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1 
INTRODUCTION: 

SCOPE AND OUTLINE OF THIS THESIS 
 

Synopsis: This chapter starts with a general introduction to the work 
described in this thesis, followed by some general theory concerning 
emulsion copolymerization kinetics and the use of on-line sensors in 
emulsion polymerization. Finally, the remainder of this thesis is 
outlined. 

 
 
1.1 INTRODUCTION  

 
The importance of emulsion polymerization as a polymerization technique originates from 

the fact that it is the predominant method for producing polymers for a wide field of 

applications, ranging from concrete additives to drug delivery systems1-3. The economic 

impact of emulsion polymerization becomes evident if one realizes that 10 to 15% of all 

polymer is produced by emulsion polymerization4. 

     The choice for emulsion polymerization process is justified by the fast polymerization up 

to high solid contents, while maintaining a relatively low viscosity. Therefore, high molecular 

weights can be obtained and the heat of reaction can be removed relatively easily. Moreover, 

since water is used as a dispersant, the process is operated without the use of organic 

solvents, which is beneficial in applications such as coatings and adhesives with regard to the 

emission reduction of volatile organic components. 

     The ever growing range of applications and increasing demands to produce latex products 

within a narrow specification range, necessitates the use of copolymerization. 

Copolymerization offers the possibility to produce polymers with tailor-made properties at 

reduced costs. However, differences in reactivity and the partitioning of the monomers over 

the various phases may cause that during a batch copolymerization, the composition of the 

formed polymer changes as the reaction proceeds. To circumvent this composition drift, the 
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monomer concentration at the locus of polymerization needs to be controlled*.  

     Semi-continuous processes offer a way to achieve this. In the starved feed approach7,8 the 

consumption rate equals the feeding rate and control of the composition is usually obtained, 

however, at the cost of long reaction times and loss of control of the molecular weight9. 

Therefore, monomer addition policies in which the monomer feed rate is adjusted to the 

kinetics of the process10 seem more beneficial from a product quality and economic point of 

view. This can be obtained either by open or closed-loop control. In the open-loop approach, 

a process model gives a predefined monomer addition rate profile. The model can either be 

obtained completely mechanistic11-13, or can be obtained by using an iterative approach14-16. 

The disadvantage of these approaches is that disturbances to the process cannot be 

counteracted, and control of composition may consequently be lost. Therefore, the closed-

loop approach17 is preferred, as the monomer feed rate is controlled using direct information 

from an on-line sensor. Obviously, the sensor needs to be robust and accurate and – 

considering the high conversion rates and non-linear behavior of the emulsion polymerization 

– fast. Nevertheless, for application in emulsion polymerization, very few sensors fulfill these 

requirements. 

     Summing up, the industrial impact of emulsion polymerization, the need for controlling 

this type of process and the lack of appropriate sensors necessitate research on the subject of 

the development of sensors for on-line monitoring of emulsion polymerizations. In section 

1.3 the use of on-line sensors in emulsion polymerization is briefly discussed, while section 

1.2 gives a concise introduction to emulsion copolymerization mechanisms and kinetics. The 

scope and outline of the remainder of this thesis are given in section 1.4. 

 

 

1.2 EMULSION COPOLYMERIZATION  

 

Emulsion (co)polymerization intertwines free radical (co)polymerization kinetics with the 

thermodynamic compositional distribution of the ingredients over, and mass transfer 

phenomena between the various phases involved in this polymerization. Therefore, a short 

introduction to free radical (co)polymerization kinetics will be given first, followed by the 

basic concepts of emulsion polymerization. An understanding of the kinetics of the emulsion 

copolymerization is of utmost importance, as this governs the instantaneous copolymer 

                                                 
* In a few cases, composition control can also be obtained by temperature control. See references 5 and 6. 
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microstructure. In turn, the copolymer microstructure, viz. the chain length distribution and 

copolymer composition distribution (CCD) is to a great extent determining the polymer 

properties9,18-21.  

 

1.2.1 Free-Radical Polymerization Kinetics 
     In the kinetic scheme of free radical polymerization kinetics, three fundamental steps can 

be distinguished: chain initiation, propagation and termination. Initiation is the process of 

radical formation. The radicals (R·) are formed upon activation of the initiator (I), either 

thermally, chemically or photo-chemically. In emulsion polymerization, persulphate initiators 

are most commonly used, activated thermally at temperatures of 50 to 80°C, or chemically by 

redox reactions at lower temperatures. Upon dissociation, the persulphate ion (S2O8
2-) 

decomposes into two sulphate (SO4·-) radicals. Equation 1.1 gives the rate of initiation (rI) as 

a function of kd, the rate coefficient of initiator decomposition, the initiator concentration [I] 

and the initiator efficiency f, which is the fraction of generated radicals that lead to actual 

polymer formation:  

 [ ]IwithR2,I dI
d fkrfk

⋅=⋅ →   (1.1) 

     During propagation, monomer units are added to the propagating radical. Equation 1.2 

gives the general scheme for propagation according to the ultimate or terminal 

copolymerization model22: 

[ ] [ ]MRwithRMR ppij~
ij,p

ji~ ⋅⋅⋅=⋅ →+⋅ kr
k

  (1.2), 

where R~i is a radical with monomer type i (i=1 or 2) unit at the chain end, while Mj refers to 

monomer of type j (j=1 or 2). Thus, for a homopolymerization i and j are identical, while in a 

copolymerization they refer to monomer one or monomer two. The rate of propagation (rp) is 

proportional to the overall radical concentration [ ]⋅R , the overall monomer concentration 

[ ]M , and the (overall) propagation rate coefficient pk . The propagation rate coefficient is 

presumed chain length independent, although it has been found that for small chains23,24 (<5 

monomeric units), higher values for the propagation rate coefficient have been measured. For 

a copolymerization, the instantaneous copolymer composition can be calculated according to: 
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where F1 is the fraction of monomer M1 which is instantaneously built into the copolymer, r1 
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the radical reactivity ratio for M1, and f1 the fraction of free M1 at the locus of 

polymerization. According to the ultimate copolymerization model22, the average propagation 

rate coefficient can be calculated: 

p,22
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p,11

11
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2221

2
11

p ff
fff2f

k
r

k
r

rr k
+

+⋅⋅+
=     (1.4) 

Although the copolymer composition in a batch process is usually well described by the 

ultimate model, the pk as a function of the monomer fraction is not. Depending on the 

comonomer system, this may originate from the penultimate unit having a significant effect 

on the propagation rate coefficients25, complex formation between the monomers or 

preferential solvatation of the radical chain. An overview of different copolymerization 

models is given by Fukuda et al.26. 

     In the termination reaction, two growing chains react with one another, either by 

combination or disproportionation, resulting in one or two dead polymer chains, respectively. 

The kinetic scheme for termination is: 

[ ]2Rt2twith

mPnPd,t
mnPc,t

mRnR krk

k
⋅=

+ →

+ →
⋅+⋅    (1.5), 

where P refers to dead polymer, the subscript indicating the chain length. As in the 

termination reaction two radicals are involved, the rate coefficient for termination (kt) is 

extremely high and the rate of termination (rt) is even diffusion controlled27, i.e., determined 

by the viscosity of the reaction medium and the chain lengths of the radicals28. 

     Another chain growth stopping event is the transfer reaction. In this case the free radical 

activity is transferred from one molecule to another29: 

⋅+ →+⋅ 'XnPtrXnR
k

    (1.6) 

where X stands for any molecule giving rise to transfer, such as the solvent, monomer or 

polymer. If the reactivity of the transfer radical is not altered to a considerable extent, this 

reaction does not alter the conversion kinetics in a homogeneous medium. In contrast, the 

molecular weight distribution is significantly affected by transfer. In emulsion polymerization 

chain transfer agents such as CBr4, CCl4 and thiols30 or cobalt complexes31 are commonly 

used to decrease molecular weights. 

     In conventional free radical polymerizations, the lifetime of a propagating radical is short, 

typically in the order of a tenth of a second. Recently, however, "living" free radical 
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polymerization techniques, based on nitroxide32, 33, metal – halide complexes 34 (atom 

transfer radical polymerization) or dithioester chemistry35 (radical addition fragmentation 

transfer polymerization) postpone the termination reaction in a controlled way, aiming at 

control of molecular weight and – in case of copolymerizations – control of chain 

composition. 

 

1.2.2 Emulsion Polymerization 
     The most commonly used ingredients in an emulsion polymerization are water, surfactant, 

a water soluble initiator and monomer. The emulsion polymerization process is operated on a 

commercial basis since the 1930s∗. The first qualitative model for emulsion polymerization, 

however, was published in 1947 by Harkins37,38. The major contribution of the papers by 

Harkins lies in the fact that the heterogeneous nature of the process was emphasized and the 

locus of polymerization was designated in newly formed polymer particles. This led to the 

description of emulsion polymerization as a three stage process: (i) particle nucleation, (ii) 

particle growth in the presence of monomer droplets and (iii) monomer depletion in the 

polymer particles once the monomer droplets have disappeared (see figure 1.1).  

     In 1948, Smith and Ewart39 developed a quantitative model which is presently still used. 

The rate of polymerization is described as a function of the number of particles formed per 

unit volume (Np), the average number of radicals per particle ( n ), the monomer 

concentration in the particle [M]p and the Avogrado constant (NA): 

A

ppp
p

]M[
N

Nnk
r

⋅⋅⋅
=     (1.7) 

In the following sections, all variables in equation 1.7 will be discussed briefly. Gilbert4 gives 

an extensive overview of emulsion polymerization kinetics. 

Monomer Concentration 
     The concentration of monomer in the monomer droplets, monomer-swollen polymer 

particles and the aqueous phase is governed by the thermodynamics of the system. Based on 

the Flory–Huggins lattice theory, Morton et al.40 developed a model that describes the 

partitioning of the monomer between the droplets and the polymer particles, including the 

influence of the interfacial energy. Vanzo et al.41 extended this equation to include partial 

swelling, while Ugelstad 42 extended the equations for multi-monomer systems. Summarizing 

                                                 
∗ See reference 36 for a historic overview on emulsion polymerization. 
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these models, it can be said that the distribution of the monomer over the monomer, polymer 

and aqueous phase depends on molar volumes, monomer/polymer interaction(s) and – usually 

to a minor degree – the interfacial tension and particle size. In excess of monomer, the 

volume fraction of monomer in the latex particles can go up to 85% for monomers such as 

vinyl acetate and ethyl acrylate, to 70 % for methyl methacrylate, 60% for styrene, down to 

50% for butadiene and 20 % for ethylene43. Simplifications to the monomer partitioning 

models were made by Maxwell et al.44,45. For many (co)monomer systems with monomers 

having a low to moderate solubility in water, it was shown that the partitioning behavior is 

mainly governed by entropic contributions rather than enthalpic ones44. In addition, it was 

shown that in multi-monomer systems, the monomer ratios in the droplets and the particles 

are equal45, 46.  

Average Number of Radicals per Particle 
     As previously mentioned, the heterogeneous nature of the emulsion polymerization is 

responsible for the special kinetic behavior of emulsion polymerizations. In contrast to 

homogeneous systems, where radicals have no limitations in accessing one another, this is 

usually not the case in emulsion polymerization. The average number of radicals per particle 

is governed by a few events: entry, bimolecular termination and exit. Although the major part 

of the polymer is formed in the polymer particles, the aqueous phase kinetics are of 

paramount importance in emulsion polymerization kinetics47. 

     Entry is the process of a radical going from the aqueous phase into a latex particle. It is 

now generally assumed that this process is governed by aqueous phase reactions48: a freshly 

formed hydrophilic radical propagates in the aqueous phase and with each monomer unit 

attached, the radical becomes more hydrophobic. Once the radical reaches a critical degree of 

polymerization, it becomes surface active and the radical will preferentially be located on the 

surface of an oil-like phase, i.e. a monomer droplet or a (monomer swollen) polymer particle. 

Since the surface area provided by the polymer particles is many times larger (»100×) than 

that of the monomer droplets, the radical will most likely enter a polymer particle. The rate of 

this process is governed by the propagation in the aqueous phase48 or by the diffusion rate of 

the phase transfer process49. The model also accounts for the decreasing initiator efficiency 

for monomers that either propagate slowly and/or have a low water solubility. In these cases, 

the probability of bimolecular termination in the aqueous phase increases in relation to 

propagation, leading to a loss of radicals and hence a decrease in the entry rate. 

     Exit is the process of a radical leaving a polymer particle. Exit is only possible for radicals 
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with an appreciable solubility in water. The rate of exit is determined by the probability of a 

short radical to exit the particle in relation to the probability of propagation50. Therefore, 

particle size, diffusion coefficients, propagation and transfer rate coefficients in addition to 

partition coefficients govern the exit process. Upon exit, the radical may terminate in the 

aqueous phase, or re-enter another particle where it propagates further or terminates another 

propagating radical51,52. 

    Termination can only occur when the particle contains more than one radical. For small 

particles containing only one radical, the overall radical concentration can be calculated to be 

high as compared to bulk or solution polymerization conditions. If a second radical enters and 

the mobility of the radical(s) is sufficiently high, they will terminate virtually instantaneously. 

This situation is commonly referred to as zero–one kinetics. In zero–one systems where the 

rate of exit is negligible (e.g. styrene at low particle size and low to medium conversion) 

n will be close to 0.5. This situation is known as  Smith - Ewart case II kinetics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     The average number of radicals can be calculated by mathematically solving population 

balances for the radicals over the particle size distribution. In order to do this, at least 50 (!) 

physical constants and rate coefficients are required in case of a copolymerization53. 

Moreover, the particle size distribution should be known. Emulsion polymerization kinetics 

Figure 1.1: Classical three-stage concept for the emulsion polymerization  
process (a) and the events controlling the kinetics (b).  
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can be simplified by using seeded conditions. In ab initio processes, not only the radical 

population balance needs to be modeled, but also particle formation. 

Number of Particles 
     The particle formation process is very complex54. The early Harkins and Smith-Ewart 

theories ascribed the particle formation process solely due to micellar nucleation. Later, 

homogeneous nucleation and homogeneous-coagulative nucleation theories were 

introduced55. More recently Tauer and Kühn developed a model for particle nucleation 

according to classical nucleation theories54,56,57. In all theories, the key concept is the 

stabilization of the polymer which is formed in the aqueous phase. 

     According to the Smith-Ewart theory, the monomer swollen micelles take up the radical 

and there the polymerization continues. Only a small part of the micelles act as loci for the 

polymerization, the majority of the micelles are reservoirs of surfactant to be used for 

stabilization of the newly formed surface. According to this model, the number of particles 

increases with the surfactant concentration to the power of 0.6, and the initiator concentration 

to the power of 0.4. Although this concept predicts reasonably well for monomers with a very 

low solubility in water such as styrene, predictions deviate as the solubility of the monomers 

increases. Obviously, the model cannot account for the formation of latex particles in 

surfactant-free emulsion polymerizations. 

     In homogeneous and homogeneous-coagulative theories, it is assumed that nucleation 

occurs when the radical reaches a critical chain-length upon which the polymer chain 

collapses. Stabilization of this primary particle can occur by adsorption of surfactant, or entry 

events of other aqueous phase radicals. The classical nucleation theory considers nucleation 

as the formation of a new phase, as it is also the case in condensation of a vapor or the 

precipitation of a solute from solution. In contrast to the homogeneous-coagulative theories, 

the latter approach uses in addition to free radical polymerization kinetics also concepts from 

classical nucleation theories and the Flory–Huggins theory. 

     Although all these theories may give an adequate picture of the particle formation process, 

experimental verification is extremely difficult. In all theories the rate of formation of the 

polymer is important, as most of the particles are formed in the very first few percents of 

conversion. This puts high constraints on the experimental conditions. For instance, it was 

shown that the purging with nitrogen was of major influence on the nucleation process58, 

while in an other study the presence of gases in the mixture appeared of crucial importance57. 

Obviously, in common laboratory conditions the reproducibility of these experiments is poor, 
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let alone on large scale polymerization in the presence of retarding species such as oxygen or 

inhibitors59,60. Further, at high surfactant concentrations (above critical micelle concentration) 

secondary nucleation may occur at higher conversions61.  

     It is clear that despite the simplicity of equation 1.7, emulsion polymerization is a complex 

process, intertwining colloid and interfacial chemistry, thermodynamics and free-radical 

polymerization. Although there is a general consensus in literature as to what phenomena 

play a role, the predictive value of comprehensive ab initio emulsion polymerization models 

is still limited. Nevertheless, numerous comprehensive emulsion polymerization models have 

appeared in literature e.g. 62-64, all more or less claiming to be successful. As pointed out by 

van Herk and German65, the reason for success of these comprehensive models is probably 

the existence of fittable parameters rather than the correctness of the non-fittable ones. For 

instance, it was shown that for the emulsion polymerization of n-butyl acrylate, the 

uncertainty in the value for the rate propagation coefficient does not allow an interpretation of 

the emulsion polymerization mechanism for this system66. 

     Both from the point of view of improving the emulsion process models, as well as to 

enable control of the emulsion process, the development of accurate, fast and robust (on-line) 

sensors for emulsion polymerization is of paramount importance. 

 

 

1.3 ON-LINE SENSORS IN EMULSION POLYMERIZATION 

 

In principle, sensors are applied to measure the state of the reactor. The state of the reactor 

can roughly be subdivided into the physical state on the one hand and the chemical state on 

the other. The physical state of the reactor is characterized by parameters such as 

temperature, fluid level, density, viscosity and surface tension, while e.g. the concentrations 

of the reactants and products, molecular weight of the polymer and copolymer composition 

reflect the chemical state. In this thesis, the emphasis is on monitoring the chemical state of 

the reactor, as the monomer concentration is the most easily controllable variable to obtain 

control of the copolymer composition distribution. 

      For monitoring the chemical state of the reactor two types of sensors can be 

distinguished: direct and indirect sensors. The latter type relates the physical state of the 

reactor, or changes therein, to the chemical state of the reactor. Examples of indirect sensors 

are densitometers or dilatometers, ultrasound velocity measurements and calorimetry, relating 

respectively density, propagation wave of sound and heat of reaction to the degree of 
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conversion. Direct sensors relate the measurement directly to chemical composition. 

Examples are chromatographic and spectroscopic techniques. Excellent reviews on sensors 

for (emulsion) polymerization processes are given by Chien and Penlidis67 and Hergeth82, and 

more recently also by Kammona et al.68. 

     Various sensors have been applied for monitoring and controlling emulsion 

(co)polymerization processes. For instance densitometry69,70, ultrasound velocity71 and 

calorimetry72,73 have been used as indirect sensors, while e.g. gas chromatography74–76 (GC), 

ultra-violet spectroscopy77, near-infrared spectroscopy78,79,  mid-infrared spectroscopy80 and 

Raman spectroscopy81 have been applied as direct sensors. In terms of robustness, speed and 

transferability to industrial processes, calorimetry has shown to have the most potential under 

the "indirect" techniques82. Historically, GC has received most of the attention in the class of 

"direct" techniques, but recently spectroscopic techniques appear to take the lead. Within the 

spectroscopic techniques, Raman spectroscopy is a very promising candidate. 

1.3.1 Raman Spectroscopy 
     Raman spectroscopy is related to the inelastic scattering of a photon with a molecule83. 

During the inelastic scattering process, the vibration (or rotation) level of the molecule 

changes, and so does the energy of the scattered photon. If the molecule is going into a higher 

vibrational state, the scattering process is called Stokes-Raman scattering, if the vibrational 

state is lower, the process is referred to as  anti-Stokes Raman scattering. In case where there 

is no change in the vibration level upon scattering, i.e. elastic scattering, the process is called 

Rayleigh scattering. These processes are schematically depicted in figure 1.2, in addition to 

infrared and fluorescence spectroscopy. 

 

 

 

 

 

 

 

 

     Another way of describing Raman spectroscopy is by regarding a molecule under the 

influence of the electric field of an electromagnetic wave84. Since the electrons are shifted 

against the nuclei by the electric field (this molecular property is called polarizability), the 

Figure 1.2: Schematic representation of the energy levels in infrared, Raman and 
fluorescence spectroscopy. The energy of the laser is E0. 
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wave induces a dipole moment, modulated with the frequency of the wave. When the 

molecule performs a vibration during the process that changes its polarizability, the 

electromagnetic radiation is modulated with the frequency of this vibration; the difference in 

these frequencies is the Raman shift. Therefore, symmetric, non-polar vibrations (such as the 

vinyl double bond) having a high molecular polarizability, are strong Raman scatterers. The 

frequency shifts of various bands in the Raman spectrum are given in table 1.1.  

 

Table 1.1: Band Positions of Various Organic Groups85 and the Band Position of the 
Vinyl Group for Various Monomers86.   

Vibration frequency (cm-1) monomer C=C stretch (cm-1) 
O-H stretch 
N-H stretch 
=C-H stretch 
C-H stretch 
C-H deformation 
=C-H deformation 
C=O stretch 
C=C stretch 
C-Caliph stretch 
C-Carom stretch 

3650–3600 
3500–3300 
3100–3000 
3000–2800 
1350–1400 
1375–1425 
1800–1650 
1600–1700 
1300–600 

1600,1580,1000 

vinyl chloride 
acrylonitrile 
styrene 
methyl acrylate 
2-ethyl hexyl acrylate 
butadiene 
methyl methacrylate 
vinyl acetate 
α-methylene-γ-
buytrolactone 

 

1607 
1610 
1631 
1635 
1637 
1639 
1641 
1648 
1660 

 

     Although the Raman effect was first reported87 in 1928, it is only recently that the 

technique is widely used. The reason for this is that the intrinsic weakness of the Raman 

effect – only 1 on 106 – 109 photons is scattered efficiently – puts high demands on the 

spectrometer and only in recent years, sensitive Raman spectrometers are commercially 

available. The popularity of the technique has a few reasons: 

• Raman spectroscopy is a non-invasive technique, i.e. no samples need to be withdrawn 

from the process in a sample-loop or a by-pass. This reduces the chances of plugging 

drastically. 

• Raman is a scattering technique, not requiring transparency of the medium. 

• Water is a weak Raman scatterer, hardly giving overlap in the "organic" region of the 

spectrum (i.e. monomers). 

• Recent developments in optical elements, detector and laser technology are responsible 

for increasing the sensitivity, making the technique faster, while miniaturizing the 

spectrometer and reducing the price88,89. Because light in the visible or near-infrared 

region is used, the application of fiber optics is well possible. 

Raman spectroscopy has previously been applied for the on-line monitoring of emulsion 
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polymerizations. Wang et al.81 reported the homopolymerizations of styrene and methyl 

methacrylate90, while Özpozan et al.91 reported that of vinyl acetate. Also, copolymerizations 

of styrene – butylacrylate92 and VeoVA 10 – vinyl acetate93 and the terpolymerization of 

styrene – butadiene – acrylic acid94 have been reported. 

 

 

1.4 OBJECTIVE AND APPROACH OF THIS THESIS 

 
The main objective of this thesis is to develop Raman spectroscopy as an on-line sensor for 

monitoring emulsion copolymerizations. In this development, a few separate steps can be 

distinguished, as schematically shown in figure 1.3. The first step is to get an optimal Raman 

signal. Obviously, this is initially determined by the quality (=costs) of the set-up. However, 

as Raman spectroscopy is a scattering technique, influences of the medium can be 

anticipated. This is the subject of chapter 2, in which investigations on the effect of the 

medium on the Raman signal are described. The attention is focused on the effect of 

temperature on the Raman spectrum, and the effects of  elastic light scattering. When 

measuring in latexes, it can be expected that the efficiency of sample illumination and 

collection of backscattered light is strongly affected by the light scattering properties of the 

latex.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Schematic overview of the work described in this 
thesis. 
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       Once a Raman signal is obtained, this signal needs be "translated" to useful information, 

i.e., concentrations. As in copolymerization processes the vinyl bands of the various 

monomers often show overlap in the Raman spectrum, see table 1.1, the overall peak 

resulting from this overlap does not give direct information on the comonomer 

concentrations. In chapter 3 uni- and multivariate approaches are presented to calculate 

monomer concentrations from on-line Raman data. The accuracy of the two approaches are 

compared.   

     With the concentrations available, on-line monitoring of concentrations comes in reach. 

The results obtained from a batch copolymerization allow determination of reactivity ratios. 

This is the subject of chapter 4. This chapter describes the determination of reactivity ratios 

from data available from on-line Raman measurements. Special attention is paid to the 

analysis of the data on the outcome of the estimation, by proper weighing of the data and the 

influence of systematic errors. 

     In chapter 5, the on-line monitoring and control of the emulsion copolymerization of butyl 

acrylate and VeoVA 9 is described. The availability of concentrations in real-time, enables 

the direct closed-loop control of the semi-continuously operated copolymerization processes. 

In addition, the on-line Raman data can be used for characterization of the product in terms of 

copolymer composition. 

     In the final chapter, chapter 6, an evaluation of the work performed in this thesis is given 

and the prospects of on-line Raman sensors in emulsion (co)polymerizations are presented. 

 

 

1.5 REFERENCES 

 
1 A.J. de Fusco, K.C. Sehgal, and D.R. Bassett. Overview of Uses of Latexes. In "Polymeric Dispersions: 
Principles and Applications", J.M. Asua (Ed.), Kluwer Academic Publishers, Dordrecht, 1997, pg. 379–396 
 
2 P.A. Lovell and M.S. El-Aasser, Emulsion Polymerization and Emulsion Polymers. John Wiley & Sons, 
Chichester, 1997, pg. xvii–xix  
 
3 D. Diestler, Wäßrige Polymerdispersionen: Synthese, Eigenschaften, Anwendungen. Wiley-VCH, 
Weinheim, 1999 
 
4 R.G. Gilbert, Emulsion Polymerization: A Mechanistic Approach. Academic Press, London, 1995, pg. 1  
 
5 M. Tirrel and K. Gromley, Composition Control of Batch Copolymerization Reactors. Chem. Engng. Sci. 36, 
367–375 (1981) 
 
6 W.H. Ray and C.E. Gall, The Control of Composition Distributions in Batch and Tubular Reactors. 
Macromolecules 2, 425–428 (1969) 
 



14  CHAPTER 1 

 
 
7 H. Gerrens, On Semicontinuous Emulsion Polymerization. J. Polym. Sci. Part C 27, 77–93 (1969) 
 
8 J. Snuparek jr., A Contribution to Semicontinuous Emulsion Polymerization. Angew. Makromol. Chem. 25, 
113–119 (1972) 
 
9 M.S. El-Aasser, T. Makgawinita, S. Misra, J.W. Vanderhoff and C. Pichot, Batch and Semicontinuous 
Emulsion Copolymerization of Vinyl Acetate and Butyl Acrylate. I. Bulk, Surface and Colloidal Properties of the 
Copolymer Latexes. J. Polym. Sci.: Pol. Chem. Ed. 21, 2363–2382 (1983) 
 
10 R.J. Hanna, Synthesis of Chemically Uniform Copolymers. Ind. Eng. Chem. 49, 208–209 (1957) 
 
11 T.O. Broadhead, A.E. Hamielec and J.F.  MacGregor, Dynamic Modelling of the Batch, Semi-Batch and 
Continuous Production of Styrene / Butadiene Copolymers by Emulsion Polymerization. Makromol. Chem. 
Suppl. 10/11, 105–128 (1985) 
 
12 A.E. Hamielec, J.F. MacGregor and A. Pendlidis, Multicomponent Free Radical Polymerization in Batch, 
Bemi-Batch and Continuous Reactors. Makromol. Chem., Macromol. Symp. 10/11, 521–570 (1987) 
 
13 G. Arzamendi, and J.M. Asua,  Semicontinuous Emulsion Copolymerization of Methyl Methacrylate and Ethyl 
Acrylate. J. Appl. Polym. Sci. 38, 1549–1559 (1989) 
 
14 G. Arzamendi, J.R. Leiza and J.M. Asua, Semicontinuous Emulsion Copolymerization of Methyl Methacrylate 
and Ethyl Acrylate. J. Polym. Sci: Part A: Polym. Chem. 29, 1549–1559 (1991) 
 
15 G.H.J. van Doremaele, G.H.J., H.A.S. Schoonbrood, J. Kurja and A.L. German, Copolymer Composition 
Control by Means of Semicontinuous Emulsion Copolymerization. J. Appl. Polym. Sci. 42, 957–966 (1992) 
 
16 H.A.S. Schoonbrood, H.A.S., R.C.P.M. van Eijnatten and A.L. German, Emulsion Co- and Terpolymerization 
Control of Styrene, Methyl Methacrylate and Methyl Acrylate. II. Control of Emulsion Terpolymer 
Microstructure with Optimal Addition Profiles. J. Polym. Sci.: Part A: Pol. Chem. 34, 949–955 (1995) 
 
17 J.R. Leiza and J.M. Asua, Feedback Control of Emulsion Polymerization Reactors. In "Polymeric 
Dispersions: Principles and Applications", J.M. Asua (Ed.), Kluwer Academic Publishers, Dordrecht, 1997, pg. 
363–378 
 
18 K. Chujo, Y. Harada, S. Tokuhara and K. Tanaka, The Effects of Various Monomer Addition Methods on the 
Emulsion Copolymerization of Vinyl Acetate and Butyl Acrylate. J. Polym. Sci, Part C 27, 321–332 (1969) 
 
19 M.S. El-Aasser, T. Makgawinita, S. Misra, J.W. Vanderhoff, C. Pichot, and M.F. Llauro, Preparation, 
Characterization and Properties of Vinyl Acetate – Butyl Acrylate Copolymer Latexes. In "Emulsion 
Polymerization of Vinyl Acetate", M.S. El-Aasser and J.W. Vanderhoff (Eds.), Applied Science Publishers, 
New York, 1981, pg. 215–252 
 
20 A. Garcia-Rejon, L. Rios and L.A. Lopez-Latorrre, Styrene / Butyl Acrylate Copolymerization with Layer 
Morphology: Kinetics and Viscoelastic Properties. Polym. Eng. Sci. 27, 463–469 (1987) 
 
21 J. Guillot, Modelling and Simulation of Emulsion Copolymerization of Monomers of Different Polarities – 
Relationship Polymerization Process – Microstructure – Properties. Makromol. Chem. Macromol. Symp. 
35/36, 269–289 (1990) 
 
22 Mayo, F.R. and F.L. Lewis, Copolymerization. I. A Basis for Comparing the Behavior of Monomers in 
Copolymerization; the Copolymerization of Styrene and Methyl Methacrylate. J. Am. Chem. Soc. 66, 1594–
1601 (1944) 
 
23 G. Moad and D.H. Solomon, The Chemistry of Free Radical Polymerization, Elsevier, Oxford, 1995, pg. 192 
 
 



INTRODUCTION  15 

 

 
24 J.P.A. Heuts, R.G. Gilbert and L. Radom, A priori Prediction of Propagation Rate Coefficients in Free-
Radical Polymerizations: Propagation of Ethylene. Macromolecules 28, 8771–8781 (1995) 
 
25 T. Fukuda, Y.-D. Ma and H. Inagaki, Free Radical Copolymerization. 3. Determination of Rate Constants of 
Propagation and termination for the Styrene / Methyl Methacrylate System. A Critical Test of Terminal-Model 
Kinetics. Macromolecules 18, 17–26 (1985) 
  
26 T. Fukuda, K. Kubo and Y.-D. Ma, Kinetics of Free Radical Copolymerization. Prog. Polym. Sci. 17, 875–
916 (1992) 
 
27 see ref. 23, pg. 28 
 
28 J.B.L. de Kock, Chain-Length Dependent Bimolecular Termination in Free-Radical Polymerization. Theory, 
Validation and Experimental Application of Novel Model-Independent Methods, PhD Thesis, Eindhoven 
University of Technology, Eindhoven (1999) 
 
29 see ref. 23, pg. 207 
 
30 see ref. 4, pg. 41 
 
31 K.G. Suddaby, D.M. Haddleton, J.J. Hastings, S.N. Richards and J.P. O’Donnell, Catalytic Chain Transfer for 
Molecular Weight Control in the Emulsion Polymerization of Methyl Methacrylate and Methyl Methacrylate–
Styrene. Macromolecules 29, 8083–8091 (1996) 
 
32 D.H. Solomon, G. Waverly, E. Rizzardo, W. Hill and P. Cacioli, Polymerization Process and Polymers 
produces Thereby. US patent 4,581,429 (1986) 
 
33 S.A.F. Bon, Debut. Collected Studies on Nitroxide-Mediated Controlled Radical polymerization. PhD Thesis, 
Eindhoven University of Technology, Eindhoven (1998) 
 
34 M. Kato, M. Kamigaito, M. Sawamoto and T. Higashimura, Polymerization of Methyl Methacrylate with the 
Carbon Tetrachloride/Dichlorotris(triphenylphosphine)ruthenium(II)Methylaluminum Bis(2,6-di-tert-
butylphenoxide) Initiating System: Possibility of Living Radical polymerization. Macromolecules 28, 1721–1723 
(1995) 
 
