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’ INTRODUCTION

Polyurethanes (PUs) are widely used in different applica-
tions such as coatings and adhesives due to their superior
properties like gloss, chemical resistance, toughness, flexibil-
ity, and film formation.1�3 However, the synthesis of tradi-
tional solventborne PUs has come into disfavor due to the
presence of volatile organic compounds. Therefore, water-
borne PU dispersions have received increasing attention in
recent years. Aqueous PU dispersions are commonly prepared
by the incorporation of ionic groups into the polymer struc-
ture to enhance the hydrophilicity of the polymer chains and
promote water dispersibility.4�7 Those PUs that contain ionic
groups are called PU ionomers.4 Several excellent review articles
are available which detail the various chemistries and processes
that can be used to manufacture aqueous PU dispersions.8�10

However, as the traditional way of preparing waterborne PU
dispersions usually involves hydrophilic segments in the PU
backbone, the properties of these PU polymers are generally not
as good as those of hydrophobic PUs prepared by solvent-based
polymerization.11,12 Overcoming this limitation is one of the keys
to producing high-quality aqueous dispersions containing PU.

There is also increasing interest in the elaboration of hybrid
materials that combine different polymers because the resulting
products most often exhibit superior properties to those of their
individual components.13,14 Yet, there is clear benefit in combin-
ing PUs and acrylic polymers.15�39 Although direct blending of a
polyurethane dispersion and an aqueous acrylic emulsion is a
popular and easy to handle approach,15 it results in many cases in
films with properties of poor quality because of limited compat-
ibility between PU and polyacrylates.17,20,28,34 Therefore, differ-
ent strategies for dispersing PU resins into acrylic polymers other
than by direct blending have been described recently in the
literature. For instance, a frequently reported technique consists
in polymerizing acrylic monomers in the presence of preformed
PU dispersions via seeded emulsion polymerization.15�29 How-
ever, this strategy most often leads to structured particles in
which the PU and the polyacrylic are phase segregated and
is furthermore mainly restricted to hydrophilic PUs. Therefore,
in an effort to overcome these limitations and create intimate
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ABSTRACT: The successful incorporation of a NCO-termi-
nated polyurethane (PU) prepolymer in a hybrid miniemulsion
is described with the purpose to develop waterborne, high
solids, acrylic�PU hybrid nanoparticles to be used in pressure-
sensitive adhesive (PSA) applications. To ensure efficient
chemical incorporation of the reactive PU into the hybrid latex
particles, the NCO moieties were reacted with 2-hydroxyethyl
methacrylate (HEMA). The NCO�HEMA coupling reaction
was thoroughly studied by conductimetry in order to control
the extent of HEMA incorporation into the PU chains. The
resulting HEMA-end-capped prepolymers were chain extended in situ with Bisphenol A (BPA) and polymerized with n-butyl
acrylate, methyl methacrylate, and acrylic acid in the presence of small amounts of a chain transfer agent to form PU/acrylic particles.
The amount of chain transfer agent, the ratio betweenHEMA and BPA, and the amount of PUwere varied step by step to study their
influence on the final film properties. The miniemulsions and resulting hybrid latexes were characterized in terms of size, monomer
conversion, evolution of the ratio of the number of polymer particles to the number of droplets (Np/Nd), and gel content. In parallel,
the mechanical and adhesive properties of the films were tested using probe tack experiments. This allowed us to identify the
reaction conditions making it possible to obtain high solids content PU/acrylic hybrid latexes, usable to prepare waterborne
pressure-sensitive adhesive films with good adhesive properties, using a simple miniemulsion polymerization method.
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mixing between the two components, acrylic/PU hybrid latexes
have been synthesized by miniemulsion polymerization.12,30�39

Miniemulsion polymerization is similar to a conventional
emulsion polymerization system in the sense that it employs
similar monomers, surfactants, and initiators to make a disper-
sion of particles with diameters in the 50�300 nm range.40,41

