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Abstract

Radiation-curable polyurethane dispersions (UV-PUDs) are colloidal dispersions whose stability is mainly ensured by the electrostatic repulsion
between the negatively charged polymer particles. In this article, particle stabilization is presented in terms of the physico-chemical characteristics
of the polymer dispersion and its microstructure. The phenomenon of the colloidal destabilization at higher temperature is studied by multiple light
scattering, then correlated with the evolution of the particle size distributions and the measurement of the apparent critical coagulation concentration
o lymer on the
c UV-PUDs
c ghlig
t ess.
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f a salt as an indication of the energy barrier at the surface of the particles. The investigation of selected chemical parameters of the po
olloidal stability aims to identify the most relevant ones with an understanding of the underlying mechanism. The study underlines that
onstitute a waterborne polymer family with its own identity, adding complexity to the traditional radiation curing chemistry. Finally, it hihts
he new perspectives offered for novel environmental-friendly products with high-end performance and extended stability and robustn
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. Introduction

The whole family of waterborne polymers is gradually dom-
nating the surface coating market as a consequence of a lower
hemical impact on the environment and a continuously improv-
ng level of performance.

Polyurethane dispersions (PUD) and especially radiation-
urable polyurethane dispersions (UV-PUD)[1–3] have bene-
ted over the last few years from a growing attention by the mar-
et recognizing their high-end performance and strong potential
4]. These are aqueous dispersions of acrylated polyurethane
ligomers that are thus positioned at the interface between vari-
us technologies[5]. They provide coatings with strong perfor-
ance and unique functionality taking advantageat the same

ime from: (i) colloidal dispersions; (ii) radiation curing and (iii)
olyurethane polymers. We discuss these three main features

n the perspective of innovative surface specialties providing
igh-end performance for wood and plastics[6]; although metal,
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concrete, glass, textile, or graphic art applications have also
considered so far.

1.1. Radiation curable polyurethane polymers

UV-PUDs are true polyurethane oligomers. The hard
thane or urea domains with strong hydrogen bonding, tog
with the acrylate cross-linking reaction, give the structure
hardness and resistance – while the softer domains se
buffer zones and account for the flexibility and impact re
tance. A superior balance in chemical resistance and mech
properties – like (cold) flexibility and impact deformation
is obtained when compared to 100% UV systems, due t
lower cross-linking density and the higher average mole
weight between cross-links. The influence of the cross-lin
density and the molecular weight between cross-linking k
on the coating performance was reported elsewhere in
case of 100% systems[7] and UV-PUDs[8]. In many cases
the cured coating offers an ultimate mechanical and ch
cal resistance to the surface, associated within a set o
formance specific to the substrate and the application –
E-mail address: michel.tielemans@cytec.com (M. Tielemans). an improved adhesion. The instant and low-energy radiation
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curing offers an additional benefit over the usual thermal
cure.

1.2. Colloidal dispersions

UV-PUDs are colloidal dispersions whose stability is gener-
ally ensured by the electrostatic repulsion between the anionic
surfaces of said polymer particles.

Their waterborne nature militates in favor of high environ-
mental, health and safety standards (low VOC). They are com-
pletely miscible with water and they offer also broad formulation
options – like the possibility to target coatings with a large win-
dow of gloss.

The complex heterogeneous nature of these dispersion
implies that their rheology becomes essentially independent of
the molecular weight of the polymer, and is now mainly deter-
mined by a complex relationship between: (i) the particle volume
fraction (solid content); (ii) the particle size distribution and mor-
phology; (iii) the particle interactions and (iv) the composition
of the aqueous phase. UV-PUDs are consequently very low vis-
cous products with a favorable rheology for applications such
as spray or flexography/heliogravure.

The minimum film formation temperature (MFFT) of these
low molecular weight oligomers dispersed in water is below
room temperature and does not require the use of coalescing
agents. The layer formed after particle coalescence is generally
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The objective of this study was two-fold: (i) first, to develop
the right methodology in order to study and compare the col-
loidal stability at room or at elevated temperatures; (ii) secondly,
to determine and understand the physico-chemical parameters
involved in order to optimize the stability of new UV-PUDs.

