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1 Chapter 1 

GENERAL INTRODUCTION 
 

Abstract 

This Chapter starts with a general introduction to the work described in this thesis. Included 
are general theoretical aspects concerning the four main disciplines covered, namely 
vibrational spectroscopy, multivariate analysis, the use of in-line sensors in ordinary free 
radical (FRP) as well as in “living” radical polymerisation reactions, process controllers and 
finally, gradient polymer elution chromatography. An outline of the following chapters is 
included. 
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1.1 INTRODUCTION 

Polymers and ceramics are at present dominant materials over a wide range of applications. 
Innovations in manufacturing science are leading to the control of chemical composition at 
a molecular level. Figure 1.1 illustrates that the foundation of polymeric material properties 
is formed by the composition, morphology and processing history of the product. These are 
all controllable factors that can be optimized to produce the desired behaviour of such 
materials. A better understanding of the relationship between structure and application is 
one of the main areas of research. Controlling the chemical composition is one of the ways 
that are viewed as having a scientific basis for the engineering of polymer and ceramic 
products delivering special, predefined functionalities.   
 

Composition

MorphologyProcessing

Properties

 
 
Figure 1.1: Relationship among polymeric properties and the processing history, 

polymer composition and its morphology. 
 
The motivation of this thesis is to prove that it is possible to control the molecular chain 
microstructure in radical polymerisation. The aim is to synthesise well defined copolymers 
with different architectures in radical polymerisation techniques using in-line near infrared 
(NIR) spectroscopy. This study therefore focuses on the synthesis of polymeric materials, 
using radical polymerisation. 
 
There are numerous advantages to the control of the molecular chemical composition 
distribution (CCD). Probably the most important advantage of control over molecular CCD 
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is the ability to influence the material properties. Achieving this objective would most 
likely reduce the number of monomers used in industry, leading to a reduction in 
production costs as well as an environmentally friendlier production process with less off-
spec materials, without the loss of properties to the product. In addition, in-line vibrational 
spectroscopy, such as NIR spectroscopy, can efficiently be used to improve and optimise 
processes because no samples from the reaction need to be taken and analysis times are 
short. Since the measurements do not need physical sampling, the safety in the production 
site is increased.  
 
To obtain this objective, the study was divided into different parts. Firstly, a suitable on-
line or in-line measurement technique with multivariate calibration models and process 
controllers had to be selected and expanded to obtain full control of the CCDs of generated 
copolymer molecules. Secondly, this calibration model was tested in ordinary free radical 
polymerisation as well as “living”/controlled radical polymerization (LRP). And thirdly, a 
high performance liquid chromatographic methodology had to be developed which allowed 
for the unambiguous molecular characterisation and determination of the CCD of the 
synthesised copolymer molecules. These themes will now be discussed in short. 
 

1.2 RADICAL POLYMERISATION 

In 1907 Leo Baekeland produced the first true synthetic polymer. In 1920, Staudinger 
proposed the first hypothesis for macromolecules. Since then, synthetic polymers have 
been used in a large number of applications. To enhance polymer properties, different 
monomers as well as monomer combinations were used in polymer synthesis. This is at 
present still the case.   
 
Szwarc first introduced the concept of living polymerisations using anionic 
polymerisations techniques.1,2 At that stage it was generally assumed that there are three 
steps associated with the synthesis of polymers. These were: initiation, propagation and 
termination. Szwarc showed that even though propagation ends at 100 % monomer 
conversion, chains might continue to polymerise if additional monomer is added. These 
living polymers not only have the advantage that true block copolymers can be 
synthesised, but also that the synthesis of a wide range of other structures are possible. The 
disadvantage of this process is the sensitivity of anionic polymerisation towards water and 
oxygen. Radical polymerisation techniques, however, do not face the same demanding 
conditions as anionic polymerisation techniques, and radical polymerisations may even be 
carried out in water. Furthermore, most monomers that are suitable for use in anionic 
polymerisation reactions can also be polymerised radically. In addition, a large variety of 
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other monomers can also be applied in radical polymerisations. This is also the reason why 
most industrial processes today use radical polymerisations.  
 

P2

Initiation:

Propagation:

Bimolecular termination:

M

I2

M1

D;         i,j = 1 or 2

I R

2 I

Pi Pj

M1 P1P1

M2 P2P2

M2 P2P1

kdis

ki

k11

k22

k12

P2
k12

kt

 
 
Scheme 1.1: A schematic representation of a general free radical copolymerisation 

reaction. 
 
Radical polymerisation reactions proceed according to a chain growth mechanism that uses 
the vinyl functionality in the monomers as the reactive group during the polymerisation 
reaction. Clearly the substituents on the vinyl carbon are critical in controlling the polarity 
of the monomer double bond. In general, such substituents are either electron donating or 
electron withdrawing. Electron donating substituents can stabilise carbocations, which 
render the monomer susceptible to cationic polymeristion. On the other hand, electron-
withdrawing substituents stabilise carbanions and render the monomer susceptible to 
anionic polymerisation. Between these two extremes lie those monomers for which the 
electron donating and withdrawing effects are less pronounced. These monomers readily 
undergo free radical polymerisation and at the same time may show a tendency to undergo 
either cationic or anionic polymerisation, depending on the nature of the substituent and 
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the polymerisation conditions. A few monomers such as styrene (of which the phenyl 
group can stabilise an anion, cation or free radical active centre) can be polymerised by all 
three methods. A schematic presentation of a free radical copolymerisation reaction 
between two monomers (1 and 2) is given in Scheme 1.1, taking only the terminal unit 
effects into account. 
 
For successful polymerisation, initiation by some active species needs to take place. In the 
case of radical polymerisation this will be through a free radical. Most commonly in 
radical polymerisation reactions, thermal initiators (I2) are used. The decomposition of the 
initiator is a first order reaction in initiator concentration with rate constant (kdis). Each 
initiator produces two radicals, but only a certain percentage of all created radicals initiate 
monomers. This fraction is called the initiator efficiency. Monomers (M1 or M2) are then 
added to the polymeric radical (P1· or P2·) while the site of the reactive centre continuously 
shifts to the latest attacked monomer residue. The addition of M1 and M2 are dependent on 
the statistical probability as well as the chemical nature of the terminal- and penultimate 
unit of P1· or P2·. This step is called propagation and is first order in radical concentration 
with a propagation rate constant (kij, with i,j = 1 or 2) associated with it. In the propagation 
step, monomer is sequentially added to the macromolecular radical. The major problem is 
that the active site in radical polymerisation reactions is a free radical on a polymeric chain 
end. These free radicals are not selective and will easily react bimolecularly with another 
free radical in a termination step that yields one or two dead chains (D). Bimolecular 
termination proceeds through combination and/or disproportionation and is by definition a 
second-order reaction with respect to the free radical concentration with a termination rate 
constant (kt) associated with it. These chains are called “dead”, since their molecular 
weight will not increase unless they are reinitiated during a chain transfer reaction to the 
polymer chain. The lifetime of a macromolecular radical is in the order of 0.1-1 second. 
For more information about the nature of radical polymerisations, the interested reader is 
referred to a general introduction to polymer science by Rudin.3 
 
The four main propagation reactions that take place if only the terminal units influence the 
reactivity of the propagating radicals is given in Scheme 1.1. If it is assumed that only 
propagation influences the conversion of monomers, the relative rates at which the two 
monomers M1 and M2 are consumed are given in Equation (1.1): 
   

[ ]
[ ]

[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]⋅⋅+⋅⋅

⋅⋅+⋅⋅
=

12122222

21211111

2

1

MMkMMk
MMkMMk
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Md  
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leading to Equation (1.2): 
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Depending on the magnitude of r1 and r2, copolymers can either be random, alternating, or 
tend to form a homopolymer of one of the monomers. In the latter case, a composition drift 
is observed within the copolymers.  

1.3 LIVING RADICAL POLYMERISATION 

In the past couple of years, studies have been performed to limit the termination step in 
radical polymerisation, thus giving more “livingness” to these reactions. The preferred 
methods are based on a strategy where the concentration of free radicals in the reactor is 
decreased by reversible end-capping of the macromolecular radicals. Since termination 
obeys second order kinetics in radical concentration, termination events decrease 
drastically compared to the propagation effects. The most well known methods are 
nitroxide-mediated polymerisation (NMP)4,5, atom transfer radical polymerisation 
(ATRP)6,7 and reversible addition fragmentation chain transfer (RAFT) 8,9. The control 
over molecular weight and functionality has allowed for the synthesis of compositionally 
controlled polymer molecules. In this investigation the focus will be on RAFT as “living” 
radical polymerisation technique. A general scheme for the RAFT mechanism can be seen 
in Scheme 1.2. 
 
As is depicted in Scheme 1.2, a radical can add to the carbon-sulphur double bond of the 
RAFT-agent. At the start of the reaction radicals are formed from conventional radical 
initiators such as α-α’-azobis-isobutyronitrile (AIBN), but at a later stage of the reaction 
the radicals also include the leaving group (R·) or propagating polymeric radicals (P·). The 
transfer reaction is called degenerative transfer, which proceeds via an intermediate radical. 
It is this transfer reaction that allows growing chains to be “end-capped” with a 
thiocarbonylthio compound, transferring the growing chain into a dormant species. 
Polymerisation then proceeds by the newly generated radicals R·, and subsequently Pm· 
(see Scheme 1.2). 
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Scheme 1.2: A general mechanistic scheme for RAFT-polymerisation reactions. 
 
The essential of all “living”/controlled radical polymerisation reactions is the mechanism 
of reversible deactivation. In this mechanism, all the generated chains are allowed to grow 
simultaneously.  
 

1.4 IN-LINE CONTROL:  VIBRATIONAL SPECTROSCOPY 

Economic pressure is forcing manufacturers to seek for lower production costs in order to 
remain competitive. Incorporating rapid, precise analysers into the manufacturing process 
is a key step in this direction. The effectiveness of analysers can be evaluated according to 
three categories:10 

• The precision of the instrument i.e. small random error, determining the spread of 
the measured process signal around the actual values due to variation within the 
instrument. 

• The error that is made in sampling the measurement i.e. the small bias that occurs 
due to errors when measurements are taken as well as prediction errors due to 
unreliable calibration models.  

• The frequency of the measurements i.e. how far the samples are apart in time. 
Fewer samples would allow for events that take place not to be noticed, thus 
allowing for errors in the interpolated regions of the process signal. 

Analyst has an influence on all three these categories in their choice of an analytical 
instrument and the proper treatment of a calibration model.    
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Spectroscopic analysers provide simultaneous multi-component analyses for many types of 
samples. The speed and versatility of these techniques makes them an ideal analytical tool 
for production monitoring and control. In-line process analysis has already led to lower 
production costs and to more consistent product quality. Some of the other advantages are: 

• low sampling and prediction errors, 
• high signal to noise ratio, 
• fibre optic sampling devices for remote analysis. 

 
Industrially, in-line sensors are used to monitor physical and chemical properties within the 
reactor ranging from concentration to viscosity. In this thesis the focus will be on 
concentration measurements. In general, in-line sensors for quantification can be divided 
into direct and indirect techniques. Indirect techniques relate the physical state of a solution 
to the concentration of individual monomers with the aid of complicated mathematical 
relationships. In contrast, direct measurements such as gas chromatography (GC) and 
vibrational spectroscopy, directly relate the measured quantity to concentration via a 
calibration model.   
 
Vibrational spectroscopy has shown tremendous growth as an analytical tool in quality 
control and process monitoring. The growth is mainly due to instrumental developments 
and advances in chemometrical procedures. Chemometrics is a field in chemistry that 
develops mathematical and statistical methods to analyse chemical data.11 In practice, three 
types of vibrational spectroscopy are used in such applications. These are Raman 
spectroscopy12,13,14, mid-infrared- (MIR)15 and NIR spectroscopy16,17,18,19,20.  
 
MIR attenuated total reflection (ATR) techniques were shown to be effective in 
applications that are difficult to analyse by absorption methods, such as thin layers on non-
transparent substrates. Diamond sensors are a particularly good because of its hardness, 
chemically inertness, and its optically transparency. Consequently, hard, abrasive, or 
corrosive samples are readily analyzed without harming the sample interface, and cleaning 
the sensor between samples is greatly simplified. MIR ATR-FTIR is successfully used in 
polymerisation reactions. Catatonically polymerised isobutylene polymerisation kinetics 
was monitored in real time using mid-IR ATR-FTIR spectroscopy, with diamond-
composite insertion probe and light conduit technology.21 Additional information can be 
found in literature.22  
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(a) (b)  
 
Figure 1.2: Excitation of the vibrational state in the electronic ground state by (a) 

infrared adsorption and (b) Raman spectroscopy scattering.    
 
The ZrF4 and AgCl optical fibres used for MIR spectroscopy are expensive and attenuation 
properties and mechanical and optical stability are inferior to the optical fibres used for 
Raman and NIR spectroscopy.23 The rest of this discussion will focus on the latter two 
methods. Raman and NIR spectroscopy are both successfully used as in-line analysers. A 
short overview of these methods will be given. The interested reader is referred to the 
available literature for a broader overview.24,25,26,27   
 
Both Raman spectroscopy and NIR spectroscopy have the same physical origin, which are 
molecular vibrations.28,29 The principal differences between Raman spectroscopy and NIR 
spectroscopy are that Raman spectroscopy is a scattering technique whereas NIR 
spectroscopy is an absorption technique. Some differences will now be discussed and are 
depicted in Figure 1.2.  
 
NIR spectroscopy operates with a polychromatic light source from which the sample 
absorbs specific frequencies corresponding to overtones and combination vibrational 
transitions of the molecule seen in MIR spectroscopy. Due to lower transition probabilities, 
the intensity of NIR spectroscopy is a factor 10-100 weaker for each overtone further away 
from the fundamental vibration. In Raman spectroscopy the sample is irradiated with 
monochromatic laser light of which the frequency may range between the visible (VIS) 
and NIR region. Radiation excites the molecule to a virtual energy state that is far above 
the vibrational levels of the anharmonic oscillator for the VIS laser and in the range of high 
overtones for NIR spectroscopy laser excitation. From this excited energy level the 
molecule may return to the ground state by elastic scattering (Rayleigh scattering) with an 
energy equal in magnitude to the initial energy gain. If, however, it returns to the first 
excited vibrational level by inelastic scattering, the emitted energy (Stokes scattering) has a 
lower frequency. From the first excited vibrational state the molecule can also return to the 

∆E=hυA 

∆E=hυ0

∆E=hυR 



Chapter 1 

 10

ground state. This happens by further inelastic scattering (anti-Stokes scattering). Anti-
Stokes scattering results in higher frequency radiation than Stokes scattering, but has a 
lower intensity due to the lower population probability of the excited state. Commonly the 
Stokes scattering is used for Raman spectroscopy and refers to the same vibrational 
transitions as in MIR spectroscopy. The intensity of the Raman spectroscopy signal is in 
the order of 10-8 times that of the intensity of the source due to the lower probability of 
inelastic scattering compared to elastic scattering. Raman spectroscopy measures in the 
wave number range of 50 - 4000 cm-1 (200 – 2.5 µm) while NIR spectroscopy covers a 
wave number range between the MIR region and the VIS region, i.e. 4000 to 12500 cm-1 
(2.5 – 0.83 µm).  
 
 For a NIR spectroscopic band to appear, the molecules need to undergo a change in the 
dipole moment during the vibration as well as a large mechanical anharmonicity of the 
vibrational atoms.30 Alternatively, a Raman spectroscopy band will occur when a change in 
the polarisability (the ease to shift electrons) of the molecule takes place. This is the reason 
why Raman spectroscopy and NIR spectroscopy are complementary. Raman spectroscopy 
therefore, predominantly focuses on the vibrations of the homonuclear functionalities such 
as C=C, C-C and S-S. In contrast NIR spectroscopy focuses on the polar groups such as C-
H, O-H and N-H.     
 
There are also other important differences between Raman spectroscopy and NIR 
spectroscopy. NIR spectroscopy follows the Lamberts- Beer law as seen in Equation (1.4): 
 

dcA
I
I

⋅⋅== ε0log  
(1.4)

with I the transmitted radiation, A the absorbance [A.U.], ε the absorption coefficient   
[dm3 · mol-1 · cm], d the optical path length [cm] and c the concentration [mol ·  dm-3]. 
Raman spectroscopy is an emission phenomena and is not constrained to the laws of 
absorption. Raman scattering is not a linear effect, but varies as a function of λ4, where λ is 
the absolute wavelength of the scattered radiation. For this reason it is necessary to 
standardise the output in terms of the incident light intensity. As a result of this 
fundamental feature of Raman spectroscopy, fluctuations in the laser power may lead to 
incorrect concentration measurements. To prevent such errors, an internal standard is 
usually applied. For both Raman spectroscopy and NIR spectroscopy no sample 
preparation is needed.   
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Table 1.1: A summary of the most important differences between NIR 
spectroscopy and Raman spectroscopy. 

NIR spectroscopy Raman spectroscopy 

Absorption technique. Scattering technique. 

Source is polychromatic radiation from 
e.g. tungsten lamp. 

Source is monochromatic radiation from 
VIS-NIR laser. 

Vibrations originate primarily from polar 
groups. 

Vibrations originate primarily from 
homonuclear groups. 

No fluorescence problems. Even with FT-RAMAN spectroscopy, 
which uses different light frequencies, 
fluorescence can be a problem. 

Peaks are broad and overlap. Multivariate 
techniques needed. 

Peaks are narrow. Univariate analysis is 
possible. 

No normalisation of peaks is needed. Laser fluctuations make normalisation of 
peaks with internal standard necessary. 

Probe is more sensitive to fouling but the 
method less sensitive to fouling. 

Depending on the optics and focal depth 
that is used, fouling can cause problems. 

Sensitive to water; the effect can be 
reduced by proper calibration.  

Relatively insensitive to water and glass. 
Measurements through glass are possible 
and water can be used as solvent. 

 
Due to the low intensity of the overtones compared to the fundamental vibrations, NIR 
spectroscopy can be used with relatively large optical path lengths. This is not the case for 
Raman spectroscopy where the path length is relatively small. Care should therefore be 
taken in Raman spectroscopy to ensure that optics with a path length beyond the film-
thickness is used to ensure measurement of the reaction solution. Fouling can also cause 
problems in NIR spectroscopy, but since the path length is much larger than that of Raman 
spectroscopy, a relatively thin transparent film on the window would not be detrimental to 
the measurement since it only comprises for a small percentage of the total path length, and 
thus, of the total absorbance. Due to Raman spectroscopy’s low intensities, giving rise to 
well separated bands, this method has a better ability to assign specific spectral information 
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to specific vibrations. In NIR spectroscopy region however, very low structural selectivity 
is obtained compared to Raman spectroscopy due to the many overtones and combination 
bands. With advances in multivariate statistical procedures the ability to use NIR 
spectroscopy for reliable quantification and identification has increased enormously.  
 
