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viiPreface

By the time I graduated as a chemical engineer, I never imagined 
working with polymers, much less writing a book on this field. 
My first job was at a chemical company where different types of 
polymers, including polymer latexes, were manufactured. At first, 
polymers appeared to me as fascinating although mysterious 
materials, behaving completely different from the usual chemical 
substances I knew so far. I still remember the time when, by curiosity, 
I read the first scientific paper on emulsion polymerization. At that 
moment I was not able to understand much, but it was clear to me 
that I had found a fascinating but challenging topic. Then, I set a goal 
and began a journey toward understanding such complex systems.
 Eventually, I had the chance of working in research and 
development, particularly on different research projects involving 
emulsion polymerization. Even though I had learned after reading 
a lot of books and papers, as well as from my own experience in 
the lab, pilot, and industrial plant, I still wanted to obtain a deeper 
knowledge. That is when I decided to pursue my doctoral studies 
working on emulsion polymerization.
 In February 2006, I received an acceptance letter by Dr. Klaus 
Tauer, group leader of the “Heterophase Polymerization” group at the 
Colloid Chemistry Department of the Max Planck Institute of Colloids 
and Interfaces, for beginning my studies at the International Max 
Planck Research School on Biomimetic Systems. During the 4 years 
that I stayed at the Max Planck Institute, first as a doctoral student 
and then as a postdoc, I had the chance to dedicate myself to learning, 
in as much depth as possible, about polymers, colloids, physical 
chemistry, and mathematical modeling. It was also during that time 
when I realized that science is unfinished, and nothing from what 
I had learned so far was written in stone. Following the principles 
of good scientific practice established by the Max Planck Society, 
and with the guidance of Dr. Tauer, I officially began publishing my 
contributions to science in 2007.
 In 2015, inspired by the ideas of freedom of research, 
transparency, and public sharing of knowledge promoted at the 
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Max Planck Institute, I decided to create ForsChem Research (www.
forschem.org). The main goal of this not-for-profit initiative is 
searching for a better understanding of different natural phenomena 
from a molecular perspective (and involving a lot of math, of course). 
All results obtained in this initiative are open and available to anyone 
interested in reading them.
 The idea of writing a book on emulsion polymerization was first 
mentioned to me by Dr. Tauer in 2010. Even though we did not have 
the chance to finish the project then, we decided to resume it again 
in 2019, but this time considering the broader field of heterophase 
polymerization. Thus, we tried our best to summarize our vision on 
heterophase polymerization, so that future generations might find it 
easier to understand and achieve even further progress.
 I am very much grateful to Dr. Klaus Tauer, my doctoral supervisor 
and co-author of this book, who devoted his lifework and curiosity 
to the science and technology of heterophase polymerization. I also 
want to thank Silvia, my beloved wife, for continuously supporting 
and encouraging me toward working on this book. I also want 
to thank my mother and my late father for all their teachings and 
support. I am also grateful to Jaime Aguirre, my master’s thesis 
advisor, for being my scientific peer and dear friend. I also want 
to acknowledge all the scientists that have contributed to this 
fascinating field (some of which I had the opportunity to meet), as 
well as all other colleagues that helped me in one way or another 
along this road. Finally, I would like to thank all the readers of this 
book for your patience (I hope you read it all) and, most of all, for 
your scientific curiosity.

 November 2020
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When a graduate starts career in the field of heterophase 
polymerization, she or he faces quite a challenge, because to be 
successful in this field, she or he has to deal intensively with two 
scientific areas, namely colloid science and polymer science. Typically, 
the beginner will find the basics of heterophase polymerization in 
standard textbooks that focus primarily on emulsion polymerization. 
One of its pillars is the Smith–Ewart model, which is more than 70 
years old. That is exactly how I started my professional career in a 
research institute in 1977. I quickly noticed some problems with this 
model, particularly regarding its applicability to various variants 
of emulsion polymerization. Following Renè Descartes “dubium 
sapientiae initium” (“to doubt is the start on the path to wisdom”), I 
started new projects to investigate particle nucleation and swelling 
of latex particles.
 All knowledge is preliminary, and hence with the availability 
of new experimental data, the modification of older models is 
necessary. Clearly, the same must apply to emulsion polymerization. 
We tried to do so in this book, at least partly.
 However, the history of emulsion polymerization research shows 
that more and more specific mechanisms to overcome some of the 
problems have been developed. Exemplarily, some new mechanistic 
assumptions for particle nucleation and radical entry appear, at 
least to me, to be detached from the generally valid scientific ideas. 
Just when nucleation is considered, this is a very general natural 
phenomenon and there is no reason to consider for emulsion 
polymerization a principally different framework.
 Visiting many scientific meetings over the last 40 years, I made 
the following remarkable observation concerning the relationship 
between heterophase polymerization and polymer science, on 
the one hand, and colloid science, on the other hand. For research 
polymer chemists, this topic is too boring and not hot enough 
mainly because it is a well-established industrial polymerization 
technique. For colloid chemists, heterophase polymerization is a 
“horrible” system because the parameters such as surface area and 
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composition are constantly changing due to the chemical reactions. 
This is probably the main reason that an own scientific community 
was founded in 1972, the International Polymer Colloids Group 
(IPCG), which organizes biannual international meetings.
 Retired since spring 2017 and looking back on my professional 
carrier, I come to the conclusion that heterophase polymerization 
gave me an extremely interesting working life, with only a few 
desperate hours but more often with joy due to new and surprising 
results in the border area between colloid and polymer chemistry. 
In this context, I acknowledge deeply the cooperation of former PhD 
students, technical staff, and colleagues at the Max Planck Institute 
of Colloids and Interfaces.
 Hugo Hernandez, one of the most talented students in my group, 
surprised me one day with a Brownian dynamics simulation to 
improve modeling radical entry in emulsion polymerization. This 
was for me the ignition to think about a new text on heterophase 
polymerization. Hugo did most of the work in finishing this book, 
and as his former supervisor, I am feeling honored and particularly 
thankful to him for the great job he did.
 Particular thanks is due to Prof. Dr. Markus Antonietti, Head of 
the Department of Colloid Chemistry, who gave me the freedom and 
the financial support to follow my research ideas.
 Finally, I am extremely thankful to my beloved wife, Birgit, who 
spent 50 years on my side and patiently tolerated my second big 
love, chemistry.
 The topics in the present book are our personal insight into this 
fascinating marriage of colloid and polymer science, and we offer our 
sincere apologies to all the colleagues whose excellent contribution 
to the field we had to omit.