2. Description of the colloidal stability

2.1. Generalities

In its broadest definition, colloidal dispersions refer to sub-
micron particles typically within a size range of 1–1000 nm.
The formation of colloidal particles from the bulk material
is accompanied by a change in the standard-free energy of
the system,�G

◦
f . This is represented inFig. 1 in which the

�G
◦
f = γsl�Asl can be either negative or positive. In this equa-

tion, γsl is the solid–liquid interfacial surface tension or free
energy and�Asl is the increase in interfacial area. If�G

◦
f is neg-

ative, the colloid is thermodynamically stable (lyophilic) but if
�G

◦
f is positive, the colloidal state is unstable relative to the bulk

(lyophobic).
The lyophobic colloids, even if they are thermodynamically

unstable, can be mademetastable for a long period of time if an
energy barrier (Eact) of a sufficient height opposes the colloidal
state to the bulk state. When the barrier is absent or too small,
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ack-free before cure (decreases dust contamination and
locking) and sometimes water-soluble before cure (reduce
remature drying of the polymer under coating application
ny case, the material becomes very hard and resistan
uring.

In order to compete for the many advantages that t
olyurethane dispersions can offer when compared to
00% counterparts, they have also to minimize the eve
rawbacks associated with their status of colloidal dis
ions. In this perspective, the colloidal stability of the pr
ct is particularly important since the UV-PUD dispers

s supposed to maintain its physico-chemical integrity
he time in a wide range of thermal, mechanical or che
al stresses with no change of aspect or destabilization o
ing.

Extreme temperatures, although prohibited, are frequ
bserved during the transport and may render the product fu
nusable following its destabilization. It is possible to determ

he average time required to destabilize any product as a fun
f the temperature. A temperature of 60◦C was found to be ide

o study the stability in a suitable time frame for the experim
alist as well as being connected with the extreme tempera
ometimes recorded during the life cycle of a product. Doin
t is possible to record a wide range of heat stability reque

serious investigation of the physico-chemical parameters
o guarantee the suitable long-term robustness. We will con

stable product if the stability is equal or superior to 10 d
t 60◦C. The best products will reach more than 60 days u

hese challenging conditions prior to their destabilization in
orm of a solid aggregate visually observed at the bottom o
est bottle.
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hen the particles tend to recover the bulk state by aggregat
reversible or an irreversible way. This process is known a

occulation (reversible) orcoagulation (irreversible). The na
ral tendency of colloidal particles to aggregate is coming

rom the thermal energy of the particles – also known as Bro
an motion – and the dipole–dipole attractions among uncha

olecules – usually described as the van der Waals intera
The frequency and efficiency of the inter-particle collisi

epend on the number and size of the particles in the dispe
or a model dispersion of uniform spherical particles,Fig. 2
hows that the ratio between the inter-particle distance (H is the
istance between the particle surfaces) and the particle dia

.e., 2a wherea is the radius, drops below unity at volume fr
ions >10%, i.e., here the inter-particle distance becomes a
ion of the particle diameter. This is even more the case at th
cal solid contents of the UV-PUD systems, e.g., 35%, wher

ig. 1. Representation of the free energy change between bulk and co
tates in a lyophobic colloidal dispersion; the activation energy (Eact) accounts
or a kinetically stable system.
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Fig. 2. Ratio of the sphere separation distance and the particle diameter as a
function of particle volume fraction for a dispersion of uniform spherical parti-
cles in random packing.

inter-particle distance drops to less than one-fifth of its diameter.
This simplified picture emphasizes the challenge of reaching a
good stability in such thermally agitated close-packed systems.

Fig. 3stresses the extremely high specific surface areas devel-
oped in the colloidal state for spherical particles within the range
10–1000 nm. In the case of particles of 100 nm and lower (which
is generally the case in the practice), the surface developed b
the particles is reaching 100 m2/g and more. This is a phenome-
nal surface developed by particles in close contact and illustrate
the level of interactions between them.

The pathways leading to irreversible dispersion breakdown
are typically preceded by flocculation and involve coagulation,
gravitational separation by creaming or sedimentation, gelifi-
cation and coalescence. Ostwald ripening happens in specifi
conditions.

