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1  
Introduction 

 
Synopsis: In this chapter a general introduction on the work described in 
this thesis is given. The background of the project together with its 
objectives is discussed. Finally an outline of the thesis is presented.  

1.1 General introduction 
Polymer chemistry itself is a relatively young science that originates from the end 

of the 19th century. At the start several materials were produced that resemble modern 
polymeric products to some extent; they were semi-natural i.e. based on natural polymers 
like cellulose and natural rubber and were modified chemically. Two well-known 
examples are cellulose nitrate (also known as gun cotton) and ebonite. The first real 
synthetic polymeric materials were Bakelite being a thermosetting resin developed by 
Baekeland and a synthetic rubber that was developed in Germany during World War I. 
These inventions and the mass-production of these materials can be considered as the 
starting points of the commercial expansion of the polymer industry. However its growth 
was severely limited by the lack of understanding of the nature of polymers. Once it was 
recognized that polymers are composed of long molecules containing sequences of small 
chemical units held together by covalent bonds the science of polymer chemistry was able 
to develop very fast.   

Nowadays, products that are made of or contain polymers overwhelm the western 
society. Their presence is clear in daily used goods like clothing, the housings of all kinds 
of electronic equipment, the dashboard of cars and packaging material. But in some 
products the consumer does not recognize the presence of polymers like the laminates in 
glossy magazines, impregnation material in furniture, adhesives and the coatings and 
sealants that are used to preserve and decorate our house. It is the last class of materials, 
sealants, that will be addressed in this thesis. The focus is on developing and characterizing 
sealant materials that have a potential affinity to nonpolar media so as to improve 
adhesion.   
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1.2 Objective of this thesis and the chosen polymer system  
This thesis is aiming at combining moisture crosslinking chemistry with very 

nonpolar polymer architectures for sealant applications. For crosslinking, alkoxysilane 
moieties were chosen; they react with water to hydrolyze into silanols that are easily 
condensed to form siloxanes. This crosslink technology is not new; it has already been 
used in a number of polymeric systems. For instance, alkoxysilanes grafted on 
polypropylene or polyethylene backbones have been used to improve the properties of 
these polymers with respect to heat deformation resistance1,2. The aim of using 
alkoxysilanes in existing coatings and sealants may be related to the improvement of 
adhesion, the generation of hybrid structures and the formation of crosslinks between 
polymer chains. It is well known that alkoxysilanes have the tendency to improve adhesion 
by forming an intermediate layer between an inorganic and polymeric substrate3,4,5. This 
principle is based on the ability of the alkoxysilane to react with almost every metal-
hydroxide and thus producing a link between the inorganic and organic phase. With respect 
to the points of hybrid structures and crosslinking, it is known that the incorporation of 
inorganic nano-particles in the polymer matrix6,7,8 or increasing the crosslink density of the 
polymer matrix9 improve the mechanical properties of the material. In sealant applications, 
the most used moisture crosslinkable polymers are the silicone rubbers10,11 and the so-
called MS Polymer from Kaneka12.  

The nonpolar structures that are described in this thesis are designed to enhance the 
adhesion of the applied sealant on nonpolar low-energy substrates without a pretreatment 
of the substrate. A pretreatment of low-energy substrates is often necessary to improve 
adhesion to these substrates. Failure of an adhesive joint is observed at the locus of lowest 
strength. This implies that the strength of the substrate, the adhesive and the interface are 
important. Good adhesion is observed when the formed interface and the adhesive have a 
higher strength than the substrate. For adhesion to polyolefin substrates, interactions at the 
interface are severely limited due the low surface energies of the substrate13, inertness and 
the existence of weak boundary layers14. Common techniques used for the pretreatment of 
polyolefinic substrates are chemical etching15, corona discharge, flame or plasma 
treatments16 or using a primer like chlorinated polyethylenes17. All these techniques 
modify the surface to improve the interconnection between the substrate and the adherent. 

The synthesis of nonpolar moisture crosslinkable polymers is the main objective of 
this project. These nonpolar polymer structures can help in the adhesion process in two 
ways (i) the surface free energy of the polymer is very low thus improved wetting of the 
substrate can be accomplished and (ii) the compatibility with low-polarity substrates could 
be improved. This improved compatibility may result in an increase in the diffusion of the 
polymer into the polyolefin substrate. The polymer chains penetrating the substrate can 
form entanglements with the substrate. Those entanglements may increase the strength of 
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the interface. To give the adhesive enough time to diffuse over the interface, the 
crosslinking should take place at a certain time after the adherent was applied. Crosslinking 
by alkoxysilanes may result in such postponed reaction because the water has to diffuse 
into the polymer in order to react with alkoxysilanes. The delay depends on the diffusion 
rate of the water into the polymer but also on the reaction rate. 

The nonpolar polymer backbones were composed from branched vinyl ester 
monomers (see Scheme 1.1). These monomers are easily polymerized via free-radical 
polymerization. The polymers are sometimes used as base material of adhesives for 
polyolefinic substrates18. A wide variety of vinyl esters monomers are available on the 
market, characterized each with their one specific homo-polymers glass transition 
temperature (see Table 1.1). The properties of these polymers can easily be designed for 
different application fields; ranging from pressure sensitive adhesives to hot melts.  

 
 
 
 
 

Improvement of the nonpolar character and/or interaction with the polyolefinic 
substrate can also be obtained by incorporating polyolefinic type material in the polymer 
structure. Recently, a functionalized polymer liquid, i.e. Kraton Liquid L-1203 Polymer, 
was introduced commercially. It is a low-molecular weight ethylene/butylene co-polymer 
having a hydroxy end-group. This polymer has been used as starting material for the 
synthesis of block-co-polymers using atom transfer radical polymerization19,20,21 or 
reversible addition-fragmentation transfer polymerization22. For the second block styrene 
and 4-acetoxy styrene19, methyl methacrylate, trimethylsilyl methacrylate20 and maleic 
anhydride22 monomers have been employed. However, these monomers used as second 
block are either very polar or have a high Tg which may be a disadvantage for application 
on polyolefin substrates. To still be able to take advantage of this type of low-molecular 
weight polyolefines it was decided to incorporate it randomly in the polymer backbone. 
Thus dangling chains of Kraton L-1203 are incorporated in the polymer network in an 
attempt to enhance adhesion on polyolefinic substrates.   

 
 

Scheme 1.1: General structure of the vinyl ester monomers (left) and 
Kraton Liquid L-1203 polymer (right). 
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Table 1.1: Glass transition temperatures for a series of vinyl ester homo-polymers23,24. 

Monomer 
Tg 

[°C] 
structure  

(see Scheme 1.1) 
vinyl pivalate +86 R1=R2=R3=Me 
vinyl neononanoate +60 R1+R2+R3=C8 
vinyl acetate +38 R1=R2=R3=H 
vinyl propionate +10 R1=R3=H;R2=Me 
vinyl neodecanoate -3 R1+R2+R3=C9 
vinyl 2-ethyl hexanoate -36 R1=H;R2=C2;R3=C4 
vinyl neoundecanoate -40 R1+R2+R3=C10 

  
Such rather unusual polymer systems may have unexpected properties. In relation 

to their application, water permeability is a highly relevant property. In view of the 
processibility and understanding its microstructure, rheological data are interesting. Last 
but not least adhesion is important. These aspects have all been investigated. A very 
disappointing result is that it appeared not possible to achieve adequate or even reasonable 
adhesion to polyolefinic substrates, both semi-crystalline (LDPE and HDPE) and 
amorphous (LLDPE). Adhesion to metals and glass was however reasonable. Because this 
is not new, no results on adhesion are reported in this thesis. 

1.3 Outline of this thesis 
In Chapter 2 the synthesis and characterization of α,ω-dihydroxy poly(vinyl 

neononanoate) is given. Samples containing different ratios of non-, mono- and di-
functional polymer were prepared by polymerization in the presence of di-hydroxy 
functional azo-initiator and allyl alcohol. Here, allyl alcohol acts as an end-capping and 
chain transfer agent. The polymers were separated by NP-GPEC on the their end-group 
functionality. Optimal reaction conditions were established to prepare 100% telechelic 
poly(vinyl neononanoate). 

The synthesis of randomly distributed methoxysilane functional poly(vinyl esters) 
is described in Chapter 3. First the reactivity ratios of the monomer employed were 
determined. Thereafter, the semi-continuous polymerization technique was used to 
synthesize polymers containing a low number of crosslinkable groups evenly distributed 
over the polymer chains. The incorporation of acryloyl terminated Kraton L-1203 is 
achieved using the reaction conditions found for the incorporation of  methoxysilane 
groups. 

Crosslinking of methoxysilane functional polymers involves the use of water 
originating from the environment. Water has to diffuse into the polymer where it reacts 
with alkoxysilanes in the crosslinking reaction. Methanol is released during crosslinking 
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and has to be expelled from the polymer to ensure complete crosslinking. It is therefore 
important to know the diffusional behavior of water and methanol in the materials 
employed. This diffusional behavior is described in Chapter 4. 

In Chapter 5 the crosslinking reaction itself is presented. The crosslinking of 
methoxysilane functional polymers was monitored by on-line ATR-FTIR spectroscopy. 
The influences of the nature and concentration of tin-catalysts are evaluated to establish the 
reaction mechanism and thus the limiting reaction step. Furthermore, the role of the tin-
catalyst in the moisture crosslinking mechanism is analyzed. Additionally, the limitation of 
crosslinking due to water diffusion is evaluated. 

Finally, the rheological behavior of the synthesized materials is described in 
Chapter 6. For poly(vinyl neodecanoate) its behavior as a function of the molar mass in 
both the master curves and zero shear viscosity are discussed. The effect of dangling 
Kraton L-1203 chains on the melt rheology was evaluated both in the presence and absence 
of entanglement coupling.    

1.4 References 
 
1  Sultan, B.-Å.; Lennartsson, H.; Karling, R. Wire Industry 1997, 3, 187. 
2  Liu, N.C.; Yao, G.P.; Huang, H. Polymer 2000, 41, 4537. 
3  Liptak, P. Sulova, J.; Pavlinec, J. Int. Polym. Sci. Techn. 1992, 19, 82. 
4  Hashim, A.S.; Kohjiya, S.; Ikeda, Y. Polym. Int. 1995, 38, 111. 
5  Van Ooij, W.J.; Sabata, A. Mater. Res. Soc. Symp. Proc. 1993, 304, 155. 
6  Sharp, K.G. Adv. Mater. 1998, 10, 1243. 
7  Frings, S. Ph.D. Thesis; Technische Universiteit Eindhoven: Eindhoven, 1999. 
8  Judenstein, P.; Sanchez, C. J. Mater. Chem. 1996, 6, 511. 
9  Ni, H.; Skaja, A.D.; Sailer, R.A.; Soucek, M.D. Macromol. Chem. Phys. 2000, 201, 722. 
10  Watt, J.A.C. Chem. Britt. 1970, 6. 519. 
11  Wake, W.C. In: Synthetic Adhesives and Sealants; Society & Chemical Industry: Great Britain, 1986. 
12  Hashimoto, K.; Imaya, K. Adhesive Age 1998, 41, 18. 
13  Zisman, W.A. Ind. Eng. Chem. 1963, 55, 19. 
14  Bikerman, J.J. Adhesive Age 1959, 2, 23. 
15  Brewis, D.M.; Konieczko, M.B.; Briggs, D. In: Adhesion 2; Ed. Allen, W.K. 1978.  
16  Schut, J.H. Plast. Techn. 1992, 10, 64. 
17  Etter, R.L. US patent 4074021 1976. 
18  Kielbania, A.J. EP 0018847A1 1980 and US 4507342 1985. 
19  Jankova, K.; Kops, J.; Chen, X.; Batsberg, W. Macromol. Rapid. Commun. 1999, 20, 219. 
20  Waterson, C.; Haddleton, D.M. Polym. Prep. 1999, 40(2), 1045. 
21  Schellekens, M.A.J.; Klumperman, B.J. Macromol. Sci. Rev. Macromol. Chem. Phys. 2000, 40, 167. 
22  De Brouwer, H.; Schellekens, M.A.J.; Klumperman, B.; Monteiro, M.J.; German, A.L. J. Polym. Sci. 

Polym. Chem. 2000, 38, 3596. 
23  Scholten, H.P.H.; Vermeulen, J. Proceedings XIX Fatipec Congres 1988, 109. 
 



Chapter 1 
 

 14 

 
24  Smith, O.W.; Collins, M.J.; Martin, P.S.; Bassett, D.R. Progr. Org. Coat. 1993, 22, 19. 



Synthesis of telechelic vinyl ester polymers 
 

 15 

2  
Synthesis of telechelic vinyl ester 

polymers 
 

Synopsis: In this chapter the synthesis and characterization of hydroxy-
telechelic poly(vinyl neononanoate) is described. The hydroxy functional 
polymers were separated by NP-GPEC on basis of the end-group 
functionality. Quantitative interpretation of the response of the used 
evaporative light scattering detector was achieved by comparison of the 
signals of samples in which the composition in terms of functionality 
varied. From the distributions of the hydroxy end-groups over the 
individual polymer chains together with the chain transfer reactions 
taking place, the optimal experimental conditions were determined to 
synthesize 100% telechelic poly(vinyl neononanoate).  

 

2.1 Introduction 
End-functionalized polymers can be useful as building blocks to prepare block co-

polymers, macromonomers, surfactants etc. When a polymer is functional at both chain-
ends, a so-called “telechelic” polymer, it can be used as starting material for tri-block co-
polymers or for tailor made polymer networks. This type of functional materials can 
therefore be used in a wide variety of applications. However, the production and 
characterization of this type of functional materials can be rather difficult especially in 
free-radical polymerization. In the following we briefly describe the polymerization 
techniques available to obtain the desired functionality, with main focus on the free-radical 
polymerization technique. 
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2.2 Overview of polymerization techniques for making telechelic 
polymers 

One of the most often used polymerization methods to obtain telechelic material is 
the polycondensation method. This method comprises the reaction of two di-functional 
monomers with each other to result in the formation of macromolecules. Since these end-
groups remain reactive throughout the polymerization process, end-functional polymers are 
the direct consequence of the polymerization technique. In case of linear polycondensates, 
these end-functional polymers are telechelics. 

Among the addition polymerization techniques, living ionic polymerization 
techniques are widely recognized as a reliable method to obtain telechelic macromolecules. 
Especially the anionic polymerization of e.g. styrene, 1,3-butadiene and isoprene using 
functional initiators and terminators has proven to yield telechelic macromolecules with 
predefined molar masses and narrow molar mass distributions. Major drawback of this 
technique is the limited number of suitable monomers; the stringent reaction conditions 
have limited its commercial use. 

One of the most robust addition polymerization techniques is the free-radical 
polymerization technique. It can be used with a wide variety of monomers without need for 
rigorous purification of the reactants. To synthesize polymers with functional end-groups, 
functional additives must be used. These additives should control and/or intervene in the 
two events that control the shape of the end-groups, initiation and chain-stopping events. 
Control over the actual mechanism of initiation and chain-stopping using a functional 
additive, makes it possible to obtain the desired functionality. One of the simplest methods 
in theory is using a functional initiator and make sure that all chain-stopping events are by 
termination via combination. This is a highly fictitious situation in most cases. Despite the 
very high tendency of polystyrene radicals to terminate by combination, still 10% of all 
polymer radicals are terminated via disproportionation1 leading to a significant amount of 
mono-functional polymer.  

Therefore, control over the entire growth of a polymer chain in the free-radical 
polymerization process can be a versatile strategy to synthesize telechelic macromolecules. 
Several techniques developed over the last two decades allow this kind of control and are 
generally known as controlled or living free-radical polymerization techniques. These 
techniques allow control over the kinetics of free-radical polymerization by introducing 
one additional reaction step. This reaction comprises a reversible activation – de-activation 
step as given in Equation 2.1.  

 
(2.1) 

 

L R · + ·S
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This equation describes chemical equilibrium between on one-side a dormant 
species L and on the other side a (polymer) radical R· and a radical species S·. The energy 
necessary to transform the dormant species into R· can be added to the reaction mixture in 
the form of heat or light. The (polymer) radical is capable of monomer addition, i.e. 
propagation, and the species S· can trap propagating (polymer) radicals to yield again the 
dormant species. The (polymer) radical is propagating until it is trapped by species S, 
adding one or a few monomer units each time the dormant species are activated. In this 
way, stepwise growth of the polymer chain is accomplished. When irreversible chain-
stopping events are minimized or avoided, the end-groups of the polymer chain are solely 
determined by the architecture of compound L. By choosing the right functionalities of 
species L, telechelic macromolecules can be attainted.  

Otsu et al.2,3 initiated living free-radical polymerization in the early 1980’s by 
using disulfides as additive in the polymerization of styrene and methyl methacrylate. 
These disulfides photochemically decompose into sulfur-centered radicals capable of both 
initiating polymerization and reversible trapping of propagating polymer radicals. Since 
these additives are also known for their chain transfer capability they are named iniferters, 
initiator-transfer agent-terminator. Polymerization of styrene and methyl methacrylate 
using iniferters show some living characteristics but the efficiency of these compounds for 
controlling the propagation step is poor. This results in broad molar mass distributions. 
Moreover, when the target is a telechelic polymer, an appreciable amount of non-
functional side products cannot be avoided4. 

In 1985 Solomon et al.5 reported the use of alkoxyamines as polymerization 
controlling additives. The dormant species is an alkoxyamine, characterized by a C-O-N 
bond. This bond is thermally labile and at elevated temperatures dissociates into reactive 
alkyl radicals able to propagate and nitroxides. These nitroxides are only capable of 
trapping carbon-centered radicals regenerating an alkoxyamine. In 1993 this technique was 
re-introduced by Georges et al.6 using 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) as 
nitroxide in the polymerization of styrene. The polystyrene synthesized, had a narrow 
molar mass distribution combined with a linear increase in the molar mass with 
conversion. This proved that control over the growth of the polymer chain in free-radical 
polymerization was possible. This nitroxide-mediated free-radical polymerization 
technique gained great attention among polymer chemists. Major drawback of this 
technique is the limitation to a restricted number of monomers, mainly styrene and its 
derivatives, and the high temperatures needed to polymerize successfully. The action of 
these alkoxyamines in the polymerization process is given in Scheme 2.1. 
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Just a few years later, in 1995, Sawamoto7 and Matyjaszewski8 independently 
reported that binary systems of alkyl halides and transition metal compounds, 
RuCl2(PPh3)3 and CuCl(bipyridine), induce living free-radical polymerization behavior. 
Both systems are based on the concept of atom transfer radical addition (ATRA). A 
halogen atom from the alkyl halide is abstracted accompanied by a one-electron oxidation 
of the metal complex. In the case of copper(I)-mediated ATRA this inner-shell electron 
transfer process results in an organic radical and a copper(II) complex. This organic radical 
can add to unsaturated substrates like vinyl monomers. This represents a propagation step. 
When the halogen atom is back-transferred to the organic radical, the Cu(I) complex is 
reformed and the cycle completed. In ATRA the unsaturated compound is much less stable 
than the initial radical. This results in an irreversible back-transfer of the halogen atom to 
the newly formed radical and thus only one addition step per alkyl halide occurs.  

To make this addition mechanism successful in radical polymerization the initial 
and formed radical after addition should have similar stability, making the back-transfer of 
halogen reversible. The activation-addition-deactivation cycle is repeated until all of the 
monomer present is consumed. This concept is known as atom transfer radical 
polymerization (ATRP) and schematically shown in Scheme 2.2. Great advantage of 
ATRP over nitroxide-mediated living free-radical polymerization is its ability to control 
the polymerization of several classes of monomers e.g. styrenes, acrylates, methacrylates 
and acrylonitrile.  

 
 
 
 
 
 

Scheme 2.1: Schematic of the additional equilibrium reaction in nitroxide-
mediated free-radical polymerization. 

Scheme 2.2: Schematic of the additional equilibrium reaction in ATRP. 

R O N R· + O N

M

R X + Mt
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M

R· + Mt
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In 1998 another living radical polymerization technique has been developed called 
reversible addition-fragmentation transfer (RAFT) polymerization9,10. In this kind of 
polymerizations a RAFT agent is added to the normal recipe of a free-radical 
polymerization. This RAFT agent is generally a dithioester, which upon addition of a 
radical species is rearranged under elimination of a second radical species as represented in 
Scheme 2.3. The group Z is controlling the efficiency of the RAFT agent towards addition 
and fragmentation.   

 
 
 
 
 
 
 

Each of the three living free-radical polymerization techniques makes it possible to 
produce telechelic macromolecules. For nitroxide-mediated free-radical polymerization 
Hawker et al.11 reported the use of hydroxyl-functional alkoxyamines to synthesize α-
hydroxy functionalized polystyrene. Since the nitroxide remains attached to the polymer 
chain, the polymeric alkoxyamine can be reduced to yield the corresponding ω-hydroxy 
functionalized polymer. Telechelic hydroxyl functional polymers can thus be obtained 
using this polymerization technique.  

 For the ATRP system Coessens et al.12,13 reported the synthesis of poly(methyl 
acrylate) and polystyrene with hydroxyl end-groups using 2-hydroxylethyl 2-
bromopropionate as initiator. The halogen end-group was transformed into hydroxyls using 
e.g. 4-amino-butanol. Also the utilization of allyl alcohol as an end-capping agent was 
reported. A one-pot two-step reaction is therefore necessary to obtain the telechelic 
polymer.  

It is clear from the foregoing that the design of α,ω-difunctional macromolecules 
using living free-radical polymerization techniques is possible. However, the amount of 
literature on this subject is still limited. Besides that, the controlled free-radical 
polymerization of the family of vinyl esters, of which vinyl neodecanoate is one of its well-
known sprigs, is still problematic. Control over the homo-polymerization of vinyl esters 
has not been reported using the nitroxide-mediated and the ATRP system. The RAFT 
system is promising in its capacity to control the polymerization of vinyl esters but not 
used in this chapter.  

Scheme 2.3: Schematic of the additional equilibrium reaction in reversible 
addition fragmentation transfer polymerization. 
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Recently, via a modified iniferter method vinyl acetate was produced that was 
claimed to be telechelic14. In fact the authors only showed hydroxy functionality in their 
polymer samples. Whether this was due to a mixture of non-, mono- and di-functional 
poly(vinyl acetate) is still unknown. We adapted and improved this method. By using 
analytical techniques, samples could be characterized on their hydroxy-functionality. This 
leads to optimal process conditions and the successful production of 100% telechelic 
material. Ultimately, the obtained hydroxy functionality can easily be converted into 
alkoxysilane functionality by using e.g. tri(ethoxysilyl)propyl isocyanate, to yield moisture 
cross-linkable telechelic macromolecules.  

2.3 Characterization of telechelic macromolecules 
The characterization of telechelic macromolecules, i.e. the number of functional 

end-groups, is a complicated matter. When spectroscopic techniques are used, e.g. NMR 
and IR, the average number of functional moieties in the analyzed sample is determined. 
Combining this with the molar mass of the sample determined by SEC it is possible to 
calculate the average end-group functionality. However, it is more interesting to gain 
insight in the distribution of the end-groups over the product i.e. the relative number of 
non-, mono- and di-functional molecules. This can give important information on the 
polymerization process by which the process can be optimized. Also it may give clear 
evidence of the amount of telechelic material in the sample. Separation on basis of the end-
groups is necessary. Chromatography is useful in this respect, especially gradient elution 
HPLC also known as GPEC, gradient polymer elution chromatography.  

This chromatographic technique separates the polymer sample on the basis of 
chemical composition and molar mass. There are three parameters that govern the elution 
profile: solubility effects, sorption and size exclusion. The elution profile is therefore not a 
simple representation of the chemical composition or the molar mass of the injected 
polymer but a summation of all contributions. To enhance one of the contributions two 
modes of GPEC can be applied, normal phase (NP) and reversed phase (RP). Reversed 
phase involves the use of a non-polar stationary phase, e.g. C18 modified silica columns, 
combined with a more polar mobile phase that gradually changes from polar to less polar. 
Since the initial mobile phase used displays very poor solubility characteristics for the 
polymer, precipitation of the polymer at the head of the column occurs. Furthermore, the 
polymer has non-polar interaction with the a-polar stationary phase and polar interactions 
with the eluent. Successful separation of co-polymers on basis of chemical composition 
using RP-GPEC is often easily obtained. 

Normal phase GPEC is characterized by a polar stationary phase combined with a 
non-polar mobile phase. The gradient in the mobile phase increases the polarity of the 
eluent and thus reducing the tendency of the polymer to adsorb on the stationary phase. 
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Adsorption processes therefore mainly govern the separation mechanism in NP-GPEC. 
The observed elution profile in NP-GPEC is reversed with respect of the chemical 
composition compared to RP-GPEC were hydrophobic interactions govern the elution 
profile. NP-GPEC is therefore suitable to separate the polymer sample on basis of small 
differences in chemical composition like functional end-groups.    

2.4 Experimental 

Materials: 

The di-hydroxy functional initiator, 2,2’-azobis(2-cyano-pentanol) (ACPEN), was 
synthesized according to a procedure from the literature15. The non-functional initiator 
2,2’-azobis(2-methylpropionitrile) (AIBN, Merck, >98%) was recrystallized from 
methanol before use. Vinyl neononanoate (VNN, Aldrich) and vinyl acetate (VAc, 
Aldrich, 99+%) were used as received. Allyl alcohol (AA, Aldrich, 99+%) was used as 
chain transfer agent without purification. Ethyl acetate (Aldrich, 99.5+%) was used without 
further purification as solvent in the polymerizations. Dichloromethane (DCM, Biosolve, 
HPLC grade), tetrahydrofuran (THF, Biosolve, HPLC grade) and heptane (Biosolve, 
HPLC grade) were used as the mobile phase in the HPLC analyses. For precipitation of the 
polymer from the reaction mixture, methanol (Biosolve, 99%) or acetonitrile (Aldrich, 
99%) were used.     

