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CHAPTER

ONE
INTRODUCTION

1.1

Context

Paints are probably the most abundantly used form of coating materials in the world
and can be found everywhere: on paintings, furniture, radiators, and even entire buildings. Apart from the aesthetic value, it can provide substrates with the necessary protection against external influences. Examples are the prevention of wood rot and metal
corrosion due to the continuous exposure to weather phenomena, such as rain, wind,
and UV-light [1–4].
Paints can be categorized into two types: solventborne and waterborne paints. The
continuous phase or carrier of solventborne paints is an organic solvent, whereas that
of waterborne paints is water. The use of either type has advantages and disadvantages
[5–9].
Paints consist of a number of components, each having a specific function in the
paint formulation. Next to the carrier, typical components are pigments, pigment stabilizers, coalescing aids, and a binder. For solventborne paints, the binder is a polymer,
which is dissolved in the organic solvent. For waterborne paints the binder is a latex,
submicrometer-sized polymer particles dispersed in water. The development of latex
dispersions as a binder over the past century has often been driven by geopolitical
circumstances. A comprehensive overview has been presented by Croll [10].
Before the 1940’s, latex was extracted from natural rubber trees (Hevea Brasiliensis,
Fig. 1.1), native to Brasil, and was mainly used for the production of rubber materials
such as tires and gloves. After the outbreak of World War II, styrene-butadiene synthetic
latex (SBR) was developed to cover the shortages of natural rubber. Shortly after the end
of World War II, first architectural paints with SBR became available, but the already
existing solventborne paints were far more popular.
In 1953 Rohm and Haas introduced the first all-acrylic latex to the market: PrimalTM

2

1 Introduction

Figure 1.1: Extraction of natural rubber from the rubber tree (Hevea Brasiliensis) (www.vytex.com).

AC-33 [11]. With that, academic research into the drying behavior was sparked, leading
to the first research publication on latex film formation by George Brown in 1956 [12].
Despite the obvious environmental benefits of latex paints over solventborne paints,
solventborne paints remained more popular until the early 70’s due to a lower production price and better performance. Even the introduction of Texanol R (2,2,4-trimethyl1,3-pentanediol-monoisobutyrate) by Eastman Chemicals in 1964, a coalescing aid to
promote film formation of latex paints, did not change public interest significantly.
This popularity shifted, however, with the Arab oil embargo between 1973 and 1975.
Due to shortages of oil, necessary for paint solvent production, interest increased in the
development of waterborne paints.
With the increased environmental and health awareness nowadays, most paints
found in stores are water-based, but still contain some volatile organic components
(VOC’s), i.e. organic co-solvents, necessary to achieve full film formation of the binder.
Binder types for these paints vary from alkyd resins, to polyurethanes, and acrylics. In
this thesis, studies on the drying behavior of acrylic latex dispersions are presented.
Acrylic polymers are very versatile due to the broad variety of acrylic monomers available for polymerization. This ensures that latex dispersions can be optimized depending, for example, on the type of substrate or the indoor/outdoor environment to meet
user demands. Unfortunately, this versatility has not yet lead to the development of an
acrylic latex that does not need an organic co-solvent.

1.2

Towards zero VOC coating materials

The drying of latex dispersions can be roughly divided into three processes, schematically shown in Fig. 1.2. First, evaporation of water results in concentrating of the poly-

1.3 Towards zero VOC coating materials
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Figure 1.2: Schematic representation of the drying process of a latex dispersion. (I.) Bulk water
evaporates and particles are concentrated into a (random) close packing. (II.) Continued drying
leads to deformation of the latex particles. (III.) Individual polymer chains cross the inter-particle
boundaries (polymer interdiffusion) to form a cohesive film.

mer particles forming a (random) close packing. Further evaporation of water leads to
particle deformation if the polymer glass transition temperature T g is sufficiently lower
than the ambient temperature. The third process is the formation of a cohesive coating due to extension of polymer chains through the inter-particle boundaries, a process
called polymer interdiffusion [13].
For the second and third processes, a low polymer T g is required. Especially for
a cold outdoor environment, film formation of latex binders with a too high T g can
result in poor mechanical properties of the dried paint layer due to lack of polymer
interdiffusion. In contrast, with a low T g of the latex binder the poor barrier properties
of the paint layer will result in inadequate protection of the painted substrate since
the coating is easily scratched or indented [14]. Moreover, a low T g can cause tacky
coatings that can easily pick up dirt.
To promote the particle deformation and polymer interdiffusion process, small
amounts of organic co-solvent are added to the paint. This softens the latex particles
by effectively lowering their glass transition temperature T g and therefore increases
the mobility of the individual polymer chains. During drying this co-solvent will
evaporate, which again increases the T g and decreases the mobility of the polymers.
The co-solvent, or coalescent, is part of the total VOC content of the latex. The
evaporation of the co-solvent unavoidably induces societal concerns on environmental
pollution and health issues [15–20]. Due to these concerns, governments put up legislations limiting the VOC content of paints. For the EU, directive 2004/42/CE lists VOC
content limits for various paints and varnishes [21]. For example, for interior matt walls
and ceilings the maximum VOC content is limited to 75 g/L from January 1, 2007. This
was reduced to 30 g/L from January 1, 2010.
To anticipate a further reduction of the maximum VOC content, paint and binder
companies seek for solutions to reduce the VOC content of their products. In addition,
these solutions provide a competitive advantage for their products. The ”holy grail”
would be a total elimination of co-solvent from the binder.

4
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Hydroplasticization as an alternative for coalescing
aids

If organic co-solvents are to be omitted from the latex binder, alternative ways need to
be found to plasticize the polymer particles. A possible approach is to use water in
the latex dispersion itself as a plasticizer for the polymers, inducing a process called
hydroplasticization. This switch from co-solvent assisted to fully hydroplasticizable
systems brings about new challenges in both the film formation behavior of the latex
dispersion and the latex coating end properties.
The degree of plasticization of polymers by water depends on the polarity of the
polymers. When a high amount of polar moieties is available, water saturation leads
to a significant decrease of the polymer T g . Conversely, apolar polymers do not bind
high amounts of water, leading to a minimum decrease of T g [22, 23]. The effect of
polymer polarity has been clearly shown by S̆n̆upárek in a series of publications on
particle swelling by water [24–26]. Introduction and increase of polar monomers in
latex particles showed an increase of the hydrodynamic volume of the particles.
Monomers with a carboxylic acid functionality, such as acrylic acid or methacrylic
acid, are examples of polar monomers. Incorporating such a monomer into a polymer
increases the overall polarity of the copolymer. The carboxylic acid moieties are capable
of hydrogen bonding with water, which increases the polymer-water interaction (Fig.
1.3a). This effect is enhanced after deprotonation of the carboxylic acid groups with
a base. If the pH of a latex dispersion is increased above the pKa of the carboxylic
acid group, the proton of the carboxylic acid moiety will be dissociated, resulting in a
charged carboxylate (Fig. 1.3b). In this ionic form, more water can be bound [22].

(a)

(b)

Figure 1.3: (a) Molecular structure of a carboxylic acid moiety. Hydrogen bonding occurs between water and carboxylic acid, promoting polymer hydroplasticization. (b) After dissociation
of the carboxylic acid proton at pH > pKa , a charged carboxylate is formed, which can bind more
water than carboxylic acid.

More fundamental investigations of the hydroplasticization effect have been discussed in numerous publications, which are discussed here. Different experimental
tools were employed to show the impact of this effect on latex film formation.

1.3 Hydroplasticization as an alternative for coalescing aids

1.3.1
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Minimum film formation temperature

Dobler measured the minimum film formation temperature (MFT), i.e. the minimum
temperature at which a clear film is formed, of core-shell type latex particles with a
high methacrylic acid concentration in the shell [27]. This enabled particle coalscence
even at temperatures well below the polymer T g of the particle core.
The MFT technique was used by Sperry and co-workers [28]. They measured the
MFT of latex dispersions with either hydrophobic or hydrophilic polymer particles.
Moreover, they did this for coatings that were pre-dried well below MFT, as well as for
wet films. For the hydrophobic particles the ”dry MFT” and ”wet MFT” dit not differ
significantly. The latex containing hydrophilic particles, however, showed a wet MFT
that is more than 10 ◦ C lower than the dry MFT, thus stressing the role of water on the
plasticizing of the polymer.
MFT measurements were combined with calorimetric techniques by Lee [29]. T g
measurements of polymer particles in the wet latex using microcalorimetry confirmed
the observations by Dobler and Sperry that in the presence of water, polymers containing polar monomers have a lower T g than in their dry state.

1.3.2

Fluorescence resonance energy transfer

A significant amount of work on the effect of hydroplasticization has been done in
the group of Winnik, where fluorescence resonance energy transfer (FRET) is used to
monitor the polymer diffusion process in latex films [30–33].
In a study by Feng FRET results clearly showed that in hydrophobic latex films of
poly(butyl methacrylate) (PBMA) the polymer diffusion rate was hardly affected after
exposure to humid air [30]. Copolymerization of BMA with methacrylic acid (MAA)
resulted in hydrophylic latex films. A 5 times increase of the polymer diffusion rates
after exposure to humid air proved the increased hydroplastizization effect due to the
presence of carboxylic acid groups in the films. In addition, it was also shown that
neutralization of the acid groups showed an increased polymer diffusion rate.
Soleimani observed similar behavior for two acrylic copolymers with similar T g ,
but different hydrophilicity [32]. After pre-drying of latex films at various relative humidities RH, the more hydrophilic copolymer showed higher polymer diffusion rates.
Moreover, with increased RH, the diffusion rates appeared to increase.
Another FRET study by Hong showed that the incorporation of a hydrogen bonding
area monomer into an acrylate copolymer resulted in higher T g of the dry polymers
[33]. Consequently, the diffusion rates of the polymers were increasingly inhibited with
increasing urea content. Upon exposure with humid air, higher urea content showed
a higher sensitivity to the humidity of the surrounding air and the polymer diffusion
rate increased after absorption of water by the films.

6
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1.3.3

Differential scanning calorimetry

Ooi and co-workers provided proof of the hydroplasticization effect on co-polymers
of methyl methacrylate (MMA), butyl methacrylate (BMA) and 2-hydroxypropyl
methacrylate (HPMA) [34]. Using equations to predict the T g ’s of the copolymers,
they found that at high HPMA content, resulting in high water absorption of the bulk
polymer, T g predictions were significantly higher than experimental values found with
differential scanning calorimetry (DSC).
A more detailed study on the effect of hydroplasticization of polymers was done
by Tsavalas and Sundberg [23]. To predict the T g of copolymer films saturated with
water, they used a combination of data from literature and data from their own DSC
experiments to obtain T g values of both dry and wet homopolymers using the Flory-Fox
equation [35]. To this end, Barrie’s linear group additivity was used to calculate water
saturation fractions depending on copolymer composition and extend the Flory-Fox
equation [22].

1.4

Gaps in the research of hydroplasticization during latex film formation

Despite all the work that has been done on the subject of hydroplasticization of latex
particles, several aspects about this effect have remained untouched by scientists. Most
of the aforementioned research has either focussed on T g changes due to hydroplasticization of the latex polymers or, in case of the FRET work, on the change of polymer
diffusion rates in pre-dried latex films. Not much is known about the effect of hydroplasticization on the full drying process or about the end properties of such a latex
film after film formation. Drying of a latex film could be significantly affected if polymer particles that fully rely on hydroplasticization for film formation, are used. The
drying behavior of a latex film itself can be detrimental for paint application. The drying rates of latex films can be affected if the amount of hydrophilic monomers used for
polymerization is high, affecting both applicability and end properties of the latex film.
Hence, the effect of hydrophilic monomers on the entire drying process of a latex film
should be investigated.
Another omission in the research field of hydroplasticization is a link between latex
coating T g and polymer mobility, which provides information about the water sensitivity of latex films. Whereas the polymer mobility has been extensively studied in the
group of Winnik, no information on T g changes due to hydroplasticization is provided.
To cover these open questions, different phases of the drying process should be
addressed, i.e.:
• Polymer particle accumulation on the latex-air interface early in the drying process.

1.6 Tools to investigate latex film formation
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• Bulk drying of water from the latex film.
• Evaporation of ”hydroplasticizing” water from the latex film.
In addition, the latex coating end properties and the effect of the presence of water in
the coating need to be investigated. For the investigations on the drying process, in
situ techniques are necessary that do not affect the drying process itself. The coating
end properties, however, can be investigated after completion of the drying process. To
achieve this, multiple experimental techniques are necessary.

1.5

Tools to investigate latex film formation

Next to MFT measurements and FRET, which were mentioned in the previous section, a
plethora of different techniques is available to investigate latex film formation. Keddie
and Routh provided a comprehensive overview [13]. For each process shown in Fig. 1.2
different techniques are available to effectively study the film formation behavior. The
work described in this thesis focuses on two techniques that cover all processes during
film formation: GARField 1 H NMR and dilatational rheology.
GARField 1 H NMR (Fig. 1.4a) has been applied previously to study film formation
of coating materials, such as alkyd resins [36–42] and acrylic latex dispersions [43, 44].
Hydrogen mobilities and with that water and polymer mobilities can be probed, as well
as hydrogen distributions during drying to determine the position of the latex-air front
and hence the drying rate. Moreover, it provides a direct measurement of the amount
and distribution of water as a function of depth. In this thesis, GARField 1 H NMR is
used as one of the main tools to study the drying process of acrylic latex dispersions.
During latex drying, polymer particles can accumulate on the latex dispersion surface depending on the drying rate of the latex film and the rate of diffusion of the
particles. In this thesis, this behavior and its effect on the mechanical properties of the
latex surface is studied. Dilatational rheology (Fig. 1.4b) is introduced as a new experimental approach to study latex drying behavior. Based on profile analysis tensiometry,
a technique to study dynamic interfacial tensions of liquids, dilatational rheology uses
an oscillating liquid surface to measure the effect of surface variations on the interfacial
tension. This has been used before to study the stability of emulsions and foams [45].
In food science, dilatational rheology has also been used to study structural properties
of food ingredients at air-liquid interfaces, which often display non-linear visco-elastic
behavior [46–51].

1.6

Objectives and outline of the thesis

The aim of the study described in this thesis is to determine the role of carboxylic acid functionalities in latex polymer particles on the film formation behavior and coating end properties of

8
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(a)

(b)

Figure 1.4: (a) GARField 1 H NMR equipment to monitor hydrogen distributions and mobilities
of drying latex films. Samples are placed in a magnetic field, generated by electromagnets, on
top of a radio frequency (RF) coil, which is used to generate RF pulses to excite hydrogen atoms
in the sample. (b) Equipment for profile analysis tensiometry and surface rheology of drying
drops of latex dispersions. With a camera, pictures are taken of a pendant latex drop at the end
of a needle and the drop contour is analyzed to obtain temporal surface tension, drop volume,
and drop surface area data.

latex dispersions with varying methacrylic acid content.
The study aims to lay the foundation for a better understanding of the waterpolymer interactions that promote the hydroplasticization effect during drying and film
formation of latex dispersions.
Chapter 2 gives an overview of experimental techniques and the experimental settings that are used for the work described in this thesis. Moreover, basic principles of
(GARField) 1 H NMR relaxometry are explained, which is used to determine both polymer and water distributions and mobilities in a drying latex film. Furthermore, basic
principles of dilatational rheology are explained as well as its application to investigate
structure formation on latex-air interfaces due to accumulation of polymer particles.
Chapter 3 presents the first study on latex drying. The aim of this chapter is to
distinguish effects of latex particle T g on water mobility during film formation. To this
end, the film formation process of a latex with non-film forming particles with a T g
higher than the ambient temperature is compared to that with film forming particles
with a T g below the ambient temperature. GARField 1 H NMR is applied to evaluate
the effect of particle deformability and packing morphology and how this affects water
mobility throughout the process.
In chapters 4 to 6 the film formation process of a series of latex dispersions with
different methacrylic acid content, and hence carboxylic acid content, is described from
the early stages of the drying process, when particle accumulation on the latex surface
can occur, to the latex coatings at the end of the drying process. The hydroplasticiza-

1.6 Objectives and outline of the thesis
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tion effect during latex film formation by introduction of methacrylic acid is studied
systematically.
Chapter 4 describes the results of dilatational rheology measurements on the latex
dispersions dried at various RH. This chapter elucidates the solidification of a drying
latex surface due to particle accumulation and the influence of the drying rate and
polymer particle composition on forces operating between the accumulated particles.
This is followed by studies with GARField 1 H NMR in chapter 5, aiming to understand the influence of the hydroplasticization effect on the film formation behavior of
latex dispersions. With hydrogen distribution profiles during drying, drying rates of
the various latex dispersions at different RH are obtained. Relaxometry measurements
provide information on hydrogen mobilities of both water and polymer and how these
are affected by the carboxylic acid content of the dispersions.
Chapter 6 describes the end properties of the latex films as a function of methacrylic
acid content. This provides insight into the water sensitivity of these films. Increasing
the RH of the ambient atmosphere surrounding the coatings leads to water absorption
by the coatings. FTIR-ATR measurements shed light on the presence of water within
the polymer matrix. The coating T g ’s and hydrogen mobilities are determined and
compared for the various coatings to find a relation between water uptake, T g , and
polymer mobility.
The thesis concludes with chapter 7, identifying the key lessons and sketching perspectives of future research.

CHAPTER

TWO
MATERIALS AND METHODS

2.1

Materials

2.1.1

Hard and soft type latex dispersions

The latex dispersions used for the study described in chapter 3 were prepared via an
emulsion copolymerization of n-butyl acrylate, methyl methacrylate, and methacrylic
acid. The T g of the latices could be varied by adjusting the ratio of butyl acrylate
and methyl methacrylate. In table 2.1, monomer compositions of two latices used are
shown. The monomer amounts used in the synthetic procedure described below are
those of the hard type latex.
A 2 L flask equipped with a thermometer, N2 inlet and overhead stirrer was charged
Table 2.1: Monomer amounts of the hard and soft type latex dispersions and their solid weight
fractions sw,0 .

latex

hard type
soft type

monomer fraction (wt% on total solids)
butylacrylate methyl methacrylate methacrylic acid

25
54.5

70
40.5

5
5

sw,0
[wt%]

37.0
37.0

with water (858.7 g) and sodium lauryl sulphate (41.3 g; 30 wt% solution in water)
and heated to 85 ◦ C, while stirring under nitrogen atmosphere. At 82 ◦ C a solution
of ammonium persulphate (2.7 g) in deminiralized water (8.1 g) was added. Next, 5
wt% of a mixture of methyl methacrylate (MMA; 376.5 g), n-butyl acrylate (n-BA; 135.5
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g) and methacrylic acid (MAA; 27.0 g) was added to the flask and the temperature
was allowed to increase to 85 ◦ C. At 83-87 ◦ C the remainder of the monomer mixture
was added to the reaction mixture over 90 minutes. Subsequently, the funnel was rinsed
with demineralized water (7.3 g), which was added to the flask. The flask was kept at 85
◦ C for 45 minutes, after which the temperature was decreased to 60 ◦ C. During cooling,
an aqueous solution of ammonia (7.9 g; 25 wt% in water) in demineralized water (16.0
g) was added. After addition of the ammonia solution, the mixture was allowed to
cool down to room temperature. Finally, ProxelUltra10 (6.0 g) was added, followed
by deminiralized water (13.0 g). The resulting latex was filtered using a filter cloth to
remove any coagulated material. The average particle diameter (Zav ) and dispersity
index (Ð) were determined by dynamic light scattering (Malvern Zetasizer Nano ZS)
at 25 ◦ C. The midpoint T g of the dried latex materials was determined by DSC (TA
Instruments Q2000) under a nitrogen atmosphere at a heating rate of 10 ◦ C/min. The
solid weight fractions were determined gravimetrically. Results of the analyses are
listed in table 2.2.
Table 2.2: Physical characteristics of the hard and soft type latex dispersions. Zav is the average
particle diameter, Ð the dispersity index of the size distribution, and T g the glass transition
temperature.