2.2. Classical colloidal stability theory

According to the nature of the polyurethane dispersions stud
ied in this work, the primary mechanism of colloid stability is

F ticles

electrostatic repulsion of the electrically charged polymer par-
ticles [9]. Dependent on the polymer backbone composition,
particles with a substantial hydrophilic character can be pro-
duced. As a consequence, water swelling may actually result
in microgel particles[9–11]. The degree of swelling is addi-
tionally affected by factors such as particle charge (viz. pH),
molecular weight, electrolyte content, temperature, etc.[11].
This potential effect should be considered in the elucidation of
the stability behavior of the polyurethane dispersion but, how-
ever, was ignored in a first approximation.

In the assumption of negligible steric repulsion, the particle
pair interaction potential is essentially described in terms of the
classical Derjaguin–Landau–Verwey–Overbeek (DLVO) theory
where the electrical double layer (EDL) repulsion is expressed
as[12–14],

VR = 32πεε0(kBT )2a

z2e2 tanh2
(
zeψ

4kBT

)
exp(−κH) (1)

and the van der Waals attraction reads as,

VA = −A
6

(
2a2

H(4a+H)
+ 2a2

(2a+H)2
+ ln

(
H(4a+H)

(2a+H)2

))

(2)

wherea is the particle radius,H is the distance between the
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article surfaces,A is the Hamaker constant,ψ is the surfac
Stern) potential,z is the electrolyte valence,T is the absolut
emperature and 1/κ is the Debye length. The other consta
re defined as usual, i.e.,kB is Boltzmann’s constant,e is the
lementary charge,ε the relative dielectric constant of the s
ent andε0 the permittivity of vacuum. The Hamaker const
mbraces all characteristics of the particle material that m
ffect the attraction.

The EDL is formed by surface-bound ionic groups and
qual number of opposite charge in the vicinity of the par
urface, which forms a mobile diffuse layer. The thickness o
iffuse part of the EDL is characterized by the inverse De

ength expressed as

=
(

2e2NAI

εε0kBT

)1/2

(3)

hereI represents the ionic strength of the aqueous medium
A is Avogadro’s number.
It is noticed that the surface potentialψ cannot be measure

irectly but the zeta potential, corresponding to the junction
lane) between the stern layer of ions rigidly attached to
olloid and the diffuse layer of counter-ions moving around
article, can be determined experimentally from electrokin
easurements[12]. The zeta potential is related to the mobi
f the particle in an electric field.

For H/2a � 1, the attractive energy, Eq.(2), reduces to

A = − Aa

12H
(4)

nd provides a fair approximation for the attraction energ
eneral[14]. The total pair-potentialVtot is the sum of the tw
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Fig. 4. DLVO interaction potentialVtot vs. sphere separation distance (full line).
The dotted line represents the repulsion potentialVR whereas the dashed line
shows the attraction potentialVA (as detailed in the text).

contributions,

Vtot = VR + VA (5)

In Fig. 4, the total DLVO potentialVtot was calculated as a
function of the sphere separation distanceH using parameter
values representative for the investigated UV-PUDs (vide infra)
at 25◦C, i.e.,a = 50 nm,ψ = 10 mV,A = 10−20 J andI = 50 mM.
The interaction energy presents a maximum (≈1.5kBT) at a cer-
tain distance. For a sufficiently high-energy barrier, the system
will remain stable as the particles cannot overcome the bar-
rier through thermal agitation. Increasing the concentration of
electrolyte will compress the EDL and reduce the electrostatic
repulsion between the particles. The electrolyte concentration
at which the energy barrier vanishes is known as the critical
coagulation concentration (ccc).

2.3. Physico-chemical parameters

There are many physico-chemical parameters that influence
the colloidal stability of the polymer dispersion. Several of them
can be fine-tuned by playing on the chemical design of the poly
mer.

The polymer nature plays an essential role and determine
primarily the surface charge density. This includes (i) the nature
of the polymer backbone – diisocyanates and diols, (ii) the nature
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Fig. 5. Schematic representation of the polymer microstructure and the particle
morphology.

The dispersion process is known to have a fine-tuning influ-
ence on the dispersion characteristics; the shear employed for
making the dispersion combined with the several possible types
of neutralization and dispersion process can retain the attention.
It is worth to mention that the particle sizes, although not affect-
ing directly the surface charge density, should be low enough
(ideally, this means around or below 100 nm) to provide stable
colloids.

