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Four poly(2-vinylpyridine)-

b-poly(ε-caprolactone) co-

polymers, differing in buoy

block length and anchor/

buoy block length ratio, have

been used as TiO2 pigment

dispersants in a polyester

powder coating resin. When

the TiO2 surface was fully covered with the block

copolymers, the colloidal stability of the TiO2 disper-

sions at typical curing temperatures was signifi-

cantly improved because of the formation of a

steric layer around the pigment particles. As a

result, powder coatings with excellent flow, high

gloss, and low haze values were obtained. Because

of the high affinity of the dispersants for the TiO2

surface, pretreatment of the pigments with the

block copolymers was not necessary. At full pig-

ment surface coverage, the chain length of the

stabilizing polymer had little effect on the perfor-

mance of the dispersants used.

INTRODUCTION

T
he mechanical and aesthetic properties of coatings
are largely influenced by the state of dispersion of
pigments and fillers. Generally speaking, the pro-

cess of dispersing pigments in coatings involves (a) the
wetting of pigment agglomerates by the coating binder,
(b) the break-up of pigment agglomerates into primary
particles, and (c) the colloidal stabilization of the disper-
sion of the primary particles. In solvent-based and water-
borne coatings, diblock copolymer dispersants are widely
used to facilitate the dispersion process.1,2 These dispers-
ants consist of an anchor block, which adsorbs onto the
pigment surface, and a buoy block, which provides a
stabilizing layer around the pigment. As a consequence,
both the wetting of the pigments and the colloidal stability
of the final dispersion are improved. The stabilizing effect
of the dispersants depends on the lengths of both the
anchor and the buoy blocks.2-4

In highly viscous systems such as powder coatings, the
dispersion of pigments is more difficult than in solvent-
containing coatings. This is because the wetting of the
pigments by the resin is slower and the mixing time dur-
ing extrusion is kept relatively short in order to reduce
crosslinking.5-8 As a result, the pigment dispersion is of-
ten incomplete in industrial practice (the break-up of pig-
ment agglomerates is virtually complete with a lab-scale
extruder and is independent of the extrusion tempera-
ture8). The poor pigment dispersion causes roughening of
the coating surface and can lead to coatings with poor
flow, low gloss, and high haze.5 Moreover, for coatings
containing color pigments, the color strength of the pig-
ments is insufficiently developed and the reproducibility
between different color batches is poor.9 Recently, pig-
ment masterbatches, containing pigments that are
predispersed at a high concentration in a low molecular
weight resin, have been developed for improving the pig-
ment dispersion in powder coatings.9-10 The use of block

copolymer dispersants in powder coatings, however, has
not been reported in literature.

Previously, we have reported on the preparation of
poly(2-vinylpyridine)-b-poly(ε-caprolactone) copolymer
dispersants for improving the TiO2 dispersion in a poly-
ester powder coating resin.8,11,12 In these dispersants, the
poly(2-vinylpyridine) block (P2VP) is the anchor block,
and the poly(ε-caprolactone) block (PCL) is the buoy block.
In this paper, the effect of P2VP-b-PCL copolymer dispers-
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ants on the properties of pigmented thermoplastic pow-
der coatings is discussed.

EXPERIMENTAL

A commercial carboxylic acid functional polyester resin
was used (Uralac P3400, DSM Resins, Mn ≈ 5000, deter-
mined by GPC relative to polystyrene standards). Unless
stated otherwise, the resin was used as received (i.e., as
flakes with a typical particle size of 10 × 5 × 1 mm). The
TiO2 pigment (Kronos 2160) was provided by Kronos
(Leverkusen, Germany). According to the manufacturer,
the primary particles have an average diameter of 210 nm
and are coated with alumina and silica. The flow agent
(BYK 360P) was kindly supplied by BYK-Chemie (Wesel,
Germany). Benzoin (Fluka) was used as the degassing
agent. P2VP-b-PCL copolymers were prepared via sequen-

tial anionic polymerization.11 In order to exclude specific
effects from curing agents, crosslinking agents were not
used in the powder coatings.