2.1.2

latex

Zav
[nm]

Ð

Tg
◦
[ C]

hard type
soft type

47.3
57.0

0.118
0.253

75.3
18.6

Latex dispersions with varying methacrylic acid content

Latex dispersions were synthesized by seeded emulsion polymerization.
The
monomers methyl methacrylate (MMA; Lucite, >99.8%), MAA (BASF, >99.8%), and
butyl acrylate (BA; Arkema, >99.8%) were used as received. The following synthetic
procedure is for the latex dispersion containing 2 wt% MAA on total solids. In Table
2.3 the monomer amounts and the total solid content for each dispersion is listed. The
lower limit of MAA was chosen at 2% MAA to provide the polymer particles with the
necessary colloidal stability. The upper limit was chosen at 20% due to the possibility of
gelation of the latex dispersions at higher MAA content. The ratio of MMA and BA is
adjusted for each dispersion to maintain the dry polymer glass transition temperature
at 25 ◦ C according to the Flory-Fox equation [52]. The solid contents are determined
gravimetrically.
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Table 2.3: Monomer amounts of the latex dispersions used for this study and the solid weight
fractions sw,0 of the total dispersions.

monomer fraction (wt% on total solids)
methacrylic acid methyl methacrylate butyl acrylate

2.0
5.0
10.0
15.0
20.0

51.0
47.0
40.4
33.7
27.0

47.0
48.0
49.6
51.3
53.0

sw,0
[wt%]

33.8
34.1
33.6
30.5
21.7

A 2000 cm3 flask equipped with a thermometer, N2 inlet and overhead stirrer was
charged with water (799.1 g) and ammonium persulphate (0.35 g). In a funnel an emulsified monomer feed was prepared by mixing demineralised water (305.97 g), sodium
lauryl sulphate (4.62 g of 30 wt% solution in water), methyl methacrylate (MMA, 353.59
g), n-butyl acrylate (n-BA, 325.85 g) and methacrylic acid (MAA, 13.87 g). In another
funnel an initiator solution was charged by dissolving ammonium persulphate (3.12 g)
in demineralised water (111.38 g). The reactor was heated to 83 ◦ C and 5 wt% of the
emulsified monomer feed was added to the reactor and the reaction temperature was
allowed to increase to 85 ◦ C. At 83-87 ◦ C the remainder of the monomer mixture was
fed to the reactor in 100 minutes. At the end of the monomer feed demineralised water
(28.3 g) was used to rinse the funnel holding the monomer mixture. The reaction was
kept at 85 ◦ C for 30 minutes. Next, the batch was cooled to room temperature and
1,2-benzisothiazolin-3-one (Proxel Ultra 10, 6.9 g of a 10 wt% solution) was added to
prevent bacterial and fungal growth in the dispersions, followed by demineralised water (45.3 g). Finally, the batch was filtered through a filter cloth to remove any coagulum
formed during the reaction.
Wang and co-workers found that the pH of latex dispersions can have an effect on
the drying rate in later stages [53]. The pH of the latex dispersions was adjusted by
addition of a dilute solution of ammonia (5 wt% in water) under mild stirring. At pH
≥ 7, well above the pKa of MAA, the impact of the pH on the drying rate is expected
to be negligible.
The average particle diameter (Zav ) and dispersity (Ð) were determined by dynamic
light scattering (Malvern Zetasizer Nano ZS) at 25 ◦ C. The dispersion viscosities were
determined with a viscometer (Brookfield DV-E) with spindle 1 at a speed of 60 rpm.
Results of the analyses are listed in Table 2.4.
Differential scanning calorimetry (TA Instruments Q2000 DSC) analyses were per-
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Table 2.4: Physical characteristics of the latices. Zav is the average particle diameter, Ð the
dispersity index of the particle size distribution, ζ the zeta-potential determined at similar pH as
the latex dispersion, and η the latex dispersion viscosity.

latex
[wt% MAA]

Zav
[nm]

Ð

ζ
[mV]

pH

η
[mPa.s]

2
5
10
15
20

345
323
308
301
293

0.04
0.06
0.05
0.07
0.03

-72
-66
-51
-57
-59

8.1
7.9
7.3
7.1
7.0

6
9
17
193
368

formed on dried material from the latex dispersions to determine the dry polymer T g ’s.
Results of these measurements are listed Table 2.5. T g,onset and T g,end are the lowest and
highest measured T g in the polymer glass transition region, respectively. The width of
the glass transition region T g,width is calculated with
Tg,width = Tg,end − Tg,onset ,

(2.1)

and the polymer midpoint T g
Tg,half−width =

Tg,end + Tg,onset
.
2

(2.2)

Table 2.5: Results of the dry polymer T g analyses of the various latex dispersions.

latex
[wt% MAA]

T g,half-width
[◦ C]

T g,onset
[◦ C]

T g,end
[◦ C]

T g,width
[◦ C]

2
5
10
15
20

25.9
30.2
37.3
46.9
50.2

19.2
23.0
28.4
36.0
36.8

32.6
37.4
46.2
57.8
63.7

13.4
14.4
17.8
21.8
26.9
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Table 2.6: Results of the wet polymer T g analyses of the various latex dispersions. (*n.m.: not
measured)

latex
[wt% MAA]

T g,half-width
[◦ C]

T g,onset
[◦ C]

T g,end
[◦ C]

T g,width
[◦ C]

2
5
10
15
20

18.4
18.6
19.1
19.3
n.m.*

14.6
14.5
15.0
16.6
n.m.*

22.3
22.6
23.2
22.1
n.m.*

7.7
8.1
8.2
5.5
n.m.*

Wet T g values were determined using modulated DSC (TA Instruments Q2000 DSC).
Samples were sedimented overnight in a centrifuge. Afterwards, the serum was decanted and the residue was used for measurement. Results of the measurements are
listed in Table 2.6.
Clearly, T g ’s of the wet polymer phase lower than those of the dry polymer, a result
of the hydroplasticization effect. Moreover, individual T g values are similar for the wet
polymer phase.

2.2
2.2.1

Methods
GARField 1 H NMR

Nuclear magnetic resonance (NMR) relaxometry is a useful tool to determine hydrogen
distribution profiles and hydrogen mobilities. More specifically, GARField (Gradient
At Right-angles to the Field) 1 H NMR can be used to determine these distributions and
mobilities in (drying) films (≤ 500 µm) at a spatial resolution of roughly 5 µm. The use
of GARField 1 H-NMR imaging and its design and principles have first been described
by Glover et al. [54]. A schematic drawing of the setup used for the studies described
in this thesis is shown in Fig. 2.1.
Latex film formation is studied with sequential relaxometry measurements. A fixed
temperature and relative humidity RH are generated in the climate chamber. The temperature is controlled with a water bath, which is pumping water through the walls of
the climate chamber. The temperature inside the climate chamber is monitored with
a PT100 temperature sensor, so that real-time feedback is provided to the temperature
bath ensuring a constant temperature. An air flow is led into the climate chamber,
which has a partial water vapor pressure depending on the desired temperature and
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Figure 2.1: Schematic drawing of the GARField 1 H NMR setup used for the studies described in
this thesis.

RH during experiments. This allows complex measurements at different ambient temperatures and RH.
Basic principles
Nuclei having a net magnetic moment are NMR active. Hydrogen is one of such nuclei.
When hydrogens are brought into a constant magnetic field with strength B [T], they
resonate at a frequency f [Hz]
f = γB,

(2.3)

with γ the gyromagnetic constant of hydrogen (γ = 42.58 MHz/T). When magnetization is out of equilibrium, for example due to a short pulse from a second magnetic
field, precession of the magnetic moments results in restoration of the magnetization
parallel to the main magnetic field. Two types of relaxation mechanisms can be distinguished during precession. One, the spin-lattice or longitudinal relaxation results from
energy exchange of the hydrogen spins with their surroundings. This is characterized
by the T1 [s] relaxation time, derived from the magnetization moment Mz parallel to
the main magnetic field


Mz = M0 1 − e−t/T1 ,

(2.4)

with t [s] the time after a saturation or 90◦ pulse.
Two, the spin-spin or transversal relaxation results from molecular motion. This
is characterized by the T2 [s] relaxation time, which is derived from the transversal
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magnetization moment
MT = M0 e−t/T2 ,

(2.5)

with t [s] the time after a pulse.
The transversal relaxation time T2 is a measure of hydrogen mobility: Higher T2 values indicate higher hydrogen mobilities. For example, comparing hydrogens of water
and polymer in a latex dispersion shows that the water hydrogens have a higher T2 and
are therefore shown to be more mobile.
In order to obtain spatial information, a well-defined gradient G [T/m] is used.
Normally, this gradient is parallel to the main magnetic field and is expressed as
G=

∂Bz
.
∂x, y, z

(2.6)

This implies that a gradient in one direction of the magnetic field creates a gradient in
another direction. Since the radius of curvature of the gradient is large at small values
of G, this is not relevant and can be ignored. When a strong gradient is created, the
radius of curvature is small and this would be a problem. Therefore, for GARField 1 H
NMR, the gradient field magnitude is created perpendicular to the main magnetic field.
The strong gradient in this case is expressed as
∂| B|
.
(2.7)
∂y
Due to this gradient a 1D spatially dependent main magnetic field is generated in
which hydrogens resonate at a frequency of
G=

f = γ(| B| + Gy),

(2.8)

with y [m] the location of the sample with respect to the centre of the magnets. In
GARField 1 H NMR, G is generated in a static way by steel curved pole tips, creating
high static gradients of 42.2 ± 0.2 T/m. This results in 1D spatial information with very
small resolutions ranging from approximately 5 to 14 µm depending on the acquistion
settings chosen.
Ostroff-Waugh pulse sequence
Different pulse sequences can be used to excite the nuclei and obtain different information. With a radiofrequency (RF) coil a pulsed magnetic field B1 parallel to the sample
plane can be generated at the resonance frequency, exciting the hydrogen nuclei. Subsequently, the nuclei relax to their aligned state while precessing. The signals of the
precessing magnetic moments are detected by the RF coil.
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Figure 2.2: The Ostroff-Waugh pulse sequence: The 90◦ RF pulse in the x-direction is followed by
rephasing pulses in the y-direction. The time between the RF pulse and the first rephasing pulse
is t = τ. The echo time te is the time between two echos and the time between two rephasing
pulses (te =2τ).

T2 relaxation times can be obtained using a pulse train. The Carr-Purcell-MeiboomGill (CPMG) pulse sequence starts with a 90◦ pulse to flip the hydrogen spins to the
transversal plain. After this, precession of the spins in the transversal plan starts. Due
to inhomogeneities of the magnetic field the signal S can decrease. This is reversed with
a so-called rephasing pulse of 180◦ . These rephasing pulses are repeated and a signal
decay is obtained which can be fitted using Eq. 2.10.
For the experiments described in this thesis, however, an Ostroff-Waugh (OW) pulse
sequence is used, which is illustrated in Fig. 2.2. First, a 90◦ pulse in the x-direction 90◦x
flips the hydrogen spins in the transversal plane. The rephasing, however, is achieved
with a 90◦ pulse in the y-direction after precession time t = τ. This is followed by
recording an echo at echo time te = 2τ. The rephasing pulses are repeated with the
time between pulses te . With every echo, S decreases due to precession of the hydrogen
spins.
The choice for the OW pulse sequence, using only 90◦ pulses, is made due to the
high field-gradient of the NMR equipment. 90◦ pulses of, in our case, 1 µs excite a
higher frequency bandwith compared to 2 µs 180◦ pulses. Consequently, a short pulse
results in a large Field Of View (FOV) of the sample. Short pulses are also needed to
create the necessary short echo times of 40 µs for the work presented in this thesis
The total signal intensity S of repetitive measurements as a function of T1 and T2 is
written as





t
t
S ∝ A 1 − exp −
exp −
.
T1
T2

(2.9)

If t/T1  1, Eq. 2.9 can be simplified
S ∝ A exp



−


te
.
T2

(2.10)

From the signal decay T2 can be derived using Eq. 2.10. When hydrogens with
different mobilities are present, the Ostroff-Waugh decay can contain more than one
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T2 . This can than be fitted using

N

Sn ( x ) = Pn ( x )

∑


Ak ( x ) exp

k =1

−nte
T2,k ( x )



+ S0 ,

(2.11)

where Sn ( x ) is the total signal at time t=nte [s], T2,k ( x ) [s] is the transversal relaxation
time of the kth proton pool of the sample with amplitude Ak ( x ), and S0 the signal
noise level. Pn ( x ) is a weighing factor necessary to correct for heterogeneities in the
coil profile and echo modulations introduced by the Ostroff-Waugh sequence. Pn ( x )
is obtained using an aqueous 0.025 M CuSO4 solution, see [55] for details. With this,
equation 2.11 can be re-written as
N

In ( x ) =

∑

k =1

Ak ( x )
exp
Are f ( x )



−nte
T2,k ( x )

N



=

∑


ρk ( x ) exp

k =1

−nte
T2,k ( x )


,

(2.12)

where In ( x ) is the relative signal intensity and ρk ( x ) the relative proton density of the
kth proton pool with respect to water. Are f ( x ) is the signal amplitude obtained with a
reference measurement of the 0.025 M CuSO4 solution. The T2 describes the relaxation
processes of protons due to mobility [56–58] and diffusion [59, 60].
Molecular self-diffusion of water and dipolar interactions
The transversal relaxation time can be split in a term describing the dipole effects
introduced by local molecular mobility T2,dip [s] and a diffusion part T2,diff [s] denoted
by an effective T2 according to
1
1
1
=
+
.
T2
T2,dip
T2,diff

(2.13)

When a high field-gradient is imposed on the main magnetic field, it is possible to
determine the self-diffusion coefficient Dself [m2 /s] of water in latex. This is achieved
by acquisition of T2 relaxation times at various te . By addition of a diffusion dependent
term to Eq. 2.10, S as a function of Dself is expressed as

S ∼ exp

−

1
− αγ2 G2 Dself t2e
T2


(2.14)

where α is a constant, which can be determined experimentally [61, 62]. By determining the T2 relaxations of an aqueous 0.025 M CuSO4 reference solution at various te ,
equation 2.14 can be used to determine D for latex dispersions taking Dself = 2.3 × 10−9
m2 /s for the reference [63].
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Figure 2.3: Graphical representation of the Maxwell fluid model with a serial connection of a
spring and dashpot element.

The T2 arising from dipolar interactions can be approximated by
−1
T2,dip
∼ hω 2 iτc ,

(2.15)

where τc is the correlation time of the local molecular motions and hω 2 i is the second
moment associated with residual interactions [57, 64, 65]. Equation 2.15 only holds if
τc  te . For more detailed discussion we refer to [55]. Therefore, using various echo
times T2,diff −1 and T2,dip −1 can be determined.

2.2.2

Dilatational rheology

When dilational and shear deformation of a surface is applied, both reversible and
irreversible properties are exhibited. The reversible, elastic, properties of the surface can
be described by a spring. When a constant force is applied, potential energy will build
up only to be released after the applied force is removed. The irreversible, viscous,
properties of the surface can be described by a dashpot. When a constant force is
applied, energy will dissipate due to relaxation mechanisms. Models which describe
the visco-elastic behavior of a surface incorporate both elements. One of the most basic
models is the Maxwell model, shown in figure 2.3 [45].
The Maxwell model describes the serial connection of a spring and dashpot. The
surface tension or stress σ [mN/m] and deformation D of the drop surface and their
corresponding rates of changes is described by Eq. 2.16,
Ḋ =

σ
σ̇
+
ed
ηd

(2.16)

Here, ed [mN/m] and η d [mN.s/m] are the surface dilatational elastic modulus and
dilatational viscosity respectively. D is calculated from the area variations of the drop
D=

A ( t ) − A0
,
A0

(2.17)

with A(t) [mm2 ] the area of the drop and A0 [mm2 ] the area of the drop at equilibrium
schematically shown in Fig. 4.2.
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(b)

(c)

(d)

(e)

Figure 2.4: Schematic Lissajous plots of the surface pressure Π versus the drop area deformation
D. (a) In absence of surface active components in the drop. (b) Linear purely elastic response.
(c) Linear purely viscous response. (d) Linear viscoelastic response. (e) Non-linear viscoelastic
response. The arrows indicate the direction of the oscillation. The slope of the secant, the solid
lines drawn in (d) and (e), represent the elastic moduli ed,sec at maximum surface deformation.

From σ the surface pressure Π [mN/m] can be calculated, which is defined as
Π (t) = σ (t) − σ0 ,

(2.18)

with σ0 [mN/m] the surface tension of the drop in equilibrium. If Π (t) > 0, the free
energy per surface area has increased, whereas at Π (t) < 0 a decrease of the free energy
per surface area is observed.
Variations of σ can be attributed to different phenomena, including changes in the
surface excess mass density at the interface and stresses arising from interactions between compounds present at the surface [66]. This often results in non-linear viscoelastic behavior.
In the case of a linear viscoelastic response, η d and ed can be calculated from the
amplitudes of the surface pressure Π and deformation D and the phase shift δ between
them. In the case of non-linear viscoelastic behavior, however, calculation of these
moduli is inaccurate, since higher harmonic contributions such as trσs present in the
response are not taken into account [46]. In that case, plotting Π versus D results in
elastic Lissajous plots from which surface elasticities can be derived from the slope of
the Lissajous curve at any given deformation of the drop surface. Examples of such
plots are shown in Fig. 2.4.
Fig. 2.4a shows a Lissajous plot in absence of any viscoelastic response and thus
surface pressure, i.e. δ = 0 and Π = 0. This is the case, for example, when pure water
is used or when the surface mass density is kept constant due to fast mass transfer
of surface active components from the bulk to the surface. Fig. 2.4b shows a plot for
a liquid with a linear purely elastic surface. Expansion and compression of the drop
surface show no phase shift between Π and D (t) and the slope of the curve is equal to
ed and η d = 0. Fig. 2.4c shows a Lissajous plot for a purely viscous curve with ed =0 and
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δ = π/2. Logically, a linear viscoelastic surface would show the combined behavior
of both the purely elastic and viscous surfaces, which is shown in Fig. 2.4d. Lastly,
when non-linearity occurs in the viscoelastic properties, the Lissajous plot shows an
assymetrical shape, of which an example is shown in Fig. 2.4e. From both linear and
non-linear visco-elastic, elastic moduli of the surface at maximum deformation can be
derived from the Lissajous plots. The slope of the secant, drawn from the plot origin
to Π at maximum deformation is the secant elastic modulus ed,sec of the surface, as is
shown by the lines drawn in Figs. 2.4d and e.

CHAPTER

THREE
WATER MOBILITY DURING DRYING OF HARD AND
SOFT TYPE LATEX DISPERSIONS

GARField 1 H-NMR relaxometry experiments were done to study the drying process of two
latices with different polymer T g and to elucidate water mobility behavior during this process.
It was found that the hard type latex, with a polymer T g above room temperature, dries faster
than the soft type latex, with a polymer T g below room temperature. Diffusion measurements
by means of echo time variations at different moments in the drying process show that water
self-diffusion decreases with increasing solid content of the latex independent of particle T g . Two
pools of protons with different mobilities were observed based on transversal relaxation times
T2 found with NMR relaxometry. Determination of the long T 2,long ’s and short T 2,short ’s of
both latex dispersions and their respective proton densities during drying at 80% RH showed
evidence of particle deformation for the soft type latex and the absence thereof for the hard
type latex. Additional drying of the resulting coatings with anhydrous CaCl2 showed a higher
porosity for the hard type coating based on the proton distribution profile width. Moreover,
two domains with different polymer proton mobilities are found for both coatings that are both
plasticized by water at 80% RH. This is more apparent for the hard type coating, suggesting
that a more hydrophilic polymer gives a higher degree of plasticization.
Adapted from Voogt et al., Prog. Org. Coatings. 123 (2018) 111–119.

3.1

Introduction

Paints are probably the most abundantly used form of coating materials in the world.
Apart from the aesthetic value, it can provide substrates with the necessary protection
against external influences. Examples are the prevention of wood rot and metal corrosion due to the continued exposure to weather phenomena, such as rain, wind, and
UV-light.
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3 Water mobility during drying of hard and soft type latex dispersions

Latex is an aqueous dispersion of polymer particles, generally submicrometer sized,
that upon drying form a network and give the coating its mechanical, chemical and
physical properties. This film formation process takes place in a sequence of stages.
First, particles are concentrated through the evaporation of water and colloidal stability
by repulsion is overcome [67]. Next, particle deformation occurs decreasing the void
volume between the particles [68]. Finally, the formation of a cohesive coating is driven
by the interdiffusion of individual polymer chains.
Studies on polymer interdiffusion are rather limited. Examples are the use of fluorescence resonance energy transfer (FRET), often applied by Winnik and co-workers
[30, 69, 70]. The quartz crystal microbalance (QCM) was used to probe viscoelastic
properties of cross-linking alkyd resins [71]. These techniques are useful to study polymer mobility during latex film formation. With 1 H NMR relaxometry, presented in this
chapter, it is possible to study both polymer and water mobilities.
GARField 1 H NMR can be used to study coatings up to 400 µm thickness and
has been used previously to study the drying behavior of latices [41, 72]. In a recent
study, it was used to investigate the drying behavior of latices with various particle
T g ’s, showing the effect of skin formation on the drying rate of latex [43]. It is an ideal
technique to study water distributions and the drying rate of thin wet films. In addition,
using an Ostroff-Waugh pulse sequence, information is provided on the transversal
relaxation (T2 relaxation) of water and polymer, which is directly linked to the mobility
of both phases. Erich et al. [40] succesfully used GARField 1 H NMR to show the
decrease in T2 relaxation of alkyd resins due to cross-linking of the fatty acids. For
latex, where film formation occurs due to interdiffusion of polymers rather than crosslinking, such mobility studies have not been done before.
Although water distributions in drying latex dispersions have been studied extensively before with GARField 1 H NMR [41, 43, 71, 73, 74], no systematic study has been
done before on the mobility of water in such systems. In the present study the drying
behavior of two acrylic latices with T g ’s lower (soft type) and higher (hard type) than
room temperature, respectively, is discussed. This provides insight into the influence
of the polymer particle packing morphology and deformation ability, governed by the
particle T g , on the mobility of water. This includes water self-diffusion, enclosed water
evaporating through a polymer matrix and water that is physically bound to the polymer material. The influence of water mobility on the latex film formation process will
support research on latex film formation. Ultimately, this investigation can be used to
develop latex dispersions that are fully plasticizable with water.

3.3 Experimental procedures

3.2
3.2.1
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Experimental procedures
GARField 1 H-NMR

GARField 1 H-NMR imaging is a useful tool to describe drying of thin films and its
design and principles have first been described by Glover et al. [54]. The magnetic field
strength of the equipment used for this study was 1.5 T and the static gradient was 42.2
± 0.2 T/m. From the signal decays of an Ostroff-Waugh [75] pulse sequence (90◦x -τ[90◦y -τ-echo-τ]n ), T2 relaxation times of both water and polymer are obtained. Unless
stated otherwise, the echo time te = 2τ used for this study is 40 µs with an acquisition
time tac of 35 µs, resulting in a spatial resolution of 14 µm. The long delay l d was set
at 1.7 s and the number of echoes n at 128. To reduce the signal-to-noise ratio, signal
decays were obtained by averaging multiple measurements as follows: 20 decays of 64
averages, 10 decays of 256 averages, and 20 decays of 1024 averages. The results were
normalized with a reference signal, obtained by a measurement on an aqueous 0.025 M
CuSO4 solution, with te = 40 µs, tac = 35 µs, l d = 0.3 s, n = 2048 and 4096 averages.
To control the evaporation rate of the latex, the NMR set-up is equipped with a
temperature and humidity controlled chamber in which the sample is placed directly
onto the RF coil. This sample holder is a 140 µm thick cover glass covered with a
microscope object glass having a circular hole with a 10 mm diameter. Herein, 37 µL
of latex was placed using a 100 µL volumetric pipette, resulting in a wet coating of
about 300 µm thickness. Initially, the sample holder is closed with a silicone stopper to
perform a measurement without any drying. Subsequently, the cover is removed and
sequential drying measurements are performed.
Film formation of the hard type latex at room temperature unavoidably leads to
cracking of the film and delamination from the sample holder. This potentially results
in a sudden spatial shift or even disappearance of the 1 H NMR signal. Therefore, the
signal is carefully monitored and the 1 H NMR experiments were repeated until a steady
and reliable signal, that shows no signs of these issues, is obtained.