An ideal colloidal system is considered as a uniform mono-
modal dispersion of a chemically homogenous polymer. How-
ever, many uncontrolled parameters are causing deviations from
this ideal picture and affect the particle size distribution and the
microstructure of the dispersion. Some typical possibilities are
outlined inFig. 5and underline an infinite complexity. First, the
particle can display heterogeneity of composition when going
from the center to the outside of the particle: a typical mor-
phology is then “gradient” or “core–shell”[15] but even more
complicated structures are known. Secondly, the dispersion can
display inter-particle heterogeneity of composition, size and
shape: particle size distributions can be multi-modal and the
chemical composition between the populations can vary to a
large extent, either as a result of the process used or as a result of
the chemist’s actions. In the case of polymer particles “swollen”
either with water or with a co-reactant or a co-solvent, the rules
of colloidal stability are also likely to be changed. The same can
be observed with poly-phasic systems where a major polymer
d
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nd amount of the acrylated capping agent and (iii) last bu
he least, the nature and amount of the build-in ionic chem
roups and counter-ions. Frequently, the dimethylol propi
cid is incorporated into the oligomer as a diol and brin
arboxylic acid functionality easily neutralized in carboxy
alts. It is worth mentioning that an excess of ionic functio
ty, although beneficial for the electrostatic repulsion betw
articles, will be detrimental in other performance areas lin

o an excess of water and solvent sensitivity and an incre
ensitivity to premature hydrolysis. Any other remaining org
unction on the polymer can have a remarkable impact o
olloidal stability.
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ispersion cohabits with a minor emulsion population.
The composition of the water phase is relevant if it cont

ater-soluble oligomers providing a tensio-active effect. S
arly, any insoluble material from the reaction medium pre
n the form of additional droplet emulsions can also affect
olloidal stability. The nature of the counter-ions as well as
egree of neutralization (essentially linked to the pH of the a
us phase in the case of weak bases like carboxylate salt

he overall ionic strength also plays a determining role in
olloidal stability.

. Experimental

.1. Preparation of polyurethane dispersions

The chemistry of the UV-PUDs is outlined inFig. 6. In
first step, a low molecular weight polyurethane prepoly
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Fig. 6. Representation of the four chemical steps involving the synthesis of
unsaturated polyurethane dispersions.

is synthesized in a low boiling point solvent (like acetone)
both from a diisocyanate (represented inFig. 6 by methane-
dicyclohexyl-diisocyanate, H12MDI) and from long and short
chain diols. Long-chain diols are selected from polyester,
polyether or polycarbonate and are used to provide the flexible
segments of the polymer (represented inFig. 6by a neopentyl-
glycol polyadipate). Short-chain diols (functional or not) are
used to impart stiffness and/or to provide the ionic moieties
required for water dispersion (represented inFig. 6by dimethy-
lolpropionic acid, DMPA). In a second step, the carboxylated,
isocyanate-terminated polyurethane prepolymer is capped wit
a hydroxylated acrylate molecule (represented here by hydrox
yethyl acrylate, HEA). During a third step, the pre-polymer
is dispersed into water under high shear mixing after neutral
ization of the carboxylic acid functions with a tertiary amine
(e.g., triethylamine). In a fourth step, the low boiling point sol-
vent is stripped out under vacuum. The resulting UV-PUDs
exhibit generally a solid content between 35% and 45%, a
pH value between 7 and 8 and an average particle size belo
100 nm.

3.2. Characterization of polyurethane dispersions

The solid content of the dispersions was determined gravi
metrically by drying an aliquot of the stock dispersions for 2 h
in a heat convection oven at 120◦C. The viscosity was mea-
s rpm
a
d erin
( ature
u ern
S 0 nm
a
p ized

(DI) water (MilliQ, resistivity 18 M� cm) was used for sample
dilution.

3.3. Colloidal stability and critical coagulation
concentration (ccc)

In this preliminary work, the colloid stability of the neat
UV-PUD dispersions was first evaluated at 60◦C using a phe-
nomenological approach. Next, we used a physico-chemical
approach in order to assess the energy barrier of the particles in
dilute conditions through the modification of the ionic strength
of the medium.