 November 2020
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A huge number of books already exist dealing with one or the other 
heterophase polymerization technique, specifically mainly with 
emulsion polymerization. An enormous amount of knowledge has 
been accumulated over the past 110 years of practical heterophase 
polymerization. So why is there a need for another book on 
heterophase polymerization? There is one main reason why this 
seems necessary to us. All books on emulsion polymerization 
deal in the kinetics sections almost exclusively with deterministic 
models. But in our opinion, there is the need and nowadays also the 
computational possibility to apply stochastic methods to elucidate 
heterophase polymerization. In addition, it is high time to make a 
step out of the box of the basic ideas established decades ago. We 
are discussing heterophase polymerization not only in the light of 
a different modeling strategy but also on the base of new concepts 
and experimental results, which allow drawing a more consistent 
general frame of heterophase polymerization. The general frame is 
set by complementary principles of classical thermodynamics and 
Brownian dynamics.
 In the following subsections, we will highlight some alternative 
ideas on how to deal with heterophase polymerization instead 
of relying on the ideas that have been established for more than 
70 years, particularly swollen micelles as nuclei for particles 
and instantaneous swelling of polymer particles, without being 
experimentally confirmed.
 Before starting, we wanted to include some additional thoughts 
for approaching this or any other scientific text. The scientific 
knowledge at a given time is provisional and imperfect. Due to the 
presence of uncertainties, we will never be able to reach the absolute 
truth of things [1]. Thus, we can only continuously improve our set 
of working theories and models for describing the world. Knowing 
and accepting this, we are not claiming to write the absolute truth, 
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but we are trying to discuss trustworthy results representing our 
current state-of-the-art knowledge on the field of heterophase 
polymerization.
 On the other hand, all natural sciences and all scientific results 
must rely on a set of generally accepted methodical rules [2]:
 1. A scientific fact must be confirmed by observations and 

experiments on real objects. No assertion that defies 
experience is scientific. (uncontradicted)

 2. Observations and experiments must be conducted repeatedly 
and if necessary analyzed by statistical methods. (confirmed)

 3. Observations and experiments must be reproducible and 
yield the same result (within statistical tolerance) under the 
same conditions. (reproducible)

 4. The implementation must be impartial and without 
presupposition. (independent of any person)

 5. All natural sciences are based upon the rule of uniformity of 
nature, stating that the same natural laws apply everywhere. 
(universal)

 6. Everything has a cause that yields the same effect under the 
same circumstances. With only statistically ascertainable 
events, the singular event can seem noncausal; with increasing 
repetition of the measurement, causality becomes evident for 
the whole of all events. (causal)

 Although these rules are obvious and logical, it is necessary to 
keep reminding them and to validate scientific results with their 
help. To the best of our knowledge, we selected the presented data 
accordingly.

I. Thermodynamics and Brownian Dynamics

With classical thermodynamics and Brownian dynamics (BD), we 
have two powerful tools available to explore chemical reactions 
and physical processes, which are important for heterophase 
polymerizations at different relevant scales, from the macroscopic 
to the colloidal and molecular scales.
 Thermodynamics is a powerful tool typically describing systems 
consisting of very large numbers of entities interacting with each 
other in very different ways and complexity (typically single- or 
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multi-component bulk systems, but also systems as big as our earth 
or even bigger can be described). For equilibrium condition, even 
such vast systems can be described with quite a small number of 
quantities or parameters such as the mass, pressure, volume, and 
internal energy of the system or other equivalent quantities without 
knowing all the details of the individual entities. A detailed knowledge 
of the behavior of the individual objects of the system is not required. 
Thermodynamics allows, from a given starting state, to decide 
whether it is stable or not under given conditions. Furthermore, 
assuming equilibrium, it is possible to predict which final state 
might be achieved. Note, for evaluations with thermodynamics, the 
variable “time” plays no role. In order to decide whether a reaction/
transition is feasible, thermodynamics offers two possibilities [3]: 
the Gibbs function (DG, constant temperature and pressure) or 
Helmholtz function (DH, constant temperature and volume) and the 
entropy (S). The Gibbs function is preferred for chemical reactions, 
and its partial differential quotient with respect to n, the number of 
molecules of a species “i” involved,

 ∂
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corresponds to the change in the chemical potential (Dmi) of that 
species at constant temperature, pressure, and number of other 
species. A change in the starting system can only happen when DG 
(or Dm, respectively) decreases. In a brilliant paper on the “elusive 
chemical potential,” Baierlein discussed the meaning of the chemical 
potential [4]. One meaning is the tendency to diffuse. Consequently, 
the chemical potential as a function of position measures the 
tendency of particles to diffuse. Additionally, the chemical potential 
can be used to measure the rate of change and a characteristic energy.
 The transition or reaction comes to halt when DG (Dm) reaches 
zero. This state is the most probable one and is characterized by an 
equalized chemical potential throughout the reaction space.
 Assuming that a reaction takes place under perfect control of 
temperature and pressure, i.e., DT = DP = 0, and that no work is 
transferred, then the entropy change for this process is DStu = DG/T. 
Note, DStu is the sum of entropy changes in the environment (DSe) 
and the reaction system (DSs), whereby one or the other may rule 
DStu.
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	 DG and DS are related and, hence, both can be used for predictions, 
but “…the most general statement appropriate to any observed 
change in an assembly of materials is that the total entropy of the 
assembly must increase. By the total entropy change is meant the 
sum of all entropy changes in any way related to the observed change 
in state for an assembly large enough to encompass all aspects of the 
change. The crucial distinction at this point is then between total 
energy change and total entropy change.” [3]
 The main reason for the entropy increase during any chain-growth 
polymerization reaction is the enormous gain in configurational 
entropy (cf. Fig. i) because the double bond is stiff and the single 
bond much more flexible. For polycondensation reactions, the main 
entropy gain results from the release of small molecules. In both 
cases, DSs rules the overall entropy change. Additionally, entropy can 
be released to the environment as in most polymerization reactions, 
heat is released to the environment (exothermic reactions).

