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Figure 5.13: Particle size distributions for hydrophobic macro-RAFT (10AA+10STY) system as a
function of the fraction of the total amount of styrene fed. The cut-outs on the right hand side are the
corresponding TEM pictures, shown at a size of 288 x 288 nm per square.

However, during the reactions with the hydrophobic macro-RAFT agents many more
particles were nucleated initially. These initially nucleated particles grew steadily during the
reaction. Mechanistically these similar trends in particle growth but big differences in particle
numbers can be explained by the lack of micelles present for the hydrophilic macro-RAFT
(10AA) system. Because of this, the particles that were initially formed, grew and adsorbed
the remaining aqueous phase macro-RAFT agents as they became surface active enough,

preventing more nucleation.
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5.3.3 Surface area per macro-RAFT agent

Now that the particle sizes of the polystyrene latexes are known, the area that one macro-
RAFT molecule occupies on the surface of the latex particle can be obtained from Maron
titrations. The surface of the particles covered with macro-RAFT agents can be calculated by
subtraction of the free area determined by soap titration from the average area per particle as
determined by the TEM analysis, neglecting surface excess effects, see equation (5.5). In
order to obtain reliable results, one has to take into account the shielding effect of electrolytes
in solution, particularly since all macro-RAFT based latex particles are negatively charged
(acrylic acid groups neutralized with NaOH). The influence of the electrolyte concentration
was measured by bubble tensiometry for the concentration range of the latexes. The CMC
values decreased with electrolyte concentration in agreement with literature data'®, see Figure
5.14. For all calculations of the aqueous-phase surfactant concentration at the CMC, the
influence of the electrolyte concentration was taken into account. The electrolyte effect was
quantified by fitting the literature data to a first order exponential decay. With increasing
electrolyte concentration the surface area per SDS molecule decreases. This effect was also

taken into account by fitting literature data to a linear exponential decay, see Figure 5.15.
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Figure 5.14: Influence of ionic strength on the CMC Figure 5.15: Influence of ionic strength on the
of SDS, literature values compared with bubble surface area covered by one surfactant molecule
tensiometry. (SDS).
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The critical micelle concentration for SDS in the presence of the macro-RAFT latexes has
been determined from the intersection of the straight lines of the concentration-dependent and
—independent sections. This procedure was performed for three different concentrations of
each latex, resulting in CMC plots such as given in Figure 5.16, that can be represented in a

Maron plot, see Figure 5.17.
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Figure 5.16: Surface saturation determined by Figure 5.17: Maron plot of a macro-RAFT latex
Maron titration of a macro-RAFT latex (10AA+10STY) and dilutions thereof.
(10AA+10STY) and dilutions thereof.

The molecular area of the macro-RAFT agents (Ag macro-rAFT) Was calculated using equation

(5.5):

N pﬁl”z — A
AE macro—RAFT = (5 5)
nmacro—RAFT

Here N, and r are respectively the number of particles and the particle radius as determined
by an external technique (e.g. TEM or HDC). 45 is the area occupied by SDS on the particle
surface as determined by the Maron titration. The value obtained for the molecular area of the
macro-RAFT agent is the lowest boundary value, since for the calculation all hydrophilic
groups of the macro-RAFT agents are assumed to be on the surface of the particles, whereas
it is also possible for macro-RAFT agents to become “buried in” inside the particles, in

particular for the macro-RAFT agents with the shortest hydrophilic block of poly(acrylic
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acid). Previous studies revealed a strong dependence of the surface area of SDS on the

particle size diameter'®?

. This is probably due to the curvature of the particle surface,
facilitating tight packing of the surfactants. Unfortunately a value for surface area of SDS for
particles as small as those obtained from the hydrophobic macro-RAFT agents is not known.

The values collected in Table 5.3 were obtained from the earlier mentioned electrolyte

dependent surface area of SDS reported by Piirma and Chen'®.

Table 5.3: Maron titration results for styrene based latexes synthesized with 10AA+10STY macro-RAFT
agents.

Latex CMC [NaOH] [Polymer] Occupied Area  <d,,> Min. area Est. area /
name [10°mol @CMC[10" @CMC by SDS [nm]* / macro- macro-
[JLTUe#] LY Zmol L] [10'g L™ [10' m* g RAFT RAFT
[nm’] [nm’]
006 11.34 3.07 7.38 355 240° -5.97 1.2
006 8.99 2.48 5.98 35.2 24.0° -5.76 1.6
006 5.76 1.52 3.67 36.7 24.0° -6.48 1.7
008 10.90 3.13 7.64 329 24.5° -4.89 1.4
008 8.94 2.51 6.13 341 24.5° -5.49 1.7
008 6.21 1.64 4.01 36.4 245° -6.69 1.5
027 11.33 3.04 8.03 32.7 25.7° -5.62 2.2
027 9.18 242 5.92 36.4 25.7° -7.64 1.4
027 6.07 1.48 3.61 39.5 25.7° -9.36 1.0

*As determined by: ¥ TEM, ” HDC

It is clear that the negative apparent surface areas (Min. area) for the smaller particles have no
physical meaning, but the data show that the area occupied per SDS molecule is much
smaller for smaller particles. When a value of 0.24 nm” is used for the specific surface area of
SDS, as obtained by extrapolation of the particle size dependent surface area by Piirma et
al."®, more realistic surface areas in the range of 1 to 2 nm’ for the macro-RAFT agents are
obtained (Est. area). However, a systematic study is needed to validate the specific surface

area used for SDS.
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5.4 Conclusions

It has been demonstrated by bubble tensiometry that the more hydrophobic macro-RAFT
agents are already surface active at the start of the reaction. The hydrophilic macro-RAFT

agents show no significant sign of surface activity during the reaction.