3.4. Qualitative assessment of colloidal stability by
multiple light scattering (MLS)

The aging of the dispersions at 60◦C was followed by multi-
ple light scattering (MLS). The MLS experiments were carried
out using a Turbiscan LabTM Thermo (temperature controlled)
equipment from Formulaction[16]. A pulsed near infrared light
source (880 nm) scans the sample from bottom to top and two
synchronous detectors acquire: (a) the light intensity transmitted
through the sample (T = transmission) and (b) the light scattered
at an angle of 120◦ (B = backscattering), both expressed rela-
tive to the incoming light intensity. Samples are prepared in
fl eter
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ured with a Brookfield viscometer at a shear rate of 50
nd 25◦C. The hydrodynamic particle diameter,dDLS, of the
ispersed particles was determined by dynamic light scatt
DLS). The experiments were performed at room temper
sing a Malvern Autosizer LoC instrument linked to a Malv
eries 7032 Multi-8 correlator. The laser wavelength is 67
nd the observation angle for the scattered light was 90◦. Sam-
les were prepared in 4 ml PMMA cells and distilled deion
h
-

-

w

-

g

at-bottomed optical quality glass tubes with 27.5 mm diam
nd 70 mm height. The transmitted light evidences the cl
ation in the sample (increasing T). The backscattered s
esponds to both particle concentration and particle size e
ions in the sample. The advantage of MLS is that it han
eat dispersions without further dilution or modification. A
onstant volume fraction, the back scattering signal behav
bell-shaped curve as a function of particle size with a m

mum around the source laser wavelength (i.e., 880 nm).
onstant particle size, the back scattering signal is proport
o the logarithm of the volume fraction. Similarly, the tra
ission increases upon decrease of the volume fraction o
ispersion at a constant particle size. Consequently the s

aneous monitoring of transmission and back scattering
olloidal dispersion during aging (along the whole sample)
ich source of information since it responds to both particle
ncrease (flocculation) and particle migration (sedimentatio
reaming). The two phenomena may appear simultaneou
onsecutively.

.5. Qualitative assessment of colloidal stability by
ynamic light scattering (DLS)

In parallel to the MLS experiments, the ageing of the dis
ions at 60◦C was followed by dynamic light scattering (DL
sing a Malvern Autosizer Lo-C single angle measurement
LS experiments were carried out after taking aliquots o
ged dispersion at a fixed height inside the sample tube.
ethod proves to be very valuable when applied in parallel
LS. It is able to evidence the appearance of flocculation o

ample far better than by visual inspection.
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Table 1
Characteristics of the polyurethane dispersions

Model Capping type Capping (%) Neutralization
type

Solid content (%) pH Particle size
(nm)

COOH
(mmol/g)

tmax (h) ccc (mmol/L)

A1 A 60 TEA 35 7.8 31 0.59 ∼1200 ∼300
B1 B 60 TEA 35 7.8 57 0.43 ∼400 ∼300
B2 B HMDAa TEA 35 8.0 24 0.42 ∼300 ∼100
B3 B 60 NaOH 35 7.0 59 0.43 ∼500 ∼250
B5 B + Db 60 TEA 40 7.7 96 0.39 ∼350 ∼200
C1 C 60 TEA 35 7.8 43 0.45 ∼1400 ∼300
C2 C 100 TEA 35 7.7 43 0.38 ∼1070 ∼120

a Chain extension with hexamethylene diamine.
b Non-reactive poly-acrylate molecule.

3.6. Determination of the apparent ccc by dynamic light
scattering (DLS)

A sample of the stock dispersion was diluted down to
≈5 wt.% solids using distilled deionized water. Next, 10 ml
of the diluted dispersion was added in an agitated test tube
containing 1 ml NaCl solution. The concentration of the NaCl
solutions was adjusted in order to cover a concentration range of
0–650 mmol/L in the diluted dispersion. Beyond the ccc, coagu-
lation was observed almost instantaneously as expected. Below
the ccc, the hydrodynamic particle size of the samples could be
determined by DLS (signal acquisition time of 3 min) immedi-
ately after preparation.