3.2.2

Atomic Force Microscopy

After drying a latex film, the resulting coating was glued onto a metal disc and mounted
on the sample stage of the AFM. AFM images were obtained under ambient conditions
in tapping mode (NanoScope V multimode atomic force microscope, Bruker Nano Surfaces) using silicon cantilevers (TESP, Bruker Nano surfaces) with resonance frequencies
of 300-400 kHz. Height scale and scan area are shown next to the AFM images.
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Results

3.3.1

Proton distributions during drying

The drying of the latex dispersions can result in a heterogeneous distribution of water
and polymer particles, which affects the drying rate and final coating structure. Therefore, it is important to study the proton distributions during drying. With GARField
1 H NMR proton distribution profiles during drying of latex can be obtained.
Drying experiments of the soft and hard type latex dispersions were done using
GARField 1 H NMR as described in section 3.2.1 (Exp. I). Fig. 3.1 shows the normalized
proton distribution profiles of both the hard and soft type latex during drying at 80%
RH. The drying shows the well-known two-step drying behavior.
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Figure 3.1: Hydrogen distribution profiles of (a) the soft type and (b) the hard type latex. The
profiles at tdrying = 0 was obtained using an average of 256 measurements. During drying at
80% RH, the first 20 drying profiles and the subsequent 10 drying profiles were obtained using
averages of 64 and 256 measurements respectively. To reduce noise further, a moving average of
4 drying profiles was used. As a consequence, the slope of the drying fronts increase. Arrows
indicate the final maximum signal intensities I max and thicknesses d of the coatings.

First, a receding front is observed, indicating shrinkage of the layer due to evaporation of water and concomitant packing of the latex particles. It should be noted that the
increased slope of the drying fronts is an effect of the averaging of drying profiles used
to reduce noise. To compare water evaporation rates, Fig. 3.2 shows coating thicknesses
d and maximum signal intensities I max during drying. The sharper decrease of the hard
latex thickness dhard and signal intensity I max,hard refers to a higher drying rate for the
hard type latex.
Second, d and I max are leveling off to more constant values. The leveling of the
soft latex thickness dsoft and signal intensity I max,soft appear to more or less coincide at
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Figure 3.2: (a) Coating thicknesses of the hard and soft type latex during drying and (b) maximum signal intensity I max during drying. The front and bottom positions are arbitrarily taken
at signal intensity level I = 0.5I max . The solid and dashed lines indicate the points at which the
soft type and hard type latex dispersions, respectively, reach their closest packing of particles.

approximately 40 minutes drying. The leveling of dhard at approximately 20 minutes
, however, does not coincide with the leveling of I max,hard at approximately 40 minutes, which suggests continuation of bulk water evaporation for this latex dispersion
while latex particles are fixed in position and cannot deform and interdiffuse. This is
in line with expectations for latex containing non-deformable and non-coalescing particles, which upon drying forms a brittle and porous network [13]. The polymer and
void volume fractions are calculated later in Sec. 3.3.3. I max,hard after drying is also
significantly lower than I max,soft . This could be a result of the presence of empty pores
and, therefore, less water in the hard coating, and different T2 relaxation behavior may
play a role. Additional relaxation analyses as discussed in sections 3.3.2 and 3.3.3 are
necessary for clarification.

3.3.2

Proton mobilities during drying

As a consequence of polymer particle compaction during drying, the water mobility in
latex will be restricted. The self-diffusion Dself and T2 relaxation of water will decrease
and interdiffusion of particles, and thus particle T g , is expected to be of influence. Water
protons and polymer protons of the latex dispersions have different T2 relaxations. This
T2 is a measure of proton mobility, which can be determined by fitting an OstroffWaugh signal decay with Eq. 2.11 using k = 2, thus assuming two proton pools with
different mobilities. Using an Ostroff-Waugh pulse sequence, measurements were done
on both latex dispersions (Exp. II). The sample cups were closed to prevent evaporation
of water. In Fig. 3.3 the resulting Ostroff-Waugh decays are shown. A short T 2,short
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Figure 3.3: Ostroff-Waugh signal decays of latex dispersions of the soft type (black) and hard
type (gray) particles. The arrows indicate the short and long relaxations.

and long T 2,long relaxation time can be identified for both latices, each corresponding
to proton atoms with a different mobility.
As was mentioned in section 2.2.1, T2 relaxations can consist of a diffusion part
(T 2,diff ) and a dipolar part (T 2,dip ). The contributions of T 2,diff and T 2,dip can be investigated by determining Dself of water during the drying process on the basis of te
variation measurements. For this, drying experiments (Exp. III) were done similar to
those discussed in section 3.3.1, but the drying process was stopped by closing the sample cup. Subsequently, te variation measurements were done. For each data point, a
seperate experiment was done and stopped at a different drying time. Fig. 3.4 shows
examples of the results of these experiments at different solid contents, derived from
the coating thicknesses d, during the drying process for both the soft and hard type
latex using the T 2,long relaxations. The T 2,short relaxations do not vary with te and are
therefore not used to determine Dself of water. From the slope of the curves in Fig. 3.4,
Dself is determined using Eq. 2.14 and T 2,dip is determined with the inverse of the intercept of the curves . In Fig. 3.5 Dself and T 2,dip during drying of both latex dispersions
are shown.
Before drying, both values for Dsoft and Dhard are similar and in the same order of
that of free water. Therefore, it is concluded that the long T2 component represents the
latex water phase. As expected Dself decreases during drying. At approximately 30
minutes drying, this is at latex solid contents above 67%, Dself could not be measured
anymore.
T 2,dip of both latex dispersions also decreases. This can be explained with the in-
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creasing surface-to-volume ratio of latex particles and water during drying, which increases the interaction of water with the latex particle surface.
Although after approximately 30 minutes drying there is no measurable Dself of water anymore, significant amounts of water are still present in between the closer packed
particles. Continued drying of the latex dispersions can still reduce T2 relaxations and,
therefore, water mobilities. Fig. 3.6 shows short and long T2 relaxation times obtained
from experiment I at a position in the bulk, i.e. as close as possible to the bottom of the
sample holder. As expected, the long T2 relaxation time decreases during drying due
to limitations in proton mobility by an increased interaction of water molecules with
the latex particles. Initially, T 2,long is higher for the soft type latex, which suggests a
higher degree of water-polymer interaction affecting T 2,dip . During the first 20 minutes
drying, T 2,long of the soft type latex appears to remain more constant and decreases
rapidly for the hard type latex. After 20 minutes drying, T 2,long of the hard type latex
decreases at a similar rate, but decreases more rapidly for the soft type latex. After
approximately 40 minutes drying, the T 2,long ’s of both latex dispersions level off to an
equilibrium value. The final T 2,long of the soft type latex is higher than that of the hard
type latex. To explain this phenomenon, more information on the state of the residual
water is necessary.
The T 2,short ’s for both latex dispersions remain constant at approximately 0.1 ms
during drying. Evidently, both latex dispersions have proton pools with similar mobilities that do not change as a result of the evaporation of bulk water. These relaxations
are therefore attributed to protons embedded in the latex particles, which are not affected by the evaporation of water. The relative proton density changes during drying
are shown in Fig. 3.7. The proton densities of the T 2,long (ρlong ) decrease during drying
for both latex dispersions. Again, ρlong for both latex dispersions levels off at approximately 40 minutes, which coincides with the results for the soft type latex shown in Fig.
3.2 but not for the hard type latex. The proton densities for T 2,short (ρshort ), however,
show an increase for the soft type latex, but appears constant for the hard type latex,
which suggests further concentrating of the latex polymer phase for the soft type latex.

3.3.3

Coating structure and proton mobility

In a coating, water can be present either in pores or pockets in a liquid state, or in a state
of physically bound to the polymer matrix. Both states influence the coating physical
and mechanical properties in their own way, and as such it is necessary to know how
water is distributed in a coating. As was mentioned in section 2.2.1, Eq. 2.12 can be
used to provide insight into the proton densities of the latices. For a dry coating, proton
densities of both polymer and residual water can be determined. Using proton balance
equations, the absence of signal is an indication for air-filled voids, pores, or cracks.
Here an assumption is made that between the excitation pulse and the first echo, no
decay of a rigid group of protons occurs. Since, T 2,long is succesfully used to determine
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Figure 3.6: The (a) long and (b) short T2 relaxations of the hard and soft type latices during drying
obtained by a double exponential fit of the Ostroff-Waugh signal decays using Eq. 2.11. The solid
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Dself for water, its presence after drying of latex can be an indication of water-filled
voids or physically bound water.
A first order approximation of the coating porosity can be made by studying the
thickness of a wet latex layer and the resulting coating after drying. Thicknesses of
wet latex layers were measured by determination of the width of the first echo profile
obtained with an Ostroff-Waugh pulse sequence with te = 100 µs, tac = 90 µs, n = 256,
and 256 averages. The increase of te and tac with respect to the procedure described
in section 3.2.1 was necessary to improve the spatial resolution and thus the accuracy
of the measurements. After 24 hours drying at 80% RH an additional drying step was
introduced by placing the sample cups in a closed vessel containing anhydrous CaCl2
for 48 hours to ensure full evaporation of water. The thicknesses of the dry coatings
were assessed using the same procedure that was used to determine the thicknesses of
the wet latex layers. Fig. 3.8 shows proton distribution profiles of layers of the hard and
soft type latex,both for the initial,wet situation and the resulting coatings after drying.
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Figure 3.8: Proton distribution profiles of layers of hard type (black solid) and soft type (red
solid) latex and the resulting hard type (black dashed) and soft type (red dashed) coatings after
24 hours drying at 80% RH and subsequently 48 hours with CaCl2 . te was set at 100 µs and tac
at 90 µs to increase the spatial resolution for an accurate determination of the front positions.

Taking both front positions and sample bottom positions at I = 0.5I max the thickness
of the wet layers and dried coating can be determined. The void fraction φ0 of the
coating can be calculated,
Hpol
V0
= 1−
,
(3.1)
Vcoat
Hcoat
the volume of the void space and the total coating volume, respecφ0 =

with V0 and V coat
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tively. V0 is either taken up by water or air present in the coating. H pol is the theoretical
thickness of the coating when film formation is complete and no air or water is present
in the coating, and H coat is the actual thickness of the coating. This can be re-written as
φ0 = 1 − φpol

Hwet
,
Hcoat

(3.2)

where H wet is the thickness of the wet latex layer and φpol is the polymer volume
fraction in the latex. On the basis of this, void volume fractions are estimated at 0.37
and 0.08 for the hard type coating (φ0,hard ) and soft type coating (φ0,soft ), respectively.
The random close-packed volume fraction of hard monodisperse spheres was reported
to be 0.64 by Torquato and the value found here for the hard type coating is in good
agreement [76]. AFM was used to analyze the surfaces of both hard and soft type
coatings and to reflect on the void volume fraction results. In Fig. 3.9, images show
a featureless soft type coating surface, whereas the hard type coating shows packed
un-coalesced particles.

(a)

(b)

Figure 3.9: Tapping mode AFM images of the surfaces of a (a) soft type and (b) hard type coating.
The horizontal scale bar is 1.0 µm. The range of the topographic scale bars is -20 to 20 nm.

Fig. 3.10 shows Ostroff-Waugh decays of the coatings after 24 hours drying of the
latex at 80% RH and after the additional drying step with anhydrous CaCl2 , of which
the first echo profiles are shown in Fig. 3.8. Both coatings at 80% RH show a clear
double exponential decay, which could indicate residual water present in the coating.
After the additional drying step the decays shorten, but the fit of the curves still show
the presence of two proton pools. In table 3.1, T2 values obtained from fits of the
Ostroff-Waugh decays are listed. T 2,long and T 2,short of both coatings decrease after 48
hours drying with CaCl2 .
It is possible that the T2 relaxations in the coatings are mixed polymer and water
signals. Calculating ”residual curves” by subtracting the post-dried decays from the
80% RH decays could provide decays for the residual water in the 80% RH coatings.
These results in Fig. 3.11 can be fit with single exponential decay functions, indicating

34

3 Water mobility during drying of hard and soft type latex dispersions

10

0

hard type coating
soft type coating
hard type coating; CaCl2 dried
soft type coating; CaCl2 dried
-1

I (-)

10

10

10

-2

-3

0

1x10

-3

2x10

-3

3x10

-3

echo time (s)

Figure 3.10: Ostroff-Waugh decays of the soft and hard type coatings saturated at 80% RH and
after additional drying for 48 hours with anhydrous CaCl2 .

a single pool of protons for both coatings, which can be attributed to water. The hard
type coating appears be more affected by the presence of water at 80% RH.

3.3.4

Discussion

In the previous sections different stages of the drying process have been discussed in
which the mobility of water changes from free to pore water and water that is physically
bound to the polymer matrix. In this section a comprehensive overview is given. In
Fig. 3.12, a visual representation is given of a plausible drying mechanism of the hard
and soft type latex.
Initially, latex particles and water are able to move freely. Water proton mobility
and water diffusion decrease due to an increased interaction with the polymer particle
surface, concomitantly decreasing T 2,dip as is shown in Fig. 3.5. After approximately
20 and 40 minutes drying at 80% RH for the hard and soft type latex, respectively, the
thicknesses of the coatings do not decrease significantly anymore, as shown in Fig. 3.2.
At this point, however, the hard type latex still contains considerable amounts of bulk
water, which can evaporate freely through the voids between the non-deformable and
non-coalescing particles. This is confirmed by the results in Figs. 3.2, 3.6, and 3.7, which
show further decrease of Imax,hard , T 2,long , and ρlong between 20 and 40 minutes for the
hard type latex occuring with the accompanying release of water from the coating.
After 24 hours drying at 80% RH, Ostroff-Waugh decays still show two proton pools,
which can be explained either by the presence of free water in inter-particle voids, or by
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Table 3.1: T2 ’s of the hard and soft type coatings after drying at 80% RH for 24 hours and after
additional drying with anhydrous CaCl2 for 48 hours.

Coating

Drying condition

T 2,short (ms)

T 2,long (ms))

hard type
hard type
soft type
soft type

80% RH
+CaCl2
80% RH
+CaCl2

0.06
0.04
0.07
0.04

0.69
0.17
0.39
0.17

the presence of water bound to the polymer matrix plasticizing domains with different
hardness in the coating. Fig. 3.8 indeed shows the presence of void space, in particular
for the hard type coating, which could hold water. Further drying under anhydrous
CaCl2 for 48 hours shows a definite change in signal in Fig. 3.10. The Ostroff-Waugh
decays still show two proton pools. Two things can be extracted from these results.
First, T 2,short and T 2,long found during the entire drying process do not result from
the polymer and water protons, respectively, but both are a mix of the polymer and water signals. In the first stage of the drying process, T 2,long is dominated by Dself of water
for both latex dispersions, and therefore T 2,diff as described by Eq. 2.13. After closer
packing of the polymer particles, however, the dipolar component T 2,dip dominates the
relaxation behavior.
Second, since no water is expected to be left in the coatings after the additional
drying step with CaCl2 , the presence of two proton pools can be explained by domains
in the coatings having different degrees of hardness. The softer domain for the hard
type coating appears to be more sensitive to the presence of water, as is shown by
the more obvious change in relaxation after post-drying with CaCl2 . Due to the more
hydrophilic nature of the hard type coating because of the presence of more MMA and
less n-BA with respect to the soft type coating, the plasticizing effect of the polymer is
more obvious. On the basis of these results it can be concluded that the T2 relaxations
in the coatings are mixed polymer and water signals. Earlier work by Reuvers showed
that crystalline and amorphous domains in polyamides were found [77]. Similarities
can be drawn here, where harder and softer domains could be present in the hard and
soft type coatings even after post-drying under CaCl2 .

3.4

Conclusions

The possibility of a latex to form a coherent coating is determined by a number of
factors. The polymer particle glass transition temperature T g is an important factor as
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Figure 3.11: Ostroff-Waugh decays of the soft and hard type coatings obtained by substraction
of the decays of the 80% RH saturated coatings with the decays of the coatings after 48 hours
additional drying with CaCl2 .

it determines the flexibility of polymer chains and, therefore, influences the ability of
particles to deform, which enables polymer interdiffusion. The drying behavior of two
acrylic latex types was studied with GARField 1 H NMR, with focus on the mobility of
water: a hard type latex with a dry polymer T g above room temperature (RT) and a soft
type latex with a polymer T g below RT. Relaxometry measurements were performed 23
◦ C and 80% relative humidity (RH).
The mobile state of water during drying of the latex dispersions is elucidated. Two
pools of protons were found, that appear to be a mix of water and polymer protons.
During a first stage of the drying process, the water is diffusing freely and it is shown
that the diffusion coefficient Dself is dependent on the solid content of the latex. After
this first stage, a significant amount of water is still present in both dispersions and
the proton mobilities become dependent on the latex particle packing morphology and
deformation ability, governed by the particle T g . For the soft type latex, it was found
that proton mobility is decreasing more rapidly due to deformation of particles and
interdiffusion of polymers. After 24 hours drying, water present in the hard and soft
coating is plasticizing two polymer phases with a different degree of hardness. The
hard coating is plasticized stronger due to the more hydrophilic nature of the polymer
chains.
The drying process of latex dispersions is influenced by additives present in the dispersions. The ionic strength of both latex dispersions should therefore be comparable
for both latex dispersions. For future work, studying the influence of sodium dodecyl
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Figure 3.12: Visual representation of the drying process of the hard and soft type latex. At the
start of the process, polymer particles are moving freely through the water phase. After approximately 20 minutes particles for both latex dispersions are closely packed due to the evaporation
of water. At this point, the drying behavior differentiates. The soft latex particles deform upon
further evaporation of water resulting in their closest packing morphology, whereas the hard
latex particles remain in a fixed position. After 24 hours drying, the soft type latex has formed
a coherent coating due to particle interdiffusion. The hard type latex has formed a brittle coating due to the absence of particle interdiffusion. Additional drying with CaCl2 for another 48
hours results in harder coatings due to the removal of water, which acts as a plasticizer for the
polymers.

sulphate (SDS) and other ionic content on the drying behavior of these latex dispersions
is recommended.

CHAPTER

FOUR
SURFACE CHARACTERIZATION OF DRYING ACRYLIC
LATEX DISPERSIONS WITH VARIABLE METHACRYLIC
ACID CONTENT USING DILATATIONAL RHEOLOGY

The surface of drying drops of acrylic latex dispersions, with different amounts of methacrylic
acid (MAA) was investigated using dilatational rheology to study the effect of particle accumulation on the mechanical properties of the surface during the early stage of the drying process.
By drying at different relative humidities RH, the drying rates could be changed. It was shown
that drying at high RH (85%) did not significantly alter the linear viscoelastic properties of the
surfaces. Drying at 65 and 53% RH, however, resulted in an increase of the viscous contribution to the response, ultimately showing non-linear viscoelastic behavior of the surfaces. The
appearance of a yield stress indicated that attractive forces, most likely of capillary and/or van
der Waals nature, were operating between particles at the surface, which upon surface expansion were disrupted in particle clusters. The magnitude of the energy dissipation due to this
phenomenon decreased with increasing MAA content. A plausible explanation for this behavior
is the formation of more gel-like structures at the latex surface due to the higher solubility of
polymer segments near to the particle surface. The higher distance between the particle centers
of mass results in less dominant capillary forces and van der Waals interactions.
Adapted from a manuscript by Voogt et al., accepted for publication in J. Coll. Interf.
Sci. (2019)

4.1

Introduction

Colloidal suspensions are part of everyday life and studies on the drying behavior of
these suspensions is therefore warranted. These studies cover different areas of science,
ranging from food physics to materials science and polymer science. Specific examples

4 Surface characterization of drying acrylic latex dispersions with variable methacrylic
40
acid content using dilatational rheology
include drying of protein and polymer dispersions to obtain coatings for a wide array
of applications [13, 78].
Since the composition of the polymer particles in a latex dispersion determines the
chemical, physical, and mechanical properties of the latex film after film formation,
the use of latex dispersions is a popular approach to design coatings with desired
properties for a lot of applications. The drying process of latex dispersions has been
widely studied with a large variety of different techniques [13]. Vanderhoff et al. gravimetrically determined that the drying of a latex dispersion consists of three stages:
the evaporation of bulk water, deformation of polymer particles, and interdiffusion of
polymers through the particle boundaries to form a cohesive film [79]. These stages
have been confirmed on numerous occasions [12, 80–83]. Although in essence Vanderhoff’s hypothesis is correct, it was disputed later that the first observed decrease of the
evaporation rate could also be caused by a process called ”skin formation”.
Particle accumulation at the latex surface occurs due to heterogeneous particle distributions during the drying process, resulting from an inbalance between the drying
rate of water and the diffusion of the polymer particles. A high rate of evaporation,
and hence a relatively weak diffusion of the particles, leads to particle accumulation on
the air-latex interface. If the particles are soft enough, i.e. the ambient temperature is
higher than the glass transition temperature T g of the polymer, polymer interdiffusion
at the interface can also take place resulting in the formation of a skin.
Accumulation of polymers at the surface of drying films has been observed and
studied before. Mallégol and co-workers have observed skin formation of a tackifying resin using GARField 1 H NMR and confirmed that water evaporation is slowed
down by this process [41]. Carter and co-workers used the same technique to study
the drying of acrylic co-polymers with different T g ’s [43]. They found that vertical water distributions became more heterogeneous with decreasing polymer T g to a point
where a coalesced skin layer was observed. In another study, skin formation of low T g
dispersions was found using Förster resonance energy transfer (FRET), which showed
the different stages of skin formation from particle compacting to deformation and interdiffusion [84]. Other studies showed that the addition of salt to ionically stabilized
latex dispersions also promoted particle accumulation on the surface [73, 85].
A better understanding of the mechanical properties of the surface of a drying latex
dispersion could provide valuable insight into the kinetics of surface solidification due
to particle accumulation, as well as the influence of drying rate and the composition of
the polymer particles on the mechanical properties of the latex surface. Although all the
aforementioned studies provided a clear image of the influence of the latex dispersion
composition on the possibility of particle accumulation and possible skin formation,
studies on the properties of the accumulated particle layer are, to our knowledge, not
done.
Dilatational rheology is a common technique to study interfacial rheology of, for
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example, interfaces in emulsions and foams to provide information on the stability
of such systems [45]. Studies in food science, however, have shown that it is also a
powerful technique to study interaction and structure formation of food ingredients on
air-liquid interfaces that show non-linear viscoelastic behavior. See, for example [46–
49, 51]. As such, it can also be used to study structure formation on latex dispersion
surfaces due to interaction of polymer particles.
In this study, the first time use of dilatational rheology using profile analysis tensiometry to study changes of the viscoelastic behavior of latex dispersion surfaces during drying is presented. Here, we aim to elucidate the solidification of a drying latex
surface due to particle accumulation and the influence of the drying rate and polymer
particle composition on forces operating between the accumulated particles. To this
end, dilatational rheology measurements have been performed on a series of acrylic
latex dispersions with varying methacrylic acid content. Drying drops of these dispersions at various relative humidities RH enables studying the influence of carboxylic
acid content as well as the drying rate on the viscoelastic properties of the dispersion
surfaces during drying.