35 J. Chiefari, Y.-K. Chong, F. Ercole, J. Krstina, J. Jeffery, T.P.L. Le, R.T.L. Mayadunne, G.F. Meijs, C.L. 
Moad, G. Moad, E. Rizzardo and S.H. Thang, Living Free-Radical Polymerization by Reversible Addition-
Fragmentation Chain Transfer: The RAFT Process. Macromolecules 31, 5559–5562 (1998) 
 
36 D.C. Blackley, Polymer Latices, 2nd ed., Chapman & Hall, Londen (1997) 
 
37 W.D. Harkins, A General Theory of the Reaction Loci in Emulsion Polymerization. J. Chem. Phys. 9, 381–
382 (1945) 
 
38 W.D. Harkins, A General Theory for the Mechanism of Emulsion Polymerization. J. Am. Chem. Soc. 69, 
1428–1445 (1947) 
 
39 W.V. Smith and R.H. Ewart, Kinetics of Emulsion Polymerization. J. Chem. Phys. 16, 592–599 (1948) 
 
40 M. Morton, S. Kaizerman and M.W. Altier, Swelling of Latex Particles. J. Colloid Sci. 9, 300–312 (1954) 
 
41 E. Vanzo, R.H. Marchessault and V. Stannett, The Solubility and Swelling of Polymer Particles. J. Colloid 
Sci. 20, 62–71 (1965) 
 
 



16  CHAPTER 1 

 
42 J. Ugelstad, P.C. Mørk, H.R. Mfutakamba, E. Soleimany, I. Nordhuus, R. Schmid, A. Berge, T. Ellingse, O. 
Aune and K. Nustad, Thermodynamics of Swelling of Polymer, Oligomer and Polymer-Oligomer Particles. 
Preparation and Application of Monodisperse Polymer Particles. In "Science and Technology of Polymer 
Colloids, Vol. 1", NATO ASI Ser. , G.W. Poehlein, R.H. Ottewill and J.W. Goodwin, eds., Martinus Nijhoff 
Publishers, Den Haag, 1983, pg. 51–99 
 
43 J.L. Gardon, Emulsion Polymerizations. In ”Polymerization Processes", C.E. Schildknecht and I. Skeist Eds., 
John Wiley & Sons, New York, 1979, pg. 143–197 
 
44 I.A. Maxwell, J. Kurja, G.H.J. van Doremaele, A.L. German and B.L. Morrison, Partial Swelling of Latex 
Particles with Monomers. Makromol. Chem. 193, 2049–2063 (1992) 
 
45 I.A. Maxwell, J. Kurja, G.H.J. van Doremaele and A.L. German, Thermodynamics of Swelling of Latex 
Particles with Two Monomers. Makromol. Chem. 193, 2065–2080 (1992) 
 
46 H.A.S. Schoonbrood, M.A.T. van den Boom, A.L. German and J. Hutovic, Multimonomer Partioning in 
Latex Systems with Moderately Water-soluble Monomers. J. Polym. Sci.: Part A: Polym. Chem. 32, 2311–2325 
(1994) 
 
47 B.S. Casey, B.R. Morrison and R.G. Gilbert,  The Role of Aqueous-Phase Kinetics in Emulsion 
Polymerization. Progr. Polym. Sci. 18 1041–1096 (1993) 
 
48 I.A. Maxwell, B.R. Morrison, D.H. Napper and R.G. Gilbert, Entry of Free Radicals into Latex Particles in 
Emulsion Polymerization. Macromolecules 24, 1629–1640 (1991) 
 
49 F.K. Hansen, The Function of Surfactant Micelles in Latex Particle Nucleation. Chem. Eng. Sci. 48, 437–444 
(1993)  
 
50 M. Nomura and M. Harada, Rate Coefficient for Radical Desorption in Emulsion Polymerization. J. Appl. 
Polym. Sci. 28, 17–26 (1981) 
 
51 J.M. Asua, E.M. Sudol and M.S. El-Aasser, Radical Desorption in Emulsion Polymerization. J. Polym. Sci.: 
Part A: Polym. Chem. 27, 3903–3913 (1989) 
 
52 B.S. Casey, B.R. Morrison, I.A. Maxwell, R.G. Gilbert and D.H. Napper, Free Radical exit in Emulsion 
Polymerization: I. Theoretical Model. J. Polym. Sci.: Part A: Polym. Chem. 32, 605–630 (1994) 
 
53 F.H.A.M. van den Boomen, Composition Control in Emulsion Copolymerization. PhD thesis, University of 
Technology Eindhoven, 1997, Chapter 2 and appendix C 
 
54 K. Tauer. and I. Kühn, Particle Nucleation at the Beginning of Emulsion Polymerization. In "Polymeric 
Dispersions: Principles and Applications", J.M. Asua (Ed.), Kluwer Academic Publishers, Dordrecht, 1997, pg. 
49–65 
 
55 see ref. 4, Chapter 7 (and references cited therein) 
 
56 K. Tauer. and I. Kühn, Modelling Particle Formation in Emulsion Polymerization: An Approach by Means of 
the Classical Nucleation Theory. Macromolecules 28, 2236–2239 (1995) 
 
57 K. Tauer. and I. Kühn, Nucleation in Emulsion Polymerization: A New Experimental Study. 1. Surfactant Free 
Emulsion Polymerization of Styrene. Macromolecules 28, 8122–8128 (1995) 
 
58 J.M. Sáenz and J.M. Asua,  Dispersion Polymerization in Polar Solvents. J. Polym. Sci.: Part A: Polym. 
Chem. 33, 1511–1521 (1995) 
 
59 B.P. Huo, J.D. Campbell, A. Penlidis and J.F. Macgregor,  Effect of Impurities on Emulsion Polymerization: 
Case II Kinetics. J. Appl. Polym. Sci. 35, 200–2021 (1987) 
 
 



INTRODUCTION  17 

 

 
60 M.F. Kemmere, M.J.J. Mayer, J. Meuldijk and A.A.H. Drinkenburg, The Influence of 4-tert-Butylcatechol on 
the Emulsion Polymerization of Styrene. J. Appl. Polym. Sci. 71, 2419–2422 (1999) 
 
61 B.R. Morrison and R.G. Gilbert, Conditions for Secondary Particle Formation in Emulsion Polymerization 
Systems. Macromol Symp. 92, 13–30 (1995) 
 
62 J. Dimitratos, G. Eliçabe and C. Georgakis, Control of Emulsion Polymerization Reactors. AIChE J. 40, 
1993–2021 (1994) 
 
63 E. Salvídar, P. Dafniotis and W. Harmon Ray, Mathematical Modeling of Emulsion Coplymerization reactors. 
I. Model Formulation and Application to Reactors Operating with Micellar Nucleation. J.M.S.–Rev. Macromol. 
Chem. Phys. C38, 207–325 (1998) 
 
64 M.A. Dube, J.B.P. Soares, A. Penlidis and A.E. Hamielec, Mathematical Modeling of Multicomponent Chain-
Growth Polymerization in Batch, Semibatch, and Continuous Reactors: A Review. Ind. Eng. Chem. Res. 36, 
966–1015 (1997) 
 
65 A.M. van Herk and A.L. German, Modeling of Emulsion Co- and Terpolymerizations: Will it Ever Be 
Possible? Macromol. Theory Simul. 7, 557–565 (1998) 
 
66 H.F. Zirkzee, M.J.W.A. van den Enden, W.T. van Kilsdonk, A.M. van Herk and A.L. German, Seeded 
Emulsion Polymerization of Butylacrylate: Zero-One or Pseudo-Bulk? Acta Polymer. 47, 441–449 (1996) 
 
67 D.C.H. Chien, and A. Penlidis, On-line Sensors for Polymerization Reactors. J.M.S.–Rev. Macromol. Chem. 
Phys. C30, 1–42 (1990) 
 
68 O. Kammona, E.G. Chatzi and C. Kiparissides, Recent Developments on Hardware Sensors for the On-Line 
Monitoring of Polymerization Reactions. J.M.S.–Rev. Macromol. Chem. Phys. C39, 57–134 (1999) 
 
69 F.J. Schork, and W.H. Ray, On-line Monitoring of Emulsion Polymerization Reactor Dynamics. In "Emulsion 
Polymers and Emulsion Polymerization". D.R. Bassett and A.E. Hamielec (Eds.) ACS symposium series 165, 
Washington D.C., 1981, pg. 505–514  
 
70 S. Canegallo, P. Canu, M. Morbidelli and G. Storti,  Composition Control in Emulsion Copolymerization. II. 
Application to Binary and Ternary Systems. J. Appl. Polym. Sci. 54, 1919–1935 (1994) 
 
71 A. Siani, M. Apostolo, and M. Morbidelli, On-line monitoring of Emulsion Polymerization Reactions through 
Ultrasound Velocity Measurements. In "5th Internation Workshop on Polymer Reaction Engineering", 
DECHEMA Monographs vol 131, K.-H. Reichert, H.-U. Moritz (Eds.), VCH, Weinheim, 1995, pg. 149–157  
 
72 H.-U. Moritz, Polymerization Calorimetry: A Powerful Tool for Reactor Control. In: "Polymer Reaction 
Engineering", K.-H. Reichert and W. Geiseler (Eds.), VCH, Weinheim, 1989, pg. 248–266 
 
73 A. Urretabizkaia, E.D. Sudol, M.S. El-Aasser and J.M. Asua, Calorimetric Monitoring of Emulsion 
Copolymerization Reactions. J. Polym. Sci.: Part A: Polym. Chem. 31, 2907–2913 (1993) 
 
74 A. Guyot, J. Guillot, C. Pichot and L. Rios Guerrero, New Design for Producing Constant-Composition 
Copolymers in Emulsion Polymerization. In "Emulsion Polymers and Emulsion Polymerization.", D.R. Bassett 
and A.E. Hamielec (Eds.) ACS symposium series 165, Washington, 1981, pg. 415–436 
 
75 J. Dimitratos, C. Georgakis, M.S. El-Aasser and A. Klein, An Experimental Study of Adaptive Kalman 
Filtering in Emulsion Copolymerization. Chem. Eng. Sci. 46, 3202–3218 (1991) 
 
76 J.R. Leiza, J.C de la Cal G.R. Meira and J.M. Asua, On-line Copolymer Compostion Control in the 
Semicontinuous Emulsion Copolymerization of Ethyl Acrylate and Methyl Methacrylate. Polym. React. Eng. 1, 
461–498 (1992-1993) 
 
 



18  CHAPTER 1 

 
77 P.D. Gossen, J.F. MacGregor and R.H. Pelton, Compostion and Particle Diameter for Styrene/ Methyl 
Methacrylate Copolymer Latex using UV and NIR Spectroscopy. Appl. Spectrosc. 47, 1852–1870 (1993) 
 
78 C. Wu, J.D.S. Danielson, J.B. Callis, M. Eaton and N.L. Ricker, Remote In-Line Monitoring of Emulsion 
Polymerization of Styrene by Short-Wavelength Near-Infrared Spectroscopy. Part I. Performance During 
Normal Runs. Process Control Qual. 8, 1–23 (1996) 
 
79 C. Wu, C., J.D.S. Danielson, J.B. Callis, M. Eaton and N.L. Ricker, Remote In-Line Monitoring of Emulsion 
Polymerization of Styrene by Short-Wavelength Near-Infrared Spectroscopy. Part II. Performance in the Face 
of Process Upsets. Process Control Qual. 8, 25–40 (1996) 
 
80 E.G. Chatzi, O. Kammona and C. Kiparissides, Use of a Midrange Infrared Optical-Fiber Probe for the On-
Line Monitoring of 2-Ethylhexyl Acrylate / Styrene Emulsion Copolymerization. J. Appl. Polym. Sci. 63, 799–
809 (1997) 
 
81 C. Wang, T.J. Vickers, J.B. Schlenoff and C.K. Mann, In-Situ Monitoring of Emulsion Polymerization using 
Fiber Optic Raman Spectroscopy. Appl. Spectrosc. 46, 1729–1731 (1992) 
 
82 W.-D. Hergeth, On-line Characterization Methods. In "Polymeric Dispersions: Principles and Applications", 
J.M. Asua (Ed.), Kluwer Academic Publishers, Dordrecht, 1997, pg. 267–288 
 
83 H. Baranska, A. Labudzinska and J. Terprinsky, Laser Raman Spectrometry. Analytical Applications. John 
Wiley&Sons, Chichester, 1987, 
 
84 B. Schrader, Near-Infrared Fourier Transformed Raman Spectroscopy. In "Practical Fourier Transform 
Infrared  Spectroscopy", eds. J.R. Ferraro and K. Krishnan, Academic Press, London, 1990, pg. 168–202 
 
85 H. Baranska, A. Labudzinska and J. Terprinsky, Laser Raman Spectrometry. Analytical Applications. John 
Wiley&Sons, Chichester, 1987, Chapter 4, pg. 79–142 
 
86 W.-D. Hergeth, Optical Spectroscopy on Polymeric Dispersions. In "Polymeric Dispersions: Principles and 
Applications", J.M. Asua (Ed.), Kluwer Academic Publishers, Dordrecht, 1997, pg. 243–266 
 
87 C.V. Raman and K.S. Krishnan, A New Type of Secondary Radiation. Nature 121, 501–502 (1928) 
 
88 B. Chase, A New Generation of Raman Instrumentation. Appl. Spectrosc. 48, 14A–19A (1994) 
 
89 F. Adar,R. Geiger and J. Noonan, Raman Spectroscopy for Process/Quality Control. Appl. Spectrosc. Rev. 
32(1&2), 115–131 (1997) 
 
90 C. Wang, T.J. Vickers and C.K. Mann, Use of Water as an Internal Standard in the Direct Monitoring of 
Emulsion Polymerization by Fiber Optic Raman Spectroscopy. Appl. Spectrosc. 47, 928–932 (1993) 
 
91 T. Özpozan, B. Schrader and S. Keller, Monitoring of the Polymerization of Vinyl Acetate by Near IR 
FT-Raman Spectroscopy. Spectrochim. Acta Part A 53,1–7 (1997) 
 
92 A. Al-Khanbashi, M. Dhamdhere and M. Hansen, Application of In-Line Fiber-Optic Raman Spectroscopy to 
Monitoring Emulsion Polymerization Reactions. Appl. Spectrosc. Rev., 32(1&2), 115-131 (1997) 
 
93 W.-D. Hergeth, Raman Scattering on Polymeric Dispersions. Chem. Eng. Technolog. 21, 647–651(1998) 
 
94 E. Dubois, B. Amram, D. Charmot, C. Menardo and J.-P. Ridoux, Latex Emulsion Polymerisation and 
Composition Studies by Fourier Transform Raman and Infrared Spectroscopies. Proc. SPIE–Int. Soc. Opt. Eng., 
2089, 470-471 (1995) 
 



2 

INFLUENCE OF THE REACTION MEDIUM  

ON THE RAMAN MEASUREMENT 

 
Synopsis: The influence of the reaction medium on the Raman 
signal is investigated, with emphasis on temperature and light 
scattering effects. The results indicate that in the investigated 
temperature range of 20° to 80°C, temperature has only a moderate 
effect on the Raman spectrum. In contrast, measurements on 
polystyrene latexes revealed that the Raman signal is very sensitive 
to the alignment of the sample. Furthermore, it was shown that for 
particle sizes below 140 nm and solid weight contents below 20%, 
changes in the absolute Raman signal can be described fairly well by 
turbidity laws. For larger particle sizes and higher solid weight 
contents, deviations occur but a correlation between these variables 
and the Raman signal still exists. In contrast, the normalized 
intensities are not influenced by varying the sample alignment in 
measurements on polymer latexes. The important consequence of 
this is that the determination of chemical composition is not 
influenced by the elastic light scattering effects. 

 

 

2.1 INTRODUCTION 

 

General 

Increasing demands on process safety, product quality and cost reduction are the main 

reasons for the growing interest in the on-line monitoring of emulsion polymerizations1,2. 

Recent advances in technology, the weak scattering-efficiency of water, and the fact that 

Raman spectroscopy does not require medium transparency, have made this technique 

promising for remote on-line monitoring of emulsion polymerizations. Raman spectroscopy 

has previously been used for studying polymerizations in levitated monomer droplets3, where 

it proved possible to obtain particle size – by morphology dependent resonances – and 
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chemical composition information from the Raman data of a single monomer droplet in the 

micrometer range. 

     Of greater industrial interest is the direct monitoring of emulsion polymerizations. 

Recently, the remote on-line monitoring of the emulsion homopolymerizations of styrene4, 

methyl methacrylate5 and vinyl acetate6 by Raman spectroscopy have been reported. Also, 

the emulsion co- and terpolymerizations of styrene – butyl acrylate7,  VeoVa 10 – vinyl 

acetate8 and styrene – butadiene – acrylic acid9 have been studied. However, in these studies 

little attention has been paid to how and to what extent the elastic particle–photon scattering 

process influences the Raman signal.  

     The Raman effect is the inelastic scattering of photons with a molecule. Therefore, the 

intensity of the Raman signal is determined by the probability of a collision between a photon 

and a molecule (molecular bond), a factor determining the fraction of inelastically Raman 

scattered photons upon collision, typically in the order of 10-5 to 10-7, and the efficiency of 

collection and transportation of these photons to the detector, and the detector-efficiency 

itself. In a clear liquid, the intensity of the Raman signal (I) can be described in terms of 

instrument efficiency (κinst), photon density (ϕ), scattering efficiency (ε) and concentration 

(C) of the i components in the medium, the sampling volume (V) and a factor which is 

determined by the medium (κmed), according to: 

( ) VCI d
i

iiinstmed∫ ∑ ε⋅ϕκκ=      (2.1).  

     In equation 2.1, the number of Raman scattered photons is primarily determined by ϕ and 

ΣCiεi,  while κinst and κmed represent the efficiency of the instrument and the influence of the 

medium on collecting these scattered photons. The density of the photons in the sampling 

volume (ϕ) is mainly determined by the power of the laser and the sampling – or more 

precisely, the irradiation – optics. The dependency of the chemical nature of the system on 

the signal is reflected in ΣCiεi, where ε is determined by molecular properties such as the 

polarizability, while C simply is the concentration of Raman scatterers in the sampling 

volume V. Factors governing κinst are the wavelength of the laser (I~λ-4), the efficiency and 

alignment of all optical elements such as the detector, grating and filters in the instrument, as 

well as the sample alignment and the alignment of the collection optics. The factor κmed is 

determined by e.g. the refractive index and the temperature of the medium10, because the 

Raman signal depends on the occupancy of the different vibrational levels. This distribution 

is determined by the Boltzmann distribution. Therefore, with increasing temperatures, it can 

be expected that the Stokes-Raman intensities decrease, while the anti-Stokes Raman 
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intensities increase. For instance, the curing reaction of a bisphenol cyanate was monitored 

by the Stokes-Raman intensities, while the Stokes to anti-Stokes ratio was used for 

determining the temperature of the sample. In this way, it was established that due to the heat 

of reaction, the temperature of the sample exceeded the environment temperature11. 

     The Raman intensity can also be influenced by the medium if components in the sample 

absorb photons in the frequency domain of the Raman spectrum12–14. In addition, light 

scattering effects may influence the efficiency of illumination and collection of light15. 

Especially the latter effect may have a large impact on κmed when measuring in heterogeneous 

media. 

     For Raman measurement on powders16, it has been shown that variation in optical and 

sample alignment severely reduces the reproducibility of the measurement, necessitating 

standardization17 or calibration18 of the Raman spectra in order to obtain quantitative 

information concerning the chemical composition of the sample. 

 

Raman Spectroscopy on Heterogeneous Media 

     When measuring in a heterogeneous system such as a polymer latex, a few consequences 

of the medium on the Raman signal can be pointed out and these are discussed briefly in the 

following. First, there is the so-called self-absorption effect12–15. Hergeth15 has shown that for 

laser excitations in the near-infrared, water absorption bands overlap with the Raman 

spectrum,  causing the spectrum to change in a nonlinear fashion, due to the differences in 

path length caused by multiple light scattering. 

     Secondly, in an emulsion polymerization the monomer is distributed over the aqueous 

phase, the monomer droplets and the monomer swollen polymer particles. The overall 

monomer signal is the sum of the contributions of the monomer in each of these individual 

phases, each contribution depending on interactions between the molecules in that particular 

phase19. For instance, the distribution of acrylonitrile over the aqueous phase and the polymer 

particles in a commercial poly(butadiene) latex was successfully calculated a priori20. The 

correction which gives the intensity of the component in solution (Isol) compared to the pure 

component (Ipure) was made according to the so-called Mirone correction21: 
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In equation 2.2, nD,a refers to the refractive index of pure acrylonitrile and nD to the refractive 

index of the mixture, which was calculated according to the Lorenz–Lorentz equation20. 
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     Using the same approach, the correction factors for various monomers in the polymer and 

aqueous phase relative to the signal of the pure monomer are calculated for infinite dilutions 

and are listed in table 2.1. Therefore, the correction factors are maximum values, since for 

higher monomer concentrations the difference in refractive index will decrease, and the 

correction factors will approximate unity. From table 2.1 it is clear that the relative 

differences are small, since usually only a limited amount of monomer is located in the 

aqueous phase. 

 

Table 2.1: Mirone Correction Factors for the Relative Monomer Signal in 

Polymer and Water 

monomer nD,m nD,p κpol,M κaq,M
* 

acrylic acid 1.4224 1.527 1.12 0.89 
acrylonitrile 1.3911 1.52 1.14 0.93 
butadiene 1.4292 1.52 1.10 0.88 
butyl methacrylate 1.424 1.483 1.07 0.89 
buyl acrylate 1.4187 1.466 1.05 0.90 
methyl acrylate 1.3984 1.475 1.09 0.92 
methyl methacrylate 1.4142 1.4893 1.08 0.90 
styrene 1.5468 1.592 1.05 0.75 
vinyl acetate 1.3959 1.4665 1.08 0.92 

* refractive index water: 1.333; κpol,M:  Mirone intensity correction factor in polymer,  
κaq,M: Mirone intensity correction factor in aqueous phase, values for nD,m and nD,p from ref.22, 23 
 

     The third effect which can be expected, is the attenuation of the Raman signal due to 

elastic light scattering, i.e. photon – particle scattering. Considerable light scattering can be 

anticipated in emulsion polymerization, since the number and volume of the scatters changes 

considerably during this polymerization process. At low conversions (0–5%), the number of 

scatters strongly increases, typically up to 1019 – 1021 m-3. Once a constant number of 

particles is reached, the volume of the particles increases upon conversion until the 

disappearance of the monomer droplets (at ca. 30–50% conversion), after which the volume 

usually slightly decreases due to the density difference between monomer and polymer. 

     The effect of light scattering may be operative in two ways. The first one is that incoming 

(unshifted) photons scatter off their path into the sampling volume, causing a lower effective 

photon density in the sampled volume. Secondly, the collection of Raman scattered photons 

may be influenced by the scattering of these photons with latex particles. If this is the case, it 
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also influences the relative intensities in the Raman spectra, since scattering of light varies 

with wavelength to the power of minus four. As a result, the latter scattering effect may result 

in a significantly stronger attenuation of the Raman spectrum at lower wavelengths or 

wavenumbers. 

 

     Summarizing, it can be said that properties of the medium can seriously influence the 

Raman signal which is obtained in the measurement. Therefore, the objective of the present 

chapter is to investigate the effects of the medium on the Raman signal. As previously 

discussed, during an emulsion polymerization, the light scattering properties of the medium 

strongly change. The effect of light scattering was examined by changing the pathlength of 

the light in a poly(styrene) latex, by varying the sample position relative to the spectrometer. 

In addition, the influence of the medium temperature on the signal was investigated. Due to 

the heat of reaction, the temperature of the medium may change during a polymerization. 

Therefore, the influence of temperature on the Raman signal of the monomers styrene, butyl 

acrylate and VeoVA 9, and of the solvent dioxane were studied. These monomers and the 

solvent will be used in the following chapters. 

 

 

2.2. EXPERIMENTAL 

2.2.1 Syntheses of the Poly(Styrene) Latexes 

        Styrene (S) (Merck, 99+) was passed over an inhibitor remover column (Dehibit 200, 

PolySciences) in order to remove t-butyl catechol. Apart from the styrene, all chemicals 

(Merck, p.a.) were used as received. Sodium persulphate (SPS) was used as the thermal 

initiator in the emulsion polymerizations. Sodium dodecylsulphate (SDS) was used as 

surfactant, and sodium bicarbonate (SBC) was used as a pH-buffer. Super-Q® (Millipore) 

water was used in all recipes. The recipes for the emulsion polymerizations are listed in table 

2.2. The seeds were prepared in a 1L stainless steel reactor at 60-80 oC in an argon 

atmosphere. The reactor content was mixed by a six-blade turbine impeller at 300 rpm, while 

the reactor was equipped with baffles to ensure proper mixing. 

 

Particle size measurements 

     Particle sizes for the final products were measured by dynamic light scattering (DLS) on a 

Malvern autosizer 2c. For all latexes, a polydispersity index below 0.08 was obtained, 
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indicating narrow and monomodal distributions. It is realized, that DLS is not the method of 

choice for determining precise particle size distributions. However, the technique is fast and 

reliable for low values of the polydispersity index (<0.10).  

 

Table 2.2: Recipes for the Preparation of the Seed Latexes 

 Seed S water SDS SBC SPS T d 
 type (g) (g) (g) (g) (g) (g) (oC) (nm) 

S43 - - 282 727 30.0 1.0 2.0 80 43 
S82 - - 228 662 10.0 1.0 1.0 60 82 
S114 S82 399 234 410 0 0 1.1 60 114 
S145 S114 369 202 412 0 0 1.1 60 145 
S160 S82 60 233 591 1.45 1.1 1.1 60 160 
S210 S114 150 210 618 3.4 0 1.1 60 210 
 

2.2.2 Variation of the Sample Position in Clear Liquids and Latexes 

     The Raman spectrometer (Dilor Labram) was equipped with a Millenia II doubled 

Nd:YVO4 laser (Spectra Physics) with an excitation wavelength of 532 nm and operated at a 

power of 0.20W. The spectrometer was equipped with either a 600 or a 1800 grooves/mm 

holographic grating, resulting in a resolution (spectral spacing) of respectively 0.14 nm 

(approximately 4.5 cm-1) or 0.044 nm (1.5 cm-1), and a 1024×256 pixel CCD detector. In the 

measurement where the pathlength was varied, the 600 grooves/mm was used. Spectra were 

recorded in the region of 400–4000 cm-1. All spectra were recorded at room temperature. 

Focal depth profiles, i.e. the intensity as a function of the sample position, were measured by 

placing a cuvette on a motorized XY table, directly attached to the Labram microscope, as 

schematically shown in figure 2.1. For the measurements, a 10× magnification (Olympus), a 

20× magnification long-working-distance (Union Optics) or a 4× magnification (Dilor) 

microscope objective lens was used. The back-scattered Raman-shifted photons were 

collected by the same optics under an angle of 180o. 

     The XY-table enabled to move the cuvette in the micrometer range with a digital readout. 

The focal depth is defined as the distance between the focal point of the objective lens and 

the inner side of the glass wall of the cuvette. The Labram is equipped with a built-in camera, 

enabling the visualization of the reflected laser light from the inner wall of the cuvette. Focal 

depth zero was determined by minimizing the spot size of this reflected light. In all 

measurements, the integrated intensity for the water peak ranging from 3200–3800 cm-1 was 

taken as a measure for the intensity of the spectrum. This water band was chosen since water 
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is present in large quantities in all samples (70–100%), allowing comparison at different 

dilutions and avoiding differences between the various latexes due to possible differences in 

residual monomer content. Acquisition times were 4×5 seconds or 5×3 seconds. Within one 

series, all acquisition times were constant. 

 

 

 

 

 

 

 

 

 

 

 

 

  

2.2.2 Temperature Variation Measurements 

     For the temperature measurements, the 1800 grooves/mm grating in the spectrometer was 

used, and spectra were recorded in the region of 450 to 1850 cm-1 using the 4x magnification 

objective lens. Temperature was controlled by an external water-bath and temperature was 

recorded using a Pt-100 resistance thermometer. Raman spectra were taken from a 25 cm3 

pyrex glass sample vial with a double wall for temperature control. Spectra were collected 

through a glass window in this vial, in a temperature range from 20 to 80°C. Dioxane (Merck, 

p.a.) was used as received, while VeoVA 9 (Shell), n-butyl acrylate (BA, Merck, >99%) and 

styrene (S) where purified from inhibitor by passing them over an inhibitor-removal column 

(PolyScience Dehibit 200), prior to the temperature measurements. The investigated liquids, 

spectral widths and temperatures are all within the range that will be encountered in this 

thesis. Partial least squares regression was performed using The Unscrambler 6.11 (CAMO 

AS) software. 
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Figure 2.1: Schematic set-up of the measurement 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Temperature Effects 

     The effect of temperature on the Raman spectra of styrene, dioxane and butyl acrylate was 

investigated by multivariate analysis. Multivariate analysis has the advantage that the full 

spectrum can be inspected at once. The changes in the spectra due to temperature effects were 

accounted for by a so-called regression spectrum, which was obtained by partial least squares 

regression24 (PLSR). PLSR is discussed in more detail in chapter 3 and Appendix 1. In this 

section, only the outcome of the analysis will be focused on. 

    The spectrum at temperature T, denoted in vector notation by x, is estimated by x̂ , which 

is calculated using a regression spectrum (b) and the reference spectrum x* and reference 

temperature T*, according to: 

( ) bxxx * ⋅−+=≈ *TTˆ      (2.3) 

The reference spectrum is obtained by averaging the spectra, i.e. x*=Σx/n, where n is the 

number of spectra in the set, while vector b gives the variation of the spectrum with the 

temperature. The reference temperature T* is calculated in a similar fashion as x*. The results 

for x* and b, for baseline corrected Raman spectra (no normalization), are shown in figure 

2.2.  
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 Figure 2.2: Raman (left axis) and regression (right axis) spectra for styrene, dioxane, butyl 
acrylate and VeoVA.  The regression spectra are obtained by recording Raman 
spectra at different temperatures.  
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     The negative values for the regression spectra indicate that with increasing temperature, 

the intensity of the spectra decrease. Furthermore, the regression spectra resemble the Raman 

spectra, indicating that the relative intensities vary only little with temperature. In addition, 

from the intensity ratio of the Raman and regression spectra, it can be calculated that the 

relative decrease in the Raman spectra is approximately (2–3)·10-3 K-1. The largest deviation 

from this value is calculated for the aromatic ring-stretch vibration (near 1600 cm-1) in 

styrene with a value of ca. 5·10-3 K-1. This decrease can partly be ascribed to thermal 

expansion, leading to a lower concentration in the liquids. The thermal cubic expansion 

coefficients25 for most organic liquids are in the range of 1–2·10-3 K-1.  

     The same analysis was performed on the normalized spectra. Normalization was 

performed on the largest peak in the spectrum, i.e. the vinyl-stretch band around 1635 cm-1 

for the styrene, butyl acrylate and the VeoVA, and the ring breathing mode near 830 cm-1 for 

dioxane. The normalized intensity was obtained by dividing the absolute intensity by the 

integrated area of the normalization peak. The regression coefficients that were obtained are 

shown in figure 2.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     The observation that the regression coefficients are small, supports the observation that the 

relative intensities of the various bands within the spectrum do only change slightly. The 

relative changes in the normalized intensity due to differences in temperature are small, in the 

order of 10-3 K-1. Further, the changes in the spectrum are somewhat different for the  various 
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Figure 2.3: Regression spectra for normalized Raman spectra of styrene, VeoVA 9, 
dioxane and butyl acrylate.  
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liquids. The derivative-like appearance of the peaks in the butyl acrylate and the VeoVA 

regression spectra indicate that with changing temperatures the peaks slightly shift. The 

strongest shifts are observed for the vinyl- and carbonyl-stretch vibrations near 1640 cm-1 and 

1730 cm-1, respectively, and for the CH-deformation near 1300 cm-1. For styrene, the 

spectrum as a whole seems to be shifted, although the strongest effects are seen in the ring- 

and vinyl-stretch bands near 1600 and 1630 cm-1, respectively. The shape of the peaks in the 

dioxane regression spectrum indicates that peaks in the spectrum rather broaden than shift. 

Although the effects of peak broadening as well as peak shifting are present when analyzing 

individual intensities, they are small – if present – when analyzing integrated peak areas. 

 

2.3.2 Solid Samples and Clear Liquids 

     The way the collection of Raman scattered photons varies with the sample position, 

(“spectrometer function”26) was determined by varying the position of a non-transparent 

sample along the axis of measurement. For this type of measurement, the Raman signal is no 

longer the result of the collection of Raman scattered photons over a volume dV like in 

equation 2.1, but rather over the cross-section of the focal cylinder27 at position l as 

schematically depicted in figure 2.1.  The spectrometer function was obtained by measuring 

the integrated intensity of the Si–O–Si stretching vibration band at 521 cm-1 of a silica mirror 

as a function of focal depth. The spectrometer function for measurements using the 20× 

magnification objective lens, is shown in figure 2.4.  

