMM are the propagation rate coefficients of styrene and MMA 

homopolymerization, respectively. The propagation rate coefficients, kpSM, kpMS, pSSk , pMMk  

are determined using Eqs. 6.5-6.8. kpSSS, kpMMM, rS and rM are listed in Table 6.1 for the 

conditions required. 

 

The general reaction scheme used for the copolymerization of styrene and MMA with a 

transfer agent is as follows: 
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Initiation 
I• + S → RS1

• 

I•  + M → RM1
• 

kpSSS 

kpMMM 

Propagation 

RSn
• + S → RS n+1

•
 

RMn
• + M → RM n+1

•
 

RSn
• + M → RM n+1

•
 

RMn
• + S → RS n+1

• 

pSSk  

pMMk  

kpSM 

kpMS 

Termination 

(combination and 
disproportionation) 

RSn
• + RSm

• → Pn+m, Pn + Pm 

RMn
• + RMm

• → Pn+m, Pn + Pm 

RSn
• + RMm

• → Pn+m, Pn + Pm 

ktc,S, ktd,S 

ktc,M, ktd,M 

ktc,copo, ktd,copo 

Transfer to monomer 

RSn
• + S → Pn + S1

• 

RMn
• + M → Pn + M1

• 

RSn
• + M → Pn + M1

• 

RMn
• + S → Pn + S1

• 

ktrM,S 

ktrM,M 

ktrM,copo 

ktrM,copo 

 

Scheme 6.1: Typical reaction scheme for copolymerizations of styrene (S) and MMA (M). 

kt,c and kt,d are the termination rate coefficients for combination and 

disproportionation, respectively. ktrM is the chain-transfer rate coefficients to 

monomer. 

 
The modeling of MWDs via PREDICI was carried out for polymerizations in bulk and in 

scCO2 at 300 bar and 80°C. The termination rate coefficients, ktc and ktd, are obtained 

considering that the ratio of combination and disproportionation is 7 as suggested in ref. 25. 

As already mentioned, in a transfer dominated system the termination events are negligible as 

compared to the transfer events. In addition, in styrene-MMA copolymerization the transfer 

rate coefficients to monomer are very low. Therefore, the following approximations are 

applied. ktc,copo, ktd,copo and ktrM,copo are the arithmetic average values of the corresponding 

homo values. These coefficients are listed in Table 6.3. 
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ktc / L⋅mol–1⋅s–1 ktrM / L⋅mol–1⋅s–1 

 bulk scCO2  

MMA 
5⋅107 

ref. 9∗ 

108 

ref. 9∗ 

0.06 

ref. 18 

styrene 
108 

ref. 21 

8⋅108 

ref. 21 

0.07 

ref. 18 

 

Table 6.3: Kinetic coefficients used for modeling the molecular weight distribution of 

styrene and MMA polymerizations in bulk and in 40 wt % scCO2 at 80°C and 

300 bar. ∗ The initiator used was AIBN. 

 

 

In the PLP-SEC MWDs, the laser pulse rate is also a very important parameter, which 

determines the initial radical concentration, O
Rc . O

Rc  is given by Eq. 6.24 as follows: 

 

V

n
c absO

R 2 ⋅Φ⋅=          (6.24) 

 

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

irradiated volume. The primary quantum yield is the product of the laser efficiency ϕ and the 

initiator efficiency f and corresponds to a value of 0.24 for DMPA26. According to the Beer-

Lambert's law, the number of absorbed photons can be calculated by Eq. 6.25. 

 

)10(1p
abs

cdε−

λ

−⋅=
E

E
n         (6.25) 

 

Ep, the energy of a single laser pulse, is measured using a laser power meter for known laser 

pulse repetition rate. Eλ is the energy of one mol of photons at the laser wavelength of 351 

nm. ε is the molar absorption coefficient of the initiator molecule at 351 nm, which is 200⋅103 

cm2⋅mol–1 for DMPA, c is the photoinitiator concentration and d is the optical path length. 
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The radical concentration used for the simulation via PREDICI is estimated to be 1.5⋅10–6 

mol⋅L–1. 