Powder coatings were prepared by extrusion of dry
blends containing 30 wt% TiO2 (ca. 11 vol%), 1 wt% flow
agent, 0.5 wt% benzoin, and dispersant with a Prism TSE
16 laboratory scale twin screw extruder with a screw
speed of 200 rpm. The conveying zone was set at 75°C and
the kneading zone at 110 or 120°C. After extrusion, the
extruded material was powdered with a centrifugal mill
(Retsch ZM 100) and sieved through a 100 mm sieve.
Subsequently, the powder was sprayed electrostatically
onto degreased aluminum panels (Q-Panel A36) with a
Gema PG-1B spraying gun at 60 kV and 1 bar air pressure,
and placed vertically in an air-circulated oven (Heraeus
LUT 6050) for 10 min. Coatings with a layer thickness of
ca. 80 µm were used for analysis.

Figure 1—Typical scanning electron micrographs showing the pigment distribution at the surface of the
coatings prepared by method A after heating for 10 min to (a) 150°C and (b) 200°C.

(a) (b)

(a) (b)

Figure 2—Typical scanning electron micrographs showing the pigment distribution at the surface of the
coatings prepared by method B after heating for 10 min to (a) 150°C and (b) 200°C.
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The block copolymer dispersants were employed in
two ways. In the first set of powder coatings, the block
copolymers were mixed with the pigments prior to extru-
sion. For this purpose, the TiO2 pigments were dispersed
ultrasonically in a solution of the block copolymer in
dichloromethane. After removal of the solvent in vacuo,
the pretreated pigments were added to the dry blend. For
the reference coatings, the TiO2 pigment was given the
same treatment in the pure solvent. It was previously
confirmed that this treatment has little effect on the
dispersibility of the pigment.8-12 In the second set of pow-
der coatings, the block copolymer was mixed with the
resin in the absence of TiO2 pigment prior to the extrusion
of the dry blend. Such premixes of the block copolymer
with the resin were prepared by extrusion at 120°C and
were subsequently ground in a small coffee grinder.

Adsorption isotherms of the dispersant on pigment were
determined by gravimetrically analyzing the block copoly-
mer concentration in the centrifuged supernatant after mix-
ing TiO2 and dispersant in toluene (depletion method13).
The obtained adsorption data compared very well with
thermogravimetric analyses (TGA) of the pigment sedi-
ment after centrifugation of the pigment dispersion.

Scanning electron microscopy (SEM) was performed
using a Cambridge Stereoscan 200 scanning electron mi-
croscope operating at 20 kV. Samples were etched with an
oxygen plasma for 15 min and coated with Pd/Au prior to
examination.

Rheological measurements were conducted using a
stress-controlled rheometer (AR-1000N, TA Instruments)
equipped with an extended temperature module. Oscilla-
tory measurements were performed with parallel plates (2
cm diameter, 1 mm gap) at 1% strain and an angular
frequency of 6.28 rad/sec. Strain sweep measurements
were performed at an angular frequency of 10 rad/sec.

Gloss and haze were measured at 20° with the Micro-
haze Plus gloss/haze meter (BYK-Gardner), according to
the standard ASTM D 523. The waviness of the coatings
was measured with the Wave-scan Plus (BYK-Gardner).

Influence of Preblending on Pigment Dispersion
Without Dispersants

It is known that in the absence of dispersants, the
degree of dispersion of the pigments in a powder coating
depends largely on the extent of mixing of the dry blend
prior to its extrusion.5,14 Moreover, when (part of) the
polymer resin is pulverized before dry blending, the con-
tact area between pigment and resin in the dry blend is

enlarged (enhanced “prewetting”), thereby facilitating the
final deagglomeration and distribution of the pigment
particles through the resin during extrusion.15 In this
section, the effect of the use of a nonpulverized resin
(method A) and a pulverized resin (method B) in the dry
blend on the degree of dispersion of the pigments in the
final coatings was investigated. The powder coatings were
placed in an oven at 150, 200, and 240°C for 10 min after
application. The coating surfaces were analyzed by SEM.