 

 

 

 

 

 

 

 

 

 

 

The curve which is obtained resembles a normal distribution and the maximum of the curve 

is located at the point where the focus of the objective lens is at the mirror (l=0).  
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Figure 2.4: The spectrometer function, i.e. the Raman intensity 
as a function of the position of a silica mirror. The 
line is a fit according to equation 2.4. 
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The data for the spectrometer function can be approximated by a normal distribution: 

( )
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2 w
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w
IlI      (2.4) 

where w is determined by the instrument, l the position of the sample, l=0 representing the 

position where the mirror is exactly in focus. The term π2/ref wI  is a scaling factor. The 

line in figure 2.4 represents the fit on the data using equation 2.4. Figure 2.4 indicates that the 

Raman signal is collected from a limited interval along the axis of measurement, and that 

outside this interval no contribution to the signal is made. In terms of equation 2.1, this 

situation can be interpreted as ϕ=0. 

     Figure 2.5 shows the Raman spectra of the specimen under study: pure water, a PS latex 

and the glass from the cuvette. The figure demonstrates that water hardly overlaps the PS 

spectrum, while the glass shows broad bands in the regions below 1250 cm-1 and above 2500 

cm-1. The influence of the glass was accounted for by a linear baseline correction. Before the 

polymer latexes were studied, the variation of the intensity with changing sampling volumes 

was investigated by means of varying focal depths (l) in Raman measurements on pure water 

and on a turbid sample. 

     Figure 2.6 shows the focal depth profiles, i.e. the intensity as a function of focal depth, for 

pure water, using the 4×, 10× and 20× magnification objective lens. For l«0 the sampling 

volume is not located in the water and therefore no signal is obtained. With increasing l, a 

part of the sampling space is "immersed" in the water and the signal increases. For l»0, this 

sampling volume is fully in the aqueous phase and a small change in l will not change the 

signal since the maximum sampling volume has already been reached. 

The results suggest that the integrated intensity at a certain focal depth is the integrated 

“instrument function” over the focal depth in the sample volume which is sampled. 

Therefore, the Raman intensity at focal depth l, may be approximated by: 
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Comparing equation 2.5 to equation 2.1, Iref accounts for the product of ∫Ciεi, κinst and κmed, as 

the sample is homogeneous and instrumental parameters do not change, while medium 

effects are absent. The constant integrated intensity at larger values for l indicate that κinst and 

κmed respectively, remain virtually constant during these measurements. The integral of ϕdV 

is replaced by the cumulative normal distribution over the axial coordinate (penetration 
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depth) for x>0, where sample is present. The width of the distribution is determined by w, 

which is related to the magnification of the objective lens. For large values of l, I(l) equals Iref 

and therefore this parameter can directly be determined from the measurement, leaving w as 

the only parameter to be determined. In doing so, values of 82±5 , 205±15 and 1000±150 µm 

were obtained for the 20×, 10× and 4× magnification objective lenses, respectively. Figure 

2.6 shows that close to focal depth zero, or more precisely, for x obeying 

0.25·Iref<I(x)<0.75·Iref, the fit is in good agreement with the actual data, while outside this 

region deviations are found. The results obtained in this way will be used for the analysis of 

the measurements on polymer latexes. 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3 Measurements on Polymer Latexes  

     Figure 2.7 shows some selected Raman spectra at different focal depths. It can be seen that 

that for l≤0, there is a contribution of the glass to the spectra(cf. figure 2.5). Figure 2.8 shows 

the  focal depth profiles for latex S82 at 20% solid weight fraction, obtained with the 10× and 

20× magnification objective lenses. For lower focal depths the signal increases with 

increasing l, similar to the clear liquid focal depth profiles (see figure 2.6). At larger focal 

depths, however, the intensity decreases, which may be accounted for by the influence of 

elastic light scattering. A schematic representation of measurements in clear as well as 

heterogeneous media is given in figure 2.9. 
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Figure 2.5: Raman spectra of a polystyrene latex, 
water and glass 

Figure 2.6: Focal depth profiles of water using the 
4x ( ); 10x ( ); and 20x (�) 
magnification objective lens. 
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    In order to compare results from measurements on polymer latexes on a more quantitative 

basis, a model has been derived. The model aims to incorporate the loss of light due to light 

scattering and the sampling volume as a function of focal depth. 

      In general, the loss of light is described by28: 

( )xII ⋅τ−⋅= exp0trans       (2.6),  

Itrans denoting the transmitted light after length x, while τ is the turbidity of the medium. The 

turbidity is related to the number of particles (n) and the individual particle extinction cross-

section (σext), according to28: 

extσ⋅=τ n       (2.7).  

Extinction may originate both from absorption and scattering. Considering the wavelengths 

and materials used, and the results shown in figure 2.6, it can be assumed that extinction is 

solely due to scattering, and therefore σext = σscat. 

Scattering of photons with latex particles may cause photons to stray off the path incident to 

the collection volume, hence leading to a lower photon density. In addition, Raman scattered 

photons may be scattered of the collection path, both processes leading to a loss of signal. 

Incorporation of equation 2.6 into equation 2.5 may account for these intensity losses:  

( ) ( ) xx
w

lx
w

I
lI dexpexp

2 0

2

2
1ref τ−∫


















 −−

π
=

∞
   (2.8).  

 

 

 

0 1000 2000 3000 4000

 

 

l = 300 µm

l = 100 µm

l = 200 µm

l = 0 µm

l = -100 µm

in
te

ns
ity

 (a
.u

.)

wavenumber shift (cm-1)
-1000 -500 0 500 1000

 

 

in
te

gr
at

ed
 in

te
ns

ity
 (a

.u
.)

focal depth (µm)

Figure 2.7: Raman spectra of a polystyrene latex 
recorded at different focal depths. 

Figure 2.8: Focal depth profiles of a polystyrene latex using 
the 10x (�) and 20x (•) magnification objective 
lenses. The dashed line represents an exponential 
fit for the data at higher focal depths. The solid 
line is a fit according to equation 2.8. 



32  CHAPTER 2 

 

 

 

 

 

 

 

 

 

 

     Thus, to describe the data in figure 2.8, three parameters need to be known, w, Iref and τ. In 

principle, all three parameters can be estimated from the data by using a (nonlinear) fitting 

procedure. However, it can be expected that w is determined by the objective lens rather than 

the medium. Therefore, w was taken from the data as obtained in figure 2.6. The attenuation 

of the signal at higher focal depths is determined by the turbidity, and therefore only the 

decreasing part of the data for l>0 is used to obtain τ. This is done by an exponential fit 

(equation 2.6), starting at focal depths corresponding to the maximum intensity, until the 

value for l corresponding to half the maximum intensity. This approach has a few advantages: 

first of all, the estimation of τ will be easier, since τ is simply estimated as the damping factor 

in an exponential fit. Secondly, the estimation of τ is less sensitive to experimental error, as 

the estimate is determined by the relative slope of the focal depth profile. Therefore, τ is not 

sensitive to translations in the x-direction and independent from the absolute integrated 

intensities. However, the estimation procedure also has the disadvantage that it incorrectly 

assumes that the integrated intensities in this part of the focal depth profile are only 

determined by the loss of light due to photon – particle scattering, i.e. no increasing 

contribution as a result of the increasing sampled latex volume is taken into account, which 

may introduce a systematic error in the estimation of τ.  

     Once w and τ are known, Iref is estimated from the experimental data. Note that the value 

estimated for Iref do not equal to the experimentally measured maximum value. In figure 2.8, 

the dashed lines show the fit obtained by the exponential fit. It can be seen that both data sets 

are fitted reasonably well by the model. The values obtained for τ are 2.06·10-3 m-1 and 

2.84·10-3 m-1 for the 10× and 20× magnification objective lenses, respectively. The difference 

in τ may be accounted for by the fact that the systematic error – introduced by neglecting the 
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Figure 2.9: Schematic overview of the measurement 

and the resulting signal 
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increasing contribution due to the increasing sampling volume – is larger for the 10× than the 

20× objective lens. 

      Indeed, on using equation 2.8 directly by simultaneously optimizing τ and Iref, a higher 

value for τ is obtained, τ=3.8·10-3 m-1 and Iref=4.7·106 for both objective lenses. However, to 

obtain these parameters, the focal depth profile obtained with the 10× magnification objective 

lens was shifted for 40 µm along the x-axis. This shift is probably caused by the experimental 

inaccuracy of determining l=0. For reasons of comparison, in the next section all 

measurements were performed with the 20× magnification objective lens, and values for τ 

were estimated from the decay-part of the curves. Therefore, values for τ should not be 

interpreted as "correct" values for the turbidity, but rather as an indication to what extent light 

scattering plays a role in the measurement, since the value depends on the objective lens 

used.  

     Finally, from figure 2.8 it can be seen that for both the 10× and the 20× magnification 

objective lenses, the signal is virtually lost after a few tenths of a millimeter. However, the 

difference in maximum intensity between the 10× and 20× objective lenses, indicates that 

preferably higher magnification objective lenses are used in the on-line monitoring of 

emulsion polymerizations. The reason for this is that in this case the loss in intensity due to 

elastic light scattering will be minimized. Furthermore, the sensor needs to be robust, as small 

displacements (~0.1mm) can lead to large differences in the signal. 

 

Particle Size Effects 

     To investigate the influence of particle size, latexes S43–S210 were diluted to 20% solid 

weight fraction – close to the “average” solid contents encountered during emulsion batch 

polymerizations – and focal depth profiles were determined. The experimental results are 

collected in figure 2.10, while the corresponding fit parameters are listed in table 2.3. The 

profiles show that for larger particle sizes, the decay in intensity with increasing focal depths 

is stronger. In table 2.3, this is accordingly characterized by the higher values for τ. For 

particle sizes larger than 140 nm, however, the decay of the slope is not as strong and the 

trend is rather that the intensities also decrease at low l, characterized by lower values for  Iref 

with increasing particle size.  
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      As previously mentioned, the solid weight fraction (SWF) was kept constant at 20%, 

meaning that n·d3 is constant. According to the Mie–Rayleigh theory for light scattering on 

small particles, the turbidity should be proportional to n·d6. Therefore, τ should vary with d3 

in this series of measurements (τ~n·d6~const·d3). Figure 2.11 shows that for lower values of 

d3 (d<100 nm), indeed a more or less linear behavior is found with τ.  

 

 

 

 

 

 

 

 

 

 

     Supplementary to the values for τ and Iref, table 2.3 also shows that the standard deviation 

(σn-1) of the exponential fit for τ increases with particle size. This indicates that the model fit 

clearly deteriorates with larger particle size. This may have a few origins. First, the model 

implicitly assumes that the decrease in signal is caused by loss of photons that are scattered 
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 Figure 2.10: Focal depth profiles for latexes with different particle sizes. The 

solid lines represent fits on the data using eq. 2.8, while the dashed 
line a fit for l>50µm by eq. 2.6. Measurement are performed using 
the 20× objective lens. 
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Figure 2.11: τ as a function of particle diameter to the third power. 
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before reaching the sampling volume. Of course, photon–particle scattering may also cause 

the Raman-scattered photons to stray off, introducing deviations from equation 2.8. Secondly, 

the turbidity laws are only valid in dilute solutions and for small particle sizes. For larger 

particle size there is an angular dependence of the scattering intensity. In addition, in 

concentrated solutions the classical light scattering theories are not obeyed anymore, and 

diffusion models29-31 are more successful in describing the multiple scattering behavior32.  

 

Table 2.3: Fit Parameters for Focal Depth Profiles at 

various Particle Sizes 

sample τ (×103m-1) Iref (×10-5) σn-1 (×103) 

water 0 7.2 - 
S43 0.95 4.5 0.14 
S82 3.57 3.75 0.66 
S114 7.90 3.75 1.30 
S145 11.7 2.9 1.95 
S185 9.98 2.7 2.22 
S210 8.26 2.7 2.47 

σn-1: standard deviation  

 

 

Influence of the Solid Weight Fraction 

     In another series of measurements, the influence of the solid weight fraction on the Raman 

signal was investigated by dilution of latex S82. The experimental focal depth profiles and 

the resulting fits are shown in figure 2.12, the results obtained for τ and Iref are listed in table 

2.4. Figure 2.13 shows τ versus solid weight fraction (SWF). For solid weight contents less 

than 5%, τ increases with solid content, as predicted from equations 2.6 and 2.7. At higher 

SWF, however, Iref decreases with increasing SWF, while τ remains more or less constant, 

analogous to the results obtained with increasing particle sizes. The variation in the value for 

τ in these experiments, however, is much smaller than the variation in τ with particle size.  
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     Comparing the results on solid weight fraction and particle size, it seems that in cases 

where light scattering is present to a limited extent, the experimental data are reasonably well 

described by the model. At higher degrees of light scattering, however, the effect of multiple 

scattering seems to cause deviations. These deviations appear in the model by lower values of 

Iref – at forehand expected to be constant – instead of increasing values for τ. 

 

Table 2.4: Fit Parameters for Focal Depth 

Profiles at Various SWF 

SWF Iref
#(×10-6) τ(×103) 

0 7.0 - 
0.5 5.0 0.67 
1.5 4.6 1.46 
2.5 4.5 1.91 
5 4.0 2.61 
10 5.0 3.21 
20 3.6 2.92 
25 2.75 2.50 
30 2.6 2.23 

SWF: solid weight content of the polymer latex 
Imax

#: maximum intensity, corrected for SWF: 
Imax

#=Imax/(1-SWF) 
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Figure 2.12: Focal depth profiles of latex S82 at different solid weight fractions. The 

lines represent fits on the data according to equation 2.8. 
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      A more pragmatic approach to study effects of particle size or SWF, is not to use the 

complete focal depth profile, but rather to analyze the (integrated) intensity ratio at two 

different focal depths and correlate the relative intensities to particle size and/or particle 

concentration. The results for this are shown in figures 2.14 and 2.15.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Figure 2.14 clearly demonstrates that the intensity ratio at 50 µm and 0 µm (l50/l0) 

correlates with particle size. The correlation is less pronounced in figure 2.15, showing the 

intensity ratio versus SWF. These results indicate that the intensity ratio approach is a 

promising method for the on-line estimation of particle size. Also from an experimental point 

of view this approach is feasible, since it is easily possible to install multiple collection 

probes connected to one spectrometer (multiplexing) and to have these probes at two 

different focal depths. In any case, the development of a sensor using both the elastic and 

inelastic scattered light seems very meaningful, as the inelastic scattered light can be applied 

for composition analysis, while the elastic scattered light can be used for particle sizing. This 

approach has previously been used in thermal solution polymerization of styrene in cumene33 

and the bulk polymerization of methyl methacrylate34, where the Raman intensity was 

applied to monitor concentrations, while the absolute light scattering intensity was correlated 

to the molecular weight of the polymer.  
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Figure 2.15: Intensity ratio at l=50 and l=0 µm as a 

function of solid weight contents. 
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Influences of light scattering on normalized spectra 

     From the previous sections, it is clear that the absolute intensities in a Raman spectrum do 

not allow to obtain direct information concerning the chemical composition of the sample, as 

these are strongly dependent on the alignment, particle size and solid weight fraction. One 

way to correct for the uncontrollable, unwanted effects on spectral intensity is by 

normalization of the spectrum. Normalization can be performed by dividing each intensity in 

the spectrum by either a single intensity or an integrated area of a known component in the 

sample, i.e., an internal standard. The intensity variations in the previous section were studied 

by the absolute value of the water band in a limited wavelength range, not allowing to draw 

any conclusions for possible variations in the relative intensities within the Raman spectrum. 

If parts in the spectrum do change relative to each other, this has direct influence on the 

determination of chemical compositions from the Raman spectrum, since these effects will 

manifest in the normalized spectrum as well. It was established in the previous section that 

light scattering does influence the measured absolute intensity, and from theory28 it is known 

that the extent of light scattering strongly depends on the wavelength, i.e. I~λ-4. In other 

words, if the previously shown decrease in absolute intensity is due to photon–particle 

scattering of Raman-shifted photons, considerable differences are anticipated for Raman 

scattered photons having different shifts. 

     This is perhaps best illustrated by a short numerical example, where it is assumed that (i) 

the decrease of signal in a PS latex is solely due to loss of collection efficiency and therefore  

not to loss in irradiation efficiency; (ii) the relative intensities at 3500 cm-1 due to water and 

1000 cm-1 ring breathing band for (poly)styrene scale 1:1 in the case of no loss in collection 

efficiency; (iii) the wavelength of irradiation is 532 nm, and (iv) light scattering varies with 

λ-4. From assumptions (ii) and (iii), it can be calculated that on an absolute wavelength scale, 

the peaks for PS and water are located at 562 nm and 654 nm, respectively. As a consequence 

of assumption (iv), the scattering ratio can be calculated at 1.83 (={654/562}4) . In practice, 

this would mean that if scattering of Raman shifted photons reduces the water band to 50%, 

the PS ring-breathing band will be reduced to 27% of its initial intensity. The example clearly 

shows that as a result of light scattering, considerable (systematic) errors in the quantitative 

analysis of the Raman spectra can be made! It should be noted, however, that the example 

represents a worst case scenario, as in practice the loss of signal caused by scattering is 

determined by reduction of irradiation efficiency as well as reduction of collection efficiency. 
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     For reasons mentioned above, the spectra obtained from the focal depth experiments were 

normalized on different peaks in the spectrum, and the results were compared. Figure 2.16 

shows spectra for the S82 latex at 20% SWF and at various focal depths, normalized on the 

aromatic ring-breathing band at 1000 cm-1 and the aromatic ring-stretching band at 1600 cm-1 

band, both due to the PS in the latex. Perhaps surprisingly, normalization on the 1000 cm-1 

band shows effects in the spectra upon normalization, whereas normalizing the spectra on the 

1600 cm-1 band results in virtually identical spectra! As predicted from light scattering 

effects, in the case of normalization on the 1000 cm-1 band, the water peak increases with 

increasing focal depth. Taking a closer look at the region from 900–1200 cm-1, however, it 

can be seen that for small focal depths (<100 µm) the spectra show a clear contribution of the 

glass peak (cf. figure 2.5). It seems that for low focal depths, the contribution of the glass is 

not negligible and that the normalization is performed on both the glass and the PS ring 

breathing band, while at higher focal depths only the PS peak is used for normalization. 

Therefore, in the case of normalization on the 1000 cm-1 band, the increase of the water peak 

is caused by a "normalization error", rather than light scattering effects. This is corroborated 

by the results obtained by normalization on the 1600 cm-1 band, where no glass interference 

in the spectrum is present. In this case, no significant effect in the normalized intensities of 

the spectra is observed. 
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Figure 2.16: Raman spectra recorded at various focal depth, normalized by the 1000 cm-1 peak 
(left) and the 1600 cm-1 peak (right) 
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     Figure 2.17 shows the same when studying the focal depth profiles, scaled to the 

maximum integrated intensity in the profile. The figure shows that the profiles determined 

using the broad O-H stretching of water at 3500 cm-1 and the 1600 cm-1 aromatic PS-band, 

the profiles are identical and the integrated intensity approaches zero for l<0. In contrast, the 

integrated intensity of the band around 1000 cm-1 approaches a constant, non-zero value for 

l<0. For larger focal depths, the three profiles are almost identical, because contribution of 

the glass decreases at increasing focal depth. 

 

 

 

 

 

 

 

 

 

 

 

 

     Summarizing, the results indicate that when applying normalization to an appropriate 

peak, fortunately no effects due to light scattering are seen within the spectrum. This 

observation is of major importance in the quantitative analysis of the Raman data. The results 

from this study suggest that the light scattering effects are mainly due to loss of the incoming 

laser photons, while the efficiency of collecting Raman-shifted photons is not or very little 

hindered by photon–particle scattering. 

 

2.4 CONCLUSIONS  

 

The results in this chapter indicate that when measuring in clear liquids, the Raman signal is 

not very sensitive to small changes in alignment, provided that the collection volume of the 

optics is fully immersed in liquid. In addition, it was established that in the temperature range 

investigated, the absolute intensity decreases approximately linearly with temperature with a 

coefficient of ca. -3·10-3 K-1, while the normalized intensity of integrated peaks remain 

virtually constant. This is advantageous for on-line monitoring applications, as the 
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Figure 2.17: Focal depth profiles using the OH stretch vibration  at 3500 cm-1 
( ); the PS aromatic ring breathing band at 1000 cm-1 ( ); and 
the aromatic C=C  stretch vibration at 1600 cm-1 (+). 
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measurement is rather insensitive to small temperature differences. An exception seems the 

1600 cm-1 ring stretch vibration band of styrene, which shows a larger temperature 

dependency compared to other peaks in the spectrum. 

     It was shown that the absolute intensity obtained during a Raman measurement strongly 

depends on the light scattering properties of the medium, i.e. turbidity. Furthermore, in 

situations with limited scattering, it was shown that the results are in fair agreement with 

turbidity laws. For latexes showing strong light scattering properties, viz. larger particles or 

higher solid weight contents, the theoretical model seems not to hold anymore. Nevertheless, 

also for these cases a more practical way by plotting the intensity ratio at different focal 

depths versus particle size indicates that this ratio gives an indication of particle size. 

     With respect to on-line monitoring of emulsion polymerizations, the collection optics 

should be of higher magnification as in this case the losses in signal due to light scattering are 

smaller. However, in using the high magnification optics, small displacements can lead to 

dramatic losses of the signal and proper focusing into the latex will be difficult. Therefore, an 

optimum in the magnification optics exists. 

     When studying the normalized Raman spectra at different focal depths, it was found that 

light scattering does not change the relative intensities within a given spectrum. This is a very 

important observation, since the relative intensities are used for the determination of the 

chemical composition of the sample. The fact that the relative intensities are not changed 

indicates that the loss of Raman signal is mainly due to forward scattering, i.e. the loss in 

intensity is due to photon-particle scattering of incident photons rather than scattering of 

Raman-shifted photons. 

     The versatility of this technique for application to emulsion polymerization becomes very 

evident when combining the data of the absolute and the relative intensities in the Raman 

spectrum: from the relative intensities, information concerning chemical composition is 

obtained, while using the same data information concerning particle size may be obtained. 
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3 
THE QUANTITATIVE ANALYSIS OF RAMAN DATA TO 

OBTAIN MONOMER CONCENTRATIONS FROM 

COPOLYMERIZATION REACTIONS* 
  

Synopsis: Uni- and multivariate calibration methods were compared in the 
calculation of monomer concentrations from Raman data obtained from  
solution and emulsion copolymerizations of styrene and butyl acrylate. It was 
established that both methods were successful and yielded approximately the 
same precision. In addition, the multivariate analysis revealed that the 
accuracy of this approach is hampered by experiment-to-experiment variation 
of the Raman set-up. In addition, partial least squares regression on Raman 
data available from the semi-continuous emulsion copolymerization of 
styrene and butyl acrylate enabled the calculation of free monomer 
concentrations and the overall reactor content. 
 
 

 

3.1 INTRODUCTION 

 

     In the previous chapter, the influences of the medium on the Raman signal were 

investigated. From this chapter, it became obvious that the medium is of significant influence 

on the absolute intensity of the Raman measurement. Furthermore, the alignment of the 

optical elements in the spectrometer is of paramount importance on the signal, as 

misalignment can result in a total loss of the signal! Therefore, one should be very careful in 

relating the absolute Raman signal to concentrations, although this has previously been done 

in literature1,2. This can be circumvented by using normalized intensities, that is, the intensity 

                                                 
* Reproduced from: M. van den Brink, M. Pepers, A.M. van Herk and A.L. German, Macromol. Symp. in press 
(1999); and M. van den Brink, J.-F. Hanssen, P. de Peinder, A.M. van Herk and A.L. German, J. Appl. Polym. 
Sci., submitted (1999) 
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relative to a standard peak in the spectrum3-5. This standard peak should preferentially remain 

unchanged during the reaction. For instance, Wang et al.6 used the (very) weak broad water 

band around 1625 cm-1 in the emulsion polymerization of methyl methacrylate as an internal 

standard. Alternatively, Wang et al.7 added diethylketone as an internal standard to the 

emulsion polymerization of styrene. From these results, the ratio of the aromatic-stretch at ca. 

1600 cm-1 to the aromatic breathing-band at ca. 1000 cm-1 was determined and this ratio was 

used as a “pseudo internal standard”, and was used in subsequent reactions without the 

addition of the diethylketone. A similar approach has been used in a number of investigations 
8-10 on the polymerization of styrene, where the intensity of the vinyl band (at 1632 cm-1) 

relative to the intensity of the ring-breathing mode of the aromatic ring (at 1000 cm-1) was 

taken as a measure for conversion. Chu et al.8, for instance, calibrated this peak against the 

conversion determined by off-line samples to establish this relation. 

     In literature, a few studies have been reported where Raman spectroscopy has been used 

for determining monomer concentrations in copolymerizations11-14. As shown in table 1.1, the 

vinyl peaks for many monomers are located in the same region of the spectrum. Therefore, in 

addition to the problems encountered for normalization, also the problem of overlapping 

monomer bands need to be solved in case of copolymerizations. Bowley et al.11 studied the 

copolymerization of styrene and methyl methacrylate and applied Fourier self-deconvolution 

to obtain the comonomer concentrations. Haigh et al.12 studied the copolymerization of 

styrene with vinyl imidazole, to estimate the reactivity ratios. This system was deliberately 

chosen because of the non-overlapping vinyl bands. The emulsion copolymerization of 

styrene and butyl acrylate has previously been studied by Raman spectroscopy by Al-

Khanbashi et al.13. In their study, a univariate approach was used to calculate monomer 

concentrations, i.e. integrated peak areas were used to calculate concentrations. In contrast, 

multivariate techniques15, 16, 17 apply individual intensities in the calculation of 

concentrations. This makes the multivariate approach more sensitive to small changes in the 

spectrum, such as peaks shifts or changes in overlapping bands. If these changes are 

characteristic for the quantity under study, they can be used for calculation of that quantity15. 

       The application of multivariate calibration techniques for the analysis of spectroscopic 

data has certain advantages. The first advantage is that, compared to univariate analysis, the 

precision of the outcome usually increases. In addition, overlapping bands in the spectra or 

(nonlinear) sample interferences – either physical or chemical – can be dealt with, provided 

that they are accounted for in the calibration procedure. Furthermore, methods such as 

principal component analysis (PCA) and partial least squares regression (PLSR) can help to 
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understand the relation between samples in data sets, and to detect outliers. In the last decade, 

multivariate analysis techniques have gained considerable attention. This is primarily due to 

the advantages these techniques offer, in conjunction with the possibility for a wider audience 

to apply them, for the reason of the enormous increase in computer speed, and – as a 

consequence of this – the availability of commercial software. 

      The objective of the present chapter is to compare univariate and multivariate techniques, 

for calculating the individual monomer concentrations of butyl acrylate and styrene during 

the copolymerization of these monomers from on-line Raman spectroscopy. First, solution 

polymerizations are studied. The advantage of studying solution polymerizations is that a 

solvent peak can be conveniently used as an internal standard. In this way, the problems 

related to normalization of the spectra or assuming constant monomer bands are avoided. The 

results obtained in the solution polymerization are used to analyze Raman data obtained from 

emulsion polymerizations. 

     Styrene and butyl acrylate have vinyl bands with Raman shifts of 1631 cm-1 and 

1635 cm-1, respectively8,18. As a result, the individual monomer peaks are strongly 

overlapping and the area of the resulting vinyl peak cannot be related straightforwardly to 

individual monomer concentrations. In the multivariate approach, the full spectrum can be 

used, and changes in the spectrum are correlated to changes in monomer concentrations. 

Therefore, a calibration set is required in order to predict monomer concentrations in 

unknown samples. For this reason, off-line samples were taken and analyzed by gas 

chromatography (GC). In the univariate approach, results from the homopolymerizations are 

used to calculate monomer concentrations from the copolymerization Raman data, by using 

relations between various bands in the Raman spectrum. Although multivariate analysis 

techniques such as Partial Least Squares Regression have been previously applied to Raman 

spectroscopy for the determination of e.g. (co)polymer composition19-22 or organic (fuel) 

mixtures23, 24, only a few references are found on polymerization reactions. The suspension 

polymerization of styrene25, and the emulsion polymerization of methyl methacrylate13 are 

the only examples found in open literature where these multivariate techniques have been 

used for determining concentrations in polymerization reactions. 
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3.2 EXPERIMENTAL 

Materials 

      The monomers, styrene (S, Merck >99%) and butyl acrylate (BA, Merck >99%) were 

purified from inhibitor (t-butylcatechol and hydroquinone, respectively) by passing them over 

an inhibitor removing column (Dehibit 200, PolySciences). Apart from the monomers, all 

chemicals were used as received. Dioxane (Merck, p.a.) was used as the solvent in the 

solution polymerizations and α-α'-azobis-isobutyronitrile (AIBN, Fluka, p.a.) as the initiator. 

For the emulsion polymerizations sodium persulphate (SPS, Merck, p.a.) was used as the 

thermal initiator and sodium dodecylsulphate (SDS, Merck, p.a.) was used as the surfactant. 

Water was deionized using Super Q reversed osmosis (Millipore). All emulsion 

polymerizations were performed to obtain 30 % weight polymer at full conversion.  

Set-up 

     Raman spectra were recorded with a Labram spectrometer (Dilor S.A.). A Spectra Physics 

Millenium II Nd:YVO4 laser, operated at 532 nm, was used as the excitation source. The 

initial laser power was 0.40 W and approximately 0.15 W at the sample. Spectra were taken 

in situ from a 0.3L glass reactor with a heating jacket for controlling the temperature. Raman 

spectra were acquired through a single wall glass window. The optical head (Superhead, 

Dilor S.A.) was positioned in front of this window and was connected to the spectrometer by 

10m of optical fiber, as shown in figure 3.1.  
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Figure 3.1: Schematic set-up of the on-line Raman equipment 
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The spectrometer was equipped with a 1800 grooves/mm grating and a charge-coupled 

device (CCD), resulting in a resolution of 0.045 nm (approximately 1.5 cm-1). For the 

solution polymerizations, a 4x magnification objective lens was used, for the emulsion 

polymerization a 20x objective lens. 

     Off-line samples (approximately 1 mL) were diluted in tetrahydrofurane (THF) and 

analyzed by GC. A HP 5890 gas chromatograph was equipped with an autosampler and 

Alltech AT-wax column (length 30m, film thickness 1.0 µm). Dioxane was used as the 

internal standard in the GC analyses. Table 3.1 gives the recipes for the various reactions and 

conditions for the measurements. The polymerizations were performed in an argon 

atmosphere while maintaining a mild argon flow (<2 ml/min). The solution polymerizations 

were performed at 60°C, the emulsion polymerization of BA at 40°C, and the emulsion 

polymerization of styrene and the copolymerizations at 50°C. The reactor content was mixed 

using a magnetic stirrer. During the semi-continuous emulsion copolymerizations, styrene 

was added in an open-loop monomer addition profile. This addition profile was varied in the 

10 reactions (SCECP1–10). The monomer flow was regulated by a computer controlled 

Dosimat 665 titration pump (Metrohm). 

 

Table 3.1:Recipes for the Various Polymerization Reactions 

solution polymerizations 
reaction initiator 

(g) 
styrene 

(g) 
BA 
(g) 

dispersant 
(g) 

tacq 
(s) 

alternative 
technique# 

C1 0.23 37.43 87.42 132.00 60 GC 
C2 2.05 37.93 88.36 131.92 60 GC 
C3 1.65 37.60 87.71 132.112 60 GC 
HS 0.99 59.52 0 187.91 60 grav. 

HBA 0.22 0 99.10 151.52 15 grav. 
Emulsion polymerizations* 

EP-S1 0.35 77.6 0 162.7 15 grav 
EP-S2 0.35 75.2 0 149.9 15 grav 
EP-BA 0.20 0 47 158.4 90 grav 

EP-SBA 0.35 13.3 52.5 150 45 GC 
SC-ECP1–10$ 0.35 14$ 30 150 300 GC 

* Additionally: sodium dodecylsulphate: ca. 20mM, sodium bicarbonate: ca. 5mM. # GC: gas chromatography, 
grav: gravimetry. $: SC-ECP: semi-continuous emulsion copolymerization. tacq: acquisition time 
 

     Before analyzing the Raman data, spectra were smoothed, baseline corrected and 

normalized. Smoothing was performed by applying a seven-points Savitsky-Golay filter. The 
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spectra were baseline corrected either by a polynomial spline fit for the complete spectrum, 

or by linear interpolation for small regions (single peaks). For the solution polymerizations, 

normalization was accomplished by dividing the individual intensities after smoothing and 

baseline correction by the integrated area of the ring-breathing band of dioxane26, from 800–

880 cm-1. Principal Component Analysis and Partial Least Squares Regression15 were 

performed using commercial software (The Unscrambler 6.11, Camo A.S.). 
 

3.3 RESULTS AND DISCUSSION 

3.3.1 Solution Homopolymerizations 

     Figures 3.2 and  3.3 show some spectra after normalization which were obtained during 

the polymerizations of S and BA (HS and HBA), respectively. Both figures – trivially – show 

that during polymerization, the solvent peaks remain constant (e.g. peaks at 830, 1030 and 

1430 cm-1), while the intensity of the monomer peaks decrease during polymerization. In 

figure 3.2 for example, the aromatic peaks at 1600 and 1000 cm-1 decrease with increasing 

conversion. In figure 3.3 the peak with most pronounced decrease besides the vinyl peak in 

the polymerization of BA, is the carbonyl band near 1730 cm-1. It has previously been shown 

that for the polymerization of methyl methacrylate, the carbonyl band can be used for 

monitoring conversion27.  