4. Results and discussion

4.1. Synthesis of polyurethane dispersions

A model UV-PUD was prepared along the methodology
described before in this article. It starts from the synthesis of
an isocyanate-terminated polyurethane pre-polymer build from
methane-dicyclohexyl-diisocyanate (H12MDI), a low molec-
ular weight polyadipate of neopentylglycol (PANPG) and
dimethylolpropionic acid (DMPA).

Several variations were introduced to this basic recipe and
a
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phase. It is likely that these molecules play a role in the sta-
bility of the final dispersions. Except one, all the syntheses were
made with a partial capping of the available isocyanate in the
pre-polymer, i.e., not all the available isocyanate functions are
reacted.

Secondly, the nature of the chain extension was considered.
The controlled reaction of the remaining isocyanates with a
diamine, and the subsequent modification of the chemical struc-
ture, is a relevant parameter. The remaining isocyanates were
chain-extended with a diamine (i.e., hexamethylene diamine,
HMDA) just after the dispersion of the pre-polymer in water.

Finally, the nature of the neutralizing agent and the resulting
counter-ion was of a major interest in this study. For this reason,
the triethylamine (TEA) was replaced with sodium hydroxide
(NaOH) in one of the dispersions. In this case, the sodium
hydroxide was dissolved in water prior to the dispersion of the
pre-polymer.

The characteristics of the neat dispersions are summarized in
Table 1. The seven one-parameter-at-the-time syntheses target
the same dry contents (except B5) and the same pH. The result-
ing particle size distribution is the result of the chemistry and
process, but generally falls well below 100 nm and is thus com-
parable. It is considered that the particle size variation among the
dispersions is not predominant over the chemical modifications.

F rytol
t .
re outlined inTable 1.
Firstly, the nature and the stoechiometry of the capping a

aried. The first synthesis used a pure aliphatic alcohol (na
utanol) as capping agent and is referred to as type A.
bsence of any reactive acrylic unstaturation makes it a
ble model to study the colloidal stability. For the other mo
ynthesis, (poly)acrylated aliphatic alcohols, such as hyd
ethylacrylate (HEA) or pentaerythrytol-triacrylate (PETI
hown inFig. 7, were used. They are referred to as type

and D. It is worth to mention that the chemical comp
ion of higher acrylates is a complex homologous mixtur
roducts deriving from the acrylation reaction; this has b
tudied recently in[17]. Some of them will bear at least o
ydroxyl functionality capable to react with the terminating
yanate of the pre-polymer. In contrast, the acrylated sp
ithout hydroxyl functions will not be covalently linked

he isocyanate-terminated pre-polymer and will remain as
olecules distributed between the aqueous and the po
t
y
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r
ig. 7. Illustration of an idealized chemical structure of the pentaeryth

riacrylate (PETIA) used for the synthesis of a model colloidal dispersion
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4.2. Aging at 60 ◦C

All the prepared dispersions exhibit extended storage stabil-
ity at 25◦C. In order to verify the storage stability in critical
conditions, the dispersions were stored at 60◦C and periodi-
cally analyzed by MLS. In general, all the dispersions exhibit
the same destabilization pathway as observed from the evolution
of the transmission and the backscattering signal by MLS.

First, there is a uniform decrease of the transmission and
increase of the back scattering over the whole sample; this is
attributed to an increase in particle size through aggregation.
Second, there is a wave appearing in the back scattering at the
bottom of the sample due to the migration of the particles. Third,
there is another wave in the back scattering on top of the sample
resulting in the clarification of the dispersion. Forth, the deposit
is growing and reaches its maximum height. Fifth, the deposit
becomes clear meaning that the particles coalesce in a condensed
phase – which is visible through the increase of transmission
and the decrease of back scattering. Sixth, the enhancement of
the light transmission through the aqueous phase corresponds
to the end of the clarification.Fig. 8 displays the evolution of
the backscattered signal with storage time at a height of 20 mm,
corresponding to mid-height in the sample. All the curves show
a maximum at ageing times, which varies significantly for the
different dispersions. The increase in BS reflects an increase in
particle size due to coagulation and/or coalescence whereas the
s h (BS
s crease
o erred
f f the
m pect
t e
d

par-
t
r nsta-
b very
h rna-
t rticle
s

F ;
B , filled
t

Fig. 9. Time-evolution of the hydrodynamic particle size obtained by DLS of
representative samples aged at 60◦C. Symbols: B1, filled circles; B3, open
circles; B2, filled diamonds; B5, open diamonds; A1, squares; C1, filled triangles
and C2, open triangles.