Large differences were observed in the overall distribu-
tion of the pigments in the resin. Examination of the coat-
ings’ surfaces at low magnifications revealed pigment-
rich and pigment-poor areas in the coatings prepared by
method A. This is shown in Figure 1. These areas are 40-
100 µm in diameter and correspond to the individual
powder coating particles. Similar pigment-rich and pig-
ment-poor zones have been observed by Thometzek et al.
in cured powder coatings pigmented with TiO2 pigments
with different surface modifications.16 In the current sys-

Table 1—Calculated Values of t½ for a 30 wt% (11 vol%)
Dispersion of TiO2 (diameter 210 nm) in a Polyester Resin

Temperature (°C) Viscosity (Pa sec) t½ (sec)

150 .............................................. 130 675
200 ............................................... 4.7 22
240 ............................................... 2.8 12

Figure 3—Plot of the elastic modulus G’ (filled
symbols) and the phase angle (open symbols)
vs. time for a 30 wt% TiO2 dispersion in a polyester
resin at 200°C (circles) and 240°C (squares).

Figure 4—Plot of elastic modulus G’ vs. time. The
timescale for the flocculation process at 240°C
has been scaled to the timescale of the floccu-
lation process at 200°C.
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tem, though, the extruder feed composition is not constant
due to the presence of resin flakes in the dry blend, which
gives rise to inhomogeneous pigment distributions in the
extrudates. Upon grinding and sieving the extruded ma-
terial, powder particles with varying pigment contents
are formed. In the coatings prepared by method B, the
pigment-rich and pigment-poor regions were practically
absent, as a result of the more homogeneous pigment
distribution in the dry blend. However, the boundaries
between the individual powder particles were still visible
in the coating surfaces, as shown in Figure 2. These bound-
aries appear to have a lower concentration of pigment
particles.

In the coatings that were heated to 200 and 240°C,
flocculated pigment particles were observed.8,12 The floc-
culation seemed to be more pronounced at 240°C than at
200°C. The coatings that had been heated to 150°C did not
contain flocculated pigments.

The flocculation of the pigments at 200 and 240°C was
already observed after one minute. According to the theory
of rapid coagulation,17 the time t½ necessary to reduce the
total number of particles by a factor of 2 is given in equa-
tion (1).

)0(TNk4

3
t

B2
1

η
= (1)

with η representing the viscosity, kB Boltzman’s constant,
T the temperature, and N(0) the initial number of particles
per unit volume. The calculated values of t½ for a 30 wt%
TiO2 dispersion at 150, 200, and 240°C are listed in Table
1. As can be seen, at 150°C flocculation is predicted to be
very slow (t½ > 11 min), whereas at 200 and 240°C floccu-
lation is predicted to occur very fast. This is in accordance
with the experimental observations.

The viscosity of a filled polymer is known to be in-
creased by pigment flocculation as a result of the forma-

tion of a pigment network structure and the occlusion of
polymer material within the pigment flocculates.18 The
formation of a pigment network structure can be moni-
tored by measuring the evolution of the elastic modulus
G’.19 Figure 3 shows a plot of G’ vs. time. As can be seen, G’
starts to increase immediately. As can be expected, G’
increases faster at 240°C than at 200°C. In Figure 4, the
timescale of the flocculation process at 240°C has been
scaled to the timescale of the flocculation process at 200°C,
by multiplying the time at 240°C by 1.83 (= t½

200°C/t½
240°C).