 

 

 

 

 

 

  

 

 

 

      Figure 3.4 shows that the normalized intensities of the aromatic (S) and carbonyl (BA) 

bands mentioned above decrease linearly with increasing conversion. In this figure, 

conversion is calculated according to the normalized area of the decreasing vinyl band. Using 

these linear relations, it is possible to calculate conversion according to equation 3.1: 
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Figure 3.3: Some smoothed, normalized spectra from 

the homo-polymerization of BA (HBA) 
at 0, 50, 70 and 85% conversion. 
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Figure 3.2: Some smoothed normalized spectra from 
the homopolymerization of styrene (HS) at 
0, 20, 40 and 60% conversion. 
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K
A(0)

A(i)1
X(i)

−
=      (3.1) 

where X(i) stands for the conversion corresponding to spectrum i, A(i)/A(0) for the 

normalized area (or intensity) of the peak of interest for spectrum i relative to the initial area, 

while K is obtained from the linear fit (in all cases R2>0.999). Table 3.2 shows the values for 

K obtained from the homopolymerizations S and BA.   

 

Table 3.2: K-values Obtained from the Solution Polymerizations of 

Styrene (HS) and Butyl Acrylate (HBA). 

monomer band region (cm-1) K 
styrene vinyl stretching 1620–1640 1* 

styrene ring-breathing 990–1010 0.440 
styrene ring-stretching 1590–1610 0.802 

butyl acrylate vinyl stretching 1600–1660 1* 

butyl acrylate carbonyl stretching 1680–1760 0.675 
*The conversion was calculated by the normalized integrated vinyl peak area; 
therefore K equals 1 by definition for this band 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Remarkably, the results of this study are in contrast with those of a previous study on the 

system styrene and butyl acrylate by Al-Khanbashi et al.13. In their study, it was assumed that 

the aromatic ring-breathing band for styrene at ca. 1000 cm-1 remained constant during 

polymerization. Next, they calculated the styrene conversion using the olefinic CH 
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Figure 3.4: Relative peak areas [A(i)/A(0)] as a function of conversion for the 
solution polymerizations of S ( : aromatic ring-breathing mode near 
1000 cm-1; : aromatic ring-stretching mode near 1600 cm-1) and   
BA (∆: carbonyl stretching near 1730 cm-1). Conversion was 
calculated according to the normalized vinyl intensity. 
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deformation band at 1412 cm-1, see figure 3.2, assuming no contribution from BA in this 

region. The BA concentration was subsequently calculated from the BA vinyl area, which 

was obtained by subtracting the estimated styrene vinyl area –calculated from the styrene 

conversion data– from the total vinyl area.  

      In contrast, our results indicate that the intensity of the aromatic ring-breathing mode 

decreases with conversion, as shown in figures 3.2 and 3.4. The same decrease was 

previously observed during the bulk8, 9 and micro-emulsion10 polymerization of styrene as 

well. Therefore, the assumption of Al-Khanbashi et al. that the ring-breathing mode remains 

constant13, is likely incorrect. In addition, figure 3.3 shows that BA also exhibits a peak near 

1412 cm-1, declining with increasing conversion, implying that during the copolymerization 

of S and BA, the peak at 1412 cm-1 can obviously not be ascribed to S alone.  

 

3.3.2 Solution Copolymerizations 

Figure 3.5 shows the amounts of monomer in the reactor versus time for three solution 

copolymerizations (C1-C3) of S and BA, while figure 3.6 shows the monomer fraction versus 

conversion for the monomer concentrations as obtained by off-line GC. The difference in 

conversion-time behavior can be accounted for by the different initial initiator concentrations. 

Nevertheless, figure 3.6 clearly shows that the three copolymerizations are identical, as all 

GC data are well fitted28 using just one pair of reactivity ratios of rS=0.80 and rBA=0.23, 

which are in reasonable agreement with literature29 values of rS=0.81 and rBA=0.17. In other 

words, reactions C1–C3 are going through the same states in terms of composition, although 

the time at which a certain state is reached, differs from reaction to reaction. 

 

 

 

 

 

 

 

 

 

 

0 200 400 600 1200 1400

0

20

40

60

80

 

m
on

om
er

 (g
)

time (min)
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time as obtained by GC.  
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      Figure 3.7 shows some of the spectra obtained during copolymerization reaction C2. 

Similar spectra were obtained from reactions C1 and C3. The figure shows that the spectra 

are dominated by S and the solvent, although the lower concentrations of S compared to BA. 

 

 

 

 

 

 

 

 

Univariate Analysis* 

     The values for K as presented in table 3.2 can be used to estimate partial conversions and 

in turn the monomer contents. These monomer contents have been compared with the GC 

results, as is shown in figure 3.8. The figure shows that the GC and Raman results are in good 

agreement.  

 

 

 

 

 

 

 

 

 

 

 

                                                 
* Strictly spoken, the term univariate is incorrect as multiple peak areas are being used in the analysis. For 
reasons of convenience, however, this name is chosen to contrast the multivariate approach. 
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Figure 3.7: Several normalized spectra from the 
copolymerization of S and BA taken at appr. 0, 25 
and 50% conversion during reaction C2. 
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Figure 3.8: Monomer content as a function of time. 
: BA, ∆: S. Open symbols: Raman data, 

closed symbols: GC data for reaction C2 
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Figure 3.9: Predicted vs measured butyl acrylate and 

styrene concentrations (g monomer/g 
solvent) for univariate analysis : C1; 
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     Figure 3.9 compares the results of the Raman data with the corresponding GC data for 

reactions C1–C3, where "measured" refers to the monomer concentrations measured by GC 

and "predicted" to the monomer concentrations calculated from the Raman data. Figure 3.8 

and 3.9 clearly demonstrate that using the univariate approach, monomer concentrations can 

be successfully calculated. 

Multivariate Analysis 

Principal Component Analysis 

Principal component analysis (PCA) was performed on the spectra from C1–C3 for which the 

monomer concentrations were analyzed using GC. PCA is a powerful mathematical 

technique for studying spectral variations in a data set. In PCA, the spectrum is decomposed 

in scores and loading vectors, according to: 
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where x represents the spectrum, p1 the first loading vector and t1 the score belonging to the 

first loading vector. The maximum number of loadings possible, n, equals the number of 

spectra in the complete set (if the number of variables in the spectrum exceeds the number of 

spectra). However, usually most of the spectral variation is described by the first few 

loadings, while the higher loading vectors represent mainly noise in the spectra. To study the 

variation in the spectral set, only the first loading vectors and the accompanying scores need 

to be taken into account. The loading vectors, also called principal components, can be 

regarded as "unit-spectra" and the scores as "the number of unit-spectra" needed to 

reconstruct the actual spectrum. Thus, the same "unit-spectra" are used for all the spectra in 

the set, while the number of "unit-spectra" varies from spectrum to spectrum or – associated 

to the spectra – from sample to sample. Therefore, within a set, a sample is characterized by 

its scores, while the set as a whole is characterized by its loading vectors. PCA is described in 

great detail in Martens and Næs15. 

     Prior to PCA, all spectra were smoothed, normalized and baseline corrected as described 

in the section 3.2. In addition, spectra were mean-centered by subtraction of the average 

spectrum (=Σx/n), which was calculated from the spectral matrix. In this way, the results are 

interpreted as variations around the mean. PCA was performed on all Raman spectra for 

which a corresponding GC sample was taken, giving a total of 37 spectra in the set. Figure 

3.10 shows the explained variance versus the number of principal components (PC's). The 
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explained variance – indicated here as a percentage – is a measure of the proportion of 

variation in the data accounted for by the current PC. Figure 3.10 shows using one PC, 98% 

of the spectral variation is accounted for, while two PC's account for 99.5% of the spectral 

variation.  

 

 

 

 

 

 

 

 

 

 

 

     Figure 3.11, depicting loading vectors 1 to 5, also shows that the noise in the loading 

vectors increases with increasing number of components. In addition, figure 3.11 shows that 

the peaks for styrene are most prominently present in the first loading, while BA is only 

visible in this loading by the small peak in the area of the carbonyl peak (1730 cm-1). 

Furthermore, in the first loading the solvent peaks are virtually absent, although they are 

clearly present in the spectra (cf. figure 3.7). In the second loading the most prominent peak 

coincides with the solvent band near 830 cm-1. Looking more closely at figure 3.11, it seems 

that the second loading is a "derivative" of the initial spectrum. The derivative-like 

appearance of a loading often indicates a peak shift, rather than an effect in composition. This 

effect may be caused by a variation which goes from experiment-to-experiment. The 

scoreplot supports this supposition. Figure 3.12 shows the scores along PC2 versus the scores 

along PC1 for the samples in the set. The numbers denote the sample number, 1–12 for C1, 

13–24 for C2 and 25–37 for C3, the numbers increasing with conversion. It seems that PC1 is 

mainly related to conversion – with increasing conversion the scores on PC1 decreases –, 

while the main variation in PC2 seems to be the experiment from which the sample is taken, 

rather than the small effect which seems due to conversion. 
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     The origin of this variation may be in instrumental (hardware) factors, or due to 

pretreatment of the spectra (software factors). However, all spectra were treated using the 

same Savitsky-Golay filter and the same baseline correction. Taking derivatives instead of a 

baseline correction for removing the off-set in the spectra did not markedly change the score 

plots. Also, PCA was performed on spectra which were not normalized. In this case, a higher 

factor model was required to describe the variation in the data and the experiment-to-

experiment variation being also present in the first factor (not shown). Thus, software factors 

seem unlikely to account for the variation. 

     Instrumental variance does not seem unreasonable, as the alignment of the spectrometer 

changes from experiment to experiment. The spectrometer is equipped with an adjustable 

grating, which may be the origin of the shifts. In calibrating the system, the grating is turned 

to a different position, and later turned back to approximately the same position as in 

previous experiments. However, it was found that it is virtually impossible to turn the grating 

back to exactly the same position and as a result variations (shifts) of around 1 cm-1 are 

encountered. In addition, small variations in the laser frequency may give the same effect. 

However, in calibrating the system, the laser frequency is taken as 0 cm-1 Raman shift and a 

distinction between these two effects is difficult. Reactions C2 and C3 have been performed 

on subsequent days, while reaction C1 was carried out 4 weeks earlier. As a consequence, 

between reactions C1 and C2, the grating has been repositioned, while it was not between C2 

and C3. In between all reactions the laser has been shut off and on again. These operations 

may be the cause of the experiment-to-experiment variation.  

     The conclusion is, that in the spectra the main variation is given by converting monomer 

to polymer, and a second effect is present due to experiment-to-experiment variation, which 
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Figure 3.11: First five loadings for the PCA on C1–
C3 for the full spectrum. 
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Figure 3.12: Scoreplot for the complete calibration set 
resulting from PCA on the full spectrum 
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cannot be ascribed to the reaction itself. This second effect is smaller than the first, though 

clearly present in the PCA. Adaptive calibration models30 enable the correction of these small 

peak shifts. The observation that only one factor describes variations due to polymerization 

coincides with the linear relationships between the vinyl and other bands. 

 

Partial Least Squares Regression 

     Partial Least Squares Regression (PLSR) resembles PCA. The main difference is that 

PLSR is a regression technique, requiring a calibration step and therefore calibration 

samples, while PCA does not require this. Like in PCA, in PLSR spectra are "reconstructed", 

similar to equation 3.2. In PLSR, in contrast to PCA, the loading vectors and scores are 

determined by regressing the variation in the spectra to the variation in the samples. A 

detailed description of PLSR can be found in literature15,16, 17 and a concise description is 

given in Appendix 1. 

     Like in any calibration, the samples in the calibration set should represent the full range of 

conditions encountered during the reaction. As shown in figure 3.6, reactions C1–C3 are 

similar according to the GC results, and for this reason each of these reactions can serve as 

the calibration set for calculating concentrations obtained from the other reaction.  

 

PLSR Calibration 

     PLSR has been performed on various parts of the spectrum, for both S and BA, for all 

samples (C1–C3) and the individual sets. Table 3.3 shows the results for the various 

calibration models which were constructed. The calibration models were validated by a full 

cross validation15. The quality of the models is expressed by σp, the root mean squared error 

of prediction, given by the weighted squared residual between the predicted concentration by 

the model and the concentration as measured by GC31. A low value for σp indicates a high 

accuracy in the prediction of the monomer concentration and is expressed in grams of 

monomer per gram of solvent. 

      Table 3.3 shows that in all cases the styrene concentration is predicted using single factor 

models. This is probably due to the fact that variations in the spectrum are dominated by 

styrene. Oddly, even the carbonyl area results in a single factor model for styrene, although 

this monomer shows no bands in this region. However, the high value for σp indicates that the 

prediction is not very accurate and indeed there is a significant difference between the 

measured and predicted values. The fact that a prediction can still be made, is explained by 
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the co-linearity in the BA and S concentrations – a decreasing concentration of one monomer 

is always accompanied by a decrease in the other – while the difference between the actual 

and calculated data describes the deviation from linear behavior in the decreasing comonomer 

concentrations. Figure 3.5 shows that both concentrations decrease during the 

copolymerization, while figure 3.6 shows that, especially for conversion below 50%, the 

fraction S in the monomer (S+BA) decreases almost linearly. For conversions over 50%, this 

behavior is non-linear and deviations start to occur from linearity. The number of samples 

available from higher conversions is, unfortunately, much lower.  

 

Table 3.3: Results for Calibration Models (PLSR) 
 

 sample 
set 

region 
(cm-1) 

assignment #f 
(Sty) 

σp (Sty) 
×103 

#f 
 (BA) 

σp (BA) 
×103 

1 all 450-1850 full spec 1 8.12 3 1.43 
2 C1 450-1850 full spec 1 12.1 3 26.2 
3 C2 450-1850 full spec 1 3.49 2 3.44 
4 C3 450-1850 full spec 1 2.69 2 4.53 
5 C3 1690-1760 C=O 1 23.2 1 4.82 
6 C3 1550-1680 C=C 1 2.81 2 4.71 
7 C3 1390-1530 =CH 1 4.09 3 6.69 
8 C3 1140-1370 -CH 1 2.97 2 8.609 
9 C3 930-1040 aromatic 1 2.96 3 21.0 
10 C3 450-880  1 3.05 2 14.9 

#f: number of factors used in the PLS model, σp: root mean squared error of prediction (g monomer/ g 
solvent) 

 

     For BA, 2 to 3 factor calibration models are required, except for the carbonyl area where a 

single factor suffices. The 2–3 factor models are, again, probably due to the co-linearity in the 

S and BA concentration. The first factor gives the main variation due to styrene, as this 

monomer dominates the spectrum and the decrease in BA is accompanied by a decrease in S. 

As previously mentioned, the higher factors describe the deviation from linearity in S and 

BA. Note that in regions where S is much more pronounced than BA, the number of factors is 

at least 2, while if BA is virtually absent (e.g. the aromatic region around 1000 cm-1) a three 

factor model is required. In case of the carbonyl region (around 1730 cm-1) a single factor 

gives good predictions, as in this case no co-linearity resulting from the styrene are expected. 

 

PLSR Prediction 

     Using the calibration models from the previous section, concentrations for S and BA for 

one reaction can be calculated using the calibration model from another, i.e. concentrations 
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from C1 can be calculated using the calibration models constructed from reaction C2 and/or 

C3, and vice versa. The BA concentrations were calculated using calibration models based on 

the carbonyl area for sets C1–C3 (cf. set 5 in table 3.3). The results are shown in figure 3.13 

where the results for C1, C2 and C3 are shown as predicted versus measured plots. The line 

represents the "ideal case", where the predicted (Raman) values equal the measured (GC) 

values. It can be seen that in all cases accurate predictions are obtained. This is also shown in 

Table 3.4, giving the standard deviations in the BA concentrations (σBA). Table 3.4 and figure 

3.13 show that when C1 is used in the calibration model, a lower precision in the results is 

obtained. This is probably due to the lower precision from the GC results. C2 and C3 show 

approximately the same precision. 

 

Table 3.4: Standard Deviations σBA for BA for the Individual  

Data Sets (columns) for Different Calibration Sets (rows) 

prediction  C1 C2 C3 
Calibration  σBA (×103) σBA  (×103) σBA  (×103) 

C1 9.02 41.4 22.9 
C2 22.1 2.25 8.2 
C3 16.2 11.9 3.23 

Calibration is performed by PLSR on the CO peak (1680-1760 cm-1) 
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 Figure 3.13: Measured concentrations versus the predicted 
concentrations for BA (g BA/ g solvent). –––: exact 
match; : C1 used for calibration; ∆: C2 used for 
calibration; : C3 used for calibration 
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     Obviously, the best predictions are obtained when calculating concentrations within the 

calibration set. The results for S gave lower values for σS, compared to σBA, indicating a 

higher precision. This was already expected because of the lower values for σp for calibration 

sets 6,8 or 9 in Table 3.3. 

 

Univariate Predictions Versus Multivariate Predictions 

     Comparing the univariate and PLSR predictions for BA in figures 3.9 and 3.13, and tables 

3.4 and 3.5, it can be seen that the PLSR results yield a little higher precision. However, the 

quality of the PLSR predictions depends strongly on the quality of the calibration model, 

which hampers the robustness of this technique. In the case presented here, the accuracy of 

PLSR seems to be limited by instrumental factors. Furthermore, it should be noted that the 

sets C1–C3 are very similar. Greater variation between the prediction and calibration may 

decrease accuracy. Therefore, the PLSR results presented here can be regarded as almost 

"ideal", given that instrumental variation cannot be avoided and variations in experimental 

conditions can only increase. 

     The univariate prediction, on the other hand, seems more robust in this respect, since the 

requirements for the calibration set are less strict. Additionally, as integrated peak areas are 

used, this approach seems less sensitive to instrumental variation.  

As briefly mentioned before, in the comparison of  the univariate method and the multivariate 

approach, different sets were used for calibration. In order to use the homopolymerization of 

BA for a multivariate prediction, a PLSR model was developed, which is able to predict the 

partial conversion of BA. From the partial conversion and the initial concentration of BA, the 

actual concentrations of BA can be calculated. The results of these PLSR predictions can be 

compared to univariate predictions using the same calibration set. In order to do so, spectra 

for both the homo- and copolymerization in the carbonyl region of 1690 cm-1 to 1760 cm-1 

were scaled to the spectrum at zero conversion, according to: 

A(0)

OC
i,bOC

i,c

=
= =

x
x      (3.3) 

where xb,i
C=O refers to the baseline corrected spectrum i, and A(0) refers to the area under the 

carbonyl peak at zero conversion. Figure 3.14 shows the predicted versus measured plots 

using this PLSR model, while table 3.5 shows the standard deviations in the BA 

concentration for both methods. These results show that this PLSR gives reasonable 

predictions for the BA concentration, although its accuracy is lower than those obtained in 



QUANTITATIVE ANALYSIS  61 

  

the univariate experiments, while the precision is approximately the same. The reason for this 

may be twofold: in the calibration set, a homopolymerization was used, while the predicted 

values are from a copolymerization. The "overall" carbonyl band is the result of the carbonyl 

contributions from both monomer and (co)polymer, and as a result of a different copolymer 

composition, the shape of the CO band may slightly change. Another reason may be – as 

mentioned before – a difference in experimental or instrumental conditions. 

  

Table 3.5: Standard Deviations using Reaction HBA for Calibration 

 Univariate 
(σBA×103) 

PLSR 
(σBA×103) 

C1 17.5 29.6 
C2 13.7 37.9 
C3 6.7 26.3 

(σBA expressed in g monomer / g solvent) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Thus, a simple answer cannot be given to the question whether the multivariate technique 

is preferred over the univariate technique. If considerable variation in the instrument and/or 

experimental conditions is anticipated, the univariate approach may be the method of choice. 

However, if instrumental variation is small, and experimental conditions are well within 

defined and small limits, or alternatively, if further preprocessing reduces the instrumental 

variation, the multivariate approach is preferred. 
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 Figure 3.14: Predicted concentration of BA (g BA/g solvent) versus measured concentration of BA 

(g BA/ g solvent) using results from HBA for calibration. –––: exact match; : C1; ∆: 
C2; : C3 
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3.3.3 Emulsion Batch Homo- and Copolymerizations 

Emulsion Homopolymerizations 

     Figures 3.15 and 3.16 show some of the spectra recorded during the emulsion 

homopolymerizations of butyl acrylate and styrene, reactions EP-BA and EP-S1 respectively. 

Especially, the spectra for styrene show that the absolute Raman intensity of the vinyl band 

cannot be taken directly for calculating conversions. In the absence of a proper internal 

standard a priori, the conversions were calculated from the ratio of the integrated areas of the 

vinyl-stretch and the carbonyl-stretch bands for BA and the vinyl-stretch and aromatic ring-

breathing bands for S, using equation 3.1 and the values of K as listed in table 3.2.  
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Figure 3.15: Raman spectra recorded during the 
polymerization EP-BA at appr. 0, 25, 
50, 75 and 95 % conversion (bottom to 
top). 

Figure 3.16: Raman spectra recorded during the 
polymerization EP-S1 at appr. 0, 25, 
50, 75 and 95 % conversion (bottom to 
top). 
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Figure 3.17: Conversion versus time for the emulsion 
polymerization EP-BA. : off-line 
gravimetric data; : on-line Raman data 

Figure 3.18: Conversion versus time for the emulsion 
polymerization EP-S1. : off-line 
gravimetric data; : on-line Raman data 
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The conversion data are shown in figures 3.17 and 3.18. A good agreement between the 

Raman and gravimetric data is obtained. In addition, it was found that the band near 830 cm-1 

for BA can serve well as an internal standard, since using this band for normalization results 

in virtually the same graph as figure 3.17. 

          The emulsion polymerization of styrene was also investigated by PLSR. In the 

analysis, reaction EP-S1 was used as a calibration set for EP-S2 and vice versa. The spectral 

regions of 950–1050 cm-1 and the vinyl stretch region from 1550–1700 cm-1 were used in the 

analysis. In the calibration procedure, single factor models were obtained when the integrated 

1030 cm-1 band was used to scale the spectra. The result for the PLSR analysis are shown in 

figure 3.19, where the experimentally obtained gravimetric results (measured) are compared 

to the PLSR predictions (predicted). It can be seen that PLSR gives a good estimation of 

conversion over the full conversion range.  

 

 

 

 

 

 

 

 

 

 

 

 

 

     In table 3.6, the results for PLSR are compared to univariate methods. The first univariate 

method used is to scale the vinyl area to the band near 620 cm-1, characteristic for mono-

substituted aromatic ring, which previously has been used as an internal standard32,33. The 

second approach is to use the 1030 cm-1 band for normalization, while the third approach uses 

the sum of the 620 and 1030 cm-1 bands for normalization. The last univariate method is the 

peak ratio method. The results for this last approach are shown in figure 3.18. PLSR has been 

performed directly on the data and on normalized data, using the 1030 cm-1 band. The results 

are interpreted in terms average difference in fractional conversion (eX) between the 

EP-S2
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Figure 3.19: Raman predicted versus gravimetry measured conversions obtained for 

the emulsion polymerizations EP-S1 and EP-S2. : PLSR predictions 
: univariate predictions by peak ratio. 



64  CHAPTER 3 

conversion obtained by gravimetry (Xgrav) and Raman (XRaman), and the bias (bX) between 

these two conversions:  

 

( )
n

XX
b;

n

XX
e Ramangrav

X
Ramangrav

X

−Σ
=

−Σ
=     (3.4) 

 

Table 3.6: Comparison of Uni- and Multivariate methods in the calculation of 

conversions for the Emulsion Homopolymerization of Styrene. 

normalization EP-S1 EP-S2 Uni-  or 
Multivariate band (cm-1) eX (%) bX (%) eX (%) bX (%) 

U 620 6.19 6.19 6.04 5.98 
U 1030 1.53 -0.74 2.37 0.305 
U 1030+620 2.01 1.57 3.04 2.19 
U ratio 1630/1000 1.58 -0.60 2.24 0.57 
M 1030 2.01 1.22 2.62 -1.94 
M - 27.3 13.0 10.4 8.84 

 

     In table 3.6 it can be seen that the difference between the Raman calculated and the 

gravimetry calculated conversion is approximately 2% when applying PLSR and univariate 

analysis on normalized data using the 1030 cm-1 band. In these cases, the lowest bias is 

found. When using the 620 cm-1, for instance, it can be seen that the eX is larger, ca. 6%, and 

that the bias is approximately the same. This means that the Raman calculated conversion is 

systematically lower than the gravimetric conversion, i.e. if the absolute value for bX is close 

to eX, a systematic error is made in the calculation as a result of an erroneous normalization. 

The PLSR prediction where no normalization is applied, gives a very poor agreement 

between the Raman and gravimetric conversion. This is probably due to slight changes in the 

alignment when off-line samples were taken from the reactor, resulting in changes in the 

absolute intensity. As a result of this, the PLSR prediction deteriorates in absence of 

normalization.  

 

Emulsion Batch Copolymerization 

     The Raman data for the emulsion copolymerization are shown in figure 3.20. It can be 

seen that, although there is a higher BA content (BA:S=4:1), the spectra are dominated by S 

(cf. figures 3.15 and 3.16). In order to calculate the partial conversions as shown in figure 

3.21, spectra were normalized by the sum of the integrated areas of the BA-peak near 830 

cm-1 and the 1030 cm-1 for S. Subsequently, the integrated area of the carbonyl-band around 
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1730 cm-1 was used for calculating the BA conversion, and the integrated ring-breathing band 

for styrene near 1000 cm-1 for the partial conversion of styrene, according to equation 3.1 and 

the value for K in table 3.2. As shown in figure 3.21, the results from the on-line Raman data 

are in good agreement with the off-line GC data. 

 

 

 

 

 

 

 

 
 

 

 

 

 

3.3.4 Semi-continuous Emulsion Copolymerization 

     A series of 10 semi-continuous copolymerizations of S and BA were studied by on-line 

Raman spectroscopy. During these reactions all of the BA and part of the styrene were fed to 

the reactor initially. The remaining styrene was added semi-continuously in a predefined 

monomer addition profile. Although the monomer addition profile for each semi-continuous 

operation was varied, the final total reactor content was approximately the same for all 

reactions. The Raman data was analyzed by PLSR, using off-line GC data for calibration. For 

the partial conversion of S, PLSR was performed on the ring-breathing band (980–1015 

cm-1), normalized on the 1030 cm-1 band. The partial conversion of BA was obtained by 

PLSR on the carbonyl band (1680–1760 cm-1), which was normalized on the BA band from 

820–850 cm-1. The ratio of the total amount of S added to the reactor to the total amount of 

BA was obtained by performing PLSR on the 1030 cm-1 peak which was normalized on the 

830 cm-1 band of BA. 

     In these analyses, each spectrum is the result of a moving average34 of 5 spectra with an 

acquisition time of 60 seconds each. A total of 124 samples were present in the calibration 

set. The three PLSR calibration procedures resulted all in single factor models. The resulting 

predicted versus measured plots are shown in figure 3.22. In this graph, predicted refers to 
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Figure 3.20: Raman spectra recorded during the 
emulsion copolymerization of S and BA at 
ca.0, 25, 50, 75 and 95% conversion from 
bottom to top. 

Figure 3.21: Partial conversions of S ( ) and BA ( ) 
versus time. Open symbols: On-line Raman 
data; closed symbols: off-line GC data 
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the partial conversions of BA and S as obtained by  PLSR , while measured refers to the 

conversions as calculated from the off-line GC data. In addition, figure 3.22 shows the total 

amount of styrene added to the reactor during the semi-continuous operation, as obtained by 

PLSR (predicted), and this amount as calculated from the initial reactor and the addition 

profile of S (measured).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     The results shown in figure 3.22, indicate that especially at low conversions (lower left 

corner in the graphs in figure 3.22), the data for BA and S suffer from noise. This can 

partially be accounted for by the normalization procedure, since the spectra taken for PLSR 

are divided by a relatively small normalization band with a relatively large error. As a result, 

the error in the normalization band is multiplied by the intensity of either the carbonyl-stretch 

or the aromatic ring-breathing bands upon normalization. Once conversion increases and the 

carbonyl-stretch or aromatic ring-breathing intensity decrease, the multiplicative effect of the  

error reduces. In addition, the intensity of the carbonyl-stretch vibration itself seems to show 

higher fluctuations at low conversion. For higher conversions, the quality of the predictions 

increase. 
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 Figure 3.22: Predicted versus measured for the partial conversions of butyl 
acrylate and styrene, and the total amount of styrene added to the 
reactor during the semi-continuous process. The numbers refer to 
the sample numbers in the calibration set (see table 3.7). The line 
represents predicted=measured. 
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     The results for the individual reactions are listed in table 3.7. Similar to table 3.6, the 

quality of the PLSR for the different reactions is expressed in terms of the difference (e) and 

bias (b) between predicted amount of monomer by Raman-PLSR, and the amounts as 

calculated from the GC results. It can be seen that the differences in Raman and GC do not 

drastically change for the reactions, and that for most of them b is substantially lower than e. 

The results for S are comparable to those obtained in the previous section for the 

homopolymerization, when considering the lower initial S content in the reactor. 

 

Table 3.7: Results for PLSR Analysis 

reaction samples ΣS (g) S (g) BA (g) 
SC-ECP  e b e b e b 

1 1-16 0.26 0.03 0.31 0.26 0.64 0.18 
2 17-31 0.24 0.05 0.30 0.29 0.80 -0.46 
3 32-44 0.34 0.30 0.32 -0.11 1.20 -0.79 
4 45-56 0.34 0.12 0.22 -0.09 1.26 -0.62 
5 57-66 0.69 0.53 0.29 0.29 1.69 -1.14 
6 67-82 0.39 0.16 0.29 -0.13 1.22 -0.37 
7 83-94 0.36 -0.25 0.40 -0.21 1.44 0.78 
8 95-106 0.47 -0.27 0.45 -0.45 1.36 0.26 
9 107-116 0.58 -0.51 0.31 -0.06 1.51 1.45 
10 117-124 0.55 -0.36 0.24 0.15 1.32 1.17 

e: average difference between measured and PLSR calculated result, b: bias between measured values and PLSR 
calculated results. e and b are calculated according to equation 3.4. Results are shown in terms of masses of 
monomer present in the reactor. ΣS: total amount of styrene (present in the polymer and as free monomer) in the 
reactor. 
 

     Figure 3.23 shows the amounts of monomer present in the reactor and the total amount of 

styrene present for reaction SC-ECP3. It can be seen that for low conversions the scatter in 

the data is rather large, which is in agreement with the observations in figure 3.22. Towards 

higher conversions, the scatter in the data decreases and more accurate predictions are 

obtained. The figure also shows that the total amount of styrene added to the reactor can be 

properly estimated by the Raman data. 
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3.4 CONCLUSIONS 

 

The results on the quantitative analysis of on-line Raman data from emulsion and solution 

homo- and copolymerizations indicate that, although the vinyl bands are strongly 

overlapping, individual monomer concentrations can be calculated from the spectrum. 

Summarizing the various analysis methods on the different polymerization reactions it can be 

concluded that: 

• For the homopolymerization of BA and S in dioxane the monomer concentration is 

directly proportional to the normalized integrated area of the vinyl-stretch band. Spectra 

can simply be normalized by the solvent band. In these solution homopolymerizations, it 

was established that aromatic bands near 1000 and 1600 cm-1 and the carbonyl band near 

1730 cm-1, show a linear decrease with conversion. 

• The linear relations obtained from the solution homopolymerizations proved successful in 

calculating (partial) monomer conversion in the copolymerization reactions and can also 

be used as “pseudo internal standards” in emulsion polymerizations. 
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Figure 3.23: Amounts of styrene ( ) and butyl acrylate ( ), as obtained by Raman 
spectroscopy (open symbols) and GC (closed symbols), and the total 
amount of styrene added to the reactor (+: Raman data, –––: addition 
profile). 
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• It was found that the polymerization of BA the band near 830 cm-1 serves well as an 

internal standard, while styrene the band near 1030 cm-1 can be used. The disadvantage of 

these peaks is that they are relatively small, consequently introducing a relatively large 

error upon normalization. 

• Principal Component Analysis proved very useful in for comparing the different 

reactions. In the solution copolymerization, the first principal component describes more 

than 98% of the spectral variation, which is in agreement with the observed linear 

variations in the univariate analyses. PCA also allowed the conclusion that the set-up used 

is viable to spectral shifts.  

• Partial Least Squares Regression proved successful in calculating monomer 

concentrations in the solution copolymerization and the emulsion homopolymerization of 

styrene. The accuracy of PLSR and the univariate analysis were in close proximity. The 

accuracy of PLSR is hampered by the before mentioned wavenumber shifts. Therefore, 

spectrum preprocessing methods that can account for this shift are expected to enhance 

the accuracy of PLSR. Also in the semi-continuous emulsion copolymerization of S and 

BA PLSR proved successful in obtaining monomer concentrations.  