Even though there are strong arguments for Raman spectroscopy, NIR spectroscopy has 
still a historical advantage over Raman spectroscopy. Furthermore, due to large sample 
volume sizes, comparatively low sensitivity to interference by fluorescence, the absence of 
the need for internal standards, and safety arguments (since Raman spectroscopy uses 
high-energy monochromatic light sources), NIR spectroscopy is still industrially preferred. 
In Table 1.1 a summary of the most important differences between Raman spectroscopy 
and NIR spectroscopy are given. 
 

1.5 PROCESS CONTROL 

Two main strategies for the control of chemical reactions exist. Firstly, there is an open-
loop control strategy.31,32 Those systems in which the output has no effect on the control 
action are called open-loop control systems. In other words, in an open-loop control system 
the output is neither measured nor fed back for comparison with the input. One practical 
example is starved feed polymerisation reactions where a predefined addition rate strategy 
is followed. Starved feed conditions can be improved with the use of a mathematical model 
or, in addition, off-line GC analyses can be used in an iterative way to improve such open-
loop control strategies. The measurements that are made do not influence the current 
reaction, but can be used to develop feed strategies for future reactions. 
  
Each reference input in a closed-loop controlled reaction corresponds to a fixed operating 
condition defined by e.g. a mathematical model. As a result, the accuracy of the system 
depends on the availability and correctness of mechanistic variables. In the presence of 
disturbances, an open-loop control system will not perform the desired task. In some cases, 
e.g. when the reactivity ratios of monomers are almost the same, the system is not that 
sensitive to disturbances. However, depending on the control objective, such cases can still 
have large errors in the wanted product. Open-loop control can be used, in practice, only if 
the relationship between the input and output is known and if there are neither internal nor 
external disturbances.  
 
An open-loop control strategy can also be used during copolymerisation reactions. With 
the aid of a mathematical model, a predefined monomer addition rate strategy can be 
applied. The kinetics of copolymerisation reactions is complex and the kinetic coefficients 
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such as the termination rate coefficient are mostly not constant. The kinetic parameters in 
polymerisation reactions are believed to be dependent on a number of features such as the 
chain length of the copolymer molecules. Obtaining a mathematical model that is 
representative of a polymerisation reaction is therefore prone to produce deviations since 
small fluctuations in e.g. the temperature, leads to incorrect feed rates. It was shown that 
small errors in the addition rate strategy could lead to heterogeneities, even leading to bi-
modal CCDs.33   
 
 

Set point Controller Response

Measurement

Error

 
 
Scheme 1.3: Schematic representation of a closed-loop control system. 
 
In contrast, a system that maintains a prescribed relationship between the output and the 
reference input by comparing them and using the difference as a means of control is called 
a closed-loop (feedback) control system (see Scheme 1.3).34,35 In practice, the terms 
“feedback control” and “closed-loop control” are used interchangeably. In a closed-loop 
control system the actuating error signal, which is the difference between the set point and 
the feedback signal, is passed to the controller in order to bring the output of the system to 
a desired value. By measuring the actual output (e.g. monomer concentration) and 
comparing it with the reference set point (desired concentration), the pump dosage is 
changed in such a way to ensure that the concentration reaches a desirable level no matter 
what the reaction conditions are. 
 
Closed-loop control strategies are used in copolymerisation reactions to control the CCDs 
of the copolymer molecules.34,35 A closed-loop control would imply the use of an in-line or 
on-line sensor that provides close to real time information about the reaction that can then 
directly be related to monomer concentration or monomer conversion. Incorporating rapid 
and precise analysers into the manufacturing process is therefore a key step for a closed-
loop control strategy. A prerequisite is that the sampling rate should be in the same order 
of magnitude as the rate of the reaction.   
 
An advantage of the closed-loop control system is the fact that the use of feedback makes 
the system response relatively insensitive to external disturbances and internal variations in 
system parameters. It is therefore possible to use relatively inaccurate and inexpensive 
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components to obtain the accurate control of a given plant, whereas doing so is almost 
impossible in the open-loop case. Stability of the controller is a major problem in the 
closed-loop control system, which may tend to overcorrect errors. This fact can cause 
oscillations of constant or changing amplitude. 
 
In all closed-loop control systems (Scheme 1.3), the following steps are required: 

• Measurement of parameters that determine the variables to be controlled 
• Comparison of the measured outputs with the desired values (set points) 
• Decision about actions that may track the set points as close as possible (controller) 
• Taking action by control element (response) 

 

1.6 GRADIENT POLYMER ELUTION CHROMATOGRAPHY 36 

Gradient Polymer Elution Chromatography (GPEC) is a technique for the characterisation 
of polymer molecules derived from high performance liquid chromatography (HPLC). It 
involves the dissolution of a sample using a strong solvent and injecting it into a weaker 
solvent being the mobile phase. Since polymers have limited solubility, at least part of the 
injected sample is expected to precipitate out of the solution at the head of the column. The 
mobile phase is then slowly changed from the weak system solvent to a very good solvent. 
During the initial gradient change, separation of smaller molecules will occur by 
partitioning between the mobile phase and the stationary phase. The redissolution and 
separation of the oligomer portion will immediately follow the separation of the smaller 
molecules as the mobile phase continues to increase in strength. Complete separation of the 
formulation will be based on the following effects: 
• precipitation-redissolution,  
• adsorption,  
• exclusion from the stationary phase.  

The separation can yield information regarding molar mass, chemical composition and 
end-group functionality. One major application area is therefore the determination of 
CCDs.  

 

1.7 OUTLINE 

Chapter 2 deals with multivariate analysis as a concept and as a technique. A brief outline 
is given of the most relevant theory and an effort is made to familiarise the reader with the 
concepts of calibration and validation. An outline is given of the preferred way to proceed 
in developing a calibration model for NIR spectroscopy.  
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Chapter 3 deals with NIR spectroscopy as an in-line analytical technique. The scope and 
limitations of NIR spectroscopy in copolymerisation reactions are investigated. 
Furthermore, a calibration model is set up and is extensively validated. Following 
individual monomer concentrations in batch radical copolymerisation reactions in-line, 
validated the results.  
 
Chapter 4 deals with the development of a RAFT-agent, suitable to copolymerise methyl 
methacrylate (MMA) and N,N-dimethylacrylamide (DMAAm) in order to have a “living” 
system in which the majority of the copolymer molecules that are formed are expected to 
have the same molecular weight as well as the same intermolecular and intramolecular 
CCD. 
 
Chapter 5 deals with the in-line monitoring and control of semi-batch copolymerisation 
reactions in the presence and absence of a RAFT-agent. The focus is on developing a 
control strategy with which the CCDs in a copolymerisation reaction can be controlled. 
This control strategy will then be used to synthesise molecules of similar CCDs but also to 
develop a strategy with which a predetermined molecular CCD can be obtained, if desired.   
 
Chapter 6 deals with the analytical techniques needed to characterise copolymers. Specific 
attention is given to GPEC. This is especially challenging since the two homo-polymers, 
PMMA and PDMAAm, have a large difference in polarity and therefore differ 
tremendously with respect to their column interactions. 
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2 Chapter 2 

VARIOUS ASPECTS OF MULTIVARIATE 

CALIBRATION 
 
 

Abstract 

 
The aim of this Chapter is to provide the reader with a brief guide to the discipline of 
multivariate calibration. The focus will be on the practical aspects and on the decision-
making process involved in the multivariate calibration process. It is the aim to give an 
overview of the most important conceptual ideas involved in this process. This Chapter 
explains how to develop a calibration model for spectroscopic data analysis by Partial 
Least Squares (PLS).   
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2.1 INTRODUCTION 

Multivariate calibration is an area within chemometrics that has attracted a lot of interest.1 
As the name indicates, multivariate analysis comprises a set of techniques dedicated to the 
analysis of data sets with more than one variable. In essence it is a method to interpret data 
that were gathered from a source that has either a financial or a time advantage, but is not 
straightforward to interpret. Several multivariate analytical techniques exist.   
 
Multivariate methods are born from the fact that in a large number of examples the use of 
multiple predictor variables results in a better prediction than the use of single predictor 
variables on their own. One such example is NIR. Since, NIR shows a large overlap of 
peaks, it generally would not be possible to use only one wave number to set up a 
calibration model. This problem is called the selectivity problem, but can be solved using 
multivariate techniques 
 
One example of such a multivariate technique is partial least squares (PLS). In applications 
where PLS are used, many variables exist and the relationships among the variables are 
seldom obvious. In all cases, the objective is merely to construct a good predictive model 
that would relate the measurement to a physical property such as the concentration. As we 
will focus on vibrational spectroscopy, all examples will be related to spectral 
interpretation. Usually, different compounds are represented by one spectrum with a large 
number of wave numbers, each corresponding to a certain intensity or response (R, being a 
J X I column matrix of J wave numbers and I measured samples). These wave numbers are 
factors that are likely to be highly collinear. In mathematical terms this would mean that at 
least one of the columns of R could be written as an approximate or exact linear 
combination of the others. 
 
PLS is a method for constructing predictive models when the factors are many and highly 
collinear. Note that the emphasis is on predicting the responses and not necessarily on 
trying to understand the underlying relationship between the variables. When prediction is 
the goal and there is no practical need to limit the number of measured factors, PLS can be 
a useful tool. PLS was developed in the 1960’s by Herman Wold as an econometric 
technique (for a brief biography see reference2). In addition to spectroscopic calibration as 
discussed above, PLS has been applied to monitoring and controlling of industrial 
processes where hundreds of controllable variables and dozens of outputs exist.  
 
Various examples of the application of chemometrics for on-line spectroscopy applications 
can be found. These references include theory and practice.3,4,5 The next section gives a 
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brief overview of the development in multivariate techniques used to set up a calibration 
model. 
 

2.2 MULTIVARIATE ANALYSIS 

For a theoretical outline of these methods, the reader is referred to Kramer.6 Although a 
thorough understanding of the fundamental principles that govern any statistical method 
such as PLS and other multivariate techniques is of importance, it is not the intention to 
establish such theory in this thesis, but rather to enhance an understanding of the 
applications related to such a method. Therefore, only a brief overview of the different 
multivariate statistical techniques is given. 
 
As was discussed in the previous section, it is the aim of the analyst to relate spectral 
features of known samples to their concentration values in order to assess the 
concentrations of unknown samples from their measured spectra. The peak areas or heights 
of the relevant bands and the known concentrations of all the calibration spectra can be 
used to calculate a set of calibration coefficients that relate the spectra to concentrations. 
The best way to determine the calibration coefficients from this set of data is by a least 
squares regression. This is a mathematical technique that calculates the coefficients of a 
given equation such that the differences between the known responses (peak areas or 
heights) and the predicted responses (concentrations) are minimised. In Equation (2.1) a 
linear relationship according to Lambert-Beer’s law are given between the absorbance (R, 
J X I column matrix of J wave numbers and I measured samples), concentration (c, (I X 1) 
column vector) and regression vector (b, (J X 1) vector), taking into account the prediction 
error (e, (J X I) vector): 

ebcR +=  (2.1) 
In the case of a one-component (one wave number) system, R, b and c are scalars that 
simplify calculations.  
 
A direct implication is that if more components are present, more bands are needed. 
However, in the case of overlapping bands, accurate predictions are not possible. In such 
cases more sophisticated techniques should be used such as PLS, principal component 
analysis (PCA), or principal component regression (PCR). In its simplest form, classical 
least squares (CLS) is an extension of the least squares regression, but then for multiple 
wave numbers. In fact, as long as the number of wave numbers used for the model is larger 
than the number of compounds in the mixtures, any number of wave numbers can be used. 
In such a case b becomes a vector, but what makes it more complicated is the fact that R is 
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not a square matrix anymore, and therefore b can only be calculated using the pseudo-
inverse of c as shown in Equation (2.2): 

( )cRb pinv⋅=  (2.2) 

where 

( ) 1cc'c'c −=)(pinv  (2.3) 

 
with c′ the transposed matrix of c and c-1 would refer to the inverse of matrix c. This 
technique does have one major disadvantage in that the equations must be calibrated for 
every compound in the mixtures. If not, the ignored compounds will interfere with the 
analysis and give incorrect results. 
 
To overcome the problem that the concentration of all compounds in the mixture needs to 
be known, Lambert-Beer’s law can be rewritten so that the concentrations are given as a 
linear combination of different absorbances as seen in Equation (2.4): 

ebRc +=  (2.4) 
This method, even though it may seem simplistic, has tremendous benefits. The method is 
called multiple linear regression (MLR). In this case the regression vector b can again be 
calculated making use of the pseudo-inverse as seen in Equation (2.5): 

 ( )Rcb pinv⋅=  (2.5) 

This model seems to give the best results, since it can accurately build models for complex 
mixtures when only some of the compounds concentrations are known. The only 
requirement is selecting wave numbers that correspond to the absorbances of the desired 
compounds.  
 
In general, MLR can be used with many factors. However, if the number of factors (wave 
numbers) gets too large (for example, greater than the number of observations or 
measurements), you are likely to get a model that fits the sampled data perfectly, but will 
fail to predict new data in a reliable way. This phenomenon is called over-fitting. In such 
cases, although there are many apparent factors, there may only be a few underlying or 
latent factors, also referred to as latent variables, that account for most of the variation in 
the response. The general idea of PLS and PCR is to try to extract these latent variables or 
principle components, accounting for as much of the factor variation as possible while 
modelling the responses well. Therefore, the underlying relation among factors is 
considered as well as the relation between factors and the response. This is managed by 
taking linear combinations of the original variables, reducing the variance. In PLS, the 
direction in the space of R, which yields the maximum covariance between R and c, is 
therefore sought. If, however, the number of latent variables is too low, under-fitting 
occurs.  
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Table 2: Summary is given of the most important variables that are used in the 
PLS-routine. 

Name Symbol Explanation 

x-scores T Small set of underlying latent variables (fundamental 
wave numbers) responsible for the systematic 
variation in R. 

x-loadings P Describes the relationship between T and R. 

y-loadings Q Describe the relationship between T and the c. 

regression vector b Estimated regression vector. 

 
Two types of errors are associated with the prediction error. One is the model error and the 
other is the estimation error. Too few latent variables leads to a large error in the 
calibration model, associated with under-fitting, while to many latent variables over-fits 
the calibration model, since redundant wave numbers are used, leading to noise being 
modelled. Readers interested to have more insight into PLS and PCR are referred to a 
detailed explanation.7 
   
To accomplish a PLS regression, the PLS-toolbox (Eigenvector Technologies, West 
Richland, USA, version 2.1, 2000) was used in all modelling that was done. With this 
routine, PLS regression is employed via the NIPALS algorithm.1 For a given (J X I) matrix 
R that contains the measured NIR absorbencies at J wave numbers for the I calibration 
mixtures, the (I X 1) column vector c, containing the concentrations of the analyte and the 
number of latent variables (N), the PLS algorithm results in a matrix of regression vectors 
(N X J), x-loadings (J X N), y-loadings (1 X N) and x-scores (I X N). In Table 2, a summary 
is given of the most important variables that are used in the PLS-routine.   
 
It should be noted that scores and loadings have no physical meaning. It can however be 
useful to plot the scores of factor 1 vs. the scores of factor 2 (scores plot) as well as the 
loadings. In literature such scores plots are often used to determine the effects that 
correspond to the components while the loading plots give an indication of the spectral 
information that is gather in each PC. 
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2.3 CALIBRATION 

To relate the spectra of a process sample to the concentration of the sample, one needs a 
first-order calibration model.8 In this thesis an inverse least squares model (ILS) for the 
quantification of the analyte (monomers) is used. In this model the (I X 1) column vector 
ccal, containing the concentration of monomers in the calibration samples, is described by 
Equation (2.6): 

ccalcal eRbc T +=  (2.6) 

In Equation (2.6) the (J X I) matrix Rcal contains the measured NIR absorbances at J wave 
numbers for the I calibration mixtures, the (I X 1) vector ce contains the concentration 

errors, and the (J X 1) vector b contains the regression coefficients. These regression 
coefficients are estimated by PLS.   
 
Choosing the correct set of calibration samples is important to ensure that no extrapolation 
and as little as possible interpolation takes place in cases where the system does not behave 
in a systematic manner. Therefore, the concentration space needs to be spanned as 
extensively as possible. Usually the more calibration samples that are used, the better the 
predictive ability of the model becomes. Yet, this is time consuming and therefore the user 
would like to minimize the number of calibration samples with an iterative process in 
which first the outer limits and the centre are measured. In following iterations, the space 
can be filled systematically. Reaching an asymptote in the root mean square error of 
calibration (RMSEC) indicates that an optimal number of calibration samples have been 
reached. Care should be taken that one does not converge into a local minimum. Not only 
the number of samples is of importance, but also the sample selection. Including 
interferents into the calibration samples are also of importance since the spectra of 
interferents may contribute to analyte information. Furthermore, it must be emphasised that 
all types of combinations of variables should be represented. The variation in all directions 
should also be as large as possible and the calibration samples should be spread as evenly 
as possible. 
 
It is essential that during both the calibration and validation, the residuals concentrations of 
the samples measured are plotted. This give a good visual picture of possible outliers and 
information on whether there is a non-linearity present between the multiple variables and 
the reference values.  
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2.4 DECIDING ON THE NUMBER OF LATENT VARIABLES 

The number of latent variables (LV) needed in the PLS model is determined by a leave-
one-out cross-validation. In this routine, the first sample is deleted from the calibration set 
consisting of N samples. Then the calibration is performed on the rest of the calibration 
samples before comparing the original concentration of the left-out sample (c) with its 
predicted concentration ( ĉ ). This procedure is repeated while each of the calibration 
samples are taken from the calibration set, one after the other. The root mean square error 
(RMSE) between ĉ  and c is called the root mean square error of cross validation 
(RMSECV), given by Equation (1.4). The number of LVs that were used corresponded to 
the number of LV’s for which the first local minimum of the RMSECV was found. This 
minimum is an indicator for the calibration model that identified which of the 
concentrations of these samples were the closest to the predicted values.   
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Figure 2.1: RMSECV for different latent varables.   
 
In a typical example in Figure 2.1 a minimum in the RMSECV can be seen at 3 LVs. In 
Figure 2.2, the regression vectors for three (solid), four (dot) and five (dot-dash) LVs are 
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plotted. For the fourth and fifth LV, noise is visible in the regression vector associated with 
these two LV selections, indicating over-fitting. Here the instrumental noise is being 
modelled, resulting in an increase in the RMSECV. The decision on the number of LVs 
was always confirmed with the percentage variance that was explained by the PLS model. 
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Figure 2.2: Regression vectors for three (solid), four (dot) and five (dot-dash) latent 

variables. 
 