The major difference between the two systems is that in
miniemulsion nanosized droplets are formed in water through
sonication,42 high-pressure homogenization,43 or using static
mixers.44,45 The miniemulsion droplets are stabilized against
coalescence by using an appropriate surfactant (typically the
same as in conventional emulsion polymerization) whileOstwald
ripening can in principle be controlled with the choice of an
appropriate costabilizer (or hydrophobe) to minimize the dif-
ference of chemical potential between two monomer droplets
and thereby retard the molecular diffusion degradation.46 Hence,
if the system is correctly formulated, the nanodroplets become
the prevalent locus of nucleation. This means that if one can
directly incorporate a product such as PU in the monomer phase
before it is dispersed, it should be possible to create in situ
polymer�polymer hybrids by droplet nucleation. In the most
desirable scenario, all the monomer droplets should contain PU,
and the miniemulsion polymerization should ideally lead to a 1:1
copy of droplets to particles (i.e., Np/Nd ≈ 1).

Various reports describe the synthesis of PU/acrylic hybrids
by miniemulsion polymerization.30�34 In the pioneering work of
Gooch et al.,30 a linseed oil-modified PU prepolymer with alkenyl
double bonds was dissolved into acrylic monomers to form
hybrid miniemulsion droplets that were subsequently polymer-
ized. The PU resin was employed as both reactant and costa-
bilizer, and only limited grafting of the acrylic to the PU was
observed. In a related approach, Wang and co-workers31 studied
the kinetics of miniemulsion copolymerization of methyl metha-
crylate and n-butyl acrylate nanodroplets containing varying
amounts of PU and showed that PU could also efficiently
stabilize the monomer droplets against Ostwald ripening. They
further compared the miniemulsion route to a seeded emulsion
polymerization technique and showed that miniemulsion re-
sulted in films with better mechanical properties.33,34 More
recently, Li et al.32 described the successful elaboration of
nanosized PU/poly(n-butyl methacrylate) hybrid latexes using
a redox initiator. The compatibility between PU and the poly-
acrylate was increased by incorporating a vinyl functionality at
the end of the PU chains, which was further reacted with acrylic
radicals to form graft copolymers. Internal chain extension was
used to increase the PU molecular weight and at the same time
creating a network by linking the pendant urethane chains
together.

A rapid survey of the recent literature shows that most of the
PU/acrylic hybrids synthesized until now have been designed for
coating applications. To the best of our knowledge, there are very
few reports dedicated to the elaboration of adhesive PU/acrylic
hybrids, and the only one reported focuses on themodification of
PU semistructural adhesives with 20% of poly(n-butyl acry-
late).26

The purpose of this study is to develop an efficient acrylic/PU
hybrid system to be used in pressure-sensitive adhesive (PSA)
applications;47 hence, a situation where the PU needs to be the
minority component to maintain a low enough elastic modulus
and where the detailed architecture of the partially cross-linked
acrylic polymer needs to be carefully controlled. To this end, a
low molecular weight isocyanate-terminated PU (hereafter

referred to as reactive PU) was used as prepolymer, and the
acrylic composition was typical of those used for PSAs. As our
main objective was to get efficient chemical incorporation of the
reactive PU into the acrylic latex and achieve intimate mixing
between the two components, the NCO functions were first
reacted with HEMA to incorporate methacrylic groups into PU
for further reaction with the acrylic radicals. The chemical
reaction between HEMA and PU was performed in a separate
step and characterized both quantitatively and qualitatively.
Then, the remaining NCO groups were reacted in situ with a
hydrophobic chain extender (BPA) to increase PU molecular
weight andmodify the cross-linking of the acrylic polymer chains.
As carefully designing the network architecture is key in achiev-
ing high-performance acrylic PSAs,48�50 we varied successively
the amount of chain transfer agent, the ratio of HEMA to BPA,
and the amount of PU and studied their influence on the
polymerization reaction. In parallel, probe tack experiments were
performed on the films to evaluate their adhesive performances
and suggest changes to the formulation of hybrid latexes in order
to identify the important variables that can be used to system-
atically improve the final PSA properties. In addition, in order to
make commercially useful samples, all of the experiments were
run with high solid contents (typically in the 40�50% range) and
low particle sizes with average diameters of the order of 100 nm.
This paper focuses on the process and the impact of the synthesis
parameters, and a companion paper51 is dedicated to the role of
these parameters on the molecular architecture and the macro-
scopic properties of the PU/acrylic hybrid network.