If the pigment flocculation proceeds according to the theory
of rapid coagulation, then the plots would be identical.
This would also hold for the case of slow coagulation, i.e.,
when the coagulation is retarded by a repulsive barrier.
As shown, the curves indeed overlap for the first seven
minutes, but they deviate after that. This suggests that a
second process takes place, which leads to an additional
increase in G’. This idea is supported by the strain depen-
dence of the formed network, as shown in Figure 5. Figure
5 shows six serial strain experiments performed consecu-
tively after 100 sec. As shown, the breakdown of the net-
work, formed after several hours of heating to 200°C, oc-
curs well beyond 10% strain, which is much higher than
is usually seen for physical networks of spherical par-
ticles.18,20,21 As the formed network shows virtually no
recovery on the timescale of 102 sec, this indicates the
breakdown of a chemical network of polymers, rather
than a physical network thereof. In filler-containing rub-
bers, a similar behavior, as shown in Figure 5, is known as
the Payne effect, which is attributed to a dynamic adsorp-
tion/desorption equilibrium between rubber chains and
filler particles, as a function of strain.20,22

Figure 5—Strain dependence of the elastic
modulus G’ of the TiO2 pigment dispersion at
200°C after ca. five hours of heating at 200°C.
Each run took 100 sec. Each measurement
involved approximately two oscillations. After
six runs, the rheological response became
stable.

Figure 6—Schematic representation of pro-
posed hybrid-type network structure consisting
of flocculated pigments (1) and polyester link-
ages between flocculated pigments (2) and
between nonflocculated primary particles (3).
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In our system, no increase of G’ in time could be ob-
served in the absence of TiO2 pigments, not even after
several hours. This clearly indicates an influence of the
TiO2 pigment surface on the formation of the network. It is
known that TiO2 pigments can form strong chemical bonds
with the carboxylic acid groups of a polymer resin.23 This
may lead to the formation of some sort of hybrid network
structure, similar to the aforementioned Payne effect.22

This hybrid network may be considered as consisting of
clusters of flocculated TiO2 pigments that are connected
via polyester chains, chemically linked to the TiO2 pig-
ment surface. Such polyester links can also exist between
single, nonflocculated TiO2 particles. This is schemati-
cally shown in Figure 6. At low strains, the pigment-
pigment contacts (1) can break, whereas at higher strains
the pigment-polymer bonds (2) and (3) can break. To our
knowledge, the occurrence of such a network in polyester
powder coatings cannot be found in literature.

The effect of the pigment dispersion on the 20° gloss
and haze is shown in Table 2. Gloss/haze measurements
are common practice in coating science when evaluating
the degree of pigment dispersion, since the gloss and haze
of a coating depend on its surface roughness.24-27 Poor
pigment dispersion generally leads to increased surface
roughening. Usually, haze is more dependent than gloss
on changes in surface roughness.

As can be seen in Table 2, the gloss of the coatings is
virtually independent of temperature for both methods,
whereas the haze is increased with heating temperature.
This is in agreement with the observed flocculation at 200
and 240°C. The coatings prepared by method A showed
overall lower gloss and higher haze values compared to
the coatings prepared by method B, which is attributed to
the less homogeneous pigment distribution for method A,
as shown in Figures 1 and 2.

The effect of the pigment dispersion on the extent of
leveling of the powder coating surface was studied by
evaluating the waviness of the coatings. The waviness is a

measure for the extent of leveling and gives indirect infor-
mation on the surface roughness. It is divided into a long-
term (L) and short-term (S) component, with L correspond-
ing to structure sizes > 0.6 mm (orange peel) and S corre-
sponding to structure sizes < 0.6 mm. Generally, a long-
term waviness of 50 mm or higher indicates poor level-
ing.29 Powder coating leveling is governed by surface
tension differences and is counteracted by viscosity.30,31

In general, the higher the curing temperature, the better
the leveling (without crosslinking agents). The results of
the waviness measurements are included in Table 2. As
shown, the waviness was not significantly influenced by
the heating temperature. The unexpected high values of
the waviness at 200 and 240°C, relative to the waviness at
150°C, indicate that the leveling of the coatings was af-
fected by the observed pigment flocculation at these tem-
peratures.