Polymerizations: 

Batch polymerizations were carried out to synthesize poly(vinyl ester)s with 
different degrees of hydroxy-functionality. A typical polymerization was carried out by 
mixing ethyl acetate, monomer, initiator and allyl alcohol in a 0.1 dm3 round-bottomed 
flask equipped with a condenser. After the reaction mixture had been homogenized, it was 
purged with argon for 10 minutes. Subsequently, the flask was placed in a pre-heated 
thermostatically controlled oil bath at 80 °C. The polymerizations were quenched at low 
conversion by adding the reaction mixture to methanol or acetonitrile. This is for avoiding 
depletion of any of the components. The acetonitrile rather than methanol was used for 
experiments tele-7 and tele-8. In these cases the combination of high hydroxy-content and 
low molar masses makes precipitation in methanol difficult. Vinyl neononanoate was used 
instead of vinyl neodecanoate as monomer due to the lower glass transition temperature of 
the polymer resulting from vinyl neononanoate. This eases the precipitation of low molar 
mass species from the reaction mixture. The precipitated polymer was collected and dried 
for 24 hours at room temperature under vacuum. The experimental details of the performed 
polymerizations are summarized in Table 2.1. 
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Table 2.1: Experimental conditions with obtained molar masses for the solution polymerizations of 
vinyl neononanoate at 80 °C.  

Exp. 
code 

Initiator [Initiator] 
10-3 mol·dm-3 

[VNN] 
mol·dm-3 

[allyl alcohol] 
10-2 mol·dm-3 

Mn 
kg·mol-1 

PD 
(-) 

tele-1 AIBN 16 0.95 0 16.0 1.6 
tele-2 AIBN 2.0 0.98 1.6 17.0 1.6 
tele-3 ACPEN 16 0.98 0 16.8 1.6 
tele-4 ACPEN 1.7 0.99 1.8 17.3 1.5 
tele-5 AIBN 15 0.51 0 8.8 1.5 
tele-6 AIBN 2.0 0.51 2.0 8.7 1.4 
tele-7 ACPEN 12 0.55 0 9.7 1.7 
tele-8 ACPEN 1.4 0.55 1.5 9.5 1.5 

 

Table 2.2: Experimental conditions with obtained molar masses 
for the bulk polymerizations of vinyl neononanoate using ACPEN 
as initiator at a concentration of 10-3 mol·dm-3 at 80 °C. 

Exp. code [allyl alcohol] 
10-2 mol·dm-3  

Mn 
kg·mol-1 

PD 
(-) 

transfer-1 0 83 2.8 
transfer-2 1.9 65 2.0 
transfer-3 3.6 52 2.3 
transfer-4 9.7 32 1.8 
transfer-5 15 24 1.7 
transfer-6 21 18 1.6 
transfer-7 32 14 1.5 

 

Analytical techniques 

The molar masses were determined by size exclusion chromatography (SEC) using 
a Waters Model 510 pump and a Waters 712 WISP equipped with 4 PL-gel mix C columns 
(300mm 7.5mm, Polymer Laboratories) at 40 °C and tetrahydrofuran as the eluent. The 
flow rate of the eluent was 1.0 ml·min-1. Calibration was performed with polystyrene 
standards having narrow molar mass distributions (Polymer Laboratories). Mark-Houwink-
Sakurada correction on the molar masses was not performed.  

Samples for the NP-GPEC measurements were prepared by dissolving dried 
polymer into heptane to a concentration of 10 mg·ml-1 solutions. The measurements were 
conducted on a HPLC setup consisting of two HPLC pumps (Waters 510), a gradient 
controller (Waters 600E) and a Waters Intelligent Sample Processor (WISP). Separation 
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based on the number of hydroxy-moieties per polymer chain was achieved using a Jordi 
Gel DVB polyamine column (250 4.6mm, Alltech) at 40 °C with the gradient profile 
given in Table 2.3. The gradients were linear with respect to the change in volume% per 
unit of time. The flow rate of the eluent was 0.5 ml·min-1. Detection was carried out using 
a SEDEX 55 evaporative light scattering detector (ELS) from Sedere. Data acquisition was 
conducted using Millennium-32 3.05 software.  

 
 
 
 
 
 
 
 
 
 
 
The use of other types of detectors in GPEC is limited in our specific case. For 

example, UV or refractive index (RI) detectors cannot be used in our GPEC experiments 
due to the absence of UV absorbing moieties in our polymers and RI detectors are useless 
due to the gradient in the mobile phase16. The working mechanism of the ELS detector will 
be discussed in the following.  

The principle of the ELS detector is based on two separate processes (i) 
nebulization of the eluent and (ii) detection by light scattering of the residues after 
evaporation of the volatile part of the droplets. The efficiency of the nebulizer, i.e. the 
droplet size the nebulizer generates, is in principle a function of the flow rate, the viscosity 
(η), the density (ρ) and the surface tension (γ) of the eluent. Nevertheless, the nebulization 
of the eluent stream results from deformation forces exerted on the eluent stream by the 
turbulent motion of the stream of air in the nebulizer making the density and the viscosity 
of the eluent unimportant. Since the flow rate of the air is fixed, the droplet size depends 
solely on the surface tension of the eluent17. 

(2.2) 
 

Since the surface tension of the eluent is changing with eluent composition the 
generated droplet size will change during the GPEC experiment. In the experiments 

Time 
min 

heptane 
volume% 

DCM 
volume% 

0 80 20 
10 80 20 
30 60 40 
40 60 40 
50 0 100 
60 0 100 
70 80 20 
80 80 20 

Table 2.3: Gradient for the analysis of hydroxy-
containing poly(vinyl neononanoate) on the 
HPLC setup.  

0.6
pd γ∼
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described in this chapter the eluent becomes richer in dichloromethane with increasing 
elution time. Due to the fact that dichloromethane has a higher surface tension than 
heptane the particle sizes after nebulization will increase during the experiment.  

If now the evaporation has been completed once the droplet residues pass the ELS 
detector, the ELS signal can be in two regimes (a) Rayleigh scattering i.e. dr < λ/20 and (b) 
Mie scattering when dr ≈ λ. In the case of Rayleigh scattering the ELS detectors response is 
expected to be proportional to nVr

2 where n=refractive index of the particle and Vr is the 
particle volume. Otherwise, the exponent 2 will be smaller according to the Mie theory.  

Combining the effects that nebulization and light scattering have on the ELS 
detectors response, the droplet size combined with the concentration on polymer in the 
eluent determine the response. Therefore, when a component is eluted at a fixed 
composition of eluent the droplet size, the particle size of the residue and the refractive 
index of the residue are fixed resulting in a fixed dependence of the detectors response on 
Vr. Equation 2.3 in which Vr has been replaced by injected mass can describe the ELS 
detector response.  

(2.3) 
 

2.5 Results and discussion 

2.5.1 Quantification of the GPEC chromatograms 

To quantify the amount of every individual polymer component, the polymer 
sample was analyzed by NP-GPEC using an amine functionalized stationary phase. The 
mobile phase was defined according Table 2.3 in order to realize a gradient of the polarity 
of that phase. The polymer itself consists of highly a-polar monomer species that is 
expected to have only a slight interaction with the column material. Hydrogen bonding 
interaction between the hydroxy groups in the polymer and the amine groups from the 
stationary phase is therefore expected to dominate the elution profile. It can be expected 
that first the non-functional polymer molecules are eluted. Thereafter the functional 
polymers are eluted ranked by the number of functional groups. In Figure 2.1 and Figure 
2.2 the elution profiles are shown for samples with molar masses of 17 and 9 kg·mol-1 
respectively.  

 
 
 
 
 
 

b
i iA am=
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The elution profiles indicate the presence of three species in the injected samples. 

These three species reflect the result of processes involved in initiation, termination (via 
combination and disproportionation) and chain transfer during polymerization. Even when 
a functional initiator is used, a high degree of chain transfer to non-functional species can 
lead to non-functional species.  

In the experiments tele-1 and tele-5 only AIBN was used as initiator, resulting in a 
single peak at 27 minutes. This eluted species is therefore identified as the non-functional 
polymer. To identify the other two peaks we have to remember that in NP-GPEC more 

Figure 2.1: Chromatograms of the samples tele-1, tele-2, tele-3 and tele-4 as 
indicated in Table 2.1. (Mn=17 kg·mol-1) 

Figure 2.2: Chromatograms of the samples tele-5, tele-6, tele-7 and tele-8 as 
indicated in Table 2.1. (Mn=9 kg·mol-1) 
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polar species are eluted at higher retention times. The mono-functional polymer is 
therefore eluting at 34 minutes and the di-functional polymer at 49 minutes. Note, that the 
possibility of chain branching, which can lead to higher degrees of functionality, has been 
neglected. 

Reducing the gradient, thus taking more time for increasing the polarity of the 
mobile phase, does not have a positive effect on the peak separation; the peaks are only 
broadening. Molar mass effects are relatively small; profiles are similar only the separation 
is slightly better in the case of low molecular-weight species. Therefore, the calibration of 
the chromatograms was based on the lower molar mass species.  

As already mentioned in the experimental part, an ELS detector was used to 
monitor the eluted polymer. Since the response of the ELS detector is not linear with the 
amount of mass, a calibration had to be performed in order to evaluate the relative amount 
of non-, mono- and di-functional polymer eluted. The lack of pure specimen of all 
components in the samples makes it difficult to establish the calibration curve in a 
straightforward manner. A more complicated route was followed for constructing 
calibration curves.  

First requirement that has to be met to calibrate the detector response is 
independence of that response on the end-group functionality of the eluted polymer. 
Trathnigg et al.18 have shown for several ELS detectors that the end-group of low-molar 
mass monodisperse oligomers of polyethers had no influence on the detector response. In 
this study the samples contain polymers of higher-molar masses, making any possible 
dependence even more unlikely.  

Secondly, the response of the detector for a given mobile phase composition should 
also be described by Equation 2.3, i.e. with constant parameters. This requirement says, in 
other words, that when the eluent is nebulized, the diameter of the droplets is only 
determined by the mobile phase composition i.e. the surface tension, the density and the 
viscosity of the eluent. When these criteria are met, the response of the ELS detector can 
be described by a power law dependence on the injected mass as discussed in the 
experimental section.   

Quantification of the detectors response can be achieved by varying the injection 
volume of a sample with known concentration on polymer. In this way the mass load of the 
detector is varied and a curve describing the relationship between mass load and detector 
response can be constructed. The only polymer available as pure compound is the non-
functional poly(vinyl neononanoate), tele-5. The calibration curve can be constructed in a 
direct way in this case. The other samples are mixtures of two or three components as 
evidenced in Figure 2.1. In Figure 2.3 the integrated ELS peak areas are depicted for the 
non-functional part of the samples tele-5 and tele-7 for a series of consecutive injections 
with varying volumes. From the injected volume, the injected sample mass m=m1+m2+m3 



Synthesis of telechelic vinyl ester polymers 
 

 27 

is known and plotted as the coordinate. (Indices 1, 2 and 3 refer to non-functional, mono-
functional and di-functional respectively.) 

     
   
 
 
 
 
 
 
 

When the two experimental data sets are plotted on an ELS-area versus mass plot 
the curves can be made to coincide by multiplying the mass scale of tele-7 by a constant 
factor. Because tele-5 only contained non-functional material, this multiplication factor 
was interpreted as the mass fraction non-functional material in sample tele-7. The resulting 
overlapping curves can be described by the equation:  

(2.4) 
 

This equation is used to quantify the amount of non-functional material in the 
sample tele-7. The obtained mass of the non-functional part is subtracted from the total 
mass of this sample. Thereafter the ELS data for the mono- and di-functional components 
of the samples tele-6, tele-7 and tele-8 are plotted as functions of the injected mass m2+m3 
as shown in Figure 2.4. Samples tele-6 and tele-8 appeared to contain no significant 
amount of non-functional material. 

Power law curves are drawn through the data points, with a common b parameter in 
each graph i.e. all poly(vinyl neononanoate) species with the same degree of functionality 
have the same b parameter. The best values for b are 1.73 (mono-functional peak) and 1.60 
(di-functional peak). It can be observed that the b parameter is decreasing with increasing 
DCM content in the mobile phase. Since the surface tension of DCM is higher than for 
heptane (26.5 versus 20.1 mN/m, respectively), this decrease is obeying the surface tension 
dependence of the droplet size in the nebulization process in a turbulent air stream.  

Figure 2.3: Peak area for the non-functional poly(vinyl 
neononanoate) part of the samples tele-5 ( ) and tel-7 ( ) as a 
function of injected mass. 
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It has been discussed in the experimental section that the ELS detector response is 
proportional to the particle volume passing the light scattering detector and its refractive 
index. It is expected that the refractive index of the eluted polymers does not change with 
the end-group functionality. Therefore, it is assumed that the proportionality factor a in 
Equation 2.3 is constant with elution volume. On the basis of this assumption, calibration 
curves are calculated that are depicted in Figure 2.5. 

 
 
 
 
 
 
 
 
 
  
 
 

With help of these calibration curves the amount of the different species in the 
polymer samples can be quantified. The discrepancy between the injected mass and the 
total mass calculated on basis of the calibration curves does not exceed 10% on total 
injected mass. Therefore, it is possible to calculate the relative amounts of the non-, mono-, 

Figure 2.4: Peak areas for the mono and di-functional poly(vinyl neononanoate) part of the samples tele-6 ( ), 
tele-7 ( ) and tele-8 ( ) as a function of summed mass of these components. 

Figure 2.5: Calibration curves for the non- ( ), mono- ( ) and di-functional 
( )  poly(vinyl neononanoate). 
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and di-functional poly(vinyl neononanoate) in the sample. These results are given in Table 
2.4. 

Table 2.4: Results of NP-GPEC analysis for the sample compounds as 
percentage of total mass and the average degree of functionality (see Figure 2.2). 

Name peak 1 peak 2 peak 3 fav 

tele-5 100 0 0 0 
tele-6 0 68 32 1.32 
tele-7 28 50 22 0.94 
tele-8 0 52 48 1.48 

2.5.2 Towards the synthesis of 100% telechelic poly(vinyl neononanoate) 

As can be seen in Table 2.4, the objective of synthesizing 100% telechelic 
polymeric chains has not been reached under the described reaction conditions. To 
understand this, a closer look has to be taken at the obtained results. First of all, the use of 
ACPEN as initiator without allyl alcohol (tele-7) as additive yields a tri-modal distribution 
containing all possible components. This points at two independent processes that 
influence the overall result, termination by combination and chain transfer to non-
functional compounds. The first process, termination by combination, is the most simple 
reaction route to obtain telechelic material in free-radical polymer chemistry. It has been 
shown for vinyl acetate that radical-radical termination is primarily by combination19. This 
explains directly the yield of telechelic material in reaction tele-7. The non-functional 
material can be explained by the occurrence of chain transfer to non-functional 
compounds. When a substantial degree of chain transfer to non-functional compounds 
occurs, re-initiation by non-functional radicals can lead to the formation of non- or mono-
functional. Whether it will end-up as non- or mono-functional material depends on the 
chain-stopping mechanism of that particular propagating chain.  

The use of allyl alcohol in combination with AIBN or ACPEN results in mono- and 
di-functional material (reactions tele-6 and tele-8). These reactions yield relatively high 
amounts of telechelic material. This shows that allyl alcohol acts in the polymerization of 
vinyl neononanoate as an end-capper and as chain transfer agent and is best illustrated by 
reaction tele-6. In this reaction AIBN was used as the initiator. Every polymer chain 
initiated by AIBN has one end-group that is not hydroxy functional. Introduction of 
hydroxy-functionality is therefore the result of reactions with allyl alcohol. If allyl alcohol 
is solely acting as an efficient chain transfer agent, the resulting polymer sample contains 
non- and mono-functional material. The ratio non- over mono-functional depends on the 
amount of chains initiated by the initiator or by the chain transfer agent radical adduct. 
When allyl alcohol acts solely as an end-capping agent at best 100% mono-functional 
polymer material is obtained. When the propagating chain is first end-capped by allyl 



Chapter 2 
 

 30 

alcohol after which the radical activity is transferred to allyl alcohol, the polymer sample 
can contain di-functional polymer. Di-functional material is then the result of allyl alcohol 
radicals that are able to initiate new functional polymer chain that upon end-capping are di-
functional. The end-capping (i) and the chain transfer reaction (ii) are shown in Scheme 
2.4. 

 
 
 
 
 
 
 

Despite the use of the functional initiator ACPEN and allyl alcohol in reaction 
tele-8, 100% telechelic material is not obtained; in both reactions substantial amounts of 
mono-functional material were produced apart from telechelic material. It is clear that 
chain transfer to non-functional compounds is hampering the synthesis of telechelic pure 
material. 

Either of two species can be responsible for this transfer reaction, the monomer 
itself and the used solvent. Ethyl acetate had been selected as solvent for its low chain 
transfer activity in the polymerization of vinyl esters; a CS of 2.5·10-4 at 60 °C can be found 
in literature20. CS is defined as the ratio of the rate coefficient for chain transfer, ktr, over 
the rate coefficient for propagation, kp, where the subscript denotes the molecule to which 
radical activity is transferred being T for transfer agent, S for solvent and M for monomer. 

 
(2.5) 

   
The transfer constant for chain transfer to vinyl neononanoate is estimated to be 

10-3 as based on values measured at 50 °C21. Since the transfer constant for allyl alcohol in 
vinyl ester polymerizations has not been published, it had to be determined. A suitable 
procedure is based on the Mayo equation. The Mayo equation correlates the reciprocal of 
the number-average degree of polymerization, DPn, with the rates of chain growth and 
chain stopping as: 

 
(2.6) 

 

Scheme 2.4: End-capping (i) and chain transfer reaction (ii) of allyl alcohol in a polymerization. 
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where λ is the fraction of termination by disproportionation, kt is the average 
termination rate coefficient, [P·] is the overall radical concentration, [M] is the monomer 
concentration, CM is the transfer constant for chain transfer to monomer and [T] is the 
chain transfer agent concentration. The degree of polymerization is defined as: 

 
(2.7) 

 
where Mn is the number average molar mass and M0 the molar mass of the 

monomer. When a plot is constructed of DPn
-1 versus [AA]/[M], in many cases a linear 

relationship between these parameters is seen. It has been shown that for the determination 
of DPn

-1 the good estimation of Mn is Mn=Mw/222. For our case the Mayo plot is given in 
Figure 2.6.   

 
 
 
 
 
 
 
 
 
 

The transfer constant, CAA, for transfer to allyl alcohol in a vinyl neononanoate 
polymerization becomes 0.12, giving a ktr,AA of 1270 dm3·mol-1·s-1. Having obtained this 
value, the relative contributions of all chain transfer agents in the reaction mixtures tele-5 
through tele-8 can be calculated by using Equation 2.6. The results are given in Table 2.5.  

Table 2.5: Relative contributions to the overall chain transfer process of the 
individual compounds. 

sample CT·[AA]/[VNN] 
·103 

CM 

·103
 

CS·[S]/[VNN] 
·103 

tele_5 0 1 4.5 
tele_6 4.8 1 4.5 
tele_7 0 1 4.2 
tele_8 3.2 1 4.1 

Figure 2.6: Mayo plot for the determination of the transfer 
constant for transfer to allyl alcohol in vinyl neononanoate 
polymerization at 80 °C using DPn=Mw/(2*184.28). 
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From this table it can be seen that in the transfer of radical activity, chain transfer to 
ethyl acetate and to allyl alcohol are competitive. This results in a polymer product that 
never can be 100% di-functional when ethyl acetate is present to a substantial amount 
during polymerization.  

It is now clear that using free-radical solution polymerization of vinyl esters for 
obtaining telechelic polymers is doomed to fail due to competitive chain transfer processes. 
The solution to this problem can be found in bulk polymerization where chain transfer is 
restricted to either monomer or allyl alcohol. By taking care that the relative contribution 
of transfer to monomer is small compared to end-capping/chain transfer agent allyl 
alcohol; the transfer of the polymeric radical activity towards monomer can be suppressed. 
In Figure 2.7 the NP-GPEC chromatogram is depicted of poly(vinyl neononanoate) 
synthesized in a bulk-polymerization using both ACPEN and allyl alcohol. 

  
 
  
 
 
 
 
 
 
 
 
 

It appears from Figure 2.7 that the only detectable species in the sample gives a 
peak at the retention time of di-functional polymer. The strategy to eliminate the 
competing chain transfer to solvent results in 100% telechelic material. Nevertheless, the 
possibilities of end-group control remain limited due to the fact that chain transfer to 
monomer cannot be avoided. In order to suppress transfer to monomer, the polymerization 
of vinyl neononanoate should be carried out at relative high concentrations of allyl alcohol. 
This is illustrated in Table 2.6 where the different samples synthesized for the 
determination of the transfer constant of allyl alcohol are shown. 

Figure 2.7: NP-GPEC chromatogram of transfer-7 synthesized by bulk 
polymerization of vinyl neononanoate with [ACPEN] = 9.3·10-4 mol·dm-3 and  
[allyl alcohol] = 0.32 mol·dm-3 at 80 °C resulting in Mn=14.0 kg·mol-1. 
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Table 2.6: Relative contributions to the overall chain transfer process 
of the individual compounds in bulk polymerizations of vinyl 
neononanoate. 

sample CT·[AA]/[VNN] 
·103 

CM 

·103 
Mn 

kg·mol-1 
transfer-1 0 1 83 

transfer-2 0.5 1 65 

transfer-3 1.0 1 52 

transfer-4 2.6 1 32 

transfer-5 4.0 1 24 

transfer-6 5.7 1 18 

transfer-7 8.7 1 14 

  
In the polymerizations transfer-4 through transfer-7, the transfer to allyl alcohol 

contributes much more to DPn
-1 than the transfer to monomer does. Therefore, it is 

expected that in these cases telechelic polymers will be obtained. In the other cases 
competition between these two transfer processes will result in a mixture of mono- and di-
functional materials in the polymer sample. This illustrates that this strategy allows the 
synthesis of telechelic poly(vinyl neononanoate) number average molar masses up to 32 
kg·mol-1. Note that this cannot be verified using NP-GPEC due to its limited separation 
capacity in the higher molar mass regime. 

The polymerization of vinyl esters is strongly retarded when allyl alcohol is used in 
the polymerization of vinyl esters. This is visualized in Figure 2.8 in which the evolution 
of the conversion is given for the solution polymerization of vinyl acetate in ethyl acetate 
with and without allyl alcohol.   

 
 
 
 
 
 
 
 
 
 
 

Figure 2.8: Conversion versus time plot for solution polymerizations of vinyl 
acetate in ethyl acetate at 80 °C using [AIBN] = 9.0·10-3 mol·dm-3, [VAc] = 
5.2 mol·dm-3 without ( ) and with allyl alcohol (0.33 mol·dm-3) ( ) 
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This strong retardation effect was observed in both solution and bulk 
polymerizations of vinyl esters, when allyl alcohol was employed as chain transfer agent. 
Such a retardation can possibly be explained by (i) a co-polymerization and by (ii) a 
retardative chain transfer mechanism21. The co-polymerization mechanism (i) comprises 
the addition of allyl alcohol to the polymeric radical forming a radical that is unreactive 
towards monomer addition. In case of retardative chain transfer (ii), the polymeric radical 
abstracts a hydrogen atom from allyl alcohol forming a radical on the allyl alcohol that is 
unreactive towards monomer. These two mechanisms are in fact similar to the action of 
allyl alcohol as end-capper (i) and as chain transfer agent (ii) as depicted in Scheme 2.4. 
The generated radical species after end-capping or chain transfer to allyl alcohol are then 
unreactive towards monomer addition. Since allyl alcohol behaves both as an end-capping 
and as a chain transfer agent, the retardation is even likely the result of the co-
polymerization as of the retardative chain transfer mechanism. Despite this retardation 
effect the synthesis of 100% telechelic poly(vinyl ester)s via this strategy is still the best 
technique presently available.  

2.6 Conclusions 
In this chapter the route towards the successful synthesis of hydroxy telechelic 

poly(vinyl neononanoate) is optimized. A number of polymerizations in ethyl acetate were 
carried out to obtain polymer samples with varying hydroxy end-group functionality. In 
order to analyze the composition of these products, the evaporative light scattering 
detector, used in combination with a NP-GPEC system, was adapted and calibrated. From 
the measured hydroxy-functionality of the products and the analysis of the chain transfer 
reactions taking place during the solution polymerizations, optimal reaction conditions 
were established to synthesize 100% telechelic poly(vinyl neononanoate). The conclusion 
was drawn that the synthesis of telechelic poly(vinyl neononanoate) can best be performed 
in a bulk polymerization with 2,2’-azobis(2-cyano-pentanol) as initiator and allyl alcohol 
as end-capper/chain transfer agent. This was proved experimentally by synthesizing a 
product that was 100% telechelic. Despite the limited molar masses achievable and the 
observed retardation of the polymerization rate, the followed strategy is still the best 
technique presently available to obtain 100% telechelic poly(vinyl ester)s.  
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3  
Synthesis of methoxysilane 
functional vinyl ester based 

polymers 
 

Synopsis: In this chapter the synthesis of methoxysilane functional vinyl 
ester based polymers is described. First the reactivity ratios of the 
monomers used are determined by using the integrated co-polymerization 
equation in combination with full-conversion experiments. On the basis 
of the results a strategy was developed that leads to homogeneous 
polymers in their chemical composition distribution on the basis of a 
semi-continuous polymerization technique. This technique was applied to 
the incorporation of acryloyl terminated Kraton L-1203, an a-polar 
ethylene/butylene macromonomer, into vinyl ester based polymers.  

 

3.1 Introduction 
Introducing moisture curability into polymers consisting of vinyl ester monomers 

can be achieved via co-polymerization with alkoxysilane functional monomers. Vinyl 
silane monomers with the silane atom directly connected to the vinyl bond do hardly 
polymerize due to dπ-pπ interactions between the silane and the vinyl group. Using a 
spacer between the Si atom and the vinyl group solves this problem resulting in 
polymerizable monomers. Two examples of monomers of this type are 3-trimethoxysilyl 
propyl methacrylate (TMSPM) and 3-trimethoxysilyl propyl acrylate (TMSPA). These 
monomers have been used as adhesion promoters between organic-inorganic joints. They 
can be applied directly as monomer1,2 or integrated into a polymer3,4.  