2.5 NET ANALYTE SIGNAL 

If we distinguish between an analyte (compound of interest) and an interferent (compound 
attributing to the spectral information but not of interest), mathematically speaking, such 
two vectors would be perpendicular to each other. The net analyte signal (NAS) for any 
analyte (rnas) is defined as that part of the spectrum of the analyte that is orthogonal to the 
space spanned by the spectra of all other compounds in the mixture. The NAS is therefore 
unique for the analyte of interest.9 In Figure 2.3 it can be seen that the spectra of a mixture 
can be divided into at least two components; one in the direction of the interferent space 
and the other in the direction of the pure component of the analyte (rnas).   
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Figure 2.3: Geometrical representation of the NAS vector. The NAS vector is 

orthogonal to the space spanned by the spectra of the interferences. 
 
The NAS is of interest to us because of two reasons. Firstly, NAS can be used to find 
promising wave number ranges for the quantification of the monomers. The spectra of the 
pure compounds are used to calculate the NAS vector of each monomer with respect to the 
other monomer and the solvent. Wave numbers that correspond to highly positive 
intensities in the NAS vector are more unique for the specific monomer. At wave numbers 
that have a high negative intensity, the interfering compounds dominate. Secondly, the 
NAS can be used for the exact representation of the PLS model as a univariate graph, as 
proposed by Faber.10 
 
Faber showed that the NAS direction is proportional to the regression vector b (Equation 
(2.8)) of the PLS model defined in Equation(2.6): 

b
brnas =  (2.8)

Here ||b|| is the Euclidian norm of the regression vector calculated in Equation (2.6). The 
spectra of calibration samples can be projected along this NAS direction. The length along 
this direction is called the NAS value ( nas

caly ) given by Equation (2.9): 
calTnasnas

cal )(y rr=  (2.9)

The NAS value is directly proportional to the concentration of the analyte in the mixture 
and can therefore be used as a univariate spectral quantity, which can be related to the 
concentration of the analyte. The slopes of the univariate calibration curves gives 
information on the sensitivity of the calibration model and is equal to the reciprocal of the 
norm of the regression vector b (see Equation (2.10)). 
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1s =
b

 (2.10) 

A high sensitivity would therefore indicate that even minor changes in the spectral 
information would result in large changes in the concentration predictions, which is 
obviously beneficial to the calibration process.  
 

2.6 VALIDATION 

The regression vector b (Equation (2.6)) for the selected PLS model can also be used to 
predict the monomer concentration for unknown samples using Equation (2.11):  

un
T

unc rb=ˆ  (2.11)

in which the (J X 1) vector run is the spectrum of the unknown mixture to be analysed, and 
the scalar unĉ  is the predicted concentration of the monomer in the mixture. As an 

indication of the accuracy of the predictions, the root mean square error for prediction 
(RMSEP) is calculated and used as comparative standard. The RMSEP as defined by 
Equation (2.12) was used to measure the performance of the calibration model similar to 
the RMSECV: 

( )∑
=

−=
M

i
ii cc

M
RMSEP

1

2ˆ1  
(2.12)

 
in which ic  is the known monomer concentration of the validation sample and iĉ  is the 

predicted monomer concentration according to the calibration model. A lower RMSEP 
value implies a better calibration model. The RMSEP is a good indicator of the standard 
deviation of the lowest prediction errors that may be achieved by the monomer calibration 
model. 
 
Due to e.g. the instrumental noise, a calibration model never explains all measured spectral 
variation. The part of the spectrum (r) of the sample that is not explained by the model is 
called the spectral residual vector, given by Equation (2.13): 

T
r TPre −=  (2.13)

in which T is the x-score matrix and P is the x-loading matrix of the PLS model used.1 In 
an ideal case where there is no instrumental noise and the model perfectly predicts the 
concentrations from the responses, er would be zero. The introduction of noise would 
increase the value of er to a level that is comparable to the instrumental noise level that can 
be determined from repeated measurements on the same sample. A further increase in er to 
a level that is an order of magnitude larger than the instrumental noise level, is a clear 
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indication that the model is not able to explain all the spectral features. This would 
normally indicate that the number of calibration samples is inadequate and that the model 
does not explain one or more of the interferents.   
 
Taking into account the fact that the wave number space is spanned by the wave number 
loading vectors (P) and that there is a direct relationship between the loading vectors and 
the spectra, for each sample the spectral residual vector ( re ) can be calculated using 
Equation (2.14). The residual vector is the part of the spectrum of the calibration sample 
that is orthogonal to the space spanned by the loading vectors.   

( )( ) T
r rPPIe ⋅⋅−= pinv  (2.14)

The RMSE of re  is used as a measure of the spectral variation of the sample, not explained 
by the model. 
  

2.7 CONCLUSIONS 

This Chapter gave a brief overview of the most important aspects needed to set up a 
calibration model with PLS.  As a summary a proposed calibration procedure will now be 
given: 
i. Define the problem, stating selectivity, precision etc. in such a way so that it is clear 

to the analyst when a suitable model was obtained. 
ii. Carefully select the calibration samples that will be used. 
iii. Calculate the general b-vector by substituting the known concentrations (ccal) and 

measured spectra (Rcal) in Equation (2.5). 
iv. Calculate the RMSECV (Equation (1.4)) from one to the amount of calibration 

samples – 1. The minimum value of RMSECV is associated with the number of LVs 
to be used. 

v. Calculate the NAS value ( nas
caly ) with Equation (2.9) and set up a univariate plot of 

nas
caly  vs. ccal.  

vi. Use the b-vector (now with the dimensions  (number of LVS x 1)) as well as the 
known spectra to calculate the model predicted concentration with Equation (2.6) as 
well as the concentration residuals (ec).      

vii. Systematically investigate possible pre-treatments and wave number selection of the 
data (discussed in Chapter 3), trying to improve ec by each time starting at 
procedures (iii) and sequentially moving through to procedure (vi). 

viii. Plot as many features as possible. Especially concentration and spectral residuals 
give a good visual picture of each models performance. 
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ix. If either outliers or if non-linearity are encountered, the analyst is advised to follow 
guidelines stipulated in literature.7 

x. Validate the model extensively with additional samples and use the RMSEP 
(Equation (2.12)) as an estimate of accuracy. It is a valuable exercise to see how the 
model acts on disturbances to the system.  
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3 Chapter 3 

IN-LINE REACTION MONITORING OF THE 

METHYL METHACRYLATE AND N,N-
DIMETHYLACRYLAMIDE COPOLYMERISATION 

REACTION EMPLOYING NEAR INFRARED 

SPECTROSCOPY 

 
Abstract 

In this Chapter, a free radical solution copolymerisation reaction between methyl 
methacrylate and N,N-dimethylacrylamide is considered. The possibilities and limitations 
of NIR as an in-line technique to determine individual monomer concentrations during 
copolymerisation reactions in solution were investigated. The relatively new 
chemometrical technique called the net analyte signal (NAS) was used on different 
monomer combinations to determine the feasibility of near infrared (NIR) spectroscopy in 
such systems. The aim of this investigation is to prove that the NAS vector can be applied 
in making reliable assumptions about the probability of obtaining a valid calibration model 
for the prediction of individual monomer concentrations for a particular comonomer 
system. NIR spectra were measured in-line with a transflectance probe. The spectra of both 
monomers are very similar, making monitoring with NIRS challenging. It is shown how 
the monitoring with NIRS can best be optimised and how a calibration model may best be 
validated to gain confidence in the established calibration model. The calibration samples 
were measured off-line. A calibration model was built using the spectra of a small number 
(five) of prepared samples. NIR spectroscopy was used to follow conversion of the two 
monomers in a copolymerisation reaction in-line. 
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3.1 INTRODUCTION 

In Chapter 1 the industrial importance of radical polymerisation and the importance of 
controlling the CCD of the generated macromolecules were discussed. Fast and accurate 
monitoring of monomer concentration during copolymerisation reactions is therefore of 
much interest. It is known that NIR spectroscopy can be used to monitor polymerisation 
reactions. 
 
NIR spectroscopy has been used in different disciplines from chemistry to agriculture and 
from life sciences to environmental analysis.1,2,3,4 Specific petrochemical and polymeric 
applications include the determination of hydrocarbon fuel properties and the prediction of 
polymer bulk properties such as flex modulus and percent crystallinity.5,6 NIR 
spectroscopy has also been used to analyse the monomer ratios in the reactor feed system 
of a polyolefin process.7 NIR spectroscopy was used at temperatures exceeding 260 ºC 
during polyoxyethylene and polyoxypropylene synthesis.8 During recycling of polymers, 
NIR spectroscopy was used to identify PVC and poly(ethylene terephthalate) containing 
polymers in order to separate them.9 Because of the rapid analysis, NIR spectroscopy can 
be used to study the penetration and migration of food or toxic compounds within 
packaging materials10 as well as in degradation studies of polymers.11 Various examples of 
the use of NIR in on-line applications are found.12,13,14,15,16 In polymer related on-line 
applications, NIR spectroscopy was used to quantify monomers during polymerisation 
reactions in solution17, including CO2

18, and during heterogeneous emulsion19 
polymerisations. Aldridge et. al.20

 used NIR spectroscopy to monitor the free radical 
polymerisation of MMA. The conversion was obtained by a plot of one specific 
wavelength, representative for the monomer, of the recorded spectra versus reaction time. 
The speed and versatility of the NIR spectroscopy technique makes it an ideal analysis tool 
for chemical process monitoring and control. 
 
The aim of this Chapter is to investigate the possibilities of NIR spectroscopy as a 
controlling device in copolymerisation reactions. This is a unique study since most 
investigations combining NIR spectroscopy and polymerisation reactions have been 
limited to either homopolymerisation12,20,21 reactions or measurements of the comonomer 
concentrations in the feed7 where there was no interference of the solvent. Neither was the 
influence of chemical structure on the predictive ability of the calibration models 
described. In the current study different comonomer combinations were investigated, 
including the combinations: 

(i) MMA and DMAAm,  
(ii) 4-vinylpyridine (4VP) and styrene,  
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(iii) MMA and N,N-dimethylaminoethyl methacrylate (DMAEMA). 
The chemical structures of these compounds are given in Scheme 3.1. These monomer 
combinations are of importance, since the copolymers based on these monomer 
combinations result in polymers with interesting physical properties. Moreover, the 
monitoring and quantification of these monomers during copolymerisation reactions with 
NIR spectroscopy were extremely challenging, because these monomers have very similar 
NIR spectra. Furthermore, there are a number of interfering substances (solvents and 
copolymer) present whose concentrations are not constant during the reaction.  
 
The aim of this study is to illustrate how to set up a calibration model for the quantification 
of individual monomers in a solution copolymerisation reaction using NIR spectroscopy. 
The emphasis is on the multivariate approach to estimate the individual monomer 
concentrations of comonomers in a solution copolymerisation reaction from the spectral 
data obtained. A PLS calibration model was built for each monomer. It will be shown that, 
even though it is believed that making a calibration model for NIR spectroscopy is an 
elaborate task, only a few measurements are needed to set up a robust model. Attention is 
also paid to the best way to validate the calibration model. A reaction in which both 
monomers were individually spiked was experimentally performed, especially for 
validation purposes. Such an experiment is an excellent way to validate the calibration 
model for this kind of reactions. 
 
 

a) 
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   b) 
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c)       d) N           e)   
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Scheme 3.1: Chemical structures of a) methyl methacrylate (MMA), b) N,N-

dimethylacrylamide (DMAAm), c) styrene, d) 4-vinylpyridine (4VP), 5) 
N,N-dimethylaminoethyl methacrylate (DMAEMA). 
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3.2 EXPERIMENTAL 

3.2.1 Materials 

The monomers, styrene, (>99%, Aldrich), 4-vinylpyridine (4VP) (95%, Aldrich), N,N-
dimethylaminoethyl methacrylate (98%, Aldrich), methyl methacrylate (99%, Aldrich) and 
N,N-dimethylacrylamide (>99%, Aldrich) and the initiator α,α’-azobis-isobutyronitrile 
(AIBN, Fluka) as well as the solvents, iso-propylalcohol (IPA, 99%, Aldrich), methyl ethyl 
ketone (MEK, >99%, Aldrich) and toluene (Biosolve) were used as received for the 
spectroscopic analysis. However for the polymerisation reactions, the monomers were 
purified from inhibitor by passing them over a basic Al2O3 column (Aldrich). 
 

3.2.2 NIR setup 

Most of the NIR spectroscopy measurements were performed with a BOMEM MB 155 
spectrometer. A transflectance probe (661.602 Hellma Ultra-mini immersion probe) that 
had a 5 mm light path length (split width 2.5 mm) was used. The specifications of the 
probe are summarised in Table 3.1. The probe was connected to the spectrometer using 
optical fibres and a BOMEM optical interface. The open optical window of this set-up runs 
from about 3,850 cm-1 to 10,000 cm-1. A spectral resolution of 2 cm-1 was selected. In all 
measurements single-beam spectra were based on 30 scans which were recorded over 70 
seconds. The probe was washed extensively with THF and acetone before use. A spectrum 
of air was taken before each measurement to confirm that the probe was clean.    
 

 

Table 3.1:    Probe specifications. 

Variable light path length 2 mm, 5 mm, 10 mm, 20 mm. 

Maximum Pressure 6 bar 

Maximum Temperature 150°C 

Diameter 6.35 mm 

 
The measurements were done in a sealed cuvette. The probe was inserted through a silicon 
rubber septum and submerged into the sample. The temperature was measured using a 
temperature sensor that was placed into the solution. After the desired temperature of 80.0 
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± 0.1 ºC was reached, a single beam spectrum was taken. The probe was extensively 
cleaned before each use. During the initial experiments it was found that large changes in 
the fibre position would lead to small shape changes in the spectra. For this reason the 
fibres were secured to a fixed position. 
 
For styrene-4VP a different spectrophotometer was used. The solvent that was used was a 
mixture of MEK and IPA (4:1 v/v). The measurements were performed both in a cuvette 
and with the specified probe. A 2 mm cuvette (Hellma QS) was used on a Perkin-Elmer 
NIR spectrometer. The cuvette was closed with a stopper. The wave number range was 
from 10000 to 3000 cm-1 and the resolution was set at 4 cm-1. Before the spectrum was 
measured, a background single beam spectrum was recorded of the empty cuvette. The 
absorbance spectrum was recorded of the cuvette filled with sample. The cuvette was 
placed in the heated cuvette holder. Both spectra were recorded at 30 ºC. A Pt-100 sensor 
attached to the outside of the cuvette measured the temperature. The recording of a 
spectrum (30 scans) took about 1 minute. For the system styrene-4VP, with the probe, a 
resolution of 4 cm-1 was used. 
 

3.2.3 GC Set-up and Measurements 

GC was used to determine monomer conversion of the copolymerisation reaction mixtures 
offline. A HP 5890 series II gas chromatograph equipped with a HP Ultra 2 cross-linked 
5% Me-Ph-Si column (25 m x 0.32 x 0.52 µm film thickness) and fitted with a split 
injector and auto sampler was used. Samples were diluted in THF (0.1 v/v) before           
10-6 dm-3 of the solution was injected. Helium was used as mobile phase. A glass liner was 
used to retain the polymer. After injection the injector temperature was raised from 50 to 
150 °C at 12 °C per minute. The FID detector was kept at a constant temperature of       
250 °C. The oven temperature was initially 40 °C for 2 minutes, then raised to 60 °C at 5 
°C per minute and subsequently to 150 °C at 10 °C per minute. The total analysis time was 
15 minutes. Toluene, the solvent for the reactions, was used as internal standard.  
 
The monomer concentration at a given time, ct, was related to the initial monomer 
concentration, c0, according to Equation (3.1) 
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(3.1)

with Am, and Ar the area of the monomer and the toluene peak, respectively. The 
concentrations were calculated with a calculated standard deviation (STD) of 33.8 · 10-3 
mol·dm-3 for MMA and 50.4 · 10-3 mol·dm-3 for DMAAm.   



Chapter 3 
 

36 

 

3.2.4 NIR Calibration and Internal Validation 

One strategy in which a NIR calibration can be set up is to sample a copolymerisation 
reaction and then to measure the monomer concentrations with e.g. GC. These known 
concentrations can then be related to the response (NIR spectra) to set up a calibration 
model. The advantage is that the interferents are well represented, also in terms of their 
actual concentrations. In another strategy, the various components can be weighed into 
each sample that will be used to set up a calibration model in an off-line way. The latter 
strategy was selected. It is believed that the amount of time spent on developing a 
calibration model is reduced because it is possible to span the whole concentration range of 
interest more effectively. Further advantages are that the accuracy of weighing are superior 
to GC analyses. 
 
To build a calibration model that has a high sensitivity, different concentrations of the 
monomers were individually measured in toluene. Samples of approximately 10 g were 
measured on a balance that is accurate up to 0.5 mg. The sample concentration was varied 
beyond 2 mol·dm-3, which was above the maximum intended concentration to be used. The 
samples used for the calibration and internal validation are given in Figure 3.1. 
 
Concentration calculations were made with density values measured at 25 °C. In the 
model, no correction was made for the volume change due to an increase in the 
temperature. The systematic error that occurred was corrected by calculating fractional 
concentrations that were dimensionless. All the mixtures contained inhibitor to prevent 
unwanted polymerisation during the cuvette measurements. 
 
Two types of validation were used to evaluate the calibration models thoroughly. A 
distinction is made between “internal” and “external” validation of the calibration model. 
The internal validation consists of the prediction of the monomer concentration of 
prepared samples, measured off-line, which were not used for the calibration model. The 
physical properties of these samples are much like those of the calibration samples that 
were used to build the model. The only difference was the concentration of the samples. 
The RMSEP as defined by Equation (2.12) was used to measure the performance of the 
calibration model. A lower RMSEP value means a better calibration model.  
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Figure 3.1: Concentrations of calibration samples MMA (◊) and DMAAm (o) and 
concentrations of validation samples MMA (+) and DMAAm (∆). 

 
Because the reaction mixture will have other physical properties (viscosity, etc.) than the 
prepared samples, the physical properties of the reaction mixture may be altered. In 
general, higher prediction errors are therefore expected. To verify what the effect of these 
physical properties would be on the predictions, reactor experiments were performed.  
 