Particle size measurements show a clear trend for the controlled feed experiments in the
presence of macro-RAFT agents: the more hydrophobic (or surface active) the initial macro-
RAFT agent is, the more particles are nucleated. Comparing the two monomer systems i.e.
styrene and n-butyl acrylate, it has been shown that the use of monomers with higher
propagation rate coefficients leads to more particles for the hydrophilic macro-RAFT
systems. This is probably due to the faster aqueous phase polymerization of the hydrophilic
macro-RAFT agents, resulting in more surface active macro-RAFT agents at the start of
nucleation. However, this effect does not play a role for the more hydrophobic macro-RAFT

systems, indicating a different dominant particle formation mechanism.

The majority of all particles were already formed within the first half hour after the start of
the initial particle formation, which was after about 5 % of the total monomer was added

during the controlled fed styrene experiments.

Mechanistically the above conclusions seem to confirm the postulated particle formation
mechanism; the aqueous phase macro-RAFT depletion can be due to either new particle
formation or adsorption onto growing particles. The presence of micelles stimulates the rapid
formation of many particles. In the absence of these the rate of polymerisation within the

existing particles determines the eventual number of particles.

Furthermore, the surface area occupied by one molecule of the macro-RAFT agents with on

average 10 acrylic acid units has been determined for small particles to be 1-2 nm?, based on
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an extrapolated specific surface area for SDS at the surface of the small particles obtained

(= 25 nm in diameter). The results of this work point to a much lower value for the specific

surface area of SDS molecules at smaller particles, which is due to the curvature of the

particles.
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Chapter 6

Nucleation mechanism revisited

Abstract: In this chapter the experimental results obtained for the specific surface area and
the time-evolution of the particle size distribution were implemented in an expression for
particle numbers in these amphipathic macro-RAFT systems. This expression’ is based on the
model for nucleation of amphipathic macro-RAFT agents as derived in chapter 3. It is
demonstrated that the specific surface area of the macro-RAFT species has a very large
influence on the results of the model calculations. Furthermore it is demonstrated by the
experimentally derived number of RAFT agents per particle that the time constant for
transport of block copolymeric surface active macro-RAFT agents through the aqueous
phase is large as compared with the time constant of nucleation for common initiator
concentrations. As a result it is possible to use these macro-RAFT agents to obtain a latex
with both a narrow molecular weight distribution and a predefined narrow particle size
distribution. The overall mechanistic consequences of this research are discussed and

suggestions are provided for possible future work.



Chapter 6. Nucleation mechanism revisited

6.1 Introduction

In this chapter the data obtained for the amphipathic RAFT system from the study of the
time-evolution of the molecular weight distribution and the particle size distribution and other
physical properties of the latexes are used to test the assumptions in the model for particle
number. The experimental data is compared with other work employing the amphipathic

RAFT agents in emulsion®* and these are subsequently compared with the modelling results.
6.1.1 Mechanistic results

It was demonstrated in section 3.3.2 that the derived relation between nucleation time and
particle number' could predict the number of particles well in a RAFT mediated styrene

emulsion polymerization with amphipathic preformed di-blocks using reasonable physico-

chemical parameters4 (Ag=0.4 nm’, n=1 and monomer concentration given by the saturated
values for large particles). However, with the knowledge gained by monitoring the time
evolution of molecular weight distribution and particle size distribution a more detailed
mechanistic comparison between model calculations and experimental results can be
obtained. It was postulated in chapter 3 that until particle nucleation ceases, the number of z-
meric species’ entering macro-RAFT aggregates equals the number of particles at time t; see

equation (6.1).

{\/2@[1]& . }
N, =2k, [T g N, (6.1)

’ k, [M],

The values of t in equation (6.1) at which nucleation ceases were derived by using the
assumption that the nucleation time is determined by the time it takes for all macro-RAFT

agents to be taken up by the growing particles. In this situation, all macro-RAFT molecules
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are assumed to have attained a critical degree of polymerization at which migration between

particles/micelles no longer occurs; for the complete derivation see section 3.3.1.

— 3 —3
ZL:)(crit _Xn [t=0
B b
k [M] nd> B (6.2)
B=-" p M Mo Pu
127 PN, Py —IM],M,

For the case where one starts with water soluble amphipathic macro-RAFT molecules that are
no longer mobile through the aqueous phase on the timescale of nucleation, X, > X, the
number of particles is defined by the initial number of aggregates, since no transfer of macro-

RAFT molecules is possible through the aqueous phase.

6.2 Comparison of modelling and experimental results

Before comparing the modelling results with literature data and experimental results, the
boundaries set by nucleation times derived from experimental observations and particle
numbers are explored to establish an operating window for the modelling data reported in

section 6.2.1.