4.2

Experimental procedure

Dilatational rheology measurements were done with a KSV CAM200 goniometer, of
which a schematic is shown in Fig. 4.1 explaining the set-up. Pictures of a drop hanging
from the end of a needle are taken and the contour of the drop is fitted with the YoungLaplace equation to derive the surface tension of the drop [86, 87]. This technique is
often referred to as profile analysis tensiometry (PAT). The device is equipped with
a PD200 pulsating drop module, which enables sinusoidal oscillations of the drop to
obtain dilatational viscoelastic properties of the drop surface.
A typical experiment was performed as follows. An optical glass cuvette is filled
with either water, to give an equilibrium relative humidity (RH) of 100%, or a concentrated salt solutions of MgNO3 , KI, and KCl, which give equilibrium RH’s of approximately 53, 65 and 85% [88]. The cuvette is covered and a syringe needle is inserted
through a hole in the cover. After 30 min equilibration time to ensure a stable RH, a
drop with a set volume > 8 µL is produced with a dosing unit at the end of the needle.
Subsequently, the drop is dried to a volume of 8 µL. Next, the pulsating drop module
is used to create sinusoidal oscillations of the drop volume with a frequency f of 0.05
Hz by means of a piezo pump. A CCD camera combined with background lighting
captures images of the drop at 5 frames per second. The contour of the drop is fitted
using the Young-Laplace equation, providing time dependent volume and area data,
as well as the surface tension σ [mN/m] of the drop as shown in Fig. 4.2. From the
amplitude of the surface tension response and the phase shift δ between the area and
surface tension curves, elastic and viscous moduli can be derived [45].
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Figure 4.1: Schematic drawing of the profile analysis tensiometry set-up used for the experiments.

To obtain viscoelastic data of the drying latex at different drying times, the measuring procedure is repeated with fresh drops of the latex dispersion at different starting
volumes > 8 µL. With this, measurements at different solid weight content sw due to
drying of the drop can be done at a fixed drop volume.
A typical PAT image of a drop of latex hanging drom a needle before drying is
shown in Fig. 4.3a. Contour fitting of this image with the Young-Laplace equation
provides drop volume, drop surface area, and surface tension data of the drop. During
drying the drop volume and surface area change. The shape of the drop may also
change and as a result, contour fitting shows the change of surface tension of the drop.
At some point during drying, typically when the latex solid content sw ≈ 40 wt%,
the Young-Laplace equation does not provide accurate fits anymore, i.e. the fitting
curve does not fit the contour of the latex drop. An example of a PAT image of such
a drop is shown in Fig. 4.3b. Plausible explanations for this are the increased bulk
viscosity of the latex or the formation of a skin of interdiffused latex particles at the
drop surface. At this point, measurement of the latex drop volume, surface area, and
surface tension is not possible anymore.

4.3

Drying of latex drops

The drying rate of latex can affect the heterogeneity of the polymer particle distribution. Particles can accumulate on the air-latex interface with fast evaporation of water
and may result in structure formation, affecting the viscoelastic properties of the latex
surface. This behavior can be predicted based on the balance on the evaporation time
tevap [s] of water and the particle diffusion time tdiff [s]. tevap is defined as
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Figure 4.2: Schematic plot of a drop area variation of an oscillating drop and the resulting response of the surface tension σ for a linear viscoelastic surface. A0 and σ0 are the drop area and
surface tension of the drop in equilibrium. The phase shift δ is caused by a delay in the response
of σ due to the surface viscosity.

tevap ≡

1V
,
EA

(4.1)

with V [m3 ] and A [m2 ] the drop volume a surface area of the latex dispersion before
drying, respectively, and E [m/s] the water evaporation rate. Note that V/A defines
the typical drop size. In case of a prefectly spherical drop
r
V
= ,
A
3

(4.2)

with r the drop radius.
tdiff is inversely proportional to the self-diffusion coefficient Dself [m2 /s] of the polymer particles
tdiff ≡

1
Dself



V
A

2
,

(4.3)

with Dself given by the Einstein-Stokes equation in the diluted regime
Dself =

kT
.
6πηR

(4.4)
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(a)

(b)

Figure 4.3: (a) PAT image of a drop of latex hanging from a needle before drying. (b) Overlay
of PAT images for drop shape comparison. The drop of latex after too long drying (smaller drop
in the image) cannot be fitted with the Young-Laplace equation anymore. The fresh latex drop
(larger drop in the image) shows a more symmetric and spherical contour.

Here, T [K] is the temperature of the latex dispersion, η [Pa.s] is the water viscosity, and
R [m] is the polymer particle radius. When tevap  tdiff acummulation of the polymer
particles on the latex-air interface is expected, whereas for tevap  tdiff homogeneous
water and polymer distributions are expected. This is commonly predicted by the Peclet
number Pe
Pe ∼

tdiff
6πηRE V
,
=
tevap
kT A

(4.5)

where Pe  1 predicts particle accumulation on the interface and Pe  1 predicts
homogeneous drying of the latex dispersion film.

4.4
4.4.1

Dilatational rheology of drying latex dispersion drops
Latex dispersion surface before drying

During drying of a latex dispersion, the mechanical properties of the surface can
change. The viscoelastic properties of drops of latex dispersions before and during
drying obtained by dilatational rheology experiments can be used for comparison
to these changes. In Fig. 4.4 elastic Lissajous plots are shown of the various latex
dispersions before drying.
Before drying, the surfaces of the various latex dispersions clearly show elastic behavior, apparent from the absence of assymetry between surface expansion and compression, with similar amplitudes of Π and hence similar vales of ed (ed ≈ 17 mN/m).
This indicates that diffusion of polymer particles from the bulk to the air-latex interface
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Figure 4.4: Elastic Lissajous plots with three oscillations of the 2%, 5%, and 10% MAA latex
dispersions before drying with the solid weight fraction sw ≈ 34 wt%.

is relatively slow compared to the expansion and compression rate of the drop surface
so that variation in Π can be observed. Moreover, interaction between particles leading
to viscous behavior is not significantly present, as is apparent from the small value of
δ.

4.4.2

Dynamic elastic behavior during drying

The viscoelastic behavior of the drop surfaces may change upon drying depending on
the RH of surrounding atmosphere of the drop. After drying of a drop to a certain sw
at different RH’s, and hence drying rates, the change of the viscoelastic properties of
latex dispersion surfaces can be studied. In Fig. 4.5 elastic Lissajous plots are shown of
drying drops of the various latex dispersions dried to similar sw of approximately 38
wt% at different RH.
From the shapes of the different curves shown in Fig. 4.5 several phenomena are
observed. The curves at 85% RH show the least change from the Lissajous curves
shown in Fig. 4.4. Especially the curves for the 2 and 5% MAA latex dispersions
show no significant change, indicating that the viscoelastic surface properties remain
unchanged during drying. At 10% MAA, however, the viscosity of the drop surface
appears to increase, apparent from the increased phase shift, indicating non-reversible
processes leading to energy dissipation. Moreover, the elastic secant modulus ed,sec , as
is shown in Table 4.1, is also higher compared to the other dispersions.
Drops dried at lower RH, and hence at increased drying rate, show more significant
changes. For example, drying of the 2% MAA dispersion at 65% and 53% RH results in
non-linearities in the viscoelastic behavior, as is obvious from the assymmetrical shape
of the Lissajous curves as shown in Figs. 4.5b and c. The non-linearities are present
during expansion of the drop surface, as is highlighted by the arrows. At 53% RH, at the
start of expansion the plot has a steep slope which points to strong interactions between
the particles, leading to a structure with significant elasticity. Then the structure yields,
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Figure 4.5: Elastic Lissajous plots with three oscillations of drops of the (a-c) 2% MAA, (d-f)
5% MAA, and (g-i) 10% MAA latex dispersion dried to similar sw of approximately 38 wt% at
different RH’s. Note the different scales for Π. The slope of the dotted line in figure c is an
example for the determination of the second modulus ed,sec . The arrows in figures b, c, and f
highlight the appearance of a ”yield stress”.
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Table 4.1: Secant elastic moduli ed,sec [mN/m] of the latex surfaces after drying to approximately
sw = 38 wt%, as derived from the Lissajous curves shown in Fig. 4.5.

latex (% MAA)

85% RH

65% RH

53% RH

2
5
10

15
13
24

18
27
21

55
27
22

and the slope of the plot is nearly zero for 0 < D < 0.05. In compression, a nearly linear
elastic behavior is observed, underlining the presence of irreversible processes on the
surface during expansion.
Similar to the drying of the 2% MAA dispersion, non-linearities appear most significantly during expansion of the drop surfaces of the 5% and 10% MAA dispersions.
The yielding of the surface structure of the 5% MAA dispersion at 53% RH, however, is
far less prominent compared to the 2% MAA dispersion. For the 10% MAA dispersion,
this phenomenon is absent. This indicates the influence of the MAA content on interaction of particles accumulated on the latex surface. With decreasing MAA content, the
viscous contribution increases.
Influence of the MAA content on the elastic properties can be found in ed,sec listed
in Table 4.1. For the 2% and 5% MAA dispersions, this increases with decreasing RH,
but this is more pronounced for the 2% MAA dispersion. For the 10% MAA dispersion
ed,sec appears unaffected by the different ambient RH used in this study. Hence, apart
from the obvious effect of RH on solidification of the surfaces of the latex dispersions,
the MAA content is shown to significantly affect the viscoelastic surface properties
too. Quantification of the viscous contributions can elucidate the role of MAA on the
viscoelastic surface properties.

4.4.3

Surface viscosity during drying

In the previous section it was shown that the increase of surface viscosity depends both
on the drying rate E and the MAA content of the latex dispersions. To explain this, it
is necessary to consider processes occurring on the latex surface.
Before the start of the drying process, the surface pressure change during drop
oscillation can be explained by the presence of polymer particles on the surface as is
shown schematically in Fig. 4.6.
At rest, surface active components in the latex dispersion diffuse from the bulk
of the drop to the latex-air interface, lowering the surface tension of the drop. This
diffusion process is slow and the time needed to reach an equilibrium surface tension
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Figure 4.6: Schematic of a latex dispersion surface showing linear elastic behavior. Particles do
not interact. On expansion of the surface, Π increases since more bear surface is available and
particles only diffuse slowly to the surface. Hence, Π increases linearly with the drop surface.

is approximately 3 minutes. This is supported by the low values of Π before drying
at the oscillation frequency of 0.05 Hz as is shown in Fig. 4.4. Hence, the appearance
of more ”open” surface area leads to an increase of the surface tension and Π. This
process is reversed during compression of the drop surface and leads to a concentration
of surface active components on the latex-air interface, resulting in a decrease of the
surface tension and Π.
During drying of the latex dispersion drops, different drying phenomena can be
expected depending on both the drying rate and the composition of the latex dispersions. Depending on the diffusion of the polymer particles and the evaporation rate of
water, heterogeneous particle distributions can be expected at high drying rates as was
explained in Sec. 4.3, which can be predicted by the Peclet numbers Pe. Depending on
the composition of the latex particles, different particle interactions on the latex surface
during drying are expected.
Particle accumulation at the latex surface
To calculate Peclet numbers Pe using Eq. 4.5, the drying rate E can be derived from the
drop volume decrease due to evaporation of water ∆V evap [m3 ],
E≈

1 ∆Vevap
,
tevap A

(4.6)

By plotting ∆V/A versus tevap , E can be derived from the slope of the linear fits of
the curves. An example is shown in Fig. 4.7a for the 2% MAA latex dispersion at the
various RH. In Fig. 4.7b, values of E are shown as a function of latex MAA content
[MAA] at the various RH.
As expected, E increases with decreasing RH. Moreover, between the various dispersions, no significant variations of E are found at the individual RH. Two conclusions
can be drawn from Figs. 4.7a and b.
One, free evaporation takes place and skin formation due to polymer interdiffusion
at the latex surface does not take place, since this would result in a decrease of E during
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Figure 4.7: (a) Decrease of ∆V/A of the 2% MAA latex drops versus the drying time at the various
RH. (b) Drying rates E derived from the slopes of the drying curves as shown in (a). (c) Weighted
drying rates E0 obtained by recalculating E with the water activity difference ( ac − a) of the latex
drop and the surrounding atmosphere, respectively.

drying. Fig. 4.7a, however, shows a constant rate of evaporation of water in time.
Earlier, we reported higher values of E than those shown in Fig. 4.7b [89]. It should
be noted, however, that these values were obtained under different ambient conditions.
In the same paper, we showed that the activity corrected evaporation rate E0 can be
used to investigate limiting effects on E
E0 =

E
,
ac − a

(4.7)

with ac the water activity of the latex drop (ac ≈ 1) and a the water activity of the
atmosphere,
a=

RH
.
100%

(4.8)

The results of the rescaling of Fig. 4.7b with Eq. 4.7 is shown in Fig. 4.7c. This shows
that E0 is equal for the various RH, indicating that evaporation of water is externally
limited and can therefore evaporate freely from the film.
Two, according to Eq. 4.5 Pe are similar for the dispersions dried at similar RH.
Values for Pe are calculated for each latex dispersion at the various RH. Results for the
2% MAA latex dispersion are shown in Fig. 4.8.
Obviously, Pe > 1 for all latex dispersions indicating that particle gradients on
the drying latex surfaces during drying are expected. Moreover, Pe increases with
decreasing RH. This is in line with the expectation that a higher drying rate promotes
heterogeneous particle distributions.
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Figure 4.8: Peclet numbers as a function of the drying at the various RH’s for the 2% MAA latex
dispersion.

Influence of MAA content on particle interactions
Particles present on the latex surface due to fast drying can interact. In Sec. 4.4.2 it was
shown that the latex MAA content significantly affects the viscoelastic surface properties during drying. Quantification of the surface viscosity during drying provides a
better insight into the influence of MAA on the particle interactions on the surface.
The non-linear viscoelastic behavior during drop surface expansion at 65 and 53%
RH, as shown in Fig. 4.5, and the almost linear elastic behavior during compression
show that during expansion energy dissipates. With curve integration of the elastic
Lissajous plots during surface expansion and compression the work during expansion
W exp [J] and compression W com [J] is obtained and the dissipated energy ∆W [J], shown
in Fig. 4.9, can be calculated
∆W = Wexp − Wcom .

(4.9)

With Eq. 4.9 ∆W during drying can be calculated for each latex dispersion at the
various RH. The results are shown in Fig. 4.10.
In Fig. 4.10a, drying at 85% RH does not show significant energy dissipation for
the three latex dispersions during drying. This is expected since the Lissajous curves
at 85% RH in Fig. 4.5 show a nearly linear elastic behavior. At 65% RH, ∆W increases
during drying of the various latex dispersions, indicating the presence of attractive
forces between particles at the latex surface that are disrupted during surface expan-
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sion. Comparing the various dispersions, there are no significant differences of ∆W
observed at this RH. At 53% RH, however, ∆W appears to increase to higher values with decreasing MAA content during drying. An explanation for this behavior is
presented schematically in Fig. 4.11.
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Figure 4.10: Intracycle energy disspation as a function of latex solid content for the different latex
dispersions. Dashed lines are drawn to guide the eye.

At high MAA content the particle surface is enriched with MAA due to its relatively
high water solubility. In the presence of water, there is a swollen outer layer. If the
particles come into close proximity, depicted by situation I in Fig. 4.11, these segments
interact through hydrogen bonding between the carboxylic acid functionalities and a
more gel-like structure between the particles is formed [90]. At lower MAA content,
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however, particles behave more like hard spheres as depicted by situation II in Fig.
4.11. This promotes other particle interactions such as capillary forces and van der
Waals interactions.

Figure 4.11: Schematic representation of polymer particles in close proximity at a latex surface
as a result of particle accumulation. Situation I shows particles with a high MAA content, which
have an outer layer (indicated by the dotted lines) enriched with MAA causing it to swell in the
presence of water. During drying, a more gel-like structure is formed. Situation II shows particles
with a low MAA content. Due to the lower amount of MAA near to the particle surface, particles
are interacting differently. Other forces, such as van der Waals forces or capillary forces, play a
more dominant role.

Forces operating on particles during drying
To explain the observations in the previous section, different attractive forces between
particles need to be considered. An overview of these forces is given by Visschers and
co-workers, including typical values for these forces [80]. The different attractive forces
that can explain the energy dissipation are van der Waals forces and capillary forces
between particles.
Another contribution could be polymer interdiffusion across inter-particle boundaries, which would cause disentanglement of the polymer chains upon expansion of
the latex surface. Results discussed in Sec. 4.3, however, showed that skin formation
does not take place.
According to Fig. 4.8 stronger particle gradients near the drying latex surface are
expected due to higher drying rates [74, 91]. Therefore, at lower RH particle interactions
are more likely to arise during the drying process, which is confirmed by the Lissajous
curves in Fig. 4.5. The magnitude of force F [N] necessary to overcome irriversible
inter-particle attractions is approximated with
∆W ≈ F∆L.

(4.10)
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Figure 4.12: Representation of particle or particle cluster displacement during expansion of the
latex drop surface. The squares represent the particles or particle clusters.

Here, ∆L [m] is the average displacement of particles, or clusters of particles, on the
surface. A first order estimate of ∆L can be derived from the surface area change
during expansion ∆O using the schematic drawing shown in Fig. 4.12. For convenience
of calculation, particles or particle clusters are assumed to be squares.
As explained in appendix I, ∆L can be approximated by
∆L ≈

1 ∆O
L0
,
2 O0

(4.11)

with O0 the particle or particle cluster surface area before surface expansion, which is
determined by
O0 = L20 ,

(4.12)

with L0 = NZav [m] the particle length (for N = 1) or cluster length (for N > 1) before
surface expansion. Values of Zav are listed in Table 2.4. With different values of N, Eqs.
4.10 and 4.11 can be used to assess Fcap for different cluster sizes. In table 4.2 results are
listed for the latex dispersions dried at 53% RH to approximately 38 wt% for different
N.
According to Visschers, values for capillary forces Fcap , caused either by the receding
water/air interface or liquid bridges between particles, are in the order of 1 − 3 × 10−7
N and those for Van der Waals forces Fvdw are a factor of 20 smaller. [80]. From
the values listed in table 4.2 it is obvious that for single particles F would be too low.
Hence, we suggest that the surface is disrupted in clusters of particles rather than single
particles.
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Table 4.2: Calculation results of the forces F [N] during expansion of the drop surface of the
various latex dispersions dried at 53% RH to approximately 38 wt% for different N.

4.5

latex (% MAA)

N=1

N = 10

N = 100

2
5
10

1.5 × 10−9
6.8 × 10−10
5.1 × 10−10

1.5 × 10−8
6.8 × 10−9
5.1 × 10−9

1.5 × 10−7
6.8 × 10−8
5.1 × 10−8

Conclusions

Dilatational rheology has been used to characterize the mechanical properties of surfaces of drops of acrylic latex dispersions with various methacrylic acid (MAA) content
dried at different relative humidities (RH).
Evaporation of water from the latex at any of the applied RH is linear, indicating
that skin formation due to interdiffusion of particles at the surface does not take place.
It was found that with increasing drying rate, controlled by the ambient RH, nonlinearities in the viscoelastic properties become more apparent. During drying at 65
and 53% RH, particle accumulation and concomitant particle interactions at the surface
were found that were not present at 85% RH. Depending on the MAA content of the
latex dispersions, these interactions differ significantly.
At 2 wt% MAA content in the copolymer, capillary forces or Van der Waals forces
operating between particles accumulated at the surface result in a significant increase
of the surface viscosity at 65 and 53% RH. This effect becomes less pronounced with increasing MAA content. The higher solubility of the polymer segments near the particle
surfaces is hypothesized to result in the formation of more gel-like structures through
hydrogen bonding and dimerization of the carboxylic acid groups. Hence, at lower
MAA content of the copolymer, particles behave more like a hard spheres, which promotes capillary forces and van der Waals interactions.
Calculations have shown that upon surface expansion, forces that arise during drying at lower RH are disrupted, resulting in energy dissipation during expansion of the
drop surface. To explain the values of the dissipated energy, it is proposed that expanding surfaces of the latex dispersions are not disrupted into individual latex particles,
but clusters of particles.