 

Broadening of the MWD 

 

Previously, it has been reported that a simulated MWD should be broadened in order to 

account for the broadening due to axial dispersion in experimental SEC analysis27. The SEC 

set-up used for the determination of the polymer MWD shows only very little broadening, 

which may be characterized by a σ-value of 0.03-0.04 ref. 27. The procedure to determine this 

broadening value has been described by Buback and coworkers28. Fig. 6.4 shows a 

comparison between MWDs as obtained via PREDICI simulation (lines) and MWDs which 

were broadened applying a σ-value of 0.04 (x). 
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Figure 6.4: MWDs obtained from simulations without (lines) and after applying 

broadening (x) for copolymerizations of styrene and MMA (fS = 0.5) at 80°C, 

300 bar in scCO2. [DDM]/[M] = 0.005, 0.01, 0.015. 

 

It is obvious from Fig. 6.4 that the impact of broadening MWDs is not significant. Especially 

the high molecular weight region of the distribution used in the CLD method (see section 4) is 
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not affected by broadening. Thus, MWDs obtained from modeling presented in the following 

Sections are given without applying any broadening. 

 

6.3.2 DDM as chain-transfer agent 

 

The modeling of MWD for styrene-MMA polymer with DDM is investigated in order to 

confirm the prediction of the presence of penultimate effect in the transfer process. The 

validity of the transfer rate coefficients, ktr,AB and ktr,BA, determined in section 6.2 is also 

tested.  

 

Reaction scheme 

 

In the following modeling of MWD, PUE model is applied as it has been suggested in section 

6.2 to describe the transfer process well. The mechanism followed is shown in scheme 6.2. 

 

Transfer to transfer agent RMMn
• + X → Pn + X• 

RSMn
• + X → Pn + X• 

RMSn
• + X → Pn + X• 

RSSn
• + X → Pn + X• 

ktrX,MM 

ktrX,SM 

ktrX,MS 

ktrX,SS 

Propagation of transfer agent X• + M → XM1
• 

X• + S → XS1
• 

kpX = kpMMM 

kpX = kpSSS 

 

Scheme 6.2: Chain-transfer reactions for copolymerizations with DDM. 

 

ktrX,MM and ktrX,SS are the chain-transfer rate coefficients for MMA and styrene 

homopolymerizations, respectively. ktrX,SM and ktrX,MS correspond to the chain-transfer rate 

coefficients of the penultimate unit radicals SM and MS, respectively, which were estimated 
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using model C in section 6.2 (ktrX,SM and ktrX,MS are ktr,AB and ktr,BA, respectively and are listed 

in Table 6.2). 

The propagation rate coefficient of the transfer agent with a monomer A, kpX, is assumed to be 

similar to the homopropagation rate coefficient of A, kpAAA. 

 

Modeling of MWDs and ktr 

 

PREDICI simulations of MWD were investigated for styrene-MMA copolymerizations 

(fS = 0.1, 0.4 and 0.6) at 80°C and 300 bar in bulk. Fig. 6.5 shows, as example, the modeled 

MWDs obtained for polymerizations in bulk with fS = 0.1 in the presence of different amounts 

of DDM. As ktr is not influenced by the presence of scCO2 as compared to the bulk value, the 

same results are expected in both media. 
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Figure 6.5: Simulated molecular weight distributions for copolymerizations of styrene and 

MMA (fS = 0.1) at 80°C, 300 bar with different amounts of DDM.  

 

As expected, Fig. 6.5 shows that MWD obtained via PREDICI is shifted to lower MW 

values increasing the amount of DDM. 

In order to compare ktr values obtained experimentally in section 5.2 and ktr values obtained by 

modeling the MWD via PREDICI, chain-transfer rate coefficients were determined using the 



128  6. Kinetic modeling 

same method (CLD method as explained in section 4). Fig. 6.6 pictures log ktr, derived from 

modeling (full circle) and experimentally determined (open circle), as a function of fS for 

copolymerizations of styrene and MMA in bulk at 80°C and 300 bar. 
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Figure 6.6: log ktr obtained from MWDs modeled with PREDICI (full circle) and 

obtained experimentally (open circle) for bulk copolymerizations of styrene 

and MMA at 80°C and 300 bar  as a function of the mole fraction of styrene in 

the monomer feed. 

 

Fig. 6.6 shows a very good agreement between the ktr values, determined via PREDICI using 

ktr,AB and ktr,BA reported in table 6.2, and the ktr values obtained experimentally. As mentioned 

before, the plot of log ktr vs. fS is linear, which induces that knowing homopolymerizations ktr 

values, copolymerization ktr may be estimated at each fS. 