To provide a structured discussion on the model and the obtained experimental results, the
first aspect to consider was the aggregation behaviour of the amphipathic macro-RAFT
agents as these are the precursors for the particles. Literature data for this aggregation number
has been obtained from SANS experiments on a similar amphipathic macro-RAFT system”.
Based on these SANS results an average specific surface area was calculated, which in turn
could be compared with the experimental data obtained from the Maron titrations of chapter
5. This comparison provides one of the parameters for the nucleation model as described in

section 6.2.2.
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Once aggregates are present, phase equilibrium will be established between the aqueous-
phase monomer, monomer in the droplets (if present) and monomer inside the hydrophobic
cores of the aggregates. The thermodynamic forces governing the distribution of the
monomer among the different phases are described by the Morton equation®. This equation
can be used to estimate the monomer concentration in the initial aggregates of macro-RAFT
agents that are the precursors for the latex particles in section 6.2.3 although it is emphasized

that the Morton equation is only semi-quantitative.

The aggregates swollen with monomer will become particles upon entry of a z-meric radical
as was put forward by Maxwell and Morrison’. However, Thickett et al.”'’ have
demonstrated that for these electrosterically stabilized systems radical transport into and out
of the particle is affected by the presence of the poly(acrylic acid) at the particle surface. The
influence of this effect on the average radical concentration per particle is discussed in

section 6.2.4.

Now that the parameters for the model governing the nucleation stage have been defined, the
particle numbers in the resulting latexes can be compared with the model predicted values
and the assumptions on the basis of the nucleation model can be tested. The influence of the
various parameters is evaluated by a sensitivity analysis. Based on the results of the
sensitivity analysis and a comparison of the expected and obtained number of RAFT
molecules per particle, recommendations are put forward for possible future work. In addition
possibilities for improvement of the model describing nucleation in these amphipathic RAFT

systems are formulated.
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6.2.1 Defining the operating window

It was demonstrated by TEM measurements that the majority of particles was formed within
half an hour after nucleation had commenced, as shown by the time evolution of the PSD in
Figure 5.12. In Figure 6.1 this half hour time limit is visualized for the nucleation time. In the
same graph the experimentally obtained particle numbers from the TEM measurements of the
styrene latexes based on the amphipathic macro-RAFT system (10AA+10STY) are presented
as experimental boundaries. Also presented is the theoretically produced number of z-mers
(Maxwell Morrison) with time. All data necessary for the calculation of the number of z-
meric species with time in a styrene based system are readily available in literature, see table
3.1. However, it should be mentioned that the value for z was chosen on the value for the
initiator fragment of a persulfate radical, although that for azo-biscyanovaleric acid based

radical used in the slightly basic reaction mixture may be different'’.
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Figure 6.1: Experimental limits and values for particle numbers compared with z-mers produced in the
reaction. The horizontal lines represent experimentally observed particle numbers: highest JLTUe006,
JLTUe008 in between and JLTUe027 the lowest number of particles for styrene based amphipathic
RAFT (10AA+10STY) experiments. The amount of theoretically produced z-mers (Maxwell-Morrison)

with z=2 during nucleation is shown by the proportional relation with nucleation time (all other
parameters are as in Table 3.1).
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Testing the limits for nucleation time is not as straightforward, since the predicted nucleation
time depends on many variables that are not accurately known for this particular system, and
the experimental data only yield an upper bound. In the following sections, several of these

parameters are discussed in more detail.

6.2.2 Surface covered by the macro-RAFT agents

In chapter 5 the “headgroup” area of the amphipathic macro-RAFT agents was determined by

Maron titration'> 3

using a bubble tensiometer. For the small particles, synthesized with the
amphipathic macro-RAFT agents (10AA+10STY), no accurate value for this area could be
obtained since no accurate value for the SDS surface area is known for these small particles
(dp = 25 nm). Previous studies revealed a strong dependence of the surface area of SDS on
particle diameter'*'®. This is probably due to the curvature of the particle surface facilitating
tight packing of the surfactants. An estimate for the SDS surface area was obtained by
extrapolating the data of Piirma and Chen'”. When a surface area of 0.24 nm” per molecule

was used for SDS, a specific surface area of 1-2 nm® was obtained per macro-RAFT molecule

on the surface of these small particles.

Recently amphipathic macro-RAFT (8AA+8STY) micelles, present at the start of the
reaction, have been studied by Ganeva et al.” using Small Angle Neutron Scattering (SANS).
The styrene block was synthesized with deuterated styrene, which provided good contrast
between the core and the shell of the micelles. In this study it was shown that the obtained
scattering data of the micelles could best be fitted with a smeared core-shell and structure
model supplied by NIST'”. The best fit to the data corresponded to spherical micelles with a
core radius of 3.4 nm and a shell thickness of 2.7 nm. A more detailed discussion on the
accuracy of SANS data can be found in literature.'® ' The shell thickness inferred from the

SANS data by these authors corresponds to a fully extended conformation of the hydrophilic
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poly(acrylic acid) block (8AA). The aggregation number was calculated by assuming that the
micelles can be represented by solid spheres with a core radius of 3.4 nm and a specific
density of deuterated polystyrene (1.12 g mlI™)*. An aggregation number of around 1.2-10*
(or 1.0-10* if the RAFT group is included in the calculation with the same density as
deuterated polystyrene) macro-RAFT molecules was calculated for the micelles,
corresponding to 1.2 nm® (or 1.4 nm’ including the RAFT group) of the micellar surface
stabilized per macro-RAFT agent. This aggregation number is in line with typical values for
these kind of amphipathic polymeric species®'. The specific surface area of the macro-RAFT
agent corresponds very well with the range obtained by the Maron titrations, interpreted using
an estimated surface area of 0.24 nm” per SDS molecule. By reprocessing the data of the
Maron titrations using the SANS specific surface area for the amphipathic macro-RAFT
agent, a value for the specific surface area of SDS can now be obtained for these small

particles, as given in Table 6.1.