Adsorption of P2VP-b-PCL Dispersants
On TiO2 Pigments

In the previous section, it was shown that the TiO2

dispersions are not colloidally stable at 200 and 240°C in
the absence of dispersants. Next, the influence of P2VP-b-
PCL copolymer dispersants on the pigments’ degree of
dispersion is presented and the influence of the anchor
and buoy block lengths is discussed. Four different dis-
persants were used, as listed in Table 3. Here, the main
differences between the dispersants are the molecular

Table 3—Characteristics of the Block Copolymer Dispersants
Used in this Study

Mn P2VP MnPCL ΓΓΓΓΓmax Rg

Dispersant (g/mol) (g/mol) (mg/m2) ννννν a (nm)

1 .............. 4100 1500 0.87 0.75 1.2
2 .............. 2300 3600 0.98 0.41 1.9
3 .............. 1000 4400 0.81 0.19 2.1
4 .............. 2800 6500 0.93 0.32 2.5

Figure 7—Typical adsorption isotherms of P2VP-
b-PCL onto TiO2 in toluene. Dotted lines are
added to guide the eye.

Table 2—Effect of the Premixing Method and Curing Temperature on the Gloss, Haze, and Long-Term (L) and Short-Term (S)
Waviness of Coatings Containing 30 wt% TiO2

         Flakes Resin (Method A)       Pulverized Resin (Method B)

Temperature (°C) Gloss (%) Haze (-) Waviness (L/S) Gloss (%) Haze (-) Waviness (L/S)

150 .................................... 84 80 52/55 89 48 not determined
200 .................................... 84 92 64/67 91 17 44/43
240 .................................... 80 140 61/60 90 26 44/56
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weights (Mn) of the anchor and buoy blocks and the asym-
metry of the block copolymers as expressed by the anchor
fraction νa = Nanchor/(Nanchor + Nbuoy), where N is the
number of monomer units in the respective blocks. The
radius of gyration, Rg, of the PCL chains was estimated
from Rg = b × Mn

½, with b = 0.031 nm (as calculated from
reported data of intrinsic viscosity under theta conditions
and using a Flory universal constant of 2.5 × 1021).32,33

The length of the stabilizing PCL chains, when adsorbed
onto the TiO2 pigment surface, can be approximated by 2
× Rg.4 Γmax represents the maximum adsorbed amount of
the dispersants onto the TiO2 pigments, as will be dis-
cussed.

Figure 7 shows typical adsorption isotherms of the
P2VP-b-PCL copolymers. In this figure, the adsorbed
amount, Γ, is plotted as a function of the equilibrium
concentration, i.e., the concentration of the nonadsorbed

block copolymer in the supernatant after centrifugation.
As can be seen, a rapid increase of the adsorbed amount is
observed, which indicates the high affinity of the dispers-
ants for the TiO2 pigments. The adsorption behavior, as
shown in Figure 7 for dispersants 2 and 3, was similar for
all four dispersants. The plateau value, Γmax, which repre-
sents the adsorption at maximum surface coverage,34 was
reached at a block copolymer concentration of ca. 1.5-2 wt%
with respect to the pigment for all four dispersants. The
values of Γmax are included in Table 3. For optimal perfor-
mance of the dispersants, the pigment surface should be
covered completely with dispersant and the adsorption
density of the stabilizing chains (i.e., the number of stabi-
lizing chains per unit pigment surface area) should be
high enough.34,35 The adsorption density of the stabiliz-
ing chains depends on the ratio of the anchor and buoy
block lengths (i.e., νa) and the adsorbed amount. In gen-
eral, the lower the νa, the higher the adsorption density.4

Influence of Preadsorbed Dispersants
on Coating Properties

In the following sections, the influence of the dispers-
ants on the coating properties is presented. One way to
make sure that the block copolymers are anchored to the
pigment surface is to bring the pigments into contact with
the block copolymers in solution prior to extrusion. The
results obtained by this method are discussed in this
section.