It is clear that the kinetic model and the kinetic coefficients, ktr,AB and ktr,BA, applied here are 

available to describe the copolymerization of styrene-MMA in bulk with DDM as CTA via 

PREDICI. 

The present work indicates that styrene-MMA copolymerization with DDM as CTA is 

adequately represented by the PUE model in the transfer reaction. 

In order to confirm that terminal model does not allow for an accurate description of the 

transfer process with DDM, few MWDs were modeled considering a terminal model for the 
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transfer reaction with DDM. In this case only two transfer reactions are taken into account 

associated to the MMA and styrene homopropagation transfer rate coefficients. 
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Figure 6.7: Simulated (solid line) and experimental (dotted line) molecular weight 

distributions for the copolymerization of styrene and MMA (fS = 0.5) in bulk at 

80°C and 300 bar with [DDM]/[sty] = 0.01. 

 

Fig. 6.7 shows, as example, the MWD obtained for bulk polymerizations at 80°C, 300 bar, 

and fS = 0.5. As expected the MWD modeled using PUE model in the transfer reaction is in 

very good agreement with the experimental MWD. In contrast, the modeled MWD obtained 

considering a terminal model in the transfer reaction, is shifted to lower values of MW 

compared to the experimental MWD. This provides strong evidence that terminal model is not 

sufficient to allow a good representation of the transfer process with DDM. 
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6.3.3 COPhBF as catalytic chain-transfer agent 

 

As mentioned in section 5.4, ktr
obs determined in styrene and MMA homo- and 

copolymerization are based on scheme 5.2. The fraction of propagating styryl radicals is very 

large at low fS as seen in Fig. 6.2. Thus, it is not adequate to perform the modeling of MWD 

for styrene-MMA copolymer even at low fS since the transfer scheme for radical terminated 

styrene is unclear. In the next part investigations into MWDs for MMA homopolymerization 

are performed. 

 

Reaction scheme 

 

The mechanism of the catalytic chain-transfer reaction in MMA homopolymerization is 

illustrated in Scheme 6.3. The rate determining step within this reaction sequence is the 

hydrogen abstraction by the Co(II) complex, which is believed to proceed with a rate 

coefficient, ktrX,M, which is ktr determined for MMA homopolymerization. The second step of 

the transfer reaction, which initiates a new radical, is considered to be fast. 

 

Transfer to tranfer agent RMn
• + Co(II) → Pn + Co(III)–H 

Co(III)–H + M → M1
• + Co(II) 

ktrX,M 

kfast 

 

Scheme 6.3: Catalytic chain-transfer reactions for MMA homopolymerization with 

COPhBF. 

 

Modeling of MWDs 

 

The MWDs obtained via PREDICI for MMA homopolymerizations at 80°C, 300 bar, in bulk 

and in scCO2 are pictured in Fig. 6.8. The ktr
obs used are listed in Appendix 3. 
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Figure 6.8: Simulated (solid line) and experimental (dotted line) molecular weight 

distributions for MMA homopolymerizations in bulk and in scCO2 at 80°C and 

300 bar with [COPhBF]/[MMA] = 5.4 10-7, 1.5 10-7 and 8.8 10-8, 1.5 10-7 in 

scCO2 and in bulk, respectively. 

 

The shape and peak position of the experimental and modeled MWDs are slightly different, 

which may be explained by uncertainties in the COPhBF concentration. As explained in 

Section 3, the amount of complex used is small and thus uncertainty in the concentration may 

significantly shift the MWD distribution. However the high molecular weight region, which is 

used for determining ktr, is not affected. Thus, ktr
obs values determined in MMA 

homopolymerization following scheme 5.2 are considered as accurate. 

 

6.3.4 Closing remarks 

 

In this work PREDICI can not be considered as an effective method to verify the validity of 

ktr experimentally obtained, assuming that the implemented transfer coefficients are directly 

derived from the experimental MWD. Nevertheless, transfer rate coefficients and transfer 

process have been precisely determined for the system styrene-MMA with DDM as CTA.  