The use of the aforementioned silicon containing vinyl monomers in free-radical 
co-polymerization has gained attention in the open literature. To the knowledge of the 
author, only 3-trimethoxysilyl propyl methacrylate (TMSPM) has been the subject of 
kinetic studies. Otsu et al.5 investigated the homo-polymerization of TMSPM and its co-
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polymerization with styrene. They found that this monomer has a polymerization behavior 
similar to that of other methacrylates. Rao6 used the Kelen-Tudos graphical method to 
determine the reactivity ratios of TMSPM with styrene, acrylonitrile and methyl 
methacrylate at 65 °C. More recently Jang et al. 7 published a study on the synthesis of 
TMSPM-styrene copolymers that were employed as surface modifiers of glass-fibers in 
polystyrene matrices. They used the Finemann-Ross method to estimate the corresponding 
reactivity ratios in benzene at 70 °C. Published reactivity ratios for the reactions mentioned 
and for the co-polymerization of (meth)acrylates with vinyl esters are given in Table 3.1. 
Studies on the co-polymerization of TMSPM and TMSPA with vinyl esters have not been 
published as yet.  

Table 3.1: Values for the reactivity ratios of several monomer combinations. 

 
In general, the co-polymerizations 

of vinyl esters with meth(acrylates) are 
characterized by an enormous difference 
between the reactivity ratios of the two 
types of monomers, easily resulting in a 
large composition drift. This can be 
illustrated in a calculated chemical 
composition distribution (CCD) of a batch 
co-polymerization of vinyl neononanoate 
(VNN) and ethyl acrylate (EA), as 
depicted in Figure 3.1. The final 
copolymer obtained consists of a mixture 
of molecules in which the fraction of EA 

M1 M2 r1 r2 T (°C) Ref. 
TMSPM styrene 0.58 0.36 60 5 
TMSPM styrene 0.86 0.10 70 7 
TMSPM styrene 0.90 0.45 65 6 
TMSPM acrylonitrile 3.70 0.11 65 6 
TMSPM methyl methacrylate 1.33 0.74 65 6 

ethyl acrylate vinyl neononanoate 5.9 0.1 60 8 
methyl acrylate vinyl 2-ethyl hexanoate 6.9 0.093 50 9 

methyl methacrylate vinyl acetate 24 0.026 60 10 
vinyl neodecanoate vinyl acetate 0.92 0.99 60 11 

Figure 3.1: The CCD of high conversion VNN-EA 
copolymer. FEA=0.3 Conversion=100% 
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(FEA) varies between 75% and 0%. As much as 40% of the polymer mass consists of 
homo-polymer of VNN. Such a broad intermolecular distribution does not conform our 
requirement that all macromolecules contain the same fraction of crosslinkable groups.  

In this chapter the preparation of well-defined co-polymers of vinyl 2-ethyl 
hexanoate (V2EH) and TMSPM and of V2EH and TMSPA are described. In the first part 
of this chapter the determination of the reactivity ratios of the monomer pairs involved is 
explained. Specially designed polymerization experiments are conducted in order to define 
the best polymerization conditions for the synthesis of the target polymer. Finally, the 
synthesis of branched co-polymers using acrylate functional Kraton L-1203 
macromonomers is described.  

3.2 The determination of reactivity ratios 
In literature, several models are used for predicting the co-polymer composition in 

free-radical co-polymerization. For co-polymer compositions the ultimate model12 often 
gives satisfactory results. In the ultimate model it is assumed that the reactivity of the 
polymeric radical depends only on the terminal unit. Furthermore, the effect of initiation 
and termination on co-polymer composition is neglected and it is assumed that the ratio of 
the two types of polymeric radicals is constant. Thus the co-polymer composition is solely 
determined by four possible propagation reactions with rate constants kp,ij: 

 
(3.1) 

  
where Ri⋅ is a polymeric radical with a monomer of type i at the chain end and Mj is a 
monomer of type j (i,j =1 or 2).  

The reactivity ratios r1 and r2 define the relative tendencies of the monomers 
towards homo-propagation over cross-propagation.  

 
(3.2) 

 
If r1 >1, monomer 1 tends to homo-propagate, whereas values <1 refer to prevalent 

cross-propagation. 
The Mayo and Lewis (or differential) co-polymerization equation12 relates the mole 

fraction F1 of monomer 1 in the instantaneously formed co-polymer to the instantaneous 
monomer feed containing a mole fraction f1 of monomer 1.   

 
(3.3) 
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This equation can be integrated to relate the overall monomer conversion X in a 
batch process to the momentary fraction f1 of monomer 1 in the monomer feed13.  

 
(3.4) 

 
 

in which f1,0 is the initial fraction of monomer 1 in the monomer feed and 
 
 

 
For using Equations 3.3 and/or 3.4, knowledge of the reactivity ratios is essential. 

To estimate these parameters, three different approaches have been published. The most 
widely used approach is based on the relation between monomer feed and co-polymer 
composition as described by the differential co-polymerization equation (Equation 3.3). 
Several batch polymerizations are conducted till low conversion starting from different 
initial monomer feed compositions. Subsequently, the composition of the isolated 
copolymer is determined. For this purpose spectroscopic techniques have proven to be 
useful.  

In case the isolation of small amounts of polymer from the reaction mixture is 
difficult, which is the case with reactive and/or high-boiling monomers, the 
aforementioned approach will not work easily. In that case, the analysis of the monomer 
feed composition as a function of the total conversion in a batch polymerization can be 
used to estimate the reactivity ratios. Useful techniques to follow monomer conversion in 
time are Gas Chromatography14,15, Raman16,17 and IR spectroscopy18. Since both total 
conversion and monomer composition are used, the experimental error in both variables 
has to be taken into account. The experimental data is therefore fitted to Equation 3.4 using 
a non-linear least squared fitting procedure as described in literature19,20.  

The strategy in designing the experiments to estimate the reactivity ratios has been 
developed by Plaumann and Brandston21 and refined by Van den Brink and co-
workers19,20. The design aims at obtaining a maximized amount of information per 
experiment on the system under investigation; in other words, the experiments should be 
performed at initial monomer feed ratios giving considerable composition drift. Under 
these conditions the monomer composition changes most drastically with conversion.  

3.3 Semi-continuous co-polymerization 
Control over the co-polymer chemical composition distribution (CCD) can be 

achieved by applying the semi-continuous co-polymerization process. The semi-
continuous co-polymerization strategy can be performed using different monomer addition 

1,01 1

1,0 1,0 1

11
1

ff fX
f f f

α β γδ
δ

    − −= −         − −    

( )( ) 21

2

21

21

1

1

2

2

2
1,

11
1,

1
,

1 rr
r

rr
rr

r
r

r
r

−−
−=

−−
−=

−
=

−
= γδβα



Synthesis of methoxysilane functional vinyl ester based polymers 
 

 41 

profiles. One of the most frequently used profiles comprises the addition of a monomer 
mixture of constant composition at a constant rate to the reactor. Variation in the feed rate 
in one (or more) of the monomer(s) can be used to obtain co-polymers heterogeneous in 
their CCD. 

The addition rate of the monomers can be based on two regimes (i) monomer 
starved conditions and (ii) monomer flooded conditions. Starved conditions involve adding 
the monomers to the reactor at a rate lower than the polymerization rate. This results in an 
instantaneous incorporation of the added monomers in the co-polymer formed. These 
conditions are often applied to prepare homogeneous co-polymers. Drawback of these 
polymerization conditions is the relative long polymerization time needed to complete the 
polymerization22.  

When the addition rate of the monomers is equal to or greater than the 
polymerization rate the polymerization is performed under flooded conditions. This results 
in a gradual increase in the monomer concentrations in the polymerization reactor and 
leads to a (more) heterogeneous co-polymer, but at higher rates of polymerization.  

Thus, monitoring the monomer ratio(s) in the reactor can perform control over the 
co-polymerization in the semi-continuous co-polymerization process. From an engineering 
point of view, two ways of controlling the polymerization process can be applied, a closed-
loop or open-loop procedure. The closed-loop procedure involves the on-line monitoring of 
the monomer feed ratio in the reactor. Measured monomer feed ratio(s) are then correlated 
with the desired monomer feed ratio(s). Deviations between those two can be corrected by 
controlling the monomer dosage. The open-loop procedure implies the application of a pre-
determined monomer addition profile. This monomer addition profile is determined from 
simulations and/or preliminary experiments. Since the monomer addition profile is pre-
determined, anticipation on unforeseen problems or events during polymerization is not 
possible. This makes the open-loop procedure only useful for rigid systems, i.e. the co-
polymerization is relatively invariant to small fluctuations in experimental conditions. 

In this thesis semi-continuous co-polymerizations were chosen with fixed rates of 
monomer addition. Since main focus was on the preparation of co-polymers with a 
homogeneous chemical composition distribution, monomer starved conditions were 
applied whereby the control over the monomer feed ratio(s) in the reactor was monitored in 
the open-loop approach.  
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3.4 Experimental 

3.4.1.1 Materials  

The initiators 2,2’-azobis(isobutyronitrile) (AIBN, Merck, >98%) and benzoyl 
peroxide (BPO, Merck, 75%) were both recrystallized before use (AIBN from methanol 
and BPO from a chloroform/methanol mixture).   

The monomers 3-(trimethoxysilyl)propyl methacrylate (TMSPM, Aldrich, 98%), 
vinyl acetate (VAc, Aldrich, 99+%), and acryloyl chloride (Aldrich, 96%) were used as 
received.  

The monomer 3-(trimethoxysilyl)propyl acrylate (TMSPA) was synthesized from 
(3-chloropropyl)trimethoxysilane (Merck, 98%) and acrylic acid (Aldrich, 99%) in 
triethylamine (TEA, Merck, 99%) using a procedure described by Jo23. Triethylamine was 
distilled over CaH2. Acrylic acid was distilled under vacuum over Cu0.The yield was 67%.  

Vinyl 2-ethylhexanoate (V2EH) was synthesized from vinyl acetate by 
transesterification with 2-ethylhexanoic acid (Aldrich, 99+%) according to a published 
recipe by Adelman24. The reaction was catalyzed by mercury(II)acetate (Aldrich, 98+%) 
and sulfuric acid (Merck, 96%) and gave a yield of 78%. 

The solvents ethyl acetate (Biosolve, 99%) and butyl acetate (Biosolve, 99%) were 
distilled over CaH2 to remove traces of water. Tetrahydrofuran (Biosolve, HPLC grade) 
and 1-butanol (Riedel de Haën, 99%) were used as received. Kraton L-1203 (kindly 
donated by Shell Chemicals) was kept under vacuum for 24 hours to remove any volatile 
impurities before use.  

3.4.1.2 Synthesis of acryloyl terminated Kraton L-1203 macromonomer 

Kraton L-1203 was dissolved in butyl acetate together with triethylamine in a 1 
dm3 round-bottom flask. Acryloyl chloride was added dropwise to the stirred solution 
whereby triethylamine·HCl salt was formed. After addition, the reaction mixture was 
stirred for another 24 hours at room temperature followed by removal of remaining 
triethylamine and solvent under vacuum. The residue was dissolved in 2 dm3 of butyl 
acetate and filtered over a D4 glass filter to remove the salt. The filtrate was concentrated 
and added dropwise to methanol to precipitate the acryloyl terminated Kraton L-1203 

Scheme 3.1: Synthesis of acrylyol terminated Kraton L-1203 macromonomer. 
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macromonomer. The yield was 80%. 1H NMR (CDCl3): δ (ppm) 0.8-1.6 (polymeric 
backbone), 4.1 (t, 2H), 5.8 (d, 1H), 6.1 (q, 1H), 6.4 (d, 1H).   

3.4.1.3 Estimation of the reactivity ratios via batch co-polymerizations 

All batch co-polymerizations were carried out in 0.1 dm3 round-bottom flasks 
equipped with condenser and nitrogen inlet. In a typical polymerization a solution of the 
monomers, initiator and ethyl acetate was prepared in the reaction flask. To remove 
oxygen from the solution three freeze-pump-thaw cycles were conducted prior to heating 
in a thermostatic oil bath at 80 °C. Samples were taken throughout the experiment at 5 to 
10 min intervals and collected in flasks for GC analysis of the monomer content. The batch 
co-polymerizations in which TMSPM was involved used BPO as initiator with a 
concentration of 2·10-2 mol·dm-3. The batch co-polymerizations where TMSPA was used 
had AIBN as initiator at a concentration of 2·10-3 mol·dm-3. Trace amounts of triethylamine 
present in TMSPA as a result of the synthesis reacts with BPO to decrease its efficiency 
drastically25. Vinyl 2-ethyl hexanoate was chosen as model compound for vinyl 
neodecanoate. It is isomerically pure and it has a reactivity similar to other vinyl esters 
when co-polymerized with (meth)acrylates9,11. 

3.4.1.4 Co-polymer synthesis using semi-continuous co-polymerizations 

The semi-continuous co-polymerizations were carried out in a 0.25 dm3 double-
walled reactor at a temperature of 80 °C, using a thermostatic water-bath circulator 
connected to the reactor. For addition of the monomer mixture to the reactor a Watson 
Marlow 1014/R pump was used. In a typical polymerization, solvent, initiator and, if 
applicable, monomer were charged into the reactor and purged with nitrogen. The 
monomers and initiator were added over a period of 240 minutes. The reaction mixture 
was kept under a nitrogen atmosphere. Samples were taken throughout the experiment at 
15-minute intervals and collected in flasks for GC analysis of the monomer content and/or 
SEC analysis. After polymerization, the reaction mixture was added dropwise to methanol, 
the precipitated polymer collected and subsequently dried under vacuum at room 
temperature. A summary of the performed semi-continuous polymerization experiments is 
given in Table 3.2. 
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Table 3.2: Recipes for the semi-continuous co-polymerizations in grams. The solvent was butyl acetate in 
case of co-polymerization of acryloyl terminated Kraton L-1203 macromonomer otherwise ethyl acetate was 
used. All co-polymerizations were conducted at 80 °C and the total addition time of the monomer feed was 
240 minutes. 

 In Reactor at start Monomer feed 
Exp AIBN TMSPA V2EH Solvent AIBN TMSPA V2EH Kraton Solvent 
SC1 0.11 - - 68.7 0.63 1.89 51.1 - 22.9 
SC2 0.10 0.31 23.0 68.5 0.62 1.88 51.3 - 22.5 
SC3 0.12 - 19.4 68.0 0.66 0.19 51.4 - 23.9 
SC4 0.12 - 20.4 66.7 0.66 0.20 50.4 19.8 31.2 
SC5 0.063 - 20.3 66.7 0.38 0.2 52.3 20.5 29.6 

3.4.1.5 Characterization 

To determine the monomer feed composition gas chromatography (GC) was 
performed on a HP 5890A gas chromatograph equipped with a HP 7673A auto injector and 
a HP 3393A integrator. An Alltech AT Wax column with a total length of 30 m, a film 
thickness of 1 µm and internal diameter of 0.53 mm was used. The samples were prepared 
by mixing a known amount of sample with a stock solution of 1-butanol in tetrahydrofuran 
whereby 1-butanol was used as an internal standard. Calibration curves were constructed 
for each analyzed co-polymerization experiment.  

The molar masses were estimated by size exclusion chromatography (SEC) with a 
Waters 510 HPLC pump and Waters 712 WISP using 4 PL-gel mix-D columns 
(300x7.5mm), preceded by a Guard column (50x7.5mm) at 40 °C. The columns were 
purchased from Polymer Laboratories. The eluent was tetrahydrofuran and a flow rate of 1 
ml⋅min-1 was used. For detection a Waters 410 differential refractometer was used. 
Calibration was performed using polystyrene standards with narrow molecular-weight 
distributions (Polymer Laboratories).  

The 1H NMR spectra of the synthesized monomers and polymers were recorded at 
25 °C on a Varian 400 spectrometer in deuterated chloroform.  
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3.5 Results and discussion 

3.5.1   Estimation of the reactivity ratios for TMSPM-V2EH and TMSPA–V2EH 
To estimate the reactivity ratios for the 3-(trimethoxysilyl)propyl methacrylate – 

vinyl 2-ethyl hexanoate (TMSPM-V2EH) monomer systems, three co-polymerizations 
were performed. These were performed at different initial monomer feed compositions and 
the monomer feed composition was determined as function of total conversion. The 
monomer feed composition was chosen such that at these compositions considerable 
composition drift is expected, i.e. ƒTMSPM,0 =0.05, 0.15 and 0.30. The monomer feed 
composition versus total conversion is given for these experiments in Figure 3.2. 

The same approach was used for the estimation of the reactivity ratios of 
3-(trimethoxysilyl)propyl acrylate – vinyl 2-ethyl hexanoate (TMSPA – V2EH). The three 
initial monomer feed composition at which the co-polymerizations were performed are 
ƒTMSPA,0 =0.10, 0.24 and 0.40. The monomer feed composition versus total conversion is 
given in Figure 3.2. 

Using the method developed by Van den Brink17 the integrated co-polymerization 
equation (Equation 3.4) was fitted to the monomer feed composition-conversion datasets 
using a nonlinear regression method. This regression method takes into account the error in 
the measured quantities using an error-propagation method. The 95% joint confidence 
intervals were calculated using an F-test19,26. The individual point estimates and 95% JCI’s 
for the individual experiments were calculated. The “true” reactivity ratios were 
determined by combining all JCI’s of the individual experiments for each co-
polymerization system. The individual JCI’s and the final “true” JCI are depicted in Figure 
3.3 and Figure 3.4 and summarized in Table 3.3. 

Figure 3.2: Monomer feed composition versus conversion for the TMSPM-V2EH co-polymerizations with 
ƒTMSPM,0 = 0.05 (▲), 0.15 (■) and 0.30 (●) and for the TMSPA – V2EH co-polymerizations with ƒTMSPA,0 = 
0.10 (●), 0.24 (■) and 0.40 (▲)  together with simulated data calculated with the estimated reactivity ratios 
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Figure 3.3: Combined (bold line) and individual (thin line) JCI’s together 
with point estimates for the V2EH-TMSPM co-polymerization.  = the 
combined point estimate;  = the point estimates for each individual 
experiment. 

Figure 3.4: Combined (thick line) and individual (thin line) JCI’s together 
with point estimates for the V2EH-TMSPA co-polymerization.  = the 
combined point estimate;  = the point estimates for each individual 
experiment. 
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Table 3.3: Reactivity ratios of the individual experiments and the final estimates. 

Exp. fTMSPM,0 fTMSPA,0 rTMSPM rTMSPA rV2EH 

R1 0.05  16.7  0.011 
R2 0.15  26.3  0.012 
R3 0.30  18.7  0.036 

R1+R2+R3   23.3  0.024 
R4  0.10  11.6 0.039 
R5  0.24  18.3 0.29 
R6  0.40  5.7 0.045 

R4+R5+R6    5.4 0.013 
 
As can be seen in Figure 3.3 and Figure 3.4, the combined JCI for the TMSPA-

V2EH is small compared to that for the TMSPM-V2EH system. This makes the reactivity 
ratios estimated for the latter system more undetermined. This can also be seen in Figure 
3.2 where the calculated and experimentally determined depletion of the monomer fraction 
with total conversion is plotted. The ultimate model describes all experimentally 
determined monomer fractions as function of total conversion satisfactorily with the 
estimated reactivity ratios except for experiment R3. The origin of this discrepancy may lie 
in the uncertainty in the reactivity ratios or in the unability of the ultimate model to 
describe this specific co-polymerization.  

A preparative batch polymerization would result in a strong composition drift, e.g. 
see Figure 3.1. When a low content of functional (methoxysilane) groups is desired in such 
a co-polymer system, a substantial amount of polymer chains would not contain any 
functional group at all. To avoid the formation of non-functional material, the semi-
continuous co-polymerization technique can be employed to maintain the monomer feed 
ratio, and thus the co-polymer composition at a pre-determined level.  

3.5.2 Synthesis of co-polymers by semi-continuous polymerization 

The focus of this paragraph is on the synthesis of homogeneous co-polymers i.e. 
co-polymers with a constant composition for every individual polymeric chain. Therefore, 
as explained earlier, the semi-continuous co-polymerization process needs to be used. In 
this case a homogeneous co-polymer of given co-polymer composition can be made by 
selecting the corresponding monomer feed composition. The monomer feed addition is 
chosen as fixed and via an open-loop procedure a constant monomer feed ratio in the 
reactor is pursued.  

In this section the preparation of methoxysilane functional poly(vinyl ester)s is 
described whereby TMSPA is used as the methoxysilane functional monomer. The choice 
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of TMSPA rather than TMSPM is based on the fact that its co-polymerization behavior can 
be better controlled. The composition drift in a standard batch co-polymerization is for 
V2EH-TMSPA less pronounced than that for V2EH-TMSPM (see Figure 3.5).  

 
 
 
 
 
 
 
 
 
 

When the monomers with the desired monomer feed ratio are fed in 240 minutes in 
the reactor (Experiment SC1) the corresponding monomer content in the reactor is given in 
Figure 3.6. The addition rates were kept constant at 2.0·10-5 mol·s-1 for V2EH and 3.3·10-7 
mol·s-1 for TMSPA during 4 hours. 

  
 
 
 
 
 

Figure 3.5: F versus f curves for TMSPA-V2EH (——),  TMSPM-
V2EH (– – –) and an ideal polymerization (·····). 

Figure 3.6: Amount of monomers in reactor as function of time for TMSPA and V2EH during 
experiment SC1. 
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In contrast to the absolute amount of monomers in the reactor, the monomer feed 
ratio decreases steadily in time and attains the steady state within 2 hours as shown in 
Figure 3.7. The variation in the monomer feed ratio during polymerization obviously 
results in the synthesis of heterogeneous co-polymers. The expected composition of the co-
polymers would be FTMSPA=0.44 at the early stages of the co-polymerization and polymers 
with FTMSPA= 0.067 at the end of the co-polymerization. The easiest way to circumvent this 
problem is to pre-load the reactor with a monomer mixture in such a way that the initial 
rate of polymerization already equals the rate of addition.  

 
 
 
 
 
 
 
 
 
 

Pre-loading the reactor with a monomeric mixture that resembles the steady-state 
conditions in experiment SC1 results in a constant monomer feed ratio during co-
polymerization as displayed in Figure 3.8 for experiments SC2 and SC3.  

Figure 3.7: Monomer feed composition as function of time 
for experiment SC1. 

Figure 3.8: Monomer feed ratio as function of time when pre-loading has taken place for experiments 
SC2 (left-hand side) and SC3 (right-hand side). 
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The resulting co-polymers are therefore expected to show a homogeneous chemical 
composition distribution. Since the overall rate of polymerization is mainly determined by 
the concentration of V2EH in the reactor, different levels of TMSPA can be incorporated 
in the polymer without significantly affecting the polymerization behavior. This is 
evidenced by the overall steady-state conditions observed for the experiments SC2 and 
SC3.  

3.5.3 Incorporation of acryloyl terminated Kraton L-1203 macromonomer 

Grafting of polymers has over the years been an interesting subject both from an 
academic and industrial point of view. Essentially, three methods exist to produce graft co-
polymers: grafting-through, grafting-onto and grafting-from. Grafting-through involves the 
co-polymerization of a monomer with a macromonomer creating side chains, while the 
grafting-onto and grafting-from involves the growth of the graft towards or starting from 
the polymer backbone. Probably the most effective method to produce well-defined graft 
polymers is the grafting-through technique. The graft density is then directly related to the 
macromonomer/monomer ratio and the molar mass of the macromonomer defines the graft 
length in the co-polymer. The required macromonomer in fact is the polymeric graft end-
capped with a reactive group. This reactive group is most commonly a vinyl group that can 
participate in a free-radical co-polymerization.  

Since Milkovich27 discovered a series of macromonomers in the early 1970’s, many 
different polymeric grafts and vinyl groups have been used. The grafts differ from 
hydrophilic ones like poly(ethylene oxide) and poly(tetramethylene oxide) to hydrophobic 
ones like poly(styrene), poly(methyl methacrylate) and poly(iso-butylene). Almost any 
vinyl group has been used but the main focus has been on the styrene and meth(acrylate) 
derivatives.  

An important parameter in the (co-)polymerization of a macromonomer is its 
apparent reactivity28,29. Before continuing, a distinction between the apparent and the 
intrinsic reactivity of the macromonomer has to be made. The intrinsic reactivity of the 
vinyl group is not changing significantly with increasing molar mass of the monomer 
evolving in a macromonomer. The apparent reactivity seems to depend mainly on issues 
like compatibility, nature of solvent, viscosity of the reaction medium and molar mass of 
the macromonomer. Reduction of the macromonomer apparent reactivity can occur when 
polymerization progresses. This can be attributed to a reduced compatibility between the 
macromonomer and the corresponding (co-)polymer leading to phase-separation and thus 
to reduction of the apparent reactivity of the macromonomer. Kennedy et al.30 have shown 
that decreasing the molar mass of a macromonomer reduces the occurrence of phase 
separation and the apparent reactivity of the macromonomer can be preserved.   
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In order to avoid problems with incompatibility and viscosity the solution co-
polymerizations of acryloyl terminated Kraton L-1203 macromonomer were performed in 
butyl acetate at solids contents below 40 weight%. Butyl acetate is a good solvent for both 
the vinyl ester monomer/polymer as for the macromonomer. This combined with the 
relatively low molar masses obtained in the applied polymerization procedure, it can be 
assumed that the reactivity of the acryloyl terminated Kraton L-1203 macromonomer is 
comparable to that of regular acrylate monomers. The recipes developed in the previous 
section for the synthesis of homogeneous co-polymers of V2EH and TMSPA have been 
adapted to the incorporation of the macromonomers in the same vinyl ester systems and are 
given in Table 3.2. To verify the assumption of equal apparent reactivity between TMSPA 
and acryloyl terminated Kraton L-1203, semi-continuous co-polymerizations were 
performed. The incorporation of V2EH and acryloyl terminated Kraton L-1203 
macromonomer was monitored in time by GC and SEC, respectively. The results are given 
in Figure 3.9 and Figure 3.10. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3.9: Amount of V2EH in the reactor during the 
polymerization SC4 in which acryloyl terminated Kraton 
L-1203 was used as macromonomer. 
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The amount of V2EH in the reactor remains at a level of approximately 20 grams. 