The dispersants 1, 2, and 3 were used at three concen-
trations, 0.5 wt%, 1.5 wt%, and 2.5 wt% with respect to
pigment. In this way, the surface coverage was varied.
Dispersant 4 was used at 1.5 wt% only. The dry blends
were prepared with the resin flakes and the coatings were
placed in the oven for 10 min at 200 and 240°C.

Similar to what was found with the preblending ex-
periments, the overall distribution of the pigments at the

Figure 8—Typical scanning electron micro-
graphs of dispersions of TiO2, pretreated with (a)
0.5 wt% and (b) 2.5 wt% of dispersant 2, after
heating to 200°C for 10 min.

(a)

(b)
Figure 9—Gloss (open bars) and haze (filled
bars) of coatings, heated to 200 °C for 10 min,
with TiO2 pretreated with dispersants 1, 2, and 3
at concentrations of 0.5 wt% (left bars), 1.5 wt%
(middle bars), and 2.5 wt% (right bars). Gloss
was measured at 20°.
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coating surface was inhomogeneous, as a result of poor
mixing due to the large resin flakes. This confirms our
initial findings that the block copolymer dispersants do
not influence the dispersive and distributive mixing of the
pigments during extrusion under the present experimen-
tal conditions.8

The dispersions of the pigments that were pretreated
with 0.5 wt% of block copolymer appeared to be slightly
flocculated (see Figure 8). As concluded from the adsorp-
tion isotherms, the surface is not fully covered with block
copolymer at this concentration, which explains the floc-
culation. The flocculation with dispersant 1 appears more
pronounced than with dispersant 3. Because dispersant 3
has a much lower value of νa than dispersant 1, the ad-
sorption density of the stabilizing PCL chains at 0.5 wt%
is expected to be higher for dispersant 3 than for dispers-
ant 1 and may, in fact, be close to the maximum adsorp-
tion density, which is necessary to completely prevent
flocculation.35 The pigments that were pretreated with 1.5
and 2.5 wt% block copolymer did not flocculate at all, as
was expected on the basis of the adsorption isotherms. At
these concentrations, the pigment surface is fully covered
with dispersants.

The addition of the dispersants significantly increased
the gloss and reduced the haze of the coatings, as shown
in Figure 9. The effects were most pronounced at dispers-
ant concentrations of 1.5 wt% and 2.5 wt%, which is in
full agreement with the observed enhanced colloidal sta-
bility of the pigment dispersions at these concentrations.
The results of the gloss/haze measurements with dispers-
ants at a concentration of 1.5 wt% and after 10 min heat-
ing at 200°C are shown in Table 4.

Because of the improved colloidal stability, the elastic
modulus G’ of the dispersions was found to remain con-
stant in time, as shown in Figure 10, indicating that the
formation of a pigment network is prevented. Further-
more, the possible catalyzing effect of the TiO2 pigments
on the formation of the hybrid network as proposed in
Figure 6 was also prevented. Consequently, the leveling of
the coatings was not retarded, giving rise to lower values
of waviness, as listed in Table 4.

Influence of Dispersant Resin Premixing
on Coating Properties

In the previous section, it was shown that the dispers-
ants prevented pigment flocculation when adsorbed onto
the pigment surface at concentrations ≥ 1.5 wt%. In the
following experiments, the block copolymer dispersants
were first extruded through the resin and in a second step
mixed with the other components and extruded again.
Therefore, the dispersants have to diffuse to the pigments
during extrusion through the viscous resin melt in order
to adsorb onto the TiO2 surface. Dispersants 1, 3, and 4
were tested in two concentrations: 1.5 and 2.5 wt%. The
resin/dispersant premixes were ground prior to the sec-
ond extrusion step.