Table 6.1: Reprocessed Maron titration values for specific surface area of SDS based on SANS surface
area of the macro-RAFT agent (1.4 nm?).

Latex <d,,> [nm] [NaOH] [mol L] Ag of SDS [nm’]
JLTUe006 24 0.031 0.24
JLTUe006 24 0.025 0.25
JLTUe006 24 0.015 0.25
JLTUe008 25 0.031 0.24
JLTUe008 25 0.025 0.25
JLTUe008 25 0.016 0.24
JLTUe027 26 0.030 0.24
JLTUe027 26 0.024 0.22
JLTUe027 26 0.015 0.22

The calculated surface areas per SDS molecule are all in the same range; however, the low
electrolyte values for the largest particles (JLTUe027) deviate from the rest, as the surface
area is very sensitive to the size of the particle. Therefore the two lowest sodium hydroxide
concentrations for the other two latexes were used to calculate an average surface area per
SDS molecule for particles of around 24 nm in diameter. This data point has been added to

extend the trend observed by Piirma and Chen', as shown in Figure 6.2. It is shown that the
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trend, of the decreasing surface area per SDS molecule on the surface of smaller particles,

described in literature'*'® extends to the range of the particles studied in this research.
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Figure 6.2: SDS surface area as a function of particle diameter based on Maron titrations.

6.2.3 Monomer concentration in the latex particles

In the calorimetric measurements of the amphipathic RAFT experiments (10AA+10STY), the
heat flow for the initial peak indicating the onset of nucleation always corresponded to more
monomer than can be dissolved in the aqueous phase, see e.g. figure E in Appendix 1. In the
presence of micellar aggregates of amphipathic macro-RAFT agents, the monomer will be
taken up by the hydrophobic cores of the micelles. In the initial calculation the saturation
concentration for larger particles (> 30 nm) was used as a parameter in the model. However,
in case of an excess of monomer, the monomer concentration in the latex particles is
controlled by thermodynamic considerations that are particle size dependent. The system will
strive to minimize its Gibbs free energy, resulting in equilibrium between two opposing
forces.”” On one side there is the lowering of the surface free energy, which acts to keep the
particles as small as possible. On the other side the reduction of the free energy of mixing

92



Chapter 6. Nucleation mechanism revisited

between the monomer and polymer, which causes the particles to swell to a size as large as
possible and so pushes [M], towards pm/My. This saturation concentration of swelling of a

latex particle in a monomer-rich system is described by the Morton equation®.
2LV, Y
2 S, —
In(1-4,)+4,+ 24, +—FMRTM 8> =0 (6.3)

Here I is the interfacial tension at the latex particle water surface, ¢, is the volume fraction of
polymer in the polymer solution constituting the latex particles, Vg is the partial molar
volume of monomer (to a reasonable approximation, Vou=Mo/pm), ¥ is the Flory-Huggins
interaction parameter and r, is the average radius of the unswollen particles. Given values of
I', x and 1, equation (6.3) can be solved iteratively to yield ¢,. From this, the corresponding
value of [M],, see equation (6.4), can be calculated by mass balance; a complete derivation
can be found in literature.*

[M] = (1_¢P)Z_AZ (6.4)

Based on experimentally observed values of [M], for larger styrene particles™ and physically
reasonable values for I and y the size dependence of the monomer concentration in the
particles has been deduced for a styrene emulsion system electrostatically stabilized by SDS
at 50 °C. From the Morton equation a strong dependence of the [M], on the unswollen

particle radius is predicted; see Figure 6.3.
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Figure 6.3: Saturation value of [M], as a function of unswollen particle size as predicted using the Morton
equation (eq. (6.3), with V= My/ py, '=20 mN s, y = 0.45, py; = 0.878 g cm™ and r,= 47 nm; these are
literature values for styrene/polystyrene system at 50 °C*,

Since to the best of the authors knowledge it seems experimentally impossible to obtain a
value for I at the water latex particle interface and it has been found that y cannot be reliably
assigned based on bulk calorimetric measurements;** hence it is necessary to calculate these
system specific values based on measurements of [M],. So far it has been impossible to
obtain accurate data for the monomer concentration in smaller latex particles, because of the
lack of control to synthesize monodisperse small particles and the poor colloidal stability of
such small particles. However, with the amphipathic macro-RAFT system such small
particles can be reproducibly synthesized. Since these particles are electrosterically stabilized,
colloidal stability is ensured. It is therefore in principle possible to test the Morton equation
for particles in the lower size range (< 25 nm) using the amphipathic macro-RAFT system,
although one should take into account the different stabilization technique applied for these
electrosterically stabilized particles. This is an opportunity for future work to establish values
for this important kinetic parameter for particle sizes typical for the nucleation stage of an

emulsion polymerization.
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The monomer concentration within the latex particle can be measured by applying one of a
number of techniques, e.g. centrifugation combined with steam distillation, static vapor
pressure®®, static swelling” or kinetic studies. Kinetic studies can be performed by e.g.
reverse PLP-SEC** %', where one knows the propagation rate coefficient, kp, and determines
the monomer concentration from the MWD after the pulsed laser polymerization
experiments. However, kinetic studies by Thickett et al.” > ' have demonstrated that the
entry and exit of radicals is affected by the poly(acrylic acid) stabilizing groups for these
electrosterically stabilized particles. Kinetic studies would have to take these effects into
account before reliable measurements of the monomer concentration based on PLP-SEC are
possible. The dependency of entry and exit on the stabilizing poly(acrylic acid) blocks leads
to another important parameter for interpreting the model for the amphipathic macro-RAFT

system, the average number of radicals per particle.
6.2.4 Average number of radicals per particle