Also in the previous paragraph the level of V2EH remained at 20 grams throughout the 
polymerization. This result is combined with the SEC analysis of the samples taken by 
sequential sampling at 1-hour time intervals, given in Figure 3.10. The macromonomer 
should normally elute around 30.4 minutes. The absence of a peak at that retention time in 
Figure 3.10 indicates that the macromonomer is immediately and fully consumed during 
the entire polymerization. The shapes of the distributions do not change; this strongly 
suggests that the macromonomer is evenly distributed over all polymer chains. These 
observations confirm the assumption of approximately equal reactivity of the 
macromonomer and the acrylate monomer. Furthermore, the reaction mixture remained 
clear, indicating the absence of phase separation. 

Note that the polymer molecules are fractionated by hydrodynamic volume in a 
SEC column. Since the size of a branched/grafted polymer molecule is smaller than its 
linear counterpart with the same low-molar mass31, the obtained MWD and average molar 
masses are underestimated.  

One could wonder whether the macromonomers really have been incorporated or 
were washed out of the samples during precipitation in the sample preparation procedure 
for SEC. To check the incorporation of the macromonomer into the polymer, a control 
experiment has been performed in which the initiator concentration was reduced (SC5). 
Reducing the initiator concentration has two effects (i) the polymerization rate is reduced 
and (ii) the average molar mass increases. The reduction of the polymerization rate is 

Figure 3.10: DRI detector response versus the elution time at different 
time intervals for polymerization SC4 to follow the incorporation of 
acryloyl terminated Kraton L-1203 macromonomer. 
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manifested in a steady increase in the amount of V2EH in the reactor. The shift of the 
MWD to higher molar masses has the advantage of a better separation of the 
macromonomer from the resulting co-polymer in the SEC chromatogram. In Figure 3.11 
DRI detector responses versus the elution time are given for experiment SC5.  

 
 
 
 
 
 
 
 
 
 
 
 

In the low molar mass region of the SEC chromatogram depicted in Figure 3.11 the 
macromonomer is visible as the small peak at an elution time of 30.4 minutes. This small 
peak indicates two phenomena (i) the macromonomer is still present in the sample after 
precipitation and (ii) the amount of macromonomer is decreasing during the 
polymerization. This indicates the successful incorporation of acryloyl terminated Kraton 
L-1203 macromonomer in the vinyl 2-ethyl hexanoate backbone. Moreover, since the 
shape of the molar mass distribution as evidenced by the DRI detector’s response is 
constant during polymerization, the macromonomer will be approximately evenly 
distributed over all polymeric chains.  

3.6 Conclusions 
The objective of this chapter was to achieve the synthesis of a polymer with 

methoxysilane groups present in every polymeric chain to ensure incorporation of all 
chains in the resulting polymer network upon crosslinking. Therefore, the reactivity ratios 
of the co-monomer pairs V2EH-TMSPM and V2EH-TMSPA were determined. From these 
reactivity ratios it was deduced that in a normal batch co-polymerization procedure a large 
amount of non-functional polymer chains would be synthesized.  

To circumvent this problem the semi-continuous polymerization technique was 
employed in an open-loop approach. By monitoring the monomer concentrations in time 

Figure 3.11: DRI detector response versus the elution time at different 
time intervals for polymerization SC5 showing  the incorporation of 
acryloyl terminated Kraton L-1203. 
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by GC, good preparative procedures could be established, featuring constant monomer 
feed ratios during polymerization. The polymers produced in this way therefore have a 
constant fraction of methoxysilane groups and are expected to show a mono-modal 
chemical composition distribution.  

The procedures developed for the incorporation of acrylate monomers in vinyl ester 
polymers could also be used for a well-controlled incorporation of acryloyl terminated 
Kraton L-1203 macromonomer. The reactivity of the macromonomer deviates not 
drastically from its lower molar mass counterpart under the experimental conditions as 
described in this chapter. From observation of the molar mass distribution of the 
macromonomer-containing polymer during polymerization, the conclusion could be drawn 
that the macromonomer was evenly distributed over the polymeric chains.  
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4  
Diffusion of penetrants in polymer 

films 
Synopsis: In this chapter the diffusion behavior of methanol and water in 
poly(vinyl neodecanoate) based polymers is described, to pinpoint the 
transport limitation during moisture crosslinking. The increase of 
penetrant concentration in time is measured online by means of ATR-
FTIR spectroscopy at the polymer-ATR crystal interface. Fickian 
diffusion models and finite differences analyses were used to analyze the 
acquired data thoroughly. It is shown that the diffusion of water and 
methanol in these polymeric films can best be described by applying 
concentration dependent diffusion coefficients using Fick’s second law. 
The transport of water at all concentrations is found to be slower than the 
diffusion of methanol.  

 

4.1 Introduction 
One of the application fields in which alkoxysilane functional polymers are used is 

found in coatings1 and especially sealants2. These polymers have acquired broad 
acceptance in sealants due to their ease of application, formulation and environmental 
friendliness. An important factor in the crosslinking of these polymers in practice, 
irrespective of the chemical nature of the alkoxysilane group and catalyst employed, is the 
penetration of water into the polymer needed to trigger curing. Furthermore, the volatile 
product released during crosslinking has to be eliminated to ensure high hydrolysis rates. 
The mass transport behavior of water and methanol is the subject of the investigation 
described in this chapter. Attenuated Total Reflection Fourier Transform Infrared 
spectroscopy (ATR-FTIR) was used as the analytical tool.  

In section 4.2 the main characteristics of ATR-FTIR spectroscopy are elucidated 
together with a quantitative description to evaluate diffusion coefficients from the data 
produced by this spectroscopic technique. In section 4.4 the diffusion behavior of methanol 
and water in non-reactive polymers is described to ensure the absence of interference 
between diffusion and consumption of diffusing species. As model compound for non-
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crosslinkable polymers a co-polymer of vinyl neodecanoate and acryloyl terminated 
Kraton L-1203 with 4 weight% of the macromonomer was used. For investigating the 
effect of siloxane crosslinks on the diffusion of water in polymer materials polybutadienes 
with and without siloxane linkages were chosen as model compounds.  

4.2 Diffusion of a penetrant in polymers  
Diffusion of small molecules in a polymeric matrix is a function of the structure of 

both the polymer matrix and the penetrant. The structural aspect includes all variations in 
chemical structure, morphology, defects and voids, crystalline phases and their orientation. 
For example, the crystalline polymer phase tends to be nearly impermeable for small 
molecules due to the dense packing of the polymer chains. When these lamellae are 
aligned perpendicular to the direction of diffusion, the diffusion path of the penetrant 
through the amorphous phase is more tortuous leading to lower permeability rates3.  

The diffusion behavior of penetrant can be categorized in three distinct classes 
whereby the rate of polymer relaxation with respect to the rate of diffusion is used as the 
distinctive parameter4.  

Case I diffusion:  This type of diffusion is often referred to as Fickian diffusion. In 
this case the rate of diffusion is much less than the relaxation rate of a chain segment in the 
polymer. This behavior is generally observed when amorphous low Tg polymers are 
involved.  

Case II diffusion: When the rate of diffusion is very rapid compared to polymer 
relaxation Case II diffusion is observed. A typical example with a diffusing solvent is 
where a sharp solvent front propagates through the polymer matrix with a constant 
velocity. The solvent front marks the boundary between a swollen rubbery shell and the 
glassy core.  

These two cases encompass the extremes in diffusion behavior. Anomalies and 
deviations from these cases are sometimes classified as Case III behavior and numerous 
descriptions covering the diffusion behavior for this distinct case have been described.  

All polymers used in this study on diffusion and crosslinking are amorphous, low 
Tg materials for which the diffusion is expected to behave in a Fickian way. For this type of 
diffusion a mathematical model has been developed which describes the evolution of the 
concentration of the penetrant in time as a function of the position in the polymer matrix. 
Starting point is Fick’s second law describing the rate of change of penetrant concentration 
at any point in the matrix. In the one-dimensional case it can be written as:     

                                                                 
(4.1) 

 

C CD
t z z

∂ ∂ ∂=
∂ ∂ ∂
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where C is the concentration of the penetrant at position z at time t, and D is the 
diffusion coefficient. In this section we will assume the diffusion coefficient to be 
independent of concentration, time and position in the matrix. However, the reader should 
note that D might depend on concentration, time and position, especially when the 
penetrant modifies the mechanical properties of the polymer matrix such as in 
plasticization, or when it becomes locally immobilized.  

To solve Equation 4.1 for the case of diffusion in a film of thickness L of which 
one side is in contact with an infinite bath of penetrant while the other side of the polymer 
film is impermeable, we have to define three boundary conditions. 

1. The concentration at the ‘surface’ of the film (z = L) is instantaneously established 
at concentration C∞.  

2. The mass flux out of the film at z=0 is zero. 
3. The initial concentration of penetrant in the film is zero. 

The general solution for this system will be given by Equation 4.2 assuming that the 
diffusion coefficient is constant with respect to concentration (C), time (t) and position in 
the film (z)4. 

   
(4.2) 

 
The determination of uptake of penetrant with time is often carried out by 

gravimetric methods resulting in mass of penetrant versus time plots. The absorbed mass is 
obtained by integrating Equation 4.2 over the film thickness, leading to: 

 
(4.3) 

 
 

4.3 Determination of diffusion coefficients by time-resolved ATR-FTIR 
spectroscopy 

Besides gravimetric methods to monitor the diffusion process also ATR-FTIR 
spectroscopy can be used. This technique is in fact a sophisticated application of total 
reflections in infrared spectroscopy5. First a short introduction in the technique will be 
given followed by the quantitative description of the analysis of the diffusion profiles 
obtained with this technique.  

Total reflection spectroscopy can be used to obtain spectra of samples that are 
difficult to handle such as pastes, films and coatings, adhesives, powders and solids that 
are hardly soluble. Total reflection can occur when a beam of radiation passing a high 
refractive index material arrives at an interface with a low refractive index material: the 
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beam may be reflected totally at the interface. The technique is based on the uncertainty 
principle of Heisenberg. When a beam is totally reflected at an interface, the reflection is 
not at a mathematical plane. The beam has a finite width and a small part of the reflected 
wave actually penetrates the low refractive index material near the interface. This 
evanescent penetrating wave decays exponentially with distance from the surface as 
expressed by Equation 4.4. 

      (4.4) 
 

where E0 is the amplitude of the evanescent wave at the surface z=0, and γ is 
defined as the reciprocal of the characteristic penetration depth, the distance to which the 
evanescent wave is decayed to 1/e of its value at the interface. For non- or weakly 
absorbing materials γ is given by: 

 
(4.5) 

 
 

where n1 and n2 are the refractive indices of the low and high refractive index 
medium respectively, θ is the angle of incidence and λ is the wavelength in vacuum of the 
radiation used. When the material on the low refractive index side absorbs specific 
frequencies of the evanescent wave, attenuation of the totally reflected radiation at these 
frequencies takes place resulting in an absorption spectrum. This phenomenon is referred 
to as attenuated total reflection (ATR).  

A material that can be used in ATR infrared spectroscopy should be transparent for 
infrared radiation and of high refractive index. In Table 4.1 a number of materials used as 
ATR elements are listed with their properties. Very important is the insolubility and 
inertness of the used material.  

Table 4.1: Materials suitable for total reflection spectroscopy. 

 
refractive 

index, 
mean value 

transmission 
region 
in cm-1 

Remarks 

Germanium 4.0 5000-880  
TlI/TlBr (KRS-5) 2.35 14300-340 Very toxic, soft, attacked by warm 

water, acids and bases 
Zinc sulfide 2.24 14300-1000  
Zinc selenide 2.42 20000-700 May react with acids to form H2Se 
Silicon 3.42 9100-1500 Very hard. 
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Over the last decade time-resolved ATR-FTIR spectroscopy has gained increased 
interest for monitoring time dependent processes like mass transport processes6,7,8,9. It 
makes it possible to monitor the processes of interest provided absorption bands of the 
moiety under investigation are distinguishable from those of the matrix. A schematic of an 
ATR diffusion experiment is depicted in Figure 4.1.  

 
 
 
 
 
 

The incident beam is reflected internally once or several times whereby it slightly 
penetrates the polymer film B. When the penetrant A is diffusing into the film B the 
penetrant will gradually come in the vicinity of the crystal-film interface and will absorb 
part of the evanescent wave thus contributing to the overall ATR-infrared spectrum. The 
quantification of the increase in penetrant signal with time will be explained hereafter and 
is based on the work of Fieldson and Barbari9. 

The fundamental equation of the quantified applied spectroscopy which governs the 
relation between the intensities of the incident and the transmitted radiation (I0 and I) and 
the molar concentration of absorbing moieties C, is referred to as the Lambert-Beer law, 
expressed in the differential and integral form as:   

 
(4.6) 

      
(4.7) 

 
where A is the measured absorbance, ε is the molar extinction coefficient and L is 

the sample thickness. When we want to couple the evanescent wave strength with the 
Lambert-Beer law we have to assume that only weak absorbance takes place. It is then 
possible to approximate the exponential function: exp(-x) ≈ 1-x: 

 
(4.8) 

 
(4.9) 

Figure 4.1: Schematic of an ATR diffusion experiment. A is the penetrant 
and B is the polymer film applied directly on the ATR crystal. The arrows 
indicate the path of the IR-beam. 

A 
B 

0 0

exp( ) exp( )
LI A Cdz

I
ε= − = −∫

0

1I A
I

≈ −

dI CIdzε= −

0dI I dA= −



Chapter 4 

 62 

 
Combining Equation 4.6 and 4.9 and subsequent integration yields: 

 
     (4.10) 

 
The evanescent wave profile as given in Equation 4.4 can be combined with 

Equation 4.10 by using I = E2. Rewriting Equation 4.10 and introducing the multiple 
reflections N results in:  

       
(4.11) 

 
where ε* = ε / I0. 

Substituting the Fickian concentration profile as given in Equation 4.2 into 
Equation 4.11 leads to:  

  
 

 
(4.12) 

 
 
 
 

A∞ represents the absorbance at equilibrium that is equal to the concentration at the 
polymer/penetrant interface. By fitting Equation 4.12 to the measured integrated 
absorbancies, the diffusion coefficient can be estimated. 

Another method to determine the diffusion coefficient with this technique is by 
simplifying Equation 4.12, in the following referred to as the simplified ATR-FTIR 
diffusion model. Herein all terms beyond the first in the series in Equation 4.12 are 
neglected since at At/A∞ ≥ 0.2 the first term by far dominates the summation in this 
equation9. The penetration depth of the evanescent wave is generally much smaller than the 
film thickness, resulting in γ·L >>1. Under these conditions Equation 4.12 can be reduced 
to the following expression: 

 
(4.13) 

 
When the experimental data is plotted according to Equation 4.13, in the long-time 

region a linear relationship can be observed. From the slope the diffusion coefficient can 
be estimated. 
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Note that the described models assume that the diffusion coefficient is independent 
of the concentration. For many polymer-penetrant systems however, D is a function of 
concentration rather than a constant. The concentration-dependence is a reflection of (i) the 
plasticizing action of absorbed penetrant and/or (ii) specific interactions between penetrant 
and polymer, which results in local immobilization of a portion of the penetrant. When the 
diffusion process cannot be described using concentration independent diffusion 
coefficients, the use of finite differences analysis can be helpful to incorporate the 
concentration dependence in Fick’s law10. 
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4.4 Experimental 

Materials 

The procedure to produce poly(vinyl neodecanoate) with 4 weight% acryloyl 
terminated Kraton L-1203 macromonomer is based on that developed in Chapter 3. The 
semi-continuous bulk co-polymerization was carried out in a 0.25 dm-3 double-walled 
reactor at a temperature of 80 °C, using a thermostatic water-bath circulator connected to 
the reactor. For addition of the monomer mixture to the reactor a Watson Marlow 1014/R 
pump was used. Vinyl neodecanoate (40 grams, Aldrich, mixture of isomers) and AIBN 
(0.007 grams, Merck, recrystallized) were charged in the pre-heated reactor that was 
purged with argon. In 120 minutes time, vinyl neodecanoate (104 grams), acryloyl 
terminated Kraton L-1203 (10 grams, see Chapter 3) and AIBN (0.044 grams) were added 
to the reactor. The reaction mixture was kept under an argon atmosphere. When the 
addition time had elapsed, the reaction mixture was added dropwise to methanol. The 
precipitated polymer was collected and subsequently dried under vacuum at room 
temperature. 

The incorporation of methoxysilane moieties in polybutadiene was performed by a 
radical addition of a thiol to the double bonds in the polybutadiene. Typically, the 
polybutadiene is dissolved in toluene (Biosolve, dried by distillation over CaH2) under 
nitrogen. To this solution (3-mercaptopropyl)trimethoxysilane (Aldrich, 95%) was added. 
The reaction mixture was heated to 60 °C and purged with nitrogen. The reaction was 
stopped when the desired conversion level had been reached, by adding the reaction 
mixture dropwise to stirred methanol. The product was collected and subsequently dried 
under vacuum at room temperature.  

The non-functional polybutadiene was kindly provided by Revertex Chemicals. 
The properties of the polymers are given in Table 4.2. De-ionized water (Super-Q, Waters 
Millipore) and methanol (Biosolve) were used as penetrants in the diffusion experiments.   

Table 4.2: Properties of polymers used in diffusion experiments. 

Polymer Tg 
°C 

Mn 
kg·mol-1 

Mw 
kg·mol-1 

PD 
- 

number of  SiOCH3 
per polymer chain 

PB -70 3.8 5.0 1.3 0 
PB-SIL -70 4.2 5.4 1.3 2.0 
VND160K4 -70 till –20 160 350 2.2 0 

Characterization 

The ATR infrared spectra were recorded with a Mattson Polaris FTIR 
spectrometer and analyzed with First® software. The ATR accessory used was a SPECAC 
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benchmark overhead ATR system equipped with flat top plate assembly with 45° ZnSe 
crystal with 6 internal reflections. As background the spectrum of the polymer applied on 
the ZnSe crystal was taken. The spectrometer was operated at a resolution of 4 cm-1 and 20 
interferograms were averaged to yield the infrared spectrum after subtraction of the 
background spectrum. All experiments were conducted in the sample compartment of the 
spectrometer that was flushed with N2. The temperature in the ATR facility was ± 25 °C at 
a room temperature of 20 °C.  

A solution of the polymer under investigation was directly applied onto the ZnSe 
crystal by using a wire bar extending well beyond the area of contact with the crystal. This 
operation was followed by solvent evaporation in the sample compartment for about 20 
minutes until no solvent was visible in the online measured ATR-infrared spectrum of the 
film. The thickness of the polymer film (VND160K4) was measured by recording the 
transmission FTIR spectrum of the polymer film through the ATR crystal. This spectrum 
was correlated to a pre-determined calibration graph of the thickness of the polymer film 
versus the integrated absorbance band at 1474 cm-1. Calibration of the polybutadiene films 
was not possible using this procedure due to absolute absorbance values exceeding the 
linear range according to the Lambert-Beer law.  

To maintain a controlled atmosphere on top of the film, a small chamber around the 
crystal was created by applying a strip of silicone grease around the crystal on top of the 
polymer film. Pressing a polyester sheet onto the silicone grease strip sealed the chamber. 
In this chamber the penetrant was applied directly on top of the polymer film. 

An experiment was started by application of the penetrant on the film in the 
chamber. Spectra (sample signal minus background signal) were continuously obtained 
throughout the experiment. The absorbance peaks of interest were integrated using the 
First software in time-resolved analysis mode. Equation 4.12 was fitted to the absorption 
data versus time using an in house developed computer program.  

Finite differences analysis was programmed in Microsoft Excel using central 
differences11. The number of steps across the slab was in most cases 25. It was checked 
that the results were identical to that with 50 steps. The reference frame in the numerical 
simulations does not account for expansion. The experimental data are from a swelling 
polymer layer. The maximum swelling with pure solvent observed is marginal in most 
cases. Only in case of methanol penetration in VND160K4 polymer swelling of 19 
volume% was seen. For our purpose (assessment of the influence that diffusion of reactants 
and reaction products on crosslinking of moisture curable sealants have) the obtained 
diffusion constant defined with fixed material coordinates is perfectly all right. For steady 
state permeation through membranes a slightly different definition of D, with fixed spatial 
coordinates would be required, giving values of D slightly different from the present ones. 
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4.5 Results and Discussion 

4.5.1 Diffusion of methanol in VND160K4 
The spectrum of a highly diluted a-polar solution of methanol displays a sharp band 

around 3600 cm-1 while the absorbance spectrum of liquid methanol is normally 
characterized by a broad hydroxyl band around 3350 cm-1. This shift of the absorbance 
band to a lower wavenumber is the result of the presence of hydrogen bonding in the later 
case, which lowers the strength of the hydroxyl bond. In Figure 4.2 ATR-FTIR spectra in 
the 3750-3000 cm-1 range are displayed for the polymer VND160K4 applied to the ZnSe 
substrate exposed to methanol for different times. The polymer film had a thickness of 33 
µm. The observed increase of the absorbance at 3350 cm-1 is a direct consequence of the 
diffusion of methanol into the polymer film whereby the methanol is forming internally-
hydrogen-bonded aggregates in the polymer matrix. The a-symmetrical form of this 
absorbance band, which is most pronounced at low absorbance levels, suggests the 
presence of a small amount of hydrogen-bond-free methanol in the polymer matrix, apart 
from most methanol molecules being hydrogen-bonded. 

  
 
 
 
 
 
 
 
 
 
 
 

A typical example of monitoring methanol penetration in a polymer film using 
ATR-FTIR spectroscopy is shown in Figure 4.3. The absorbances resulting from hydroxyl 
and carboxyl moieties in the penetrant and polymer film respectively have been integrated. 
The equilibrium absorbance, A∞,m, of methanol has been reached within 1 hour. The 
carboxyl absorbance signal is decreasing in the same time interval reaching its equilibrium 
value A∞,p.  

Figure 4.2: Sequence of ATR-infrared spectra from a 33 µm thick sample of 
VND160K4 at a series of exposure times to methanol at 25 °C.  
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It is reasonable to assume that the absorbance is proportional to the concentration 
of the corresponding moiety. It is therefore possible to calculate the equilibrium 
concentration from the ratio of the equilibrium value of the integrated absorbance of 
penetrant in the polymer film (A∞,m) and that of the pure penetrant (Am). However, it is 
necessary to perform a correction for changes in the penetration depth γ-1 of the evanescent 
wave resulting from differences in refractive index between penetrant and polymer film. 
Defining penetration depths in pure species of methanol, γm

-1, and polymer film, γp
-1, and of 

the polymer film in which methanol has been penetrated, γ∞-1, we arrive at the following 
equations for mf∞  and pf∞ , the final volume fractions of methanol and polymer 
respectively.  

 
 

(4.14) 
 
 

The depth of penetration of the evanescent wave in the polymer film decreases 
during the experiment as a result of the lower refractive index of methanol (n=1.326) 
compared to the polymer (n=1.464). If a linear dependence of the increment in refractive 
index with volume fraction methanol is assumed, a characteristic penetration depth versus 
methanol concentration graph can be constructed using Equation 4.5. This graph is given 
in Figure 4.4. As can be seen in this particular case the penetration depth decreases slowly 
with increasing methanol content. Taking this effect into account the equilibrium volume 
fraction of methanol in polymer VND160K4 can be calculated using Equation 4.14 

Figure 4.3: Integrated absorbance of methanol ( ) and the carboxyl group in 
the polymer film ( ) as a function of time. 
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yielding a value of 20 volume%. The same procedure can be applied to carboxyl 
absorbance resulting in a decrease of the absorbance by 16 volume%. 

 
 
 
 
 
 
 
 
 
 
 
 

The decrease of the carboxyl absorption reflects the swelling of the polymer film 
under the influence of methanol penetration. Moreover the response of the polymer on 
penetrating methanol is instantaneous as can be seen in Figure 4.5 in which the absolute 
normalized absorbances of methanol and (inverse) carboxyl are plotted. It can therefore be 
concluded that the rate of relaxation of the polymer is faster than the rate of diffusion 
indicating that the Fickian diffusion model can describe the diffusion process. 

 
 
      
 
 
 
 
  
 
 
 
 

Figure 4.4: The characteristic penetration depth as a function of 
volume fraction of methanol in the polymer film. 

Figure 4.5: Absolute normalized absorbances of methanol ( ) and the 
carboxyl group in the polymer ( ) as a function of time. 
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Furthermore, the thickness of the used film of polymer is 33 µm resulting in a value 

of the parameter γ·L = 62 (see Equations 4.12). This allows estimating the diffusion 
coefficient while using the simplified ATR-FTIR diffusion model as expressed in Equation 
4.13. The resulting graph is depicted in Figure 4.6.  

 
 
 
 
 
 
 
 
 
 
 
 

Linear regression of the data in this Figure leads to a diffusion coefficient of 
5.1·10-13 m2·s-1. A not displayed duplicate experiment resulted in a diffusion coefficient of 
4.7·10-13 m2·s-1. In order to verify the obtained diffusion coefficient, simulations were 
conducted using the measured film thickness and the estimated reciprocal characteristic 
penetration depth and diffusion coefficient as input parameters. The value of At/A∞ was 
evaluated both on the basis of Equation 4.12 and from a finite differences analysis on basis 
of Equation 4.1. In Figure 4.7 the experimental data are depicted together with both 
theoretical predictions. 