Hutchinson et al.29 have reported that CT of DDM is identical for methacrylates with different 

ester sizes. Thus, by way of ktr reported in this work and other kinetics coefficients reported in 

the literature, PREDICI appears to be a powerful tool for simulation of homo-, copo- or even 

terpolymerizations of styrene and methacrylates with DDM as CTA over a wide range of 

temperature and pressure. 
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6.4 Endgroups estimate 

 

Fig. 6.2 has shown that the more slowly propagating radicals are the more reactive radical 

towards DDM, leading to an increase of ktr with increasing fS. This latter behavior is exactly 

what is required for an effective endgroup control. The addition of styrene leads to an increase 

in φS and an increase in the overall chain-transfer probability. The a priori prediction that at 

some monomer feed composition with fS << 1, the nature of the dominant endgroups will be 

that of styrene, i.e, ΦS = 1. 

The predictions made by Eq. 6.23 on the fraction of styrene endgroups, ΦS, for styrene-MMA 

copolymers in scCO2 with DDM as CTA, are shown in Fig. 6.9. The monomer concentrations 

are calculated from mole fraction, density and molecular weight of the monomers. The CTA 

concentration is obtained considering that [CTA]/[sty] are 0.015, which were the conditions of 

the measurements (see section 5.1). 
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Figure 6.9: Fraction of styrene endgroups as a function of the mole fraction of styrene in 

the monomer feed for styrene-MMA copolymerizations in 40 wt % scCO2 at 

80°C and 300 bar with DDM as CTA. 

 

ΦS strongly increases for fS < 0.1 and then stays almost constant by ΦS close to 1. The fraction 

of styrene endgroups in the styrene-MMA copolymer depends on the affinity of styrene to 
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CTA. In Fig. 6.9, the qualitative expectations are clearly recognized. The synergistic effects in 

copolymerization with DDM lead to a situation in which nearly all chains have a styrene 

endgroup at fS = 0.1. The amount of DDM was also varied and no significant effect is 

observed on ΦS: ΦS slightly increases by decreasing [DDM]. 

Davis et al.30 found the same synergistic effect as for DDM here for the copolymerization of 

styrene and α-methyl styrene with COPhBF as CTA, where α-methyl styrene is the more 

slowly propagating monomer. It was shown that the addition of α-methyl styrene to the 

system leads to an increase in the fraction of propagating α-methyl styrene radicals and an 

increase in overall chain-transfer probability. The kinetic modeling was performed assuming 

scheme 5.2 available for the transfer process. 

 

In case of COPhBF, the more slowly propagating radicals, styryl, are less reactive towards 

COPhBF and this induces a decrease of ktr with increasing fS. In this case, there are two 

opposing effects for the production of a certain endgroup; Addition of styrene leads to an 

increase in φS but the overall chain-transfer probability decreases. Overall, no prediction of the 

nature of the dominant endgroups in this system can be given. 

 

In summary, the fraction of endgroup in a copolymer is controlled by the nature of monomer 

and chain-transfer agent. In a styrene-MMA comonomer mixture, the monomer required as 

the endgroup needs to display a very low reactivity towards addition to another monomer, but 

a high reactivity towards the CTA. The monomer making up the main chain of the polymer 

should be highly reactive towards addition to monomer and be relatively unreactive towards 

the CTA30. These observations were also confirmed in the literature30 for other systems. 
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7. Closing remarks 

 

 

This work has shown that using various chain-transfer agents, different orders of magnitude 

of chain-transfer rate coefficients are accessible. In styrene and MMA homo- and 

copolymerizations in the presence of DDM and MMA trimer as chain-transfer agents, ktr 

values are in the range of 103 and 102 L⋅mol–1⋅s–1, respectively. The transfer process is 

chemically controlled. In both cases, DDM and MMA trimer as CTAs, ktr is not influenced by 

the presence of scCO2 as a solvent and the pressure dependence of ktr is not significant. For 

MMA homopolymerizations in the presence of COPhBF as catalytic CTA, ktr obtained in 

scCO2 is significantly higher than in bulk, e.g. at 1000 bar and 80°C ktr values are 145⋅105 and 

55.1⋅105 L⋅mol–1⋅s–1 in scCO2 and in bulk, respectively. In addition, the activation volume for 

ktr of + 35 cm3⋅mol–1 is high. These observations are consistent with a diffusion-controlled 

transfer process. 