 

     The monomer concentrations were calculated without the use of a copolymerization 

model. According to polymerization models, the relative changes in the monomer 

concentrations are determined by kinetic parameters of the model. If these parameters are 

known, the intensity changes in the overall vinyl peak can, in principle, be related to changes 

in the monomer concentrations. Alternatively, in absence of an alternative measurement 

technique, this information may be useful as a validation method for the monomer 

concentrations calculated using the Raman data, i.e. the Raman data is validated by the 

kinetic model. Especially in the on-line control of polymerization processes, this validation 

method may prove useful. Conversely, if the kinetic parameters of the copolymerization 

model are unknown, the on-line Raman data on monomer concentrations can be used for the 

estimation of these copolymerization parameters. This is the subject of the next chapter. 
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4 
ESTIMATION OF REACTIVITY RATIOS  

FROM ON-LINE RAMAN DATA* 
 

Synopsis: A nonlinear least squares model capable of determining reactivity 
ratios from on-line Raman data is presented. The model takes into account 
the error in conversion as well as in monomer fraction. The 
copolymerization of methyl methacrylate and α-methylene-γ-butyrolactone 
is used to test the presented model and the applicability of the Raman 
technique for estimating reactivity ratios. It was shown that the method is 
sensitive to systematic errors, if the estimation is based on a single 
copolymerization. Combining results from copolymerizations starting at 
different initial monomer compositions, however, reduces the impact of  
systematic errors and leads to estimations for the reactivity ratios close to 
those obtained by low conversion copolymerization experiments.  

 

4.1 INTRODUCTION 

 

In the previous chapters it was shown how to obtain a proper signal from a Raman 

measurement and how to retrieve concentrations from this signal. The present chapter deals 

with the estimation of reactivity ratios (rr) from the data which is obtained from the on-line 

monitoring of solution copolymerizations. The monomers under study in this chapter are 

α-methylene-γ-butyrolactone (MBL) and methyl methacrylate (MMA). The system of MMA 

and MBL has the advantage that the vinyl bands are reasonably well separated, at 1635 cm-1 

and 1660 cm-1, respectively, and monomer concentrations can directly be obtained from the 

areas of the normalized vinyl-peaks. For this reason, the system is well suited to explore the 

                                                 
* Reproduced from: M. van den Brink,  A.M. van Herk and A.L. German, J. Polym. Sci.: Part A: Polym. Chem. 
37, 3793–3803 (1999); and M. van den Brink,  W. Smulders, A.M. van Herk and A.L. German, J. Polym. Sci.: 
Part A: Polym. Chem. 37, 3804–3816 (1999) 
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possibilities of Raman spectroscopy in copolymerization kinetics, since the calculation of 

comonomer concentrations is straightforward.  

     Special attention is given to the analysis of the data, as this is of great importance on the 

outcome of the estimation of the rr. The origin of errors is carefully analyzed in order to 

establish whether random or systematic errors are present. This is often omitted in literature,  

sometimes leading to conclusions which are not supported by the accuracy of the 

experimental data. Historically, a few ways of estimating rr are found, these are: 

1. analysis of the sequence distribution e.g. 1; 

2. analysis of the copolymer composition as a function of the comonomer composition 

in low conversion experiments, using the differential Mayo-Lewis2 copolymerization 

equation; 

3. analysis of the comonomer composition as a function of conversion, using the 

integrated form of the copolymerization equation3,4. 

The latter two methods will be discussed in this chapter. 

 

Low conversion experiments: copolymer composition versus monomer composition 

     As discussed in chapter 1, rr are of crucial importance in relating the monomer fraction to 

copolymer composition. The method which is used most often nowadays for estimating rr, is 

to perform low conversion copolymerizations at different initial monomer feed compositions. 

Subsequently, the copolymer composition is determined for each reaction. According to the 

ultimate or terminal copolymerization model2, 5, the obtained data can be fitted by the 

differential copolymerization equation:  

( )
( ) ( )2

2
2

1

2
1

1 f1f1f2f
f1ff

F
−+−+

−+
=

rr
r     (4.1) 

where F is the fraction monomer 1 in the instantaneous formed copolymer, f is the fraction of 

monomer 1 in the monomer mixture, r1 and r2 are the rr. For the proper estimation of r1 and 

r2, nonlinear least squares (NLLS) methods should be used6,7 such as the method proposed by 

van Herk8 or the Error-in-Variables-Method (EVM) as used by e.g. O'Driscoll and 

Penlidis9-13. The EVM takes into account the error in both the dependent variable (F) and the 

independent variable (f), while the LS method only takes into account the error in the 

dependent variable. The composition of the copolymer obtained from the low conversion 

experiments is usually determined by spectroscopic methods such as NMR or FT-IR, while 

the monomer composition is simply determined by the initial amounts of the monomers in the 
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mixture. For this reason, the error in F is usually much higher (one order in magnitude) than 

the error in f, and therefore both EVM and LS methods yield equal and good estimations with 

correct confidence intervals. 

 

High conversion experiments: monomer fraction versus monomer conversion 

     Copolymerization parameters can also be obtained by using the integrated form of the 

copolymerization equation4: 
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X refers to monomer conversion, f to monomer fraction and f0 to the initial monomer 

fraction. Equation 4.2 relates the overall monomer conversion to the fraction of monomer 1 in 

the mixture, according to the ultimate copolymerization model. For this reason, the use of this 

equation for estimating rr has the advantage that one is no longer restricted to low 

conversions to determine copolymerization parameters14 and also conversion effects can be 

studied15. On-line techniques, such as gas-chromatography16,17 or spectroscopic methods, e.g. 

infrared18, Raman spectroscopy19 or NMR20, are very suitable for this type of experiment, 

since one single copolymerization reaction can provide numerous data and, in principle, yield 

an estimation for the rr. This in contrast to the previously described low conversion method, 

where each experiment only gives one data point and at least two experiments have to be 

performed to calculate the rr. The rr are obtained by fitting equation 4.2 to experimentally 

obtained monomer conversions and fractions. Since both conversion and fraction are 

calculated from the measured monomer concentrations, both parameters are subjected to 

experimental error. Thus conventional NLLS procedures should no longer be used since it 

can no longer be assumed that only one variable dominates the total error.  

 

Regression models for the estimation of reactivity ratios 

     The only study encountered in open literature where Raman spectroscopy is used to 

estimate rr, is a study of Haigh et al.19 on the copolymerization of styrene and vinyl 

imidazole. Unfortunately, their set-up proved to be unreliable, as temperatures could not be 
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kept constant and the cell itself suffered from leakage. In addition, their method suffered from 

two disadvantages. First, instead of directly using the integrated copolymerization equation, 

copolymer composition was calculated from the initial changes in monomer concentrations. 

A linear fit on the data was used, meaning that the abundant information in the concentration-

Raman-data was not used. Furthermore, since the monomer composition changes in a 

nonlinear fashion due to composition drift, this approach may lead to an incorrect 

extrapolation to conversion zero. In addition, the Kelen–Tudos method21 was used to analyze 

the data while nonlinear regression techniques are more reliable in the analysis of 

copolymerization data6,7,12,22. Altogether, the estimated values for the rr differed widely from 

literature values19.  

     The study by Haigh et al. is an example which clearly demonstrates that the use of wrong 

methods in the analysis of copolymerization data can yield erroneous estimates for the rr. In 

fact, the use of regression methods to obtain model parameters in copolymerization problems, 

is an area where many errors are being made9. Like in the example, these errors find their 

origin in using improper statistical methods, or by using a correct statistical model, but in an 

incorrect way due to the fact that the actual errors are not known or considered properly23. 

     Apparently, a gap still exists between statisticians and experimentalists in this field of 

research, while exact and (statistically) correct information on copolymerization parameters 

is of direct and crucial importance for proper process control leading to desired copolymer 

properties. Tidwell and Mortimer22 have put forward a number of criteria which models for 

parameter estimation should fulfil. These criteria can be summarized as follows: 

1. the model should be correct; 

2. the model should be easy to use. 

     In order to reduce the before mentioned gap, the second requirement should, in our 

opinion, be replaced by: 

2. the model should be easy to use and, preferably, easy to understand to the 

experimentalist 

Although the first requirement may seem obvious,  linearization methods which are incorrect 

from a statistical point of view are still being used in the estimation of copolymerization 

parameters up to the present day23. These linearization methods have the disadvantage that 

the data is unequally weighted, often leading to erroneous estimations of the rr. The reason 

that they are still in use is that they (only) obey the second requirement. 

     In literature, the integrated copolymerization equation is applied to the estimation of 

copolymerization parameters in a few different ways. The first way to obtain estimates, is by 
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graphical methods 14, 19, 24, 25. In this form, r2 is represented as a function of the 

(experimentally obtained) monomer ratios and the rr. Fitting is done by representing r2 as a 

function of r1 and the estimate can be found at the intersection of 2 lines from different 

experiments, each line representing an experiment. These methods suffer from the same 

disadvantages as the linearization methods mentioned above. 

     Another way is to estimate rr in a NLLS procedure by minimizing the difference between 

a calculated and measured property in the integrated form, either the monomer fraction16-18 or 

the cumulative copolymer composition26 versus monomer conversion, or by taking both 

monomer and copolymer composition into account27,28,29. In the last case, the LS analysis is 

performed by minimizing the difference between one of the experimentally obtained data and 

the calculated data. In the former two, analysis is performed by NLLS curve fitting methods. 

     The problem with LS methods, as mentioned before, is that in order to obtain good 

estimates, the error in all variables should be taken into account, for instance by a relation 

between the errors in these variables. Joshi30 suggested that instead of the – conventional – 

vertical distance, the perpendicular distance from the model curve to the point of 

measurement should be used. Although this method takes both variables into account and 

indeed the absolute least squared distance is found, it does not correctly account for the error 

in both variables, since the ratio of the errors in the variables does not depend on the structure 

of the experimental data, but on the derivative of the model which is used. Yamada et al.29 

applied an error propagation method, while Buback et al.31 have applied an approximate 

solution in the LS method by transforming the error obtained by NLLS in the dependent 

variable to the independent variable. 
     Error-in-Variable-Methods32, introduced into copolymerization reactivity ratio estimations 

by van der Meer et al.33, correctly take into account the error in all variables. As mentioned 

above, experimental monomer conversion versus cumulative copolymer composition34 or 

monomer fraction11,13, 33,35,36 data can be used to estimate the rr using the EVM. 

     Ni and Hunkeler37 used an artificial neural network (ANN) in order to obtain rr from the 

integrated form of the copolymerization equation. In this study, acrylamide was 

copolymerized with quaternary ammonium cationic monomers.  The reactivity  ratios are 

known to vary with a lot of process parameters for this system. Like the NLLS methods, the 

ANN minimizes the difference between the outcome from experimental data and the outcome 

from the ANN corresponding to the experimental input data. In this way the ANN was 

applied to correct for rr under different process conditions. The advantage for ANN is that no 

prior knowledge of the system is required. 
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     Comparing EVMs with (conventional) NLLS methods, the EVMs have the major 

advantage that they correctly take into account the (weighted) errors in all variables. 

However, these models have the disadvantage that they are complex. For this reason, the 

experimentalist may feel hindered to use EVM, or may even misuse EVM, as he or she is 

unaware of the requirements and the applicability of the model. When using EVM, the errors 

for all variables have to be entered manually or, alternatively, 20 to 30 (!) replicate 

measurements should be made to construct the covariance matrix32. As this matrix is used to 

calculate the point estimates and the confidence intervals, the quality of the estimation does 

depend on the information on all errors or on the quality and number of replicates. Here lies a 

problem which is often underestimated, as discussed in papers by Tidwell and Mortimer22 

and, more recently, by van Herk and Dröge23 and Rossignoly and Duever10.  

     The LS methods, on the other hand, have the advantage that no prior knowledge of the 

error is necessary, as the statistical analysis can be made on the residuals between 

experimental data and model fits. Therefore, if it is not possible or desired to do replicates – 

as these are time consuming and little additional information is gained – and no appropriate 

estimates of the errors are available, NLLS may be the method of choice. In this case, the 

conventional NLLS needs to be modified to correct for the errors in both directions. This 

approach is followed in the remainder of this chapter.  

 

4.2 NONLINEAR LEAST SQUARES REGRESSION: MODEL DEVELOPMENT 

4.2.1 General 

    The principle of least squares requires the minimizing of the sum of the weighted squares 

of the residuals. A general expression for the sum of squares (SS) for a set of n measurements 

fitted with parameters r1 and r2 is the following38: 

∑=
=

n

1i

2
ii21 LwrrSS ),(      (4.3) 

here wi are the weighting factors and Li are the residuals. The point estimate for r1 and r2 is 

found where the SS has its minimum. In general, the LS methods require that the errors are 

normally distributed and that they are independent23. If the variance is not equal for all 

measurements, appropriate weighting is necessary, depending on data structure. A common 

weighting scheme is to use the reciprocal variance23: 
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2
i

i
1w
σ

=       (4.4) 

where σi is the standard deviation for measurement i. 

     In general, the residuals Li are the distances between experimental values for measurement 

i (Xi,fi) and the estimated values for measurement i )ˆ,ˆ( ii fX (see also figure 4.1) where X and 

f are the variables under study: 

( ) ( )2ii
2

iii ffXXL ˆˆ −+−=     (4.5) 

In the case that only variable f has an error, Xi equals iX̂  and Li reduces to ii ff ˆ− .  When 

both X and f have an error, at least two problems need to be solved: 

1. find the proper estimation )ˆ,ˆ( ii fX  for measurement (Xi,fi) in order to calculate Li; 

2. find the proper weighing factor wi. 

 

 

 

 

 

 

 

 

 

 

 

 

 

     In figure 4.1 it can be seen that )ˆ,ˆ( ii fX  can be found at the intersection of two lines. The 

first line is given by the model, for arbitrary values of the model parameters. The second line 

is a straight line going through (Xi,fi). This line denotes the direction of the error and has a 

slope given by the standard deviations in both f and X. The function which describes this line 

is given by XS,i(f): 
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 Figure 4.1: Schematic overview for the estimation of Li. 
�: experimental data, : fitted data 
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where λ is a factor that determines the direction of the error. In principle the line can have a 

positive or negative direction and two solutions are possible for the estimate. Since we are 

interested in the least squared residual, λ equals +1 if the derivative for the model is negative, 

or -1 if the derivative is positive. Note that for every data point XS,i is determined and does 

only depend on the relative error of X and f. To obtain the appropriate weighting factors wi 

and to find an expression for the slope (1/σf/X), σX and σf should be known. In the next 

section, a relation between these values is obtained by  error propagation analysis. 

     Once the standard deviations are known, wi can be calculated: 
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It should be noted that in order to make a least squares estimation taking into account more 

than one variable, only the relative values of the errors should be known, as is shown later. 

Furthermore, the method is not restricted to two variables, since – in principle – any number 

of variables can be incorporated.  

     In the estimation procedure, the model-line is varied by changing the model parameters. 

For each combination of the parameters the sum of squares is determined according to 

equations 4.3 – 4.5, while figure 4.1 schematically shows how )ˆ,ˆ( ii fX  are determined. In this 

study the model parameters are the reactivity ratios, while the model-line is given by equation 

4.2. The direction-of-the-error-line is given by equation 4.6 and does not depend on the 

choice of the model parameters. 

 

4.2.2 Estimation of Reactivity ratios Using the Integrated Copolymerization Equation 

     For the estimation of the rr using equation 4.2 by the approach outlined in the previous 

section, the following steps should be taken: 

1. for each data point (Xi ,fi) the ratio between the standard deviations σX,i and σf,i  

should be known in order to determine σf/X in equation 4.6 and wi in equation 4.7; 

2. visualization of the sum of squares of residual space is done by finding Li as described 

in the previous section by equating expressions 4.2 and 4.6 over a grid of r1 and r2. In 

this way a three-dimensional error space is obtained. 



ESTIMATION OF REACTIVITY RATIOS  81   

Thus, least squares analysis was performed by visualization of the sum of squares space8. 

This method has the advantage that the result does not depend on the choice of the initial  

parameters to reach convergence, as long as sufficiently wide intervals for r1 and r2 are 

chosen. In addition, local minima are avoided within the interval. 

Determination of σσσσX and σσσσf 

     The standard deviation in f (σf )can be obtained by error propagation analysis from the 

error in the concentration of monomers 1 and 2, characterized by σc:  

2

1c
2

2

2c
1

2
f c

f
c
f







σ

δ
δ+





σ

δ
δ=σ      (4.8) 

Assuming that σc1=σc2=σc, this leads to: 
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Where C0 refers to the initial total monomer concentration and c1 and c2 to the individual 

monomer concentrations. A similar derivation leads to the following expression for σX: 
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Thus, the error in conversion stays constant throughout the copolymerization. Now, σf/X and 

wi can be calculated from equations 4.9 and 4.10: 
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In equation 4.11a, the numerator is not very sensitive to changes in monomer fraction (a 

maximum change of ½·2½ to 1. The denominator, however, changes considerably at higher 

conversions (from 2½ at X=0 to infinity at X=1. From experimental considerations it is 

important to note that no knowledge of the absolute error is required. Alternatively, the error 

structure can also be obtained from simulation39. 
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Determination of Li and wi 

     For a given combination of r1 and r2, a computer program calculates for each data point 

(Xi,fi) the estimate )ˆ,ˆ( ii fX . This is accomplished when the absolute value for ∆X in equation 

4.12 approaches zero: 
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The first term of the right hand of this equation is the integrated copolymerization equation 

4.2 and the second term is the direction–of–error–equation 4.6. This is graphically shown in 

figure 4.1 where )ˆ,ˆ( ii fX  is found at the intersection by the lines that are given by equations 

4.2 and 4.6. Once )ˆ,ˆ( ii fX  is obtained, Li can be calculated using equation 4.5.  

     It should be noted that one should be careful in choosing the initial values for f in the 

bisectional method, as the integrated copolymerization equation 4.2 does only have solutions 

for X in a limited interval for f. The start and end point of this interval depend on the rr and 

the initial fraction. Figure 4.2 schematically shows how the monomer composition changes 

with conversion, depending on the rr.  
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Figure 4.2: Schematic overview of the monomer fraction as a function of conversion for 
various combinations of the reactivity ratios and initial fraction. The position of 
X=0 is determined by the initial monomer fraction. The scale of the X-axis is 
determined by the value of the reactivity ratios, i.e. in case of strong composition 
drift the axis is stretched, and at large part of the axis for X>0 is used, while for 
little composition drift only a small part of the curve of the X-axis is used. 
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     Equation 4.2 does not have a solution for r1=0, r2=0, r1=1, r2 =1 and r1+r2=2, and these 

values are avoided in the calculations. It should be noted that in figure 4.2 the conversion is 

given as the independent variable and f as the dependent variable, while the situation is 

reversed in equation 4.2. Figure 4.2 shows the limits for f depending on the values for r1, r2 

and f0, as the azeotropic monomer feed composition  (faz), is given by: 
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It should be noted that the scale of the X-axis is only determined at X=0, where f equals the 

initial fraction (f0). As the model always predicts monotonically increasing or decreasing line 

in between the limits for f, a solution is always found for X in a few iterative steps. 

Once Li has been determined, the weighting factors are calculated in the LS2D program by: 

( )
( ) 

















−
−+

+

=

2
i

2
i

i

X14
f211

1

1w      (4.14)  

The difference between equations 4.11b and 4.14, is that σX
2 is omitted as it stays constant 

during the process, since it is independent from conversion. The weighting factors need to be 

calculated only once since they are solely dependent on the experimental data. When wi and 

Li are known, the sum of squares (SS) can be calculated according to equation 4.3. The 

procedure is repeated for an appropriate interval and step size for r1 and r2 in order to 

construct the sum of  the squared residuals space. The approximate 95% joint confidence 

intervals were calculated using an F-test6: 
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where Fz(p,1-p) represents a value from the F-distribution at confidence level z, p is the 

number of parameters, i the number of data points and  ( )21 rrSS ˆ,ˆ  is the sum of squares for the 

point estimate of r1 and r2. Model verification by simulation has recently been published 

elsewhere39. 
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4.3 EXPERIMENTAL 

Materials 

     MBL was synthesized according to Akkapeddi40 with a yield of 40-60%. Chemicals used 

for this synthesis were sodium ethoxide (94-97%, Akros), THF (p.a., Merck), γ-butyrolactone 

(+99%, Merck), paraformaldehyde (95%, Aldrich), diethyl oxalate (+99%, Fluka) and 

diethylether (p.a., Merck). THF was dried with LiAlH4, all other chemicals were used as 

received. α,α'-Azobis-(isobutyronitrile) AIBN (+99%, Fluka), DMSO (99.7%, Merck), 

methanol (p.a. Merck), DMSO-d6 (Janssen Chimika), hydroquinone (Merck) were used as 

received for the polymerization reactions. MMA (p.a., Merck) was distilled prior to use. 

MBL (>98%) was distilled twice after synthesis and the product was analyzed by NMR and 

purity was checked by gas chromatography and refractive index. Monomers were stored at 

-20°C. Prior to polymerization, the presence of polymer in the monomers was tested by 

dissolving the monomer in methanol and checking for any polymer precipitation. 
 

Low conversion bulk and solution polymerizations 

     The bulk and solution polymerizations were performed at a temperature of 50°C in an 

argon or nitrogen atmosphere. To remove oxygen, two freeze-pump-thaw cycles were 

performed before the start of the reaction. The overall monomer content in the solution 

polymerizations was approximately 20% by weight. The initiator concentration was 

approximately 0.02 M. During polymerization, samples were taken regularly and mixed with 

methanol to detect the presence of polymer. Once polymer was detected the reaction was 

quenched in liquid nitrogen and the reaction mixture was poured in a tenfold excess of 

methanol to precipitate the polymer. The precipitate was filtered off and dried under vacuum 

at 50-60°C for at least one week. Conversion was determined by gravimetry.  

     In the early 1960's, it was already pointed out that experimental design leads to the best 

estimates (with the smallest confidence intervals) and proper statistical analysis should be 

applied6,7. Further, it was shown that using the D-optimal criterion6, the initial monomer feed 

compositions at which the low conversion experiments should be carried out, can be 

estimated by7: 
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Using data from Akkapeddi41 (rMBL=1.6;rMMA=0.6 at 60°C) leads to initial monomer fractions 

of f'MBL=0.55 and f"MBL=0.23. The results of the first few experiments were used to 

recalculate f'MBL and f"MBL. Table 4.1 summarizes the recipes for the different experiments. 

     The copolymer composition was determined using 1H-NMR on a Bruker AM400 FT-

spectrometer at 100°C. For this purpose 1-5 wt% MBL-MMA copolymer solutions were 

prepared. DMSO-d6 was used as a solvent as well as a locking agent. NMR spectra were 

obtained using a spectral width of 8400 Hz, an acquisition time of 2.72s, a pulse delay of 5s 

and a pulse width of 8 µs. The copolymer composition was calculated from the signals of the 

methoxy peaks from MBL (A-OCH2-,δ=4.3 ppm) and MMA (A-CH3-,δ=3.6 ppm) using the 

following relationship:  
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On-line Raman measurements 

     On-line Raman measurements were performed using the set-up shown in figure 4.3. With 

this set-up it is possible to perform the reactions in a well thermostatted, well stirred reaction 

vessel. Reactions were performed at 70o C (±0.5° C). The Raman spectrometer (Dilor 

Labram) was equipped with a Millenia II Nd:YVO4 laser (Spectra Physics) with a excitation 

wavelength of 532 nm and operated at a power of 0.20W at the reactor. The spectrometer was 

equipped with a 1800 grooves/mm grating resulting in a resolution (spectral spacing) of 0.045 

nm (approximately 1.5 cm-1) and a 1024x256 pixel CCD detector.  

 

 

 

 

 

 

 

 

 

 

Labram microscope T

Laser Notch filter
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Figure 4.3: Schematic overview of the set-up. 
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The reactor (volume 25 ml) was placed directly in front of the LabRam microscope, as 

depicted in figure 4.3. The microscope was equipped with a 40 mm macrolens under a 900 

angle, focussing the laser light into the reactor and for collecting the backscattered light into 

the spectrometer. 

     Spectra were taken using a confocal hole of 1000 µm and a slit width of 100 µm. The 

acquisition time for one spectrum was 2 to 5 seconds. Multiple spectra were averaged using 

the Labspec software (Dilor), yielding a total acquisition time of 30–100 seconds per 

spectrum. After acquisition, all spectra were processed by an in-house developed program in 

LabView 4.0.1 (National Instruments), where subsequently a double seven point Savitsky–

Golay filter for noise reduction and a polynomial baseline correction were applied. As 

discussed in the previous chapters, the absolute Raman signal depends on the alignment of 

the set up. Differences in the absolute signal can be accounted for by normalizing the baseline 

corrected spectra. Normalization was performed by dividing the baseline corrected spectra by 

the solvent peak near 1430 cm-1. This peak can be attributed to CH3-deformation of DMSO42, 

and the center of this peak shows little overlap with CH-deformation peaks of the monomers. 

Alternatively, the sulfoxide peak near 1050 cm-1 can be used, but at high poly(MBL) 

fractions this peak may introduce a small error in the calculation of concentrations due to 

absorption effects, as will be discussed later. At low poly(MBL) fractions, the peaks near 

1050 cm-1 and 1430 cm-1 gave similar results. 

     The concentrations of MBL and MMA were calculated according to: 
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where Cmon(0) refers to the initial concentration (moles of monomer per mole of solvent) and 

C(i) to the concentration at time or sample i. Amon refers to the normalized integrated peak 

areas of monomer or solvent, respectively. I(i) refers to the baseline corrected intensity for 

data point i and ν to a wavelength index, while the subscripts (mon,0) and (mon,e) refer to 

the start and end of the peak integration indices (1640 -1650 cm-1 for MMA and 1655 - 1665 

cm-1 for MBL). From these concentrations, monomer fraction and conversion can simply be 

calculated by: 
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where Xi refers to monomer conversion and fMBL,i refers to the fraction of MBL in the 

monomer feed for data point i. 

 

Experimental Design for the High Conversion Experiments 

     Despite the attention given to the design of experiments for obtaining rr by low conversion 

experiments, this subject has received little attention when using the integrated 

copolymerization equation. Plaumann and Brandston43 noticed that when using the integrated 

copolymerization equation, at least two experiments should be performed, at different initial 

fractions, since a single experiments resulted in a stretched long interval, indicating that a 

correlation between the two rr exists. They indicated initial fractions of f0=0.20 and 0.80, 

based on "a pragmatic approach" to use a pair of initial feed compositions which are "far 

apart". Nonetheless, in their simulations it provided "more useful information on the rr than 

in any other experiment at other initial feed ratios". 

     The approach taken here to find the best experimental conditions is different. The first 

monomer feed ratio chosen was made on the basis of  first finding the composition where the 

maximum composition drift can be expected39 and use this as the initial feed fraction (f0) for 

the first experiment. Calculations based on estimations for the rr obtained from the NMR 

results yielded a value of fMBL,0=0.45 for the initial feed fraction. The rationale for this choice 

lies in the fact that in the integrated copolymerization approach, the curve is characterized by 

the reactivity ratios, and the more composition drift is encountered during a single 

experiment, the more characteristic values for the rr can be obtained. 

     Plaumann and Brandston noticed that a stretched joint confidence interval (JCI) is 

obtained from a single experiment43. The values on the confidence interval which have the 

largest distance from another, say, A=(r1A, r2A) and B=(r1B, r2B), are used to calculate the 

initial monomer fractions for the next experiments to be performed (see figure 4.4-3). The 

stretched JCI indicates that with the initial fraction used in the first experiment, it is difficult 

to distinguish between reactivity ratios A and B (and all rr on the line between A and B), 

since both A(r1A, r2A) and B(r1B, r2B) give a good fit on the data. Therefore, the next 

experiment should be performed at an initial monomer fraction for which the largest 

difference in composition drift between A(r1A, r2A) and B(r1B, r2B) is expected, because this is 

the experiment that will be most sensitive to the difference in A and B. This fraction is 

obtained by maximizing ∆f in equation 4.20:  
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In equation 4.20, ∆f represents the cumulative (left) or integrated (right) difference between 

calculated monomer fractions at a certain monomer feed fraction (f0) for rr A and B. fA,i and 

fB,i refer to the monomer fraction at the conversion corresponding to i, calculated using 

A(r1A, r2A) and B(r1B, r2B), respectively. The values for f0 at which ∆f is maximized, can be 

used for planning the next experiments. The procedure is schematically shown in figure 4.4. 
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.4: Schematic overview for procedure for obtained the initial monomer fractions. 1: The first 

experiment is chosen at the position where the most composition drift is expected. 2+3: 
Results of the first experiment (2: conversion vs fraction, and 3: resulting joint confidence 
interval). 4+5: calculation of the next initial monomer fractions; 4: simulation of X-f curves, 
5: integrated difference between the results for (r1A, r1B) and (r2A, r2B).  
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shows the fraction of  MBL in the instantaneously formed copolymer (FMBL) versus the 

fraction of MBL in the feed (fMBL). 

     The estimates for the rr and 95 % joint confidence intervals (JCI) were calculated using 

Contour8, a recently developed nonlinear least squares program, and are shown in figure 4.6. 

In Contour, the fractional copolymer compositions as obtained by NMR, are fitted by the 

differential copolymerization equation, which describes the instantaneous copolymer 

composition as a function of the free monomer composition, according to equation 4.1. 

 
Table 4.1: Monomer Feed Composition and Copolymer Composition Data from the 

Low Conversion Bulk and Solution Polymerizations 
 bulk experiments solution experiments 

Exp. fMBL(-) FMBL(-) X (%) Exp. fMBL(-) FMBL(-) X (%) 
B1 0.215 0.481 0.1 S1 0.218 0.433 1.9 
B2 0.215 0.481 0.05 S2 0.218 0.414 1.2 
B3 0.520 0.816 1.9 S3 0.218 0.392 1.6 
B4 0.519 0.771 0.6 S4 0.518 0.749 4.3 

    S5 0.518 0.715 5.0 
B5 0.124 0.32 0.19     
B6 0.125 0.339 0.23 S6 0.181 0.36 0.6 
B7 0.137 0.337 0.08 S7 0.184 0.333 1.8 
B8 0.143 0.353 0.20 S8 0.185 0.353 1.5 
B9 0.394 0.708 0.38 S9 0.443 0.656 1.2 
B10 0.395 0.672 0.1 S10 0.441 0.680 0.6 
B11 0.423 0.717 0.13 S11 0.441 0.658 1.0 
B12 0.421 0.717 0.1     

fMBL: fraction of MBL in monomer feed, FMBL: fraction of MBL in copolymer, X: overall conversion 
 
 
The estimates of the rr for the bulk copolymerization, rMBL and rMMA, are respectively 3.51 

and 0.307, while for the solution polymerizations values of 2.83 and 0.454 were obtained for 

the rr of MBL and MMA. Figure 4.6 also shows the recalculated rr and 95% confidence 

intervals of Akkapeddi41. It can be seen that using NLLS, different estimates were obtained as 

compared to using the Fineman-Ross (F-R) method44: rMBL=1.19 and rMMA=0.535 for NLLS 

compared with  rMBL=1.67, rMMA=0.60 for the F-R method. Next, due to the optimal design 

applied here, and the increased number of experiments, smaller joint confidence intervals are 

obtained. Additionally, the 95% joint confidence intervals for our results show a significant 

difference between the bulk and solution copolymerizations. This will be discussed in more 

detail later. 
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4.4.2 High Conversion Solution Polymerizations 

     In total six solution copolymerizations (R1-R6) have been performed at three different 

initial mole fractions of MBL, see table 4.2. During the reactions, it was observed that the 

reaction mixtures adopted a red color, and that at higher poly(MBL) fractions, the intensity of 

the color increases. This effect was accompanied by an increasing baseline, as shown in 

figure 4.7, where a few representative Raman spectra obtained from reaction R1 are shown. 

The figure clearly shows that as time proceeds (and conversion increases), the baseline shows 

a dramatic increase.  

 
Table 4.2: Results for the Solution Copolymerizations in DMSO Monitored by On-line 

Raman Spectroscopy. 
Exp. n fMBL,0 PE SS(PE)/(n) 

   rMBL rMMA (×105) 

R1 120 0.462 4.89 1.01 9.03 
R2 114 0.218 1.17 0.29 29.4 
R3 150 0.795 2.29 0* 111 
R4 84 0.463 2.78 0.49 3.77 
R5 420 0.233 0.36 0.26 3.08 
R6 110 0.796 4.37 3.21 177 

n: number of data points, SS(PE): sum of squared residual errors at point estimate (PE) *:point estimate for 
rMMA<0 

 
     Figure 4.8 shows some normalized spectra in the region of 1200–1800 cm-1. The figure  

shows the location of the vinyl peaks of  MBL and MMA at 1660 and 1635 cm-1, 
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Figure 4.5: Results for the low conversion bulk and 
solution polymerizations. : bulk 
experiments, : solution experiments, 
 ––––: NLLS fitted lines 
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respectively. The normalized spectra show that the peaks of MBL and MMA are reasonably 

well separated. 