 
 
 
 
 
 
 
 
 

Figure 4.6: Natural logarithm of 1-normalized integrated absorbance as 
function of time for the diffusion of methanol in VND160K4 with a thickness 
of 33 µm. 
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The experimental data and the data points resulting from the simulations as 
depicted in Figure 4.7 do not coincide but the shapes of the diffusion profiles do match to a 
large extent. When a time-shift is performed on the experimental data, a perfect match 
between experiment and simulations is obtained. Something is causing a deviation from 
the predicted behavior in the beginning of the diffusion experiment. The time shift itself 
has no influence on the estimated diffusion coefficient via the simplified ATR-FTIR 
model. This originates from the long time approach used in this model combined with the 
good match at longer time intervals between experimental and simulated data. In other 
words, a moderate time-shift of the data has no influence on the slope used to calculate the 
diffusion coefficient in the simplified ATR-FTIR diffusion model. 

A qualitative analysis of the time-shift has been performed using finite differences 
analysis. The following reasoning has been followed to give a possible explanation for the 
observed phenomenon. As observed, the diffusion of methanol can be described with a 
Fickian diffusion profile. This assumes that methanol molecules show a random walk 
behavior in the polymer matrix without interactions with the matrix during this process12. 
Nevertheless, it is observed in Figure 4.2 that especially at higher methanol concentrations, 
most of the methanol present in the polymer film is present as internally hydrogen-bonded 
aggregates. Suppose that these aggregates can be considered as reservoirs of methanol in 
the polymer film, resulting in the reduction of the overall activity of the diffusing methanol 
in the polymer film. This would result in higher diffusion coefficients when no aggregates 
are present.  

Figure 4.7: Experimental data ( ) for the diffusion of methanol in a 33 µm 
thick polymer film of VND160K4 combined with theoretical predictions 
calculated using γ=1.89 µm-1, L=33µm and D=5.1·10-13 m2·s-1 using Equation 
4.12 ( ) or finite differences analysis (——). 
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To see if this idea can hold, finite differences analyses were performed using a 
concentration dependent diffusion coefficient. The dependence of the diffusion coefficient 
on concentration was taken to be exponential13 as given by:  

 
(4.15) 

 
in which DR is the limiting diffusion coefficient at high penetrant concentration, Ct 

is the concentration of the penetrant at time t and C∞ is the limiting penetrant concentration 
at equilibrium. To observe the effect of large diffusion coefficients in the early part of the 
diffusion process only α has been varied with an arbitrarily chosen constant β = -8. The 
results are given in Figure 4.8 and Figure 4.9. 

It is clear that increasing the diffusion coefficient at low concentrations of methanol 
in the polymer film results in an earlier detection of the penetrant at the ATR-crystal-
polymer film interface. The discrepancy between the time axes of the experimental and the 
calculated diffusion profiles can therefore be explained by a concentration dependent 
diffusion coefficient. The diffusion coefficient at low methanol concentration in the 
polymer film becomes ≈ 10-11 m2·s-1. This value is a first order estimate of the actual value 
in view of the fact that Equation 4.15 is a function that gives the correct trend of D(C) but 
in a somewhat arbitrary way. 

   
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4.8: Diffusion coefficient according to Equation 4.15 as a function of 
fractional penetrant concentration. Lines: solid α = 0, dash α = 2, dot α = 10, 
dash dot α = 20; all β = -8 
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4.5.2 Diffusion of water in VND160K4 

In Figure 4.10 a sequence of time-evolved ATR-FTIR spectra is displayed for films 
of VND160K4 in contact with liquid water. As has also been observed for methanol, water 
molecules present in this polymer give rise to a broad hydroxyl band at 3400 cm-1. This 
indicates to the water molecules being organized mainly in water aggregates. In these 
spectra no appreciable sharp “free” water absorption band is observed around 3600 cm-1.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9: ATR-Diffusion profiles: experimental ( ); calculated with finite 
differences method for a concentration dependent diffusion coefficient. 
Lines: solid α = 0, dash α = 2, dot α = 10, dash dot α = 20; all β = -8. 

Figure 4.10: Sequence of time-resolved ATR-FTIR spectra 
of polymer VND160K4 in contact with liquid water. 
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In Figure 4.11 the integrated absorbance bands of hydroxyl and carboxyl groups are 
displayed for the case that water is applied on top of a polymer film. A feature of this 
graph is the constant integrated value of the carboxyl band. This indicates that swelling of 
the polymer film at the ATR crystal-polymer interface is negligible. The equilibrium 
volume fraction of water in VND160K4 can be calculated using the same procedure as in 
Section 4.5.1  resulting in a value of 20 volume%.  

 
 
 
 
 
 
 
 
 
 
 

 
 

As in the case of methanol diffusion into VND160K4 as a first approximation it is 
assumed that the diffusion is Fickian. Since the parameter γ·L >> 1, the simplified ATR-
FTIR diffusion model can be used to estimate the diffusion coefficient from the 
experimental data. The resulting graph is depicted in Figure 4.12.  
 
      
 
 

 
 
 
 
 
 
 
 
 

Figure 4.11: Integrated absorbance signal of water ( ) and the carboxyl group ( ) 
after application of water on top of the polymer film. Film thickness = 29.9 µm. 
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The values for the diffusion coefficient of water in VND160K4 resulting from 
Equation 4.13 are 6.9·10-15 m2·s-1 for the 29.9 µm and 7.2·10-15 m2·s-1 for the 30.2 µm thick 
polymer films. These values are almost two orders of magnitude smaller than for methanol 
diffusion in the same polymer. To verify these diffusion coefficients the diffusion profiles 
were also calculated using finite differences analysis. As input parameters the obtained 
diffusion coefficient and the thickness of the polymer film were used. The simulations 
were performed for the 30.2 µm thick film. The results are given in Figure 4.13. 

  
 
 
 
 
 
 
 
 
 
 
 

Figure 4.12: Ln(1- At/A∞) versus time plot for VND160K4 polymer films with 
film thickness of 29.9 ( ) and 30.2 µm ( ) exposed to water. The asymptotic 
straight lines are used in the evaluation of D according Equation 4.13. 

Figure 4.13: Experimental ( ) and simulated data (——) for diffusion of 
water in 30.2 µm thick films of VND160K4. For the simulation the value 
D=7.2·10-15 m2·s-1 was used. 
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It is obvious that there is an enormous discrepancy between the measured and 
simulated diffusion profile. The almost instantaneous increase of signal in our ATR 
experiment seems to be associated with diffusion coefficients several orders of magnitude 
larger. The diffusion coefficient is therefore expected to show very strong concentration 
dependence. Simulations have been conducted to verify this statement qualitatively. Using 
finite differences analysis the concentration dependence of the diffusion coefficient was 
varied using Equation 4.15 with different values for α whereby β was kept constant at -8. 
The results of these simulations are depicted in Figure 4.14 and Figure 4.15. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 4.14: Diffusion coefficient according to Equation 4.15 as a function of 
fractional concentration of water in polymeric film. Lines: solid α = 0, dash α 
= 20, dot α = 100, dash dot α = 300; all β = -8. 

Figure 4.15: ATR-Diffusion profiles: experimental ( ) and calculated with 
finite differences method for a concentration dependent diffusion coefficient. 
Lines: solid α = 0, dash α = 20, dot α = 100, dash dot α = 300; all β = -8. 
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As can be seen in this graph, it is possible to obtain satisfactory overlap between 
the experimental data and simulations by increasing the diffusion coefficient at low water 
concentrations. The diffusion profile observed for water penetration in VND160K4 can 
therefore be described by Fickian diffusion using a concentration dependent diffusion 
coefficient. The diffusion coefficient at low water concentration in the polymer film 
becomes equal to 2·10-12 m2·s-1. This value should be considered as a rough estimate. 

In order to better understand the water diffusion process in the polymer an 
additional experiment was carried out in which water at a relative humidity (RH) of 79.3% 
was applied on top of the film rather than water at RH=100%. This was achieved by 
applying a saturated aqueous solution of NH4Cl14. Even after 65 hours of exposure of the 
polymer to this solution, no hydroxyl absorbance band is visible in the ATR-FTIR spectra. 
Apparently the equilibrium concentration of water in VND160K4 using such a saturated 
salt solution is very low compared to the case where pure water is used as penetrant. At 
least it will be below the ATR limit for water detection i.e. ≈ 1 volume%.  

The phenomena observed can qualitatively be understood in the following way. 
Water molecules in a polymeric film, ‘really’ dissolved in the polymer matrix, and as 
aggregates i.e. as very small water droplets dispersed in the polymer matrix. The droplet 
size distribution of these aggregates will depend on the equilibrium water activity. The 
larger the activity, i.e. the higher the RH, the larger will be the average size of the droplets. 
Also the summed volume of these droplets will rise with increasing RH. Note that this 
parallels what was observed in the previous section for the case of methanol. Only at very 
low volume fractions of methanol, i.e. at a non-equilibrium low ‘humidity’ of methanol, a 
noticeable fraction of the methanol molecules was not in aggregates.  

It is assumed for the situation of water in VND160K4 that the summed volume of 
the aggregates is very small as long as RH is appreciable below 100%. At RH=100% 
almost ‘bulk’ water droplets may have some interaction with polar moieties in the polymer 
matrix that reduce the chemical potential of these water molecules enough for 
compensating the rise in chemical potential due to the expected Laplace pressure in water 
droplets. This could lead to the situation that only at RH very close to 100% or at 100%, 
appreciable amounts of large water aggregates are thermodynamically stable. Thus at 
RH=79.3% the total water level in the film may remain below the detection limit. 

The complete picture of water diffusion may be as follows: diffusion is by transport 
of single molecules of water. In principle the diffusion is Fickian and is relatively fast 
provided a sufficiently large gradient in water activity is present. However since the level 
of single water molecules is adjusted to the externally imposed RH, gradients become very 
low. This is just the moment that additional water transport can lead to the formation of 
aggregates or droplets of water. Thus such diffusion will proceed very slow, for a long 
additional period. This is observed as an apparent reduction of D with increase of the local 
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RH. That the strange diffusion behavior is not due to local accumulation at the 
substrate/film interface can be concluded from the fact that wet films develop some 
turbidity. This indicates to scattering entities within the film of colloidal size, what we 
think are the water droplets.  

4.5.3 Diffusion of water in polybutadiene 

When a small molecule diffuses through a polymer matrix, it finds its way past the 
polymer segments. These polymer segments exert a frictional resistance force on the 
diffusing molecule opposing the diffusion process15. This frictional resistance is closely 
related to the friction force experienced by the polymer segments themselves in their 
random thermal motions. The first type of friction force is often referred to as the 
monomeric friction coefficient ζ0, which increases with increasing molar mass of the 
polymer. The origin of this dependence is attributed to the free volume associated with 
chain ends. Since the number of chain ends per unit volume is proportional to 1/M its 
influence on ζ0 diminishes with increasing molar mass becoming negligible at high molar 
masses. When we randomly crosslink a polymer, the number of chain ends generally does 
not change resulting in a constant ζ0. This would result in constant diffusion coefficients 
for polymer systems during crosslinking. To verify and to exclude the presence of barriers 
due to impermeable siloxane layers at the surface of the crosslinked polymer, penetration 
experiments were conducted on both liquid polybutadiene and fully cured methoxysilane 
side-groups containing polybutadiene.  

The time-resolved integrated ATR absorbances of water when water is placed on 
top of films of non-functional polybutadiene, PB, or fully cured alkoxysilane functional 
polybutadiene, PB-SIL, are displayed in Figure 4.16. As can be seen the amount of water 
in PB is much smaller than in the cured film. If the equilibrium water concentration is 
calculated using the procedure in Section 4.5.1  values exceeding 75 volume% for the 
cured film and around 6 volume% for the liquid polybutadiene are obtained.  
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In Figure 4.17 the experimental data normalized with the equilibrium 
measurements are given. The overlap of the profiles for cured and non-cured 
polybutadiene is almost perfect, only in the long time region some deviation between the 
diffusion profiles can be observed.  

 
 
 
 
 
 
 
 
 
 
 
 
 

The polymer films had been prepared from solutions with similar solid contents 
using the same wire bar resulting in an equal thickness of both films, but due to calibration 
problems, the exact film thickness is not known. Therefore diffusion coefficients cannot be 
estimated. Nevertheless, since the films are of equal thickness and the diffusion profiles 

Figure 4.16: Water diffusion profiles in polymer films of PB (□) and 
PB-SIL (○). 

Figure 4.17: Normalized absorbance of water as a function of time for PB ( ) 
and PB-SIL ( ) polymer films. 
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show a considerable overlap, it is possible to conclude that the diffusion coefficients for 
water in these polymers are almost identical. Moreover, due to the fast increase of At/A∞ in 
these water penetration experiments it can be expected that these diffusion coefficients are 
concentration dependent.  

The differences between the two polymers as observed in Figure 4.16 are not the 
result of differences in diffusion coefficients because especially the first part of the curve 
in Figure 4.17 are quite similar. Transport behavior is not only determined by diffusion but 
also by solubility of the penetrant in the polymer film. Those two processes combined 
result in the permeability of a polymer film as given by P=S·D in which P is the 
permeability, S is the solubility and D the diffusion coefficient. From Figure 4.16 it can be 
concluded that PB-SIL has higher water solubility than PB resulting in a higher 
permeability. This is surprising since the polymer chains are fixed, resulting in a higher 
resistance towards separation necessary to form voids that can accommodate water 
clusters. This process would oppose the increase of solubility as observed for 
polybutadiene containing siloxane linkages. Therefore another feature is responsible for 
this phenomenon. Since the only difference, chemically spoken, between the two materials 
is the presence of siloxane linkages between the polybutadiene chains; these moieties can 
be responsible for the increase in water solubility. It has been confirmed by literature that 
the introduction of siloxane groups can result in higher water contents in polymer16.  

4.5.4 Clustering of polar molecules in a-polar matrices 

In the former sections it has been observed that in the amorphous polymers above 
Tg the diffusion of water and methanol can be described by concentration dependent 
diffusion coefficients. Water and methanol are molecules with permanent strong dipole 
moments. This kind of molecules has the capacity to interact strongly with other polar 
groups originating from similar or dissimilar molecules. When we are considering the 
process of diffusion, especially when a polar penetrant capable of hydrogen bond 
formation is penetrating a hydrophobic polymer matrix in which an excess of penetrant 
exists, the penetrant tends to molecular clustering17. This clustering can be initiated by and 
situated around polar moieties in the polymer chain, impurities or just be the consequence 
of the hydrophobic environment. The penetrant can therefore be present in the polymer 
matrix in four states: (i) single molecules without any interaction with the surrounding 
matrix, (ii) single molecules with strong attractive interaction to polar groups of the 
polymer matrix, (iii) as clusters without any linkage to the polymer matrix and (iv) as 
clusters bound to polar groups in the polymer. The latter three states result in partial 
immobilization of the penetrant; it has to escape from the cluster and/or the polar group of 
the polymer in order to diffuse through the matrix. Therefore, diffusion of the penetrant 
can take place in two physical states, free single molecules or less mobile molecules.  
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Let us first consider the process of mobilization/immobilization and its effect on 
diffusion rates. The transport process can be subdivided in three separate steps, first the 
entering of a single penetrant molecule in the immobilized state followed by escaping from 
that state and as a final step the free diffusion of it through the matrix. Thus, the diffusion 
process of the penetrant becomes a summation of the immobilization of penetrant 
molecules and escaping of penetrant molecules from that state. In the mobile state it can 
jump randomly to another site in the matrix until it becomes immobilized again. At room 
temperature the stable state of the penetrants used, water and methanol, is the liquid form, 
resulting in a driving force directed towards clustering. At higher concentrations of 
penetrant in the polymer matrix, especially above the equilibrium solubility, the 
concentration of immobilized clusters per unit volume increases. This results in reduced 
diffusion with increased concentrations of penetrant.  

Even when non-zero diffusivity of clusters is taken into account, it is seen that the 
diffusion coefficient can depend heavily on concentration. It is known from free-volume 
theories and experimental data that the diffusion process of larger molecules or clusters is 
strongly controlled by their molecular structure and geometry resulting in lower diffusion 
coefficients when clustering takes place4,18. Recently molecular-dynamic simulations of 
moisture diffusion in a polyethylene matrix have confirmed this19. Single water molecules 
came together forming clusters of various sizes and diffused as a whole through the 
polyethylene matrix. Molecular-dynamic simulations shows that the diffusion coefficient 
for a cluster of 3 water molecules was one order lower in magnitude than that of single 
water. So diffusive transport of clusters is much less important than that by single 
molecules.  

4.6 Conclusions 
In this chapter the diffusion behavior of methanol and water were investigated in (i) 

poly(vinyl neodecanoate) polymers containing acryloyl terminated Kraton L-1203 
(VND160K4) and (ii) low molar mass polybutadiene (PB) and its crosslinked counterpart 
(PB-SIL). It was observed that diffusion of methanol and water in VND160K4 is best 
described by Fickian diffusion profiles using concentration dependent diffusion 
coefficients. This concentration dependence of the diffusion coefficient was attributed to 
clustering and immobilization of the penetrant molecules in the polymer matrix. Using 
finite differences analyses, diffusion coefficients at the low concentration limit were 
roughly estimated being D=10-11 m2·s-1 for methanol and D=2·10-12 m2·s-1 for water.  

These diffusion coefficients reflect the transport process of these penetrants during 
moisture curing where the concentrations of these components remain generally low in the 
polymer matrix. Rate limitation in the moisture curing process due to transport problems, 
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likely to occur in thick polymer films, will therefore be the result of a lack of water in the 
film used and not caused by accumulation of methanol.  

It has been observed by comparing the diffusion behavior of water in neat and 
crosslinked polybutadiene that crosslinking does not have a negative influence on the 
transport of water in the polymer film. The presence of siloxane moieties can even have a 
positive effect due to the increased solubility of water in the crosslinked methoxysilane 
functional polybutadiene. 
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5  
Crosslinking of methoxysilane 

functional polymers 
 

Synopsis: In this chapter the moisture curing of methoxysilane functional 
polybutadienes is described. We have used ATR-FTIR spectroscopy to 
follow on-line the depletion of the corresponding methoxysilane 
moieties, and the resulting increase in the siloxane absorbance band. 
Polybutadiene as polymeric backbone was chosen because the 
absorbance bands of the reacting moieties and the backbone are well 
separated. The influences of the nature and the concentration of the 
catalyst were evaluated to establish the reaction rate parameters. 
Furthermore, the role of the tin-catalyst and the effect of limited water 
diffusion was analyzed.    

 

5.1 Introduction 
Moisture curing as crosslinking mechanism has attained increasing attention over 

the last decades due to its environmentally friendly chemistry. Compounds and moieties 
used are non- or low-toxic, and the use of water as reactant automatically leads to a green 
feeling amongst consumers. However, the primary benefit of the use of water is its 
presence in almost every outpost on this planet, except for a few desolate deserts where 
human activity, due to the absence of water, has remained restricted und thus is of less 
commercial importance.  

The use of silicon chemistry in moisture-induced crosslinking relies on the 
tendency of silanol moieties to condense with other silanols to form siloxanes. The 
reactivity of the silanol towards condensation is highly affected by the substituents on the 
silicon atom. To give an example, mono-functional silanol end-capped 
poly(dimethyl)siloxane is a fairly stable compound not tending to chain extension. A wide 
variety of α,ω-hydroxysilyl telechelic polymers have widely been employed as commercial 
products mainly in silicon rubbers1,2. On the other hand, polymer chains terminated with 
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di- or trihydroxysilyl groups are not stable and self-condense very easily. By blocking the 
hydroxy groups with a suitable group, which is eliminated under the influence of water, a 
moisture crosslinkable polymer can be synthesized. Suitable silicon compounds sensitive 
towards hydrolysis can be subdivided in the following categories:  

alkoxysilanes    e.g. R-Si(OCH3)3 
acetoxysilanes  e.g. R-Si(OOCCH3)3 
aminosilanes    e.g. R-Si(NHC6H11)3 
ketoxime silanes  e.g. R-Si(ON(C2H5)2)3 
 These compounds hydrolyze readily under the elimination of methanol, acetic 

acid, aminocyclohexane and butanone ketoxime respectively. The eliminated products are 
volatile and may be released into the environment. The toxicity and odor of the released 
product are therefore important selection criteria to choose between the different possible 
silicon moieties. The alcohols give the fewest environmental problems making the 
alkoxysilanes a good candidate to focus our attention on. 

The overall reaction scheme for the hydrolysis and subsequent condensation of 
methoxysilanes is given in Scheme 5.1. The first step is the hydrolysis of the 
methoxysilane that is followed by the condensation step leading to crosslinking. These 
reaction steps are influenced by several parameters, kind of substituent, number of 
substituents, the amount of water present or transported in the polymer material and 
catalyst employed. These parameters are elucidated in the following paragraphs. 

 
 
 

5.2 Theoretical aspects on moisture curing 

5.2.1 Effect of the substituent on the reaction rate 
There are two main factors of the substituent that affect the rate of hydrolysis rate, 

the steric and polar factors. Increasing the bulkiness and thereby the steric hindrance 
around the silicon atom results in reduced tendencies to hydrolyzation3,4. The rate of 
hydrolysis can be ranked in the following way: methoxy > ethoxy > n-butoxy > iso-butoxy 
etc. This feature of alkoxysilanes can be used to design moisture crosslinkable systems that 
are stable against hydrolysis in water-based systems without the danger of premature 
crosslinking. For instance Chen et al5 reported that moisture crosslinkable latices could be 
prepared by co-polymerizing methacrylate functional alkoxysilanes when iso-propoxy, iso-

Scheme 5.1: Overall hydrolysis and condensation mechanism of methoxysilanes. 
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butoxy and n-octoxysilanes where used as hydrolyzable moieties. In the case of iso-
butoxysilanes the hydrolyzability was so much reduced that even in the presence of 
catalysts, casted films were hardly curable.  

The origin of this phenomenon lies in the SN2 character of the reaction whereby a 
pentavalent transition state is formed6. It is known that for the SN2 mechanism, branching 
at the α or β position relative to the reaction center drastically decreases the reaction rate as 
a result of the more crowded transition state7. The nucleophilic substitution can proceed 
under two conditions: basic or acidic. Under basic conditions a hydroxyl ion, which has 
high nucleophilic power, attacks the slightly positive silicon atoms directly, under 
elimination of the alkoxy group that is readily protonated by neighbouring water. Under 
acidic conditions the proton attacks the oxygen atom of the alkoxy group resulting in a 
more electron withdrawing alkoxy group, inducing a more positive and thus a more 
susceptible silicon atom for nucleophilic attack. Water now has sufficient nucleophilic 
power to induce the pentavalent transition state and hydrolysis is the result. 

The effect of electron-withdrawing or electron-donating groups on the SN2 
mechanism depends greatly on the transition state itself8. On the one hand, lowering the 
energy of the transition state by withdrawing part of the electron density from the silicon 
atom increases the rate of base-catalyzed hydrolysis. On the other hand, both increasing 
and decreasing rates have been observed in acid-catalyzed hydrolysis with the same 
substituents. The effect of the nature of the substituents is not really clear in this type of 
mechanism and heavily depends on the exact chemical structure. Besides the effects in 
acid-catalyzed hydrolysis are not so large as in base-catalyzed hydrolysis where hydrolysis 
rates can increase by several orders of magnitude. Electron-donating groups have the 
opposite effect as electron-withdrawing groups attached to the silicon have on the rate of 
both base and acid-catalyzed hydrolysis. In general, alkoxy groups are slightly electron 
withdrawing, supporting the observation that tri-alkoxysilanes are easier to hydrolyze than 
their mono-alkoxysilane counterparts.   

5.2.2 Effect of water on the reaction rate 

Another parameter of importance for the hydrolysis step is the amount of water 
present in the reaction mixture9. As can be seen in Scheme 5.1, for every alkoxysilane 
group one water molecule is needed for hydrolysis. Therefore water has to be transported 
from the environment towards and inside the crosslinking material. The by-product of 
hydrolysis, alcohol in case of hydrolysis of alkoxysilanes, has to be removed from the 
polymer to ensure that the equilibrium reaction has shifted towards complete hydrolysis of 
the starting material. For this reason the rate of diffusion and the solubility of both water 
and alcohols are parameters of great importance in the moisture crosslinking. Especially 
when moisture crosslinking materials are used as sealants, the penetration of water into the 
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material can become the rate-limiting step because sealants generally have a large 
thickness.  

5.2.3 Effect of catalyst on the reaction rate 

As mentioned in the previous section, hydrolysis and condensation reactions of 
alkoxysilanes can be catalyzed by bases and acids. Crosslinking of polymers using these 
catalysts often has the disadvantage of poor compatibility of polymer and catalyst; thus 
phase-separation may lead to inhomogeneous and poor catalysis. It has been proven that in 
this kind of crosslinkable systems metal salts are very useful as catalysts. The chemical 
nature of these metal salts can vary; metal alkoxides10 and carboxylic acid salts of metals 
have shown to enhance crosslinking rates. As metals several possibilities exist like lead, 
zinc, zirconium, antimony, aluminum, titanium and, most favored, tin.  

 The dialkyltindicarboxylates or tindicarboxylates as catalysts in moisture curing 
have been used for several decades. The most plausible mechanism in describing the action 
of tin-catalyst has been proposed by Van der Weij11. The mechanism is deduced from 
experimental findings and is given here in short. Starting point is the hydrolysis of the 
metal salt, resulting in an equilibrium between the metal salt and organic-tinhydroxides. 
The position of this equilibrium heavily depends on the polarity of the matrix, shifting the 
equilibrium to the organic-tinhydroxide side in apolar media12. These organic-
tinhydroxides are able to self-condensate towards Sn-O-Sn13 structures under elimination 
of water. These tinoxides have been tested for their catalytic activity in alkoxysilane 
moisture curing. It was found that they have catalytic activity only when water is present.  
The water is necessary to hydrolyze these tinoxides, generating active species in the 
reaction mixture. It can therefore be concluded that the compound with catalytic activity is 
the organic-tinhydroxide11. Supporting evidence is found in the retardation of the 
crosslinking when small amounts of carboxylic acid are added. The established equilibrium 
is shifted towards the dialkyltindicarboxylate leading to a lower concentration of organic-
tinhydroxide14. 