’EXPERIMENTAL SECTION

Materials. n-Butyl acrylate (BA, 99þ%, Acros), acrylic acid (AA,
99þ%, Acros), and methyl methacrylate (MMA, 99þ%, Acros) were
used as received. Dowfax-2A1 (45%, graciously supplied by Dow
Chemicals) was used as the anionic surfactant. Reactive PU (Incorez
701) of molecular weight of 3285 g mol�1 was graciously supplied by
Industrial Copolymers Limited and used as received. Bisphenol A (BPA,

Table 1. Miniemulsion Polymerization Recipe Used in the
Synthesis of Acrylic/Reactive PU Hybrid Latexesa

raw materials weight (g) active (wt % to monomers)

water 120

Dowfax 2A1 (45%) 4.0 2.0

BA 80.5 89.5

MMA 8.5 9.5

AA 1.0 1.0

ODA 4.5 5.15

PU (Incorez 701) 23.6 25.0

HEMA variable 0�1.6

BPAb variable

dibutyltin dilauratec 0.01

1-dodecylmercaptan variable 0�0.4

TBHP 0.10

SFS 0.26
aAll latexes have a solids content of 49.8%. bBased on the free NCO
functions remaining after the reaction withHEMA.Half a stoichiometric
amount was used in the reactions from T107 to T153, and a stoichio-
metric amount was used in the reactions from T159 to T164. c 0.005 g
was used for the coupling reaction between HEMA and NCO and 0.005
g for chain extension with BPA.



2634 dx.doi.org/10.1021/ma200073d |Macromolecules 2011, 44, 2632–2642

Macromolecules ARTICLE

analytical grade, Sigma-Aldrich), dibutyltin dilaurate (95%, Sigma-
Aldrich), 2-hydroxyethyl methacrylate (HEMA 97%, Sigma-Aldrich),
diethylamine (98þ%, Avocado), isopropanol (99þ%, Carlo Erba), and
hydrochloric acid (HCl, 0.1 N, Acros) were all used as received.
1-Dodecylmercaptan (98.5%, Acros) was used as chain transfer agent
(CTA). Octadecyl acrylate (ODA 97%, Sigma-Aldrich) was used as the
costabilizer. Potassium persulfate (KPS, Acros) was used as the water-
soluble initiator. tert-Butyl hydroperoxide (TBHP diluted at 70% in
water, Acros) and sodium formaldehyde sulfoxylate (SFS, Sigma-
Aldrich) were used as the redox initiator pair. Tetrahydrofuran (THF,
Fischer Scientific) was used as solvent for the selective extraction
experiments. Deionized water was used throughout the work.
Emulsion Preparation and Polymerization. All experiments

carried out in this work are based on the recipe shown in Table 1 unless
otherwise specified.