3.2.5 Reactor Experiments and External Validation 

As already stated, during the copolymerisation reactions the physical properties of the 
reaction mixture are different from the prepared samples. Two types of polymerisation 
reactions were performed for validation purposes to assess the impact these effects have on 
the prediction errors. The monomer concentrations as predicted by each calibration model 
during a normal copolymerisation reaction were compared to the monomer concentration 
measured in samples drawn from the reactor during the experiment. These drawn samples 
were analysed with GC. An experiment was also performed to further validate the 
calibration models. In this reaction two well-defined shots of MMA and DMAAm were 
respectively added to the reactor at two different times. The main purpose was to 
determine the sensitivity of the concentration predictions of the PLS model for one 
monomer, when the other monomer was added. 
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Each of the batch solution copolymerisations was performed in a cylindrical, jacketed, 
reactor of 0.25 dm-3. The reactor was fitted with a reflux condenser, the NIR-probe and a 
PT-100 temperature sensor in order to control the heating bath. The NIR-probe was 
inserted through a silicon rubber septum and submerged into the reaction mixture. The 
reactor was charged with 0.1 dm-3 of toluene. Subsequently, both monomers were added 
and the temperature was raised to 80 ○C before the initiator (AIBN) was added             
(0.02 mol·dm-3). Samples (~ 1 · 10-3 dm-3) were taken from the reactor with a syringe and 
immediately diluted with 5 · 10-3 dm-3 tetrahydrofuran (THF) to which the inhibitor 
hydroquinone was added. These samples were analysed with GC. 
  
For data acquisition during the copolymerisation reactions, a dedicated Visual Basic 4.0 
program was used, running under Windows 98, and making use of the Windows 
acquisition driver (BOMEM, version 1.0, 1996). The collected single beam spectra were 
imported into MATLAB (The MathWorks Inc., Natick USA, version 6.1, 2001), in which 
all further data processing was performed. 
  

3.3 RESULTS AND DISCUSSION 

Three different monomer systems were investigated and will now be discussed under the 
following headings:  

• comparison between probe and cuvette,  
• wave number selection,  
• pre-processing,  
• calibration for three different comonomer systems  
• intensive validation of one of the comonomer systems. 

3.3.1 Comparison: Probe and Cuvette 

To compare the probe measurements with measurements performed with a cuvette, the 
styrene-4VP system was used. In Figure 3.2 the NIR absorbance spectra of styrene and 
4VP can be seen for measurements made in a cuvette (solid line) and measurements made 
with the probe (dotted line). Differences in the spectra are observed below 4450 cm-1. In 
Figure 3.3, NAS vectors of measurements made in a cuvette are compared to the 
measurements that were made with the probe at the selected wave number range of 
interest. From Figure 3.3, it is clear that spectral information can be used that is not related 
to differences between the probe and cuvette spectra. The NAS vector of styrene (Figure 
3.3 (a)) with respect to 4VP and the solvent (MEK : IPA, 4 : 1, v/v) as well as the NAS 
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vector of 4VP  (Figure 3.3 (b)) with respect to styrene and the solvent (MEK : IPA, 4 : 1, 
v/v) are given. As a first observation, it can be seen that the difference between the NAS 
vectors for the samples measured in the cuvette and with the probe in this region have a 
similar shape and even the intensities are comparable, thus indicating that the probe 
measurements are very comparable to the cuvette measurements above 5700 cm-1. 
However, of importance are the differences between the NAS vectors of styrene in Figure 
3.3(a) and VP in Figure 3.3(b), indicating that a calibration model with a high selectivity 
can be obtained. 
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Figure 3.2: NIR absorbance spectra of styrene and 4VP in the solvent (MEK : IPA, 4 : 

1, v/v) for the cuvette (solid) and probe (dotted) measurements. 
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Figure 3.3: NAS vector of the cuvette (solid line) and the probe (dotted line) 

measurements of (a) styrene with respect to 4VP and the solvent (MEK : 
IPA, 4 : 1, v/v) as well as (b) 4VP with respect to styrene and the solvent 
(MEK : IPA, 4 : 1, v/v). 

 

3.3.2 Wave number selection 

Wave number selection has two advantages. Firstly it saves calculation time because the 
use of more wave numbers increases the matrix dimensions, but of more importance is the 
fact that the qualities of the calibration models are enhanced because unwanted information 
will degrade the model. The absorbance spectra of toluene, MMA and DMAAm are shown 
in Figure 3.4. The markers ( |―| ) on the spectra refer to regions of interest where 
differences between both monomers are observed. It has been verified that typical 
concentrations of initiator, inhibitor and chain transfer agent are too low to have any effect 
on the measured spectra.   
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Figure 3.4:   NIR absorbance spectra of (a) MMA, (b) DMAAm and (c) Toluene. 
 
The part of the spectrum below ~3800 cm-1 is not usable because of the high noise level 
caused by the fact that transmission of the equipment (optical interface-probe-fibre) is 
already close to zero. Moreover, the maximum absorbance value for this set-up is around 
1.4 A.U. This is due to the construction of the transreflectance probe that allows part of the 
light that leaves the input optical fibre to return directly through the output fibre. So, part 
of the light does not enter the sample at all. From 4000 to 4500 cm-1 the major part of the 
spectrum has an absorbance value of 1.4 A.U. Because of this saturation effect, this part of 
the spectrum is not usable. Above wave numbers of about 6500 cm-1, only very little 
chemical information seems to be present and only bands with low absorbances can be 
seen.   
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Figure 3.5: NAS vectors for MMA (dashed) with respect to DMAAm and toluene and 

DMAAm (solid) to MMA and toluene. 
 
The NAS was used to determine the optimum wave number range, or combination of wave 
number ranges. From previous studies it is known that for MMA, the wave numbers 6163 
cm-1 (2ν(CH2=)) and 4746 cm-1 (combination band of 2ν(CH2=) and δ(CH2=)) are expected 
to reflect changes due to the conversion of monomer to polymer.9 The NAS was used to 
get a first impression of which wave number regions are useful. The NAS vector of MMA 
(dashed line) with respect to DMAAm and toluene, and the NAS vector of DMAAm (solid 
line) with respect to MMA and toluene are shown in Figure 3.5. The highest intensities of 
both NAS vectors can be seen in the region around 6163 and 4746 cm-1. Another 
promising region seems to be the 5720 to 5880 cm-1 region. However, the absorbances in 
the latter region relate to the vibrations in the N,N-substituted amide group of DMAAm as 
well as the ester group of MMA, that are also present in the copolymer. The result is that 
during a normal copolymerisation reaction the absorbances at these wave numbers remain 
nearly constant. Only when monomer is added during the reaction, will these absorbances 
show changes that are not only due to volume changes. This wave number range is 
therefore not suitable. Three wave number ranges were further investigated. Range A was 
from 4700-4800 and 6100-6300 cm-1 while range B was from 4700-4800  cm-1 and range 
C from 6100-6300 cm-1. 



 In-line reaction monitoring with NIR 

 43

 
 

Table 3.2:    Spectral residuals and RMSECV for MMA and DMAAm at different wave 
number ranges, A (4700-4800 and 6100-6300 cm-1), B (4700-4800 cm-1) and  
C (6100-6300 cm-1). 

 MMA DMAAm 

Wave number range Range A Range B Range C Range A Range B Range C 

#LV in PLS model 2 3 3 2 3 4 

Spectral residuals [A.U.] 0.028 0.150 0.004 0.300 0.150 0.001 

RMSECV [mol·dm-3] 0.048 0.039 0.026 0.126 0.104 0.012 

 
The NAS vectors portrayed in Figure 3.3 and Figure 3.5 differ in two important aspects. 
Firstly, the NAS vectors of MMA and DMAAm are not mirror images of themselves as is 
the case for styrene and 4VP. This is a clear indication that MMA and DMAAm are greatly 
interfering with one another while this is not the case for styrene and 4VP. The large 
amount of overlap in the case of DMAAm and MMA is also visible in the NAS plots 
where differential type peaks are visible at 4700-4800 and 6100-6300 cm-1. The distinction 
between MMA and DMAAm is less pronounced than between styrene and 4VP (Figure 
3.3). Secondly, for MMA and DMAAm there are two regions (see the peaks at 4700-4800 
and 6100-6300 cm-1 in Figure 3.5) that distinguish themselves from all the other regions. 
For styrene and 4VP no such region could be found. This indicated that styrene and 4VP 
are not sensitive to wave number selection while MMA and DMAAm were sensitive to the 
wave number range that was used.  
 
Three PLS models for each monomer were made at each wave number range to determine 
which wave number range yields the best predictive ability. The wave number ranges are 
indicated in Figure 3.5 while Table 3.1 shows the results. The predictive accuracy of the 
various models was compared using a randomisation test, where the internal validation 
residuals were used in the calculations.22 The size of the spectral residuals was calculated 
using Equation 2.13 and the RMSECV was calculated with Equation 2.7. From Table 3.2 it 
can be concluded that for both DMAAm and MMA, the wave number range 6100 – 6300 
cm-1 (i.e. range C) should be preferred when PLS models are used. For this range the 
prediction errors of the DMAAm and the MMA model are smaller (10 times for DMAAm 
and 1.5 times for MMA) than for the other investigated regions. Spectral residuals are also 
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lower, indicating that all major contributions are captured in the PLS model for that region. 
In Figure 3.4 it can be seen that for the 4700-4800 cm-1 region the pure spectra of toluene 
and the two monomers are much closer to the 1.4 A.U. cut-off limit than at 6100-         
6300 cm-1. Moreover, monomer bands are situated on the steep slope of the toluene band at 
4666 cm-1. Both these effects might explain why PLS models based on this wave number 
region are worse than those based on the 6100 – 6300 cm-1 range. From now, only the 
region 6100 - 6300 cm-1 will be considered 
 

3.3.3 Pre-processing 

A vast number of pre-processing methods exist. It is not the intention here to discuss them 
all and the interested reader is referred to a more detailed discussion.5 In this investigation 
three different pre-processing methods were considered, in order to determine which pre-
processing method resulted in the best calibration model for MMA and DMAAm. 
Normalisation as pre-processing technique was not possible, since there is no solvent peaks 
that do not interfere with monomer peaks. The focus was on the main methods used for 
NIR spectroscopy: 

• Drift correction, 
• Offset correction, 
• 1st order (SG1) as well as 2nd (SG2) order Savitzky-Golay filter. 

In the SG filters, the order of the polynomial fit was 1. Multiple scatter correction (MSC) 
was not considered since the reaction media were totally transparent. The minimum 
RMSEC values for the different models were used as guideline to distinguish between the 
methods for pre-processing. 
 
The root mean square values, RMSEC and RMSEP (Equation (2.12)) results calculated for 
MMA and DMAAm with different pre-processing methods are given in Table 3.3. The SG 
filter was optimised for an optimum number of LVs combined with an optimum width in 
the filter. For the second order derivative (SG2), the model was very unstable, resulting in 
the absence of a definite minimum in the RMSECV found for any number of LVs (see 
Chapter 2.4). From Table 3.3 it can be deduced that an offset correction is sufficient to 
obtain stable calibration models for both monomers.  
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Table 3.3:  Comparative results for different pre-processing methods used in the 
MMA and DMAAm calibration models. 

 MMA DMAAm 

Name Width LVs RMSEC 
[mol·dm-3] 

RMSEP 
[mol·dm-3] 

LVs RMSEC 
[mol·dm-3] 

RMSEP 
[mol·dm-3] 

Drift – 3 17.1 · 10-3 30.7 · 10-3 4 6.6 · 10-3 43.4 · 10-3 

Offset – 3 26.3 · 10-3 26.4 · 10-3 4 12.1 · 10-3 41.0 · 10-3 

SG1 131 4 12.3 · 10-3 23.5 · 10-3 – – – 

SG1 45 – – – 5 7.2 · 10-3 27.2 · 10-3 

 
 
Surprisingly, the SG(1) filter with first-order derivative did not improve the models, even 
though the large interference of the toluene resulted in a steep gradient in the region of the 
peaks. In all cases, the spectra that had the largest offset were the samples that contained 
polymer. It was therefore expected that a constant increase in the baseline of the spectra 
would occur during the polymerisation reactions. This did not happen and the obvious 
conclusion is that re-dissolving the polymer into the solvent for calibration and validation 
purposes leads to incomplete dissolution and associated light scattering.  
 
In Figure 3.6 the absorbance spectra of the calibration samples can be seen after an offset 
correction was made. The spectra were offset corrected by subtracting the average 
absorbance in the wave number range 6350-6400 cm-1 from all measured spectra. This part 
of the spectra was chosen since no significant absorbance could be detected in this region.  
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Figure 3.6: NIR absorbance spectra of the calibration samples after offset correction. 
 

3.3.4 Calibration and validation of the MMA – DMAAm monomer system 

In Figure 3.7 the pure spectra of MMA, DMAAm and toluene are depicted in the selected 
wave number range (6100 – 6300 cm-1). The monomer bands are severely overlapping. 
The maximum wave number resolution (2 cm-1) of the spectrometer was used to quantify 
the results and is visualised with dots on the spectra in Figure 3.7. It is clear that only a 
limited number of sample points could be used by PLS to extract the relevant information. 
Both monomers, but especially DMAAm, are seen to suffer from an interference with the 
tail of the toluene band located at 6116 cm-1. This interference intensifies at lower 
concentrations of the monomers during calibration and validation. These facts make it 
challenging to achieve optimal predictions for both monomers, since it seems that even the 
slightest spectral disturbance in this region could lead to large prediction errors. 
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Figure 3.7: NIR absorbance spectra of MMA [dotted], DMAAm [solid] and Toluene 
[dash-dot] in the selected wave number range (6100 – 6300 cm-1) after 
offset correction. 

 
The model for MMA required three LVs and the model for DMAAm four (Figure 3.8 and 
Table 3.2), again taking the minimum value in the RMSECV. It is expected that each 
monomer should have at least three LVs, i.e. one to account for the solvent, one for the 
copolymer and one for the other monomer. A possible explanation for the number of 4 LVs 
for DMAAm is the larger impact of the interference of toluene on the DMAAm band seen 
in Figure 3.7. The univariate NAS representation of the PLS calibration models (Figure 
3.9(b)) shows that all calibration samples are very close to a straight line through the 
origin. This indicates that the calibration set contains no outlying samples. The higher 
degree of sloping of the MMA calibration curve shows that the sensitivity for MMA is 1.5 
times higher than that for DMAAm. The RMSEP for DMAAm is 41 · 10-3 and is 26 · 10-3 
mol·dm-3 for MMA. In Figure 3.9(a) the calibration and validation concentration residuals 
are presented. The evenly scatter of the values around zero indicates no non-linearity 
between the variables. It is expected that the error associated with the residuals is also 
acceptably small for the purpose of monitoring and control of polymerisation reactions.   
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Figure 3.8: RMSECV values at the different Latent Variables for MMA ( ) and 
DMAAm ( ) respectively. 

 
The RMSE of the spectral residuals of each calibration and validation sample is plotted in 
Figure 3.10. The dotted line indicates the instrumental noise level, which was calculated as 
0.58 · 10-3 A.U. from repeated measurements of the background spectra recorded in air. 
The RMSE values were calculated for the spectra after the necessary wave number 
selection and offset correction was done. These values were calculated using the spectra of 
the calibration and internal validation samples. 
 

 

Table 3.4: RMSEC, RMSEP for calibrations model for MMA and DMAAm. 

Monomer RMSEC [mol·dm-3] RMSEP [mol·dm-3] 

MMA 0.026 0.026 

DMAAm 0.012 0.041 
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Figure 3.9:   (a) Residuals and (b) NAS calibration curves for calibration samples MMA 
(o), DMAAm ( ) and validation samples MMA (∆), DMAAm ( ). 
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Figure 3.10: Spectral residuals for the validation samples for MMA ( ) and samples for 
DMAAm (∇). 
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To further validate the calibration models, an external validation was done using 
copolymerisation reactions. 
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Figure 3.11: Spectral residuals for the copolymerisation reaction samples for MMA (•) 

and samples for DMAAm (o). 
 
During the copolymerisation reactions some potential disturbing effects could be noticed. 
A slight increase of the viscosity of the reaction mixture occurs when the polymer is 
formed. This increase might also reduce the mass transfer through the probe. In addition, 
due to the dissociation of AIBN, N2 bubbles are formed in the reaction mixture. These 
bubbles pass through the light path and may affect measurements due to scattering. It was 
also found that, especially at the start of the reaction, the reaction temperature raised about 
2 °C during approximately 7 minutes before the water bath corrected for the sudden change 
in temperature. This temperature change is due to the strong exothermic nature of the 
radical polymerisation reaction. Other smaller temperature fluctuations (< 1 °C) may also 
occur during the reaction as a result of temperature fluctuations of the water bath.   
 
To assess the impact of all these effects on the prediction of the monomer concentration, 
the spectral residuals were calculated for the two reactions using Equation 2.13. The result 
can be seen in Figure 3.11. The maximum value of 2.19 · 10-3 A.U. observed for the 
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calibration and validation samples are higher than the instrumental noise level of 0.58 · 10-3 
A.U., but still acceptably small, indicating that the two models did indeed capture most of 
the spectral features. 
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Figure 3.12: Fractional concentrations of MMA ( ) and DMAAm (∆) in a 
copolymerisation reaction including the NIR predicted fractional 
concentrations of MMA and DMAAm, both represented with line-dots. 

 
In Figure 3.12 the fractional concentrations of MMA and DMAAm are shown for a regular 
batch solution copolymerisation reaction. A good agreement is observed between the 
fractional concentrations based on GC and those determined with NIR spectroscopy, where 
dots represent the NIR data while open squares and triangles represent GC data.  
 
To further validate the calibration models, an additional copolymerisation experiment was 
performed. Known amounts of MMA and DMAAm were added to the reaction mixtures 
during the reaction at different times. Figure 3.13 shows that the prediction of MMA is not 
affected by the addition of a considerable amount of DMAAm to the reaction mixture, 
except for a small concentration change that is caused by the increasing reaction mixture 
volume. The same observation can be made for the prediction of DMAAm when MMA is 
added. The concentration changes of both monomers were also in close agreement with the 
4 · 10-3 dm-3 of each monomer that was added. Furthermore, since the NIR spectroscopy 
measurements are very fast, changes in the rate of polymerisation, immediately after the 
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monomer additions, are identified very well by NIR spectroscopy and less clearly by GC. 
This shows that NIR spectroscopy is superior to GC when small changes in the kinetics of 
a system are under investigation. NIR spectroscopy also proves itself valuable in kinetic 
studies. This is apparent from the small change in the rate of polymerisation that is 
detected after an addition of monomer has been made to the solution. Of importance to our 
further study is the relative high accuracy of the detection at low concentrations, which is 
clearly illustrated in this model reaction. 
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Figure 3.13: Fractional concentrations of a) MMA ( ) and b) DMAAm (∆) in a spiked 
copolymerisation reaction. 