It is well established that these hydrolyzed tin compounds are easily condensed. 
When alkoxysilanes are present in the reaction mixture they condense with these moieties 
to form Sn-O-Si structures. Compounds containing this structure are known to be very 
active catalysts in the room temperature vulcanization of silicon rubbers even under 
anhydrous conditions11. This behavior can be understood when we consider the 
observation that protic agents like alcohols and water easily cleave the Sn-O-Si linkage15. 
When we assume that silanols behave in the same way as alcohols, the Sn-O-Si is then 
easily cleaved in silanolysis by a silanol to form the Si-O-Si bond with regeneration of the 
catalytically active organic-tinhydroxide. In Scheme 5.2 the elementary reactions 
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concerning the catalytically active organic-tincarboxylate relevant to crosslinking of 
alkoxysilane functional materials are given accordingly.  

 
Only a few publications exist that deal with the exact role of organic-

tindicarboxylates in the moisture curing process. This is probably due to the low content of 
alkoxysilane moieties in commercial, room-temperature moisture-curable polymers, 
making it hard to follow the depletion of alkoxysilanes with time. We have investigated the 
kinetics of this crosslinking mechanism in methoxysilane functional polybutadienes using 
ATR-FTIR spectroscopy. The strong Si-O-C stretch vibration in the IR spectrum, is well 
separated from other absorption bands of this polymer making it possible to follow the 
decrease in this vibration band with time and thus obtaining kinetic parameters. The results 
are used to test the mechanism by Van der Weij and to analyze the effect of catalyst and its 
concentration, water and alkoxysilane concentration on the crosslinking behavior of these 
polymers. 

 
 

Scheme 5.2: Mechanism of moisture crosslinking of methoxysilanes catalyzed by tin carboxylates. 
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5.3 Experimental 

Materials and methods 

The alkoxysilane functional polybutadiene, PB-SIL, used was synthesized 
according to a procedure described earlier in Chapter 4. Its Mn is 5400 g·mol-1 and contains 
two trimethoxysilane moieties on average per polymer chain. Dibutyltindilaurate (DBTDL, 
Merck, 98%), dibutyltindiacetate (DBTDA, Merck, 98%) and tin(II) 2-ethyl hexanoate 
(T2EH, Fluka, 98%) were used as received. Saturated aqueous solutions of NH4Cl, 
Na2CrO7·2H2O, CaCl2·6H2O and LiCl (all Aldrich, 99+%) were used to obtain a constant 
humidity of 80%, 52%, 31% and 15%, respectively, in the closed cell around the polymer 
film on top of the ATR facility. Deionized water (SuperQ, Waters Millipore) was used to 
prepare the aqueous solutions for the humidity control.  

A 50 weight% solution of PB-SIL and catalyst was prepared using toluene as 
solvent (Biosolve, 99+%, distilled over CaH2 and stored on MgSO4). The solution was 
mixed thoroughly by shaking and directly applied as a film onto the ZnSe crystal using a 
wire bar extending well beyond the area of contact with the crystal. After this, the solvent 
was allowed to evaporate for about 3 minutes in the sample compartment of the FTIR 
spectrometer that was flushed with N2. Thereafter, no solvent was visible in the online 
measured infrared spectrum of the film. To maintain a controlled atmosphere on top of the 
film, a cell was created by applying a wall of silicone grease around the crystal, with a 
polyester coversheet on top of the wall. In this cell a saturated aqueous electrolyte solution 
was applied dropwise around the ZnSe crystal to avoid any direct interference of salt with 
the film. The starting point of each experiment was the insertion of the aqueous electrolyte 
solution into the cell. As a maximum, 5 minutes had passed between the mixing of catalyst, 
polymer and solvent and the start of the experiment. 

Characterization 

The ATR infrared spectra were recorded with a Mattson Polaris FTIR 
spectrometer and First® software. The ATR accessory used was a SPECAC overhead ATR 
system equipped with a flat top-plate assembly with a 45° ZnSe crystal with 6 internal 
reflections. As background the spectrum of the polymer applied on the ZnSe crystal was 
taken. The spectrometer was operated at a resolution of 4 cm-1 and 20 interferograms were 
co-added to yield the infrared spectrum after subtraction of the background spectrum. All 
experiments were conducted in the sample compartment of the spectrometer. The 
temperature in the sample compartment was ≈ 25 °C at a room-temperature of 20 °C. 
Spectra of sample minus background signals were obtained continually throughout the 
experiment using First® software. By using the Time-Evolved Slice Utility,16 tables of time 
and corresponding absolute intensity can be extracted from spectra.  
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To calibrate the IR response of the hydroxyl band in an apolar matrix, spectra were 
taken of water in 1,4-dioxane samples. The ATR-FTIR spectra from these samples were 
obtained using the same technique as described above. The calibration curve is depicted in 
Figure 5.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 5.1: Tabulated band assignments and measured wavenumbers 
for the alkoxysilane functional polybutadiene spectrum in Figure 
5.217,18,19. 

vibrational mode wavenumber at maximum 
cm-1 

ρ(CH3) in SiOCH3 1192 
ν(C-O) in SiOCH3 1090 

ν(Si-O-Si) 1036 
δ(HC=CH2) 992 

δ(CHR1=CHR2) trans 964 
δ(HC=CH2) 910 

ν(Si-O) in SiOCH3 815 

Figure 5.1: The integrated IR hydroxyl band around 3300 cm-1 in an 
apolar medium. 

0.00 0.03 0.06 0.09 0.12 0.15
0

20

40

60

80

100

120

140

re
la

tiv
e 

in
te

gr
at

ed
 a

bs
or

ba
nc

e

weight fraction of water in dioxane 



Chapter 5 

 90 

5.4 Results and Discussion 

5.4.1 Adaptation of ATR-FTIR spectroscopy to study moisture crosslinking of 
alkoxysilanes 

In this section it is shown that the crosslinking of alkoxysilane functional 
polybutadiene can be monitored on-line by ATR-FTIR spectroscopy. The band 
assignments of absorbances of interest are given in Table 5.1. Polybutadiene was chosen as 
polymer backbone in the study of moisture curing because (i) the incorporation of 
alkoxysilanes can relatively easy be controlled and (ii) it has a relatively simple IR-
spectrum consisting of just alkane and alkene groups with almost no overlap with the 
alkoxysilane and siloxanes absorbance bands. A sequence of infrared spectra of PB-SIL 
during crosslinking is depicted in Figure 5.2. 

 
 
 
 
 
 
 
 
 
 
 
 

The absorbance bands resulting from the polymer backbone are invariable as can be 
seen, e.g. for the out of plane deformation vibration of the vinyl groups at 910 cm-1 in 
Figure 5.2. From this figure it is clear that with the selection of the polybutadiene based 
polymer, the curing can well be monitored on-line and non-destructively. Two absorbance 
bands that are characteristic of the alkoxysilane moieties and the siloxane crosslinks are 
used to quantify the progress of curing. The bands are the Si-O-CH3 symmetric stretch 
vibration at 815 cm-1 and the Si-O-Si asymmetric stretch vibration around 1036 cm-1. 
Decrease in the 815 cm-1 band is used to follow the decrease in the number of alkoxysilane 
groups in the polymer where the increase in the 1036 cm-1 is used as a measure of the 
number of siloxane links formed during the condensation reaction. 

Figure 5.2: Examples of moisture curing reaction as monitored by 
ATR-FTIR (reaction mixture 1, Table 5.2) The arrows indicate the 
direction of change in time. 
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Tin compounds were used as catalysts; they have specific absorption bands in 
infrared. It is important to avoid overlap between the absorbance bands used for following 
the moisture crosslinking and those of the tin compounds. In Figure 5.3 the fingerprint 
regions of the ATR-FTIR spectra are shown for the three tin compounds used in this study, 
dibutyltindilaurate (DBTDL), dibutyltindiacetate (DBTDA) and bis(2-ethyl hexanoate)tin 
(T2EH). It is obvious that no significant overlap exists with the absorbance bands involved 
in moisture curing.  

As mentioned before, carboxylic tin salts are sensitive to moisture, due to which 
they are converted into tin hydroxides and free carboxylic acids. In infrared spectroscopy 
the free carboxylic acids present in the hydrolyzed tin salt have a carbonyl absorption band 
at a wavenumber different from those due to carboxylate metal salts: at 1740 for the free 
acids and at 1600 cm-1 for the metal salts. The absorbance band at 1740 cm-1 in Figure 5.3 
is very low or absent in case of DBTDL and DBTDA indicating a low concentration of 
free carboxylic acid. On the other hand, in case of T2EH a strong absorbance at 1740 cm-1 
can be seen, indicating a high level of premature hydrolysis of the catalyst leading to tin 
hydroxides that are believed to be the active species for the catalyses of moisture 
crosslinking.  

As shown, it is possible to monitor moisture curing via ATR-FTIR spectroscopy 
using the experimental setup as described. In the following paragraphs the results of the 
experiments performed are discussed starting with describing the mechanism of DBTDL 
catalyzed moisture curing as it can be deduced from the experiments performed. Thereafter 
the rate parameters are determined together with the reaction orders in methoxysilane and 
DBTDL, followed by a discussion on the effect of water diffusion on the rate of moisture 

Figure 5.3: ATR-FTIR spectra of DBTDL, DBTDA and T2EH. 
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curing. Finally a survey is given on the differences between various tin catalysts as 
employed in moisture curing.  

5.4.2 Kinetics of DBTDL catalyzed moisture crosslinking 

On basis of our experiments it is possible to obtain the information on hydrolysis, 
condensation and rate limitations that is necessary to describe the mechanism of moisture 
curing. The hydrolysis of alkoxysilanes is often believed to be the first step of the curing 
reaction. When hydrolysis of alkoxysilanes takes place, alcohol and silanol are formed that 
have characteristic absorbances in the infrared range. Hydroxyl groups normally have 
absorption bands at 3400-3600 cm-1, due to the stretching vibration of the O-H structure. 
Silanols have an additional Si-O-H stretching vibration band at 960 cm-1. In the 
crosslinking of a methoxysilane functional polybutadiene using DBTDL as a catalyst, in 
the ATR-FTIR spectra no absorbance bands were found that reveal the presence of alcohol 
or silanol structures. Both in the region above 3000 cm-1 and around 960 cm-1 no change in 
absorption was observed during the reaction, as shown in Figure 5.2. It can be deduced that 
either the mechanism in which silanols are produced as an intermediate and alcohol as a 
by-product is incorrect or the silanols are instantaneously consumed and alcohol is quickly 
released to the environment. Note that when no tin catalyst was used no curing reaction 
was observed in the time span of the experiment. 

Nevertheless, initiation of the crosslinking reaction has to take place by the reaction 
of water with at least one of the chemicals present. As discussed in Section 6.2, tin 
dicarboxylates hydrolyze relatively easy, while on basis of our experiments it can be 
concluded that alkoxysilanes are difficult to be hydrolyzed. This leads to the conclusion 
that direct hydrolysis of methoxysilanes in not contributing at a significant level to the 
overall reaction. At first instance one would then expect to observe Sn-OH absorption 
bands in the IR spectrum. However, the fact that this absorption band is completely absent 
leads to the conclusion that these tin hydroxides are very easily condensed.  

These observations have important implications on the mechanism as postulated by 
Van der Weij and depicted in Scheme 5.2, since according to this scheme silanols play an 
important role: by silanolysis of Sn-O-Si bonds siloxanes are formed, completing the 
moisture curing. Since silanols are not or hardly present, Van der Weij’s mechanism has to 
be reconsidered, with regard to the way silanols and eventually siloxane structures are 
produced. Another possibility for generating silanols is the hydrolysis of Sn-O-Si bonds by 
water. As mentioned in Section 6.2, protic compounds like alcohols and especially water 
easily hydrolyze these bonds. This additional reaction step has been incorporated in Van 
der Weij’s reaction scheme. This is visualized in Scheme 5.3. 



Crosslinking of methoxysilane functional polymers 
 

 93 

 

Scheme 5.3: All reactions relevant to the formation of siloxane structures in the moisture crosslinking of 
methoxysilanes under influence of carboxylic tin catalysts in a cyclic reaction scheme. 

The whole process as depicted in this reaction scheme is rather complex because 
many interconnected reaction steps (A through D) are involved. A kinetic description of 
the crosslinking process based on all the individual reaction steps is therefore difficult if 
not impossible. To evaluate the reaction parameters such as type of catalyst, catalyst 
concentration and atmospheric humidity, these were varied. As a function of these 
parameters the decrease in alkoxysilanes and the increase in siloxane concentrations were 
followed online.  

First, the depletion of alkoxysilane and increase in siloxane moieties in the ATR 
infrared spectra is analyzed. The ATR infrared spectra were recorded during the reaction. 
The result of the analysis is given in Figure 5.4. The normalized concentrations are 
coinciding, meaning that the rate of the depletion of methoxysilane groups is equal to the 
rate of formation of the siloxane structure. Another observation is that the reaction rate is 
first order in methoxysilane. This first order reaction rate has been observed in all DBTDL 
catalyzed crosslinking reactions. These observations give the possibility to discriminate 
between the several reaction steps in Scheme 5.3.  

Methoxysilanes are, according to this reaction scheme, only consumed in reaction 
step B. If it is assumed that this reaction step is not an equilibrium reaction, the 
concentration of both Sn-OH and methoxysilane itself are the determining factors. Since a 
first order dependence on methoxysilane concentration is observed, the activity of the 
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catalyst remains constant during reaction. This simplifies the kinetic scheme to an apparent 
reaction rate equation as described by Equation 5.1.  

 
(5.1) 

 
 
 
 
 
 
 
 
 
 
 
 

Reaction rate constants have been determined for three concentrations of DBTDL 
under a constant humidity of 80%. The values of the evaluated rate constants k’ as defined 
by Equation 5.2 are presented in Table 5.2 together with the experimental details. 

Table 5.2: Reaction rate constants calculated for DBTDL catalyzed methoxysilane crosslinking. 

Experiment 
Number 

[cat] 
mol·L-1 

constant 
humidity 

k’ 
s-1 

k 
dm3/2·mol-½·s-1 

1 3.0·10-4 80% 2.9·10-4 1.67·10-2 
2 1.0·10-4 80% 1.8·10-4 1.80·10-2 

3 4.5·10-5 80% 1.1·10-4 1.64·10-2 

 
The reaction rate of the moisture crosslinking varies with the concentration of 

DBTDL applied. Obviously the activity of the catalyst and thus the probability of 
crosslinking events is proportional to the catalyst concentration. To obtain the order of 
reaction in DBTDL the natural logarithms of the rate constant k’ versus the catalyst 
concentration was plotted in Figure 5.5. From the slope of this graph the reaction order is 
directly derived, being equal to 0.52.   

Figure 5.4: molar fraction of methoxysilane ( ) and 1-molar fraction of 
siloxane ( ) as function of time for reaction 1. The solid line shows how the 
decay of a reactant in a first order reaction is expected theoretically.  
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Combining the obtained results gives Equation 5.2 that can describe the depletion 
rate of alkoxysilanes catalyzed by DBTDL. The corresponding values for the rate constant 
k are given in Table 5.2.    

 
(5.2) 

 
An explanation of this square root dependence can be found in the hydrolysis of tin 

carboxylates. This reaction step can be considered as a chemical equilibrium between 
water and tin carboxylate on one side and SnOH and HOOCR on the other side. This is 
visualized in Scheme 5.3 reaction step A. When we assume that the amount of Sn-O-Si is 
much greater than SnOH, the concentrations of HOOCR and SnOH are similar. This 
combined with the assumption that the amount of water in the polymer is constant, an 
equilibrium constant K can be defined as: 

  
(5.3) 

 
Thus the concentration of SnOH is related to the square root of the tin carboxylate 

concentration. Since SnOH is considered to be the active catalyst species, a square root 
dependence of the reaction rate in [DBTDL] is the consequence and also experimentally 
found.  

In the moisture crosslinking reaction water plays a very important role. In two 
reaction steps, namely A and D, water is consumed. An effect of the concentration of water 

Figure 5.5: Natural logarithm of the rate constant for moisture 
crosslinking of methoxysilane functional polybutadiene under a 
constant humidity of 80% vs. natural logarithm of DBTDL 
concentration. 
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in the crosslinking reaction is therefore expected. To study this effect the humidity in the 
measuring cell was varied from 15 to 100% relative humidity (RH). The activity 
(concentration) of water in the polymer is directly related to the humidity of the 
atmosphere above the polymer. The disappearance of the methoxysilane groups is 
described in all cases by a first order exponential decay. The resulting plot of the natural 
logarithm of the reaction rate of the methoxysilanes versus the humidity is given in Figure 
5.6.  

 
 
 
 
 
 
 
 
 
 
 
 

Since first order kinetics in methoxysilane concentration at constant DBTDL and 
constant humidity in the measuring cell are observed, the amount of active catalyst species 
is constant in the polymer during reaction. Furthermore, it appears that the depletion rate of 
methoxysilanes is at moderate RH almost independent of the RH in the measuring cell. 
Only at low RH, i.e. below 30%, a reduction of the reaction rate is observed. This leads to 
the conclusion that in this particular experimental setup (i) the rate of water consumption is 
smaller than the rate of water diffusion into the polymer and (ii) the water in the polymer is 
continuously almost in equilibrium with the water from the environment. These 
conclusions do not hold for the experiment performed at a humidity of 15% where the 
reduction of reaction rates was observed. A low water concentration in the polymer film 
leading to a decrease in the rate of reaction D as depicted in Scheme 5.3, i.e. the hydrolysis 
of Sn-O-Si moieties, is assumed to be the cause of this phenomenon. When thicker 
polymer films are used, shortage of water can easily occur which leads to 
inhibition/retardation of the crosslinking reaction. It is therefore necessary to compare the 

Figure 5.6: Natural logarithm of the rate constant for moisture 
crosslinking of methoxysilane functional polybutadiene using a 
constant concentration of DBTDL versus humidity 
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rate of moisture crosslinking with the diffusion of water in the polymer as discussed in 
Chapter 4.  

5.4.3 Moisture crosslinking vs. water diffusion 

To relate the moisture crosslinking process to water diffusion into the polymer film, 
an estimation of the amount of water necessary to fully cure the polymer is needed. The 
polymer used in this study is trimethoxysilane functional polybutadiene. The concentration 
of methoxysilane moieties in such a polymer is given by: 

 
(5.5) 

 
in which f is number of methoxysilane groups per polymer chain, ρ is the density of 

the polybutadiene and Mn is the number average molar mass of the polybutadiene. Using 
f=9, ρ=900 kg·m-3 and an Mn of 5.4 kg·mol-1 this leads to a concentration of 1.5 kmol·m-3. 
Since the overall reaction as depicted in Scheme 5.1 consumes one water molecule per two 
methoxysilanes, 13.5 kilograms of water per m3 polymer, i.e. 1.5 weight% on polymer, is 
required for fully curing the polymer film. In Figure 5.7 the increase in the weight fraction 
of water dissolved in polybutadiene and VND160K4 as a result of diffusion into the 
polymer is given, as discussed in Chapter 4. This is compared to the decrease in the weight 
fraction water as a result of the consumption of water during crosslinking. Note, that the 
polymers used in the diffusion experiments in Chapter 4 were non-functional, meaning that 
the permeation rate and the attainable weight fraction of water in the functionalized 
polymers can be expected to be higher.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.7: Weight fraction water at the polymer ATR-crystal interface in 
VND160K4 ( ), PB ( ) when water diffuses in a film of 30 µm of dry 
polymer versus time, together with the amount of water consumed when 
curing PB-SIL with [DBTDL]= 3.0·10-4 mol·dm-3 ( ). 
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The transport of the water to the backside of the polymer film is, from the 
beginning on, much faster than the consumption of water. This results in a constant excess 
of water present in the polymer film and thus first order kinetics in methoxysilane. 
However, when the polymer film increases in thickness, the diffusion of water in the 
polymer film can become a determining effect on the rate of crosslinking. To elucidate this 
effect, in Figure 5.8 the concentration profiles of water at the substrate-film interface in a 
polymer film of VND160K4 on a plate are given. These profiles were calculated using 
Equation 4.2 for different film thicknesses using the assumption of a constant diffusion 
coefficient. The concentration of water at the polymer-substrate interface starts to rise later 
and at a slower rate when the film thickness is increased.  For clarity the level of water 
necessary to cure completely the polymer when 1 kmol·m-3 methoxysilane groups are 
present is added.  

 
 
 
 
 
 
 
 
 
 
 
 

It is clear that a lack of water in the polymer film exists at high thicknesses leading 
to slow curing at the backside of the polymer. This effect visualized as skin formation has 
been reported for the moisture curing of silicone-based sealants applied with thicknesses of 
5 mm and more20,21. When we assume the same concentration of methoxysilane groups in 
the sealant material as in PB-SIL, such a film would be fully cured after approximately 450 
hours!! This clearly demonstrates the rate dependence of crosslinking on water diffusion 
under specific experimental conditions. 

Figure 5.8: Water concentration profiles at the film-substrate interface as a function 
of time calculated using Equation 4.2 with D=2·10-12 m2·s-1 for film-thicknesses of 
30, 60, 120, 240, 480 and 960 µm (increasing in the arrow direction).  
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5.4.4 Effect of type of tin catalyst on moisture curing 

The type of tin catalyst employed in moisture crosslinking of polymers can have 
drastic effects on the rates of curing. According to the mechanism as depicted in Scheme 
5.3 the Sn-OH groups are the active species in the catalysis process. Therefore, the 
hydrolysis rate of the tin compounds is the decisive parameter that controls the activity of 
the catalyst. In Figure 5.9 the depletion of methoxysilanes as function of time for different 
tin catalyst employed is depicted.  

 
 
 
 
 
 
 
 
 
 
 
 

 
Comparing DBTDL, DBTDA and T2EH, it can be observed that DBTDL is the tin 

catalyst with the lowest activity where T2EH is extremely fast. The depletion 
methoxysilanes is not described by a first order exponential decay when DBTDA is used as 
catalyst. Since the tin compound itself is in equilibrium with the Sn-OH structure, the 
position of this equilibrium is decisive on the reaction rates observed. It is known from 
literature that for fast curing, T2EH is an excellent catalyst22. In Figure 5.3, the partial 
hydrolysis of T2EH was evidenced by a substantial absorption at 1730 cm-1 related to the 
hydrolysis product “free” carboxylic acid. Initially, a large amount of Sn-OH is already in 
the polymer available resulting in a very fast curing.  

The origin of the fact that the depletion of methoxysilanes in DBTDA catalyzed 
moisture curing cannot be described by first order kinetics is most probably a changing 
concentration of active catalyst species. This change in concentration of active catalyst 
species is supported by the recorded ATR-FTIR spectra. They exhibit the carbonyl 
absorbance of the tin catalyst at 1600 cm-1 for the DBTDL and DBTDA catalyzed curing 

Figure 5.9: Methoxysilane molar fractions for moisture curing using 
as catalyst: DBTDL ( ), DBTDA ( ), T2EH ( ). 
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reactions. The absolute absorbance of this carbonyl moiety is shown in Figure 5.10 during 
the crosslinking reaction.  

 
  
 
 
 
 
 
 
 
 
 
 
 

The concentration of the carbonyl moiety in the tin carboxylates is decreasing until 
a constant concentration is reached. Hydrolysis of the tin carboxylate to yield Sn-OH 
species is the only plausible explanation for this decrease in concentration. This decrease in 
concentration on tin carboxylate is much more severe for DBTDA, which reaches its 
equilibrium after 45 minutes, than for DBTDL which attains this state within 5 minutes. 
The effect on the moisture curing kinetics is therefore quite severe for DBTDA. Since 
DBTDA is generating Sn-OH species during moisture curing, the assumption to fulfill first 
order kinetics, i.e. constant catalyst activity, is not met. Therefore, when carrying out a 
kinetic study on moisture crosslinking, DBTDA is not the recommended catalyst.  

5.5 Conclusions 
In this chapter, it was found that DBTDL was a good choice for kinetic studies on 

moisture crosslinking of methoxysilane functional polymers, due to fast attaining the 
equilibrium concentration active catalyst species. This in contrast to DBTDA, which was 
hydrolyzing during most of the curing reaction. T2EH is the catalyst to use when very fast 
curing is needed. 

With DBTDL as catalyst, the reaction rate of the moisture crosslinking of 
methoxysilane polymers depends on a combination of four reaction steps. All four 
reaction-steps involve the consumption or generation of Sn-OH, the concentration of which 
remained constant throughout the curing as evidenced by the first order kinetics in 
methoxysilane concentration. The actual level of the Sn-OH concentration is also 

Figure 5.10: Absolute absorbance of the carbonyl resulting from DBTDL ( ) 
and DBTDA ( ). 

0 60 120 180
0.00

0.04

0.08

0.12

0.16

Ab
so

rb
an

ce

Time  [min]



Crosslinking of methoxysilane functional polymers 
 

 101 

determined by the water and DBTDL concentration. By varying the concentration of water 
and DBTDL, the reaction orders in these respective compounds were established at 0 and 
0.5. The following rate equation can therefore be deduced: 

 
 

(5.6) 
 

For a relative humidity of 80% at 25 °C, a reaction rate parameter k=1.70·10-2 
dm3/2·mol-½·s-1 was determined.  

Furthermore, with help of the data originating from Chapter 4, we were able to 
establish a relationship between water diffusion and curing of the polymers employed. 
Especially when the applied geometry of the polymer is rather thick (>1 mm), curing is 
retarded due to diffusion controlled transport of water.  