CHAPTER

FIVE
FILM FORMATION OF HIGH T G LATEX USING
HYDROPLASTICIZATION

The film formation of acrylic latex dispersions, containing different amounts of carboxylic acid
functional groups by the incorporation of methacrylic acid (MAA), was studied with GARField
1 H NMR at various relative humidities (RH). Polymer particles with glass transition temperatures in the range from 26 to 50 ◦ C formed films at room temperature, because of hydroplasticization. It was found that with increased drying rate due to lower RH, the evaporation flux
of water was limited by the latex polymer. Only in the second stage of drying this phenomenon
was more obvious with increasing MAA content. 1 H NMR relaxometry was used to study the
change of hydrogen mobilities during film formation and hardening of the films. This showed
that the drying rate itself had no impact on the hydrogen mobility in the latex films as measured via the T2 relaxation time. Hydrogen mobilities of water and the mobile polymer phase
only significantly decrease after the evaporation of bulk water. This implies that the rigidity
of the polymers increases with the evaporation of water that otherwise plasticizes the polymer
through hydrogen bonding with the carboxylic acid groups. This hardening of the polymer phase
is essential for applications in a coating. The hydrogen mobilities were affected by the MAA
concentration. Densities of mobile hydrogens increase with increasing MAA content. This is
expected if the mobile protons are contained in the MAA groups. The result thus confirms the
role of carboxylic acid groups in hydrogen bonding and plasticization of the copolymers. Hydrogen mobilities, however, decrease with increasing MAA content, which is hypothesized to be
caused by the formation of dimers of carboxylic acid groups that still hold water. They still enable short range polymer hydrogen mobility due to hydroplasticization, but limit the long range
polymer mobility due to interaction between the carboxylic acid groups.
Adapted from a manuscript by Voogt et al., submitted to Langmuir. (2019)
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5.1

Introduction

Only mobile polymers can undergo particle deformation and polymer interdiffusion.
Hence, in an application the user has the dilemma of choosing between a hard polymer
with a volatile plasticizer, that contributes to the emission of volatile organic components (VOCs), or a soft polymer that does not provide good surface protection. This
choice between two extremes is called the ”film formation dilemma” [13, 92, 93]. However, hydroplasticization, i.e. plasticization of polymers by water, offers a way to avoid
the problem of VOCs. The degree of hydroplasticization can be influenced by the polymer chemistry. More specifically, increasing polymer polarity promotes the interaction
with water [23].
The monomer building blocks that are incorporated into the polymer chains interact
with water, meaning that they can either bind water, for example through hydrogen
bonding, or repel water due to the hydrophobic nature of the monomers [23]. The
effect of polymer composition on the film formation process has been described in
numerous scientific publications. Examples are probing the minimum film formation
temperature (MFT) using an MFT bar [27, 28, 94] and studying polymer mobility using
the fluorescence esonance energy transfer (FRET) technique [30].
For acrylic copolymers, examples of highly hydrophilic monomers are acrylic acid
(AA) and methacrylic acid (MAA). These monomers are often used to incorporate
charged functionalities via deprotonation of the carboxylic acid groups, enabling colloidal stability of the polymer particles [95]. Moreover, these monomers can bind high
amounts of water by hydrogen bonding with the carboxylic acid constituents ensuring hydroplasticization of the copolymers, which lowers their effective glass transition
temperature T g [23, 96, 97]. The hydroplasticization effect can be used as a way to
obtain film formation of polymers with a dry T g above the ambient film formation temperature. Hard polymer particles do not deform and coalesce to make a film [98, 99].
Hydroplasticized particles are able to film form, and a hard coating is expected upon
the loss of water. However, rigorous investigations of the phenomenon are lacking in
the literature.
GARField 1 H NMR profiling has already been used to study the film formation
process of different polymer systems [36, 40, 43, 44, 55]. Due to its high gradient in
the magnetic field, hydrogen distribution profiles, local hydrogen mobilities, and local
hydrogen densities can be studied during latex film formation.
Here, we study the film formation process of acrylic latex dispersions with variable
MAA content using GARField 1 H NMR with the aim of gaining a valuable insight
into the role of the carboxylic acid constituents on water and polymer mobility. The
experiments measure the molecular mobility of the polymer phase in the presence of
water and as the film hardens after evaporation of water to make a hard coating. Hence
, the aim of this study is to understand the influence of the hydroplasticization effect
on the film formation behavior of the latex dispersions.

5.3 Experimental procedure

5.2
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Experimental procedure

The use of GARField 1 H-NMR imaging and its design and principles have first been
described by Glover et al. [54]. This technique is a useful tool to study the drying
process of thin films. The current equipment has a magnetic field strength of 1.5 T with
a static gradient of 42.2 ± 0.2 T/m. An Ostroff-Waugh [75] pulse sequence (90◦x -τ-[90◦y τ-echo-τ]n ) is used to obtain signal decays from which T2 relaxation times of both water
and polymer are obtained. Unless stated otherwise, the echo time te = 2τ used for this
study is 40 µs with an acquisition time tac of 35 µs, resulting in a spatial resolution of 14
µm. The long delay l d was set at 1.7 s and the number of echoes n at 128. To reduce the
signal-to-noise ratio, signal decays were obtained by averaging multiple measurements
as follows: for t < 0.6 h, 32 averages, for 0.6 < t < 3 h 256 averages, and for t > 3 h
1024 averages. The results were normalized with a signal decay of an aqueous 0.025 M
CuSO4 solution, with te = 40 µs, tac = 35 µs, l d = 0.3 s, n = 2048 and 4096 averages.
The NMR set-up is equipped with a temperature and humidity controlled chamber
in which the sample is placed directly onto the RF coil. This sample holder is a 140 µm
thick cover glass covered with a microscope glass slide having a circular hole with a 10
mm diameter. Herein, 50 µL of latex was placed using a 100 µL volumetric pipette, resulting in a wet coating of about 400 µm thickness. Initially, the sample holder is closed
with a silicone stopper to perform a measurement without any drying. Subsequently,
the cover is removed and sequential drying measurements are performed.
The RH in the climate chamber was set at either 46±1%, 62±1%, or 79±1%. The
temperature was set at 23 ◦ C, which is below the T g of the dry copolymers listed in
Table 2.5.

5.3

Influence of relative humidity on the drying rates

The drying rate E [m/s] can be externally limited by the environment or internally
limited by transport through the film. In case of only external limitation, water can
evaporate freely from the drying film
dm
= − AEρw ,
dt

(5.1)

with m the mass of the evaporated water, t the evaporation time, A the area of evaporation, and ρw the density of water. Since E is determined by the water activity difference
of the film surface af and the environment a, it can be expressed as
E = E 0 ( af − a ),

(5.2)

with E0 [m/s] the drying rate compensated for the driving force due to the water activ-

58

5 Film formation of high T g latex using hydroplasticization

ity difference. With this, Eq. 5.1 can be written for E0
dm
= − AE0 ρw ,
dt0

(5.3)

with the ”normalized” drying time t0
t 0 = ( af − a ) t

(5.4)

Thus t0 can be calculated if both a and af are known. For the latex dispersions af ≈ 1
and a can be directly calculated from the RH in the climate chamber
RH = a × 100%.

(5.5)

Eq. 5.4 can be used to study driving forces for water evaporation from the latex
dispersions.
One phenomenon that can limit E is the accumulation of polymer particles on the
surface of the latex dispersion layer, which can form a barrier for water evaporation.
During drying, the distribution of polymer particles in a latex dispersion layer can be
affected depending on the evaporation time of water tevap [s]
H
,
(5.6)
E
with H [m] the initial thickness of the latex dispersion layer. The characteristic diffusion
time tevap [s] of the polymer particles is inversely proportional to the particle diffusion
coefficient D0 [m2 /s]
tevap ∼

tdi f f ∼

H2
,
D0

(5.7)

with D0 given by the Stokes-Einstein equation in the dilute regime as
D0 =

kT
,
6πηR

(5.8)

with T [K] the temperature of the latex dispersion, η [Pa.s] the solvent viscosity, and
R [m] the polymer particle radius. If tdiff  tevap particles would accumulate on the
film/air interface. The Peclet number Pe is used to predict this heterogeneous distribution of polymer particles
Pe =

tdi f f
6πηHRE
=
.
tevap
kT

(5.9)

If Pe  1, heterogeneous polymer particle distributions are predicted, whereas for
Pe  1 homogeneous distributions are expected.
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Figure 5.1: Hydrogen distribution profiles of a latex containing (a) 2% MAA and (b) 20% MAA
drying at 79±1% RH. The color change of the profiles from red to green indicate profiles from
early to most recent measurement.

5.4
5.4.1

Results and discussion
Drying rates of latex dispersions

Film formation occurs at 23 ◦ C in the magnetic field, resulting in crack-free and transparent films. This can be understood by the plasticization of the copolymers in the wet
latex, lowering the T g ’s below the film formation temperature as can be seen in Table
2.6 [96].
During the drying process of a latex film, bulk water that is present in the film
evaporates. Water evaporation rates can be derived from temporal hydrogen distribution profiles obtained with GARField 1 H NMR. In Fig. 5.1 examples of hydrogen
distribution profiles of the 2% and 20% MAA dispersions during drying at 79±1% RH
and 23 ◦ C are shown.
The hydrogen distribution profiles in Fig. 5.1 can be used to determine the film
thickness decrease ∆H
∆H = H (0) − H (t),

(5.10)

with H (0) the film thickness before drying and H (t) the film thickness at t.
The hydrogen distribution profiles in Fig. 5.1 show spatial signal intensities I ( x ),
proportional to mobile hydrogen densities according to Eq. 2.12, during drying of
the latex film. This clearly shows latex-air fronts, which are receding faster for the
2% MAA latex dispersion. This front shows a gradient, which is caused by the lowe
spatial resolution of approximately 14 µm and averaging over multiple measurements
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as described in Sec. 5.2. ∆H of the latex dispersion layer can be estimated from the
front and bottom positions, which are taken at I = 0.5Imax , with Imax the maximum
signal intensity of each profile. In Fig. 5.2a and 5.2b ∆H as a function of drying time is
shown for the 2% and 20% MAA latex dispersions.
In the plots in Fig. 5.2 two phases can be distinguished. First, a linear increase
of ∆H is observed, which is a result of the water evaporation and the concomittant
shrinkage of the film. Second, ∆H stabilizes to a constant thickness. In this phase,
further evaporation of residual water in the coating does not significantly change ∆H.
From linear fits of the plots in the first phase, E can be determined from the slopes.
The linear fits for the 2% MAA latex dispersion in Fig. 5.2a clearly show an increased
E with decreasing RH, which is in line with the expectation that a higher ambient RH
leads to slower evaporation of water. The results for the 20% MAA latex dispersion
shown in Fig. 5.2b, however, do not show this relation, since at 46±1% RH E appears
to be higher than at the other, higher RH’s. This already indicates that additional
phenomena are influencing E.
To obtain a better insight into the cause of the deviations in the drying behavior,
Eq. 5.9 is used to calculate Pe for all the dispersions at the different RH’s. For this, E
obtained from the linear fits as shown in Fig. 5.2a and b were used. Results are shown
in Fig. 5.3a. Moreover, Eq. 5.2 was used to calculate the normalized drying rate E0 and
evaluate how drying rates are affected by the climate chamber RH. Results of these
calculations are shown in Fig. 5.3b.
The values found for E, and therefore E0 , are significantly higher than those found
in the literature for pure water or latex films drying in static air [43, 74, 100]. It should
be noted, however, that the values reported here are obtained with an air flow in the
climate chamber.
As discussed in Sec. 5.3, fast drying of latex dispersions can result in heterogeneous
water-polymer distributions due to accumulation of polymer particles on the latex-air
interface. Fig. 5.3a clearly shows that Pe  1 for all the latex dispersions at any of
the applied RH, indicating that this particle accumulation is indeed taking place. This
could inhibit E. Although the hydrogen distribution profiles shown in Fig. 5.1 are
expected to show a gradient in the NMR signal, similar to those found by Carter [43],
this is not visible due to the low spatial resolution of the current profiles.
E is proportional to the water activity difference af − a, as is schematically shown in
Fig. 5.4, and is expected to be inversely proportional to the polymer barrier thickness δ,
E∝

af − a
.
δ

(5.11)

According to Eq. 5.11, a decrease of af or an increase of δ would result in a decrease
of E during drying. The data in Fig. 5.2, however, show linear slopes and Fig. 5.3b
shows that E is propotional to af − a. This implies that af remains constant during
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Figure 5.2: (a) and (b): ∆H of the 2% and 20% MAA latex dispersions respectively dried at 79±1,
62±1, and 46±1% RH. The red lines represent linear fits with slope E. (c) and (d): ∆H of the
2% and 20% MAA latex dispersions respectively dried at 79±1, 62±1, and 46±1% RH, with the
drying time t adjusted with the water activity difference ( af − a) to t0 . The dashed line indicates
the transition point from shrinking films to films with a stable film thickness.
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Figure 5.3: (a) Pe dependence on the latex dispersion MAA content ([MAA]). (b) Dependence of
E0 on [MAA].

Figure 5.4: Schematic drawing of a drying latex film resulting in heterogeneous water and polymer distributions. The water activity on the latex surface af is approximately 1 and remains
constant during drying of the latex films, as reflected by a constant E. The polymer barrier thickness δ, which is formed rapidly between the first two 1 H NMR measurements (0 - 3 min.), is
expected to increase during drying since Pe  1. The water evaporation flux J is not affected by
this, meaning that the surface of the latex layer remains open during the bulk drying of the latex
films.

drying and the increase of δ does not affect the evaporation of water. This implies that
evaporation of water is not hindered by particle accumulation due to high Pe values.
Hence, no significant particle deformation and coalescence of the accumulated particle
takes place.
The calculation results of E0 in Fig. 5.3b show a trend of decreasing E0 with an
increasing MAA concentration [MAA]. This would suggest that the increased MAA
content of the particles plays a role in the drying behavior of the latex dispersions. A
plausible explanation would be that hydrogen bonding of carboxylic acid groups with
water can inhibit E [101]. Therefore, the effect of MAA will be considered next.
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Figure 5.5: Ostroff-Waugh decay of the 2% MAA latex dispersion before drying.

5.4.2

Hydrogen mobilities during film formation

Analysis of the Ostroff-Waugh signal decay
As was shown in section 5.4.1 the values of E and E0 can be affected by the presence
of MAA and thus carboxylic acid constituents of the polymers. Fig. 5.3b has shown
that increasing the MAA concentration in the polymer results in a decrease of E0 . To
determine the influence of MAA on the drying process and film formation of latex
polymers with T g below the ambient temperature, 1 H NMR relaxometry has been used
to study the water and polymer hydrogen mobilities during drying. As an example,
in Fig. 5.5 an Ostroff-Waugh decay of the 2% MAA latex dispersion before drying is
shown.
From the Ostroff-Waugh decays T2 relaxation times can be obtained. These relaxation times are a measure of hydrogen mobility, and hence water and polymer mobility,
with increasing values indicating higher mobilities. For each observed T2 a hydrogen
density ρ is also obtained, which is a measure of the density of hydrogens with a given
mobility.
The Ostroff-Waugh decay in Fig. 5.5 and subsequent decays during drying of the
various latex dispersions, show the presence of two hydrogen pools with different mobilities. This means that they can be fit with Eq. 2.12 using k = 2 resulting in a short
T2,short and long T2,long relaxation with their respective hydrogen densities ρshort and
ρlong . T2,short was previously attributed to hydrogens of rigid polymer domains in the
latex, whereas T2,long has been attributed to hydrogens of water and soft polymer domains [44]. These soft polymer domains may arise from an MAA enriched surface layer
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of the particles, which is also indicated by the results of the DSC analyses listed in Table
2.5.
The width of T g transition region Tg,width increases with increasing MAA content. A
plausible explanation for this phenomenon is the non-uniformity of the latex particles.
Moreover, with increasing MAA content increasing concentrations of MAA oligomers
are expected in the water phase.
Effect of RH on hydrogen mobilities
Determination of T2 and the hydrogen density ρ as a function of the drying time for
each latex dispersion at the various RH can provide valuable insight into the influence
of latex MAA content on the drying rate of the latex films. In Fig. 5.6 results are shown
for the 2% MAA latex dispersion.
The short relaxation time T2,short in Fig. 5.6a does not show any significant variation
during drying. This could indicate the presence of a rigid polymer fraction with low
hydrogen mobility, having no apparent interaction with water. The hydrogen density
ρshort shown in Fig. 5.6b, however, increases during the drying process.
Since ρshort represents the hydrogen density of a rigid polymer phase, it’s value
would scale with the polymer concentration during drying. Relative polymer concentrations can be obtained from the minimum film thickness Hmin , where the solid weight
sw approaches 100%, and the thickness of the latex film at any point during the drying
process H (t). In Fig. 5.7a, ρshort is shown versus Hmin /H (t) of films of the various latex
dispersions dried at 79±1% RH. This indeed shows linear behavior of ρshort with the
latex solid content for all dispersions and that ρshort increases due to concentrating of
the polymer phase.
The long relaxation time T2,long in Fig. 5.6c shows a gradual decrease down to a
constant value. This behavior was explained before by the evaporation of water and
the decrease in polymer hydrogen mobility [44]. The relative hydrogen density ρlong
for T2,long decreases, as can be seen in Fig. 5.6d. Fig. 5.7b shows the correlation of
ρlong with Hmin /H (t), proving the relation between the decrease of ρlong and the loss of
mobile hydrogen atoms due to evaporation of water. Although Fig. 5.7 clearly shows
the concentration effect, a more in depth analysis of T2,long is needed to elucidate the
role of water-polymer interaction on hydrogen mobility.
To investigate the influence of the RH in the climate chamber on the bulk drying
process of the latex dispersion films, the relation between T2,long and the corresponding
ρlong was investigated for each dispersion. In Fig. 5.8a T2,long is shown as a function of
ρlong for the 2% MAA dispersion at the various RH. Clearly, E controlled via the RH
has no impact on the relaxation behavior of the hydrogens, which supports the results
in Fig. 5.3b that the RH does not significantly influence the drying process of the latex
dispersions.
The MAA content strongly influences the hydrogen relaxation behavior. Fig. 5.8b
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shows T2,long as a function of ρlong for all dispersions dried at 79±1% RH. When
comparing the hydrogen mobilities during drying of the different latex dispersions,
clear differences are found. Hydrogen mobilities decrease with increasing MAA content
of the latex at a given ρlong . The decrease of water hydrogen mobility due to hydrogen
bonding with carboxylic acid groups can explain this behavior.
The influence of MAA content on film formation
As was shown in Fig. 5.6, both ρlong and T2,long decrease and ρshort increases during
drying of the latex dispersions. A better understanding of the effect of water evaporation on the hydrogen density and mobility changes can be obtained by plotting T2,long
and the hydrogen densities ρshort and ρlong as a function of H, shown in Fig. 5.9 for the
10% MAA latex dispersion dried at 79±1% RH.
Clearly, during an initial drying stage T2,long does not change significantly. This
indicates that the overall hydrogen mobility present in this pool during this stage of the
drying process is hardly affected by the evaporation of water. The solid content of the
latex dispersion at this point is approximately 68 wt%. Previously, it was found that at
this point the drying film reaches its closest particle packing [44]. When H approaches
Hmin , T2,long shows a sharp decrease, indicating a decrease of hydrogen mobility when
most water has evaporated.
To provide a better insight into the hydrogen mobilities near the end of the the
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drying process, Fig. 5.10 shows the inverse of T2,long as a function of ρlong . Even
after the coatings reached their minimum thickness and the minimum value of ρlong ,
the hydrogen mobilities still decrease drastically. This shows that the rigidity of the
polymers still increases, most likely due to continued evaporation of small amounts of
water that provided a high degree of hydroplasticization to the polymers. At this point,
differences between the various latex dispersions are clearly visible.
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Figure 5.10: Inverse of T2,long as a function of ρlong . The arrow is drawn to stress the effect of
increasing MAA content on the hydrogen mobility of the various latex dispersions during the
drying process.

Apparently, with an increase in MAA content the rigidity of the polymers at similar ρlong increases. This can be explained by the dimerization of carboxylic acid constituents on the polymer chains, shown in Fig. 5.11, resulting in a lower polymer mobility with increasing MAA content. The density of mobile hydrogens, however, decreases
to lower values with decreasing MAA content as indicated by the lower values of ρlong
in the dried coatings. This could indicate a lower water content of the coating at the
end of the drying process due to the lower polarity of the latex coating.
FTIR-ATR measurements support this hypothesis, as dimers of carboxylic acid were
shown to be present. For details on measurements and results we refer to [97]. For the
15 and 20% MAA films, however, charged carboxylate groups are still present, apparent
from a band at 1542 cm−1 representing COO− stretch vibrations as shown in Fig. 5.12
[53]. This would imply that evaporation or partial evaporation of ammonia during the
drying process leads to protonation of the carboxylate groups. Since carboxylic acid
groups bind less water (1.3 mol/mol COOH) than carboxylate groups (11.3 mol/mol
COO− ) the degree of hydroplasticization of the copolymers decreases significantly.
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Figure 5.11: Schematic drawing of a dimer of carboxylic acid constituents on copolymer chains.
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Figure 5.12: FTIR-ATR absorbance spectra of the dried latex films in the characteristic region for
ionic interaction of carboxylate constituents. The spectra were shifted vertically for the sake of
clarity.