The particular case of styrene polymerization with COPhBF indicates that the observed ktr 

values may be underestimated, since it may not be ruled out that the concentration of active 

Co(II) species may be reduced due to the formation of a reversible cobalt-carbon bond 

(Co(III)). This transfer process is not clear so far and true rate coefficients related to actual 

concentration of Co(II) species in the system are not available. The data presented here and in 

the literature are not reliable to draw any mechanistic conclusions. However, it has been 

shown that this equilibrium between Co(II) and Co(III) species does not occur in MMA 

homopolymerization1. 

The decrease of Co(II) species concentration in styrene polymerizations1 has been observed 

from indirect analytical method such as electron spin resonance (ESR). It may be interesting 

to analyze directly the polystyrene formed using matrix-assisted laser desorption ionization 

time of flight mass spectrometry (MALDI-TOF-MS), thereby permitting the direct 

observation of the cobalt-carbon bond in styrene polymerization. This technique was 

successfully used to analyze poly(methyl acrylate) chains formed by catalytic chain-transfer 

polymerization with a cobalt complex as chain-transfer agent2. 

In case of a direct observation of the cobalt-carbon bond, the active COPhBF concentration 

should be reduced, thus the true ktr, ktr
true, should be higher than ktr

obs. Assuming the validity of 

scheme 5.2 and taking into consideration the equilibrium between the two species, Co(II) and 

Co(III), it should be possible to determine ktr
true, knowing the concentration of active Co(II) 

molecules and ktr
obs values determined in this work (ktr

obs⋅[Co(II)]initial = ktr
true⋅[Co(II)]active). 
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One approach to determine the active cobalt concentration may be to monitor the Co(II) 

species during the polymerization by ESR. 

The big pressure dependence of ktr obtained in MMA homopolymerization with COPhBF is 

also explained by the bulkiness of the CTA molecule. By increasing the pressure, the mobility 

of the COPhBF molecule is much more restricted, which induces a decrease in ktr. This 

assumption may be tested by studying the pressure dependence of ktr for a less sterically 

hindered catalytic chain-transfer agent. The bis(difluoroboryl) dimethylglyoximato cobalt (II), 

COBF, appears to be a good candidate as the structure of this complex is close to the one of 

COPhBF, substituting the phenyl groups by methyl groups. In addition, COBF is much less 

sterically hindered than COPhBF. COBF has already shown to have a higher transfer rate 

coefficient than COPhBF in MMA homopolymerization3,4, because hydrogen abstraction is 

facilitated using COBF. Thus, if the high activation volume of ktr for COPhBF is due to the 

bulkiness of the CTA molecule, it is expected that using COBF as catalytic CTA leads to a 

lower activation volume. 
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8. Abbreviations 

 

a   Mark-Houwink parameter 

acopo   Mark-Houwink parameter of a copolymer 

A   absorbance 

AAB   instantaneous copolymer composition 

AIBN   azobisisobutyronitril 

c   initiator concentration 

CCTA catalytic chain-transfer agent 

CI chain-transfer constant for transfer to initiator 

CLD chain-length distribution 

CM chain-transfer constant for transfer to monomer 

COBF bis(difluoroboryl) dimethylglyoximato cobalt (II) 

COPhBF bis(difluoroboryl) diphenylglyoximato cobalt (II) 

Cp chain-transfer constant for transfer to polymer 

CR
0 effective initial radical concentration 

CT chain-transfer constant for transfer to chain-transfer agent 

CTA chain-transfer agent 

d optical path length 

DDM n-dodecyl mercaptan 

DMPA 2,2-Dimethoxy-2-phenylacetophenone 

DPn  number average degree of polymerization in the presence of CTA 

DPno number average degree of polymerization in the absence of CTA 

EA   activation energy 

Eλ energy of one mole of photons at the wave length λ 

Ep   energy of one laser pulse 

ESR   electron spin resonance 

ε   molar absorption coefficient 

fi mole fraction of component i in the monomer mixture 

Fi mole fraction of component i in the polymer mixture 

f(M) number molecular weight distribution 

φA   fraction of the propagating radical with a terminal unit A 

φAB fraction of the propagating radical with a penultimate unit A and a 

terminal unit B 
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ΦA   fraction of A endgroups 