5.6 References 
 
1  Watt, J.A.C. Chem. Brit. 1970, 6, 519. 
2  Patzke, J.; Wohlfarth, E. Chem. Zeit. 1973, 97, 176. 
3  Schmidt, J.; Kaiser, A.; Rudolph, M.; Lentz, A. Science of Ceramic Chemical Processing; Hench, L.L.; 

Ulrich, D.R. (Eds.); Wiley: New York, 1986. 
4  Schmidt, H.; Scholze, H. Glass. Current Issues; Wright, A.F.; Dupuy, A.F. (Eds.); Martinus Nijhoij: 

Dordrecht, Netherlands, 1985. 
5  Chen, M.J.; Osterholtz, F.D.; Pohl, E.R.; Ramdatt, P.E.; Chaves, A.; Bennet, V. J. Coat. Techn. 1997, 69, 

43. 
6  Hench, L.L.; West, J.K. Chem. Rev. 1990, 90, 33. 
7  March, J. Advanced Organic Chemistry 4 ed. Wiley Interscience: New York, 1992. 
8  Osterholz, F.D.; Pohl, E.R. J. Adh. Sci. Techn. 1992, 6, 127. 
9  Gorski, U.; Klemm, E. Angew. Makromol. Chem. 1998, 254, 11. 
10  Hoebbel, D.; Reinert, T.; Schmidt, H. J. Sol-Gel Sci. Techn. 1996, 7, 217. 
11  Van der Weij, F.W. Makromol. Chem. 1980, 181, 2541. 
12  Toynbee, J. Polymer 1994, 35, 439. 
13  Maeda, Y.; Okawara, R. J. Organomet. Chem. 1967, 10, 247. 
14  Severnyi, V.V.; Minas’yan, R.M.; Makarenko, T.A.; Bizyukova, N.M. Vysokomol. Soedin., Ser. A 1976, 

18, 1276.  
15  Borisov, S.N.; Voronkov, M.G.; Ya, E.; Lukevits,  Organosilicon heteropolymers and heterocompounds, 

Plenum Press, New York 1970. 
16  Time-Evolved Slice Utility user’s manual, Mattson Instruments, Inc. 1991.  
17  Tejedor-Tejedor, M.I.; Paredes, L.; Anderson, M.A. Chem. Mater. 1998, 10, 3410. 
18  Premachandra, J.K.; Van Ooij, W.J.; Mark, J.E. J. Adhesion Sci. Technol. 1998, 12, 1361. 
19  Marciniec, B.; Lewandowski, M.; Pietraszuk, C.; Foltynowicz, Z. Polymer 1997, 38, 5169. 
20  Comyn, J.; Day, J.; Shaw, S.J. J. Adhesion 1998, 66, 289. 
 

[ ] [ ][ ]0.53
3

d SiOCH
k SiOCH DBTDL

dt
=



Chapter 5 

 102 

 
21  Comyn, J. Int. J. Adhes. Adhes. 1998, 18, 247. 
22  Wake, W.C. Synthetic adhesives and sealants, Society Chemical Industry 1987. 



Rheological characterization of polymeric liquids 
 

 103 

6  
Rheological characterization of 

polymer liquids  
 

Synopsis: In this chapter polymers with backbones consisting of vinyl 
neodecanoate or vinyl 2-ethyl hexanoate monomers have been 
rheologically characterized. Also the effect of the introduction of large 
side chains was investigated, both for low molar mass poly(vinyl 2-ethyl 
hexanoate) and high molar mass poly(vinyl neodecanoate). It was found 
that lack of entanglement coupling of the side chains leads to a lower 
zero-shear viscosity and to lower moduli in the transitional zone. The 
incorporated Kraton L-1203 can be considered as a low Tg monomer 
shifting the transition to the viscous regime to higher frequency.  

6.1 Introduction 
In the chapters 2 and 3 the synthesis was described of polymers based on bulky 

vinyl ester monomers i.e. vinyl neodecanoate and vinyl 2-ethylhexanoate. Also the 
incorporation of acryloyl terminated Kraton L-1203 as a macromonomer was described. To 
provide additional information on these polymers, they have been characterized 
rheologically. This is described in this chapter.  

6.2 Rheological description of polymeric liquids 
The flow behavior of polymeric liquids deviates distinctly from that of a liquid like 

water: a polymeric liquid is usually quite viscous and has appreciable elasticity. This can 
be illustrated by the behavior of chewing gum: upon stretching followed by releasing it 
quickly, it shrinks like a rubber. On the other side it can flow in every shape as a liquid 
when deformed slowly. This behavior is called viscoelasticity, a combination between 
viscous and elastic responses on imposed deformations. Linear viscoelastic behavior is 
manifested by a proportional response to an imposed deformation e.g. the imposed strain is 
proportional to the resulting stress. Probing this behavior should be performed at 
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sufficiently small deformations and provides a description of the mechanical properties ‘at 
rest’. 

To measure the linear viscoelastic behavior of a polymer liquid, dynamic 
mechanical analysis can be used1. Dynamic mechanical analysis comprises a sinusoidal 
alternation of the loading of the sample at a certain frequency. Such an experiment at 
angular frequency ω is qualitatively equivalent to a transient experiment at time τ = 1/ω. 
The ratio of stress and deformation is called the complex dynamic modulus which is in the 
case of a shear experiment given by G* = G’ + iG’’. The storage G’ (real) and loss G’’ 
(imaginary) contributions to the complex dynamic modulus represent the elastic and 
viscous parts of the responses respectively.  

Two common ways for obtaining this response is by using isochronal (i.e. at fixed 
frequency) temperature sweeps or by using isothermal frequency sweeps. Isochronal 
temperature sweeps are generally used for a quick, qualitative analysis of relaxation 
phenomena in polymers. On the other hand, isothermal frequency sweeps can be converted 
easily in time-dependent isothermal relaxation moduli or creep compliances. The most 
important experimental restriction with this type of experiments lies in the limited 
frequency range of the oscillatory loading that can be applied: at low ω measuring times 
can become impractically long, at high ω the system inertia leads to erroneous results. The 
response of a single isothermal measurement is revealing only a small portion of the 
response of the polymer.  

The time-temperature superposition principle (TTS) is widely used with polymers 
to extend the limited frequency (time) scale of the measurements. The viscoelastic 
complex modulus (log G* versus log ω) appears to have similar frequency sweep profiles 
at different temperatures, but shifted along the log ω axis. Also the moduli levels are 
slightly changed by changes in density and entropy (~T ) with temperature. By shifting 
these curves along the axes, the curves can be made to overlap each other and generate a 
master curve. The shift factor aT represents a shift in log frequency to let the viscoelastic 
response at different temperatures overlap. Often the following WLF relation2 can be used 
to express the shift factor: 

 
(6.1)                             

 
in which T0 is a reference temperature and C1

0 and C2
0 are constants at that 

reference temperature. To compensate for the vertical shift as a result of changes in density 
and entropy with temperature the proportionality constant ρT is to be used. 

If such a master curve can be generated the material involved in called thermo-
rheologically simple. The resulting master curve depicts the complex moduli at a reference 
temperature spanning a range of frequencies far beyond the experimentally accessible 
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range. A frequency range of more than 10 decades can be achieved. Such a double 
logarithmic graph of complex modulus versus frequency reveals a pattern of different 
zones along the frequency scale with distinctly different behavior in each zone. In Scheme 
6.1 the glass, plateau (“rubber”) and terminal (“liquid”) zones together with the transition 
zone for the storage and loss moduli of an amorphous, monodisperse, high molar mass and 
non-crosslinked polymer are given.  

 
 
 

 

 

 
 
 
 
 
 
 

From G’ and G’’ other viscoelastic responses can be derived: loss angle, storage 
and loss compliances, dynamic viscosity, creep compliance and stress relaxation modulus. 
It is beyond the scope of this chapter to discuss them all. Nevertheless, to calculate one 
viscoelastic response from another response one can take advantage of the existence of 
relaxation and retardation spectra (H and L respectively). In principle, these spectra can be 
used in standard procedures to obtain the desired viscoelastic responses1. 

 
 
 
 
 
 
 

Scheme 6.1: Schematic of the storage (solid) and loss (dash) modulus as function of angular 
frequency for an uncrosslinked high molar mass amorphous polymer. The different 
characteristic zones are separated by the vertical dotted lines. 
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6.3 Experimental  

Materials 

The polymers used in this study are all synthesized according to the procedures 
developed in Chapter 3. The properties of these polymers are given in Table 6.1. 

Table 6.1: Properties of the polymers used in this Chapter. The polymer codes 
refer to the polymer composition (VND=vinyl neodecanoate, V2EH=vinyl 2-ethyl 
hexanoate, K=Kraton L-1203 macromonomer). The first number after the 
monomer denotes the molar mass, the number after K denotes the weight 
percentage of incorporated macromonomer. 

Polymer # Tg 

°C 
Mn 

kg·mol-1 
PD 

 
VND14 -18.0 14 2.1 
VND27 -13.7 27 2.3 
VND40 -11.5 40 1.9 
VND270 -0.3 270 2.2 
V2EH16 -45.3 16 2.3 

V2EH32K22 -70 till –40 32 2.3 
VND160K4 -70 till –20 160 2.2 
VND55K7 -70 till –20 55 2.0 

 
Note that the molar masses depicted in Table 6.1 are measured with size exclusion 

chromatography using a calibration curve based on polystyrene standards. The molar 
masses should only be used in a comparative way as will be discussed in Section 6.4.2. 
Before use, all samples were dried under vacuum at 60 °C for 2 days.  

Differential Scanning Calorimetry 

The glass transition temperatures were recorded on a Perkin Elmer Pyrus 1 
differential scanning calorimeter at a cooling/heating rate of 10 °C·min-1. The extrapolated 
½ Cp value was taken as the glass transition temperature. 

Rheological experiments 

Dynamic shear moduli measurements were performed with a Rheolyst AR1000-N 
rheometer (TA Instruments). The linear viscoelastic functions were measured using the 20 
mm cone-plate geometry (cone angle 4° with truncation of 103 µm). Strain sweeps were 
previously performed to determine the strain at which the viscoelastic response was linear 
over the entire angular frequency range. The dynamic shear moduli were measured in 
isothermal frequency sweeps over the angular frequency range 0.6 ≤ ω ≤ 600 rad·s-1. The 
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temperature was controlled either by a Peltier device (range –20 ≤ T ≤ 180 °C) or by an 
extended temperature module (ETM). The ETM heats the cone and plate by electro-
magnetic induction resulting in rapid heating of the sample to the set temperature. It is also 
equipped with a liquid nitrogen facility for rapid cooling extending the temperature range 
to –100 ≤ T ≤ 400 °C.  

6.4 Results and discussion 
The rheological characterization of the polymer liquids mentioned in Table 6.1 was 

restricted to the terminal, plateau and transition zones. Using time-temperature 
superposition the frequency range was extended considerably; all data are represented 
using a reference temperature of 60 °C. The investigated samples were found to superpose 
fairly well; only in a few cases the quality of superposition was somewhat less. Thus, the 
investigated polymers were considered as thermorheological simple materials.  

6.4.1 Influence of molar mass of poly(vinyl neodecanoate) 
In Figure 6.1 and Figure 6.2 the master curves of the storage G’(ω) and the loss 

G’’(ω) moduli for poly(vinyl neodecanoate) are shown for the different molar masses 
investigated.  

  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 6.1: Storage modulus of the Poly(vinyl neodecanoate) samples with 
different molar masses: VND14 ,VND27 , VND40 , VND270 . The 
dashed line denotes the estimated value of the plateau modulus as discussed 
later in this section. 
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The viscoelastic responses displayed in these Figures coincide at the high 
frequency region, the transition zone. In this zone, the viscoelastic properties are 
dominated by configurational rearrangements of molecular segments and not any more by 
rearrangements on the scale of entanglement or crosslink spacings. Therefore, the 
transition zone is quite independent of the molar masses used.  

In the low frequency region (terminal zone where the polymer behaves more as a 
viscous liquid) the effect of the molar mass on the storage and loss modulus are very 
strong. With increasing molar mass the plateau to terminal zone transitions are shifted to 
higher frequency values. This is a direct result from the dependence of the storage and loss 
moduli on molar mass1 in the terminal zone. In general, a linear dependence exists for low 
molar mass polymers (no entanglement coupling) where for high molar mass species 
proportionality with M3.4 is found.  

It is important to note that in the terminal zone the influence of the broad molar 
mass distribution (MWD) is manifested in the characteristic slopes for the storage and loss 
modulus on a logarithmic plot. For a narrow MWD sample these slopes attain values of 2.0 
for the storage and 1.0 for the loss modulus. The value for the storage modulus is not 
attained at the lowest frequencies due to a polydispersity index being greater than 1.  

Even for the highest molar mass sample used, VND270, it can be observed that the 
storage modulus does not develop a plateau zone and the loss modulus does not show a 
maximum in the supposed plateau zone. This indicates that this sample is not just a linear 
poly(vinyl neodecanoate) but most probably a highly branched species3. An emulsion 

Figure 6.2: Loss modulus of the Poly(vinyl neodecanoate) samples with 
different molar masses: VND14 , VND27 , VND40 , VND270 .  
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polymerization was performed to obtain sample VND270. Vinyl ester polymerizations are 
notorious for their chain transfer to polymers especially at high conversion4,5.  

Between the terminal zone and the transition zone the plateau zone is located, 
ideally with a constant G’ with respect to frequency. This plateau level 0

NG  of the quantity 

G’ is related to the entanglement molar mass Me via: 
 

(6.2) 
 
in which gN is a numerical factor (often taken as unity), ρ is the density, R is the gas 

constant and T is the temperature. Because the molar masses are not high enough to 
manifest a clear plateau zone, 0

NG  was estimated by using the inflection point at the low 

frequency end of the transition zone6. On the basis of master curves of high molar mass 
poly(vinyl methyl ether) it has also been verified in our laboratory that the inflection point 
gives the correct value for 0

NG . As indicated by the dashed line in Figure 6.1, the level of 

the plateau modulus is at 55 kPa at a reference temperature of 60 °C. The density of 
poly(vinyl neodecanoate) has been calculated using group contributions,7 resulting in 960 
kg·m-3. This leads to an entanglement spacing Me of 48 kg·mol-1. 

6.4.2 Determination of the zero-shear viscosity 

The complex viscosity η*(ω) of polymer melts is almost identical to the shear 
viscosity as a function of the shear rate, η(γ ). This empirical finding is generally referred 
to as the Cox-Merz rule8. When a polymeric liquid behaves in such a manner the zero-
shear viscosity η0 can be determined directly from the loss modulus as a function of 
angular frequency, G’’(ω), by:  

 
(6.3) 

 
Zero shear viscosities found in this way for the different molar masses of 

poly(vinyl neodecanoate) are tabulated in Table 6.2. For the high molar mass material 
(sample VND270) the limiting angular frequency for obtaining η0 was not reached due to 
temperature limitations of the Peltier heating plate and by the highly branched nature of the 
polymer.  
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Table 6.2: Zero-shear viscosity of poly(vinyl neodecanoate) of different 
molar masses at 60 °C. Molar masses determined by SEC and corrected 
with Mark-Houwink-Sakurada parameters for poly(vinyl neodecanoate)9. 

Sample Mw 

kg·mol-1 
η0 

Pa·s 
VND14 35 1050 
VND27 76 3430 
VND40 91 6940 

 
It is generally found that the zero-shear viscosity scales approximately linearly with 

molar mass for molar masses below a characteristic molar mass Mc. At this Mc the slope of 
a log viscosity versus log molar mass curve changes; the value of Mc is related to the 
entanglement molar mass Me; Mc ≈ 2Me. As reported before, Me=48 kg·mol-1 resulting in a 
Mc of 96 kg·mol-1. The zero shear viscosity is often found to be proportional to M 3.4 at 
molar masses above this Mc

10
. The steep increase of the exponent is related to the 

formation of entanglements at high molar masses restricting the motion of the polymer in 
the melt11. 

 
 
 
 
 
 
 
 
 
 
 
 

In Figure 6.3 the zero-shear viscosity is plotted versus the weight average molar 
mass as determined by SEC after Mark-Houwink-Sakurada correction (MHS). The 
expected molar mass dependences for low molar mass (slope=1) and for high molar mass 
(slope=3.4), are visualized in this plot by solid lines. The intersection of these solid lines 

Figure 6.3: Zero-shear viscosity versus molar mass of poly(vinyl 
neodecanoate) as determined by SEC after Mark-Houwink-Sakurada 
correction of the molar masses in a double logarithmic plot. The 
intersection of the solid lines is at a molar mass of 56 kg·mol-1. 
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allows estimating Mc. It is obvious that this estimated Mc does not correspond to the value 
expected on basis of the entanglement molar mass Me as indicated by the dashed line. 

In order to understand this discrepancy, 2 possible causes will be considered: (i) the 
determination of Me is incorrect (ii) the molar masses determined by SEC are incorrect. 
Suppose that the determination of Me was incorrect. This would suggest that the correct Me 
is in the order of Mc/2 = 28 kg·mol-1. This entanglement molar mass would correspond to 
an 0

NG  equal to 95 kPa. This increase in plateau modulus is inconsistent with the results 

given in Figure 6.1. Therefore this explanation is rejected.  
Would the SEC calibration be incorrect? The Mark-Houwink-Sakaruda correction, 

performed on the values obtained from SEC on basis of polystyrene calibration, was based 
on literature values. The molar mass determination by SEC is based on the relationship 
between the molar mass and the hydrodynamic volume. The hydrodynamic volume (HV) 
can be calculated for different molar masses using:  

(6.4) 
 

In Figure 6.4 the expected hydrodynamic volumes are depicted for a large range of 
molar masses of both polystyrene and poly(vinyl neodecanoate). 

 
 
 
 
 
 
 
 
 
 
 
 

The Mark-Houwink-Sakaruda parameters predict that the hydrodynamic volume of 
a poly(vinyl neodecanoate) is much lower than polystyrene for equivalent molar masses. 
So at equal hydrodynamic volumes i.e. equal elution times in SEC, the molar mass of 
poly(vinyl neodecanoate) is markedly larger than that of polystyrene. However the MHS 
parameters for poly(vinyl neodecanoate) were determined at room temperature, and our 

Figure 6.4: Hydrodynamic volume versus chain length for polystyrene and 
poly(vinyl neodecanoate). Curves are based on the Mark-Houwink-Sakurada 
parameters as mentioned in the text. 
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SEC analysis was performed at 40 °C. A deviation is expected due to the temperature 
dependence of the HV of polymers in dilute solution. An increase in temperature can result 
in either increasing or decreasing the solvent quality for the polymer. As an example, for 
polyisobutylene of high molecular weight an increase in the intrinsic viscosity can be seen 
of a factor of 2 with 25 °C in benzene12. Considering these problems in calibrating SEC for 
these samples the conclusion can be drawn that the MHS values used to correct for 
hydrodynamic volume differences between polystyrene and poly(vinyl neodecanoate) are 
not correct. Therefore the SEC analysis is suspected of having introduced the discrepancy 
between the Mc determined by rheology and SEC.  

6.4.3 Effect of incorporated Kraton L-1203 on viscoelastic responses 
In this paragraph the effect of Kraton L-1203 side chains on the rheological 

behavior is investigated both for low and high molar mass polymers i.e. in the absence and 
presence of physical entanglements. For the case without entanglements poly(vinyl 2-ethyl 
hexanoate) was used as backbone whereas for the case with entanglements poly(vinyl 
neodecanoate) was used as backbone. Note that in this paragraph the molar masses for the 
side-chain containing polymers are obtained in the similar way as for their homo-polymer 
counterparts. Therefore these molar masses are in principle incorrect due to the expected 
difference in hydrodynamic volume as a result of the incorporation of side chains different 
from the backbone. However these values can still be used to investigate the molar mass 
dependence of rheological properties.  

Low molar mass species 

For the synthesis of the two low molar mass species, one with and one without 
Kraton L-1203 side chains, similar polymerization procedures were used. It is therefore 
expected that the length of the polymer backbone is similar. The side chains give rise to an 
increase in the molar mass as evidenced by SEC analysis (see Table 6.1). In Figure 6.5 and 
Figure 6.6 the storage and loss moduli for the polymers V2EH16 and V2EH32K22 are 
depicted.  
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Despite the difference in molar mass according to SEC and the incorporation of 
Kraton L-1203 side chains, the behavior in the terminal zone is identical for both polymers. 
This is rather surprising since the presence of short branches in a polymer with a low molar 
mass (no entanglements) would normally result in a decrease of the zero shear 
viscosity13,14. This is not observed. The restriction has to be made that this decrease holds 
for polymer molecules with equal molar mass. In our case the molar mass has almost 
doubled due to the incorporation of the Kraton L-1203 side chains. It is therefore most 
probable that the perfect match between the two polymers is just a coincidence. It results 

 Figure 6.5: Storage modulus versus angular frequency plot of V2EH16 ( ) 
and V2EH32K22 ( ) at 20 °C. 

Figure 6.6: Loss modulus versus angular frequency plot of V2EH16 ( ) and 
V2EH32K22 ( ) at 20 °C. 
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from the decrease in zero shear viscosity due to the incorporated side chains and the 
increase as a result of the increase in molar mass. In the terminal zone, G’’ is proportional 
to ω. For G’ the slope d logG’/d logω is 1.81. The ideal slope of 2 has not been attained for 
these polymers at the lowest frequencies as a result of the “broad” molar mass distribution.  

The plateau zone is completely absent: the terminal zone is directly connected to 
the transition zone. The differences between the polymers are manifested only in this 
transition zone. The slopes of the curves in Figure 6.5 and Figure 6.6 are tabulated in Table 
6.3. 

Table 6.3: The slopes dlogG'/dlogω and dlogG''/dlogω as measured for the polymers V2EH16 and 
V2EH32K22 in the terminal and transition zone. 

 Terminal zone Transition zone 
 V2EH16 V2EH32K22 V2EH16 V2EH32K22 
dlogG'/dlogω 1.81 1.81 0.68 0.50 
dlogG''/dlogω 0.99 0.99 0.65 0.55 

 
The proportionality constants in the transition zone resemble those predicted by the 

Rouse15 and Zimm theories16; both theories were established for dilute polymer solutions. 
According to the Rouse theory the slopes for G’ and G’’ in the transition zone would be 
equal to ½ and from the Zimm theory a slope of ⅔ is expected. The Rouse theory is the 
simplest and oldest model that does not take into account the presence of hydrodynamic 
interactions i.e. disturbances in the velocity field created by the motion of one part of the 
polymer chain that then affects the drag exerted by the solvent on other parts of the same 
chain17. The incorporation of hydrodynamic interactions has resulted in the Zimm theory 
which describes the frequency dependence of G’ and G’’ in the high frequency regime 
usually better than the Rouse theory. For polymer melts of low molar mass (entanglement 
coupling is not dominating the flow behavior), the Rouse and Zimm theories can be 
applied; only the surrounding medium is changed from solvent molecules to other polymer 
molecules. 

It appears that in the homo-polymer of vinyl 2-ethyl hexanoate these hydrodynamic 
interactions dominate the flow behavior in the dynamic experiments resulting in a Zimm 
like behavior. The incorporation of Kraton L-1203 in the polymer matrix surprisingly gives 
a Rouse like behavior. It is known that the Zimm theory can be reduced to describe Rouse 
type behavior of low molar mass polymers in a good solvent1. Improving the solvent 
quality from θ condition to ‘good’ solvents, results in a more Rouse like behavior. 
Therefore the incorporated Kraton L-1203 appears to act as a good solvent for the 
polymeric backbone.  

Another explanation for this behavior in the transition zone can be found in a free 
volume approach, more precisely in a lowering of the glass transition temperature with 
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incorporation of Kraton L-1203 side chains. Kraton L-1203 has two glass transition 
temperatures, at –38 and –63 °C. Incorporating this macromonomer into a poly(vinyl 2-
ethyl hexanoate) backbone that shows a Tg of around –29 °C would result in a decrease of 
the overall glass transition temperature. This was also seen in the DSC diagram by a very 
broad second order transition between –70 and –40 °C. Therefore the glass transition in the 
rheological master curve is expected at a higher frequency than for the corresponding 
homo-polymer. This would result in an elongated transition zone with lower values for the 
moduli. At the high frequency end of the transition zone of the Kraton L-1203 containing 
polymer may increase slightly so that it, outside the measurement range, still attain its 
limiting value of ⅔.  

The reduction in glass temperature by incorporation of Kraton L-1203 side chains 
is further evidenced by the shape of the tan δ versus angular frequency plot as given in 
Figure 6.7. The position of the maximum in the loss tangent is correlated to the glass 
transition temperature. It can be seen that when Kraton L-1203 is incorporated this 
maximum is shifted to higher frequencies (the maximum is out of the experimental range): 
the chain segment relaxation is facilitated by the presence of the Kraton L-1203 side 
chains.  

The loss angle tangent (tan δ) is a measure of the ratio of the energy lost and the 
energy stored in a cyclic deformation: tan δ=G’’/G’. In the transition zone the loss tangent 
generally reaches values in the neighborhood of 1. For the Kraton L-1203 containing 
sample a value clearly lower is reached than for the homo-polymer. This suggests a 
relative more elastic behavior of the polymer when Kraton L-1203 side chains are present. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6.7: Plot of tan δ versus angular frequency for V2EH16 ( ) and V2EH32K22 
( ) at 20 °C. 
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High molar masses 

In Figure 6.8 and Figure 6.9 are depicted the rheological master curves of the 
samples VND160K4 and VND55K7. As a reference also the homo-polymer of vinyl 
neodecanoate VND40 was added to the Figures. The horizontal shift combined with the 
small vertical shift to generate the master curves resulted in smooth mastercurves. This 
indicates that these materials can be considered as thermo-rheologically simple.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.8: Storage moduli of the samples VND55K7 ( ) and VND160K4 
( ) with reference sample VND40 ( ) as a function of frequency. All master 
curves have a reference temperature of 60 °C. 