2

stiff flexible

Figure i Illustration of configurational entropy gain during chain-growth 
polymerization.

 Thermodynamics for heterophase polymerization turned 
out to be very powerful because it allowed deriving important 
equations explaining the behavior of colloidal systems, which are 
characterized by huge interfacial areas and energies. Probably 
the most meaningful relations for colloidal systems are the Kelvin 
equation in combination with the Laplace equation. However, both 
equations are also valid for one-component systems, which are, 
at given conditions, present in two phases and purely rely only on 
thermodynamic principles, meaning they do not need to consider 
the specific chemical properties of materials but the geometrical 
shape of the phases. For any colloidal system, including heterophase 
polymerizations, particles try to reach the spherical shape as long 
as the mobility of the atoms/molecules involved allows it. This is 
because a sphere has, at given volume and interfacial tension, the 
lower interfacial energy compared to any other geometrical forms. 
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Monomer droplets (exclusively) and polymer particles (mainly) 
are the most important spherical colloidal objects in heterophase 
polymerizations, and hence the following discussion will be 
restricted to these entities (i.e., bubbles are neglected).
 In any two-phase system, the phases are in contact and 
an interfacial tension or surface tension exists between them. 
Discussing surface tension means that one considers not necessarily 
the geometrical dividing surface, but for nonplanar surfaces, it is 
the surface of tension, which should be considered. For deriving the 
Kelvin equation, one has to consider a vapor phase in equilibrium 
with its liquid, being the liquid of spherical shape, i.e., a drop (cf.  
Fig. ii). Each phase is governed by a Gibbs–Duhem equation (Eqs. 
ii and iii), where S, T, P, v, m, and d stand for entropy, temperature, 
pressure, molar volume, chemical potential, and equilibrium 
displacement, respectively; d denotes the dispersed and c the 
continuous phase. Equilibrium of the drops requires considering 
mechanical and chemical equilibrium. The mechanical equilibrium 
of the drop requires DP dV dA◊ = ◊s  and the chemical equilibrium 
md = mc = ms, where DP = Pd  – Pc, V is the drop volume, A is the drop 
surface, µ’s are the chemical potentials in the drop, in the continuous 
phase and on the surface, respectively. Pc is the pressure of the 
material forming the dispersed phase in the continuous phase, e.g. 
for a liquid drop, the vapor pressure outside the drop. Note that the 
tension is pulling, but the pressure is pushing the interface, and so 
both forces keep the droplet in shape.

σ

vd

vc

Pd

Pc

Figure ii Sketch of a colloidal particle dispersed in the continuous phase; Pd, 
vd are pressure and molar volume inside the dispersed phase; Pc, vc are pressure 
and molar volume in the continuous phase, and s is the interfacial/surface 
tension between the dispersed and the continuous phase.
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 SddT – vddpd +dmd = 0 (ii)

 ScdT – vcdpc +dmc = 0  (iii)

 If the number of molecules and the temperature are unchanged, 
the Laplace equation (Eq. iv) follows from the mechanical equilibrium 
condition:

 DP
r

=
2s  (iv)

 In the equilibrium state, the droplet experiences some 
fluctuations (d denotes the equilibrium displacements) in DP and 
the chemical potentials: d d d sP P rd c- = ( / ),2 d dµ µd c= .  Applying 
the ideal gas assumption and integrating from r = ∞ to r, the Kelvin 
equation for a drop (Eq. v) is obtained, where P0 is the pressure on a 
flat surface (r = ∞) and Pc the pressure on the drop.

 ln
c dP
P r

v
RT0

2
=

s  (v)

 Equation v shows that the pressure over the particles of the 
dispersed phase increases with decreasing drop size. In fact, it is the 
surface/interfacial tension leading to an increase in the chemical 
potential of the molecules inside the droplet, which finds expression 
in increased Pc.
 As the pressure is proportional to the number of atoms/
molecules, the pressures in Eq. v can be replaced, namely, P0 by the 
solubility of the bulk material (S0) in the continuous phase and Pc by 
the solubility of a drop/particle of size r (S(r)), cf. Eq. vi.

 ln
( )S r
S r

v
RT

d

0

2
= ◊

s  (vi)