The kinetics and mechanism for radical exit and entry in emulsion polymerization with
electrosterically stabilized particles have been studied by Thickett et al.”* '°. These authors
performed seeded chemically initiated and y relaxation experiments™ with styrene. It was
found that the electrosterically stabilized particles by poly(acrylic acid) chains have a
significantly lower average number of radicals per particle than completely electrostatically

stabilized particles (e.g. conventional SDS based emulsion polymerization).

In styrene emulsion experiments with electrostatically stabilized particles, the fate of radicals

leaving the particle, in this type of zero-one system® > 2% 3

, 1s to re-enter another particle
without aqueous-phase termination (limit 2a). Radical loss is in this case only by bimolecular

termination in particles already containing a radical, i.e. a propagating polymer chain.

However, applying this radical loss mechanism leads to an unrealistically low radical entry
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rate from the aqueous phase, compared to the expected z-meric species produced according to
Maxwell-Morrison theory”. When radical loss was modelled as a first order process, i.e. after
exit the radical is terminated in the aqueous phase (either by aqueous phase homo- or hetero
termination), excellent agreement with an expected radical entry rate (Maxwell-Morrison
theory) was obtained. The complete radical loss after exit can be rationalized by assuming
preferential transfer of radicals to the poly(acrylic acid) stabilizing chains. In this way
“midchain” radicals are formed that facilitate radical termination in the poly(acrylic acid)
surface layer’'. This point of view concerning termination in the poly(acrylic acid) surface
layer was verified by a standard styrene bulk polymerization experiment in the presence of
low molecular weight poly(acrylic acid). This experiment demonstrated that poly(acrylic
acid) is a very good transfer agent as shown by the lower average molecular weights of
polystyrene that were obtained after the bulk polymerization’ compared to standard styrene

bulk experiments.

In principle the same transfer reaction of a radical species to poly(acrylic acid) chains could
occur during the initial synthesis steps of the macro-RAFT. However, as these reactions are
performed in solution, all reactions are taking place in one phase. In the presence of the
RAFT molecules radical transfer reactions will be dominated by the reversible addition
fragmentation reaction steps, making the occurrence of transfer to poly(acrylic acid) most
likely negligible. This hypothesis could be tested by NMR measurement to measure the

amount of branches in the initial macro-RAFT species.

The steady state number of radicals per particle of a zero-one system undergoing first order

radical loss by termination before re-entry can be represented by:

S|
Il

P
6.5
2p+k (6:5)
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Here the average exit rate of radicals from the particle, £, in this sterically stabilized system is
estimated according to a model reported by Thickett and Gilbert'®. This model requires the
particle size, which was assigned a constant average value, yielding k = 4 x 10  s™". The
value of the average number of radicals entering the particle, p, was calculated from the
Maxwell-Morrison model >, which includes an explicit dependence on Np, see equation
(6.6), with z = 2 and the other parameters as collected in table 3.1.

< 2N, {Zx/ﬂcd[l]k,,w +1} 66

NP kp,W [M]W

The average number of radicals per particle, represented by equation (6.5), depends in fact on
the number of particles, see equation (6.6). When calculating the number of particles with the
derived expression for particle number, represented by equation (6.1)and (6.2), one has to
implement the resulting number of particles again in the calculations for the average number
of radicals per particle and the resulting relation between equation (6.1) and (6.6) must be

solved iteratively until convergence is reached.
6.2.5 Sensitivity analysis model parameters

All the above described properties were implemented in the expression for the number of
particles. In order to determine the most influential parameters the calculations were
performed with the derived values of [M]p and Ag, n was calculated iteratively for every
obtained number of particles. Subsequently calculations for every parameter were repeated

with a value 50% larger and smaller, keeping all other parameters equal to the default values,

see Table 6.2.
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Table 6.2: Sensitivity analysis of model parameters on the nucleation time and thus number of particles,
iteratively solving the relation between N, and p with a value of k = 4-107 5" as reported in literature'’.

Property Value t [s] p [107% 7] Z Np [10* m™)
-50% 967 19 3.8 0.48 6.6
[M]p [Mol m™] 1933 13 5.8 0.48 43
+50% 2900 12 6.3 0.49 3.9
-50% 0.59 132 0.6 0.37 452
Ag [nm?] 1.17 13 5.8 0.48 43
+50% 1.76 4 20.1 0.50 1.2
-5 15 4 17.6 0.49 1.4
Kerit 20 13 5.8 0.48 43
+5 25 27 2.7 0.46 9.3

The results in Table 6.2 demonstrate that the calculated nucleation time, and thence the
particle number are extremely sensitive to the specific surface area of the macro-RAFT agent.
As a consequence a very short nucleation time is obtained during which only a small fraction
of the z-meric species necessary to initiate the experimentally found particles is generated.
The small area of the macro-RAFT agent, cubed in the denominator of the nucleation time
calculation, see equation (6.2), has a huge influence for the model calculations. Physically the
inversely proportional influence of the cube of Ag on the nucleation time can not be
explained. A larger surface area of the macro-RAFT agent will only decrease the aggregation
number of the macro-RAFT agents in the micelles’. As a consequence the total surface area
generated by the growing particles would have to be larger for nucleation to cease, which
would result in a longer nucleation time instead of a shorter one. Apparently, the assumptions

on which the model is based have to be reconsidered.