Φ   primary quantum yield 

Int0   peak integral before pulsing 

Intp   peak integral after pulsing 

IPUE   Implicit penultimate unit effect 

K   Mark-Houwink parameter 

Kcopo   Mark-Houwink parameter of a copolymer 

kd   decomposition rate coefficient 

kp   propagation rate coefficient  

kpAA  propagation rate coefficient in a homopolymerization of monomer A 

kpAB  propagation rate coefficient for the reaction of a macroradical with 

terminal unit A and monomer B 

pABk   average kpAB 

kpABC  propagation rate coefficient for the reaction of a macroradical with 

penultimate unit A and terminal unit B with a monomer C 

kp,copo   propagation rate coefficient in a copolymerization 

kt   termination rate coefficient in a homopolymerization 

kt,c   termination rate coefficient for termination by combination 

kt,copo   termination rate coefficient in a copolymerization 

kt,d  termination rate coefficient for termination by disproportionation 

ktr,A   chain-transfer rate coefficient in a homopolymerization of monomer A 

ktr,AB  chain-transfer rate coefficient of a radical with penultimate unit A and 

terminal unit B 

ktr,I chain-transfer rate coefficient for transfer to initiator 

ktr,M chain-transfer rate coefficient for transfer to monomer 

ktr,P chain-transfer rate coefficient for transfer to polymer 

ktr,X chain-transfer rate coefficient for transfer to chain-transfer agent 

Λ   slope of the ln f(M) vs M plot 

Λhigh  slope of the ln f(M) vs M plot in the high molecular weight region 

Λpeak  slope of the ln f(M) vs M plot in the peak molecular weight region 

M   monomer 

MMA   methyl methacrylate 

MMAt   methyl methacrylate trimer 

Mn   number average molecular weight  
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M0   monomer molecular weight 

Mw   weight average molecular weight 

MWD   molecular weight distribution 

MZ   Z average molecular weight 

nabs   number of absorbed photons 

p   pressure 

P(A/CTA)  probability of the formation of an endgroup of type A 

PLP   pulsed-laser polymerization 

PMMA  poly(methyl methacrylate) 

PS   polystyrene 

PUE   penultimate unit effect 

ri   reactivity ratio (homo propagation to cross propagation) 

Rp   rate of propagation 

Rt   rate of termination 

Rtr   rate of transfer 

S   styrene 

S   probability of propagation 

SEC   size-exclusion chromatography 

si   radical reactivity ratio 

t   time 

T   absolute temperature 

∆V≠   activation volume 

V   irradiated volume 

X   monomer conversion 

x   number of pulses 
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9. Appendix 

 

Appendix 1 

 
 
Propagation rate coefficients in styrene-MMA copolymerizations in bulk and in scCO2 

determined at 80°C applying the PLP-SEC method. 

The data of the homopropagation kp are taken from the literature and determined in this work 

(see section 5.1). The data of the copolymerization kp are estimated applying the Implicit 

Penultimate Unit Effect model following Eqs. 6.4-6.10 in section 6. r and s values are listed in 

Table 6.1. 

 

fS p / bar 
kp,bulk 

L⋅⋅mol–1⋅⋅s–1 

kp,scCO2 

L⋅⋅mol–1⋅⋅s–1 

0 300 1540 (a) 1382 (b) 

0 500 1653 (a) 1597 (b) 

0 800 1961 (a) 1860 (b) 

0 1000 2197 (a) 1970 (c) 

0 1500 2922 (a) 2776 (c) 

0.2 300 1108 (d) 1014 (d) 

0.2 500 1224 (d) 1120 (d) 

0.2 800 1390 (d) 1267 (d) 

0.2 1000 1516 (d) 1386 (d) 

0.2 1500 1884 (d) 1730 (d) 

0.5 300 894 (d) 804 (d) 

0.5 500 977 (d) 875 (d) 

0.5 800 1096 (d) 983 (d) 

0.5 1000 1188 (d) 1167 (d) 

0.5 1500 1449 (d) 1305 (d) 
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fS p / bar 
kp,bulk 

L⋅⋅mol–1⋅⋅s–1 

kp,scCO2 

L⋅⋅mol–1⋅⋅s–1 

0.8 300 791 (d) 713 (d) 

0.8 500 865 (d) 773 (d) 

0.8 800 968 (d) 861 (d) 

0.8 1000 1048 (d) 940 (d) 

0.8 1500 1273 (d) 1143 (d) 