 The consequences of Eqs. iv–vi for colloids and heterophase 
polymerizations are significant. Smaller drops and particles have a 
clear tendency to release material (i.e., a tendency to shrink), and 
since the solubility in the continuous phase remains unchanged, the 
released matter re-condenses on larger particles. This scenario within 
the molecular picture means that due to the higher curvature of the 
smaller particles, the contacts of the surface atoms/molecules are 
effectively reduced leading to a higher pressure of these outer layer 
objects to leave. Leaving of matter from smaller and re-condensing 
onto larger colloidal particles is important for proper understanding 
of the colloidal aspects of heterophase polymerizations.
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 For colloid chemistry of heterophase polymerizations, the 
interfacial tension is an important parameter. Remember, any 
interface is subjected to an interfacial tension. However, there are 
important differences in the details depending on the state of the 
matter of the phases forming the interface. All combinations of matter 
except gas–gas systems form interfaces, and the details depend, 
besides the chemical properties, on the mobility of each phase. 
Clearly, due to the absence of mobility at a solid surface, the solid–
liquid or solid–gas interface shows a principally different behavior 
than the liquid–gas or liquid–liquid interface. This means for solid 
surfaces, such as polymer particles in heterophase polymerizations, 
it is impossible to measure directly its surface tension, whereas it is 
possible for the monomer–water interface.
 The above discussion is based on two excellent textbooks [5, 6] 
on interfaces and thermodynamic properties of various colloidal 
objects (assembly of molecules such as bubbles, droplets, and 
particles), which we recommend for further reading.
 In addition, the following points are important for heterophase 
polymerizations. First, matter flows spontaneously from a region 
of high chemical potential to a region of low chemical potential, 
which is important for swelling of polymer particles with monomer. 
Second, mass moves from a region of high gravitational potential 
to a region of low gravitational potential, which is important for 
the spatial uniformity during polymerization (monomer droplets 
and polymer particles) and during storage of polymer dispersions. 
Third, for colloidal entities, the chemical potential depends inversely 
on the size, meaning that a tiny monomer drop has a higher 
chemical potential than a larger one and the bulk monomer phase. 
The chemical potential can, therefore, be used to determine how a 
reaction system, also a heterophase polymerization system, has to 
react in order to achieve the thermodynamically favored state, i.e., 
equilibrium. A system is in the state of equilibrium when the chemical 
potential of each substance is the same in all phases present in the 
system. The important point is that a system always moves toward 
the equilibrium state, but it does not necessarily reach equilibrium.
 The term Brownian dynamics was coined in the memory of 
the Scottish naturalist Robert Brown who observed in 1827 the 
trembling movement of pollen grains on top of a water pool, shortly 
after the performance of optical microscopes was considerably 
improved [7]. This motion is perfectly irregular, and it could only 
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be explained first by Albert Einstein in 1905 who realized that it 
was caused by the tiny water molecules randomly hitting the much 
bigger pollen grains. The motion of all the water molecules hitting 
the suspended particle is quite complicated, and hence their effect on 
its movement is described probabilistically in terms of exceedingly 
frequent statistically independent impacts [8]. Consequently, a 
suspended particle motion is perfectly irregular in any direction, 
back and forth; it may stop a while and then continue with turns and 
twists. Each particle in the system follows its own specific path, but 
nevertheless, Brownian motion causes an overall net movement of 
the particles in the system depending on the particular conditions. 
In contrast to the deterministic physics (including thermodynamics), 
this is a completely different behavior because limited predictability 
arises due to stochastic fluctuations and it requires a new approach, 
namely, stochastic differential equations and averaging over time and 
space for successful description of the system. A stochastic variable 
(like the particle’s travelling path from the initial point in given time) 
represents not a single value but a whole range of possible values 
all connected with a certain probability. Thus, a stochastic variable 
is quite abstract. However, describing the expected or average 
behavior of a large sample of particles is possible.
 In contrast to thermodynamics, where time and the actual 
position of a particle is unimportant, the space-temporal behavior 
of a Brownian entity is crucial. The Langevin equation is a famous 
example of this kind of equations describing the irregular motion of 
a Brownian entity [9].
 The difference between treating an issue with thermodynamics 
and BD can be illustrated as follows. If a particle suspended on the 
top of a pool has a higher density than the surrounding liquid, it will 
settle to the ground of the container due to the action of gravity. This 
is the final equilibrium state derived by thermodynamics. Within 
the frame of BD, a persistent average downward drift is calculated 
as well. However, the particle does not settle straightforwardly over 
any time interval, since the irregular hits by the water molecules 
cause deviations from the direct path within smaller time intervals, 
but over larger time intervals, the particle moves downward and 
finally settles on the bottom.
 For the conditions during heterophase polymerizations, the 
following aspect of BD is of considerable importance. Due to the 
erratic/irregular/chaotic movements of all entities present in 
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the continuous phase, a certain probability exists of encounters 
between all objects, i.e., between particles and particles, droplets and 
droplets, dissolved molecules and dissolved molecules, particles and 
droplets, dissolved molecules and particles, and dissolved molecules 
and droplets. Clearly, these encounters are important during 
heterophase polymerization with respect to colloidal stability of the 
dispersion but also with respect to the entry of molecular species 
into the particles/droplets (and also exit out of the particles/
droplets when considering BD inside the dispersed objects).
 For heterophase polymerizations, entry events (from the 
continuous phase into the colloidal objects) and exit events (from 
the colloidal objects into the continuous phase) of the various 
entities present must be triggered due to differences in the chemical 
potential in the different phases. For instance, thermodynamics 
tells us that according to the difference in the chemical potential 
of the monomer in the droplets and the polymer particles, a flux of 
monomer from the drops into the particles will happen. On the other 
hand, BD tells us that the path of the species entering or leaving the 
colloidal objects do not follow a straight line but is a random walk.