The next biggest influence has the critical degree of polymerization for the macro-RAFT
agent; the monomer concentration in the particles changes the particle number only

marginally.

Another indication that the surface area has too large an influence on the particle number
calculated by the model is the fact that the average number of radicals per particle is much

higher in these calculations than was derived from experiments for a similar system by
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Thickett et al.” using the same exit value. Average radical numbers per particle in the same
range as the data of Thickett et al. were obtained for the model calculations when the SDS
specific surface area was used in the initial calculations with reasonable physico-chemical

parameters, see table 3.1.

6.2.6 Number of RAFT agents per particle

According to the nucleation model, all macro-RAFT agents involved in nucleation will be
surface active and mobile through the aqueous phase until X is reached. To test this
assumption the experimentally obtained number of RAFT agents per particle are compared

with literature values.>*

Table 6.3: Average number of RAFT molecules per particle for macro-RAFT systems of varying initial
surface activity in semi-batch styrene experiments.

RAFT agent + concentration [Initiator ] mM Particle diameter [nm] RAFT/particle
10AA+10STY 2.5 24 145
(6.15 mM) 2.5 25 154
2.5 26 177
8AA+8STY* 10.1 30 140
(2.5-3.3 mM) 5.1 30 121
4.0 30 131
3.0 28 119
1.9 33 168
1.0 36 237
0.6 42 392
10AA+5STY (3x) & 2.4 37 524
10AA+5STY(1.5x) & 2.4 35 227
10AA+5STY(1x) & 24 34 138
10AA (2.5 mM) 2.5 98 10000
* Data Ganeva et al.’ with corrected HDC particle size values, taking into account the shell thickness as
determined by SANS.

o Data Sprong et al.*

It was demonstrated that the number of RAFT agents per particle depends on the initial
surface activity of the amphipathic macro-RAFT agent. On one hand, if the initial macro-
RAFT agents are already surface active at the start of the nucleation, the aggregates of macro-
RAFT agents are precursors for particle formation upon entry of a z-meric radical. On the
other hand, initial hydrophilic macro-RAFT agents will reside in the aqueous phase, where by

relatively slow aqueous phase polymerization they will first have to attain a sufficiently long
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hydrophobic block to become surface active and participate in nucleation process or adsorb

onto existing growing particles.

It should be noted that the most hydrophobic macro-RAFT agents (10AA+10STY) contained
on average a similar amount of RAFT agents as the aggregation number within the initial
micelles, it seems therefore that in this particular case the time constant for transport of the
macro-RAFT agents is high in comparison with the time constant of the nucleation of the

33 3% This was demonstrated by Ganeva et al.’. These authors reported that by

micelles.
reducing the initiator concentration the nucleation time was extended, resulting in higher
numbers of RAFT molecules per particle for systems with the same amount of hydrophobic

macro-RAFT agent (8AA+8STY). Based on the experimental results the following

nucleation situations are proposed for the macro-RAFT systems:

Case A: The initial macro-RAFT agents are too hydrophilic and are not surface active enough
for participation in nucleation without further growth. In the case where the macro-RAFT
agent is only a hydrophilic block, the shortest ones will become surface active first. After
becoming surface active these macro-RAFT agents either aggregate or form a particle by
homogeneous nucleation. High numbers of macro-RAFT agents per particle are expected,
since the macro-RAFT molecules will only gradually become surface active enough to adsorb

or nucleate.

Case B: The macro-RAFT agents are surface active and are still mobile in the aqueous phase.
Nucleation can occur by stinging of micelles by a z-meric radical, macro-RAFT agents will
adsorb onto growing particles. A strong dependence on initiator concentration is expected for
the number of macro-RAFT molecules per particle, with a lower boundary formed by the

aggregation number in the micelles.
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Case C: The macro-RAFT agents are strongly hydrophobic (but still dissolve in the reaction
medium), the macro-RAFT agents are already aggregated before the reaction starts. However,
on the time scale of nucleation little or no transport of these RAFT agents occurs through the
aqueous phase. Therefore the number of macro-RAFT agents per particle is equal to (or in the
order of) the aggregation number in the micelles. This is the case in the model where X, >

Xcrit-

However, the synthesized macro-RAFT agents used in this study were always distributions of
various degrees of polymerization of acrylic acid and in case of the preformed di-blocks,
there is the further complication of a non-monodisperse distribution of styrene or n-butyl
acrylate on top of the initial distribution of acrylic acid. Thus it is most likely that more than
one of the situations discussed above play a role during the nucleation stage. For a systematic
study it would therefore be necessary to fractionate the initial hydrophilic macro-RAFT agent
and do that again after the formation of the di-block. With these macro-RAFT agents of a

specific degree of surface activity the above situations could be verified.