1 300 763 (e) 685 (f) 

1 500 828 (e) 742 (f) 

1 800 929 (e) 830 (f) 

1 1000 1004 (e) 901 (f) 

1 1500 1216 (e) 1096 (f) 

 

 
(a) Beuermann, S.; Buback, M.; Russell, G. T. Macromol. Rapid. Commun. 1994, 15, 351. 
(b) measured in this work. 
(c) extrapolated. 
(d) estimated applying the IPUE model. 
(e) Buback, M.; Kuchta, F.-D. Macromol. Chem. Phys. 1995, 196, 1887. 
(f) Beuermann, S.; Buback, M.; Isemer, C.; Lacik, I.; Wahl, A. Macromolecules, in preparation 

for publications. 



9. Appendix   145

Appendix 2 

 

Chain-transfer rate coefficients and chain-transfer constants of styrene-MMA homo- and 

copolymerizations in bulk and in 40 wt % scCO2 at 80°C in the presence of DDM as chain-

transfer agent. 

 

p / bar 
wt % 

CO2 
fS CT 

10–3⋅⋅ktr 

L⋅⋅mol–1⋅⋅s–1 

   Mayo CLD CLD 

300 40 0 0.790 0.811 ± 0.098 1.14 ±± 0.25 

300 0 0 0.663 0.702 ± 0.071 1.08 ±± 0.21 

500 40 0 0.751 0.771 ± 0.066 1.24 ±± 0.22 

500 0 0 0.531 0.599 ± 0.042 0.991 ±±0.165 

800 40 0 0.585 0.669 ± 0.052 1.25 ±± 0.22 

800 0 0 0.609 0.604 ± 0.048 1.18 ±± 0.20 

1000 40 0 0.641 0.639 ± 0.052 1.28 ±± 0.23 

1000 0 0 0.552 0.514 ± 0.035 1.16 ±± 0.18 

300 40 0.2 1.90 2.10 ± 0.15 2.13 ±± 0.36 

300 0 0.2 2.10 2.03 ± 0.08 2.22 ±± 0.35 

1 0 0.5 3.85 3.83± 0.45 2.98 ±± 0.73 

300 40 0.5 3.65 3.77 ± 0.35 3.03 ±± 0.62 

300 0 0.5 3.26 3.34 ± 0.25 2.98 ±± 0.55 

500 40 0.5 3.54 3.66 ± 0.52 3.20 ±± 0.84 

500 0 0.5 3.42 3.25 ± 0.48 3.17 ±± 0.89 

800 40 0.5 3.16 3.24 ± 0.43 3.19 ±± 0.87 

800 0 0.5 3.05 2.88 ± 0.35 3.16 ±± 0.89 

1500 40 0.5 2.58 2.64 ± 0.39 3.44 ±± 0.98 

1000 0 0.5 2.45 2.73 ± 0.25 3.24 ±± 1.25 
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p / bar 
wt % 

CO2 
fS CT 

10–3⋅⋅ktr 

L⋅⋅mol–1⋅⋅s–1 

   Mayo CLD CLD 

300 40 0.8 7.82 8.98 ±1.25 6.40 ±± 1.62 

300 0 0.8 7.75 8.14 ± 0.96 6.44 ±± 1.47 

1 0 1 – 15.5 ± 1.2 10.6 ±± 1.9 

300 40 1 – 16.3 ± 1.5 11.2 ±± 2.1  

300 0 1 – 14.6 ± 1.8 11.2 ±± 1.4 

500 40 1 – 15.5 ± 1.3 11.5 ±± 2.1 

800 40 1 – 14.8 ± 0.8 12.3 ±± 1.9 

1500 40 1 – 11.0 ± 0.8 12.1 ±± 2.1 

1500 0 1 – 11.2 ± 0.9 13.4 ±± 2.7 
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Appendix 3 

 

Chain-transfer rate coefficients and chain-transfer constants observed in styrene and MMA 

homo- and copolymerizations in bulk and in 40 wt % scCO2 at 80°C in the presence of 

COPhBF as chain-transfer agent. The CT determination is based on Eq. 4.17 (see section 4), 

which was derived assuming scheme 5.2 to be valid for catalytic chain-transfer 

polymerization. 