4.3. Apparent critical coagulation concentration

Fig. 10shows the dependence of the hydrodynamic particle
size as a function of added NaCl concentration. The limiting
concentration before rapid coagulation of the dispersion is used
as an indicative value for the ccc. However, other electrolytes
resulting from the dispersion preparation were not taken into
account for their contribution to the ionic strength of the aqueous
medium.Table 1provides an overview of theapparent ccc for
the investigated PUDs.

A higher ccc value is often associated to a higher electro-
static potential resulting in a better stabilization mechanism. An
expression for the ccc can be derived assuming that the transi-
tion between stability and coagulation occurs for the condition of
Vtot = 0 and dVtot/dH = 0. According to the previous assumptions

F NaCl
c nds;
B

ubsequent decrease in BS combines particle size growt
tarts to decrease beyond 880 nm particle size) and de
f particle concentration due to sedimentation as also inf

rom the enhanced light transmission. The location in time o
aximum,tmax, can be used to rank the dispersions with res

o their colloidal stability. InTable 1, a coarse ranking of th
ispersions can be established with increasing stability (tmax).

Fig. 9shows the evolution of the average hydrodynamic
icle size upon ageing time for samples stored at 60◦C. The
esults are in agreement with the MLS data as the most u
le systems exhibit an average particle size increasing to
igh values (above 300 nm) with ageing (flocculation). Alte

ively, the most stable dispersions keep a low average pa
ize (≈100 nm).

ig. 8. Backscattering signal vs. aging time at 60◦C. Symbols: B1, filled circles
3, open circles; B2, filled diamonds; B5, open diamonds; A1, squares; C1

riangles and C2, open triangles.
ig. 10. Dependence of hydrodynamic particle diameter as a function of
oncentration. Symbols: B1, filled circles; B3, open circles; B2, filled diamo
5, open diamonds; A1, squares; C1, triangles and C, open triangles.
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Fig. 11. Surface (Stern) potential vs. ccc of a monovalent electrolyte as calcu-
lated from Eq.(5) with A = 10−22, 10−21.5, 10−21, 10−20.5, 10−20, 10−19.5 and
10−19 J (curves shift upwards with increasing Hamaker constant).

for the interaction potential, the following relation is obtained,

ccc= 9.85× 104ε3ε3
0k

5
BT

5

NAe6A2z6 tanh4
(
zeψ

4kBT

)
(6)

From Eq.(6), the surface potentialψ can be further evaluated
if values for the parameters are available. Aside from the crude
ccc estimations, no values could be suggested for the dielectri
constantε of the aqueous medium and the effective Hamaker
constantA for two polyurethane particles interacting across this
medium. Nonetheless, as a guideline,ψ (at 25◦C) was calcu-
lated using the dielectric constant of water, i.e.,ε= 78 within
a range of Hamaker constants typical for aqueous dispersion
i.e., 10−22≤ A ≤ 10−19 J. The computed values ofψ are plotted
as a function of ccc inFig. 11where the curves shift upwards
for increasingA value. From this plot, it appears clearly that
a single determination of ccc does not allow to determine the
balance between electrostatic repulsion and van der Waals attra
tion. Independent values ofA orψ are required in order to draw
further conclusions.

Fig. 11 also indicates that for the determined range of ccc
(between 100 and 300 mM) the surface potential is relatively low,
i.e.,≈10–20 mV (<1kBT/e = 25.7 mV at 25◦C) at the highestA-
value considered in this plot. The foregoing may suggest that th
dispersions are critical with respect to stability but the value of
the predictions is strongly limited by the crude assumptions, and
i iced
t ects
w d in
m

tion
o osi-
t
I con-
c idal
s sper
s B1,
a usin

nearly the same carboxylic acid concentrations. This clearly
points out the complexity of the systems and the contribution
of parameters other than the straightforward ionic charge of the
particle, like the composition of the water phase.