 

3.3.5 Calibration and validation of the MMA–DMAEMA monomer system 

Finally, the possibility to use NIR spectroscopy to measure the individual monomer 
concentrations of two methacrylates in a copolymerisation reaction were investigated. 
Again, only an offset correction was used to pre-process the data. The NAS plots for both 
monomers are depicted in Figure 3.14. Compared to Figure 3.5, no distinctly sharp peaks 
can be seen for DMAEMA or MMA as was the case for MMA and DMAAm (see 4700-
4800 and 6100-6300 cm-1 in Figure 3.5) in the NAS plot, indicating that there are no 
distinguishable features in the spectra, which could be used by a model to accurately 
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calculate the concentration of DMAEM or MMA. The calibration curves for MMA and 
DMAEMA are given in Figure 3.15. 
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Figure 3.14:   NAS vector of MMA (solid line) with respect to DMAEMA and the 

solvent (toluene), as well as the NAS vector of DMAEMA (dash-dotted 
line) with respect to MMA and the solvent (toluene).  

 
Relatively low slopes with values of 0.043 dm3·mol-1and 0.048 dm3·mol-1 for MMA and 
DMAEMA are found, respectively. Compared to the other monomer combinations 
discussed previously, these slopes show that the models lack sensitivity to detect small 
changes in the monomer concentrations. The large RMSEC and RMSEP values further 
indicate inefficient prediction. The fact that the RMSEP and RMSEC are twice as large for 
DMAEMA (0.2 mol·dm-3) than for MMA (0.1 mol·dm-3) indicate that it is harder to predict 
the DMAEMA concentration than that of MMA. This feature was also seen in the MMA-
DMAAm system. The concentration residuals seen in Figure 3.15(a) are much higher than 
that seen in the case of MMA-DMAAm. Both models had a larger error associated to it. 
The error becomes larger at higher concentrations of the monomer, indicating a possible 
non-linearity. It is therefore difficult, if not impossible, to determine the concentration of 
DMAEMA and MMA accurately in such a system. 
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Figure 3.15: Residuals (a) and calibration curves (b) for the calibration samples of 

MMA (o), DMAEMA ( ) and validation samples MMA ( ) DMAEMA 
( ). 

 

3.3.6 Calibration and validation of the styrene – 4-vinylpyridine monomer system 

Styrene and 4VP have a comparable structure surrounding the vinyl bond, resulting in 
similar vibrations. It is of interest to determine whether NIR spectroscopy can be used to 
follow the conversion of these monomers, which would imply that NIR spectroscopy is 
highly sensitive to small changes in the vibrations.   
 
In the same detail as in the MMA-DMAAm section, an analysis was made of the best pre-
processing methods as well as the best wave number range to be used. It was determined 
that also here only an offset correction was needed. From Figure 3.3 the shapes of the NAS 
vectors indicate that several wave number regions can be used. Indeed, it can be shown 
that this model system is rather insensitive to wave number selection. In Figure 3.16 the 
individual predicted calibration and validation concentrations for the styrene-4VP system 
are given. Not immediately clear are the comparable slopes of the two calibration lines, 
having a similar gradient of 0.186 dm3·mol-1 for styrene and 0.185 dm3·mol-1 for 4VP. This 
is a clear indication that the sensitivities of the two models are comparable and that both 
monomers can be measured easily. Both models required 5 LVs. This is more than the 
number of LVs required by the MMA and DMAAm model and is probably due to the 
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increase in the number of solvents (from 1 to 2) in which the monomers and polymers were 
dissolved. It was also found that the copolymer of styrene and 4VP interferes more 
significantly with the analytes than was the case for MMA and DMAAm.  
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Figure 3.16: Residuals (a) and calibration curves (b) for the calibration samples of 

styrene (o), 4VP ( ) and validation samples styrene ( ), 4VP ( ). 
 
 

Table 3.5:   RMSEP and RMSEC for styrene and 4VP calibration models. 

Name RMSEC [mol·dm-3] RMSEP [mol·dm-3] 

Styrene 21.0 · 10-3 32.3 · 10-3 

4VP 21.6 · 10-3 18.5 · 10-3 

 
The statistical analysis of the calibration and validation is summarised in Table 3.5. The 
calibration and validation residuals are relatively small yielding confidence that the models 
can predict the individual monomer concentration within an error margin less than +/- 0.1 
mol·dm-3, which can be deduced from Figure 3.16(a). Recalling that these measurements 
were made with a resolution of 4 cm-1, while the MMA-DMAAm comonomer set had a 
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resolution of 2 cm-1, it is allowed to state that the styrene-4VP predictions outperform 
those for the system MMA-DMAAm.    
 

3.4 CONCLUSIONS 

With the aid of the NAS, quick and accurate predictions of the feasibility to apply NIR 
spectroscopy to monitor copolymerisation reactions can be made. It has been shown that 
with the NAS in copolymerisation reactions, the univariate presentation of a multivariate 
model may lead to useful insights regarding the scope and limitations of such a possible 
model. Furthermore, NAS was shown to be a useful tool to make initial wave number 
selections. From these results we conclude that the shape of the NAS vector is important 
for wave number selection, and that the sizes of these vectors are important for 
quantification and visualisation of the calibration models. NAS is a powerful method to 
assist the analyst in predicting whether a certain monomer combination can be easily 
quantified so that such a system can be used for the formulation of well-defined gradient 
copolymers. 
 
It was shown that although there are limitations to NIR spectroscopy, it is an ideal method 
to quantitatively determine individual monomer concentrations by way of in-line 
spectroscopy. Depending on the accuracy needed, it is possible to measure individual 
monomer concentrations of certain systems such as the MMA-DMAAm copolymerisation 
and styrene–4VP copolymerisation. Each of the corresponding monomer concentrations 
can be measured accurately. The prediction errors for styrene–4VP are in the order of      
15 · 10-3 – 35 · 10-3 mol·dm-3 with a high sensitivity of the model towards changes in 
monomer concentration. MMA and DMAAm have a prediction error of 0.026 and 0.041 
mol·dm-3 respectively. MMA-DMAEMA could not be measured reliably, and therefore 
these two monomers should either be measured in another solvent, with less interference 
with the monomers, or with a different spectroscopic technique.  
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4 Chapter 4 

IN-LINE NIR INVESTIGATION OF RAFT 
HOMOPOLYMERISATION REACTIONS 

 

 

Abstract 

In this investigation the reversible addition fragmentation chain transfer (RAFT) 
polymerisation mechanism was applied to the homopolymerisation reactions of 
methylmethacrylate (MMA) and N,N-dimethylacrylamide (DMAAm) as well as to the 
copolymerisation reaction of MMA and DMAAm. Near Infrared (NIR) spectroscopy and 
gas chromatography (GC) were used to follow the conversions of the individual 
monomers. The ultimate goal of the investigation was to use near infrared spectroscopy to 
follow the conversion of monomers in controlled homo- and copolymerisation reactions.  
 



Chapter 4 

60 

4.1 INTRODUCTION 

The three main routes that are currently under investigation to produce well-defined 
polymer molecules via LRP are nitroxide-mediated polymerisation (NMP)1,2, atom transfer 
radical polymerisation (ATRP)3,4 and reversible addition fragmentation chain transfer 
(RAFT) polymerisation5,6. RAFT differs from the other methods in that the other two 
methods use the reversible capping of radicals with either an alkyl halide or with a stable 
radical (usually a nitroxide) to reduce the concentration of active radicals. These methods 
can be classified as reversible termination mechanisms while the RAFT process can be 
classified as a reversible chain transfer mechanism. The mechanism of the latter is more 
complex and is based on degenerative addition-fragmentation chain transfer.   
 
RAFT-agents are typically thiocarbonylthio compounds, which include dithioesters6, 
dithiocarbamates7, trithiocarbanates8, xanthates9,10 and phosphoryl-
/(thiophosphoryl)dithioformates11. The mechanism of the RAFT polymerisation reaction is 
depicted in Scheme 1.3. The degree of control depends on the structure of the transfer 
agent. The selection of the transfer agent is crucial for the synthesis of low-polydispersity 
index products.12 The R unit should be a good homolytic leaving group, and the formed R· 
radical should be able to reinitiate the polymerisation with relatively high rate. The Z-
group, stabilising the intermediate radical, largely determines the reactivity towards radical 
addition. This unit usually includes alkyl, aryl, or heterocyclic groups, while the R-group is 
either of alkyl or aryl nature.6 It has been shown that some RAFT agents are more suitable 
for certain monomers than others. 
 
At present, reliable kinetic investigations of RAFT polymerisations are still rare.13,14 Much 
of the research is directed to understanding inhibition and retardation phenomena that are 
frequently observed, as well as to the possibilities of using RAFT in emulsion systems. 
Other important points of investigation are: 
• the ability of the intermediate radical to undergo thermal homolysis of the C-S bond, as 

confirmed by ESR spectroscopy.15 
• the dependence of Cex (= kex/kp) for RAFT on both the structures of the 

thiocarbonylthio group and of  the polymer.14 
 

4.1.1 Inhibition 

Inhibition is defined as the experimental observation that upon releasing radicals from a 
given source (such as a thermally decaying radical), a monomer mixture shows no 
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polymerisation activity for a certain period.16 Especially cumyl dithiobenzoate has shown 
to induce a fair amount of inhibition. Inhibition has been attributed to two possible factors. 
Firstly, slow fragmentation of the leaving group from the intermediate radical in the first 
part of the reaction may cause inhibition and would lead to a built-up of the intermediate 
radical concentration. This can also have an effect on the possible termination reaction of 
the intermediate radical, which will be described later. Secondly, the inability of the 
leaving group to reinitiate a new polymer chain may also lead to inhibition. Both are 
possible and it is difficult to distinguish between the two experimentally. 
 

4.1.2 Retardation 

As was mentioned, rate retardation is also a feature in RAFT polymerisation reactions. 
This is unexpected because the radical concentration during the reaction stays constant. 
Interestingly, inhibition is never seen without the occurrence of rate retardation. It was 
shown that intermediate radical termination could be a reason for the inhibition times.17,18 
Furthermore, studies by other authors have shown that at ambient temperatures (~ 25 °C), 
the presence of a common RAFT agent (1-phenyl-ethyl dithiobenzoate, (see Scheme 4.1) 
strongly retards the polymerisation of alkyl acrylates. The CSIRO group has shown that 
variation of the Z-group from phenyl to methyl reduces retardation in the polymerization 
of n-butyl acrylates at 80 °C.19  
 
This retardation may be due to either a low rate of fragmentation of the intermediate, 
leading to a lower propagating radical concentration, or failure of the leaving group to re-
initiate polymerization at these low temperatures. To counter the first problem, a simple 
variation can be made to the Z-group of the RAFT agent, in order to give a less stable 
macro-radical intermediate, thereby increasing the rate of fragmentation. It is clear that 
changing the Z-group from a phenyl to a benzyl group, the stabilizing substituent on the 
radical intermediate in the RAFT process is changed from an aryl to an alkyl moiety. This 
resulted in an increase in the rate of fragmentation and eventually resulted in faster 
establishment of the RAFT equilibrium.20 Calculations have been reported that indicate 
that it is possible to account for rate retardation in certain RAFT polymerizations solely 
through the slow fragmentation of the RAFT adduct radical.21 It was also shown that the 
intermediate radical acts as a radical or a non-radical storage reservoir.22 
To summarise, the factors that may be responsible for retardation are: 

• slow fragmentation of the initiator adduct, 
• slow fragmentation of the polymer adducts (Pn·) during propagation, 
• slow re-initiation by the expelled radicals (R·), 



Chapter 4 

62 

• selectivity for the expelled radical to add to the RAFT agent rather than to 
monomer, 

• selectivity for the propagating radical to add to the RAFT agent rather than to 
monomer, (implying that the transfer constant too high). 

 

4.1.3 MMA and DMAAm 
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Scheme 4.1: Examples of RAFT agents successfully used in living polymerisation 

reactions of either MMA or DMAAm. 
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The RAFT polymerisation of MMA is a well-studied system. It was efficiently 
polymerised to low polydispersity index (PDI) polymers with a range of RAFT agents. 
Some of these agents are shown in Scheme 4.1.6,13,23,24,25,26 DMAAm is not as extensively 
studied in RAFT polymerisation reactions as MMA. It has been polymerised with the 
RAFT agents in Scheme 4.1(a-e).22 

 
For the purpose of this thesis, the RAFT agent cumyl phenyl dithioacetate (CPDA),  
Scheme 4.1(d)) was used. Cumyl has proven to be a good homolytic leaving group for 
most types of monomers. The reinitiating ability of cumyl is good, and the radical structure 
is similar to that of the α-methylstyryl radical. Furthermore, the benzyl stabilising group 
has also proven to be effective in reducing the stability of the intermediate radical in order 
to lower the effect of inhibition and retardation.27 All in all, it was expected that CPDA 
would perform, in a satisfactory way with MMA and DMAAm. Schilli et. al. successfully 
polymerised N-isopropylacrylamide in thepresence of RAFT agents. The kinetics of the 
reaction was followed with NIR-spectroscopy, SEC and MALDI-TOF MS.7 
 

4.2 EXPERIMENTAL 

4.2.1 Materials 

The monomers, methyl methacrylate and N,N-dimethylacrylamide (>99%, Aldrich) were 
purified from inhibitor by passing them over a basic Al2O3 column (Aldrich).  Toluene 
(Biosolve) and α,α’-azo-bis-isobutyronitrile (AIBN, Fluka) were used as received.  
 

4.2.2 Size exclusion chromatography 

 Molecular weights were determined by size exclusion chromatography (SEC). The 
homopolymers of PMMA were dissolved in stabilised tetrahydrofuran at 1 mg·dm-3 and 
filtrated using 0.2 µm filters while the homopolymers of PDMAAm and copolymers of 
PMMA and PDMAAm were dissolved in hexafluoroisopropanol. SEC with a Waters 
Model 510 pump and Waters 712 WISP using 4 PL-gel mix C columns (300mm x 7.5mm, 
Polymer Laboratories) at 40°C with tetrahydrofuran or hexafluoroisopropanol as eluent at 
a flow rate of 1 mL·min-1. A Waters 410 differential refractive index detector was used. 
Data acquisition was performed with Millennium-32 3.05 software. Polystyrene standards 
with narrow molecular-weight distributions (Polymer Laboratories) were used for 
calibration. The molecular weights of the copolymers were calculated relative to 
polystyrene.  
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4.2.3 Conversion 

NIR spectroscopy and GC were used to gather conversion data. The NIR spectroscopic 
system and the GC set-up are described in Chapter 3. 
 

4.2.4 RAFT Synthesis28 

CPDA was synthesised by using the following procedure. Benzyl magnesium chloride in a     
1 mol·dm-3 ether solution (0.25 dm3) was added drop wise to carbon disulfide (20.9 g) in 
an ether solution, while the mixture was stirred at 0 °C until no more heat was produced, 
indicating the end of the reaction. The mixture was then poured into ice water (1 dm3) and 
the aqueous phase was collected, followed by three extractions with diethyl ether. The 
mixture was acidified using aqueous HCl (1 mol·dm-3). Phenyl-dithioacetic acid ( 10.006 
g) was collected via rotary evaporation of the ether.  The acid was then reacted with α-
methylstyrene (10.230 g), using a small amount of acid catalyst (p-toluene-sulfonic acid) in 
chloroform (0.05 dm3). The product was then recrystallised from heptane as fine orange 
crystals. 1H NMR: δ = 1.9 s (6H), δ = 4.2 s (2H), δ = 7.2 m (8H), δ = 7.4 d (2H). 13C NMR: 
27.8, 56.2, 59.2, 126.5, 126.7, 127.0, 127.9, 128.4, 128.8, 137.1, 144.0, 233.1 (C=S). This 
was confirmed by LC-MS. The purity of the compound was over 99%. 
 
The 1H-NMR spectrum of the CPDA can be seen in Figure 4.1. 
 

4.2.5 Reactions 

Each of the batch solution copolymerisation reactions were done in a cylindrical, jacketed, 
reactor of 5 · 10-2 dm3. The reactor was fitted with a reflux condenser and a PT-100 
temperature sensor in order to control the heating bath. The NIR-probe was inserted 
through a silicon rubber septum and submerged into the reaction mixture. The reaction 
temperature was verified with a temperature sensor inside the reaction mixture.  
 
The reactor was charged with 0.1 dm-3 of toluene. Subsequently, the monomers, the 
initiator and the RAFT agent were added. This solution was purged with Argon for 30 
minutes in an ice bath. After the temperature in the reactor was raised to polymerisation 
temperature and the reaction was started, the first sample was measured. 
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Figure 4.1: 1H-NMR of cumyl phenyl dithioacetate (CPDA). 
 

4.3 RESULTS AND DISCUSSION 

The free radical homopolymerisation of MMA and DMAAm were performed in the 
presence of CPDA as RAFT agent. MMA proved to be extremely difficult to polymerise in 
a controlled way. It was observed that the yellowish solution turned green after during the 
reaction time, each time leading to uncontrolled polymerisation reactions while low 
molecular weight molecules were formed. The reactions proceeded extremely slowly. The 
opposite was true for DMAAm, which reacted extremely fast and in a controlled way. 
What proved to be the best results were MMA polymers with an Mn of 15 735 and a PDI 
of 1.98 in 28 hours at 80 % conversion. On the other hand, PDMAAm showed a 
conversion of 90% after 15 hours and a PDI of 1.22 were obtained.  
 
In Figure 4.2 the NIR conversion data for DMAAm are given in a CPDA mediated RAFT 
homopolymerisation reaction. The disturbance at 95 minutes was caused by 0.1 · 10-3 dm3 
of air that was added to the reaction. It is clear that the reaction is very sensitive to such 
disturbances, and total inhibition is seen before the reaction restarts after enough radicals 
have again been formed by dissociation of the initiator. A second observation is the 
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inhibition effect, seen at the start of the reaction that lasted for about 40 % of the reaction 
time (65 minutes). Normally this effect is called inhibition, as was discussed earlier. 
However, some minor conversion of monomer did take place during this initial period, 
even though the rate of the reaction was extremely low compared to the later stages of the 
reaction. 
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Figure 4.2: DMAAm concentrations for a CPDA RAFT homopolymerisation reaction. 
 