5.5

Discussion

The study of the drying process of the various latex dispersions at different RH’s has
shown that variations of the MAA content, and therefore the carboxylic acid content,
of the polymer affects the drying behavior of films of the latex dispersions. In Fig. 5.13
a schematic picture of the observed phenomena, divided into four phases, is shown.
Accumulation of polymer particles occurs in phase I, followed by bulk water evaporation until close packing of particles in phase II, evaporation of water between packed
particles and particle deformation in phase III, and evaporation of plasticizing water
resulting in rigidification of the polymer in phase IV.
During phase I of the drying process particles accumulate on the latex-air interface.
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Figure 5.13: Schematic illustration of the four phases during the drying process of the various
latex dispersions. Different phenomena can be distinguished. I. Particle accumulation on the
latex surface occurs early during the drying process. II. Water evaporation continues, with increasing ρshort and decreasing ρlong . T2,long remains constant. III. After close packing of the
particles, ρshort decreases faster and ρlong increases faster. T2,long also starts decreasing gradually. IV. When the film thickness reaches the minimum film thickness, hydroplasticization of the
polymer chains dissapears due to the low amount of water present in the coatings, resulting in a
decreased polymer hydrogen mobility. Due to this, T2,long shows a sharp decrease.

In Sec. 5.4.1 it was shown that these heterogeneous distributions are expected to occur
for all latex dispersions based on the estimation of the Pe values. Particle accumulation is occurring early during the drying process, which is followed by a constant
evaporation rate E. This implies that an increase of the particle boundary thickness
δ at the interface does not slow down water evaporation further. Hence, no particle
deformation or interdiffusion occurs, which would result in a continuous decrease of E.
Therefore, a plausible explanation is that the accumulated particle layer allows water to
evaporate via a tortuous pathway.
The bulk drying of water in phase II of the drying process studied by 1 H NMR relaxometry provides a deeper understanding of the drying process. The two relaxation
times found can be ascribed to hydrogens with different mobilities, with T2,short reflecting the mobility of hydrogens of more rigid polymeric parts and T2,long reflecting more
mobile hydrogens. In previous work, it was shown that hydrogens from both water
and polymer contribute to T2,long and ρlong and that T2,short and ρshort arise from more
rigid polymer domains [44]. From the T2 relaxation times and the corresponding hydrogen densities of the latex dispersions during drying, three important observations
are made. One, hydrogens of the rigid polymer fraction reflected by T2,short and ρshort
increase linearly with the solid fractions of the latex dispersions during drying and do
not significantly interact with water as is obvious from the constant values for T2,short .
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Two, for the individual latex dispersions, variations of E set by the climate chamber
RH do not affect the hydrogen relaxations in the more mobile hydrogen phase represented by T2,long and ρlong . Thus, only E is affected. This indicates that E does not affect
water-polymer interaction or polymer interdiffusion. Three, between the individual latex dispersions differences in hydrogen mobilities are observed from the T2,long data.
At similar hydrogen densities ρlong , mobilities appear to decrease with increasing carboxylic acid content. An explanation for this behavior is the interaction of water with
carboxylic acid groups through hydrogen bonding, which decreases overall hydrogen
mobilities.
Upon evaporation of water, two different processes take place that affect T2,long and
ρlong : a decrease of hydrogen atoms due to the evaporation of water and a decrease of
hydrogen mobility in this phase due to increased rigidity of polymer segments, which
were previously plasticized by water. Initially, as depicted by phase II in Fig. 5.13, the
evaporation of bulk water does not appear to impact T2,long significantly, indicating that
the hydrogen density and mobility of the mobile phase is hardly affected by the loss of
water. Only when close packing of the particles is reached, T2,long starts decreasing due
to confinement of water. Only when the bulk water has evaporated and the thickness
of the film reaches the minimum film thickness by closest packing of the particles, represented by phase IV in Fig. 5.13, T2,long sharply decreases. Apparently, the rigidity of
the polymer is increasing due to a decreased hydroplasticization of polymer segments.
At this point, clear differences appear between the various latex dispersions. First, ρlong
decreases to lower values with decreasing MAA content. This is logical since carboxylic
acid groups can bind high amounts of water (1.3 mol/mol -COOH and 11.3 mol/mol
-COO− ) and as such account for a high degree of hydroplasticization [23].
Another observation from the relaxometry data as shown in Fig. 5.10, is that the mobility of the polymer hydrogens in the mobile phase decreases with increasing MAA
content. For these latex dispersions it was found that carboxylic acid groups form
dimers which can hold water [97]. Hence, a plausible explanation for this is the formation of these ”open” dimers of carboxylic acid groups, but still limit polymer hydrogen
mobility due this the dimerization [102, 103].

5.6

Conclusions

Acrylic copolymers with glass transition temperature T g values above 23 ◦ C were film
formed at that temperature because of hydroplastization resulting from the presence of
MAA monomers. This hydroplasticization during film formation and film hardening
was studied by NMR techniques.
Drying rates and hydrogen mobilities during drying of acrylic latex dispersions with
different concentrations of methacrylic acid (MAA), ranging from 2 to 20 wt% on total
solids content of the dispersions, at various RH’s using GARField 1 H NMR profiling
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and relaxometry.
It is found that for all latex dispersions E increases with decreasing relative humidity
(RH) of the NMR climate chamber. Adjusting E for the water activity difference of the
latex dispersions and climate chamber af − a to a normalized drying rate E0 reveals
that with increasing MAA content E0 decreases. This is attributed to the formation
of a barrier due to accumulation of polymer particles at the air-latex interface. After
the formation of this barrier the latex water evaporation flux J does not appear to be
hindered, an indication that no polymer interdiffusion is taking place yet and water
evaporates via a tortuous path through the barrier. Hence, the polymer MAA content
itself affects the drying process of the latex dispersions.
GARField 1 H NMR relaxometry has shown that varying the RH of the climate chamber, and hence the drying rate, does not affect the water-polymer interaction of the various latex dispersions during drying. Hydrogen mobilities at similar hydrogen densities,
however, appear to decrease with increasing carboxilic acid content. This phenomenon
is explained by the hydrogen bonding interaction between water and carboxylic acid
groups, resulting in an overall decrease of hydrogen mobility in the dispersion.
In a later stage of the drying process, when the latex film thickness approaches its
minimum thickness, rigidity of the polymers increases. Due to evaporation of residual
water that enabled hydroplasticization of the polymers, polymers segments become less
mobile. Increasing the MAA content shows that the higher hydrogen bonding capacity
results in higher density of mobile protons at this stage. Moreover, the mobility of
these hydrogens is decreases to lower values at the end of the drying process with
increasing MAA content. The formation of ”open” dimers of carboxylic acid groups,
i.e. dimers that still hold water, can account for this behavior. Hydroplasticization
still enables short range hydrogen mobility, but the interaction between carboxylic acid
groups inhibits the long range mobility of the polymer chains.
This work shows that polymers with hydrophilic functional groups can be used to
form films at room temperature from polymers that are glassy when dry. Because the
hydroplasticized polymer phase hardens as the water evaporates and water is not a
volatilae organic component (VOC), this material offers a way to solve the film formation dilemma.

CHAPTER

SIX
HYDROPLASTICIZATION OF LATEX FILMS WITH
VARYING METHACRYLIC ACID CONTENT

The hydroplasticization of coatings of acrylic copolymers with different amounts of methacrylic
acid (MAA) was investigated to clarify the role of carboxylic acid functionalities on the change
in polymer mobility due to water uptake. The coating Tg as a function of water uptake was
studied using dynamic mechanical analysis. The Tg ’s decreased with increasing water content,
confirming the plasticizing effect of water on the coatings. At relative humidities RH between
0 and 60% the coating Tg shows a sharper decrease than at higher RH, an effect that increases
with increasing MAA content. This behavior is attributed to the presence of dimers of carboxylic
acid in the coatings, which is also observed with FTIR-ATR analyses. Due to water uptake, the
dimers are disrupted and form ”open” dimers where carboxylic acid groups remain in close
proximity and are connected through water molecules. With 1 H NMR relaxometry, two T2
relaxation times are found, representing two hydrogen pools with different mobilities. Both
mobilities increase with increasing water content, indicating the presence of polymer domains
with different hardness. Correlating the T2 relaxation times with the coating Tg ’s shows that at
higher MAA content the proton mobility as a function of Tg of the soft domains increases with
increasing MAA content. Since the polymer proton mobility, and hence the polymer mobility, is
expected to scale with the polymer Tg , it is hypothesized that harder domains are present in the
coatings, which are not visible in the Ostroff-Waugh decays due to the fast relaxation behavior
of these protons.
Adapted from Voogt et al., Polymer. 166 (2019) 206–214.

6.1

Introduction

The hydroplasticization effect, i.e. plasticization of polymers by water, has been described by multiple scientific publications. Small amounts of water were shown to
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promote deformation and interdiffusion of polymer particles [28, 32, 96, 104, 105]. One
way to promote hydroplasticization is functionalization of the latex particles with hydrophilic groups. In that case, increased adsorption of water should lead to a decrease
in polymer Tg and an increase in polymer mobility [23].
Soleimani and co-workers studied the diffusion of acrylic copolymers due to water
uptake of coatings obtained after pre-drying the latex dispersions [32]. They indeed
found that the mobility of the polymers increased upon hydroplasticization and that
the composition of the polymer is crucial in this process. Although they compared
two acrylic copolymers with similar Tg , but different hydrophilicity, a more systematic
approach would be to vary the amount of one hydrophilic monomer and study the
influence of this variation on the hydroplasticization process in the coatings.
In a study by Hong, the influence of concentration variations of hydrogen bonding
monomers on polymer mobility has been presented [33]. It was shown that increased
concentrations of this monomer increased the polymer Tg and decreased the polymer
mobility. The polymer mobility, however, increased again after water uptake of the
coatings. A relation between the water uptake and the polymer Tg and hence polymer
Tg and polymer mobility, was not investigated. To our knowledge, studies on polymer
mobility and Tg changes in coatings due to plasticization by water have not been done
yet.
In the current work we present the results of a study on the hydroplasticization
of polymers in coatings from acrylic latex dispersions with varying amounts of
methacrylic acid (MAA) and thus carboxylic acid functionalities. As a starting point it
is imperative to understand how polymer Tg and polymer mobility change when water
is adsorbed by the polymers. The polymer mobility is investigated using 1 H NMR
relaxometry by monitoring the change of polymer proton mobility in acrylic coatings
due to water uptake. The change of Tg of these coatings due to water uptake is studied
using dynamic mechanical analysis (DMA). This ultimately allows us to investigate the
relation between polymer Tg and mobility and the influence of polymer hydrophilicity
on this relation. With this we aim to clarify the role of carboxylic acid functionalities on
the hydroplasticization and the concomittant change in mobility of acrylic polymers.

6.2
6.2.1

Experimental procedures
GARField 1 H NMR

The principles of GARField 1 H NMR have first been described by Glover et al. [54].
The magnetic field strength of the equipment used for this study was 1.5 T and the
static gradient was 35.0 ± 0.2 T/m. An Ostroff-Waugh [75] pulse sequence (90◦x -τ-[90◦y τ-echo-τ]n ) was used to obtain T2 relaxation times of polymer protons. The echo time
te = 2τ used for this study is 40 µs with an acquisition time tac of 35 µs, resulting in a
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spatial resolution of 14 µm. The long delay ld was set at 0.5 s and the number of echoes
n at 128. To reduce the signal-to-noise ratio, an average of 1024 measurements was
used. The results were normalized with a reference signal, obtained by a measurement
of an aqueous 0.025 M CuSO4 solution with te = 40 µs, tac = 35 µs, ld = 0.3 s, n = 2048
and 4096 averages.
In order to obtain Ostroff-Waugh signal decays of the different coatings with different water saturation levels, the NMR set-up is equipped with a temperature and
humidity controlled chamber in which the sample holder with the coating sample is
placed directly onto the RF coil. The temperature in the chamber is controlled by a
temperature-controlled water flow through the walls of the chamber. The chamber RH
is generated by an air flow into the chamber with a partial water vapor pressure, obtained by premixing dry and water saturated air in a ratio depending on the desired
RH.
The sample holder is a 140 µm thick cover glass covered with a microscope object
glass having a circular hole of 10 mm diameter. Coating samples were prepared for
measurement in three steps. First, 60 µL of latex dispersion was placed in the sample holder using a 100 µL volumetric pipette in the sample holder. The sample holder
was then placed in a dessicator containing a saturated aqueous KCl solution, which
in equilibrium provides a stable relative humidity (RH) of 85% at room temperature.
Second, after 48 hours the sample holder was placed in a closed box containing anhydrous CaCl2 at room temperature, providing a RH close to 0%, to remove residual
water from the coating. Third, to saturate coating samples at a desired RH, mixtures
of water and anhydrous glycerol were made according to [106], which give an equilibrium RH depending on their mixing ratio. The NMR sample holder with sample was
placed in a closed box containing a water-glycerol mixture. After 48 hours the sample
holder was weighed to monitor the weigth increase due to water uptake and a 1 H NMR
measurement was done at 23 ◦ C with the climate chamber set at the same RH used for
pre-conditioning of the sample with the water-glycerol mixtures. The water fraction θ
[wt%] was calculated using
θ=

mtot − m0
× 100%,
m0

(6.1)

with mtot [g] the total mass of the coating sample after each RH equilibration step and
m0 [g] the mass of the sample after drying with CaCl2 . Subsequently, a new 1 H NMR
measurement was performed. This was repeated at RH ranging from 10 to 90% in 10%
steps.
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Dynamic mechanical analysis

Dynamic mechanical analysis (TA Instruments DMA Q800) equipped with a humidity
control chamber was done at fixed humidities to determine coating Tg as a function
of RH. Measurements were done at an oscillation frequency of 1 Hz and with an
amplitude of 10 µm. The heating rate was set at 1 ◦ C/min. Samples were prepared by
drawing a latex layer on a polypropylene plate, cleaned prior with demineralized water
and isopropanol, using a 300 µm drawdown bar and allowing it to dry for at least 48
hours under ambient conditions. Samples were cut with a constant width of 5.3 mm for
all samples. The sample thickness was variable and was determined individually for
each sample prior to measurement. Samples were equilibrated in the humidity control
chamber at 25 ◦ C at the RH used for the measurement until constant shear storage (G 0 )
and loss (G 00 ) moduli were observed. By convention, the Tg of the coating is taken at
the maximum of the loss tangent tan(δ)
tan(δ) =

6.2.3

G 00
.
G0

(6.2)

FTIR-ATR

Surface properties of the coatings were probed using FTIR (Shimadzu FTIR 8400S)
equipped with a horizontal ATR (Attenuated Total Reflection) crystal to investigate
changes in the molecular structure due to water uptake. The penetration depth of
light ranges from approximately 0.5 µm at wavenumber 4000 cm−1 to 5 µm at 400
cm−1 . Hence, FTIR-ATR mostly provides information on the surface composition of
the coatings, but it can still be used for qualitative assessment on the role of carboxylic
acid groups on the water uptake. Before analysis, the crystal surface was thoroughly
cleaned with a tissue soaked in isopropanol and left to dry. The coating material was
applied on the surface of the crystal and the spectrum was collected by co-adding 32
scans at a resolution of 4.0 cm−1 and automatic gain. The coating preparation procedure was similar to the DMA preparation procedure described in section 6.2.2. Pieces of
the coatings were placed in desiccators containing saturated salt solutions, which give
equilibrium RH as described in [88]. Dry coating pieces were prepared in a dessicator
containing dry silica gel granules. After at least 48 hours of equilibration, spectra were
measured.
Underlying bands in FTIR spectra in the 1580 - 1800 cm−1 vibration range, where
strong absorption bands of carbonylmoieties are found, were distinguished using a
Gaussian peak function to fit the data
A
−2
Absi ( x ) = √ i e
wi π/2

xi − xc,i
wi

2
,

(6.3)

with Absi ( x ) the absorbance of band i at wavenumber xi [cm−1 ], w [cm−1 ] the width at
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Figure 6.1: The absorption isotherms of coatings for different values of the relative humdity RH
at 23 ◦ C. Lines drawn to guide the eye show the trends of increased water uptake with increasing
RH and MAA content.

half of the maximum of the band, xc,i [cm−1 ] the peak center, and Ai the band area.

6.3
6.3.1

Results
Water absorption isotherms

Carboxylic acid groups can bind relatively high amounts of water, and are therefore
expected to have a significant impact on the coating Tg [23]. Therefore, the water content
θ of one coating from each latex dispersion was determined after each RH step. The
water uptake of the coatings was monitored by weighing the 1 H NMR samples after
each RH step and θ was calculated with Eq. 6.1. Fig. 6.1 shows the results.
The dependency of coating water uptake on MAA content is obviously underlined,
as is stressed by the trend lines drawn in Figuure 6.1. With increasing RH, θ increases
for each coating. With an increasing number of carboxylic acid groups, the water content also increases, being in line with expectations that acid groups are binding sites for
water due to their hydrogen bonding capability [23]. Another observation, however, is
that θ at any RH does not scale with the acid group concentration. To provide better
insight, Fig. 6.2 shows the ratio of water molecules nwater [mol] and acid groups nMAA
[mol] as a function of RH for all coatings.
As can be seen, nwater /nMAA is not equal for all the coatings at the individual RH’s.
With increasing MAA content, less water is absorbed per carboxylic acid group. From
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Figure 6.2: Ratio of the amount of water molecules nwater and acid functionalities nMAA of the
various coatings as a function of relative humdity RH.

10% MAA and higher, in particular at 60% RH and higher, the amount of water per
carboxylic acid group reaches an equilibrium value. This suggests that water absorption
by the coating is hindered. A plausible explanation could be the confinement of the
coating samples. Sample volumes increase by water sorption, and the concomittant
strain increase prevents the samples from reaching their water saturation levels [107,
108].

6.3.2

FTIR analysis

Despite the fact that carboxylic acid groups in the coatings are the main contributors to
hydroplasticization of the polymers [23], the water uptake effects on molecular interactions in the coatings are not fully understood. FTIR-ATR measurements were done
to elucidate this. In the FTIR spectra, two vibration ranges are of interest. First, in
the range between 1550 and 1800 cm−1 , C=O stretch vibrations of the carboxylic acids
and esters are found, of which the former are expected to be affected mostly by water
uptake. Second, in the range between 2400 and 4000 cm−1 O-H stretch vibrations are
found, of which the intensity should increasese with water uptake by the coatings. In
Fig. 6.3 the FTIR spectrum vibration range 1550-1800 cm−1 of the 2% and 20% MAA
coatings at 85% RH are shown.
Fig. 6.3 clearly shows differences in the shape of the spectrum depending on the
carboxylic acid content of the coatings. To elucidate these differences, it is necessary to
identify underlying bands of C=O stretch vibrations of different origins. Using Gaus-
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Figure 6.3: FTIR spectrum range of 1550 - 1800 cm−1 of (a) the 2% MAA coating at 85% RH and
(b) the 20% MAA coating at 85% RH. Gaussian fits are applied to distinguish underlying bands.
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Figure 6.4: (a) Area ratios of the bands at 1723 (A1723 ) and 1735 (A1735 ) cm−1 of the various
coatings attributed to C=O stretch vibrations of MMA and BA, respectively. (b) Band area ratios
A1723 /A1735 at 0% RH versus the molar ratio of MMA and BA nMMA /nBA .

sian peak fits as described in section 6.2.3, five bands are found. These band are listed
in Table 6.1 with the attributed vibration types.
Due to the incorporation of three different acrylic monomers on the polymers, three
different carbonyl groups are present. Two carbonyl groups are part of the ester functionalities of MMA and BA and one carbonyl group is part of the carboxylic acid functionality of MAA.
The areas of the bands at 1723 and 1735 cm−1 , shown in Fig. 6.3 are hardly affected
by water uptake, and are therefore attributed to the ester C=O moieties of MMA and
BA, respectively. Fig. 6.4a shows that the band area ratios of the coatings at 1723
and 1735 cm−1 (A1723 /A1735 ) are rather constant. Moreover, they scale linearly with
the molar ratio of MMA and BA, as shown in Fig. 6.4b for the coatings at 0% RH,
supporting this attribution.
Carboxylic acid groups can show up in an FTIR spectrum in different forms due to
the possibility of dimerization through hydrogen bonding [102, 103, 109]. Hence, both
dimers and free carboxylic acid groups, not bound to other carboxylic acid groups,
could be expected. It is known, however, that free carboxylic acid groups are hardly
visible in the spectrum suggesting that the dimerized state is the preferential conformation [110]. In the presence of water, dimers are broken and form so-called ”open
dimers”, which appear as a broad band due to the variety of possible spatial conformations [102, 103]. The dimers and open dimers are found at 1709 and 1694 cm−1 ,
respectively. Direct comparison of the band areas of the different coatings is, however,
not possible. Peak intensities depend on the penetration depth of the light into the coating samples, which in turn depend on the coating refractive index nc [111]. Therefore,
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Table 6.1: Underlying bands found in the FTIR vibration range 1550 - 1800 cm−1 with their
respective attributions. The positions of the water O-H bending vibration and the carboxylic acid
C=O stretch vibrations are based on those found in [103].