II. Swollen Micelles: Fact or Fancy

The idea that nucleation in classical emulsion polymerization 
(surfactant concentration above the critical micelle concentration, 
CMC) happens when radicals enter monomer-swollen micelles was 
historically considered a key step on the way to understand the 
process. Nowadays we have to conclude that it is just a nice idea that, 
however, cannot withstand serious scientific arguments.
 Swollen micelles only exist at very low oil content, i.e., when a 
small amount of oil (monomer) is present in a micellar solution. 
Harkins, one of the great pioneers of emulsion polymerization 
research, whose results are not appreciated according to their 
meaning nowadays, proved such behavior. With regard to the 
micelles as the locus of polymer particle initiation, Harkins described 
very interesting experimental results by means of X-ray scattering  
[10–12]. He found that styrene at its saturation concentration in 
water increases the diameter of fatty acid micelles by about 1.2 nm 
(under starved conditions, i.e., styrene is present only dissolved in 
water and solubilized in micelles but not as bulk phase or droplets), 
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but upon polymerization initiated with peroxodisulfate, the size 
of the micelles decreased to its initial value. This process could be 
repeated several times by consecutive swelling and polymerization 
until the surface of the polymer particles was grown so large 
that the soap concentration decreased due to adsorption on the 
particles below the critical micelle concentration. These results led 
to the important conclusion that a growing polystyrene chain is 
incompatible with the alkyl chains in the interior of micelles and, 
hence, polymer chains grow out of micelles, i.e., nucleation happens 
outside micelles. The incompatibility between polystyrene and 
alkyl chains was repeatedly proved more than 50 years later by 
attempts to polymerize the monomer inside double layers of 
dioctadecyldimethyl ammonium bromide vesicles. Transmission 
electron microscopy pictures revealed that phase separation takes 
place during the polymerization in a way that the polystyrene 
molecules gather at a particular place, whereas the monomer was 
uniformly distributed over the whole bilayer [13].
 In a typical emulsion polymerization, the oil (monomer) volume 
fraction is about 50% and the coexistence of swollen micelles 
with monomer drops is, for thermodynamic reasons, unlikely. If a 
big enough interface is added to a micellar solution, micelles will 
dissolve and surfactants will redistribute according to the adsorption 
equilibrium among all interfaces (droplet–water, water–air, and 
container–water interface). Thus, during the emulsification process, 
micelles convert to oil drops.
 Not only the surfactant, also will the oil (monomer) redistribute 
among the droplets in order to equilibrate their chemical potential. 
Note that the chemical potential of emulsion droplets as colloidal 
objects depends inversely on the drop size, according to the Lifshitz–
Slezov–Wagner theory [14, 15] for Ostwald ripening and Kabalnov’s 
extension [16]. Note that Kabalnov’s extension holds also for swollen 
polymer particles.
 Spontaneous emulsification (cf. next paragraph) counteracts 
Ostwald ripening as it generates much smaller drops than forced 
emulsification. Hence, it generates larger surface area per oil volume 
and triggers surfactant redistribution. The higher the surfactant 
concentration, the smaller the drop size due to emulsification, and 
moreover spontaneous emulsification is reinforced.
 If the overall interface in the emulsion is larger than aSNLVW(Sapp-
CMC), micelles will vanish; here aS is the surface area covered per 
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surfactant molecule in a saturated adsorption layer, NL is Loschmidt’s 
number, VW is the volume of water, Sapp is the applied surfactant 
concentration, and CMC is the critical micelle concentration. This is 
exactly the argumentation as used in the micellar nucleation theory 
of emulsion polymerization (Smith–Ewart theory) when the already 
nucleated particles grow and attract more and more surfactant 
molecules.
 Coming back to the initial question: Are swollen micelles fact 
or fancy? Depending on the conditions, the answer is YES and NO. 
YES holds for the absence of a free monomer phase, i.e., starved 
conditions with respect to monomer, a situation which is untypical 
for heterophase polymerization. To the contrary, NO holds for the 
typical scenario of heterophase/emulsion polymerization under 
flooded conditions with respect to monomer.
 According to the data of Harkins, even under starved conditions 
with respect to monomer, swollen micelles surely do not precede 
polymer particles because even if a radical enters, the polymer 
chains grow out of the micelles.

III. Spontaneous Emulsification: Principles and 
Meaning

In most cases, heterophase polymerization can start only after two not 
completely miscible liquids, typically monomer(s) and continuous 
phase, are brought in contact. Typically, after contacting monomer 
and continuous phase, both liquids will be vigorously mixed by the 
input of mechanical energy. Provided the mixing is intensive enough, 
any combination of immiscible and mutually nonreactive liquids can 
be broken up into an emulsion. However, except for microemulsions, 
the efficiency of the energy input for emulsification is very low 
since most of the energy is wasted to heat [17]. The question which 
liquid forms the dispersed phase and which will be the continuous 
phase is an interesting one. It is not only important for heterophase 
polymerizations but generally for making emulsions in cosmetics, 
shower gels, and cleaning supplies. Wilder Bancroft summarized 
the results of emulsification experiments from the late 19th to the 
early 20th century in a rule of thumb (known as Bancroft’s rule), 
which meant that in order to have a kinetically stable emulsion, the 
emulsifying agent must be soluble in the continuous phase [18]. In 
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principle, this rule finds its expression in the empirical system of the 
HLB values (hydrophilic–lipophilic balance), which was developed 
in the middle of the 20th century to allow the selection of the most 
effective emulsifier for a desired type of emulsion [19]. The HLB 
values were determined in tedious emulsification experiments. In 
addition, the result of the emulsification process is influenced by the 
volume ratio of the liquids, the concentration of the emulsifier, and, 
particularly for nonionic emulsifiers, the temperature.
 Interestingly, a poly(ethylene glycol)-based surfactant may 
stabilize either an oil-in-water or the inverse emulsion in dependence 
on the temperature. This behavior is the consequence of a lower 
critical solution temperature or a cloud point at approximately 
100°C in aqueous solutions [20]. The change in the properties with 
temperature is considered in the concept of the phase inversion 
temperature (PIT) [21]. This is very useful in predicting properties 
of nonionic surfactants based on poly(ethylene glycol), which is the 
most important hydrophilic group in nonionic emulsifiers also for 
heterophase polymerizations. It is interesting to note that at the PIT, 
both the interfacial tension and the droplet size are at the minimum, 
an effect which can be utilized during the emulsification step to 
create smaller emulsion drops.
 Phase inversion is a process where for a given stabilizer the 
continuous phase becomes the dispersed one and vice versa. 
This is mainly observed in the case of polymeric surfactants with 
a stabilizing moiety possessing a critical solution temperature. 
Prominent examples are surfactants with poly(ethylene glycol) 
units (PEG) and poly(N-isopropylacryl amide). For PEG, increasing 
the temperature causes the HLB of the surfactant to decrease and 
it may subsequently, in accordance with Bancroft’s rule, promote 
the stabilization of water-in-oil instead of oil-in-water emulsion. 
Furthermore, whether or not phase inversion occurs depends on the 
polarity of the oil phase, the kind of electrolyte and its concentration, 
other additives as for instance organic, water-soluble solvents 
increasing the oil solubility in water, and on the oil volume fraction.
 However, another scenario is possible. What happens when 
both liquids are contacted and kept quiescently without the input of 
external mechanical energy?
 The standard textbook answer is equilibration of the chemical 
potentials in either phase. This means that a certain number of 
molecules of both liquids dissolve in the counter phase according 
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to the respective solubility at the given temperature. This scenario 
leads to molecular solutions of monomer in the continuous phase 
and vice versa. Particularly, the monomer concentration in the 
continuous phase is crucial for the polymerization reactions therein.
 Surprisingly, attempts to follow the equilibration process by 
means of time-dependent multi-angle laser light scattering (MALLS) 
revealed a completely different scenario. For the combination 
water (continuous phase) and styrene (monomer), the MALLS data, 
acquired in the water phase, showed during the equilibration phase 
(before initiating the polymerization) an angle-dependent increase 
in the scattering intensity over about 48 h, which corresponded to 
a growing average size of the scattering objects with quite a broad 
size distribution (cf. Fig. iii) [26, 27]. After about 2 days, a kind of 
dynamic equilibrium was reached.
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Figure iii Development of the particle size during the equilibration of a 
quiescent styrene–water system at 25°C; rG, the radius of gyration, was 
determined from the model interpretation of MALLS scattering curves acquired 
in the water phase with monomodal spheres as described in Refs. [22–25]; data 
points represent a summary from three independent repeats; experimental 
setup: the scattering cells are standard quartz glass cuvettes with an inner 
diameter of 1.8 cm and a height of 8 cm filled with degassed water (about 10 
ml) and styrene (2 ml) was carefully placed on top; the cuvettes were closed 
with a Teflon stopper.