Results similar were obtained for the preadsorbed dis-
persants. No pigment flocculation had occurred in the
coatings at either dispersant concentration. As a conse-
quence, the elastic modulus and the viscosity of the dis-
persions remained constant in time while the leveling of
the coating surfaces remained undisturbed. As shown in
Table 5, the coatings displayed excellent gloss and ex-
tremely low haze values at both 200 and 240°C.

The absence of pigment flocculation indicates that the
block copolymers had indeed moved to the pigments dur-
ing extrusion, by diffusion and convection, and had com-
pletely covered the pigment surface. In the present system,
the diffusion of the block copolymer dispersants can be
approximated by the Stokes-Einstein equation.36 This is
schematically shown in Figure 11. The distance, 2L, be-
tween two pigment primary particles, used at a concentra-
tion of 30 wt% (= 11 vol%) was estimated to be 178 nm.37

The maximum distance, L, for a block copolymer molecule
to diffuse in order to reach a TiO2 particle, therefore, is half
this value, i.e., L = 89 nm. The values for the time, t,
necessary to diffuse over this distance, assuming Stokesian
friction, can be calculated by the equation shown in Figure
11. The radius of gyration, Rg, was estimated in the same
manner as done earlier, based on the number-averaged
molecular weight, Mn, of the total block copolymer. The
viscosity of the polyester resin at 120°C was taken (η =

Table 4—Values of the 20° Gloss and Haze and the Long-Term
(L) and Short-Term (S) Waviness of Coatings with 30 wt% TiO2,
Pretreated with 1.5 wt% of Dispersant, after 10 Min Heating to
200°C

Dispersant Gloss (%) Haze (-) Waviness (L/S)

— .......................... 84 92 64/67
1 .......................... 93 21 22/15
2 .......................... 93 16 17/1 2
3 .......................... 94 12 14/13
4 .......................... 95 11 31/27

Figure 10—Plot of the elastic modulus G’ (filled
symbols) and the phase angle (open symbols)
vs. time for dispersions of TiO2 pretreated with
1.5 wt% of dispersant 1 (circles) and without
dispersant (squares) at 200°C.
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1700 Pa s).12 The calculated values for the diffusion coeffi-
cient, D, and the time for diffusion, t, are listed in Table 6.

As can be seen, the estimated time for pure diffusion is
larger than the mean residence time of the coating mate-
rial in the extruder (ca. 20 seconds). However, the influ-
ence of convective transport, which takes place during
actual extrusion, has not been taken into account in these
calculations. Due to this convection, presumably only a
thin effective stagnant diffusive boundary layer remains,
which will dramatically reduce the effective diffusion dis-
tance, L. Considering the number of revolutions of the
screw within the residence time (about 60 times), a fairly
safe estimation of the reduction factor is 10, leading to a
reduction of the diffusion times by a factor of 100, which
gives effective diffusion times that are in good agreement
with our observations.

Influence of Block Copolymer Composition
on Steric Stabilization

The results presented here do not indicate an unam-
biguous influence of the buoy block length or the anchor/
buoy block length ratio on the steric stabilization by the
dispersants. On the basis of theory, the efficiency of the
steric stabilization by a block copolymer dispersant de-
pends on the thickness of the steric layer and on the

adsorption density of the stabilizing chains at full pig-
ment surface coverage.3,4 It is beyond the scope of this
paper to give a detailed review of this theory. The inter-
ested reader is referred to the literature.