Wavenumber
cm−1

vibration type

1632

O-H bending vibration (water)

1694

C=O stretch vibration (open
dimer)

1709

C=O stretch vibration (dimer)

1723

C=O stretch vibration (MMA
ester)

1735

C=O stretch vibration (BA ester)

molecular conformation
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variations in coating composition due to MAA or water concentration can impact peak
intensities. Band area ratios, however, can still provide information on the conversion
of dimers to open dimers. As shown in Fig. 6.5, upon water absorption, the area ratio
of these bands A1694 /A1709 increases, indicating dissociation of the cyclic dimers into
open dimers. The presence of open dimers at 0% RH could indicate that residual water
is still present in the coating.
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Figure 6.5: Ratio of the FTIR band areas at 1694 (A1694 ) and 1709 (A1709 ) cm−1 of the 2% coating,
representing open dimers and cyclic dimers of carboxylic acid respectively. A trendline is drawn
to guide the eye. Data for the 5, 10, 15 and 20% coatings are not shown for the sake of clarity.

An additional broad band is observed at 1632 cm−1 , which is known to originate
from O-H bending vibrations of free water in the coating [102, 103, 109]. The O-H
stretching vibrations of water at approximately 3400 cm−1 , however, give stronger absorbance and therefore provide more accurate information on the water absorption.
Hence, these bands are used to assess water sorption by the coatings.
Fig. 6.6a shows the FTIR spectrum vibration range between 2400 and 4000 cm−1
of the 2% MAA coating. In this range, C-H stretching vibrations of alkyl groups at
2874 and 2955 cm−1 and O-H stretching vibrations of the carboxylic acid groups at
approximately 3200 cm−1 are visible, which are not signficantly affected by the water
uptake of the coatings. By integration of the spectrum areas between 2400 and 4000
cm−1 and normalization with the C=O stretching band of the BA ester at 2935 cm−1 ,
information on the water uptake is obtained, as shown in Fig. 6.6b. Fig. 6.6 shows
the areas of these peaks AOH normalized with the BA band at 1735 cm−1 . For the 20%
MAA coating, a gradual increase in the amount of free water occurs. For the other
coatings, however, the amount of free water is about constant up to approximately 60%
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RH. At higher humidities the amount of free water in these coatings increases more
significantly.

6.3.3

Coating proton mobility

Polymer mobility in a coating is expected to change when water is absorbed. Interand intramolecular bonds are broken leading to a higher degree of freedom for the
polymer chains. The polymer mobility is directly related to proton mobility, which can
be quantified using NMR relaxometry. In Fig. 6.7 an example of Ostroff-Waugh signal
decays at different RH are shown for a coating containing 10% MAA. The T2 relaxation
times increase with increasing water absorption by the coatings.
After equilibration at higher RH, the T2 relaxations of the coating increase due to
water uptake. The relaxation times are obtained with a bi-exponential fit of the OstroffWaugh signal decay using Eq. (2.12) with k = 2, meaning that two pools of protons with
different mobilities are found. In Fig. 6.8a and b relaxation times T2,short and T2,long for
all coatings are shown as a function of θ. Fig. 6.8c and d show their respective proton
densities ρshort and ρlong .
Both T2 relaxations increase with increased coating water content. The proton mobility appears to be directly related to the water content of the coatings. The MAA content,
however, does not obviously influence T2 : It is the higher coating water content with
higher MAA content that determines the increase in proton mobility.
Proton densities ρshort and ρlong as a function of θ show a rather scattered pattern,
with no distinct effect of water uptake. This can be explained by the relatively low contribution of water protons to the total signal intensity I, as is shown in Fig. 6.9, which
is within the noise levels of the measurements. Consequently, polymer protons with a
different degree of mobility apparently dominate the T2,short and T2,long relaxations.

6.3.4

Coating Tg

The coating Tg decreases when water is absorbed. Water disrupts molecular interactions
leading to softening of the coating. DMA was used to quantify the effective Tg of the
coatings as a function of RH. In Fig. 6.10a results of the measurements are shown as a
function of θ.
As expected, the Tg of the coatings decreases with increasing RH. Obviously, the Tg
of the coatings under dry conditions increases with increasing MAA content. This is expected due to the positive contribution of MAA to the polymer Tg [23]. With increasing
RH, the coating Tg ’s converge to approximately 35-40 ◦ C. Furthermore, obviously there
is a more pronounced effect for MAA coatings above 10% at lower RH. It is hypothesized that the dimerization of carboxylic acid groups has a much more pronounced
effect on the coating Tg at lower RH at high MAA content, which contributes to an
increased coating Tg .
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Figure 6.6: (a) FTIR spectrum of the 2% MAA coating between 2400 and 4000 cm−1 , with at
2874 and 2955 cm−1 alkyl C-H stretching vibrations and at 3220 and 3400 cm−1 O-H stretching
vibrations of carboxylic acid groups and water, respectively. (b) Integrated area between 2400
and 4000 cm−1 (AOH ) normalized with the BA band area at 1735 cm−1 as a function of RH for
varying MAA content.
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Figure 6.7: Ostroff-Waugh signal decays of a coating with 10% MAA after equilibration at
different RH. The signal intensity I decays with each echo due to transversal relaxation of the
hydrogens. The relaxation time T2 is linked to the hydrogen mobility. An increased relaxation
time, and hence a slower signal decay, indicates an increased hydrogen mobility. This is the case
for the coating hydrogens when water is absorbed.

By plotting the Tg as a function of the water and MAA molar ratio nwater /nMAA , as
is shown in Fig. 6.10b, the role of MAA on the Tg decrease due to water uptake can
be studied. The result shows that the data are almost superimposing, indicating the
dominant role of the carboxylic acid groups in the hydroplasticization process.

6.3.5

Discussion

The water uptake studies in section 6.3.1 show that an increasing MAA content also
increases the total amount of water that is absorbed by the coating at a given RH.
When considering the relative amount of water, i.e. the amount of water bound per
MAA monomer, a steady decrease is observed down to an amount that obviously not
differs significantly for 10 wt% MAA and higher. This might reasonably indicate a
limiting factor in the water uptake of the coatings . For example, the diffusion of water
and the water saturation levels in a coating are stress dependent, meaning that strain
increase due to confinement of the coating can inhibit the water uptake [107, 108].
This would imply that coatings with higher MAA contents can not reach their water
saturation levels, resulting in lower molar water and MAA ratios.
FTIR-ATR measurements of the coatings show that carboxylic acid groups are predominantly present as cyclic dimers in the coatings. This may explain the Tg values
found with DMA as is shown in Fig. 6.10. With an increasing amount of MAA in the
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Figure 6.8: (a) The short (T2,short ) and (b) long (T2,long ) T2 relaxations of the various coatings
obtained by a double exponential fit of the Ostroff-Waugh signal decays using Eq. 2.12 and their
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coating, the amount of carboxylic acid dimers also increases, which in turn increases
the coating Tg . Apparently, this effect becomes more dominant at carboxylic acid contents of 10% and higher. Upon water uptake, the carboxylic acid dimers are disrupted.
Although it might be expected that this would result in free carboxylic acid groups, it
is known that mostly ”open” dimers are formed [102, 103, 109]. Carboxylic acid groups
remain in close proximity and are connected by water molecules.
This behavior provides a plausible explanation for the proton mobilities found, as
shown in Fig. 6.8. Due to continuing interaction of carboxylic acid groups in the
open dimers, polymer mobilities, and hence proton mobilities, do not increase a lot
after disruption of the cyclic dimers. The T2 relaxation times indeed show an increase
with increasing water content, but still remain rather short. Moreover, there are no
significant differences bewtween the relaxation time of the different coatings, which are
to be expected based on the large differences between the Tg ’s of the various coatings at
θ < 3 wt% (see Fig. 6.10a). Hence, increasing the carboxylic acid content of the coatings
does not significantly influence the polymer mobility of the coatings after water uptake
at similar θ. It merely provides the coatings with additional hydrogen bonding sites to
increase θ, and hence the polymer mobilities, at similar RH.
Correlating both Tg and T2 can provide more insight into the change in polymer
mobility due to a decrease in Tg . In Fig. 6.11, the T2 dependence on Tg of different
coatings is shown for all coatings.
In general, a clear relation between T2 relaxation times, and therefore polymer mobilities, and coating Tg is found. Both shorter T2,short and longer T2,long relaxations
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Figure 6.10: (a) Glass transition temperatures Tg of the various coatings obtained by dynamic
mechanical analysis as a function of RH. (b) Tg ’s of the various coatings as a function of the
molar water and MAA ratio nwater /nMAA .

show a decrease in polymer proton mobility with an increase of the coating Tg , and
thus the glassy character, for all coatings. Unfortunately, the T2,short relaxation data are
scattered as a result of the limited amount of data points available for fitting of the
Ostroff-Waugh decay. Hence, it is not possible to observe potential differences between
the various coatings.
The T2,long relaxation times as a function of coating Tg show clearer results. First, for
all coatings a gradual decrease in proton mobility is seen between Tg ’s of approximately
35 and 45 ◦ C. At an ambient temperature of 23 ◦ C, a transition from a rubber-like to a
glassy state of polymer segments is expected in this range. At higher Tg ’s the proton
mobilities do not decrease significantly anymore, an indication that the mobility of the
polymers segments has reached a minimum.
At Tg values between 35 and 45 ◦ C, proton mobilities at any given Tg appear to
increase with increasing MAA content. Since both polymer Tg and T2 are measures of
the mobility of the polymer, the curves in Fig. 6.11a and b should superimpose. At
least for T2,long , this is clearly not the case. An explanation for this is the presence of
hydrogen pools in the coating with relaxation times T2 < te . In other words, if T2 < 40
µs, this would not appear in the Ostroff-Waugh signal decay. The size of such hydrogen
pools should thus increase with increasing MAA content, as this would decrease the
average T2 .
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Figure 6.11: The polymer proton mobilities represented by (a) T2,short and (b) T2,long relaxation
times as a function of polymer Tg .

6.4

Conclusions

Plasticization of a polymer by water, also known as hydroplasticization, brings about
a decrease in the effective glass transition temperature Tg and therefore increases the
polymer mobility. The hydroplasticization process in acrylic coatings with different
amounts of acid groups in the form of methacrylic acid (MAA) has been studied as a
function of water content.
The water content θ of the coatings increased with an increase of the relative humidity (RH). This is promoted by the presence of MAA in the coating due to the hydrogen
bonding capability of carboxylic acid groups. Concomittantly, the Tg ’s of the coatings
decrease and the T2 relaxation times, measured with 1 H NMR relaxometry, increase.
Hence, polymer mobilities in the coatings increase due to the hydroplasticization effect
during water uptake.
The coating Tg decreases with water uptake as a result of the hydroplasticization of
the polymers. In dry conditions, the Tg of the coatings increases with an increase of the
MAA content. This is explained by the presence of dimers of carboxylic acid groups in
the coatings, of which the concentration increases with increasing MAA content. These
dimers increase the coating Tg .
Correlating the T2 relaxation times of the softer polymer domains with the coating
Tg shows higher mobilities as a function of Tg with increasing MAA content. The
presence of hydrogen pools with even lower mobilities, which can not be measured
due to their fast relaxation, could provide a plausible explanation for this observation.

CHAPTER

SEVEN
CONCLUSIONS AND PERSPECTIVES

7.1

Conclusions

The aim of this thesis was to clarify the role of carboxylic acid, incorporated in the polymer particles by co-polymerization with methacrylic acid (MAA), on the film formation
and end properties of acrylic latex dispersions. For this, a series of latex dispersions
was prepared with varying MAA content.
The hydroplasticization effect was clearly proven with GARField 1 H NMR relaxometry. The water-polymer interaction intensified with increasing MAA content, as
apparent from decreased transversal relaxation times T2 at higher carboxylic acid content, indicating a decreased overall hydrogen mobility in the drying latex dispersion.
This was further supported by the sharp decrease in polymer mobility upon evaporation of residual water at the end of the film formation process. Coating Tg ’s increased
after removal of water from the latex films, more significantly with increasing MAA
content, which is necessary for good film end properties.
Although this proves that a higher MAA content can positively contribute to the
hydroplasticization effect, it also introduces the issue of a decreased drying rate. At
low MAA content, the drying rate appeared to be unaffected. At higher MAA content, however, the drying rate decreased leading to significantly longer drying times.
The decreased drying rate is found to be caused by the increased concentration of
carboxylic acid moieties.
Dilatational rheology measurements implied that with increasing drying rate by
lowering the ambient relative humidity (RH), particles accumulated on the latex surface interact through capillary forces and van der Waals forces. The magnitude of
these forces between particles on the surface decreased with increasing MAA content, which is attributed to a higher solubility of the particle outer shell due to high
carboxylic acid concentrations. This higher particle shell solubility leads to a more
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gel-like structure that can hold water and slow down the water evaporation flux.
Another issue is the water sensitivity of the latex coatings. Although under dry
conditions the mechanical strength of the coatings increased with increasing MAA
content, the water sensitivity of the coatings also increased. The mechanical properties
deteriorated rapidly after exposure to humid air. Moreover, water uptake also
increases the water permeability of the coatings, thereby diminishing the ability of
the coatings to protect substrates from ambient influences.
Overall, carboxylic acid moieties present by incorporation of methacrylic acid into
the latex particles promote hydroplasticization by hydrogen bonding with water.
This leads to film formation of latex that, under dry ambient conditions, yields high
Tg films.
Although the presence of carboxylic acid moieties also increases the water sensitivity
of the latex films, the hydroplasticization effect provides a viable approach for the
development of waterborne paint without volatile organic compounds.

7.2
7.2.1

Perspectives
Investigating latex blends for improved latex film end properties

To realize the potential of the hydroplasticization effect, the issues mentioned in the
previous section need to be eliminated. A possible route for this is the use of latex
blends, i.e. mixtures of latex dispersions. With the inclusion of polymer particles with
different chemical, physical and mechanical properties, latex coatings can be tailored to
fit the necessary criteria for the end properties.
Ideally, such a blend consists of a latex with hydroplasticized particles and a latex
with particles that contribute to the mechanical and chemical properties of the latex
film after film formation. Literature concerning latex blends, however, has mostly been
focussed on blends of soft, film forming particles (Tg < RT) and hard, non-film forming
particles (Tg > RT) [101, 112–116].
The introduction of hydroplasticizable latex into a blend of hard and soft particles
has not yet been studied. Preliminary work, however, was done on blends of the latex
dispersions described in chapter 3. These were blended in different ratios varying from
0 to 30% of the hard latex dispersion. 1 H NMR relaxometry measurements have been
performed on the drying blends. In Fig. 7.1 T2,long relaxations are shown versus the
drying time.
No significant differences of the hydrogen mobilities during drying are shown in
Fig. 7.1. It is expected, however, that mechanical properties are affected by blending of
the two latex dispersions. Dilatational rheology and DMA might be used to study this.
Tapping-mode atomic force microscopy (AFM) images of coatings from latex blends
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Figure 7.1: T2,long relaxation times of blends of the hard and soft type latex dispersions during
drying at 80% RH.

are shown in Fig. 7.2. Up to 30% of the hard type latex dispersion, the coating surface
appears smooth. At 40% of the hard type latex, however, ”holes” appear in the surface,
which could indicate the formation of a more porous coating structure of this blend.
In the end, this would lead to a coating with a decreased mechanical strength and
poor protective properties for the substrate from external influences. Studying both
mechanical strength and the protective properties may explore correlations between
the two phenomena.

7.2.2

Latex components that influence the film formation of latex dispersions

Surfactants, which are present in any high solids latex dispersion, can also influence the
film formation process. The latex dispersions used for the investigations described in
this thesis all contain sodium dodecyl sulphate (SDS), which is used during the synthesis of the latex dispersions. Although the methacrylic acid monomers can provide polymer particles with the necessary stability in water, SDS is used during latex synthesis
before neutralization of the carboxylic acid groups can provide this ionic stabilization.
SDS is not removed afterwards and can therefore influence the drying behavior of the
latex dispersions.
Indications of the influence of SDS on latex film formation were found using CryoSEM. After film formation of the soft latex on a 140 µm thick microscope object glass,
images were made of the soft type latex coating to ascertain the complete film formation
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(a) 0:100

(b) 10:90

(c) 20:80
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(e) 40:60

(f) 100:0

Figure 7.2: Tapping-mode AFM images of latex coatings from latex blends with varying ratios
of the hard and soft type latex dispersions, hard:soft. Scale bars range from -20 to 20 nm. Latex
particle sizes are approximately 50 nm. Hence, the appearance of black spots in the images can
be causes by ”holes” in the latex film.

of the latex, of which examples of these images are shown in Fig. 7.3.
In Fig. 7.3a, a cryos-SEM image is shown of the coatings surface. Similar to the AFM
image shown in Fig. 7.2a, a featureless surface is found. Freeze fracturing of the sample
in liquid nitrogen enabled studying the cross-section of the coating. Interestingly, the
top of the coating appears to be different from the bulk as can be seen in Fig. 7.3b.
This could be an indication that the composition of the latex surface differs from the
bulk composition. A closer look at the film surface (Fig. 7.3c) and in the bulk film near
to the microscope cover glass (Fig. 7.3) shows different topographies of the fracture
surfaces at these positions. Surface enrichment with SDS is a plausible explanation for
this phenomenon. Surfactant exudation is known to occur during film formation of
latex dispersions [85]. Since SDS can also act as a plasticizer of the copolymer during
film formation, a deeper understanding of its role in the process is necessary.
Since the use of SDS is necessary for the synthesis of colloidally stable high solids
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Figure 7.3: (a)Cryo-SEM image of the surface of the soft type latex film (scale bar: 1 µm. (b)
Cryo-SEM image of the cross-section of the soft type latex film after freeze fracturing (scale bar:
50 µm). The coating (left on the image; 64 µm thick) is applied to a 140 µm microscope cover
glass (right on the image). (c) Cryo-SEM image of the top of the coating, as indicated in Fig. b
(scale bar: 500 nm). (d) Cryo-SEM image of the bulk of the coating, near to the microscope cover
glass, as indicated in Fig. b (scale bar: 500 nm).

latex dispersions, it is challenging to obtain a latex dispersion without the surfactant
for comparison. Hence, it is necessary to remove it after synthesis. It is possible to
dialyze the dispersion using an Mw cut-off membrane, i.e. a cellulose tubing through
which only components up to a certain molecular weight can permeate. An experiment
in progress is shown in Fig. 7.4.
Another component that could influence latex drying are oligomers of MAA, as
shown in Fig. 7.5. These are expected to be dissolved in the latex water phase, more
prominently with increasing MAA content. Since MAA oligomers can potentially bind
high amounts of water, their effect on the hydroplasticization effect should not be ignored.
Using dialysis, MAA oligomers can be removed. Subsequent addition of MAA
oligomers with a known molecular weight can help identify differences in the latex
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Figure 7.4: Latex in a dialysis tube immersed in de-ionized water. Due to the low Mw cut-off
value of the membrane, latex particles stay within the tube whereas material with a low Mw
migrates through the membrane.

(a)

(b)

Figure 7.5: Molecular structure of oligomers of MAA either (a) protonated when pH < pKa or
(b) deprotonated when pH > pKa .

film formation compared to an oligomer-free latex dispersion.
A third component that plays a major role in the film formation is the neutralizing
agent used for the deprotonation of the carboxylic acid substituents. The latex dispersions in this work are all neutralized with an ammonia solution so that the latex pH
> pKa of MAA. During drying, this can evaporate resulting in a decrease of the pH
and protonation of the carboxylic acid moieties. In contrast, if a ”hard” base, such as
sodium hydroxide, is used, the ionic state of carboxylic acid (Fig. 7.5b) remains intact
after drying and higher amounts of water can be bound [23]. The role of the type of
neutralizing agent as well as the latex pH has been investigated before, underlining
the importance of the neutralization method [53]. Its effect on the hydroplasticization
process, however, has not been studied yet.
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The effect of substrate porosity on latex film formation

In this thesis latex films were applied on glass substrates. In reality, however, most
substrates are porous materials, ranging from building materials such as wood and
concrete, to paper materials, such as printing paper and food packaging. The porosity
of these substrates has a significant impact on the film formation behavior of latex.
Gezici-Koç studied the effect of wood substrates on the curing behavior of both
waterborne alkyds and acrylic latex dispersions [117]. She showed that the permeability
of waterborne coatings was affected by a number of factors, such as the presence of
surfactants or the water activity of the wood substrate before film application.
Water transport through a porous wood substrate leads to different drying mechanisms. As was shown in this thesis, the availability of water determines the effective
polymer Tg . Water sorption by porous substrates would result in faster ”drying” of
the polymer phase, which could complicate film formation. Increase of the polymer Tg
before particle coalescence can result in films with poor mechanical and barrier properties. Therefore, it is important that this influence on hydroplasticizable polymers is
studied. GARField 1 H NMR, which has been used extensively used by Gezici-Koç, is
also useful to study the film formation behavior of the latex dispersions described in
this thesis on wood substrates.

7.2.4

Influence of other coating ingredients on latex film end properties

Latex is merely one ingredient of a broader formulation for paints or other coating
materials. Additional ingredients are added to the formulation to provide the coating material with the necessary specifications. Pigments, for example, can be used
for added aesthetic value. This provides additional challenges for the latex film end
properties
The effect of pigment in coatings from latex has been widely studied [118–123].
It was shown that pigments inclusion has a significant impact on the overall drying
process of waterborne coatings. The mechanical and surface properties of coatings after
drying are affected as well. It would, therefore, be interesting to study the influence of
pigments on these properties when a hydroplasticizable binder is used.
Pigment addition to a latex increases the complexity of the latex material. Both
pigment and pigment stabilizer are necessary to obtain a colloidally stable coating formulation. Hence, starting with extensively studied pigment is necessary to help understanding the film formation behavior of the coating material. Titanium (IV) oxide
(TiO2 ) is generally used as a white pigment material and dispersions of this pigment
are widely discussed in literature [124, 125]. Hence, this is a good starting point for film
formation studies with GARField 1 H NMR of coating formulations with this pigment.