 

 

 

 

 

 

 

 

 

 

 

    For the six reactions, the monomer fractions and conversions are calculated according to 

equations 4.19a and 4.19b, and the results are shown in figure 4.9. From these X–f graphs, rr 

can be estimated. The estimates for the rr are obtained by a nonlinear regression method 

where the error in both f as well as in X is taken into account by the error propagation method 

as described in the previous section. The obtained conversion and fractions were fitted by the 

integrated copolymerization equation 4.2, and the resulting JCIs are shown in figure 4.10, 

while the point estimates are listed in table 4.2. 
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 Figure 4.7: Raw data from experiment R1. The 

vinyl peaks are visible in the box 
from 1600 cm-1 to 1700 cm-1. 
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Figure 4.8: Normalized and smoothed  spectra. 

The vinyl peaks are visible in the box 
from 1600 cm-1 to 1700 cm-1. 
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    The choice for the initial monomer fractions for the experiments was according to the 

procedure described in the previous section (4.3). The initial monomer fraction for the first 

experiment was calculated at f0=0.45, and this fraction was used in experiments R1 and R4.  

The stretched JCI resulting from R1 was used for calculating the initial monomer fractions 

for the other experiments, the result of the calculation is shown in figure 4.11, indicating that 

∆f is maximized at values of f0=0.17 and f0=0.78, and these values were used in the 

experiments R2, R5 and R3, R6, respectively. 

 

 

 

 

 

 

 

 

 

 

  

Analysis of the individual experiments 

     From the resulting 95% joint confidence intervals (JCIs) for the individual experiments 

R1–R6 are shown in figure 4.10, the following can be observed: 

1. the JCIs of the experiments are stretched and point in different directions for 

different initial compositions; 

2. the area of JCI seems to be related to the initial monomer feed fraction the 

experiment was performed at; 

3. the JCIs  do not overlap. 

The first observation has been noticed before, in our simulations39 as well was in literature43. 

The fact that the confidence intervals are stretched, indicates that there exists a correlation 

between the two rr. As indicated by the different directions of the JCIs, this correlation seems 

to depend on the initial fraction which is chosen for the experiment. As figure 4.9 clearly 

shows, during one experiment only a limited interval of monomer fractions is encountered. In 

terms of a f-F graph such as figure 4.5, this means that only a small part of this graph is 

covered by one single data set. In a selected region of this graph, the sensitivity towards the rr 
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Figure 4.11: Calculated cumulative difference ∆f (f0,A,B) for 
various initial fractions for reactivity ratios  
A=(3.65; 0.70) and B=(6.80; 1.47). 
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varies with monomer fraction45. This can be understood by the approximation method22: for 

low fractions it can be shown that for the derivative of equation 4.1, F'(fMBL→0)=1/rMMA and 

as a result, rMBL is undetermined. For high fractions F'(fMBL→1)=1/rMBL and thus rMMA is 

undetermined. Figure 4.10 is in agreement with this analysis as it shows that for low initial 

fractions of MBL in the monomer feed (R2, R5) rMBL is rather undetermined since the JCI is 

stretched in the direction of this axis, while at high initial MBL fractions (R3,R6) rMMA is 

rather undetermined. 

     The second observation in figure 4.10, the increasing size of the JCIs with increasing 

fraction of MBL, indicates that different experimental conditions influence the precision of 

the measurement. As already mentioned, it was observed that with increasing fraction MBL 

in the copolymer, the baseline increases. For this reason, the acquisition time needs to be 

reduced in order to avoid saturation of the CCD detector. This is not fully compensated by 

the fact that more acquisitions are averaged to obtain a spectrum in the same total sampling 

time. The reason for this is the fact that the signal to noise ratio increases approximately 

linearly with acquisition time, but decreases with the square root of the number of  

acquisitions. Altogether, this results in a decrease of the signal to noise ratio which is 

proportional to the square root of the acquisition time. As a consequence, a difference in 

precision can be expected and indeed the largest JCIs correspond to the experiments where 

the highest increase in baseline was encountered (R3, R6).  

     The third observation from figure 4.10, the fact that the individual JCIs do not overlap, 

indicates that systematic errors may be present in the system under study. From a statistical 

point of view, 95% JCIs indicate that when a new point (estimate) falls within the JCI, "one 

can conclude that there is only 5% probability that the procedures are different in 

precision"46. Thus, from the non-overlapping intervals,  it may be concluded that (systematic) 

differences between the data sets are present. These systematic differences may originate 

from the fact that an incorrect model was applied, or alternatively, systematic differences in 

the way the measurements were performed. From the fact that from the duplicate 

copolymerizations result in non-overlapping JCIs, it can be concluded that in the way the data 

is obtained, systematic errors are made. Comparing the experimental data sets in figure 4.9, 

where the monomer fraction versus monomer conversion are shown, it can be seen that the 

data sets overlap, except for the replicate at f0=0.80 at higher conversions. Apparently, the 

fitting of the data using the copolymerization equation is very sensitive to small (systematic) 
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differences between the data sets. In the next section, the influence of these systematic errors 

will be discussed in more detail. 

 

Influence of systematic errors in the data on the estimates 

Baseline corrections and incorrect initial fraction 

     Baseline correction is done by an interpolation through a given number of points. Within a 

data set, for each spectrum the same wavelengths are used for the spline interpolation, while 

in different sets different wavelengths are used. As a result, systematic errors may be 

introduced between the different sets. This is checked by applying a different baseline 

correction to original data of set R1, which, to the eye still is acceptable. In fact, the only 

difference in the baseline is that the minimum in between the two vinyl peaks located at 1638 

and 1665 cm-1 was taken as an additional baseline point. The results of the data set thus 

obtained (R1b) were compared with results of data set R1 and the resulting JCIs are shown in 

figure 4.12. Indeed, a significant shift in the JCI can be observed. 

     Another mistake that can be made, is that an incorrect initial fraction is taken for the 

experiment. In figure 4.12, the resulting JCI (R1c) is shown for the situation where the initial 

monomer feed fraction was taken 0.5% lower. Again, a significant shift of the JCI is 

observed. 

Absorption of light (self-absorption) 

     Specific absorption of light due to complex formation, may be another source of 

systematic errors. From reaction R6 at an initial MBL fraction of f0=0.80, a UV-VIS 

spectrum was recorded at approximately 90% conversion. The UV-spectrum showed a strong 

absorption in the region of 300-350 nm, decreasing towards higher wavelengths. Both 

incoming laser light and scattered Raman light may suffer from this effect. Using Beer's Law, 

it was calculated that over a path length of 1.5 cm (approximately the radius of the reactor), 

approximately 70% of the incoming laser light (at 532 nm) was transmitted. This means that 

during the reaction, the absolute Raman signal will decrease approximately 30% for the 

experiment starting at an initial MBL fraction of 0.80, going from 0 to 90% conversion. 

However, by applying normalization, this is of no direct influence on the calculation of the 

concentrations, since relative intensities are used.  

      For the solvent peak at 1430 cm-1 (575 nm) 84% of the light was transmitted, compared to 

87% transmission for the vinyl peaks near 1650 cm-1 (583 nm). Because the solvent peak is 
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somewhat more attenuated than the vinyl peaks, this results in higher apparent monomer 

concentrations. As a consequence, the calculated "apparent" monomer conversion will be 

lower than the "real" conversion. A difference of approximately 1% in conversion is 

calculated at 75% conversion. The effect for the calculated monomer fraction is even smaller, 

if present, since the attenuation for both vinyl peaks is practically the same, as the difference 

in wavelength is only 1 nm. One should realize, however, that the situation above depicts a 

"worst case" situation, since the condition with maximum fraction of poly(MBL) is described 

here. In data set R1d the attenuation is taken into account for data set R1. In R1d it is 

assumed that all conversions are too low for R1 and for this reason they are multiplied by a 

factor of 1.01, so the effect increases at higher conversions and is absent at 0% conversion. 

The resulting JCI which is then calculated is also shown in figure 4.12 as situation R1d. The 

figure shows that the JCI and point estimation for R1d deviate only slightly from the original 

data set R1, indicating that there is only a minor direct influence of this effect on the 

estimation of the rr. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Normalization effects 

     Finally, the effect of an incorrect normalization procedure was investigated. Equation 4.18 

shows that in the calculation of the concentrations of MMA and MBL, the normalized peak 

areas are being used, and a reference (spectrum) for 0% conversion. Using an incorrect 

reference (i.e. incorrect I(0)) means that for each individual point in the data set the same 

error is made. For this reason, this error can be regarded as a systematic error. The effect of 

changing the reference is shown as R1e in figure 4.12. For the original data set (R1), the 
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 Figure 4.12:  Joint confidence intervals and point estimates for R1-R1e. R1: original data 

set, R1b: baseline correction shift, R1c: initial fraction shift, R1d: absorption 
effect, R1e: normalization shift. 
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spectrum with the highest total normalized vinyl peak areas was used as the reference, while 

for R1e an average for the three highest normalized intensities was applied. Again, a 

significant shift of the JCI is observed. Using alternative techniques such as linear mixture 

models or classical least squares models47 could reduce the error being made for the 

estimation, since the calculated concentration does no longer depend on one reference, in this 

respect. The result of linear mixture modeling, however, did not noticeably change the results 

for the monomer concentrations calculated from the spectra in the monomer fraction versus 

conversion plots. 

 

Influence of systematic errors on the weighting within a data set 

     In the previous sections it was shown that systematic errors can seriously shift the 

complete JCI and thus the estimated values for the rr. To investigate whether these systematic 

errors, present between data sets, also influence the weighting within a data set, the weighted 

residuals from the best fit for the individual experiments can be examined. These are shown 

in figure 4.13 for R1–R6. It can be seen that the weighted residuals seem to be evenly 

distributed over the full conversion range and thus unbiased estimates are obtained. Figure 

4.14 shows the weighted residuals histogram for the experiment with the highest number of 

data points, R5, and it shows that indeed a distribution close to a normal distribution is 

obtained. Both figures 4.13 and 4.14 indicate that systematic errors do not influence the 

weighting of individual data points within the data sets, indicating that using the NLLS 

model, still the best estimate is obtained, and that the weighting of the data is correct. 

     A comparison of experimentally obtained data with simulated data39, where normally 

distributed white noise was superimposed onto calculated monomer concentrations supports 

this conclusion, as the experimental and simulated sets show the same structure. 

     The nonlinear least squares technique which is applied in the analysis requires that the 

errors should be random, independent and normally distributed22. The presence of systematic, 

dependent errors indicates that the 95% JCIs as shown in figures 4.10 and 4.12 are in fact 

underestimates of the "real" 95% JCIs. Although these JCIs may be of unknown exact size, 

still a lot of valuable information from the system under study can be deducted from the 

shape of these joint confidence intervals. Error in variables methods11,32,33 may yield more 

reliable estimates on the sizes of the JCIs, if the dependent errors are taken into account 

correctly. However, this approach requires knowledge of all errors, or alternatively, many 

replicate experiments. As may be clear from the discussion above, knowledge of all errors in 
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a system like the present one, is virtually impossible, as the error seem to be depend on 

inititial monomer feed fraction and conversion, but also on the method of data analysis. 

     In conclusion it can be said that from the observations in figure 4.11, there is little benefit 

in estimating rr from a single experiment. The reasons for this are the high correlation 

between r1 and r2 and the large effect of systematic errors on the estimation. 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.4 Analysis of the Combined High Conversion Experiments 

     From simulations, it has been shown that combining data sets leads to more accurate 

predictions39,43. From a statistician's point of view, the best way to combine the data sets is a 

weighting scheme by directly adding the absolute sum of the squared residual (weighted) 

errors (SRE) for each pair of rr. However, from the experimentalist's point of view, this 

weighting scheme may have some drawbacks. The best obtainable experimental precision 

may differ that much for the various experiments, that the combined sum of the squared 

residual error space (SRES) is dominated by one of the individual SRESs; the most 

inaccurate experiment will dominate the combined set. The squared sum of the residual errors 

at the point estimates ( )( )MMAMBL r̂,r̂SRE  are quite different for R1-R6, as is shown in 

table 4.2. For this reason a relative weighting scheme is taken according to: 













+

+











+

=
)r̂,r̂(2SRE
)r,r(2SRE

nn
n

)r̂,r̂(1SRE
)r,r(1SRE

nn
n

)r,r(SREC
MMAMBL

MMAMBL

21

2

MMAMBL

MMAMBL

21

1
MMAMBL (4.21) 

where SREC refers to the combined residual squared error for experiment 1 and 2, 

SRE1(rMBL,rMMA) and SRE2(rMBL,rMMA), respectively, at a certain combination of rr 
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(rMBL,rMMA), while ( )MMAMBL r̂,r̂1SRE  refers to the SRE at the point estimate for the rr.  n1 or n2 

refer to the number of data points for experiment 1 and 2. In principle, with the six 

copolymerizations which have been performed, a total of 15 different combinations of two 

experiments can be obtained. However, if the duplicate experiments are first weighted into 

combined SRES (C1–C3), then only three SRES remain, yielding only three combinations of 

two (C12, C13 & C23) and one combination (C123) of three resulting SRESs. Table 4.3 

shows the combinations and the resulting point estimates from the combined SRESs.  

 

Table 4.3: Results for the Combined Experiments 

Exp. combination point estimates 
 set 1 + set 2 rMBL rMMA 

C1 R1 +R4 3.47 0.67 
C2 R2 + R5 0.22 0.23 
C3 R3 + R6 2.87 1.02 
C12 C1 + C2 2.59 0.46 
C13 C1 + C3 2.36 0.37 
C123 C1 + C2 + C3 2.70 0.47 
NMR - 2.83 0.45 

 

     Figure 4.15 shows the resulting JCIs for C1, C2 and C3. Comparing this figure to figure 

4.10, it is clear that no significant improvement is obtained if replicate experiments are 

combined. The combinations of C1, C2, C3 and in addition the JCI which was obtained from 

the NMR results, are shown in figure 4.16. From Figure 4.16 it may be concluded that the 

copolymerization of MMA and MBL can be regarded as an ideal copolymerization48, as the 

line rMBL×rMMA=1 crosses all joint confidence intervals. 
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     From the results in Table 4.3 and figure 4.16 it is clear that combining SRES from 

different experiments has advantages, namely, the different point estimates are approaching 

one another and the size of the resulting JCIs is decreasing. Apparently, the big influence of 

systematic errors which is shifting the JCIs is reduced to a great extent, giving estimates close 

to the NMR results. Thus, both accuracy and precision increase when the results from 

different experiments are combined. 

     It should be realized, however, that when these point estimates are used in the individual 

data sets, a trend in the residuals can be seen, where the bias is in opposite directions for the 

different experiments. This difference may either be due to systematic errors in the data, or 

alternatively, an erratic model. So far, we have assumed that errors only exists in the data. 

However, it is not unreasonable to assume that the ultimate copolymerization model is not 

able to exactly describe the system under study. As can be seen in figure 4.6, there seems to 

be a significant difference between the estimations of the rr from the low conversion bulk and 

solution polymerizations. This, and the fact that a red color is obtained during the 

copolymerization, indicates that a solvent effect may indeed occur. If the DMSO is forming a 

complex  with the poly(MBL) or the monomers, then this may cause a difference between the 

monomer concentrations near the propagating growing chain and the overall concentration. If 

this is the case, the copolymerization model will not be able to describe the polymerization 

adequately and modified copolymerization model may have to be applied for this system, 

such as the bootstrap model or complex participation model5, 49. This may, to some extent, be 

another explanation for the non-overlapping JCIs in figure 4.10. Without going into detail on 

model discriminiation50,51, we would like to point out that with the NMR results as performed 

at two initial monomer feed fractions, only a one pair of rr can be obtained. In that case, it is 

assumed that the model is correct and  no conclusions concerning the validity of the model 

can be drawn. 

      In absence of systematic errors in the data, in this type of experiment it is relatively 

simple to  study if the rr depend on monomer conversion15, or on the presence of polymer, 

independent of the (absolute) monomer concentration. The analysis of monomer 

concentrations is not directly affected by the presence of (pre-added) polymer in this type of 

experiment, contrary to techniques where the copolymer is analyzed. 

     Summarizing the analysis of the combined experiments, it can be concluded that both 

accuracy and precision are strongly improved by combining data sets obtained from 

experiments at different initial monomer feed compositions. The resulting rr are to be 
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regarded as "averaged ratios" for a range of monomer fractions, as they do not fit the 

individual data sets without bias. Nevertheless these "averaged" estimated rr describe the 

course of the copolymerization well, although small (systematic) deviations occur. These 

deviations are due to random and systematic errors. A certain origin of these systematic 

errors lies within experimental factors and these can not be overcome. Possibly, systematic 

errors may also arise from the fact that the ultimate copolymerization model is not able to 

correctly describe the copolymerization. However, in the presence of experimental systematic 

error, it is difficult, if not impossible, to assess to which extent an error in the model is 

present in the estimation. 

 

4.5 CONCLUSIONS 

 

It was shown that using the integrated copolymerization equation, reactivity ratios can be 

estimated from on-line Raman data. A nonlinear least-squares model was developed that 

incorporates the error in the monomer conversion as well as the monomer feed. The reactivity 

ratios for the system of α-methylene-γ-butyrolactone and methyl methacrylate were estimated 

using this method and were in good agreement with reactivity ratios obtained using an 

alternative method. Analysis of the residuals indicates that the model indeed incorporates the 

error in monomer conversion and fraction correctly.  

     Estimations based on a single experiment yielded long and stretched confidence intervals. 

Moreover, the use of a single experiment makes the method sensitive to systematic errors. 

Performing experiments at at least two different initial monomer feed compositions increases 

the precision – indicated by much smaller confidence intervals – and reduces the sensitivity 

to systematic errors – indicated by the overlap in JCIs – of the estimates. An approach to 

obtain the optimal initial feed compositions is outlined in this chapter. 

     Finally, in the literature sound statistical analysis of the data is often stressed, for good 

reasons, obviously. In contrast, little attention has been devoted to the presence of systematic 

errors, while this investigation indicates that the presence of these errors has much more 

severe consequences on the outcome of the estimation. Therefore, it is probably just as 

important to have a general awareness of the errors in the parameters and the consequences 

thereof, as to have an exact error of the experiment. The shape of the joint confidence interval 

can be very helpful to this purpose, and interpretation of the data should be based on the 

intervals rather than on the point estimates alone.  



ESTIMATION OF REACTIVITY RATIOS  101   

4.6  REFERENCES 

 
1 J.L. Koenig, Spectroscopy of Polymers. American Chemical Society, Washington, 1992, pg. 6–17 
   
2 F.R. Mayo and F.M. Lewis, Copolymerization. I. A Basis for Comparing the Behavior of Monomers in 
Copolymerization; The Copolymerization of Styrene and Methyl Methacrylate. J. Am. Chem. Soc. 66, 1594–
1601 (1944) 
 
3 I. Skeist, Copolymerization: The Composition Distribution Curve. J. Am. Soc. 68, 1781–1784 (1946) 
 
4 V.E. Meyer and G.G. Lowry, Integral and Differential Binary Copolymerization Equations. J. Polym. Sci., 
part A: Polym.. Chem. 3, 2843–2851 (1965) 
 
5 T. Fukuda, K. Kubo and Y.-D. Ma, Kinetics of Free-Radical Copolymerization. Prog. Polym. Sci. 17, 875–916 
(1992) 
 
6 D.W. Behnken, Estimation of Copolymerization Parameters: An Example of Nonlinear Estimation. J. Polym. 
Sci.: Part A, Polym. Chem. 2, 648–668 (1964) 
 
7 P.W. Tidwell and G.A. Mortimer, An Improved Method of Calculating Copolymerization Reactivity Ratios. J. 
Polym. Sci.: Part A: Polym. Chem. 3, 369–387  (1965) 
 
8 A.M. van Herk, Least-Squares Fitting by Visualization of the Sum of Squares Space. J. Chem. Ed. 72, 138–140 
(1995) 
 
9 A.L. Polic, T. A. Duever and A. Penlidis, Case Studies and Literature Review on the Estimation of 
Copolymerization Reactivity Ratios. J. Polym. Sci.: Part A: Polym. Chem. 36, 813–822 (1998) 
 
10 P.J. Rossignoly and T.A. Duever, The Estimation of Copolymerization Reactivity Ratios: A Review and Case 
Studies Using the Error-In-Variables Model and Nonlinear Least Squares.  Polym. React. Eng. 3, 361–395 
(1995) 
 
11 M. Dube, R.A. Sanayei, A. Penlidis, K.F. O'Driscoll and P.M. Reilly, A Microcomputer Program for 
Estimation of Copolymerization Reactivity Ratios. J. Polym. Sci.: Part A: Polym. Chem. 29, 703–708 (1991) 
 
12 K.F. O'Driscoll and P.M. Reilly, Determination of Reactivity Ratios in Copolymerization. Makromol. Chem. 
Macromol. Symp. 10/11, 335–374 (1987) 
 
13 H. Patino-Leal, P.M. Reilly and K.F. O'Driscoll, On the Estimation of Reactivity Ratios. J. Polym. Sci. Polym. 
Lett. Ed. 18, 219–227 (1980) 
 
14 D.R. Montgomery and C.E. Fry, Calculation of Relative Reactivity Ratios from Composition – Conversion 
Data trough Use of a Computer. J. Polym. Sci.: Part C 25, 59–65 (1968) 
 
15 L.H. Garcia-Rubio, M.G. Lord J.F. McGregor and A.E. Hamielec, Bulk Copolymerization of Styrene and 
Acrylonitrile: Experimental Kinetics and Mathematical Modelling. Polymer 26, 2001–2013 (1985) 
 
16 A.L. German and D. Heikens, Highly Precise Quantitative Gas Chromatographic Method and Its Application 
to the Determination of Copolymerization kinetics. Anal. Chem. 43, 1940–1944 (1971) 
 
17 A.L. German, D. Heikens, Copolymerization of Ethylene and vinyl Acetate at Low Pressure: Determination of 
the Kinetics by Sequential Sampling.  J. Polym. Sci: Part A: Polym. Chem. 9, 2225 (1971) 
 
18 M. Buback, M. Busch K. Lovis and F-O. Mähling, High-Pressure Free-Radical Copolymerization of Ethene 
and Butyl Acrylate. Macromol. Chem. Phys. 197, 303–313 (1996) 
 



102  CHAPTER 4 

 
19 J. Haigh, A. Brookes, P.J. Hendra, A. Strawn, C. Nicholas and M. Purbrick, The Design and Construction of a 
Cell for the In-Situ Monitoring of Copolymerization Reactions Using FT-Raman Spectroscopy. Spectrochim. 
Acta, Part A 53, 9–19 (1997) 
 
20 M.-A. Kruft and L.H. Koole, A Convenient Method to Measure Monomer Reactivity Ratios. Application to 
Synthesis of Polymeric Biomaterials Featuring Intrinsic Radiopacity. Macromolecules 17, 5513–5519 (1996) 
 
21 T. Kelen and F. Tüdos, A New Improved Linear Graphical Method for Determining Copolymerization 
Reactivity Ratios. React. Kinet. Catal. Lett. 1, 487–492 (1974) 
  
22 P.W. Mortimer and G.A. Mortimer, Science of Determining Copolymerization Reactivity Ratios. J.M.S.–Rev. 
Macromol. Chem. C4, 281–312 (1970) 
 
23 A.M. van Herk and T. Dröge, Nonlinear Least Squares Fitting Applied to Copolymerization Modeling. 
Macromol. Theory Simul. 6, 1263–1276 (1997) 
 
24 V.E. Meyer, Reactivity Ratios of Styrene and Methyl Methacrylate at 90°C.  J. Polym. Sci: Part A–1 5, 1289–
1296 (1967) 
 
25 J-S. Yoon, Reactivity Ratios of Ethylene/α-Olefin in Gas Phase Reactors. Eur. Polym. J. 31, 999–1003 (1995) 
 
26 W.K. Czerwinski, Copolymerization at Moderate to High Conversion Levels: 1. New Evaluation Procedure 
of the Relative Reactivity Ratios in Terms of the Terminal Model. Polymer 39, 183–187 (1998) 
 
27 S.M. Shawki and A.E. Hamielec, Estimation of the Reactivity Ratios in the Copolymerization of Acrylic Acid 
and Acrylamide from Composition–Conversion Measurements by an Improved Nonlinear Least-Squares 
Method. J. Appl. Pol. Sci. 23, 3155–3166 (1979) 
 
28 A.P. Francis, D.H. Solomon and T.H. Spurling, A Numerical Approach to the Estimation of Reactivity Ratios: 
Application to the Styrene-DMAEMA System. J. Macromol. Sci.-Chem. A8, 469–476 (1974) 
 
29 B. Yamada, M. Itahashi and  T. Otsu , Estimation of Monomer Reactivity Ratios by Nonlinear Least-Squares 
Procedure with Consideration of the Weight of Experimental Data. J. Polym. Sci.: Part A:. Polym. Chem. 16, 
1719–1733 (1978) 
 
30 R.M. Joshi, A Brief Survey of Methods of Calculating Monomer Reactivity Ratios. J. Macromol. Sci.–Chem. 
A7, 1231–1245 (1973) 
 
31 M. Buback, T. Dröge, A.M. van Herk and F.O. Mähling, High-Pressure Free-Radical Copolymerization of 
Ethene and Butyl Acrylate. Macromol. Chem. Phys. 197, 4119–4134 (1996) 
 
32 P.M. Reilly and H. Patino-Leal, A Bayesian Study of the Error-in-Variables. Technometrics 23, 221–231 
(1981) 
 
33 R. van der Meer, H.N. Linssen and A.L. German, Improved Methods of Estimating Monomer Reactivty Ratios 
by Considering Experimental Errors in Both Variables.  J. Polym. Sci.: Part A: Polym. Chem. 16, 2915–2930 
(1978) 
 
34 J.C. De La Cal, J.R. Leiza and J.M. Asua, Estimation of Reactivity Ratios Using Emulsion Copolymerization 
Data. J. Polym. Sci.: Part A: Polym. Chem. 29, 155–167 (1991) 
 
35 R.E. Branston, H.P. Plaumann and J.J. Sendorek, Emulsion Copolymers of α-methyl Styrene and Styrene. J. 
Appl. Pol. Sci. 40, 1149–1162 (1990) 
 
36 K.K. Chee and S.C. Ng, Estimation of Monomer Reactivity Ratios by the Error-in-Variables Method. 
Macromolecules 19, 2779–2787 (1986) 
 



ESTIMATION OF REACTIVITY RATIOS  103   

 
37 H. Ni and D. Hunkeler, Prediction of Copolymer Composition drift Using Artificial Neural Networks: 
Copolymerizatyion of Acrylamide with Quarternary Ammonium Cationic Monomers. Polymer 38, 667–675 
(1997) 
 
38 W.E. Deming  "Statistical Adjustment of Data", Dover, New York, 1964, p14 
 
39 M. van den Brink, A.M. van Herk and A.L. German, Nonlinear Regression by Visualization of the Sum of 
Residual Space Aplied to the Integrated Copolymerization Equation with Errors in All Variables. 1. 
Introduction of the Model, Simulations and design of Experiments. J. Polym. Sci.: Part A: Polym. Chem. 37, 
3793–3803 (1999) 
 
40 M.K. Akkapeddi,  Poly(α-Methylene-γ-Butyrolactone) Synthesis, Configurational Structure, and Properties. 
Macromolecules 12, 546–551 (1979) 
 
41 M.K. Akkapeddi, The Free Radical Copolymerization Characteristics of α-Methylene-γ-Butyrolactone. 
Polymer 20, 1215–1216 (1979) 
 
42 H. Baranska, A. Labudzinska and J. Terpinski, Laser Raman Spectroscopy. Analytical Applications. J.R. 
Majer (transl.), Wiley, New York, 1987, pg 247 
 
43 H.P. Plaumann and R.E. Branston, On Estimating Reactivity Ratios Using the Integrated Mayo-Lewis 
Equation. J. Polym. Sci.: Part A: Pol. Chem.  27, 2819–2822 (1989) 
 
44 M. Fineman and S.D. Ross, Linear Methods for Determining Monomer Reactivity ratios in Copolymerization. 
J. Polym. Sci. 5, 259–262 (1950) 
 
45 T. Alfrey jr., J.J. Bohrer and H. Mark, Copolymerization, Interscience, New York, 1952, Chapter 2 
 
46 D.L. Massart, B.G.M. Vandeginste, S.N. Deming, Y. Michotte and L. Kaufman "Chemometrics: a Textbook", 
Elsevier, Amsterdam, 1988, p56  
 
47 David M. Haaland, "Practical Fourier Transformed Infrared Spectroscopy", eds. J.R. Ferraro and K. 
Krishnan, Academic Press, London, 1990, pp395-468 
 
48 G. Moad and D.H. Solomon, The Chemistry of Free Radical Polymerization. Elsevier, Oxford, 1995, pg 282 
 
49 B. Klumperman, Free Radical Copolymerization of Styrene and Maleic Anhydride. Kinetic Studies at Low 
and Intermediate Conversion. Ph.D. Thesis, Eindhoven University of Technology, The Netherlands  (1994) 
 
50 D.J. Hill, J.H. O'Donnel and P.W. O'Sullivan, Methyl Methacrylate / Chloroprene Copolymerization: An 
Evaluation of Copolymerization Models. Macromolecules 15, 960–966 (1982) 
 
51 A.L. Burke, T.A. Duever and A. Penlidis, Discriminating Between the Terminal and Penultimate Models 
Using designed Experiments: An Overview. Ind. Eng. Res. 36, 1016–1035 (1997) 
 



 
 
 
 
 
 



5 
 

ON-LINE MONITORING AND COMPOSITION CONTROL OF  

THE EMULSION COPOLYMERIZATION OF  

VEOVA 9 AND BUTYL ACRYLATE*  

 

 

 
 

Synopsis: The batch and semi-continuous emulsion copolymerization of 
butyl acrylate and vinyl neononanoate (VeoVA 9) were monitored by 
remote on-line Raman spectroscopy. Monomer concentrations were 
calculated in real-time by a classical least squares approach using the vinyl 
regions of the Raman spectra. During the batch copolymerization, 
conversion and copolymer composition calculated from on-line data showed 
good agreement with off-line gravimetry and NMR results, indicating that 
the CLS procedure indeed enables the calculation of individual monomer 
concentrations and on-line characterization of the copolymer formed. Real-
time analysis of the data enabled control during the semi-continuous 
polymerization, using an optimal monomer addition rate strategy. NMR and 
gradient polymer elution chromatography results indicated that using this 
approach, control of the copolymer composition distribution is obtained. 
Further, it was shown that only at high conversions (>80%) monomer 
partitioning influences the copolymerization behavior, since both monomers 
have a low solubility in water. The results demonstrate that Raman 
spectroscopy is very well suited as on-line sensor in emulsion 
copolymerization processes.  

 

                                                 
* Reproduced from: M. van den Brink, A.M. van Herk and A.L. German, Proc Contr. Qual. 11(4), 256–276 
(1999); M. van den Brink, M. Pepers, A.M. van Herk and A.L. German, Polym. React. Eng. submitted 
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5.1 INTRODUCTION  

 

In chapters 2 and 3 the attention was focused on how the Raman intensity is influenced by 

properties of the medium, and how to calculate monomer concentrations from the Raman 

spectrum. In the previous chapter, chapter 4, data available from on-line Raman 

measurements was used for the estimation of copolymerization parameters. Although in these 

investigations the Raman spectra were available in real-time, analysis was only done after the 

experiment was performed. In the present chapter, Raman spectroscopy will be applied as an 

on-line sensor for the composition controlled emulsion polymerization of n-butyl acrylate and 

VeoVA 9, meaning that the calculation of the monomer concentrations is performed as soon 

as the spectrum is available, i.e., in near real-time. 

     The most important controllable process variables in an emulsion copolymerization are the 

monomer concentrations. These play an important role in the kinetics of the copolymerization 

process, while the kinetics, in turn, govern the instantaneous copolymer microstructure. 

Consequently, the history of the polymerization process is reflected in the chain-length 

distribution and copolymer composition distribution (CCD) and these are to a great extent 

responsible for the polymer properties1-6. Therefore, control of the monomer concentration is 

required in order to keep the product properties within narrow specifications. 

     Composition control can be obtained by either open-loop or closed-loop approaches. The 

open-loop control strategy7 is operated with a predefined monomer addition profile, either 

under starved conditions8-10, by model predicted addition policies11-15 or by iterative 

approaches, where the optimal monomer addition profile is optimized in a series of 

polymerizations16-18. In the starved feed approach, control of the CCD is usually obtained, 

however at the cost of long reaction times and loss of control of the molecular weight3. In the 

optimal monomer addition profiles, control of the CCD is difficult since polymerization 

process is susceptible to small, uncontrollable variations in the reacting system19-21.Variations 

from the target concentration are not corrected due to the absence of a feed-back action, 

leading to deviations from the target monomer concentrations and consequently from the 

desired CCD22. 