 That the scatters detected in the MALLS studies are really drops 
was confirmed by light microscopy. Figure iv shows styrene droplets 
as observed in the water phase (for details, see Ref. [26]).
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Figure iv Light microscopy images of the aqueous phase in the system styrene 
on water showing styrene drops; the bars indicate 10 µm; image was taken a 
few hours after sample preparation; experimental setup: styrene layer on top 
of pure water in a sealable optical cuvette of 2 mm thickness.

 A behavior like this was observed for all combinations of 
(partly) immiscible liquids so far investigated (cf. Fig. v). Further 
examples with water as one component include tert-butyl styrene, 
acrylates and methacrylates (even laurylmethacrylate), dodecane 
and cyclodecane. Moreover, droplet formation takes place on either 
side of the interface with the water drops in the organic continuous 
phase larger than the oil drops in water [28].
 These results suggest that the equilibrium state after establishing 
quiescent contact between two partly immiscible liquids is not two 
molecular solutions on either side of the interface but two emulsions 
with quite low volume fraction of the dispersed droplets, and hence 
both emulsions appear transparent to the naked eye. So the question 
is not only regarding the monomer concentration in the continuous 
phase, but it must be extended regarding the solution state.
 Further, though indirect, support for the results of the MALLS 
and microscopy experiments comes from the comparison with the 
temporal development of the gross styrene content in water (CSTY) 
determined by gas chromatography (GC) (Fig. vi) [29]. For this 
investigation, the volume of the experiment is much larger than that 
for MALLS and microscopy studies (about a factor of 100 higher) 
and also the geometry of the experimental setup differs. All these 
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might cause no issues for molecular solutions, but for emulsions, the 
situation is clearly different.
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Figure v Light microscopy images of various combinations of immiscible fluids 
proving spontaneous droplet formation; the bars indicate 10 µm; A: hexane – 
water, B: polystyrene solution in ethyl benzene – water, C: ethylene glycol (eg) 
– hexadecane (hd), D: hexane – dimethylformamide; o — organic phase; w — 
water phase; image C shows ethylene glycol droplets and image D shows hexane 
drops in dimethylformamide (d) and dimethylformamide drops in hexane (h); 
experimental setup: optical glass cuvettes of 2 mm thickness.

 The classical, for more than 70 years, most widely accepted 
solubility values of styrene in water at different temperatures were 
published by Lane already in 1946 based on the assumption of 
molecular solutions on either side, i.e., styrene in water as well as 
water in styrene [30]. Lane determined the styrene concentration 
in water by means of the formaldehyde–sulfuric acid reagent and by 
cloud point determinations. He assumed that equilibrium conditions 
were obtained by shaking styrene and water at a given temperature 
and then allowing it to stand for 24 h to completely separate. He 
determined the styrene concentration in water at 25°C and 70°C to 
be about 3 mM and 6 mM, respectively. Notably, the concentrations 
of water in styrene are much higher with about 37 mM and 67 mM 
at 25°C and 50°C, respectively, determined by Karl–Fischer titration 
and cloud point determination.
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Figure vi Temporal development of the apparent styrene concentration 
in water during quiescent contact between styrene and water at 25°C in a 
Teflon reactor determined with gas chromatography; experimental details: 3.3 
g of styrene (31.7 mmol) was placed in a reversed glass funnel with an inner 
diameter of 4.6 cm (area of 16.62 cm2) 390 ml pure, degassed water.