The adsorption density of the stabilizing chains is pro-
portional to the ratio of the projected areas of the anchor
and buoy blocks when adsorbed onto a pigment, which
(in a first approximation) correlates to νa. The steric layer
thickness is proportional to the molecular weight of the
buoy block and the adsorption density of the stabilizing
chains. When the neighboring stabilizing chains do not
overlap when adsorbed onto a pigment surface, the stabi-
lizing chains will not stretch and the steric layer thickness
can be approximated by 2 × Rg.4 On the other hand, when
the neighboring adsorbed buoy chains do overlap, they
will stretch and the steric layer thickness will consequently
be larger. For the dispersants used here, the radii of the
occupied areas of the P2VP blocks (as estimated from the
adsorbed amounts Γ)4,38 and the gyration radii of the PCL
chains are close to unity, and stretching of the PCL chains
is not expected. Therefore, dispersant 1, having the short-
est buoy block and the lowest PCL-chain adsorption den-
sity (highest value of νa), is expected to have the lowest
efficiency, whereas dispersant 4 is expected to display the
best performance. At incomplete surface coverage (con-
centration < 1.5 wt% of dispersant with respect to TiO2),
dispersant 1 indeed seemed to be the least efficient, which
may be explained by the extremely low PCL adsorption
density. However, at full surface coverage the observed
differences in pigment dispersion and steric stabilization
were negligible. This indicates that a steric layer thickness
of 2.4-5.0 nm is already sufficient for obtaining steric sta-
bilization of the dispersions, which is lower than typi-
cally reported in literature for dispersions in solvents.1,2

CONCLUSIONS

In this paper, the use of four block copolymers with a
poly(2-vinylpyridine) anchor block and a poly(ε-
caprolactone) buoy block as dispersants for TiO2 pig-
ments in a polyester coating resin has been described, and
the influence on the properties of the coatings was stud-
ied. The block copolymer dispersants were found to im-
prove the colloidal stability of the TiO2 dispersions, which
resulted in coatings with higher gloss, significantly lower
haze values, and improved surface leveling. The amount

Figure 11—Schematic representation of the
diffusion of a block copolymer towards a pig-
ment surface, described by the Stokes-Einstein
equation.36

Table 5—Values of the 20° Gloss and Haze of Coatings
Containing 30 wt% TiO2, with 1.5 and 2.5 wt% of Dispersant
Premixed Through the Resin, after 10 Min Heating to 200
and 240°C

Gloss (%) Haze (-) Gloss (%) Haze (-)

Dispersant Concentration 200°C 240°C

— ...................... — 91 17 90 26
1 .................. 1.5 wt% 93 13 92 16
................... 2.5 wt% 93 13 92 13

2 .................. 1.5 wt% 94 12 94 7
................... 2.5 wt% 94 11 94 8

4 .................. 1.5 wt% 94 11 94 8
................... 2.5 wt% 94 9 94 9

Table 6—Calculated Values for the Time of Diffusion of
Dispersants Towards Pigment Surface During Extrusion
at 120°C

                                                                      Da

Dispersant Rg (nm)  (10-17 m2/sec) t (sec)

1 ........................ 2.3 7.3 109
3 ........................ 2.3 7.4 107
4 ........................ 3.0 5.7 140

(a) parameters: Τ = 393 K, η = 1700 Pa sec.12
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of dispersant needed for optimal performance was in ex-
cellent agreement with the amount of dispersant neces-
sary to fully cover the pigment’s surface, as obtained from
adsorption studies. The dispersants did not need to be
preadsorbed onto the TiO2 surface prior to extrusion.

Under the experimental conditions used here, the dis-
tribution of the pigments through the powder coating
resin was primarily influenced by the homogeneity of the
dry blend. When the resin was used in the form of flakes,
pigment-rich and pigment-poor regions were observed in
the final coatings, which caused a lowering of the gloss
and an increase of the haze. The block copolymer dispers-
ants had no effect on the pigment distribution during
extrusion. The differences among the four block copoly-
mers were too small to observe a clear correlation between
the length of the PCL layer or the anchor/buoy block
length ratio and the performance of the block copolymers,
as expected from theory. The results indicated that a steric
layer thickness of 2.4-5.0 nm was already sufficient to
impart steric stability.
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