APPENDIX

I
APPROXIMATION OF AVERAGE PARTICLE
DISPLACEMENT

First, the particle or cluster surface area before expansion O0 [m2 ] is determined by
O0 = L20 ,

(I.1)

with L0 = NZav [m] the length of the particle (for N = 1) or particle cluster (for
N > 1) before surface expansion. Similarly, the particle or cluster surface area during
expansion O is determined by
O = L2 ,

(I.2)

L ≡ L0 + ∆L

(I.3)

O ≡ O0 + ∆O.

(I.4)

with L [m] defined as

and O

From Eqs. I.2, I.4, and I.3 it follows that
∆L ≡ L − L0
√
p
= O − O0
s

p  O
= O0
−1 .
O0

(I.5)
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I Approximation of average particle displacement

Using Eqs. I.1 and I.4, Eq. I.5 can be re-written
s


O0 + ∆O
∆L = L0
−1
O0
s

∆O
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−1 .
O0

(I.6)

For ∆O  O0 , using Taylor expansion, Eq. I.6 becomes
"
∆L ≈ L0
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SUMMARY

Latex dispersions are often used as a binder for paints, necessary to obtain mechanically
and chemically robust coatings. Small volumes of an organic solvent are added to soften
latex particles, which evaporate during latex film formation. To anticipate on stricter
environmental legislation, a ”holy grail” in the development of waterborne coatings
would be the complete elimination of the necessity for an organic co-solvent, which is
added to the binder to promote film formation. One possible route to achieve this is the
development of latex dispersions, which are fully plasticized by water. This is called
hydroplasticization.
To promote hydroplasticization, polar groups which can bind high amounts of water
can be incorporated into latex polymer particles. This can be achieved by copolymerization of latex with a highly hydrophilic monomer such as methacrylic acid (MAA).
In this thesis, results of the investigation on the film formation behavior of latex dispersions containing different amounts of MAA are described. The aim of the study
is to determine the role of carboxylic acid functionalities in latex polymer particles on
the film formation behavior and film end properties of latex dispersions with varying
methacrylic acid content.
The studies on the film formation process of latex dispersions can be roughly divided into three parts. First, depending on latex dispersion composition and drying
rate, the accumulation of particles on the latex-air interface. Second, the bulk drying
phase of the dispersions. Third, the ”dry” film polymer mobility. After completion
of the film formation process, i.e. no further evaporation of water is observed, small
amounts of water are present in the coating. This enables plasticization of the polymers
and thereby increase their mobility, depending on the total coating water content.
In a first study, GARField 1 H NMR relaxometry experiments were done to study the
film formation process of two latex dispersions with different polymer Tg , aiming to
understand how NMR relaxometry can be used to study film formation by performing
transversal relaxation time T2 measurements. It was found that the hard type latex,
with a polymer Tg above room temperature (RT), dries faster than the soft type latex,
with Tg < RT. The water self-diffusion coefficient Dself decreases with increasing solid
content of the latex independent of particle Tg . Two pools of protons with different
mobilities were observed based on transversal relaxation T2 times. Determination of
the long T2,long ’s of both latex dispersions and the respective hydrogen density during
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drying at 79 ± 1% relative humidity (RH) showed evidence of particle deformation
for the soft type latex and the absence thereof for the hard type latex. Post-drying of
the coatings in an anhydrous environment showed a higher porosity for the hard type
coating based on the hydrogen distribution profile width. Moreover, two domains with
different polymer proton mobilities are found for both coatings that are both platicized
by water at 79% RH. This is more apparent for the hard type coating, suggesting that
a more hydrophilic polymer gives a higher degree of plasticization. Overall, NMR
relaxometry is an effective tool to study latex film formation
The first study on the film formation of the latex dispersions with variable MAA
content concerned the effect of particle accumulation on a latex surface during drying.
This was investigated by the employment of dilatational rheology, a technique often
employed to characterize the viscoelastic properties of liquid surfaces. Latex dispersions were dried at different rates by variation of the ambient RH. With this, it was
found that higher drying rates lead to an increase of the viscoelastic properties of the
latex surfaces. This is in line with the expectation that high drying rates will lead to
accumulation of polymer particles on the latex-air interface. Additionally, when high
drying rates are applied, non-linearities in the viscoelastic behavior occur, which can
be ascribed to the presence of a yield stress at small deformations of the latex surfaces
caused by capillary forces Fcap or Van der Waals forces Fvdw operating between the
particles. This effect becomes less apparent with increasing MAA content of the latex
dispersions, which can be ascribed to the increased solubility of the particle outer layer
at higher MAA content. This would result in a more gel-like structure between particles
dampening Fvdw and Fcap .
To study the effect of carboxylic acid groups on the drying behavior of the latex
dispersions, hydrogen distribution profiles of the films were used to determine the
thickness decrease, and hence the drying rates, of the films. It was found that with
increased drying rate due to lower RH, the evaporation rate was internally limited by
the latex film itself. This phenomenon was more obvious with increasing MAA content
and was ascribed to hydrogen bonding of water molecules with the carboxylic acid
moieties. Studying the hydrogen mobility as a function of hydrogen density ρ showed
that the drying rate itself had no impact on the hydrogen mobility in the latex films.
Hydrogen mobilities decrease only after the evaporation of bulk water, resulting in
a sharp increase of 1/T2 at low ρ. This is ascribed to the evaporation of water that
would normally enable hydroplasticization of the polymer. The hydrogen mobilities
were affected by the MAA concentration. Densities of mobile hydrogens increase with
increasing MAA, confirming the role of carboxylic acid groups on hydrogen bonding
and plasticization of the polymers. T2 relaxation times of these hydrogens, however,
decrease with increasing MAA content, which is hypothesized to be caused by the
formation of dimers of carboxylic acid groups that still hold water. This still enables
short range polymer hydrogen mobility due to hydroplasticization, but limits the long
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range polymer mobility due to interaction between the carboxylic acid groups.
The coating Tg as a function of water uptake was studied using dynamic mechanical
analysis. The Tg ’s decreased with increasing water content, confirming the plasticizing
effect of water on the coatings. At RH between 0 and 60% the coating Tg shows a
sharper decrease than at higher RH, an effect that increases with increasing MAA content. This behavior is attributed to the presence of dimers of carboxylic acid in the
coatings, which is also observed with FTIR-ATR analyses. Due to water uptake, the
dimers are disrupted and form ”open” dimers where carboxylic acid groups remain in
close proximity and are connected through water molecules. With 1 H NMR relaxometry, again two T2 relaxation times are found. Both mobilities increase with increasing
water content. Correlating the T2 relaxation times with the coating Tg ’s shows that at
higher MAA content the proton mobility as a function of Tg of the soft domains increases with increasing MAA content. Since the polymer proton mobility, and hence
the polymer mobility, is expected to scale with the polymer Tg , it is hypothesized that
harder domains are present in the coatings, which are not visible with NMR relaxometry.
In conclusion, incorporation of MAA in latex particles promotes the hydroplasticization effect and high Tg latex films, after complete film formation and evaporation of
water, are obtained. The water sensitivity of the films, however, needs to be dealt with
before such latex dispersions can be used as binders for paints.

SAMENVATTING

Latex dispersies worden vaak gebruikt als binders voor verven, die nodig zijn om
mechanisch en chemisch robuuste coatings te verkrijgen. Hieraan worden kleine hoeveelheden organisch oplosmiddel toegevoegd om de latex deeltjes zacht te maken.
Dit oplosmiddel verdampt tijdens het latex filmvormingsproces. Een ”heilige graal ”
in de ontwikkeling van watergedragen coatings is het overbodig maken van het organisch co-solvent, dat de filmvorming bevordert, om te anticiperen op een strengere
milieuwetgeving. Een mogelijke aanpak is de ontwikkeling van latex dispersies die
volledig geplasticiseerd worden door water. Dit wordt hydroplasticisatie genoemd.
Polaire groepen die grote hoeveelheden water kunnen binden, kunnen in de latex
deeltjes worden ingebouwd om hydroplasticisatie te bevorderen. Dit kan door middel
van copolimerisatie van latex met een zeer hydrofiel monomeer zoals methacrylzuur
(MAZ). In dit proefschrift worden de resultaten van het onderzoek beschreven van
het filmvormingsgedrag van latex dispersies met verschillende hoeveelheden MAZ.
Het doel van de studie is om de invloed van carboxylzuurgroepen in de latex polymeerdeeltjes te bepalen op het filmvormingsgedrag en de eindeigenschappen van de
latex films.
Het filmvormingsproces van latex dispersies kan ruwweg verdeeld worden in drie
onderdelen. Ten eerste, afhankelijk van de samenstelling van de latex dispersie en de
droogsnelheid, het ophopen van deeltjes aan het latex-lucht grensvlak. Ten tweede
de bulk droogfase van de dispersies. Ten derde de polymeermobiliteit in de ”droge”
film. Na afloop van het droogproces, wanneer geen verdere verdamping van water
wordt waargenomen, zijn nog kleine hoeveelheden water aanwezig in de film. Dit
maakt plasticisatie van de polymeren mogelijk en daardoor wordt de polymeermobiliteit, afhankelijk van het watergehalte in de film, verhoogd.
In een eerste studie zijn GARField 1 H NMR relaxometrie experimenten beschreven
waarmee het filmvormingsproces van twee latex dispersies met een verschillend polymeer Tg zijn bestudeerd. Het doel was om te begrijpen hoe NMR relaxometrie gebruikt
kan worden om filmvorming te bestuderen met het bepalen van transversale relaxatietijden T2 . De harde latex, met een polymeer Tg hoger dan kamertemperatuur (KT),
droogt sneller dan de zachte latex, met Tg < KT. De zelf-diffusiecoëfficiënt Dzelf van
water neemt af met een toenemende vastestofgehalte van de latex onafhankelijk van
de deeltjes Tg . Twee poelen van protonen met een verschillende mobiliteit werden
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geobserveerd met de transversale relaxatie tijden T2 . Het bepalen van T2,lang en de
bijbehorende waterstofdichtheid van beide latex dispersies tijdens drogen bij 79±1%
relatieve luchtvochtigheid (RV), toonde deformatie van de deeltjes van de zachte latex
aan terwijl dit bij de harde latex niet het geval was. Na verder drogen van de films in
een watervrije omgeving, werd op basis van het waterstofverdelingsprofiel een hogere
porositeit geobserveerd voor de harde latex film. Bovendien werden voor beide latex
films twee domeinen met een verschillende polymeermobiliteit gevonden die geplasticiseerd worden door water bij 79% RV. Dit gedrag is sterker bij de harde latex film wat
suggereert dat een meer hydrofiel polymeer een grotere mate van plasticisatie heeft.
In het algemeen is NMR relaxometrie een effectief middel om latex filmvorming te
bestuderen.
De eerste studie van filmvorming van latex dispersies met een variërend MAZ
gehalte betrof het effect van ophoping van deeltjes nabij het latexoppervlak tijdens
drogen. Dit werd onderzocht door het toepassen van dilatatiereologie, een techniek
die vaak wordt ingezet om visco-elastische eigenschappen van vloeistofoppervlaktes
te karakteriseren. De latex dispersies werden gedroogd met verschillende verdampingssnelheden door de RV van de omgeving te variëren. Hieruit bleek dat een hogere
droogsnelheid leidt tot een toename van de visco-elastische eigenschappen van de latexoppervlaktes. Dit is in lijn met de verwachting dat hoge droogsnelheden leiden
tot ophoping van polymeerdeeltjes aan het latex-lucht grensvlak. Daarnaast is bij
de hoge droogsnelheden niet-lineair visco-elastisch gedrag zichtbaar dat kan worden
toegeschreven aan de aanwezigheid van een vloeispanning bij lage deformatie van het
latexoppervlak. Deze worden veroorzaakt door capillaire krachten Fcap of van der
Waals krachten Fvdw tussen de deeltjes. Dit effect wordt minder significant met een
toename van het MAZ gehalte van de latex dispersies, dat kan worden toegeschreven
aan de verhoogde oplosbaarheid van de buitenlaag van de deeltjes bij een hoger MAZ
gehalte. Dit zou resulteren in een meer gel-achtige structuur tussen de deeltjes dat Fvdw
en Fcap dempt.
Om de invloed van carboxylzuur groepen op het drooggedrag van de latex dispersies te bestuderen, zijn waterstofverdelingsprofielen van de films gebruikt om de
afname van de filmdikte en dus de droogsnelheid te bepalen. Bij hogere droogsnelheid
door een lagere omgevings RV wordt de verdampingssnelheid intern gelimiteerd door
de latex film zelf. Dit fenomeen was duidelij-ker met een toenemend MAZ gehalte en
werd toegeschreven aan de vorming van waterstofbruggen tussen watermoleculen en
de carboxylzuur groepen. Het bestuderen van de waterstofmobiliteit als een functie
van de waterstofdichtheid ρ toonde aan dat de droogsnelheid zelf geen invloed had op
de waterstofmobiliteit in de latex films. De waterstofmobiliteit nam alleen af na de verdamping van bulk water, te zien aan een scherpe toename van 1/T2 bij lage ρ. Dit werd
toegeschreven aan de verdamping van water dat eerder zorgde voor hydroplasticisatie
van het polymeer. De waterstofmobiliteit werd beïnvloed door het MAZ gehalte. De
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dichtheid van mobiel waterstof nam toe met toenemend MAZ gehalte, wat de rol van
de carboxylzuur groepen bij de vorming van waterstofbruggen en hydroplasticisatie
van de polymeren bevestigde. T2 relaxatietijden van dit waterstof namen af met toenemend MAZ gehalte, wat verondersteld werd te worden veroorzaakt door de vorming
van dimeren van carboxylzuur groepen die alsnog water vast kunnen houden. Dit
laat nog steeds een verhoogde polymeermobiliteit op korte afstand toe, maar limiteert
de mobiliteit van de polymeren over langere afstand vanwege de interactie tussen de
carboxylzuur groepen.
De latex film Tg als functie van wateropname werd bestudeerd met behulp van dynamisch mechanische analyse. De Tg ’s namen af met toenemend watergehalte, wat het
plasticiserend effect van water op de films bevestigde. Tussen 0 and 60% RV liet de
film Tg een scherpere afname zien dan bij hogere RV’s, een effect dat significanter werd
bij toenement MAZ gehalte. Dit gedrag werd toegeschreven aan de aanwezigheid van
dimeren van carboxylzuur groepen in de films, wat ook geobserveerd werd met FTIRATR analyse. Door de opname van water worden de dimeren verbroken en ”open”
dimeren worden gevormd waarbij de carboxylzuur groepen dicht bij elkaar blijven en
verbonden worden door watermoleculen. Met 1 H NMR relaxometrie werden weer twee
T2 relaxatietijden gevonden. Beide mobiliteiten namen toe met een toename van het watergehalte. Door de T2 relaxatietijden te correleren met de film Tg ’s werd aangetoond
dat de waterstofmobiliteit van de zachte domeinen als functie van de Tg toeneemt met
toenemend MAZ gehalte. Omdat verwacht werd dat de waterstofmobiliteit van het
polymer en dus de polymeermobiliteit schaalt met de polymeer Tg , werd verondersteld dat hardere domeinen aanwezig zijn in de films die niet zichtbaar zijn met NMR
relaxometrie.
Inbouwen van MAZ in latexdeeltjes bevordert het hydroplasticisatie-effect en resulteert in latex films met hoge Tg na complete filmvorming en verdamping van water.
Echter, de hoge watergevoeligheid van de films moet opgelost worden voordat zulke
latex dispersies gebruikt kunnen worden als binders voor verf.
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DANKWOORD

Traditioneel het laatste onderdeel van een proefschrift en daarmee ook het meest
gelezen onderdeel: het dankwoord. Vreemd genoeg is dit een onderdeel dat een
verwaarloosbare hoeveelheid tijd kost in vergelijking met het schrijven van de rest van
het proefschrift, terwijl deze door velen kritisch wordt bestudeerd in de verwachting
hun naam terug te vinden. Wellicht is deze paradox een mooi onderwerp voor een
ander soort proefschrift. Nu rest echter de taak om zoveel mogelijk verwachtingen
waar te maken.
Tijdens een kick-off meeting aan het begin van mijn promotieonderzoek werden de
verwachtingen en plichten haarfijn uitgelegd. Eén van de afsluitende opmerkingen was:
”Soms zullen we wel eens moeten mopperen, maar dit doen wij alleen om ervoor te zorgen dat
er aan het eind van de rit een mooi proefschrift ligt.” Deze opmerking werd vergezeld door
drie serieus kijkende gezichten. Na iets meer dan vier jaar werk kan ik concluderen
dat het gelukkig niet noodzakelijk was om te mopperen. Dit mede dankzij de goede
begeleiding die ik heb gekregen.
Henk, ook jij moest de afgelopen jaren flink aan de bak om dit project tot een goed
einde te brengen. Ondanks jouw sabbatical aan het begin van mijn promotie en de
toenemende drukte door de warmteopslag-koers van TPM in de jaren daarna, heb jij
elk beschikbare moment aangegrepen om de voortgang te waarborgen. Ik heb veel
geleerd van jouw gestructureerde werkwijze en brede kennis en hier zal ik altijd profijt
van hebben.
Bart, jouw persoonlijkheid kan niet véél meer verschillen met die van Henk. Jouw
gedachten, net zoals jouw mok, sleutels en beurs, zijn vaak op meerdere plaatsen
tegelijk. Toch is jouw invloed op dit proefschrift niet gering! Jouw kennis en vaardigheden met de GARField hebben ervoor gezorgd dat ik het beste uit mijn experimenten
kon halen. En als er iets mis was aan de opstelling, dan stond jij altijd klaar om mij uit
de brand te helpen.
Olaf, jij hebt altijd aan de rand van de wetenschappelijke inhoud van het project
gestaan, waardoor je altijd een goed overzicht hebt gehouden. Gesprekken met jou
waren altijd erg motiverend en je stak je waardering voor mijn inzet nooit onder stoelen
of banken. En alhoewel je het vaak heel erg druk had, was je altijd heel goed op de
hoogte van de vorderingen van mijn werk. Daarvoor wil ik jou ook graag bedanken.
De uitstapjes naar Wageningen waren altijd een leuke afwisseling van mijn werkza-
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amheden in Eindhoven. Helaas is er geen DWS resultaat te vinden in dit proefschrift,
maar daarvoor in de plaats wel een mooi hoofdstuk over oppervlaktereologie. Paul,
bedankt hiervoor en de begeleiding die jij daarbij bood. Leonard, ik wil jou ook graag
bedanken voor al jouw hulp met de interpretatie van de resultaten en het schrijven van
het artikel.
Joe, your contributions throughout and especially near the end of the project were
very valuable, which helped me direct the research and writing in more promising
directions. Thank you for all your efforts.
Ik wil ook graag iedereen bedanken die, direct of indirect, een bijdrage hebben
geleverd aan dit proefschrift, te beginnen met de technici. Hans, Jef, Loes, Pieter en
Henk en Ginny van de werkplaats, allemaal heel erg bedankt voor al jullie inspanningen.
Jurgen, ik wil jou heel graag bedanken voor jouw hulp bij het project. Jouw kennis van latex synthese en van het publicatielandschap heeft mij meer dan eens op weg
geholpen. Het is dan ook zeker niet onverdiend dat jouw naam ook boven alle publicaties van het project prijkt.
Nicolae, already at the start of the project you have been very interested in my work
and the results. We had some good discussions and it was always nice to hear your
thoughts about the research. Also, you always kept the door to Océ open for me if any
analysis needed to be done. I really appreciate all you have done for me.
Maarten, het was me een waar genoegen om samen met jou binnen het TSoF project
te werken. Onze plannen om uiteindelijk samen iets te publiceren zijn weliswaar nooit
van de grond gekomen, maar de voortgangsbesprekingen (beter gezegd: koffiepauzes)
en het organiseren en afhandelen van de STW vergaderingen zijn onmisbare elementen
geweest van mijn promotie-onderzoek.
Speciale dank gaat ook uit naar mijn kantoorgenoten. Steven, jij was mijn eerste
kantoorgenoot en hebt mij geholpen vertrouwd te raken met de TU/e. Helaas hebben
we onze promoties niet samen af kunnen maken, maar het was zeker een gezellig
begin. Peter, jouw droge humor en onfeilbare bioritme als het om koffie gaat hebben
mij een jaar op de been gehouden, waarvoor mijn dank. Leyla, jij hebt het het langst
met mij uitgehouden en we hebben in die tijd ook veel promotie-ervaringen (en andere
verhalen) kunnen delen. Ik vond het heel fijn om jou als kantoorgenoot te hebben.
Of course I would also like to thank all the other TPM colleagues for the unforgettable four years. The group changed a lot over time, so with the risk of forgetting
someone’s name, a big thank you goes to Pim, Karel, Kees, Philip, Thomas, Cemal,
Okan, Ahmed, Jinping, Raheleh, Sofiia, Kateryna, Thiago, Negar, Jelle, Klaas, Kashif,
Maryam, Ji, Anja, Leo Pel, Leo van der Ven, Rick, Natalja, and Wendy.
De twee belangrijkste personen heb ik voor het laatst bewaard. Ten eerste mijn
vrouw. Xiaohua, de laatste jaren zijn zeker niet makkelijk geweest. Samen hebben we
alle voorspoed en tegenslagen tijdens mijn promotie moeten delen, maar je hebt mij
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altijd gesteund en daarvoor ben ik jou voor altijd dankbaar. En natuurlijk Wendelyn.
Jij bent nu nog te jong om te beseffen dat je mij door een aantal zware jaren heen
hebt geholpen. Om na iedere werkdag thuis begroet te worden met een grote glimlach en omhelzing, is het mooiste wat jij mij als vader kunt geven. Het opdragen van
dit proefschrift aan jou en mama doet mijn liefde en waardering voor jullie nog geen
volledig recht, maar het zal een blijvende herinnering zijn aan alles wat jullie voor mij
betekenen!
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