Figure 6.9: Loss moduli of the samples VND55K7 ( ) and VND160K4 ( ) 
with reference sample VND40 ( ) as a function of frequency. All master 
curves have a reference temperature of 60 °C. 
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The small amount of Kraton L-1203 macromonomer incorporated in the poly(vinyl 
neodecanoate) backbone has a definite effect on the viscoelastic response of the material. 
In the terminal zone the loss modulus of all samples is linearly related to the angular 
frequency. The zero-shear viscosities are given in Table 6.4. Sample VND55K7 has a 
lower zero-shear viscosity than the reference sample VND40 despite its higher molar mass. 
Also the transition to the terminal zone is shifted to higher frequency. This clearly 
indicates that the low-molar mass grafts increase the mobility of the polymeric chains in 
the melt and thus decrease the viscosity. Apparently the grafts, due to their low molar 
mass, do not contribute to the limited extent of entanglement coupling18. If the grafts did 
participate in entanglement coupling the zero shear viscosity would be higher than its 
linear counterpart at a given molar mass19,20.  On the other hand, the grafts do not suppress 
entanglement formation as can be seen from a comparison of VND55K7 and VND160K4: 
without entanglements the ratio of their η0 would be 3 rather than 10. 

Table 6.4: Zero-shear viscosity for the Kraton L-1203 containing poly(vinyl 
neodecanoate) at a reference temperature of 60 °C. 

Sample 
Mw 

kg·mol-1 
η0 

Pa·s 
VND55K7 110 3000 
VND160K4 350 30000 

 
In the transition zone the slopes of the master curves are 0.60 for both the loss and 

storage moduli. This slightly lower value than the Zimm value of 2/3 can be attributed to 
the same phenomena as discussed in the section governing the low molar mass species. 
Especially the glass transition temperature is for these vinyl neodecanoate based polymers 
is drastically lowered when compared to their homo-polymer counterparts, giving second 
order transition in the range –70 to –20 °C. This very strong depression in Tg is surprising 
in view of the fact that only a low weight percentage Kraton L-1023 is incorporated. The 
dangling chains on the polymeric backbone apparently increase the free volume of the 
polymer drastically and thus act as a very flexible, low Tg monomer.   

The low Tg monomer behavior is further visualized in Figure 6.10 where the loss 
tangent is depicted of these samples as function of angular frequency. The position of the 
maximum of the loss tangent in the transition zone is shifted to a higher frequency when 
compared to the homo-polymer. Both Kraton L-1203 containing samples show a similar 
magnitude of the shift. The position of the  maximum is related to the glass transition 
temperature21. A transition at a higher angular frequency corresponds to the same transition 
at a lower temperature. Therefore, the Kraton L-1203 can be considered as a very effective 
low Tg co-monomer. 
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6.5 Conclusions 
In this chapter the linear viscoelastic response of poly(vinyl neodecanoate) with 

and without incorporated Kraton L-1203 is investigated. For the homo-polymer of vinyl 
neodecanoate the entanglement molar mass was found to be 48 kg·mol-1. A considerable 
discrepancy exists between the molar masses determined by SEC and the entanglement 
molar mass determined by rheological characterization. Presumably this is caused by the 
use of Mark-Houwink-Sakurada parameters valid at another temperature than that was 
used in SEC.  

The incorporation of Kraton L-1203 side chains in the homo-polymer of vinyl 2-
ethyl hexanoate and vinyl neodecanoate modified the rheological behavior of these 
polymers. It was shown that the zero shear viscosity of the side chain containing polymers 
was lowered. In the transition zone the storage and loss moduli were also lowered 
compared to their homo-polymer analogs. These two effects of the incorporation of Kraton 
L-1203 side chains were attributed to the lack of entanglement coupling by these side 
chains. Therefore these side chains behaved either as a good solvent for the polymer 
backbone or as a low Tg monomer. 

 
 
 
  

Figure 6.10: Loss tangent of the samples VND55K7 ( ) and 
VND160K4 ( ) with reference sample VND40 ( ) as a function of 
frequency. All master curves have a reference temperature of 60 °C. 
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Epilogue 
 
 
At the end of this thesis the time has come to place the work covered in this thesis 

into perspective. As mentioned in the introduction, we were aiming at the synthesis of 
moisture crosslinkable polymers that adhere to polyolefin substrates. The route chosen in 
this project was based on two concepts: (i) the nonpolar character of the polymer enhances 
the adhesion and (ii) the amount of crosslinkable groups should be minimal in order to 
retain the nonpolar character. The first concept was obeyed by using polymer building 
blocks that are nonpolar and can have interaction with these polyolefin substrates. For the 
monomers the decision was made to use vinyl neodecanoate that is a very nonpolar 
monomer having a branched structure. The choice of acryloyl terminated Kraton L-1203 as 
a modifying macromonomer in these polymers was selected because of the 
ethylene/butylene structure and nonpolar character of the Kraton L-1203 polymer. In this 
way grafts are introduced on the polymer backbone that are flexible and have a structure 
similar to that of polyethylene. This made it likely that adhesion improvement to these 
substrates could be established. Minimizing the amount of crosslinkable groups was an 
objective for two reasons: (a) a low crosslink density assures maximum flexibility of the 
adhesive and (b) any negative influence of the (polar) crosslinking groups is minimized.  

Techniques were developed to produce methoxysilane functional poly(vinyl esters) 
with a controlled number of crosslinkable groups. Both the synthesis of random distributed 
functional group containing polymer as well as telechelic polymers has been described. 
The successful introduction of Kraton L-1203 macromonomer in the polymer backbone 
has generated the possibility to modify the polymer architecture in a versatile way. The 
systems developed and the strategies that have resulted in these achievements can easily be 
transposed to other monomeric systems e.g. acrylates, methacrylates and styrene.  

The relation between the diffusion of the volatile reactant and product, i.e. water 
and methanol respectively, and the crosslinking reaction has been investigated. It was 
clearly shown that in the diffusion process, water diffusion is faster than methanol 
diffusion in the film of poly(vinyl neodecanoate) with Kraton L-1203 grafts. With the help 
of finite differences simulations in combination with the experimental data it was 
demonstrated that the diffusion of both volatiles is concentration dependent. Summarizing 
the effect of water on the crosslinking reaction can be reduced to 3 factors (i) the 
diffusivity of water, (ii) the thickness of the polymer layer and (iii) the equilibrium 
concentration of the water at the polymer/water interface. With these parameters, which 
can be influenced by the choice of polymer material, geometry design and fixed humidity 
of the environment respectively, the crosslinking rate can be controlled fully chemically, 
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fully diffusion controlled or at any intermediate regime. When applying this to sealants 
with relatively large diffusion lengths, the reaction will usually be diffusion controlled.   

The rheological behavior of the synthesized polymers has been described. The main 
focus is on how the rheology is influenced by the Kraton L-1203 grafts. It is shown that for 
both the low and the high molar mass regime, i.e. without and with entanglement coupling, 
these grafts act as low Tg monomers. They shift the transition to the viscous regime in the 
polymer melt to higher frequency.   

Unfortunately, the polymers synthesized during this project were never exhibiting 
good adhesion to nonpolar substrates; they could easily be removed from the substrate as a 
semi-flexible, hard polymer film. A non-optimal crosslinking is probably the cause: a to 
high end-level of crosslinks and a to high reaction rate will have prevented sufficient 
interpenetration across the interface. With the synthetic tools described in this thesis, the 
content of methoxysilane groups, macromonomer grafts and the co-monomer ratios can be 
used to design polymer architecture at the molecular level to produce materials with more 
appropriate properties. However, more research in this area is needed to develop 
quantitative insight in the structure-property relationships especially when adhesion to 
nonpolar substrates is required. This may be a challenge for the near future in polymer 
chemistry/physics. 
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Summary 
 
 
The need for materials adhering to low surface free energy substrates such as 

polyolefins is growing at an immense rate during the last decennia. This is the result of the 
use of polyolefin materials in numerous products increasing the need of sealing and 
coating them. These manipulations of polyolefins require good adhesion, which is 
complicated due to the inertness and nonpolar character of polyolefins. This limits the 
formation of sufficiently strong chemical and/or physical interactions at the interface. In 
this thesis the concept of diffusion of the adhesive into the polyolefin substrate has been 
used in order to obtain an increased strength at the interface. The adhesive itself, generally 
a polymeric liquid, is crosslinked to increase its cohesive strength. To give the adhesive 
sufficient time to diffuse across the interface, crosslinking should take place at a certain 
time after the adhesive has been applied. Crosslinking by alkoxysilanes may result in such 
a postponed reaction. These alkoxysilanes react with water in a hydrolysis step followed by 
a condensation reaction to form crosslinks. The water has to diffuse into the polymer 
before it can react with alkoxysilanes thus delaying the crosslinking. This delay depends on 
the diffusion of water into the polymer. The number of alkoxysilane groups is minimized 
in all polymers in view of their polar character, which can negatively influence the 
adhesion to polyolefin substrates.  

In the Chapters 2 and 3 the synthesis of nonpolar polymers containing 
methoxysilane moieties is described using free-radical (co)-polymerization. Vinyl esters 
are used as building blocks for the polymer backbone. The alkoxysilane moieties are  
distributed over the polymer chain either randomly or at the chain ends (telechelic). Focus 
was on minimizing the amount of alkoxysilane moieties.  

The controlled synthesis of α,ω-dihydroxy poly(vinyl neononanoate), a so-called 
telechelic polymer, is described in Chapter 2. These dihydroxy functional materials are 
easily converted into their methoxysilane derivates by reacting them with isocyanate 
functional methoxysilanes. At first the solution polymerization of vinyl neononanoate was 
conducted in the presence of a di-hydroxy functional azo-initiator and allyl alcohol with 
ethyl acetate as the solvent. Here, allyl alcohol acts as an end-capping and chain transfer 
agent. It was shown by NP-GPEC analysis of the number of hydroxy groups per polymer 
chain that competition between chain transfer to allyl alcohol and solvent takes place. This 
led to the presence of a considerable amount of mono-functional polymer. By avoiding the 
solvent, thus performing the polymerizations in the bulk, 100% telechelic polymer can be 
obtained.  



 
 

 124 

The other method for preparing methoxysilane functional polymers is the co-
polymerization of (meth)acrylate functional methoxysilanes with the vinyl ester 
monomers. In contrast to telechelic polymers, in this way the methoxysilane functionality 
is distributed randomly over the polymer chain. When free-radical co-polymerization is 
used control over the incorporation of these methoxysilane monomers is difficult due to the 
occurrence of composition drift. In our case, composition drift may result in the formation 
of non-functional polymers that are not included in the polymer network. Therefore the 
emphasis in Chapter 3 was on the synthesis of homogeneous co-polymers of 
(meth)acrylate functional methoxysilanes with vinyl ester monomers. For this kind of co-
monomer pairs, generally a strong composition drift is observed. Therefore the reactivity 
ratios of the methoxysilane functional monomers with vinyl 2-ethyl hexanoate were 
determined. Thereafter the synthesis of polymers containing acrylate functional 
methoxysilane was achieved by semi-continuous co-polymerization under monomer-
starved conditions. The experimental conditions found in this way were used to control the 
incorporation of acryloyl terminated Kraton L-1203 macromonomer. This macromonomer, 
an ethylene/butylene co-polymer with a molar mass of 3.5 kg·mol-1, was incorporated to 
increase the compatibility and thereby obtain a better interaction with polyolefin substrates.  

In the process of moisture crosslinking the diffusion of water into the polymer 
material is an important parameter. It may become the rate-determining step in the 
crosslinking, especially in thick layers. Also the diffusion of methanol released by the 
crosslinking reaction of methoxysilanes, can play a significant role. When the diffusion 
rate of methanol is lower than that of water, an increase in methanol concentration in the 
polymer film can retard crosslinking. The diffusion of methanol and water in an 
amorphous, nonpolar, low Tg polymer is described in Chapter 4. It is shown by ATR-FTIR 
experiments and analysis of the experimental data with finite-element simulations that the 
diffusion coefficients of both water and methanol in the polymer films depend on the 
concentration of the penetrant. Especially water shows a very strong retardation of the 
diffusion with increasing water concentration in the film. It is found that water diffusion is 
slower than methanol diffusion and not hampered by siloxane groups created by 
crosslinking. With the help of simulations it is clearly demonstrated that in thick polymer 
films the diffusion rate of water will become the rate-determining step in the crosslinking 
process.  

The crosslinking reaction itself is described in Chapter 5. The reaction is catalyzed 
by dicarboxylic tin salts, especially dibutyltindilaurate (DBTDL). With the help of on-line 
ATR-FTIR spectroscopy the depletion of methoxysilanes and the formation of siloxane 
crosslinks were monitored in time. If the concentration of active catalyst species is constant 
with time, the depletion of methoxysilane and the formation of siloxane moieties can be 
described by first order reaction kinetics. The reaction rate shows an order dependence in 
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tin-catalyst DBTDL of 0.5. Deviation from first order kinetics in methoxysilane depletion 
is seen when the formation of the active catalyst species by hydrolysis of the tin-catalyst is 
not instantaneous. As expected, a decrease in the crosslinking rate was observed when the 
water concentration in the polymer film was drastically reduced.    

The rheological behavior of the synthesized materials has been discussed in 
Chapter 6. The loss and storage moduli were recorded as functions of the angular 
frequency at different temperatures. By shifting the curves along the frequency axis, master 
curves could be constructed. The polymers can be classified as thermorheological simple 
materials. The entanglement molar mass (Me) was determined for poly(vinyl 
neodecanoate) at 48 kg·mol-1. It was demonstrated that a discrepancy exists between the 
molar masses determined by size exclusion chromatography (SEC) and the molar mass 
information as obtained from zero shear viscosity measurements. This discrepancy was 
attributed to temperature dependence of the Mark-Houwink-Sakurada parameters as used 
in SEC. Special attention was given to the influence of the incorporated Kraton L-1203 
macromonomer on the rheological behavior in the polymer melt. It is shown that these 
macromonomer units are not involved in entanglement coupling and act as a low Tg 
monomer.  
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De behoefte aan materialen die goed hechten op substraten met een lage 

oppervlakte-energie, zoals bestaande uit polyolefines, is de laatste decennia exponentieel 
gegroeid. Dit wordt vooral veroorzaakt door het gebruik van polyolefine-materialen in 
velerlei toepassingen. Het afdichten en verven van polyolefines wordt dus ook steeds 
belangrijker. Het is zeer lastig om op polyolefine-substraten goede hechting te verkrijgen. 
Dit wordt veroorzaakt door de inertheid, lage oppervlakte-energie en het apolaire karakter, 
die de vorming van chemische en/of fysieke interacties aan de interfase belemmeren. Een 
methode om hechting te bevorderen, is door diffusie van het adhesief in het polyolefine 
substraat te bewerkstelligen. Deze gedachte lag ten grondslag aan het werk in dit 
proefschrift. Nadat diffusie heeft plaatsgevonden kan het adhesief verder worden uitgehard 
om de interne sterkte van dit materiaal te verhogen. Om het adhesief voldoende tijd te 
geven om te diffunderen in het substraat is het nodig de uitharding te doen plaatsvinden 
enige tijd nadat het adhesief is geappliceerd. Deze uitgestelde uitharding kan verkregen 
worden door gebruik te maken van alkoxysilaangroepen. Deze groepen hydrolyseren o.i.v. 
water onder vorming van silanolen die kunnen condenseren, en zo uitharding geven. Het 
water moet dus door het polymeer diffunderen alvorens te reageren met de alkoxysilaan 
groep. Hierdoor kan vertraging van de uitharding optreden. De mate van vertraging is 
gerelateerd aan de diffusiesnelheid van water in het polymeer. De hoeveelheid 
alkoxysilaangroepen in zo’n polymeer dient tot een minimum beperkt te worden gezien het 
polaire karakter van deze groepen. Dat polaire karakter kan een negatieve invloed hebben 
op de hechting op polyolefines. 

In de hoofdstukken 2 en 3 is de synthese beschreven van polymeren met een 
apolaire structuur die verder methoxysilaangroepen bevatten. Deze polymeren zijn m.b.v. 
vrije-radicaal-polymerisatie  gesynthetiseerd. Als basis van de polymeren zijn vinylesters 
gebruikt. De methoxysilaangroepen zijn ofwel gelijkelijk verdeeld over de polymeerketen 
ofwel gesitueerd aan het ketenuiteinde.  

In hoofdstuk 2 is de synthese van α,ω-dihydroxy poly(vinylneononanoaat), een 
zogeheten telecheel polymeer, beschreven. Dit soort telechele polymeren is zeer eenvoudig 
om te zetten in methoxysilaan-functionele polymeren door de hydroxygroepen te laten 
reageren met isocyanaat-functionele methoxysilanen. De polymerisaties van 
vinylneononanoaat zijn uitgevoerd in aanwezigheid van een dihydroxy-functionele azo-
initiator en allylalcohol in ethylacetaat als oplosmiddel. Allylalcohol heeft twee functies: 
het addeert aan het groeiende polymeermolecuul waardoor de groei gestopt wordt en het 
fungeert als een ketenoverdrachtsmolekuul. M.b.v. NP-GPEC-analyse van de verdeling 
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van hydroxygroepen over de verschillende polymeermoleculen is aangetoond dat er in 
ongeveer gelijke mate ketenoverdrachtsreacties plaatsvinden naar het allylalcohol en naar 
het gebruikte oplosmiddel. Dit resulteert in de vorming van een aanzienlijk deel mono-
functioneel materiaal. Dit kan worden vermeden door de polymerisaties uit te voeren in 
afwezigheid van oplosmiddel. Op deze wijze kan 100% telecheel polymeer worden 
verkregen. 

Een andere mogelijkheid om te komen tot methoxysilaan-functioneel polymeer is 
de copolymerisatie van methoxysilaan-functionele (meth)acrylaten met vinylester-
monomeren. Op deze wijze zijn de methoxysilaangroepen gelijkelijk verdeeld over de 
polymeerketen. Beheerste inbouw van deze methoxysilaan-functionele monomeren is 
moeilijk wanneer vrije-radicaal polymerisatie wordt toegepast. Hierdoor kan er verloop in 
de compositie van het polymeer gedurende polymerisatie worden verwacht. Zo’n verloop 
in compositie kan tot gevolg hebben dat ook niet-functionele polymeren worden gevormd 
die dus niet ingebouwd kunnen worden in het te vormen netwerk dat ontstaat bij de 
uitharding. In hoofdstuk 3 is daarom veel aandacht besteed aan het vinden van 
omstandigheden waaronder de synthese van homogene copolymeren van (meth)acrylaat-
functioneel methoxysilaan en vinylester monomeren mogelijk is. Als eerste zijn de 
reactiviteitverhoudingen van de methoxysilaan-functionele (meth)acrylaat-monomeren met 
vinyl 2-ethylhexanoaat bepaald. Vervolgens is de synthese van de methoxysilaan-
functionele polymeren uitgevoerd met behulp van semi-continue copolymerisatie onder 
“monomer-starved” condities. Als polymeriseerbare groep voor het methoxysilaan 
functioneel monomeer is acrylaat gebruikt. Deze “starved” reaktiecondities zijn vervolgens 
gebruikt om de copolymerisatie van acrylaat-functioneel Kraton L-1203, een zogeheten 
macromonomeer met een molecuulgewicht van 3.5 kg·mol-1, met een vinylester goed te 
laten verlopen. Dit macromonomeer is een copolymeer van ethyleen en butyleen en is 
gebruikt om de compatibiliteit van het gevormde polymeer met polyolefine substraten te 
vergroten. 

Een belangrijke parameter in het vochtuithardingsproces is de diffusie van water in 
het polymeermateriaal. In dikke constructies zal de diffusie van het water de reactie 
snelheid limiteren. Ook de diffusie van methanol, welke uitgestoten wordt gedurende de 
uitharding van methoxysilanen, kan een belangrijke rol spelen. Dit is vooral het geval als 
de diffusie van methanol langzamer is dan die van water. Dit resulteert in een toenemende 
methanolconcentratie in het polymeer, wat de uithardingssnelheid vertraagt. In hoofdstuk 4 
wordt de diffusie van methanol en water in amorfe, apolaire, lage Tg polymeren 
beschreven. Door diffusiemetingen, welke zijn uitgevoerd m.b.v. ATR-FTIR-
spectroscopie, te combineren met eindige verschillen simulaties is aangetoond dat de 
diffusiecoëfficiënten van water en methanol concentratie-afhankelijk zijn. Hierbij is de 
concentratie-afhankelijkheid voor water meer uitgesproken dan voor methanol. Daarnaast 
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is de diffusiecoefficient van methanol groter dan die van water. Ook is aangetoond dat de 
gevormde siloxaangroepen na uitharding geen barrière vormen voor diffusie van de 
penetranten. Door middel van simulaties is gedemonstreerd dat in dikke polymeerfilms de 
diffusiesnelheid van water de snelheidsbeperkende stap wordt in het 
vochtuithardingsproces.  

De uithardingsreactie van methoxysilaan-functionele polymeren is beschreven in 
hoofdstuk 5. Deze reactie kan gekatalyseerd worden door dicarboxyltin-verbindingen, 
waarvan dibutyltindilauraat (DBTDL) een van de bekendste voorbeelden is. Het 
verdwijnen van methoxysilaangroepen en de vorming van siloxaanverbindingen is on-line 
gevolgd met behulp van ATR-FTIR-spectroscopie. Als de concentratie actieve katalysator 
moleculen constant blijft gedurende het experiment, dan zijn zowel de verdwijnings- als de 
vormingsreactie van de methoxysilaan en siloxaan verbindingen 1e orde reacties. Aan deze 
voorwaarde wordt niet voldaan, als de hydrolyse van de katalysator om die actieve 
katalysator moleculen te vormen niet instantaan een evenwichtssituatie bereikt. Dit is het 
geval bij dibutyltindiacetaat-gekatalyseerde vochtuitharding. De reactieorde in DBTDL 
concentratie bedraagt 0,5. Vermindering van de hoeveelheid water in de polymeerfilm, 
bereikt door de luchtvochtigheid te verminderen, resulteert ook in deze observatie.  

Het reologisch gedrag van de gesynthetiseerde polymeren is beschreven in 
Hoofdstuk 6. De verlies- en opslagmoduli zijn gemeten als functie van de hoekfrequentie 
bij verschillende temperaturen. Door de verkregen curven te schuiven konden ze tot een 
enkele curve gecombineerd worden, de zogeheten master curve. Dit duidt erop dat deze 
materialen zich thermoreologisch “eenvoudig” gedragen. Het entanglement-
molecuulgewicht is op basis van de master curven bepaald op 48 kg·mol-1 voor het 
vinylneodecanoaat polymeer. Op basis hiervan is gevonden dat er een verschil bestaat 
tussen de molecuulgewichten zoals bepaald met gelpermeatiechromatografie (GPC) en de 
molecuul gewichts afhankelijkheid van de nulviscositeit. Dit verschil is toegeschreven aan 
verkeerde parameter waarden in de Mark-Houwink-Sakurada correctie van GPC metingen. 
Speciale aandacht is besteed aan de invloed van de in de polymeren ingebouwde Kraton L-
1203 macromonomeren op het reologisch gedrag. Er is aangetoond dat deze 
macromonomeer-eenheden geen entanglements vormen met andere delen van de 
polymeersmelt. De macromonomeren gedragen zich als monomeren met een lage 
glasovergangstemperatuur. 
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1. Om een succesvolle strategie te kunnen ontwikkelen die tot de synthese van 

functionele telechele polymeren leidt, dient men zich te baseren op de verdeling 
van de functionele groepen over de polymeerketens. 
Hoofdstuk 2 van dit proefschrift 

 
2. Met behulp van “levende” radicaal polymerisatiemethoden kan men op een 

eenvoudige wijze polymeren met de gewenste specifieke architectuur verkrijgen. 
De industriële applicatie van deze methoden wordt beperkt doordat de verkregen 
polymeren verontreinigd zijn door metalen, sterk geuren, thermisch instabiele 
groepen bevatten of gekleurd zijn.  

 
3. De waterdiffusiesnelheid speelt in veel gevallen een niet te onderschatten rol in het 

vochtuithardingsproces van alkoxysilaan functionele polymeren. 
Hoofdstukken 4 en 5 van dit proefschrift 

 
4. Het telkenmale uitvoeren van het “ultieme” experiment leidt niet 

noodzakelijkerwijs tot de beste resultaten. 
 

5. De toekenning van twee Ig-Nobelprijzen aan Nederlandse onderzoeksgroepen in 
het jaar 2000 toont aan dat er veel creativiteit te vinden is in de wetenschappelijke 
wereld in Nederland. 
www.improbable.com/ig/ig-pastwinners.html 

 
6. Het verbieden van het gebruik van een mobiele telefoon in de auto zonder 

handsfree carkit zal niet leiden tot een verbetering van de verkeersveiligheid indien 
deze maatregel niet gepaard gaat met een stringent handhavingsbeleid.  

 



7. Door nieuwsfeiten direct als historisch te bestempelen ontneemt men toekomstige 
historici het broodnodige werk. 

 
8. Het poldermodel heeft ertoe geleid dat de grote politieke partijen steeds meer op 

elkaar zijn gaan lijken zodat er voor de kiezer niets meer te kiezen valt. Dit heeft 
geresulteerd in een lage opkomst bij landelijke verkiezingen. 

 
9. Fotografie levert een vertekend beeld van de werkelijkheid op. 
 
10. Het gras bij ons is groener dan bij de buren. 

 
11. Indien de centrale overheid verantwoordelijkheden delegeert aan een derde partij en 

de daarbij horende financiële armslag niet ter beschikking stelt, kan van deze partij 
een boemerangreactie verwacht worden.   
De Belgische gemeente Bierbeek wil Belgische staat belasten,  
De Standaard 7 april 2001. 

 
12. Met optimisme komt men verder dan met pessimisme. 

 
13. Indien bij een acquisitie de overnameprijs wordt vastgesteld enkel en alleen op 

basis van rentabiliteit en omzetgegevens, in plaats van de beurskoers waar 
overspannen verwachtingen in verdisconteerd zijn, zal de overname niet snel als 
een molensteen om de nek van de overnemer gaan hangen. 
Overname E-plus door KPN voor €2800 per abonnee, jaarverslag KPN 2000. 
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