The copolymerisation reaction of MMA and DMAAm in the presence of the RAFT agent 
CPDA could also be followed with ease. Here, the spectral acquisition was only started 
after the inhibition time was finished. The expected composition drift that is characteristic 
of free radical copolymerisation reactions is clearly seen for the RAFT copolymerisation 
reactions (Figure 4.3). As expected, no azeotropic point was seen due to large differences 
in the reactivity ratios of the monomers. Even though the reaction was started with an 
excess of DMAAm, the initially formed copolymer contains less than 30 mol % DMAAm.  
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Figure 4.3: Concentration profiles of MMA (ٱ) and DMAAm (∆) as well as the 

FDMAAm(•) for a RAFT copolymerisation reaction with CPDA. 
 

4.4 CONCLUSIONS 

To control the chemical composition distribution in copolymerisation reactions, detailed 
knowledge of the homopolymerisation reactions are also needed. By feasibility studies, it 
was shown that the RAFT homopolymerisation and copolymerisations reactions of MMA 
and DMAAm could be followed in-line with NIR spectroscopy. It is noted that the reaction 
is extremely sensitive to impurities such as air. Large inhibition times are noted which can 
have detrimental effects on any mathematical model that relies on kinetic parameters to 
control the chemical composition in copolymer molecules. It can be concluded that both 
monomers in both homo- and copolymerisation reactions could be followed in-line in the 
presence of CPDA. Therefore, it is expected that introduction of an in-line control system 
to the reaction, would enable control over the CCD of the copolymers in both ordinary free 
radical polymerisations as well as in reactions where RAFT agents are present. The next 
Chapter will deal with the optimisation of such a controlling system.    
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5 Chapter 5 

SYNTHESIS OF PREDEFINED COPOLYMERS USING 

IN-LINE NEAR INFRARED SPECTROSCOPY 
 
 

Abstract 

Semi-batch solution copolymerisation reactions of methylmethacrylate (MMA) and N,N-
dimethylacrylamide (DMAAm) were monitored by remote in-line near infrared (NIR) 
spectroscopy. Monomer concentrations were calculated from real-time spectra and a 
previously developed partial least squares (PLS) calibration model. A control strategy was 
developed with which the composition of the copolymers could be controlled using the 
terminal unit model (TUM) as mathematical relation between the comonomer ratio in the 
reaction mixture and the fraction of converted monomer. A constant chemical composition 
distribution (CCD) was obtained for conventional free radical polymerisation (FRP) 
reactions. The use of reversible addition fragmentation chain transfer (RAFT) 
polymerisation techniques combined with this control process provides the possibility of 
controlling the intramolecular CCDs of copolymers, resulting in narrow molecular weight 
distribution copolymers with precisely defined CCDs.  
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5.1 INTRODUCTION 

Properties of polymeric materials strongly depend on their molecular structure e.g. 
molecular weight, molecular weight distribution, degree of branching and especially the 
intermolecular as well as the intramolecular CCD in the copolymer molecules.1 Due to 
differences in the comonomer reactivity ratios, polymer chains will show an intermolecular 
chemical composition distribution. The instantaneous copolymer composition for a 
conventional free radical copolymerisation (FRcP) can be calculated from the terminal unit 
model (TUM)2 which gives a fair estimation of the relation between the instantaneous 
monomer feed composition (f) and the instantaneous fractional copolymer composition (F) 
seen in Equation (5.1): 

2
MMAMMAMMADMAAm

2
DMAAmDMAAm

MMADMAAm
2

DMAAmDMAAm
DMAAm frff2fr

fffrF
++

+
=  (5.1)

with rDMAAm and rMMA the reactivity ratios of DMAAm MMA respectively. Here the 
reactivity ratios are defined by Equation (5.2). 

DMAAmorMMAji, == ;
k
kr

ij

ii
i  

(5.2)

For a batch FRcP process, the copolymer molecules formed in the early stages of the 
reaction will contain a high concentration of the more reactive monomer, in this case 
MMA. Due to the higher reactivity of MMA, having a reactivity ratio of 1.8 compared to 
0.45 for DMAAm in the copolymerisation reaction, the fraction of MMA in the reactor 
will start to decrease as soon as the polymerisation starts.3 The result is an intermolecular 
composition drift. Furthermore, the molecular weights of the individual chains are also 
conversion and monomer dependent. The result is a large distribution of both the chemical 
composition and the molecular weights of the synthesised macromolecules. 
 
Different architectures and microstructures have already been manufactured with the aid of 
LRP, and can be seen in Figure 5.1.4 
 
In Chapter 4 it was shown that the RAFT copolymerisation of MMA and DMAAm can be 
considered as a living radical polymerisation. It is therefore possible to obtain copolymer 
molecules of MMA and DMAAm with a predefined molecular weight as well as a 
predefined CCD. To achieve control over the CCDs, control of the monomer ratio in the 
reactor is required as indicated by the TUM. As a result, via the monomer feed strategy, an 
indirect control over the CCD of copolymer molecules is obtained, which implies an 
indirect control over polymer properties.   
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Figure 5.1: Possible microstructures and architectures achievable with living radical 

polymerisation. 
 
  
Different monitoring techniques are described in literature to control chemical reactions 
via closed-loop control strategies5 and can be divided into two categories. One category 
indirectly calculates conversion from e.g. reaction heat, density of the reaction mixture, or 
viscosity of the reaction mixture, to name only a few. On-line control based on calorimetric 
measurements has proven to be effective in controlling CCDs of the polymers formed.6 
Some of the indirect methods suffer from the same problems as open-loop control 
strategies, since they need kinetic information to establish the relationship between the 
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cumulative physical properties and the conversion of each individual monomer in the 
copolymerisation reactions. There are however on-line sensors available that are able to 
directly quantify individual monomer concentrations in reactors. Examples are GC, LC and 
vibrational spectroscopy.7,8,9   
 
The aim of this investigation is to prove that it is possible to control the monomer 
concentrations in radical copolymerisation reactions in the presence and without a RAFT 
agent. It will be shown how to use a closed-loop control strategy, based on NIR 
spectroscopy, to synthesise polymer molecules with a controlled CCD. 
  

5.1.1 Closed-loop Control 

In an optimal monomer addition rate (OMAR) strategy described in literature10, the reactor 
is charged with the least reactive monomer while the most reactive monomer is fed into the 
reactor. The amount of the most reactive monomer to be fed into the reactor is dependent 
on the process controller that is used in closed-loop control. In general there are different 
types of controllers of which the simplest is the proportional controller (P-controller). P-
controllers can be described by Equation (5.3): 

)()( teKtp c=  (5.3)

where the controller output, p(t), is proportional to the error signal, e(t), by a factor of Kc, 
the dimensionless controller gain. 
 
Here, mass balances of the monomers were used as control objective. The amount of 
MMA to be added to the DMAAm solution in the reactor was calculated from the mass 
balances of the monomers. Firstly, for DMAAm, the least reactive monomer with which 
the reactor is charged before polymerisation is initiated, the mass balance between time t 
and t+∆t is given by Equation (5.4): 

{ }RDMAAmDMAAmDMAAm tnttntn )()()( ∆−∆−=  (5.4)

 with ∆t the time between two NIR spectra, nDMAAm(t) the amount of moles of DMAAm at 
time t and {nDMAAm(t)}R the amount of moles of DMAAm converted into polymer.  In the 
same way, the mass balance for MMA, the most reactive monomer to be fed to the reactor 
during the copolymerisation, is given by Equation (5.5): 

{ } { }FMMARMMAMMAMMA tntnttntn )()()()( ∆+∆−∆−=  (5.5)

with { nMMA(t)}F  being the amount of moles of MMA fed into the reactor.   
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In general the controller performs three steps. In the first step, the percentage conversion of 
DMAAm at time t, XDMAAm(t), is related to the instantaneous, targeted fraction of DMAAm, 
FDMAAm(t), being converted using Equation (5.6). FDMAAm(t) can therefore be expressed as a 
function of X(t). Changing this function leads to polymer molecules with differing CCDs.  

)(1))(( tXtXFDMAAm −=  (5.6)

The solution of the TUM, given in Equation (5.1), provides the instantaneous fraction of 
DMAAm, fDMAAm. The amount of MMA needed to obtain such a chemical composition can 
then be calculated from Equation (5.7): 

)(1)(ˆ tn
f

ftn DMAAm
DMAAm

DMAAm
MMA

−
=  

(5.7)

with MMAn̂  and nDMAAm the  molar amount of  MMA needed and the experimentally 
calculated DMAAm molar amount, respectively. 
 
The use of this simplified controller, resembling a P-controller with Kc equal to 1, resulted 
in an offset in FDMAAm that was always higher than the targeted value. Therefore, in another 
strategy a different controller, also resembling a P-controller, was used. In this controller, 
five previous points were smoothed and then extrapolated to the next point in time. 
Simulated data showed that fitting XMMA from time t - 5∆t to t and then extrapolating to t+ 
½∆t, led to the best agreement between targeted and experimentally determined FDMAAm 
values. The reason for the improvement is probably a reduction in the scatter of the 
concentration data. This scatter is due to a combination of limited precision of the 
instrument and sampling errors. 
 
Scheme 5.1 shows a schematic representation of the closed-loop controller with fcalc the 
desired fMMA, calculated with the TUM from FMMA; fact the monomer fraction in the feed; 
RMSEP is the root mean square error of prediction, calculated from the error between 
actual validation sample concentrations and the concentrations predicted with the 
calibration models. 
 
During the semi-continuous reactions, two objectives were aimed for. First of all (objective 
1), a constant copolymer composition throughout the polymer chain was targeted, and in 
another, the composition was forced to obtain a tapered or gradient intra-molecular CCD. 
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Scheme 5.1: Graphic representation of the closed-loop controller, used to control the 

CCDs of copolymer molecules. 
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5.2 EXPERIMENTAL 

5.2.1 Materials 

The monomers, MMA and DMAAm (>99%, Aldrich) were purified from inhibitor by 
passing them over a basic Al2O3 column (Aldrich). Toluene (Biosolve) and α-α’-azobis-
isobutyronitrile (AIBN, Fluka) were used as received. Cumyl phenyldithioacetate (CPDA) 
was synthesised according to the procedure described in Chapter 4. 
 

5.2.2 NIR set up 

The NIR set up that was used is the same as the one described in Chapter 3. 
 

5.2.3 Reactions 

Each of the batch solution copolymerisations was performed in a cylindrical, jacketed, 
reactor of 0.25 dm3. The reactor was fitted with a reflux condenser, the NIR-probe and the 
PT-100 temperature sensor in order to control the heating bath. The probe was inserted 
through a silicon rubber septum and submerged into the reaction mixture. The reaction 
temperature was monitored with a temperature sensor inside the reaction mixture. 
  
The reactor was charged with the solvent, initiator, CPDA and the least reactive monomer 
in the copolymerisation reaction; in this case this was DMAAm. The solution was purged 
with N2 for half an hour before increasing the reaction temperature to the desired 
temperature of 80 ºC, which started the polymerisation reaction.  
 
For data acquisition during the copolymerisation reactions, a dedicated Visual Basic 4.0 
program running under Windows 98, making use of the BOMEM Windows acquisition 
driver (Version 1.0, 1996), was used. The collected single beam spectra were imported into 
MATLAB (The MathWorks, Inc.; Version 6.1), in which all further data processing was 
performed. The PLS-toolbox version 2.1 was used for the PLS modelling. A Dosimat 
titration burette from Metrohm was used to accurately feed monomer into the reactor with 
a dose size of 5 x 10-5 dm3, after receiving a pulse from the computer. 
  
A schematic representation of the reactor and control set-up can be seen in Figure 5.2 
 



Chapter 5 

78 

Jacketed
Reactor

Dosimat

MMA

Closed-loop

PC
NIR spectrophotometer  

 
Figure 5.2: Schematic representation of the reactor and control set-up. 
 

5.3 RESULTS AND DISCUSSION 

For the first control objective, a homogeneous composition of with an average chemical 
composition of 50% MMA in the copolymer was chosen as set point (target). The progress 
of the semi-batch FRcP reaction can be seen in Figure 5.3, with the DMAAm (∆) and 
MMA(○) concentrations for a FPcR copolymerisation reaction with a homogeneous 
composition as aim. In Figure 5.4 the responses of the pump, as well as FDMAAm for the 
reaction can be seen. At the start of the reaction a small deviation is seen, which is 
corrected within 3 minutes. This deviation is due to a difference in the initial monomer 
ratios compared to the set point. The ability of the controller to react on such differences, 
as well as the ability to keep a constant copolymer composition, can be seen. From the 
spiky control action of the pump it is also clear that this controller indeed resembles a P-
controller. A small offset is observed which is probably due to the fact that the controller 
was set only to react if the error in Scheme 5.1 exceeded the RMSEP value, calculated in 
Chapter 3. Remarkable is that the controller could effectively keep a constant CCD without 
the incorporation of a similar reaction in either the calibration or controller model.     
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Figure 5.3: Concentration profiles for DMAAm(∆) and MMA(○) for a FPR 

copolymerisation reaction with a homogeneous composition as aim. 
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Figure 5.4: Volume dosage of MMA as well as FDMAAm versus conversion for a FRcP 

reaction with a homogeneous composition as aim. 
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Figure 5.5: Concentration profiles for DMAAm(∆) and MMA(○) as well as the 

fraction of DMAAm incorporated (•) into the copolymer chains. 
 
In another FRcP reaction (Figure 5.5), the composition was changed throughout the 
reaction in a controlled manner, starting with 100 mole % DMAAm in the polymer chains 
and gradually reducing the DMAAm content in the copolymer to to 25 mole %. The 
change in the ratio between DMAAm (∆) and MMA (o), FDMAAm (•), can be seen for the 
reaction. For reactivity ratios of 0.45 for DMAAm and 1.8 for MMA, a composition drift 
will occur. At the start of the reaction the macromolecules will be rich in MMA. The ratio 
of MMA in the molecules will slowly decrease with conversion. The intermolecular 
composition drift that is observed in  is clearly different, and relates to the systematic 
change that was forced on the reaction by feeding MMA to the reactor. This control proves 
that it is possible to control the intramolecular CCD of copolymer molecules as well.  
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Figure 5.6: Concentration profiles for DMAAm(●) and MMA(○) for the RAFT 

gradient copolymerisation. 
 
 
A LRP reaction was performed in which the composition was continuously changed to get 
a gradual change in the CCD. The concentration profiles of DMAAm(●) and MMA(○) for 
the RAFT gradient copolymerisation can be seen in Figure 5.6. As a control objective, a 
linear gradient in chemical composition over all the chains was set as control objective. 
Clear steps in the concentration profiles are seen that are related to monomer addition steps 
resulting in volume changes, as well as in MMA molar fraction changes. As was discussed 
in Chapter 4, large inhibition times are noticed in RAFT polymerisation reactions and are 
also seen here at the start of the reaction. In Figure 5.7 the volume dosage of MMA       
[10-3 · dm-3] as well as FDMAAm for a RAFT copolymerisation reaction are given. From 
Figure 5.7 several responses from the pump to compensate for converted monomer, as well 
as additional monomer needed to force the gradient composition, are observed. The result 
is a stepwise change in composition over time. It should again be emphasised that the 
controller can effectively change the monomer fractions in the reactor to resemble the 
incorporation of a tapered CCD structure, without the inclusion of a similar reaction in 
either the calibration or controller model.     
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Figure 5.7: Volume dosage of MMA as well as FDMAAm versus conversion for a RAFT 

copolymerisation reaction of MMA and DMAAm. 
 
The resulting polymer does not exhibit a narrowly molecular weight distribution , as was 
aimed for. Low molecular weight polymers with relatively large polydispersities were 
obtained. The reason is not an inability of the controller to produce such copolymers, but 
lies rather in the fundamental aspects related to the RAFT mechanism. Especially the high 
sensitivity of the RAFT reaction of the monomers MMA and DMAAm towards impurities, 
as shown in Chapter 4, is believed to be the main reason for this lack of control. Most 
likely it would be possible to achieve this objective if either copolymers of acrylamide 
derivatives or of methacrylic monomers were to be synthesised. Then the system would 
not contain a mixture of secondary and primary propagating radicals during the 
polymerisation step. The cross-propagation step in RAFT has been shown to be the source 
of broad distributions.11 
 
The ability of NIR spectroscopy to follow small changes in monomer concentration and 
the ability of the controller to regulate the ratio of the monomers is fundamentally 
important in the control of the CCD of copolymers. It was shown that the described 
controller system effectively achieves the objective of control over CCD, synthesising 
predefined copolymers with the help of in-line NIR spectroscopy.  
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5.4 CONCLUSIONS 

It was shown that the semi-batch solution copolymerisation reactions of MMA with 
DMAAm could be monitored by remote in-line NIR spectroscopy. With the aid of a 
suitable controller the monomer ratios could be adjusted in such a way that the control over 
chemical compositions was possible. Two predetermined CCDs were synthesised using 
closed-loop control. A narrow CCD around 50 mole % of each monomer in the chain was 
obtained for conventional FRcP reactions. In addition, a linear gradient in intermolecular 
CCD was also obtained in FRcP.  
 
The ability of NIR spectroscopy to accurately measure monomer concentration, as well as 
the desired response of the controller to small changes in the monomer concentrations, was 
achieved. It was shown that NIR spectroscopy could be the basis of a suitable controller 
system to effectively control the molar fractions in the copolymer chains that would 
therefore allow for the synthesis of predefined copolymer molecules. The characterisation 
of the CCD of the copolymer molecules will be discussed in the next Chapter. 
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6 Chapter 6 

GRADIENT POLYMER ELUTION 

CHROMATOGRAPHY OF TERTIARY NITROGEN 

CONTAINING POLYMERS 
 

Abstract 

A Gradient Polymer Elution Chromatography (GPEC) method was developed to determine 
the chemical composition distribution (CCD) of a copolymer consisting of two polymers of 
which one had tertiary nitrogen containing functional groups. Different column materials 
and different column dimensions were investigated. Furthermore, different solvent 
combinations were compared to obtain an optimum retention difference between 
poly(methyl methacrylate) and as second polymer an amine functional polymer, being 
either poly(N,N-dimethylacrylamide) or poly(N,N-dimethylaminoethyl methacrylate). An 
evaporative light scattering detector (ELSD) was used as detector. It was observed that the 
tertiary nitrogen containing functional polymers showed strong column interactions that 
may seem irreversible, even when strong solvents are used as eluents. Columns with small 
dimensions as well as strong eluents, that prevented tertiary nitrogen containing functional 
polymers from precipitating, seemed to be vital to elute such polymers.  
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6.1 INTRODUCTION 

In general scientists resort to analytical techniques when confronted with a problem that 
involves an understanding of the relationships between the properties of processed 
materials and their structure and chemical composition. Macromolecules are typically 
complex systems having different chain morphologies within one system. These may 
include a wide dispersity in molecular weight as well as different architectures.  
 