     Closed-loop control systems23, on the other hand, seem a more robust way of controlling 

the polymerization reaction, since in this case process disturbances can be counteracted. The 

closed loop approach requires reliable and preferably fast on-line sensors, either directly 

monitoring the "chemical state", or indirectly relating the "physical state" of the system to 
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concentrations. Various sensors have been applied for monitoring and controlling emulsion 

(co)polymerization processes. For instance densitometry24, 25, ultrasound velocity26  and 

calorimetry27, 28 have been used as indirect sensors, while e.g. gas chromatography29-31 (GC) 

ultra-violet spectroscopy32, near-infrared spectroscopy33, 34, mid-infrared spectroscopy35 and 

Raman spectroscopy36 have been applied as direct sensors. In terms of robustness, speed and 

transferability to industrial processes, calorimetry has shown to have the most potential under 

the "indirect" techniques37 for controlling emulsion polymerizations38,39. Historically, GC has 

received most of the attention in the class of "direct" techniques, but recently spectroscopic 

techniques appear to take the lead. Excellent reviews on sensors for (emulsion) 

polymerization processes are given by Chien and Penlidis40 and Hergeth37 and more recently 

also by Kammona et al.41 

     Within the spectroscopic techniques, Raman spectroscopy is a very promising candidate 

for a number of reasons: 

• Raman spectroscopy is a non-invasive technique, i.e. no samples need to be withdrawn 

from the process in a sample-loop or a by-pass. Transport of latex to or through the sensor 

may cause plugging of the sensor, which is one of the main problems encountered when 

using e.g. GC or densitometers. 

• Raman is a scattering technique, in contrast to e.g. infrared spectroscopy. For infrared 

sensors transparency is required, or alternatively, attenuation reflexion probes are 

necessary. In the latter case, the medium is sampled at a (hydrophic) crystal surface, 

which may be susceptible to preferential adsorption of one of the components in the 

reaction mixture. A disadvantage of transmission probes is that usually a poorly mixed 

zone is sampled, which may also lead to plugging of the sensor. Raman probes use back-

scattered light, not requiring transparency of the medium or direct contact with the sensor. 

• Water is a weak Raman scatterer, hardly giving overlap in the "organic" region of the 

spectrum (i.e. monomers), this in contrast to infrared spectroscopy. 

• Recent developments in optical elements, detector and laser technology are responsible 

for increasing the sensitivity, making the technique faster, while miniaturizing the 

spectrometer and reducing the price42, 43. Because light in the visible or near infrared 

region is used, the application of fiber optics is well possible, making remote on-line 

control possible. 

     For control purposes, we have applied the Raman technique for controlling the fast 

solution polymerization of n-butyl acrylate44. In this study it was shown that the 
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concentration of butyl acrylate could be kept constant during a semi-continuous 

polymerization which was subjected to process disturbances such as purging with oxygen and 

increasing the initiator concentration. Elements of the controller program which was used in 

that process are used in this chapter as well. 

     Raman spectroscopy has previously also been applied for the on-line monitoring of 

emulsion polymerizations. Wang et al. reported the homopolymerizations of styrene36 and 

methyl methacrylate45 while Özpozan et al.46 reported that of vinyl acetate. Also, 

copolymerizations of styrene – butylacrylate47 and VeoVA 10 – vinyl acetate48 and the 

terpolymerization of styrene – butadiene – acrylic acid49 have been reported. An overview of 

the possibilities and problems which can be encountered using Raman spectroscopy in the 

study of polymer latexes, is given by Hergeth50.  

 

5.2 APPROACH AND OBJECTIVE 

 

The objective of this chapter is to apply Raman spectroscopy as the on-line sensor in 

the batch and semi-continuous composition controlled emulsion copolymerization of n-butyl 

acrylate (BA) and vinyl neononanoate, also known by the commercial name of VeoVA 9 

(V9). As shown in figure 5.1, the vinyl bands of BA and V9 are partly overlapping at 1634 

and 1643 cm-1, respectively, making a direct analysis of the individual vinyl peaks 

impossible. For this reason, monomer concentrations are calculated using a classical least 

squares (CLS) procedure51, 52, 45.  
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Figure 5.1: Raman spectra for the ingredients of the batch and semicontinuous 

polymerizations. The water spectrum already contains the 
surfactant, buffer and initiator. 
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     During the copolymerization of acrylates with vinyl esters, a strong composition drift is 

observed, due to widely differing reactivity of these monomers. For instance, the 

copolymerizations of VeoVA 9 with ethyl acrylate (EA) are characterized by reactivity ratios 

of53 rEA=5.9 and rV9=0.1, while the for reaction of BA with vinyl acetate (VAc) the reactivity 

ratios were estimated at rBA=5.94  and rVAc=0.026 or 0.014 using either the differential or the 

integrated copolymerization equation, respectively54. 

     The composition controlled reaction is performed as a semi-continuous copolymerization 

with an optimal monomer addition rate (OMAR). In this approach, the least reactive 

monomer (V9) and part of the more reactive monomer are initially loaded into the reactor in 

such ratio that the monomer fraction to produce a desired copolymer composition is 

obtained55. During the copolymerization, the more reactive monomer is fed into the reactor at 

such a rate that the monomer composition remains constant, and consequently a constant 

copolymer composition is obtained. The advantage of this approach is that short reaction 

times can be obtained, when compared to starved-feed strategies11-13. 

     A closed-loop controller is used to maintain a constant monomer composition. The 

predicted (future) concentrations of the monomers are estimated with a least squares linear fit 

of (a part of the) history data. The desired amount of more-reactive monomer (BA) is 

calculated using these estimations. Subsequently, the flow rate of BA is calculated from the 

difference between the estimated and the desired amount of BA. 

     The rationale for this linear approach lies in the assumption that the time scale of the 

measurement is small enough to compensate for the non-linear behavior of the emulsion 

copolymerization process. The main advantage of this approach is that no emulsion 

copolymerization model is required a priori, this in contrast to previous approaches, where 

Kalman filters30,31, 56 or non-linear adaptive procedures31 were used to compensate for the 

infrequent GC measurements. 

     The results of the copolymerizations are evaluated with off-line results, in terms of overall 

conversion and copolymer composition. Overall conversion is determined by gravimetry 

while the cumulative copolymer composition is determined by 1H-NMR. Copolymer 

composition distributions are obtained by gradient polymer elution chromatography 

(GPEC®)57, 58.   
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5.2.1 Calculation of Monomer Concentrations: CLS Modeling 

     In the following, bold faced characters denote column vectors, bold faced capitals denote 

matrices. The superscript T denotes the transposed vector matrix. The subscript (i × j) denotes 

the (actual) dimension of the (transposed) vector or matrix, i and j referring to the number of 

rows and columns, respectively. The subscript k refers to the number of intensities in one 

spectrum, s to the number of samples in the calibration matrix. 

     The CLS model starts with the assumption that the normalized vinyl region xT
(1× k), in the 

Raman spectrum between 1600 and 1700 cm-1, is the result of a linear combination of the 

vinyl spectra of BA and V9 in this region, given by the "pure component spectra" zBA
T

(1×k)  

and zV9
T

(1×k), respectively, resulting in: 

Zczzx TT
9V9V

T
BABA cc =+=      (5.1), 

Z(2×k) is a matrix consisting of the two pure component spectra, cT is the row vector 

consisting of cBA and cV9, the contributions of BA and V9, respectively. Next, Z is 

constructed in the calibration step. Experimentally, this procedure is performed prior to 

reaction, while filling the reactor. During this operation, first all of the ingredients, except the 

monomer is added to the reactor and brought to reaction temperature. At this point the 

monomers are added to the reactor. First all the V9 is added at once and a spectrum is taken. 

BA is added stepwise, the aliquots of BA exactly known, and after each step a spectrum is 

recorded. 

     In this way, a spectral matrix X(k×s) and a corresponding "contribution" matrix, C(2×s) are 

obtained. The Z matrix is constructed according to a least squares procedure: 

( ) TT1T XCCCZ −=      (5.2) 

The advantage of performing this calibration procedure prior to reaction, is that variations 

due to "instrumental drift" can be minimized. In previous chapter it was observed that the set-

up suffers from experiment–to–experiment instrumental drift, resulting in small, though 

significant spectral shifts, reducing the accuracy of the outcome from multivariate analysis. 

The presence of oxygen prevented polymerization during the filling/calibration procedure. 

     The calculation of the amounts of monomer present in the reactor at any time can be 

calculated from the initial amounts of monomer present, the measured spectrum at that time 

and the pure component matrix. For this purpose, first the contributions of BA and V9 to the 

spectrum, cBA and cV9, are calculated from xT
1×k and Z2×k: 

( ) ( ) 1TTT
9VBA cc −== ZZZxc     (5.3) 



CONTROL OF THE COPOLYMERIZATION OF BA AND VEOVA 9 111 

Next, the absolute amounts of BA and V9 are calculated from the contributions and initial 

amounts and initial contributions, according to: 

0
0 c

cnn =      (5.4) 

where n refers to the amount of monomer (moles), and the subscript zero to the initial 

situation. This procedure is only performed if scaling to the initial amounts is necessary, i.e. 

if Z needs scaling.  

 

5.2.2 Development of the Controller Model 

     In the OMAR strategy, the addition rate of BA is calculated using mass balances for both 

monomers. For V9, the mass balance over ∆t, the time span in between which two successive 

Raman measurements are obtained, results in: 

( ) ( ) { }rVVV )t(nttntn ∆−∆−= 999     (5.5) 

where nV9(t) refers to the amount (moles) of V9 at time t (s) and {nV9(∆t)}r to the amount of 

V9 which has been converted into the copolymer over a time span ∆t. The mass balance for 

BA results in equation (5.6): 

 ( ) ( ) { } { }FBArBABABA )t(n)t(nttntn ∆+∆−∆−=    (5.6) 

where nBA(t) refers to the amount of BA (moles) at time t (s) and {nBA(∆t)}r to the amount of 

BA that was converted into the copolymer over period ∆t, while {nBA(∆t)}F refers to the 

amount of BA being fed to the reactor over ∆t. The amount of BA required by the system at 

t+∆t, is calculated by a prediction of the future concentration of BA. It is assumed that 

nV9(t+∆t) can be estimated by )tt(n̂ 9V ∆+ . )t(n̂ 9V is obtained by linear regression of 

measured data for nV9 over a time interval (t– i∆t; t), i is the number of points used in the fit. 

An extrapolation of the linear fit gives )tt(n̂ 9V ∆+ . The estimation for nBA at t+∆t, 

)tt(n̂ BA ∆+ , can be calculated from the desired monomer fraction (ftarget) and )tt(n̂ 9V ∆+ : 

)tt(n̂
f1

f
)tt(n̂ 9V

etargt

etargt
BA ∆+

−
=∆+     (5.7) 

where ftarget is the (desired) monomer fraction of BA. The advantage of using multiple points 

in the estimation of the future concentrations, is that in this way the influence of noise is 

reduced. This may lead, however, to oscillations in the concentration and flow as the system 

will react slower to changes in the system. 
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     An expression for the flow rate ψ(t) (moles/s) is simply the difference in the estimated 

amount of BA at time t and the anticipated amount on time t+∆t: 

{ } { } )t(n̂)tt(n̂)t(nwith
t

)t(n
)t( BABAFBA

FBA −∆+=∆
∆

∆
=ψ   (5.8) 

In equation (5.8), )t(n̂ BA is obtained by linear regression on measured data for nBA over time 

interval (t-i∆t; t), similar to the way )t(n̂ 9V  is obtained. For reasons of noise reduction, 

)t(n̂ BA  is used instead of nBA(t). 

      It is implicitly assumed that monomer partitioning does not influence the polymerization 

reaction. This assumption requires the following conditions to be obeyed: 

1. the aqueous phase concentrations of BA and V9 should be negligible; 

2. the ratio of BA to V9 should be equal in the monomer droplets and the polymer swollen 

latex particles, independent of the copolymer composition. 

The first condition seems to be obeyed, since the water solubility for BA (0.15%) and V959 

(<0.1%) are both low. The second condition is a common behavior for many comonomer 

systems60,61 and also for the BA/V9 this seems to be the case, since a study of Noël et al.62 on 

the partitioning behavior of methyl acrylate with a series of vinyl esters did not show 

anomalous partitioning behavior.  

 

 

5.3 EXPERIMENTAL 

 
Materials 

     The monomers, n-butyl acrylate (Merck, 99+) and vinyl neononanoate, VeoVA 9 (Shell), 

were purified from inhibitor by passing the monomer over an inhibitor removing-column 

(Dehibit-200, Polysciences, Inc).  The name VeoVA refers to vinyl ester of versatic acid, 

while 9 denotes the number of carbon atoms in the tertiary substituted ester side chain. Water 

was purified by a Millipore Milli-Q® system. Sodium persulphate (SPS, Merck, p.a.) was 

used as initiator, sodium bicarbonate (SBC, Merck, p.a.) as buffer and sodium dodecyl 

sulphate  (SDS, Merck, p.a.) as surfactant, all used as received. GPEC standards were 

prepared by performing low conversion bulk polymerizations, initiated by α-α'-Azobis-

(isobutyronitrile) (AIBN,  Fluka, p.a.). Methanol (Merck, p.a.) was used for quenching these 

bulk polymerizations. HPLC-grade acetonitrile (ACN, Biosolve) and tetrahydrofuran (THF, 

Biosolve) were applied as solvents in the GPEC analyses. 
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Batch and Semi-Continuous Ab-Initio Emulsion Copolymerizations of BA and V9 

     A schematic presentation of the set-up is shown in figure 5.2. The polymerization 

procedure was as follows: water, SDS, SBC and SPS, were added to the glass reactor (0.3 

dm3) and the mixture was brought to reaction temperature. The exact amounts of the 

ingredients are listed in Table 5.1. Temperature was externally controlled by a thermostatic 

water bath (Lauda), and temperature was monitored in situ using a Pt-100 thermocouple. 

Temperatures were automatically recorded with every spectrum taken. Apart from the 

acquisition window for the Raman probe, the reactor was equipped with a double sided glass 

wall as heating jacket. 

 

 

 

 

 

 

 

 

 

 

 

 

 

     The reaction mixture was stirred by a magnetic stirrer at the bottom of the reactor at 

approximately 400 rpm. Next, all of the V9 was fed into the reactor at once and BA was 

added stepwise, taking a spectrum after each addition step. The calibration model was 

obtained using the spectra obtained from this filling procedure. Polymerization was prevented 

due to the presence of oxygen, by a mild air flow over the reactor. The starting point for the 

copolymerizations was marked by replacing the air for an argon flow and the start of the 

acquisition of the Raman spectra. During the polymerization process, the reactor contents 

were kept under an argon atmosphere by maintaining a mild flow (<2 ml/min) in order to 

exclude oxygen from the reactor. 
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Figure 5.2: Schematic representation of the set-up. 
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Table 5.1: Recipes for the Batch and Semi-continuous Emulsion Copolymerizations 

reaction water 
(g) 

SDS 
(g) 

SBC 
(g) 

SPS 
(g) 

V9 
(g) 

BA(i) 
(g) 

Temp 
(oC) 

batch 180.3 2.275 0.183 0.176 30.079 42.387 60 
semi-continuous 187.4 1.682 0.179 0.221 32.794 5.187 50.5 
BA(i) refers to the initial amount of BA in the reactor 

 

     During the semi-continuous reaction, BA was added to the reactor in manifolds of 0.05 

mL using a Dosimat 665 (Methrohm) titration pump. The flow was regulated by the 

controller program, written in LabVIEW 4.0.1. This in-house developed program enabled the 

analysis of Raman data in real-time. The spectra, acquired by Labspec (Dilor) were 

automatically stored in any desired time-interval and, if desired, with a delay between 

acquisitions. A spectrum was taken every minute, with an acquisition time of 40 seconds. 

Directly after Labspec stores the spectrum on disc, it is read by LabVIEW program and real-

time analysis is performed, taking approximately 0.1 second. The analysis starts with a 

Savitsky-Golay smoothing procedure. Next, a baseline correction is made for the regions of 

interest, 550 cm-1 to 650 cm-1 and 1590 cm-1 to 1670 cm-1. The first region (550 cm-1 to 650 

cm-1) is integrated numerically to obtain the area, which is used for normalization (Anorm). In 

this region, only peaks due to V9 and Poly(V9) are present and in solution polymerizations it 

was established that that the total area under the baseline corrected peaks remains constant 

upon polymerization. Since in the present polymerization procedures V9 is polymerized in 

batch – meaning that the total amount of V9+Poly(V9) is constant – this region serves well as 

internal standard. Normalization of the vinyl region is performed by dividing all variables in 

x1×k by Anorm. The vinyl region is used in the CLS analysis, as described in a previous section. 

The monomer concentrations obtained from the CLS analysis were used in the controller 

model to regulate the BA addition rate to the reactor. In this model, 15 points were used for 

estimation of BAn̂ and 9Vn̂  (i=15). If the number of spectra was below 15, i equaled the 

number spectra available. Figure 5.3 gives a schematic representation of the LabVIEW 

program. During the polymerizations, off-line samples were taken (approximately 1 mL), for 

determination of the gravimetric conversion and copolymer composition analysis by 
1H-NMR and gradient polymer elution chromatography. The reaction was quenched by a 

small amount of hydroquinone, which was previously inserted into the sample vial by one 

drop of an 10% (m/m) solution of hydroquinone in acetone.  Samples were dried under 

vacuum for at least two days.  
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Figure 5.3: Graphic representation of the controller program 
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Raman Spectroscopy 

     The Raman spectrometer (Dilor Labram) was equipped with a Millenia II doubled 

Nd:YVO4 laser (Spectra Physics) with an excitation wavelength of 532 nm and was operated 

at a power of 0.40 W, delivering approximately 0.12 W to the reactor. The spectrometer was 

equipped with a 1800 grooves/mm grating and a 1024×256 pixel charge-coupled-device 

detector, resulting in a resolution (spectral spacing) of 0.044 nm (approximately 1.5 cm-1). 

Spectra were acquired using the Dilor Superhead® which was connected to the spectrometer 

using 10 m of glass fiber. The glass reactor was placed directly in front of the Superhead and 

spectra were acquired through a glass window, as depicted in figure 5.2.  

     A 20× magnification long-working-distance objective (Union Optics) was attached to the 

Superhead for focusing the laser light into the reactor and collecting the scattered light. The 

position of the Superhead was carefully manually positioned using an XY-table in order to 

obtain an optimal signal. The optimum position of the probe was obtained by visual 

inspection of the Raman spectra, comparing the contribution of glass from the reactor 

window at low wavenumbers (<550 cm-1) to the contribution of the monomer spectrum at 

higher wavenumbers. 

 
1H-NMR Analysis 

     The copolymer composition was determined by 1H-NMR using a Bruker AM400 FT-

spectrometer operated at room temperature. For this purpose 1-5 wt% copolymer solutions 

were prepared. d-Chloroform was used as a solvent as well as a locking agent. Copolymer 

composition was calculated using the secondary methoxy group (CH2-O; δ=4.0 ppm) of BA 

and the tertiary methoxy group of V9 (CH-O; δ=4.8 ppm) in the copolymer, according to: 

9VBA

BA
BA A2A

A
F

+
=      (5.9), 

FBA referring to the fraction of BA in the copolymer, ABA and AV9 to the integrated area under 

the δ=4.0 ppm and δ=4.8 ppm peaks in the NMR spectrum. 

 

Gradient Polymer Elution Chromatography 

     The copolymer composition distributions of the products were determined by GPEC. 

GPEC is a high performance liquid chromatography technique capable of obtaining 

copolymer composition distributions according to separation by a precipitation – 

redissolution mechanism57, 58. The CCD of the copolymer is determined by calibration with 
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standards having a narrow distribution and known composition. The GPEC–standards were 

obtained by performing low conversion bulk polymerizations at different initial monomer 

feed compositions. Prior to polymerization, the monomers were de-aerated by purging with 

argon. The bulk polymerizations were performed in 100 mL round bottom flask under an 

argon atmosphere. Once the presence of polymer was detected by the precipitation of 

polymer by the addition of a few drops of the reaction mixture to methanol, the reaction was 

quenched by pouring the complete reaction mixture in a 15-fold of methanol. The copolymer 

was isolated from the monomer/methanol mixture by filtration of the suspension. The drying 

procedure for the copolymer was the same as for the samples from the semi-continuous 

reaction. Table 5.2 shows the recipes for the different polymerizations and the resulting 

copolymer fractions as obtained by 1H-NMR. 

     GPEC analyses were performed using a Waters 2690 Alliance separation module. The 

instrument was equipped with a C18 Nova Pak column (3.9×20mm2, Waters). A PL-END 960 

(Polymer Laboratories) evaporative light scattering detector (ELSD) was used. Although the 

detector response might be influenced by the composition of the copolymer and the amount 

of polymer injected, this is not taken into account. For narrow CCD's, however, it can be 

expected that these influences are small, meaning that the measured distributions are good 

approximations of the real CCDs22. The gradient started with a 20/80 (v/v) THF/ACN eluens, 

changing to pure THF in 40 minutes, which was maintained for 5 minutes. The flow rate was 

0.5 ml/min. Subsequently, over 5 minutes the THF was replaced by the initial eluens. For the 

GPEC samples approximately 6 mg of polymer was dissolved in 3 ml THF, 20 µl of this 

mixture was injected for analysis. The chromatograms were processed using Millenium®-32 

software (Waters). 

 

Table 5.2: Recipes and Results of the Standards for the GPEC Analysis 

 BA (g) V9 (g) AIBN (g) T (oC) fBA (-) X(%) FBA(-) 

1 0 50.124 0.014 67.2 0 2.3 0 
2 2.050 50.256 0.010 70.2 0.0556 0.1 0.504 
3 3.600 50.662 0.011 68.5 0.093 0.6 0.584 
4 6.610 55.082 0.014 69.0 0.147 0.3 0.658 
5 8.682 32.079 0.067 67.3 0.280 0.6 0.807 
6 15.025 36.040 0.015 68.8 0.375 1.0 0.831 
7 23.951 23.914 0.05 70.1 0.590 4.1 0.896 
8 48.208 0 0.041 69.2 1 4.0 1 

T: temperature, fBA: fraction BA in monomer feed X: conversion, FBA; fraction of BA in copolymer 
 



118  CHAPTER 5 

5.4 RESULTS AND DISCUSSION 

5.4.1 Low Conversion Bulk Copolymerizations 

     The reactivity ratios are used to calculate the monomer fraction which is required to 

produce the desired copolymer composition in the semi-continuous operation. In addition, 

they provide a way for evaluating the conversion–monomer fraction data obtained from the 

batch as well as the semi-continuous operation. With the results from the bulk 

copolymerizations performed with the recipes listed in table 5.2, reactivity ratios were 

estimated at rBA=7.26 and rV9=0.024 according to the ultimate copolymerization model63, 

equation 5.10:  

( ) ( )
( ) ( )2

BAV9BABA
2
BABA

BABA
2
BABA

BAiBA, f1rf12ffr
f1ffr

fF
−+−+

−+
=    (5.10). 

Figure 5.4 shows the fraction of BA in the copolymer (FBA) as a function of the fraction of 

BA in the monomer (fBA). The line represents the model calculation using equation 5.10 and 

the estimates for the reactivity ratios obtained from a  non-linear least squares (NLLS) 

procedure64. It is realized that the monomer feed compositions used will not lead to the best 

estimations65. Nevertheless, rather than relying on literature data from comparable, but 

different comonomer systems, it gives a starting point for relating monomer composition to 

copolymer composition from data which are available anyway for the GPEC analysis.  
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Figure 5.4: Fraction of BA in the monomer feed (fBA) versus the 
fraction of BA in the copolymer (FBA). The line is the 
NLLS fit using  rBA=7.26 and rV9=0.024. 
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5.4.2 Batch Emulsion Copolymerization 

     A representative series of Raman spectra, acquired during the batch polymerization, are 

shown in figure 5.5. The intensity of the normalization region (560–640 cm-1) spectra after 

baseline correction decreases by approximately 20% during polymerization, probably due to 

light scattering effects (see chapter 2). The previously described normalization procedure 

accounts for this effect. Figure 5.6 shows the normalized vinyl peaks as obtained from 

measurement and the corresponding CLS-fits. It can be seen that the CLS-fits accurately 

describe the experimental Raman data. The amounts of monomer calculated from the CLS 

procedure are shown in figure 5.7. In this figure, four stages can be distinguished: the first 25 

minutes (stage I) both the amounts of BA and V9 in the reactor decrease slowly, followed by 

a sharp decrease in BA (25–35 minutes, stage II). Next, in the period from 35 to 50 minutes 

(stage III), a small amount of BA and V9 are copolymerized relatively slowly. After this 

period (>50 minutes, stage IV) the rate of polymerization of V9 initially increases and then 

decreases at longer batch times. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Figure 5.7 also shows the temperature in the reactor. Apparently, during stage II an 

increase in temperature is observed. Apparently, in this stage the rate of polymerization is so 

high that the rate of heat production exceeds the rate of heat removal, causing an increase in 

temperature. Once most of the BA is consumed, the rate of polymerization decreases, 

resulting in a decreasing rate of heat production and the reactor temperature approaches the 
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Figure 5.6: Vinyl regions recorded during batch 

polymerization of BA and V9. Spectra 
were taken at +: 2%; : 11%; ◊: 42%; ×: 
60%; ∆: 67%; :82% ∇:91% conversion. 
The lines show the CLS fits on the data. 
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 Figure 5.5: Raman spectra recorded during batch 

polymerization of BA and V9. Spectra were 
taken at 2 (bottom), 42, 67, and 91% (top) 
conversion. The spectra are vertically 
translated, however the vertical scale has 
not changed. 
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set-point again. The increase in reactor temperature at the end of stage IV is due to fact that 

the temperature of the thermostatic bath is (manually) increased to 90oC to convert the 

residual monomer more rapidly. 

 

 

 

 

 

 

 

 

 

 

 

 

     The conversion data in figure 5.8 also show the four stages during the polymerization. The 

main effect in the differing polymerization rates is probably caused by the large difference in 

the monomer propagation rate coefficient encountered during the reaction, due to the 

changing monomer composition. Acrylates are characterized by an extremely high 

propagation rate coefficient66 (kp), approximately 3×104 L·mol-1·s-1, while kp’s for vinyl esters 

are somewhat lower, in the order of 104 L·mol-1·s-1. From the ultimate copolymerization 

model, it can be calculated that the kp should go through a minimum at  fBA=0.05. Our results 

however, indicate that a minimum in the reaction rate is reached at approximately 70% 

conversion, at a monomer fraction of BA of approximately 0.20, see also figure 5.10. 

Assuming that in this stage of the polymerization the reaction rate is mainly determined by 

the monomer fraction, this would imply that the ultimate model is not capable of describing 

the copolymerization kinetics of the system under study. However, the kinetics of the process 

are also determined by factors such as monomer concentration in the polymer particles and 

the average number of radicals per particle. The average number of radicals per particle, in 

turn, depends on many factors such as transfer to monomer, particle viscosity and size, rate of 

initiator decomposition and propagation rate in the aqueous phase67. Moreover, in this type 

experiment with a very strong composition drift, also rates of (cross) chain transfer are 

strongly effecting the kinetics of the process. Therefore, on the basis of this type of 
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Figure 5.7: Monomer contents (left axis) and 
temperature (right axis) as a function of 
time. – –: V9; – –: BA; –––: temperature 

Figure 5.8: Conversion (left axis) and cumulative 
copolymer fraction (FBA, right axis) as a 
function of time. : gravimetric conversion; 

: Raman conversion; : copolymer 
composition, NMR; : copolymer 
composition, Raman 
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experiment it is difficult, if not impossible, to obtain predictive data concerning 

copolymerization rate parameters. 

     Figure 5.8 shows that the Raman data agree well with the off-line conversion and 

copolymer composition data. The conversion and composition results for the Raman data 

were calculated according to: 

 

)0(m)0(m
)t(m)t(m

1)t(X
BA9V

BA9V
m +

+
−=     (5.11) 

and 

( ) ( ))t(n)0(n)t(n)0(n
)t(n)0(n

F
9V9VBABA

BABA
BA −+−

−
=     (5.12) 

 

where Xm and FBa refer to the conversion on mass basis and the (cumulative) molar fraction 

of BA in the copolymer, while mBA and mV9 refer to the masses of BA and V9 (g), 

respectively. The results in figures 5.7 and 5.8 indicate that up a conversion of approximately 

60% a copolymer mainly consisting of BA is formed (stage II), followed by stage (III) where 

the composition changing from BA rich (~85% BA) to pure V9, and in the last stage (IV) the 

remaining V9 is consumed. The GPEC results, shown in figure 5.9, qualitatively agree with 

this. The graph shows that up to a conversion of approximately 60% a BA–rich copolymer is 

formed, and that the distribution broadens as conversion increases. For conversions higher 

than 70%, a V9–rich peak appears, growing with increasing conversion. The intensities, 

however, do not seem to scale with the amounts of polymer present. This may be caused by 

e.g. a difference in the sensitivity of the ELSD detector towards BA and V9 and the non-

linear response of the detector to concentration variations. 

     From the monomer concentrations as shown in figure 5.7, the molar monomer fraction and 

the (molar) overall conversion can be calculated. The results of these calculations are shown 

in figure 5.10. The beginning of stage II was taken as 0% conversion. The figure shows that 

at high conversions, the BA fraction in the monomer feed increases as well as the noise on 

the fraction. The fact that the random noise in the monomer fraction increases with increasing 

conversion can be understood from error propagation analysis. In chapter 4, it was shown that 

for Raman measurements on copolymerization reactions, the error in monomer fraction 

increases proportional with (1-X)-1. The only assumption is that there is an absolute error in 

monomer concentration, which is essentially true if the signal to noise ratio is constant. 
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Figures 5.5 and 5.7 support this assumption: figure 5.5 shows that the region from 550 to 650 

cm-1 does not drastically change with conversion, while figure 5.7 shows that the noise on the 

monomer data does not noticeably increase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

     The increase in fBA in figure 5.10 may be accounted for by monomer partitioning. In order 

to do so, the experimental data in figure 5.10 was fitted using a few different approaches. The 

first approach shows the fit using rBA=7.26 and rV9=0.024, obtained from the low conversion 

bulk copolymerization data. Monomer conversion–fraction data can also be used to estimate 

reactivity ratios using the Meyer–Lowry integrated copolymerization equation68. For 

applying this estimation to emulsion polymerizations, the partitioning of the monomer over 

the various phases needs to be taken into account69, 70. The second line in figure 5.10 shows a 

NLLS–fit  (see chapter 4) on the data up to 80% conversion assuming that the partitioning 

behavior does not change the monomer ratio in the monomer droplets and the polymer 

particles and additionally the presence of monomers in the aqueous phase is neglected. This 

approach yields reactivity ratios of rBA=4.75 and rV9=0.016. Although there is a difference 

with the reactivity ratios obtained in bulk, it should be noted that this type of measurement is 

susceptible to systematic errors and that these small systemic errors can lead to relatively 

large difference in the reactivity ratios obtained from the estimation procedure, as shown in 

the previous chapter. Further, in estimating reactivity ratios from bulk polymerizations of BA 

and VAc, discrepancies were found in the estimates for rBA and rV9 when using the integrated 

and differential copolymerization equations54. Although the fitted line describes the data well, 
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Figure 5.10: Molar fraction of BA in the monomer feed 
versus molar conversion for the batch reaction. 
o: Raman data  
······: rBA=7.26, rV9=0.026, CBA,aq=0M 
–––: rBA=4.75, rV9=0.016, CBA,aq=0M 
– – : rBA=4.75, rV9=0.016, CBA,aq=0.01M 

Figure 5.9: GPEC results for the batch polymerization. 
Increasing line thickness denotes increasing 
conversion. Chromatograms at 50%, 62%, 
68%, 72%, 78%, 85% and 99% conversion. 
The arrows show the changes with increasing 
conversion, the total area under the 
chromatograms are scaled to conversion. 
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at higher conversions (>80%) large differences between the measured and calculated BA 

monomer fraction are found. 

     The third fitted line in figure 5.10 uses the same reactivity ratios as obtained from the 

NLLS fit and a very simple partitioning model, namely equal ratio of both monomers in the 

droplets and polymer particles, and a saturated aqueous phase concentrations of 0 and 0.01M 

for V9 and BA, respectively, during the complete reaction. These values are based on the 

solubility of these monomers in water. Figure 5.10 shows that the increase in fBA can be 

accounted for by using this very simple partitioning model. In addition, it also partly accounts 

for the difference between the reactivity ratios obtained from the low conversion bulk 

experiments and the NLLS-fit on the experimental data in figure 5.10. The results indicate 

that the difference in aqueous phase concentrations leads to an enrichment of VeoVA 9 in the 

polymer particle, in fact, the calculations and figures 5.7 and 5.9 indicate that at conversions 

>60% virtually all of the BA is in the aqueous phase, since the BA concentration remains 

constant and V9 disappears – see figure 5.7 – and only homopolymer of V9 is formed, as 

shown in figure 5.9.  

     Finally, at very high conversions (>95%) it is possible that the monomer concentration is 

overestimated due to the presence of the broad water band45 at 1640 cm-1. However, the 

baseline correction (second order spline fit through the 1550-1600 cm-1 and 1670-1690 cm-1 

regions) should compensate for this broad band by means of peak subtraction. 