 The results presented in Figs. iii–vi are not in line with Lane’s 
study and put into question his experimental procedure. First, he 
was unable to check whether or not styrene drops were present in 
the aqueous phase (and water drops in the styrene phase). Second, 
his assumption reaching equilibrium after 24 h is surely not correct. 
A general experimental difficulty results from the fact that it is 
necessary to avoid even slight temperature fluctuations because in 
the very vicinity of the equilibrium, the solution is prone to phase 
separation phenomena. Particularly, even a minimal decrease in 
temperature causes de-mixing recognizable by strong turbidity and 
destroys equilibrium [28]. In addition, an experimental study shows 
that the complete phase re-separation after emulsion formation 
(ethyl benzene in water) lasted, depending on the nature and 
concentration of the surfactant, several days (up to more than 200 
days have been experimentally confirmed) [28]. Even in the absence 
of surfactant, the phase separation (only by visual inspection) was 
not completed within 24 h.
 Furthermore, the formation of emulsions instead of molecular 
solutions may cause problems with respect to the homogeneity of 
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the samples. In the absence of stirring, emulsions with broad droplet 
size distribution and low volume fraction of the dispersed phase 
exhibit a stronger spatial composition gradient than molecular 
solutions. Thus, the position of the sampling in the container may 
contribute to additional scattering of the results. The growing 
average size of the droplets (cf. Fig. iii) suggests that with increasing 
time (increasing drop size), the reproducibility should decrease as 
proven by the data in Fig. vi.
 Still another point should be considered. The experimental 
requirements for determining the “equilibrium” concentration 
of the solute in the complementary phase are different for forced 
and spontaneous emulsification. Meaningful sampling after forced 
emulsification requires waiting long enough until de-mixing is 
completed. For spontaneous emulsification, the crucial step is 
allowing the system to equilibrate long enough.
 Consequently, the value Cmax = 1.2 mM (cf. data of Fig. vi) does 
not necessarily mean that the equilibrium is already reached in the 
particular experiment after 150 h. The solubility value for styrene 
in water obtained by Lane at 25°C is by a factor of 2.5 higher, but 
very likely due to the fact that after forced emulsification, the phase 
separation was not yet complete.
 In summary, there is clear experimental evidence that 
spontaneous emulsification is fact and not fancy. It is 
particularly important for heterophase polymerization because the 
drops generated by spontaneous emulsification are smaller than 
those arising from forced nucleation. Smaller drops move faster 
and should possess a higher frequency of encounters with other 
objects (dissolved molecules, radicals, droplets, and particles). 
Consequently, particularly nucleation and swelling of polymer 
particles should be influenced. Encounter with a radical may cause 
a kind of droplet nucleation whereby the drops are not completely 
covered with surfactant, which is an important difference to Harkins 
experiments with swollen micelles. On the other hand, encounter 
with a polymer particle promotes its swelling.

IV. Swelling: Newer Experimental Results

Swelling of polymer particles is the last step for the monomer on its 
way to the main reaction loci, i.e., the polymer particles. It is a crucial 
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step in heterophase polymerization because more than 90% of the 
monomer conversion in a typical emulsion polymerization takes 
place inside the monomer-swollen polymer particles. Since the rate 
of polymerization is extremely high, it requires also a high monomer 
concentration inside the particles. The most important question in 
this context is: How does the monomer get from the droplets into the 
latex particles?
 It is commonplace to assume that the monomer supply is fast 
enough, even so fast that the used monomer is instantaneously 
replaced.
 Again, we touch here the role of emulsification, i.e., the role of 
monomer drops in heterophase polymerization. Already in 1947 
Harkins stated that the role of monomer drops is “to act as a storehouse 
of monomer from which its molecules diffuse into the aqueous phase 
and from this into either soap micelles or polymer monomer latex 
particles” [11]. Until today, this idea persists and is still state of the art 
for emulsion polymerization: “In the presence of monomer droplets, 
the monomer-swollen particles grow and the monomer concentration 
within these particles is kept constant by monomer diffusing through 
the water phase from the monomer droplets” [31]. This suggests 
that the particles are homogeneously swollen. However, since the 
1960s, experimental evidence is available proving a monomer-rich 
shell—polymer-rich core structure of the growing polymer particles 
[32–38]. Conclusions were drawn based on various experimental 
techniques, including kinetic studies [32–35], sophisticated electron 
microscopy studies [35, 37], radioactively labeled monomer 
[37], and small angle neutron scattering investigations [38]. The 
experimental data have been obtained with monomers of various 
hydrophilicity such as styrene [32, 33, 35, 37], methacrylates [34, 
38], and vinyl acetate [36]. The experimental data doubtlessly 
prove that the growth of particles does not happen homogeneously 
across the particles’ volume but inside a surface layer. Additionally, 
there is thermodynamic reasoning that a monomer-rich shell 
guarantees higher conformational entropy of the polymer close to 
the interface compared with the higher polymer concentration for 
the assumption of homogeneously swollen particles [39]. This so-
called “wall-repulsion effect” [40–43] is an additional reason for 
a polymer-depleted layer (or a monomer-rich shell) close to the 
interface in swollen polymer particles also at equilibrium. Thus, also 
an entropy-driven reorganization inside swollen particles supports 
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the formation of the polymer-core–monomer-shell morphology. 
Clearly, this conclusion is extremely important for the mechanism 
of heterophase polymerization. However, it stayed forgotten for too 
long and was almost completely ignored by the scientific community.
 The assumption that the monomer concentration inside the 
polymerizing particles is constant as long as monomer drops exist 
is still persisting even though experimental data of the monomer 
concentration inside the latex particles during the course of emulsion 
polymerization do not support it, but in fact show the opposite 
behavior [35, 44–46]. Remarkably, the corresponding results have 
been obtained with both water-soluble potassium peroxodisulfate 
[35, 44] and oil-soluble (2,2¢-azo-bis(2-methylpropionitril)) 
initiators [45, 46] whereby, regardless of the initiator, typical 
emulsion polymerization kinetics has been observed. These results 
clearly show that the monomer concentration inside the particles is 
not constant but decreases with increasing conversion in the course 
of the reaction. Thus, there is neither monomer saturation nor an 
equilibration established inside the particles.
 The state of the art assigns only a passive role to the monomer 
drops in emulsion polymerization. However, both, some basic 
considerations within the frame of classical thermodynamics and 
newer experimental results, prove that the role of monomer drops is 
everything but passive.
 The instantaneous replenishment of the monomer inside the 
active particles containing a propagating radical requires that 
the monomer uptake frequency should correspond to at least the 
propagation frequency [47]. This requirement can be expressed by 
Eq. vii where CM,P is the monomer concentration inside the particles, 
kp is the propagation rate constant, D �  is the monomer diffusion 
coefficient, and x is the distance inside the particle (x = 0 is the center 
of the spherical particle with radius r0 and x = r0 is the distance from 
the center to the interface). A relation such as Eq. vii is also known 
as Thiele modulus (fTh) [48, 49], which is a characteristic number, 
typically describing the ratio between the reaction and the diffusion 
rate in catalytic reactions.
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 However, a detailed look at the scene reveals a serious problem 
with this apparently quite logical assumption of easy monomer 