For a copolymer there are additional heterogeneities. As with homopolymers, there is 
heterogeneity of the degree of polymerisation, corresponding to a distribution of the chain 
length. In copolymers there is also a heterogeneity for a given chain length in the chemical 
composition. This chemical heterogeneity may either be due to purely statistical 
fluctuations or can be caused by different reactivities of the comonomers during 
polymerisation. In the latter case there may also be a dependence of the average 
composition on the chain length. Finally, the distribution of the comonomers along the 
copolymer chain, characterised by the sequence length distribution, may be quite different. 
The two extreme cases are marked by di-block copolymers and alternating copolymers. 
Developing analytical techniques to determine these features enable the synthetic chemist 
to determine the chemical composition of macromolecules in his struggle to optimise the 
properties of such materials. 
 
The average chemical composition of copolymers can be determined accurately with 
various methods such as nuclear magnetic resonance (NMR) and infrared spectroscopy 
(IR).1 Information about the distribution of the chemical composition is also important 
since it allows a better understanding of the polymerisation mechanism, including the 
composition drift during copolymerisation reactions, as well as information about the 
effective control over a process. Liquid chromatography is a useful analytical tool for such 
measurements.  
 
The various chromatographic methods, such as gas, liquid, paper, and thin-layer, have 
become indispensable aids in the isolation, separation and identification of chemicals. Gas- 
and liquid chromatography, especially high-performance liquid chromatography (HPLC), 
have become powerful analytical tools for the characterisation of additives in many 
different polymeric materials, including polymeric medical device materials2, and for end-
group characterisation.3 The HPLC of copolymers to establish the CCD has been studied 
by several authors.4,5,6,7 With HPLC it is possible to separate individual molecules on the 
basis of chemical composition8, in contrast to methods that only yield average copolymer 
compositions, such as NMR. Therefore, a distinction between inter- and intra molecular 
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CCD can be made. Ideally, polymer molecules with complex distributions in molecular 
weight, chemical composition and architecture are analysed on two-dimensional (2D) 
HPLC instruments.9 Separation in 2D-chromatography is sequential and follows first, 
either a separation on the basis of molecular weight or a separation on the basis of 
chemical composition, and then vice versa. If however, the molecular weight distributions 
of the copolymers are narrow, or if the influence of the molecular weight is suppressed, 
one dimensional HPLC is suitable to provide accurate information concerning 
(intermolecular) copolymer CCDs. Staal defined a method for the HPLC of polymers using 
a gradient in eluent strength, called gradient polymer elution chromatography (GPEC).10   
 
The mechanism of GPEC is known and well reported.11,12,13 In principle, the different 
interactions that the polymers experience during chromatography are used as separation 
parameters. These interactions, include the polymer-solvent interactions and the polymer-
column interactions just as is the case in other types of HPLC. Two types of column 
interactions are observed. One is an enthalpic interaction due to van der Waals 
(partitioning) and hydrogen bonding (adsorption), and the other is an entropic interaction 
due to exclusion from the pores in the column material. Additionally, there is also a 
possible precipitation-redissolution mechanism in GPEC that should be taken into account 
if the polymer precipitates in the eluent at the start of the gradient.  
 
As in HPLC, both reverse phase (RP)11,12,13 and normal phase (NP)14 separations can be 
carried out in GPEC. Usually RP-GPEC is performed on C18 modified silica columns. 
Although the general concept of RP-chromatography excludes column interactions, 
polymers, and especially nitrogen containing functional polymers, are suspected to show 
such column interactions. To what extent these column interactions occur is difficult to 
determine without thermodynamic and kinetic calculations. In general, the column 
interactions at the start of the gradient are high since the solvent strength is low. The 
difference in copolymer composition leads to different interactions and therefore a 
difference in retention behaviour, which results in the separation of copolymers according 
to chemical composition. 
 
RP-GPEC is generally used to determine the CCD of copolymers. Usually RP separation 
of random copolymers by GPEC is mainly based on the mol fraction of the monomer in a 
polymer chain.15 Therefore, composition can be related to retention volume. Although RP-
GPEC is widely used, the exact mechanism of copolymer separation is still a matter of 
discussion. 
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There are two factors that need to be taken into account when analysing the copolymer 
chemical composition with RP-GPEC. The first is that the effect of molecular weight 
cannot be ignored. In practice, column and gradient combinations lead to large retention 
time differences between different molecular weights, as was shown by Philipsen.6 The 
minimization of this effect is a matter of careful optimisation of gradient conditions. 
Secondly, the difference between the retention times of two homopolymers does not 
necessarily lead to a linear relationship between fractional chemical composition of the 
copolymers retention time.  
 
Polymers of different structure and molecular weight have already been investigated with 
GPEC. These include (co)polymers such as organosilicone copolymers1, vinyl alcohol and 
poly(vinyl butyral)13, polyesters16, poly(styrene-co-butadiene)17 and poly(styrene-co-2-
hydroxyethyl methacrylate)18. The present study is unique since polymers with extreme 
differences in polarities were studied using GPEC. To the author’s knowledge, no 
publication has appeared that showed results for the systems studied here. The effect of 
high polarities, and large polarity differences was studied for low molecular weight 
molecules. The analysis of amines in compounds such as pharmaceuticals, which possess 
such amine (basic) functionalities, show several different, if not problematic features. They 
include severely tailed peaks, no elution of strongly retained bases, low column efficiency, 
and strong dependence of retention on sample size. Silanol interactions are among the most 
important reasons for such behaviour.19,20,21 These interactions with basic compounds can 
be weakened at very low pH, where both the silanol groups and the bases are protonated, 
or at very high pH, where both the silanol groups and the bases are deprotonated.21  
 
In this study two polymer combinations were investigated. The copolymers of MMA and 
DMAAm as well as the copolymers of MMA and DMAEMA were studied. The aim of the 
investigation was to determine under which solvent(s) and column conditions a retention 
difference for the two homopolymers could be found that could then be used to 
characterise the CCDs of these copolymers. It was assumed that column interaction could 
be an important factor leading to retention of the tertiary nitrogen containing functional 
polymers, possibly resulting in irreversible adhesion to the column. Therefore, numerous 
experiments were performed under diverse conditions to obtain an optimum retention 
difference between PMMA and the tertiary nitrogen containing functional polymers. The 
different variables that were changed to optimise the retention difference were: 

• solvent strength, 
• column material and dimensions, 
• addition of silanol blockers, 

These variables will all be discussed in this Chapter.  
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6.2 EXPERIMENTAL 

6.2.1 Instrumentation 

All GPEC analyses were done on a Hewlett Packard 1100 HPLC with a G1322A degasser, 
G1311A quatpump, G1313A auto sampler, G1316A column holder with thermostat, 
G1315A DAD and Sedex 55 ELSD. MilliQ water (Millipore), methanol (MeOH, super 
gradient grade, Biosolve), tetrahydrofuran (THF, HPLC grade, Biosolve), acetonitrile 
(ACN, super gradient, Biosolve), hexylamine (HA, >98%, Merck), triethyl amine (TEA, 
>99.5%, Merck), formic acid (88 % solution, Aldrich) and hexafluoroisopropanol (HFIP, 
Biosolve) were used as received.  
 
The columns that were used were: 

• Zorbax SB-C8; 3.5 µm; 2.1 x 50 mm [Agilent],  
• Zorbax SB-C8; 5 µm; 4.6 x 150 mm [Agilent], 
• Symmetry Shield (SymShield) RP18; 5 µm; 3.9 x 150 mm [Waters], 
• Zorbax SB-C18; 5 µm; 4.6 x 150 mm [Agilent] 
• Aluspher 100-RP-selectB; 5 µm; 4.0 x 125 mm [Merck] 
• Zorbax-NH2; 5 µm; 4.6 x 150 mm [Agilent] 
• Zorbax SB-CN; 5 µm; 4.6 x 150 mm [Agilent] 

• PLRP-S (SDB) 100Å; 5 µm; 4.6 x 150 mm [Polymer Laboratories]. 

6.2.2 Materials 

PMMA standards from Waters were used for analysis. All PDMAAm and PDMAEMA 
polymers were prepared in house, either by FRP with AIBN as initiator or in the presence 
of CPDA as RAFT agent (see Chapter 4 for details). 
 

6.3 RESULTS AND DISCUSSION 

Since GPEC is greatly influenced by the precipitation-redissolution mechanism, an 
overview of solvent and non-solvent combinations for the homopolymers is of importance. 
A summary of the solvents and non-solvents for PMMA, PDMAEMA and PDMAAm is 
given in insert Table 6.1: 
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Table 6.1: Solvents and non-solvents for PMMA, PDMAEMA and 
PDMAAm. 

(Non)solvent PMMA PDMAEMA* PDMAAm 
H2O – + + 

MeOH +/– (11) + + 
THF + + + 

* DMAEMA has a lower critical solubility temperature (LCST) in water at approximately 
36 ºC. 
 
Large differences in polarities have proven to be advantageous in GPEC and therefore no 
real problems in finding a suitable gradient were expected. Since the behaviour of PMMA 
is well known, the first part of the investigation focused on the retention behaviour of the 
homopolymers of DMAEMA and of DMAAm.  
 
In Table 6.2 a summary of the exploratory analysis of PDMAEMA and PDMAAm can be 
seen. 
 

6.3.1 PDMAEMA 

a. Exploratory Analysis 

Methods 1 to 8 (see Table 6.2) were used to analyse PDMAEMA. At the start of the 
analysis, a gradient from the universal non-solvent for the three homopolymers, namely 
heptane was used. A gradient was then applied from heptane to 100 % THF, which is a 
universal solvent for all the homopolymers investigated. The homopolymer of 
PDMAEMA did not elute under these conditions, even though the column was rinsed with 
THF for another 30 minutes after the gradient of 60 minutes. PDMAEMA was then 
injected into isocratic THF. Even with a strong solvent such as THF, for this polymer, no 
elution was seen. The assumption was made that column interactions played a major 
contribution in the sum of all the interactions associated with these GPEC analyses. It is 
published that only a small amount (< 1 %) of highly acidic silanol groups, are able to 
interact very strongly with polar solutes.21,22 
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Table 6.2: Summary of all exploratory measurements. 

Method Gradient Column as stated in 
2.1 

Silanol blocker 

1. pentane THF  C8 — 

2. MeOH/H2O THF  C8 — 

3. MeOH/H2O THF C8 SymShield — 

4. MeOH/H2O THF C8 SymShield TEA (2 and 5 · 10-3 mol · dm-3) 

5. MeOH/H2O THF C8 SymShield HA (5 · 10-3 mol · dm-3) 

6. MeOH/H2O THF Aluspher 100 — 

7. MeOH/H2O THF Amine — 

8. MeOH/H2O THF Cyanide — 

9. MeOH/H2O THF C8 SymShield — 

10. MeOH/H2O THF C8 SymShield TEA (5 · 10-3 mol · dm-3) 

11. MeOH/H2O THF C8 SymShield HA (5 · 10-3 mol · dm-3) 

12. MeOH/H2O THF C8 SymShield FA (5% v/v) 

13. C7 THF SDB — 

14. C7 THF SDB NH4CH3COO 

15. THF SDB NH4CH3COO 

16. THF SDB Trifluoro acetic acid 

17. FA/H20(65/35)  
FA/H20(95/5) 

C18 SB — 

18. HFIP (isocratic) SB-C18 (3mm x 5cm) — 

19. HFIP/H2O (isocratic) SB-C18 (3mm x 5cm) — 

20. MeOH/THF  THF         
(20, 40, 60, 80, 100 %) 

SB-C8 (3.5 µm; 2.1 x 
50 mm) 

— 
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To circumvent the strong column interactions that seemed irreversible, a solvent 
combination was chosen that would act as solvent for PDMAEMA through the whole 
duration of the gradient. In theory this would prevent PDMAEMA from precipitating and 
therefore reduce the possibility of irreversible adhesion to the column material. For such a 
solvent combination, a mixture of MeOH and water was chosen (method 2). The ratios 
between water and MeOH were changed from 50 % (v/v) to 10 % (v/v) water in MeOH. 
Large changes in the retention behaviour of PMMA were observed, but PDMAEMA did 
not elute. This observation strengthened the hypothesis that the polymer has extremely 
strong interactions with the silanol groups leading to the apparent irreversible interaction 
between tertiary nitrogen containing functional groups and the column material. Even 
though good solvents for the polymer were used, the interaction between the polymer and 
the column material could not be prevented.  
 

b. Shielded columns and silanol blockers 

To further reduce the column interactions, a C8 SymShield column was used in method 3. 
By attaching non-polar C8 alkyl tails to the columns, the silanol groups on the column 
material are modified/shielded in such a way that the polarity was reduced and an 
additional phase between silica material and the solvent phase was created. These columns 
are developed to effectively change the interaction between functional groups in solutes 
and the column material.23 Yet, no elution of PDMAEMA was seen in method 3.  
 
Improving the shielding of the silanol groups from the functional polymer did not seem to 
be effective and therefore in method 4 and 5 two silanol blockers (TEA and HA) having 
different basic strengths were used.24 These additives functioned as bases, de-protonating 
any cationic charged silanol groups, thus further reducing interactions of the columns 
material with the tertiary nitrogen containing groups in the polymer molecules. This did 
not lead to an improvement. Still no PDMAEMA was seen to elute. This led to the belief 
that a different column material was the only solution to prevent such interactions.   
 

c. Different column types 

Different types of columns were investigated from method 6 to 8. They included a wide 
range of polarities, unfortunately not leading to positive results. These changes did not 
improve the analysis. In none of these measurements did PDMAEMA elute from the 
column even though conditions were chosen that were believed to be ideal for elution.  
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It is important to note that PDMAEMA has a LCST at 36 ºC in water. Nothing was known 
about the solubility behaviour of PDMAEMA in other solvents. Due to the possibility of 
PDMAEMA precipitating in the eluent, it was decided to rather use another tertiary 
nitrogen-containing polymer that did not have a LCST. This polymer needed to act in more 
or less the same chromatographic way and therefore, a polymer with a dimethyl substituted 
nitrogen atom was selected. As a replacement for PDMAEMA, PDMAAm was chosen. In 
the next section, PDMAAm will be investigated in order to understand the phenomena why 
PDMAEMA did not elute under what were believed to be ideal conditions.   
 

6.3.2 PDMAAm 

a. Exploratory Analysis 

Starting at method 9, PDMAAm was used in all the GPEC analyses. A sterically hindered 
SymShield column and strong solvent combinations were used, yet, no elution was found 
for PDMAAm. The addition of basic silanol blockers (method 10 and 11) did not improve 
the results. An acidic silanol blocker, formic acid (5% v/v), was used in method 12. The 
purpose of the acidic additive was to protonate all un-modified silanol groups as well as 
the amide groups on the functional polymer molecules, thus reducing interaction between 
polymer and column material. Also this did not improve the results and no elution of 
PDMAAm was observed.  
 

b. Polymeric column material 

Since the blocking of the silanol groups with blockers and with modification of the silica-
based stationary phase did not result in the expected improvement, a SDB column (method 
13 – 16) was used. The apparent advantage of such columns is the absence of silanol 
groups. The use of these non-polar polymeric column materials did not make a difference 
and no elution of the polymer molecules was observed. Similar results were also reported 
for low molecular weight compounds when methacrylate copolymer based columns 
showed retention behaviour that is comparable to ‘silanol activity’.25 It is therefore 
speculated that similar interactions are also present between the solute and the SDB 
columns. It is however beyond the scope of this study to identify the origin of such 
interactions. It is nevertheless clear that these interactions can act between non-polar 
polymeric columns and functional polymers and can seriously obscure separations. 
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c. Formic acid and HFIP 

In literature, HPLC of nylon-6 oligomers was performed with high concentrations of 
formic acid.26 In method 17, we used these conditions, still resulting in no elution. These 
conditions proved to be very demanding for the ELSD; chemicly reacting with the copper 
tubing of the instrument occurred and these conditions are certainly not recommended.  
 
In a further trial (method 18 and 19) HFIP was used. HFIP is known as an extremely strong 
solvent, and therefore, it is used in the SEC of nylons, preventing interaction with the 
column material so that size exclusion effects dominate all other possible physical events 
that take place.27 HFIP readily dissolves amide polymers at room temperature and does not 
require high temperature operation.  HFIP is an aggressive organic solvent that behaves 
like a strong acid, so that safety and instrument considerations must be kept in mind. In 
method 18 the polymer did elute and a significant peak for PDMAAm was seen. This fact 
strengthened the hypothesis that the polymer experiences strong column interactions. The 
retention of PMMA and PDMAAm was the same and both eluted at t0.  
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Figure 6.1: Chromatograms of PMMA injected in different ratios of isocratic water and 

HFIP mixtures.   
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To enhance the retention of PMMA, water was added to HFIP at different concentrations 
in order to lower the solvent strength of the eluent, so that PMMA could be retained in 
relation to PDMAAm. As can be seen in Figure 6.1, this resulted in no significant 
difference in retention times that could be used to characterise the CCD of the copolymers. 
HFIP is also an extremely expensive solvent, which makes it a less ideal solvent to be used 
as eluent, especially in mixed solvent systems.  
 

d. Column length 
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Figure 6.2: Chromatograms of the GPEC analysis of PDMAAm with a MeOH in THF 

percentage of 20, 40, 60, 80 and 100 % (v/v) to 100 % THF in 10 minutes. 
 
From these results it was clear that the interaction of amine containing polymers with the 
column material is extremely strong. Longer columns can result in such long retention 
times that they might seem infinite. Therefore, a 3.5 µm; 2.1 x 50 mm, SB-C8 column was 
used for all further analyses. PDMAAm was injected in an eluent with a MeOH in THF 
percentage of 20, 40, 60, 80 and 100 % (v/v) proceeding to 100 % THF in 10 minutes 
(method 20). The results can be seen in Figure 6.2. Again polymeric peaks that could be 
attributed to PDMAAm were observed with the ELSD under conditions that were the same 
as in previous experiments with longer columns. Yet again proving that strong column 
interactions exist between the column and the polymer molecules of tertiary nitrogen 
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containing polymers. Therefore, elution of the solute at t0 confirmed that either HFIP had 
to be used as solvent or that the shorter columns are needed to reduce column interaction in 
order to allow the elution of the tertiary amine-containing polymer molecules. Because of 
this result, this shortened column was used for all further experiments.  
 

6.3.3 Optimisation of PDMAAm measurements  

a. Isocratic eluents 
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Figure 6.3: Chromatograms of the isocratic analyses of PDMAAm with a water in 

MeOH percentage of 20 % (v/v) (solid), 40 % (v/v) (dashed) and 60 % 
(v/v) (dash-dotted). 