 

p / bar 
wt % 

CO2 
fS 10–2⋅⋅CT

obs 10–5⋅⋅ktr
obs 

L⋅⋅mol–1⋅⋅s–1 

   Mayo CLD CLD 

300 40 0 220 211 ± 51 292 ±± 100 

300 0 0 128 141 ± 22 216 ±± 55 

500 40 0 166 157 ± 17 252 ±± 52 

500 0 0 102 80.0 ± 5.3 131 ±±22 

800 40 0 140 100 ± 15 186 ±± 45 

800 0 0 55.0 50.1 ± 8.3 98.2 ±± 26.2 

1000 40 0 74 73.6 ± 24.7 145 ±± 62 

1000 0 0 22.5 25.1 ± 6.2 55.1 ±± 19.1 

300 40 0.2 111 125 ± 23 126 ±± 39 

300 0 0.2 39.4 42.2 ± 5.3 46.4 ±± 9.6 

300 40 0.5 50.5 47.1 ± 9.1 37.6 ±± 12.1 

300 0 0.5 23.7 18.9 ± 2.1 16.9 ±± 3.7 

500 40 0.5 37.4 38.2 ± 2.5 33.4 ±± 5.7 

500 0 0.5 16.6 17.5 ± 1.1 17.1 ±± 2.8 

800 40 0.5 32.5 21.5 ± 3.8 21.1 ±± 6 3 

800 0 0.5 10.5 9.30 ± 0.85 10.1 ±± 2.1 

1000 40 0.5 10.4 12.0 ± 1.4 14.0 ±± 3.2 
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p / bar 
wt % 

CO2 
fS 10–2⋅⋅CT

obs 10–5⋅⋅ktr
obs 

L⋅⋅mol–1⋅⋅s–1 

   Mayo CLD CLD 

1000 0 0.5 7.16 7.12 ± 2.5 8.47 ±± 4.1 

300 40 0.8 9.85 10.1 ± 2.0 7.15 ±± 2.33 

300 0 0.8 9.73 9.34 ± 5.11 7.38 ±± 5.19 

300 40 1 7.52 8.46 ± 0.80 5.79 ±± 1.18 

300 0 1 4.31 4.35 ± 2.34 3.29 ±±  2.27 

500 40 1 3.98 4.08 ± 0.35 3.02 ±± 0.53 

500 0 1 3.12 3.25 ± 0.26 2.69 ±± 0.48 

800 40 1 3.55 3.76 ± 0.45 3.12 ±± 0.72 

800 0 1 2.15 2.37 ± 0.15 2.19 ±± 036 

1000 40 1 1.05 1.20 ± 0.23 1.08 ±± 0.31 

1000 0 1 1.12 1.30 ± 0.12 1.31 ±± 0.27 
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Appendix 4 

 

Chain-transfer rate coefficients and chain-transfer constants in styrene and MMA 

homopolymerizations in bulk and in 40 wt % scCO2 at 80°C in the presence of MMA trimer 

as chain-transfer agent. 

Styrene homopolymerization 
 

p / bar 
wt % 

CO2 
CT ktr / L⋅⋅mol–1⋅⋅s–1 

  Mayo CLD CLD 

300 40 0.198 0.208 ± 0.024 142 ±± 23 

300 0 0.164 0.173 ± 0.010 131 ±± 14 

800 40 0.167 0.165 ± 0.011 136 ±± 18 

800 0 0.122 0.141 ± 0.009 131 ±± 14 

1500 40 0.089 0.102 ± 0.009 112 ±± 21 

1500 0 0.085 0.095 ± 0.003 115 ±± 11 

 
MMA homopolymerization 

 

p / bar 
wt % 

CO2 
CT ktr / L⋅⋅mol–1⋅⋅s–1 

  Mayo CLD CLD 

300 40 0.096 0.063 ± 0.014 87.3 ±± 14.1 

300 0 0.063 0.066 ± 0.012 101 ±± 08 

500 40 0.037 0.052 ± 0.011 83.2 ±± 25.2 

500 0 0.052 0.057 ± 0.003 94.1 ±± 14.5 

800 40 0.043 0.052 ± 0.002 97.1 ±± 8.5 

800 0 0.043 0.053 ± 0.002 103 ±± 8 

1500 40 0.041 0.041 ± 0.006 113 ±± 27 

1500 0 0.039 0.042 ± 0.005 123 ±± 16 
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