xxx Introducing an Alternative Understanding of Heterophase Polymerization

diffusion through the aqueous phase. In general, when the specific 
moment interactions between components of the reaction mixture 
are neglected, diffusion is the net flow of matter from a more 
concentrated region to a less concentrated region with the aim to 
equilibrate the chemical potential, here that of the monomer inside 
the reaction system. Hereinafter, the reaction system comprises 
only droplets, particles, and water but neglects the gas phase.  
Figures vii and viii sketch the situation with respect to the monomer 
concentration across the emulsion polymerization space and 
illustrate the problem to be addressed.
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Figure vii Sketch of swelling of latex particles without (A) and with (B) 
emulsification; sP — swelling polymer particles, MD — monomer droplets,  
~ — dissolved monomer molecules; not to scale.

 Note that due to the colloidal nature of the drops, the chemical 
potential inside the monomer drops is larger than that of the bulk 
phase [45], which is the driving force for de-emulsification after 
stopping forced emulsification (Ostwald ripening or the growth of 
larger drops on the expense of smaller ones).
 The assumption that during emulsion polymerization the 
monomer molecules simply diffuse through the aqueous phase into 
the latex particles is commonplace. However, simulation results based 
on Fick’s diffusion laws show that the instantaneous replenishment 
of the consumed monomer during emulsion polymerization requires 
a close contact between the monomer and the polymer particles 
[47]. In summary, from the simulation results using Fick’s second 
diffusion law, the following conclusions result. First, a high degree of 
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swelling in the molar concentration range as observed for aqueous 
latex particles requires a high concentration of swelling agent 
(monomer during emulsion polymerization) immediately at the 
particle–water interface. Second, the concentration of swelling agent 
(monomer during emulsion polymerization) at the particle interface 
determines the influx into the particle interior. This means that for 
the situation during EP, there is a critical monomer concentration 
above which monomer diffusion is fast enough instantaneously to 
replenish the consumed monomer. Third, as a logical consequence 
of the simulations, all situations or measures that reduce the 
concentration of the swelling agent (monomer) in an immediate 
proximity of the particles surface are of detrimental influence on 
swelling.
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Figure viii Situation describing, with respect to the chemical potential (m) of 
the monomer, the swelling scenarios without (A) and with (B) emulsification; 
mM

bulk — chemical potential of the bulk monomer, mM
m — chemical potential 

of the molecularly dissolved monomer, mM
mD — chemical potential of the 

monomer inside droplets, mM
sP — chemical potential of the monomer inside 

the swelling particles.

 These basic considerations and simulation results triggered 
new experimental studies on swelling of polymers in aqueous 
systems (polystyrene as polymer and ethyl benzene as swelling 
agent) by means of rather unorthodox swelling experiments [50]. 
The results of these experiments disprove the classical idea that 
during emulsion polymerization, the swelling of latex particles with 
monomer to the extent required for typical emulsion polymerization 
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kinetics can solely happen via diffusion of molecularly dissolved 
monomer molecules through the aqueous phase. Furthermore, 
and as a consequence of intimate droplet–particle contacts, it was 
experimentally proven that drops of the swelling agent containing 
a hydrophobic dye dissolved can act as cargo and tint the polymer 
particles. The experimental data from both swelling pressure studies 
and emulsion polymerization of styrene with varying stirring rate 
prove consistently a strong influence of droplet–particle collisions.
 For heterophase polymerizations, it is generally assumed that the 
stirrer speed is only of minor influence and modern textbooks even 
completely ignore this topic. Only a few results have been published 
indicating an influence of the mixing intensity:
	 ∑ If the inert gas for purging contains traces of oxygen or if 

a chain transfer agent has to diffuse out of the monomer 
droplets into the particles [51],

	 ∑ If the monomer diffusion to the reaction loci is influenced 
[52],

	 ∑ If the emulsifier distribution between the interfaces is 
changed considerably [53],

	 ∑ For surfactant-free polymerizations, the hydrodynamic 
conditions are important for the reproducibility with respect 
to particle size and particle size distribution [54],

	 ∑ If too high shear forces are applied, the latex may be prone to 
coagulation [55].

 Most of the investigations have been carried out by increasing 
the stirrer speed starting from well-mixed conditions, cf. Ref. [53].
 In a comprehensive study, quite a strong influence of the stirrer 
speed, varied between 50 and 500 revolutions per minute, on the 
rate of polymerization and latex and polymer properties has been 
observed for emulsion polymerization of styrene and methyl 
methacrylate, emulsifier concentration above the critical micelle 
concentration, and potassium peroxodisulfate as initiator [56]. The 
lowest stirrer speed is unable to completely disperse the monomer, 
i.e., a bulky monomer phase remains on top of the water phase. The 
higher the stirring speed, the faster the polymerization, the lower 
the particle size, and the higher the average molecular weight. Thus, 
increasing stirrer speed causes smaller monomer drops (larger 
droplet surface) and higher rate of swelling. All these effects can be 
explained considering that increasing the stirring rate, or the rate of 
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mechanical mixing in general (e.g., recycling pump speed), increases 
the rate and energy of molecular and colloidal collisions promoting 
chemical reactions and mass transfer events, and reducing the 
spatial heterogeneity in the composition of the system.
 All these findings prove the importance of emulsification, 
both forced and spontaneous emulsification, for the kinetics 
of emulsion polymerization, and particularly, swelling of polymer 
particles to that high degree necessary for fast polymerization 
during emulsion polymerization requires droplet–particle collision 
with subsequent coalescence.
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