Working with the most hydrophobic macro-RAFT agents in the presence of a sufficient
amount of initiator enables one to form latexes with a predefined particle number, based on
the initial aggregation number. The application of these kinds of macro-RAFT species
provides therefore not only a procedure to form polymer with a narrow molecular weight

distribution but also latex products with a predetermined number of particles.

When working with less surface active macro-RAFT systems that are still labile, one should
take into account that a fraction of the macro-RAFT agents is probably too hydrophilic to
participate in the nucleation process from the beginning. It is therefore important to include
aqueous phase polymerization with hydrophobic monomers for this fraction in any future

model describing nucleation for amphipathic macro-RAFT agents. One complicating factor
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hereby is the lack of quantitative data on the composition and molecular weight distribution
of the initial macro-RAFT agents. It has been demonstrated in chapter 4 that quantification of
the initial molecular weight distribution for these block copolymers with a very hydrophilic

block and a very hydrophobic block is no sinecure.

6.3 Suggestions for future work

It has been demonstrated here and elsewhere? that colloidal stable latexes of small particles
with a narrow particle size distribution can be produced by semi-batch emulsion
polymerizations in the presence of amphipathic RAFT agents. This technique can therefore
be used to synthesize latexes with various small particle sizes. The saturation monomer
concentration for all particles sizes can be measured for these electrosterically stabilized
particles, which could provide valuable information for understanding nucleation conditions

in regular emulsion polymerizations.

It proved to be difficult to obtain quantitative analytical results for the molecular weight
distribution of block copolymeric macro-RAFT species with such large polarity differences.
One possible approach for future quantification efforts could be to chemically modify> *® the
macro-RAFT species before analysis. Although previous studies in relation to the K, of
acrylic acid by the PLP-SEC method have proven that the modification process can have an
influence on the apparent average molecular weight of the poly(acrylic acid), which was
attributed to possible incomplete conversion of acid groups and the occurrence of side

. . . . 3
reactions influencing the polymer microstructure®’.

Once the behaviour of the styrene based macro-RAFT systems is completely understood, one
could try to extend this knowledge to other monomeric system e.g. n-butyl acrylate where

pseudo-bulk conditions are applicable.
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6.4 Conclusions

It has been demonstrated by reprocessing the data of the Maron titrations with the specific
surface area of an amphipathic macro-RAFT agent obtained from SANS measurements’ that
the estimation of 0.24 nm” per SDS molecule made in chapter 5 for the specific surface area

of SDS at the surface area of small particles (= 25 nm in diameter) was correct.

The experimental results of the specific surface area, Ag as determined by Maron titrations

and SANS® and the derived values of [M], and n for the amphipathic macro-RAFT systems
have been implemented in the derived expression for particle numbers. It has been
demonstrated that this expression is very sensitive towards the specific surface area of the

macro-RAFT agent.

It has been demonstrated that surface active block copolymeric macro-RAFT agents are
hardly mobile on the time-scale of nucleation as shown by the experimental number of
macro-RAFT molecules per particle. As a consequence it is possible to predict the particle
number using the initial aggregation number of the macro-RAFT agents, when working with
the more hydrophobic and thus surface active macro-RAFT agents in the presence of a
sufficient amount of initiator. The application of these kinds of macro-RAFT species
provides therefore not only a procedure to produce polymer with a narrow molecular weight

distribution but also latexes with a predefined number of particles.
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Appendices:

Appendix I: Supporting reaction curves
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Figure A: Heat traces of controlled feed butyl acrylate experiments (at 60 °C) in the presence of
preformed di-block macro-RAFT agents of S AA and 10 BA units. Nucleation start after about 15 min.
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Figure B: Heat traces of controlled feed butyl acrylate experiments (at 60 °C) in the presence of
preformed di-block macro-RAFT agents of 5 AA and 5 BA units. Nucleation start after about 35 min.
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Figure C: Heat traces of controlled feed BA experiments (at 60 °C) in the presence of hydrophilic macro-

RAFT agents of 5 AA units. Nucleation start after about 30 min. Notice that the dips in the heat signal are
due to samples taken for off-line analysis.
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Figure D: Heat traces of controlled feed STY Figure E: Heat traces of controlled feed STY
experiments (at 80 °C) in the presence of hydrophilic experiments (at 80 °C) in the presence of amphi-
macro-RAFT agents of 10 AA units. pathic macro-RAFT agents of 10 AA+10 STY units.
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Appendix Il: Separation of BA macro-RAFT agents under critical

conditions

In order to find critical conditions for BA based macro-RAFT agents a model system was
synthesized by solution polymerization. Butyl acrylate macro-RAFT agents were produced
by polymerization of butyl acrylate in the presence of a RAFT agent (300:1, monomer:RAFT
ratio) in toluene at 60 °C, designed to reach 20 % solid content at full conversion. All
reactants, see Table 1, were added together in a round-bottom-flask and degassed with high
purity argon before heating to the reaction temperature. Samples were taken at different times

to obtain macro-RAFT agents with increasing average molecular weights.