4.4. Mechanical stability

All the dispersions considered in this study present an excel-
lent mechanical stability up to very high shear rates (10,000 s−1).
The mechanical stress is clearly not a critical parameter to desta-
bilize our model dispersions and is thus not found to be relevant
for this study. The good level of colloidal stability of these prod-
ucts makes them suitable for high-shear application experienced
with spraying and roll coating.

5. Conclusions

The radiation curable polyurethane dispersions are not ther-
modynamically stable colloidal systems, although they are
kinetically stable over challenging conditions of thermal, chem-
ical and mechanical stress which make them robust enough to
accept extreme conditions of handling, transport and storage.
The limitations recorded for the stability of those dispersions
are inherent to the technology used.

The phenomenology of the colloidal destabilization can be
studied at elevated temperature (60◦C) on the original con-
c le or
d ere
a oag-
u tation
a

ory
a tabi-
l tials
f tion
( etical
c mer
c also
i
T eval-
u as a
c with
e

ical
n nent
– nt are
e ruc-
t ded
m orth
t is not
r nce
b ted
u

as
w , the
n ove
s harge
n particular the rough ccc estimations. In addition, it is not
hat for the sake of simplicity steric effects and swelling asp
ere omitted in the discussion and should be investigate
ore detail.
It is possible to calculate theoretically the total concentra

f ionisable carboxylic acid groups from the polymer comp
ion (in mmol/g of polymer). The results are given inTable 1.
t can be inferred that the expected variation in carboxylic
entration accounts only partially for the difference in collo
tability. For instance sample A1, one of the most stable di
ions, possess the highest acid content; whereas samples
nd B5 which span a large stability range, were prepared
c

s,

c-

e

-
C1
g

entrated dispersion using an approach based on multip
ynamic light scattering. It involves six distinctive steps, wh
first increase of the particle size through flocculation and c
lation is responsible for the subsequent particle sedimen
nd the clarification of the sample.

The Derjaguin–Landau–Verwey–Overbeek (DLVO) the
ccounts for the essentially ionic nature of the colloidal s

ization and permits the calculation of particle surface poten
rom the determination of the critical coagulation concentra
ccc) of salts. These results are correlated with the theor
oncentration of ionic functions calculated from the poly
omposition and can explain some of the results. They are
n fair agreement with the results from light scattering at 60◦C.
he determination of the ccc presents a benefit as a rapid
ation tool of the colloidal stability and can be proposed
ontrol test for the development of new equivalent products
xcellent stability.

The chemical variants reveal that – beyond the chem
ature of the polyurethane backbone and the ionic compo
the nature and the amount of the acrylated capping age
ssential to the colloidal stability and imply complex microst

ure effects linked to the partition of the not covalently boun
olecules between the water- and polymer-phases. It is w

o mention that the acrylated nature of the capping agent
esponsible in its own for the colloidal destabilization si
utanol, although providing superior stability, is also limi
sing the selected temperature conditions.

The pH is a contributing factor of the colloidal stability
ell as the selection of the neutralizing agent and, hence
ature of the counter-ion. Higher pH values (usually ab
even) are mandatory to guarantee an efficient surface c
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density capable to provide a good stability. Sodium counter-
ions were found to be slightly better than triethylammonium
counter-ions.

The chain extension with an aliphatic diamine provides a
smaller particle size just after the dispersion, but is not recom-
mendable to provide long-term colloidal stability.

It is becoming evident from this study that UV-PUDs consti-
tute a waterborne polymer family with its own identity and that
builds its complexity on top of the traditional radiation curing
chemistry.

6. Perspectives

In order to extend our understanding of the systems stud-
ied in this work, additional experiments are being conducted
with model dispersions cleaned by dialysis in order to remove
undesirable interfering species present in the water phase.
This dialysis methodology has been described elsewhere[18].
The end-capping agents include those already discussed in the
present paper but also some pure model molecules (like hydrox-
yalkyl acrylates). The isolation of the surface charge density is
approached with the determination of the ccc and with refined
DLS experiments in order to observe slow coagulation kinet-
ics following a methodology described elsewhere[19]. The
zeta-potential can be determined from electrophoretic mobility
measurements and can also provide complementary indications.
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At last, we wish to thank the many collaborators who con-
tributed at a certain moment to this study and who still help us
moving this extraordinary technology forward.
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