 
Some interesting observations were made with respect to the analysis of the homopolymers 
of especially high molecular weight PDMAAm (FRP: exceeding 5 x 104 g · mol-1) on the 
2.1 cm x 50 mm x 3.5 µm, SB-C8 column when different solvent combinations were used. 
The reader is reminded that THF, water and MeOH are all good solvents for PDMAAm. 
Therefore, the isocratic use of strong solvent combinations would be expected to result in 
no retention of the polymer under investigation. This was indeed true for all ratios of THF 
and MeOH when the high molecular weight PDMAAm was injected. However, when 
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MeOH and water were used in different ratios, the PDMAAm decreased in peak height as 
well as peak area in addition to the observation of a small retention difference. The result 
can be seen in Figure 6.3. In this analysis the eluent was set at different isocratic 
percentages of water in MeOH (20 % (v/v) (solid), 40 % (v/v) (dashed) and 60 % (v/v) 
(dash-dotted)). The decrease in peak height and peak area continued as the percentage 
water was increased, even though a constant flow rate of 3 x 10-4 dm-3 · minute-1 and a 
constant volume of 2 µl was injected with a sample concentration of 2 · 10-5 g · dm-3. This 
result indicated that it is possible that the combination water and MeOH may act as non-
solvent for certain ratios of MeOH and water. 
 

b. Gradient: 10 % (v/v) water in THF to 100 % THF. 
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Figure 6.4: MALDI-TOF MS spectrum of PDMAAm. 
 
To exclude the effect of an increase in the polymer column material interaction due to a 
high concentration of functionality in the macromolecules, low molecular weight 
PDMAAm were synthesised in the presence of the CPDA RAFT agent (see Chapter 4 for 
details) to obtain molecular weights of about 5000 g·mol-1. A gradient starting at 10% (v/v)  
water in THF and proceeding to 100 % THF in 15 minutes resulted in two visible peaks for 
PDMAAm. The first peak (peak A) eluted at t0 and the second (peak B) at 5.4 minutes. 
Since the detector was an ELSD, both peaks needed to be polymeric peaks. This was 
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confirmed by injecting the solvent used in the polymerisation reaction, as well as the 
monomers into a GPEC instrument. Both the solvent and the monomer could not be 
detected with the ELSD. Both peaks were therefore analysed with MALDI-TOF MS to 
determine their individual molecular weights. MALDI-TOF MS was not able to detect 
peak A that eluted at t0 while peak B (t = 5.4 minutes) was detected and had a molecular 
weight of 6500 g·mol-1 (see Figure 6.4). Since the MALDI-TOF MS is relatively 
insensitive towards molecular weights below 500 g·mol-1, it is believed that peak A is a 
low molecular weight termination product from the RAFT synthesis.  
 

c. Gradient: different ratios of water in THF to 100% THF  

 

0 5 10 15
0

1000

2000

3000

4000

5000

Time [minutes]

In
te

ns
ity

 [A
.U

.]

 
Figure 6.5: Chromatograms of the GPEC analysis of PDMAAm with a gradient 

starting at 20 volume % water in THF and 25 % (dashed), both proceeding 
to 100 % THF. 

 
In a further investigation different ratios of water in THF were used in a gradient, 
proceeding to 100 % THF. An increase in the water concentration in the initial eluent 
showed an increase in retention of peak A up to 25 % (v/v) water in THF. However, a 
switchover was found in the elution times of the peak A between 25 % (v/v) and 20 % 
(v/v) water in THF in the start eluent. The retention of peak A was 14.7 minutes at 20% 
water in THF and then a sudden change in retention was observed when the primary peak 
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jumped to a retention of t0 (see Figure 6.5). This change in retention times was verified by 
assigning molecular weights to the different peaks with MALD-TOF MS.  
 
This alarming observation led to no further exploration of an eluent starting from any THF 
and water ratio. It is known that polymer retention in GPEC is sensitive towards solvent 
strengths. However, from these results it seems that tertiary nitrogen-containing polymers 
are especially sensitive to small changes in solvent strength, which can render an analysis 
unusable.  
 

d. Gradient: different water in MeOH ratios to 100% MeOH and subsequently to 100% 
THF 

In another attempt different water/MeOH ratios were used as starting conditions. The 
starting conditions varied between 40 % water / 60 % MeOH to 90 % water / 10 % MeOH. 
A gradient was then employed to 100 % MeOH in 5 minutes and then to 100 % THF in a 
further 20 minutes, after which the column was kept at these conditions for a further 3 
minutes. The results can be seen in Figure 6.6. 
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Figure 6.6: Chromatogram of PMMA (dotted) and PDMAAm (solid) in a gradient 

from 40 % water and 60 % MeOH to 100 % MeOH in 5 minutes, 
proceeding to 100 % THF in another 20 minutes. 
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At a high water percentage (90 %, v/v) the retention difference increases to about 5 
minutes while at a water percentage of 40 % (v/v), the difference in retention was zero. In 
some of the injections an extreme pressure build up was observed, possibly due to 
precipitation of PMMA. To prevent this blockage, a column with a wider diameter was 
used. A SB-C8 4.6mm x 150 mm x 5 µm was chosen for this purpose. 
 

e. Gradient: 90 % water in MeOH to 100% MeOH and subsequently to 100 % THF  
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Figure 6.7: Chromatograms of PMMA (dotted) and PDMAAm (solid) with a gradient 

from 90 % water to 100 % THF over (A) 5 minutes and (B) 15 minutes. 
 
For the SB-C8 4.6mm x 150 mm x 5 µm column the best separation was also obtained 
from a starting mixture of water and MeOH at a percentage of 90 % water to 100 % THF 
(see Figure 6.7). With a duration of the gradient step equal to 5 minutes, PDMAAm (solid) 
eluted at approximately 6.5 minutes and PMMA (dotted) at approximately 8.4 minutes 
(Figure 6.7 (A)). The difference in retention time could be enhanced, using a gradient with 
a lower slope, where the gradient to 100 % THF proceeded over 15 minute instead of 5 
minutes (Figure 6.7 (B)). As can be seen, the retention difference between PDMAAm and 
PMMA raised from two minutes to four minutes, with PDMAAm eluting at approximately 
14 minutes and PMMA at approximately 18 minutes. It should however be noticed that 
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this also leads to retention differences between different molecular weight species in 
PMMA and PDMAAm, broadening both peaks and eventually leading to a splitting of the 
peaks. In this analysis there is therefore always a balance between optimal separation based 
on either chemical compositions or the influence of molecular weight.  
 
From the pressure profile seen in Figure 6.8, the mechanism of separation becomes clearer. 
Both polymers exhibit the same pressure profile. The pressures are also relatively low and 
the changes that are seen are mostly due to changes in the viscosity of the solvents that 
were used. Therefore, it can be concluded that neither PMMA nor PDMAAm precipitates 
at the start of the column during injection under these conditions. It can therefore be 
concluded that the separation between PMMA and PDMAAm did not consist of a 
precipitation and re-dissolution mechanism, since both polymers stayed in solution during 
the whole elution time. 
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Figure 6.8: Pressure profile of the PMMA and PDMAAm injection on a SB-C8 4.6mm 

x 150 mm x 5 µm column, using a gradient from 90 % water in MeOH in 5 
minutes to 100% THF in 20 minutes. 

. 
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6.4 CONCLUSIONS 

When GPEC is applied to tertiary nitrogen containing functional polymers, strong 
interactions with the column material once encountered. This is true for silica, modified-
silica as well as for SDB columns. The effect of solvent interaction in tertiary nitrogen 
containing polymers is important but less pronounced when compared to that of more non-
polar polymers. Many different physical observations were made of which not all could be 
explained. A thorough understanding of the complex interactions should therefore be 
obtained. Investigations into the entropic as well as enthalpic interactions are needed and 
fundamental calculations of quantities such as the capacity factor28 are essential for the 
proper understanding of the precise mechanism associated with the GPEC of such diverse 
polymeric compounds. 
 
In this investigation it was found that the optimal separation between PMMA and 
PDMAAm could be obtained with an SB-C8 4.6mm x 150 mm x 5 µm column. A gradient 
starting from a mixture of water and MeOH (9:1, v/v) to 100 % THF over 15 minutes 
provided the best separation between the homopolymers. A retention difference of 4 
minutes between the homopolymers was achieved. This was however obtained at the 
expense of an increase in the molecular weight dependence of both PMMA and 
PDMAAm. This meant that an increase in the retention difference also accounted for an 
increase in the molecular weight dependence of the PMMA homopolymer. The separation 
was also found not to be governed by a precipitation and re-dissolution mechanism.   
 
The separation between the homopolymers is certainly helpful for future analyses the CCD 
of copolymers. It is expected that improvements in specific column materials for tertiary 
nitrogen containing polymers would further improve the analysis for polymers so strongly 
differing in polarity.  
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7 Epilogue 

“Living”/controlled radical polymerisation has grown in the last couple of years to such an 
extent that the synthesis and control of complex chain morphologies and architectures is 
possible. The extent of such control depends on a thorough understanding of the kinetics 
and mechanisms involved in “living” radical polymerisation. But this knowledge is in itself 
not enough. Without the ability to predict or measure the conversion of monomer during a 
copolymerisation reaction, no proactive control is possible. Furthermore, it is also of 
importance to develop a control strategy that would direct the reaction to the desired 
product. Finally, it is also important to have an analytical tool at hand that would confirm 
the synthesis of the desired product. It was the aim of this thesis to bring these four 
important issues together.  
 
Although the focus in this thesis was on PLS as a multivariate statistical technique, several 
other techniques are also available, each with its own advantage. Historically it was seen 
that developing mathematical tools for analytical techniques such as NIR spectroscopy, is 
crucial to open the door for such instruments to be used as routine laboratory and industrial 
equipment. Refining current methods that would allow the determination of individual 
monomer concentrations of highly overlapping spectra more accurately would enhance the 
overall sensitivity of measurements, allowing for better control over molecular 
microstructures.  
 
At the present is there also still a lack of knowledge concerning the basic mechanisms for 
RAFT and other “living” /controlled radical polymerisation techniques. This is especially 
true for copolymerisation reactions. In this thesis it was shown that it is difficult to 
polymerise MMA and DMAAm in a copolymerisation reaction in a controlled way using 
e.g. CPDA as RAFT agent. MMA also proved to be difficult to polymerise up to high 
conversion with good control in homopolymerisation reactions. 
 
The study of process controllers is a discipline that has received a lot of attention. 
Applying these theories to the synthesis of gradient-like copolymers is essential. It was 
shown that that simplified proportional controllers are able to control the chemical 
composition extremely well. 
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The powerful analytical tool, GPEC, has drawn a lot of attention in polymer chemistry. 
The information that can be obtained from GPEC is exceptionally valuable when studying 
the chemical fine structure. As was stated, most of the research that was done has been 
focused on non-polar polymer molecules. A better understanding of the effects that govern 
retention of polar macromolecules were obtained in this study. 
 
In conclusion, NIR spectroscopy has shown to be a versatile and robust technique to follow 
copolymerisation reactions in-line in solution. It was shown that with the aid of NIR 
spectroscopy it is possible to control the feed composition in the reactor. With the aid of a 
suitable controller, the monomer concentrations can be adjusted as desired. This results in 
a good control over the intermolecular CCD.  
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8 Summary 

 
This thesis had as aim the simultaneous concentration measurement of comonomers using 
a sophisticated mathematical calibration model. Using such measurements, it was possible 
to control the intramolecular chemical composition distribution in a random and gradient 
way in a conventional radical copolymerisation. The research described in this thesis 
concerns the use of radical polymerisation as well as “living”/controlled radical 
polymerisation (LRP) techniques combined with near infrared spectroscopy (NIR) 
techniques. In addition, chemometrical methods as well as process controllers were used to 
obtain the desired copolymeric structures. 
  
It was shown that NIR spectroscopy is an ideal method to quantitatively determine 
individual monomer concentrations. The possibilities of using NIR in different 
copolymerisation reactions were investigated. The prediction errors for 
methylmethacrylate (MMA) and N,N-dimethylacrylamide (DMAAm) was found to be in 
the same order of magnitude as the spectral residuals. With the aid of the net analyte signal 
(NAS), quick and accurate predictions could be made to determine the feasibility of NIR 
spectroscopy to monitor copolymerisation reactions. Furthermore, it has been shown that 
with the NAS, the univariate presentation of a multivariate model may lead to useful 
insights regarding the scope and limitations of such a possible model. NAS was also shown 
to be a useful tool to make initial wave number selections. The shape of the NAS vector 
gives important information for wave number selection, and the sizes of these vectors are 
important for quantification and visualisation of the calibration models.  
 
The reversible addition fragmentation chain transfer (RAFT) homopolymerisation 
reactions of MMA and DMAAm could be followed by NIR spectroscopy. The reactions 
showed extreme sensitivity towards impurities such as air. Long inhibition times are noted, 
which would affect any mathematical model that relies on kinetic parameters to control the 
chemical composition in copolymers. Both monomers show limited control of molecular 
weight but behave in a living manner in homopolymerisation reactions in the presence of 
cumyl phenyl dithioacetate (CPDA).  
 
Semi-batch solution copolymerisation reactions of MMA with DMAAm could also be 
monitored by remote in-line NIR spectroscopy. With the aid of a suitable controller the 
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monomer ratios were adjusted in such a way that control over chemical compositions was 
possible. A random and gradient intramolecular chemical composition distribution in 
conventional radical copolymerisation was obtained. The ability of NIR spectroscopy to 
accurately measure monomer concentrations, as well as the desired response of the 
controller to small changes in the monomer concentrations, was achieved.  
 
Gradient Polymer Elution Chromatography (GPEC) was applied to tertiary nitrogen 
containing functional polymers. Strong interactions with the column material were 
observed for silica, modified-silica as well as for poly(styrene-divinylbenzene) (SDB) 
columns. In this investigation an optimal separation between PMMA and PDMAAm were 
obtained. The retention difference was found to be dependant on the increase in the 
molecular weight dependence of both the PMMA and PDMAAm analysis. This meant that 
an increase in the retention difference also accounted for an increase in the molecular 
weight dependence of the PMMA homopolymer. The separation did not follow a 
precipitation and re-dissolution mechanism.   
 
NIR spectroscopy is undoubtedly a valuable instrument when control over molecular 
microstructure needs to be achieved. Individual monomer concentrations can easily be 
determined with the aid of a suitable multivariate calibration model. It was shown in this 
thesis that with NIR spectroscopy and a proper controller it is possible to control the CCD 
of copolymerisation reactions.   
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9 Samenvatting 

 
Deze proefschrift het als doel de gelijktijdige concentratie metingen van copolymeren door 
gebruik te maak van een gesofistikeerde calibratie model. Door van dese metinge grbruik 
te maak was dit mogenlijk de intermoleculaire chemische compositie distributie (CCD) in 
een random en gradient wijze in conventionele vrije radikaal polymerisatie te controleren. 
Het onderzoek dat in deze proefschrift wordt beschreven, betreft het gebruik van 
“lewende”/radikaal polymerisatie (LRP) technieken gecombineerd met near infrared (NIR) 
spectroscopische technieken. Verder werden er chemometrische methoden en proces 
controllers toegepast om de gewensden copolymeer structuren te verkrijgen. 
  
Het werd bewesen dat NIR een ideale methode is om de individuele monomere 
concentraties kwantitatief te bepalen. De mogentlijkheden NIR in verskeidene 
copolymerisatie reactie te gebruiken werd onderszocht. De foutenschattingen voor 
methylmethacrylate (MMA) en N,N-dimethylacrylamide (DMAAm) was in hetselfde 
groote orde dan de spectrale residue. Met behulp van het net analyt signaal (NAS) konden 
vlugge en precieze prognoses gemaakt worden om de uitvoerbaarheid van NIR 
spectroscopie voor de toezicht op copolymerisatie reacties te bepalen. Verder is duidelijk 
geworden dat met het NAS de univariate presentatie van een multivariaat model kan leiden 
tot bruikbare inzichten betreffende de marge en beperkingen van zulk een mogelijk model. 
NAS bleek eveneens een voordelig hulpmiddel te zijn om initiële golf nummer selecties te 
maken. De vorm van het NAS vector bleek van belang voor de golf nummer selectie te 
zijn, en de grootte van deze vectoren zijn belangrijk voor de kwantificatie en visualisatie 
van de kalibratie modellen. 
 
De reversible addition fragmentation chain transfer (RAFT) homopolymerisatie reacties 
van MMA en DMAAm kon worden geleid. De reacties zijn extreem gevoelig voor 
onzuiverheden zoals lucht. Er worden lange inhibitie tijden geconstateerd, welke gevolgen 
kunnen hebben op elk mathematisch model dat berust op  kinetische parameters om de 
chemische compositie in copolymeren te controleren. Beide monomeren toon beperkte 
controle van molekulere gewigt maar gedragen zich op een levendige manier in 
homopolymerisatie reacties in de presentie van cumyl fenyl dithioacetaat (CPDA).  
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Semi-batch soluties copolymerisatie reacties van MMA met DMAAm konden worden 
geobserveerd door remote in-line NIR spectroscopie. Met behulp van een geschikte 
controller werden de monomere verhoudingen op een zodanige manier ingesteld dat de 
controle over chemische composities mogelijk was. Zowel het vermogen van NIR 
spectroscopie om precieze monomere concentraties te meten, als de gewensde reactie van 
de controller bij kleine veranderingen in de  monomere concentraties werden verkregen.  
 
Zodra Gradient Polymer Elution Chromatography (GPEC) bij tertiaire stikstof met 
functionele polymeren was toegepast, werden. Sterke  interacties met de kolom stof voor  
silica, gemodificeerde silica en voor  poly(styrene-divinylbenzene) (SDB) kolommen 
geobserveerd. In dit onderzoek bleek dat een optimale separatie tussen PMMA en 
PDMAAm kon worden verkregen. Het werd echter bereikt ten laste van een stijging van 
het specifieke molecuulgewicht van zowel PMMA als PDMAAm. Dit betekende dat een 
stijging van het retentie verschil ook voor verantwoordelijk was voor een stijging van het 
specifieke molecuulgewicht van het PMMA homopolymeer. De separatie bleek ook niet 
door een precipitatie en re-dissolutie mechanisme beheersd te zijn.   
 
NIR spectroscopie is zonder twijfel een waardevol instrument als er controle over 
moleculaire microstructuur verkregen moet worden. Individuele monomere concentraties 
kunne gemakkelijk bepaald worden met behulp van een geschikte multivariate kalibratie 
model. Het bleek in deze proefschrift dat het met NIR spectroscopie en een zuivere 
controller mogelijk is om de CCD van copolymerisatie reacties te controleren.   
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