 

5.4.3 Semi-Continuous Emulsion Copolymerization 

     For the semi-continuous operation, the target of the controller was to produce a copolymer 

with a composition of  FBA=0.67, by maintaining a comonomer composition of fBA=0.185, 

see figure 5.4. The monomer concentrations and overall conversion on mass basis as a 

function of time are shown in figure 5.11. Although the monomer concentrations seem to be 

accurately calculated by the CLS procedure, a negative conversion is calculated at low 

conversions. This is clearly due to an overestimation of the V9 concentration. However, at 

higher conversions, the Raman conversion data (Xm,R) agree well with the off-line 

gravimetric conversion (Xm,g). 

      For Raman data, conversion is calculated according to: 

 

)t(m)0(m)0(m
)t(m)t(m)0(m)t(m)0(m

)t(X
F,BABA9V

F,BABABA9V9V
R,m Σ++

Σ+−+−
=   (5.13), 
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where mBA(t) and mV9(t) refer to the amount of BA and V9 as calculated from Raman data at 

time t, respectively; mBA(0) and mV9(0) stand for the initial amounts of these monomers in the 

reactor and ΣmBA,F(t) to the total amount of BA added to the reactor during polymerization. 

The gravimetric conversion is determined according to: 

)0(m)t(m)0(m)0(m
)t(m)0(m)0(m

)t(m
)t(m

)t(X
wF,BABA9V

F,BABA9V

s

p
g,m +Σ++

Σ++
=   (5.14), 

where mp(t) refers to the dry weight of the polymer (g), which is determined from the dry 

mass of the sample taken at time t and corrected for the presence of salts from surfactant, 

initiator and buffer. Next, ms(t) refers to the total mass of the sample, mw(0) to the total mass 

of water present in the reactor (g). 

 

 

 

 

 

 

 

 

 

 

 

 

     Figure 5.12 shows that the fraction of BA and the flow rate of BA to the system both 

exhibit damped oscillations, for reaction times shorter than 90 minutes. These oscillations are 

probably the result of the controller model. The linear estimation of the V9 and especially the 

BA concentration is responsible for a delay between the estimated and measured conversion. 

It was anticipated that random noise in the monomer concentrations could lead to overshoots 

in the BA content, leading to BA-rich copolymer, and high fluctuations in the pump delivery. 

The value of i=15, however, seems to be too conservative.  

     At longer reactions times (>90 minutes) the changes in monomer fraction seem to be 

caused not by the oscillation in monomer delivery, but rather by noise on the measurement. 

From this time on, pump delivery shows a constant decrease in time.  
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Figure 5.11: Amounts of monomer ( : V9; ∆: BA, left 

axis) and conversion (by weight, : Raman 
data; : gravimetric data, right axis) versus 
time for the semicontinuous polymerization. 

Figure 5.12: Fraction BA in the monomer feed (left 
axis, ) and flow of BA to the reactor ( , 
right axis) versus time for the 
semicontinuous polymerization. 



CONTROL OF THE COPOLYMERIZATION OF BA AND VEOVA 9 125 

     Figure 5.13 shows the cumulative copolymer composition as a function of conversion. 

The off-line NMR-data agrees well with the data calculated from the monomer fraction and 

the Mayo-Lewis equation63 according to: 

( )( )
t

tBA,

t
t

1i
iBA,t1iti

calBA, X

)(fFXX
(t)F

∑ ⋅−
=

∆

=
∆−∆

    (5.15), 

where Xt refers to the conversion for spectrum t, FBA,i(fBA,t) to the instantaneous copolymer 

composition calculated from the Mayo-Lewis equation (5.10), while FBA,cal refers to the 

cumulative copolymer composition. Alternatively, the cumulative copolymer composition 

from the Raman data (FBA,R) was calculated according to: 

( ) ( ))t(n)0(nn)t(n)0(n
n)t(n)0(n

F
9V9VF,BABABA

F,BABABA
R,BA −+Σ+−

Σ+−
=   (5.16). 

It can be seen that at low conversion, the deviation between FBA,R and the measured 

copolymer fraction by NMR is high and decreases once conversion increases. The origin of 

this deviation is probably the "apparent" high values for nV9(t) at low conversions, as 

discussed previously. As a result, FBA,R is overestimated due to an underestimation of the 

denominator in equation 5.16. Besides this "apparent" effect in FBA, also a "real" effect on 

FBA can be expected: due to the overestimation of V9, a too low monomer fraction of BA is 

calculated. This is compensated by a flow of BA to the reactor, leading to a higher "real" 

fraction of BA and subsequently a higher "real" fraction of BA in the copolymer.  

     As the conversion increases (due to conversion of BA), the "apparent" error is still present 

in the cumulative FBA, but as more copolymer is formed, the effect decreases. Towards high 

conversions, all cumulative copolymer compositions seem to coincide. Both the NMR results 

in figure 5.13 and the GPEC results in figure 5.14 indicate that this initial copolymer 

composition does not exceed FBA=0.70. Therefore, it seems that the high initial FBA,R is 

indeed an "apparent" effect. The line shown in figure 5.13 is calculated using FBA=0.95 for 

the first 7% conversion and afterwards a constant composition of FBA=0.66. Thus, it can be 

concluded that also the copolymer composition, calculated directly from Raman data, 

suggests control of the reaction. 

     The CCDs resulting from GPEC data in figure 5.14, support this conclusion. The shift 

towards lower BA fractions in the copolymer, shown in figure 5.14 as well as figure 5.13, 

may be a result of monomer partitioning, leading to a copolymer with a slightly higher V9 

content in the copolymer, as previously discussed. For example, at 75% conversion, the 

amount of V9 would be 0.25×33g=8.25 g. For fBA=0.18, the mBA would be 1.25g. With a 
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solubility of  BA in water of 1.5 g/L (determined by GC) and 170 g water present, this would 

result in 0.25g BA in the aqueous phase, leading to a fBA=0.15 in the polymer particle, 

leading to FBA=0.61. The conclusion is that even for systems with monomers having a low 

solubility in water, the difference in water solubility for the two monomers influences the 

ratio of monomers at the locus of polymerization, leading to deviations in the formed 

copolymer. However, since the effect starts to play a role only at high conversions – in the 

system under study >70% – the contribution to the total amount of copolymer in the product 

is relatively small. The results from the batch polymerization indicate that a simple 

partitioning model enables to account for this effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Finally, figure 5.15 shows the CCDs of the copolymers calculated from monomer 

fractions and the differential copolymerization equation. The calculated batch CCD in figure 

5.15 and the experimental one from figure 5.9 show some deviations, especially at the BA-

rich copolymer region. Taking into account the kinetics of the process and the initial recipe, it 

seems that the CCD on the basis of the Raman data and the Mayo–Lewis equation gives a 

more reliable image of the copolymer composition distribution than GPEC does. The 

calculated CCD for the semi-continuous experiment and the experimental GPEC-CCD from 

figure 5.14, on the other hand, show good agreement, both indicating that the Raman 

controlled semi-continuous emulsion copolymerization indeed leads to compositionally 

controlled copolymers. 
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 Figure 5.13: Cumulative fraction of BA in the copolymer 

versus conversion. : calculated from 
Raman data; : calculated from 
copolymerization equation, : measured by 
1H-NMR. The line shows a calculation 
using FBA=0.95 for conversion<7% and 
FBA=0.66 for conversion>7%. 

Figure 5.14: Chemical composition distribution from 
the semicontinuous reaction obtained by 
GPEC. Increasing line thickness denotes 
increasing conversion (resp. 8, 31, 60, 73 
and 81%). 
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5.5 CONCLUSIONS 

The batch and semi-continuous emulsion copolymerization of BA and V9 have been 

monitored by Raman spectroscopy. Monomer concentrations were calculated in real-time by 

a classical least squares approach using the vinyl regions of the Raman spectra. During the 

batch copolymerization, conversion and copolymer composition calculated from on-line data 

showed good agreement with off-line gravimetry and NMR results, indicating that the CLS 

procedure indeed enables the accurate calculation of individual monomer concentrations, and 

that copolymer composition distributions can be calculated from the Raman data. The real-

time analysis of the data enabled control during the semi-continuous polymerization. During 

the reaction, an oscillation in the monomer feed and BA concentration was observed, likely to 

be caused by settings of the linear controller. Nevertheless, a monomodal CCD was obtained 

from the semi-continuous polymerization. Further, it was shown that even for this system 

where both monomers have a low solubility in water, at high conversions (>80%) monomer 

partitioning does influence the copolymerization behavior. The results emphasize that Raman 

spectroscopy indeed has a bright future as on-line sensor in emulsion copolymerization 

processes.  
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Figure 5.15: Chemical composition distribution calculated from the Raman 

data for the semi-continuous (–––) and the batch (- - -) reaction. 
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EPILOGUE 

  

6.1 RETROSPECTIVE 

In this thesis the application of Raman spectroscopy to on-line monitoring of 

copolymerizations has been investigated. Although the scope of the investigation may seem 

rather narrow, the subject covers a relatively broad range in chemistry: from Raman 

spectroscopy to physical chemistry to polymerization kinetics to chemical engineering and 

chemometrics. Therefore, a multidisciplinary approach was required to reach the objective. 

 

     The first step in this line of research was to investigate how the Raman signal is influenced 

by the medium. It was found that temperature has only a moderate effect on the signal. The 

light scattering properties of the medium, however, strongly affect the collection of the 

Raman signal. A strong dependence of the sampling alignment on the absolute Raman 

intensity was found when measuring on polymer latexes. The measurements revealed that the 

variation in the Raman signal showed strong correlations with particle size, and, to a lesser 

extent, solid weight fraction. In contrast, for the equipment used in this study, the relative 

Raman signal did not show a dependency on the sample alignment. This is an important 

result, as it means that the relative signal can be used to obtain chemical information, while 

the absolute signal depends on light scattering properties of the medium. 

      The next step in this research was to relate the Raman signal to monomer concentrations. 

In chapter 3, multivariate and univariate methods were compared in the study of the solution 

and emulsion copolymerization of styrene and butyl acrylate. It was found that both the 

multivariate and univariate approaches enable the calculation of comonomer concentrations 

in copolymerizations with approximately equal precision. Principal component analysis 

indicated that the multivariate techniques suffer from experiment-to-experiment instrumental 
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variation. Therefore, preprocessing of the spectra or circumventing the instrumental variation 

will probably improve the precision of multivariate methods.  

     The availability of monomer concentrations from a batch copolymerization enables the 

estimation of copolymer reactivity ratios from monomer conversion – monomer fraction data. 

This was the subject of chapter 4. In this chapter, reactivity ratios were estimated by a 

nonlinear least squares model which takes into account the error in both the monomer 

conversion and monomer fraction. It was shown that when estimating reactivity ratios from a 

single experiment, the method is very sensitive to systematic errors. However, when 

experiments are performed at different initial fractions, reactivity ratios can be successfully 

estimated. A procedure for finding these optimal initial monomer fractions for obtaining the 

best estimates was outlined. 

     The control of copolymerizations was described in chapter 5. The application of on-line 

Raman spectroscopy enabled composition control during the semi-continuous 

copolymerization of VeoVA 9 and butyl acrylate. Monomer concentrations were calculated 

using a classical least squares analysis and copolymer composition was controlled by 

controlling the comononer fraction. Experiment-to-experiment instrumental variation was 

avoided by performing the calibration prior to polymerization with spectra taken during the 

loading operation of the reactor. A simple controller-model proved sufficient for composition 

control. Additionally, it was shown that analysis of the Raman data gives information on the 

copolymer composition distribution of the polymer which is formed during the 

copolymerization process.  

6.2 PROSPECTIVE 

The results in this thesis redeem the promises of Raman spectroscopy as an on-line technique: 

the technique enables the non-invasive, on-line monitoring and control of (co)polymerization 

reactions. With the ever increasing sensitivity of the spectrometers and the reduction of their 

price, the prospects look even brighter. 

     The results obtained in chapter 2 indicate that the absolute Raman signal may reveal 

information concerning particle size, while the normalized signal gives information on 

chemical composition. However, this asks for a different probe-design than the one that was 

used throughout this work. The Raman data acquired from copolymerizations are obtained 

from measurements through a glass window in the wall of the reactor. This limits the 

reproducibility of the measurement with respect to the absolute intensity. In this respect, 
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more reproducible intensities may be obtained when the measurement is performed using an 

in situ probe with a fixed distance between the objective lens and the latex. The application of 

multiple probes may be used for obtaining chemical composition and particle size from a 

single measurement. 

     When studying terpolymerizations, it will be more difficult to designate bands in the 

spectrum to single monomers, which complicates the application of univariate methods. 

Therefore, the multivariate approach seems more versatile for future investigations. In order 

to have full use of the multivariate calibration techniques, the small wavelength shift 

variation needs to be circumvented either by hardware approaches (e.g. a non-movable 

grating) or software approaches that can account for the spectrum shift. Enabling the on-line 

monitoring of terpolymerization reactions, terpolymer composition distributions can be 

obtained from the Raman signal. Doing this by conventional orthogonal (two-dimensional) 

chromatographic techniques this is a very laborious, troublesome task.  

     The concepts given in this thesis provide a basis for real-time characterization and control 

of copolymer composition and monomer concentration. In this way, the viscosity of an in situ 

formed copolymer blend can be controlled, which is the first step towards the synthesis of 

new unique morphology-controlled products in emulsion polymerization.  

     In conclusion, Raman spectroscopy has shown to be a versatile and robust on-line sensor 

for emulsion polymerizations and it may even offer more features in future applications such 

as on-line measurement of particle size. The results obtained in this thesis indicate that on-

line monitoring of emulsion polymerizations on a plant-scale enables the production and 

characterization of well-defined products and reduces the production of off-spec polymers. 

Additionally, it will lead to a more reliable and safer process operation.  



 
 
 
 
 
 



APPENDIX 1: PARTIAL LEAST SQUARES REGRESSION 

 

The main goal of partial least squares regression (PLSR) is to calculate an unknown variable (y) 

from a spectrum (x). The y-variable can be a concentration, but may be a temperature or 

something else as well. PLSR consists of two steps: a calibration step and a prediction step. In 

the first step, a calibration or regression model is constructed from spectra of samples with 

known values for y. The second step is the prediction step, where an unknown y is calculated 

from the spectrum and the regression or calibration model.  In the following, column arrays or 

vectors are denoted by bold-faced characters and matrices by bold-faced capitals. A transposed 

array or matrix is denoted by the superscript T. 

     The calibration spectral matrix X consisting of n spectra (rows) and k variables (wavenumber-

entries, in columns) can be modeled according to:  

ETPX T +=       (A.1), 

where T is a score matrix, consisting of n rows and c columns, c is the number of principal 

components, while PT is the c×k  loading weight matrix. In equation (A.1), P and T are 

calculated according to the NIPALS algorithm1,2, while E is the n×k error matrix, representing 

the residual spectral variance between the actual spectra and the modeled spectra. The loading 

weight matrix P consist of c loading weight vectors. The spectral set is characterized by the 

loading vectors, while the score vector characterizes the samples' spectrum within the set. In 

loading weight vector p1
T (the first loading weight vector) most of the spectral covariance with 

the variable of interest y is found. Figure A.1 gives a schematic representation of the calibration 

step. 

     To relate vector y to the spectra, y is modeled as:  

fTqy +=       (A.2), 

where y is a column vector consisting of n “concentrations” and q is a column vector with c 

regression coefficients, while f are the residuals between the actual and the regressed 

“concentrations”. The vector q can be considered as a “chemical” loading weight in the sense 

that p is a spectral loading weight. Since T is obtained from the spectral matrix and y is for the 

                                                 
1 H. Martens and T. Næs, Multivariate Calibration, John Wiley & Sons, Chichester, 1989.  
2 CAMO AS, The Unscrambler 6.11, software manual, CAMO AS, Norway, 1996 
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calibration step an input vector, q is calculated by least squares regression: q=(TTT)-1TTy. In 

other words, q regresses the variation in the samples (y) to the variation in the spectra (T). 

     Once P, T and q are known from the calibration procedure, the value for y in an unknown 

sample can be calculated from the samples’ spectrum xT: 

( ) bxqPPPx TT T1Ty == −      (A.3) 

where b is a vector consisting of the regression coefficients. The prediction step is also 

schematically shown in figure A.1. 

     Usually the spectrum x is obtained by subtracting the average spectrum xav, from the original 

spectrum x0: 

n

n

1i
i

0av0

∑
=−=−=

x
xxxx      (A.4) 

where xi–xn are the n spectra in the calibration set. The y-variables are calculated in a similar 

fashion from y0 and yav. 
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Figure A.1: Schematic representation of partial least squares regression. In the 
example, the spectral set is described by two loadings. For 
convenience the E and f have been omitted. 
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 description unit Chapter 

A integrated peak area 2-5 
b regression coefficient spectrum  2,3 
b bias between measured and predicted  3 
c, c pure component contribution (scalar, vector)  5 
C,c concentration kmol·m-3 2,4 
e average difference between measured and predicted  3 
d particle diameter m 2 
f initiator efficiency  1 
faz azeotropic monomer fraction  4 
fi fraction of monomer i in monomer  1-5 
Fi fraction of monomer i in copolymer  1-5 
Fz tabulated value from F-test  4 
i number of points  1-5 
I initiator concentration kmol/m3 1 
I intensity  2-5 
Iref reference value for intensity   2 
K conversion - peak ratio coefficient  3 
kd dissociation rate coefficient 1/s 1 
kp propagation rate coefficient m3·kmol-1·s-1 1,5 
kt termination rate coefficient m3·kmol-1·s-1 1 
ktr transfer rate coefficient m3·kmol-1·s-1 1 
l focal depth m 2 
Li least squares distance    
[M] monomer concentration kmolm-3 1-5 
n amount of monomer kmol 5 
n number of scatterers  2 
NA Avogadros number kmol-1 1 
n  average number of radicals per particle   1,5 
nD refractive index   2 
Np number of particles per unit volume m-3 1 
p number of parameters   4 
p,p,P scalar, vector and matrix loading (weight)   3, A 
Pn "dead" polymer chain   1 
R· free radical   1 
ri rate of initiation kmol·m-3·s-1 1 
rj copolymerization reactivity ratio for monomer j   1,3,4,5 
rp rate of propagation kmol·m-3·s-1 1,5 
rt rate of termination kmol·m-3·s-1 1 
SS sum of squares   4 
t time s 1-5 
T temperature °C,K 1-5 
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t,t,T scalar, vector and matrix score   3 
V volume m3 1-5 
w instrument parameter for microscope objective m 2 
wi weighting factor   4 
X conversion   1-5 
x axial coordinate m 2 
x, X spectrum, spectral matrix   2,3 
y,y predicted variable  3 
z,Z pure component spectrum, pure component matrix   5 
 
Greek symbols: 
ϕ photon density  2 
Ψ flow of monomer mole·s-1 5 
εi Raman scattering efficiency of component i  2 
κinstr instrument efficiency  2 
κmed medium efficiency  2 
λ wavelength m 2 
λ direction of the error, equals 1 or -1   
ν wavenumber shift cm-1 4 
σ standard deviation  2,3,4 
σext extinction cross-section  2 
σscat scattering cross-section  2 
τ turbidity m-1 2 

 
 
Sub/superscripts: 
– mean, average  1-5 
* reference value  2 
^ estimated  2-5 
0 initial value  1-5 
av average  2,3,5 
grav gravimetric  3-5 
Raman by Raman spectroscopy  3-5 
ref reference value  2 
trans transmission  2 
 
Abbreviations: 
AIBN α,α'-azobis-isobutyronitrile 1-5 
BA butyl acrylate 1-5 
CCD chemical composition distribution 1-5 
CCD charge coupled device 1-5 
EVM error-in-variable-method 4 
ELSD evaporative light scattering detector 5 
FT Fourier transform 1-5 
GC gas chromatography 1-5 
GPEC gradient polymer elution chromatography 5 
IR infrared 1-5 
JCI  joint confidence interval 4 
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MBL α-methylene-γ-butyrolactone 4 
MMA methyl methacrylate 4 
NLLS nonlinear least squares 4 
NMR nuclear magnetic resonance 1-5 
OMAR optimal monomer addition rate 5 
PBA poly(butyl acrylate) 1-5 
PC principal component 2,3 
PCA principal component analysis 3 
PE point estimate 4 
PLSR partial least squares regression 2,3 
PS poly(styrene) 1-5 
RS Raman spectroscopy 1-5 
S styrene 1-5 
SBC sodium bicarbonate 1-5 
SDS sodium dodecyl sulfate 1-5 
SPS sodium persulfate 1-5 
SWF solid weight fraction 2 
UV-(VIS) ultra-violet (visible light) 1-5 
V9 VeoVA 9 (vinyl neononanoate) 1-5 
 



 
 
 
 
 
 



SUMMARY 
 
 

Over the past 50 years, much effort has been devoted to the study of the mechanisms and 

applications of emulsion polymerization. The rationale for the ongoing interest in this subject 

is the economic importance of this process: approximately 10 to 15% off all polymer is 

produced by the emulsion polymerization technique. Although a general consensus has been 

reached on the phenomena that dominate this complex polymerization process, the predictive 

value of comprehensive ab initio emulsion polymerization models is still limited. To improve 

the mechanistic models and – perhaps even more important –   to enable control of emulsion 

polymerization processes, the development of on-line sensors for emulsion polymerization is 

of paramount importance. 

 

     The objective of this thesis is to explore the potential of Raman spectroscopy as an on-line 

sensor for monitoring and controlling emulsion polymerizations. The advantages of applying 

this technique to monitor emulsion polymerizations are the low Raman activity of water, 

while the vinyl-bands, characteristic for polymerization, are very Raman active. The remote 

monitoring of polymerization processes is enabled by the application of optical fibers, 

making the technique attractive for application in large scale manufacturing facilities.    

     To achieve the previously mentioned goal, monomer concentrations need to be calculated 

from the Raman signal. Trivially, the accuracy of the monomer concentration depends on the 

intensity of and disturbances in the Raman signal. How the Raman signal is affected by the 

medium, is investigated in chapter 2. Next, the Raman signal needs to be translated to 

monomer concentrations. The compositional analysis of the Raman spectrum can be quite 

complicated, especially in the case where monomer bands are overlapping. In chapter 3 

different approaches are compared to overcome this complication. Once monomer 

concentrations are available, this information can be used to study copolymerizations. In 

chapter 4 copolymerization reactivity ratios are estimated using on-line Raman data. Finally, 

in chapter 5 a semi-continuous emulsion copolymerization is compositionally controlled 

using on-line Raman spectroscopy. 

 

     With respect to medium effects, it was established that the Raman signal is only 

moderately influenced by the temperature, within the investigated range of 20° to 80°C. In 

contrast, strong effects on the absolute Raman signal were found when varying the probe 
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alignment in measurements on polymer latexes. The results indicated a strong correlation 

with particle size and – to a lesser extent – solid weight fraction of the latex. The relative 

Raman spectrum, on the other hand, did not show a dependency on probe alignment. 

Therefore, it was concluded that the information about chemical composition is not affected 

by light scattering effects. 

     The vinyl-stretch vibrations in the system of styrene and butyl acrylate are strongly 

overlapping. This complicates the direct analysis by the intensity of the vinyl bands of the 

individual monomers during a copolymerization. Univariate approaches – using relations 

between Raman bands, other than the vinyl-stretch – as well as multivariate approaches 

proved successful in the calculation of monomer concentrations for solution and emulsion 

copolymerizations. The semi-continuous emulsion copolymerization was successfully 

monitored in this way as well. 

     The copolymerization kinetics of the system α-methylene-γ-butyrolactone and methyl 

methacrylate was studied by Raman spectroscopy. In order to estimate the copolymerization 

reactivity ratios for this system from the on-line Raman data, a nonlinear least squares model 

was developed, taking into account the errors in all variables. It was shown that estimates 

from single experiments were very sensitive to systematic errors, but with the appropriate 

design of the performed experiments, reactivity ratios can be calculated with success. 

     Real-time analysis of the data available from the semi-continuous emulsion 

copolymerization of VeoVA 9 and butyl acrylate enabled composition control during this 

reaction. This was accomplished by the experimental set-up in combination with software 

developed for this purpose. In addition, the chemical composition distribution of the 

copolymer formed during the batch and semi-continuous copolymerization could be 

determined from the Raman data. 

 

     Summarizing, the results show that the chemical composition of both homogeneous and 

heterogeneous copolymerizations can be studied in great detail by Raman spectroscopy. In 

addition, results in chapter 2 indicate that the Raman signal can be correlated to particle sizes 

as well. Furthermore, it was shown the technique enables process control and composition 

control, while the Raman data allows for real-time characterization of the product.  



SAMENVATTING 
 

De afgelopen 50 jaar is er veel aandacht besteed aan het bestuderen van de mechanismen en 

toepassingen van emulsiepolymerisatie. De reden voor deze voortdurende interesse is gelegen 

in het economische belang van emulsiepolymerisatie: ongeveer 10 tot 15% van alle 

polymeren wordt via deze polymerisatietechniek geproduceerd. Hoewel de grondslagen van 

dit complexe polymerisatieproces bekend zijn, is de voorspellende waarde van 

emulsiepolymerisatiemodellen nog steeds beperkt. Teneinde deze modellen te verbeteren of –

misschien nog belangrijker– om controle over emulsiepolymerisaties mogelijk te maken, is 

de ontwikkeling van online meettechnieken voor het gebruik in emulsiepolymerisatie-

processen van groot belang. 

 

     Het doel van dit proefschrift is het bestuderen en sturen van emulsiepolymerisaties met 

behulp van Raman spectroscopie als online meettechniek. De voordelen van deze techniek 

voor toepassingen in emulsies zijn gelegen in het feit dat water niet Raman-actief is, terwijl 

de voor de polymerisatie karakteristieke vinylbanden sterk Raman-actief zijn in het spectrum. 

Door gebruik te maken van optische vezels, kan de sonde op afstand van de spectroscoop 

toegepast worden. Dit maakt de applicatie van deze techniek onder fabriekscondities 

mogelijk. 

     Om het eerder genoemde doel te kunnen bereiken, moet eerst een goed Raman signaal 

beschikbaar zijn. Op welke wijze het Raman signaal beïnvloed wordt door het medium, is 

onderzocht in hoofdstuk 2. Vervolgens dient het Raman signaal vertaald te worden naar 

bruikbare informatie, de monomeerconcentraties. Met name in het geval van 

copolymerisaties kunnen concentraties dikwijls niet rechtstreeks uit het spectrum berekend 

worden. In hoofdstuk 3 worden verschillende methoden vergeleken die het berekenen van 

deze concentraties indirect wel mogelijk maken. 

     Het bestuderen van copolymerisatie reacties vereist de concentraties die uit de Raman 

spectra berekend zijn. In hoofdstuk 4 worden deze data toegepast voor het schatten voor 

copolymerisatieparameters. In hoofdstuk 5 wordt de techniek tenslotte toegepast om de 

chemische samenstelling nauwkeurig te beheersen tijdens een semicontinue 

emulsiecopolymerisatie. 
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      Met betrekking tot effecten van het medium op het Raman signaal is gebleken dat de 

temperatuur het signaal slechts weinig beïnvloedt binnen het domein van 20° tot 80°C. Bij 

metingen aan polymere latexen bleek echter dat de positionering van de sonde de absolute 

intensiteit van het Raman signaal sterk beïnvloedt, dit als gevolg van lichtverstrooiing door 

de emulsie. De resultaten wezen verder uit dat de verkregen intensiteit in sterke mate afhing 

van de grootte van de latexdeeltjes en, in minder mate, van het aantal deeltjes. Het relatieve 

Raman signaal, daarentegen, vertoonde geen afhankelijkheid van de positionering van de 

sonde. De belangrijke conclusie die hieruit getrokken kan worden is dat op grond van het 

relatieve signaal de chemische samenstelling bepaald kan worden, terwijl met behulp van het 

absolute signaal informatie verkregen kan worden met betrekking tot deeltjesgrootte en 

-aantal. 

     De vinyl-rekvibraties van styreen en butylacrylaat zijn in grote mate overlappend in het 

Raman spectrum. Dit bemoeilijkt de directe analyse op grond van de intensiteit van deze 

vinylbanden tijdens een copolymerisatie. Zowel uni- als multivariate analysemethoden bleken 

succesvol voor het berekenen van de concentraties styreen en butylacrylaat tijdens de solutie- 

en emulsiepolymerisatie van deze monomeren. Op deze wijze kon tevens de semicontinue 

emulsiecopolymerisatie van deze monomeren bestudeerd worden. 

     De kinetiek van de copolymerisatie van α-methyleen-γ-butyrolacton en 

methylmethacrylaat werd bestudeerd door de monomeerconcentraties tijdens de reactie te 

meten met behulp van Raman spectroscopie. Om de reactiviteitsverhoudingen te kunnen 

berekenen, werd hiertoe een model ontwikkeld volgens het principe van de niet-lineaire 

kleinste kwadraten methode met foutenanalyse in alle variabelen. Het is gebleken dat 

schattingen die slechts op één experiment berusten, zeer gevoelig zijn voor systematische 

fouten. Wanneer echter een juiste proefopzet toegepast wordt, neemt de gevoeligheid voor 

systematische fouten sterk af en kunnen reactiviteitsverhoudingen goed en nauwkeurig 

berekend worden. 

     Tenslotte is in dit proefschrift voor het eerst aangetoond dat de chemische samenstelling 

tijdens de semicontinue reactie van VeoVA-9 en butylacrylaat beheersd kan worden met 

behulp van Raman spectroscopie. De aan de hand van Raman data berekende chemische 

samenstellingsverdeling van het copolymeer dat gevormd wordt tijdens de batch of 

semicontinue reactie, bleek in goede overeenstemming met alternatieve technieken zoals 
1H-NMR en gradient polymeer elutie chromatografie. 
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     Samenvattend kan dus gesteld worden dat de resultaten in dit proefschrift laten zien dat 

met behulp van Raman spectroscopie de kinetiek van copolymerisatiereacties goed 

bestudeerd kan worden. Daarnaast blijkt uit de resultaten in hoofdstuk 2 dat het absolute 

Raman signaal gecorreleerd kan worden aan deeltjesgrootte. Bovendien biedt de techniek de 

mogelijkheid tot proces- en daarmee productcontrole, terwijl de data simultaan met het 

proces gebruikt kunnen worden om de samenstelling van het gevormde product vast te 

stellen. 
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STELLINGEN 
 

behorende bij het proefschrift: 
 

On-line Monitoring of Polymerization Reactions by Raman Spectroscopy: 
Application to Control of Emulsion Copolymerizations and Copolymerization Kinetics 

 
van 

 
 Mark van den Brink 

 
 

1. Raman spectroscopie biedt naast de mogelijkheid om on-line chemische 
samenstellingen te meten tegelijkertijd ook de mogelijkheid om lichtverstrooiende 
eigenschappen te bepalen. 

 Dit proefschrift 
 
 
2. De door Philipsen geformuleerde stelling dat samenstellingsverdelingen alleen door 

scheidingstechnieken verkregen kunnen worden, is onjuist. 
 H.J.A. Philipsen, proefschrift TUE 1998, pag. 13–14 
 Hoofdstuk 5, dit proefschrift 
 
 
3. Als gevolg van de grote afstand tussen de statisticus en de experimentator, worden 

de foutendiscussies veelal weggelaten, ofwel wordt er weinig of geen rekening 
gehouden met de oorzaak van fouten.  

 J. Haigh, A. Brookes, P.J. Hendra, A. Strawn, C. Nicholas and M. Purbrick, Spectrochim. Acta, Part 
A, 53, 9–19 (1997); R.M. Joshi, J. Macromol. Sci. – Chem., A7, 1231–1245 (1973).  

 
 
4. Door het diffuse karakter van laboratoriumbenodigdheden wordt veel research voor 

het experiment uitgevoerd. 
 
 
5. De waarneming is wat de waarnemer van de waarheid scheidt. 
 
 
6. Het toegenomen gevoel van onveiligheid in Nederland is eerder het gevolg van de 

toegenomen publiciteit met betrekking tot criminaliteit, dan een toename van de 
criminaliteit zelf. 

 http://www.cbs.nl/nl/cijfers/kerncijfers/krv0896a.htm; en o.a. “Enquête: Utrechters voelen zich 
minder veilig in buurt” In: De Volkskrant, 11-9-1998 

 
 



 
 
7. De uitspraak “Er is een groot verschil tussen gelijk hebben en gelijk krijgen” staat 

niet op zichzelf in discussies met betrekking tot het milieu. 
 Shell-directeur ir. C. Herkströter n.a.v. de affaire rond de Brent Spar, De Volkskrant 18-1-2000 
 
 
8. Het suggereren van een oorzakelijk verband waar het (slechts) een correlatie 

betreft, is een ongepaste meningsuiting. 
 “Straatrovers meestal buitenlanders” in: De Telegraaf, 9-9-1998 
 http://www.greenpeace.nl/klimaat_energie/index.shtml 
 
 
9. Het is vreemd dat een logo wordt gekenmerkt door een deelstreep wanneer dit logo 

deel uitmaakt van een huisstijl die tot uitdrukking dient te brengen dat het geheel 
meer is dan de som der delen. 

 Cursor/1, 9 september 1999, over de nieuwe huisstijl TU/e 
 
 
10. Over smaak is wèl te twisten, over meningen is het moeizaam twisten en over feiten 

is niet te twisten. 
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