Table 1: Recipe BA solution polymerization Table 2: Sample information, times [min] and SEC
- results, Mn and Mw in 10° g mol.
Chemicals Mass [g]
RAFT (C4) 0.028 Sample Time Mn Mw PD
Butyl acrylate 4.464 D 60 8.3 10.4 1.26
V-501 0.030 75 10.9 13.1 1.20

165 17.0 214 1.26

E
F
G 125 15.0 18.5 1.24
H
I 210 17.5 214 1.22

The samples were analyzed by SEC, see

Table 2 and Figure F, under the conditions 201

described in section 4.2.2. Subsequently a ]

2.04

sample at low conversion (E) and one at

higher conversion (I) were selected to find

Detector response [a.u.]
o
1

critical conditions for the BA macro-RAFT

agents in HPLC, i.e. conditions where BA : ' A ' 5
Log MW
macro-RAFT agents of different molecular Figure F: SEC analysis of samples taken at different

reaction times during BA solution polymerization at
weights elute at the same elution volume. 60 °C in the presence of RAFT agent.
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The critical conditions for BA macro-RAFT agents were investigated for three different static

phases (C18-, CN- and OH-functionalized Nucleosil columns, Agilent).

Critical conditions for the BA based macro-RAFT agents could be obtained at literature
conditions (ref 14, chapter 4) on the hydrophobic C-18 functionalized column, see Figure G.
However, under these conditions hydrophilic macro-RAFT agents (5AA) are insoluble in the
eluent, so no separation can be performed for the amphipathic macro-RAFT agents (which
contain an array of hydrophilic and hydrophobic species). Both hydrophilic and more
hydrophobic macro-RAFT agents dissolved in water/THF mixtures, but no critical conditions

could be obtained for this eluent mixture for any of the used columns.

L T JL182046 E
———JL182046 |

10

Detector Response [A.U.]

THF/ACN 100/0 Vv

THF/ACN 50.1/49.9 v/v

— T T T T T " T T T T T
0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 24 26

Elution Volume [mL]

Figure G: Elution times of BA macro-RAFT agents over a C18-functionalized column at critical and non-
critical eluent conditions.
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Appendix lll: TEM particle size distributions with ImageJ

The TEM image analysis is started by converting the raw image (see Figure H) to a binary
image; this can be achieved using the automatic thresholding function. This divides the image
into objects and background by taking a test threshold and computing the average of the
pixels at or below the threshold and the pixels above it. It then computes the average of those
two, increments the threshold, and repeats the process. This process of incrementing stops
when the threshold is larger than the composite average. By applying a threshold to the raw
TEM image small grayscale differences can introduce speckles on the particles, which can be
removed by a process called appropriately despeckle. This is a median filter, which replaces
each pixel with the median value in its 3 % 3 neighbourhood and is therefore a good method
to remove “salt and pepper” noise in an image. After this process a cleaner binary picture is
obtained, but all the connecting particles are still not measurable as individual particles.
Watershed segmentation can be used to automatically separate or cut apart particles that
touch. This works by first calculating the distance of each pixel to the nearest edge, to build
up a so-called Euclidian distance map. It then dilates each of the local maxima as far as
possible - either until the edge of the particle is reached, or the edge of the region of another
local maximum in the Euclidian distance map. This algorithm works best for smooth convex
objects that do not overlap too much. Most connected particles in the initial TEM picture

were separated in this way (see Figure I).
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Figure H: Original TEM image. Figure I: Binary watershedded Figure J: Minimum roundness
image. and background removal.

These individual particles can now be counted and measured by the inbuilt dedicated process.
This works by scanning the image or selection until it finds the edge of an object. It then
outlines the object and measures the area. For this process two important options and
parameters can be set. In order to prevent false readings, the particles on the edge of the
picture can be ignored. Remaining noise from the background of the original image and
unseparated clusters of particles can be left out of the measurement by setting a minimum and
maximum area for the measured particles. Care should be taken not to influence the PSD of
the particles in this way. Another valuable parameter is the possibility of specifying the
circularity of the particles as defined in equation (A.1).

circularity =4 &2 (A.1)
perimeter

In this way particles that were wrongly separated by the watershedding process can be left
out of the particle size measurements. The resulting values for the areas of the particles were
written to a spreadsheet. This multi-step image processing method was automated by creating

a macro on the basis of the “batchsetscale” macro (available at the website of Imagel).
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// This macro batch processes a folder of images,

// setting the scales to a given specification.

// All the images must be in TIFF or DM3 format.

/I After which it sets the treshold and despeckles it.

// ' The binary picture is subsequently analyzed for round particles of a minimum size.
// ' The resulting “masked” processed picture is saved as TIFF image and

// ' The resulting PSD data is saved as XLS data sheet.

requires("1.33n");
dir = getDirectory("Choose a Directory ");
list = getFileList(dir);
start = getTime();
setBatchMode(true); // runs up to 6 times faster
for (i=0; i<list.length; i++) {
path = dir+list[i];
/lprint(i+" "+path);
showProgress(i, list.length);
open(path);
title = getTitle();
run("Set Scale...", "distance=0.614173228 known=1 pixel=1 unit=nm");
//depends on magnification, dm3 files generally do not need this step
FileName = getTitle();
run("Threshold");
run("Despeckle");
run("Watershed");
//select the range of particle sizes and circularity you want considered for measurement
run("Analyze Particles...", "size=75-300000 circularity=0.4-1.00 show=Masks display
exclude clear");
saveAs("Tift", "D:\\"+FileName+" particilized.tif");
saveAs("Measurements", "D:\\"+FileName+" PSD Results.xIs");
close();

}
// print((getTime()-start)/1000);
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