A typical procedure for PU incorporation into the hybrid latexes was
as follows. A known quantity of PU was dissolved in the monomer
mixture (BA/MMA/AA and ODA) as per the recipe of Table 1. Then, a
known amount of HEMA and dibutyltin dilaurate was introduced in the
reactor (see section 1.2 for more details of the reaction between HEMA
and NCO). The reaction was allowed to take place for 12 h at room
temperature under stirring. A calculated amount of BPA was next
introduced together with dibutyltin dilaurate, and the reaction mixture
was stirred for 30min before mixing with the aqueous phase in which the
surfactant was previously dissolved. The organic phase was added slowly
to the aqueous phase while stirring. The mixture was further stirred for 5
min and sonicated in an ice bath for 6min at 80% of 480Woutput power
in continuous mode. These conditions were selected to minimize side
reactions of NCO with water. A high-intensity Ultrasonic Processor
(Branson, model CV 26) operating at 80% of the 600 W maximum
power was used to prepare the miniemulsions. The droplet size was
measured soon after sonication and then several hours afterward to
ensure that the droplets are stable for a duration of 4�5 h. Thus, if any
change in droplet size is observed during the reactions, it will not be
attributed to an intrinsic lack of stability of the original dispersion. All
reactions were carried out at 50 �C (except those initiated with KPS that
were performed at 70 �C) in batch using a 200 mL jacketed glass reactor
connected to a heated water bath for temperature control. The reactor
was equipped with a glass stirrer (the stirring rate was fixed at 200 rpm), a
reflux condenser, a nitrogen inlet and outlet, and a valve on the bottom
to remove the latex. Samples were occasionally withdrawn through a
valve in the bottom of the reactor for analysis. Conversions were
measured by gravimetry. Average droplet (Dd) and particle (Dp)
diameters were measured by photon correlation spectroscopy at 90�
(Zetasizer 1000 HSA from Malvern). At least five measurements were
performed for each sample. The broadness of the distribution was given
by a dimensionless number called polydispersity index (PI) determined
from the autocorrelation function using the second-order method of
cumulant analysis. Unless otherwise indicated, the PI values were less
than 0.2 for all of the droplet and particle sizes measured in this work.
This indicates that all of the dispersions can be considered to be
monomodal and narrow enough to be characterized by an average
diameter. Gel content was determined by selective dissolution of a
known amount of a vacuum-dried latex sample at 70 �C for 24 h in a two-
necked round flask equipped with a condenser using THF as the solvent.
The gel content was determined as follows:

gel content ðwt %Þ ¼ ðW2=W1Þ � 100 ð1Þ
where W2 is the weight of the dried polymer after extraction which
corresponds to the insoluble part (gel fraction) andW1 is the weight of
the dried polymer introduced into the flask.

A CDM 83 conductivity meter (radiometer) was used for conductiv-
ity measurements. Molar masses and molar mass distributions of the PU
prepolymer were determined by size exclusion chromatography (SEC)

using a modular system equipped with anHPLC pump (Waters 515), an
automatic sample injection (Waters 717 Plus), and multiple detectors
using THF as the eluent. The first column (PLgel 5 μm)was followed by
three columns: two PLgel 5μmMixed C (300� 7.5mm) and one PLgel
5 μm 500 A (300� 7.5 mm). A Waters 410 refractometer was used for
detection, and the molar masses were calculated using narrow poly-
dispersity polystyrene standard. Infrared analyses were carried out using
a Nicolet Prot�eg�e 460 Fourier transform infrared (FTIR) spectrometer
coupled to a personal computer for data output and analysis.
Characterization of Reactive PU.Quantitative determination of

the amount of NCO groups of PU was performed using a conducto-
metric titration method as described by Li et al.32 Typically, a known
amount of PUwas dissolved in a known volume of themonomermixture
(BA/MMA 90/10 w/w). Then, a known amount of diethylamine was
added to the solution of PU and dibutyltin dilaurate was added to
catalyze the reaction between the amine and NCO. The reaction was
allowed to take place for various periods of time ranging from a few
hours to several days. A known volume of each solution was then back-
titrated with HCl dissolved in isopropanol. The amount of NCO
functions per gram of PU was calculated from the amount of excess
diethylamine.
Mechanical Characterizations. The adhesive properties were

characterized with a laboratory probe tack test as reported
elsewhere.52,53 In a typical experiment, a stainless steel probe was
contacted with the adhesive layer deposited on a glass slide and removed
at a constant velocity of 100 μm s�1 (unless mentioned otherwise) after
a contact time and contact pressure of 1 s and 1MPa, respectively. From
the force and displacement data, we could extract the adhesion energy
(integral under the force�displacement curve), the maximum deforma-
tion of the layer before debonding (distance where the force returns to
zero normalized by the initial thickness of the film), and the mode of
failure (bulk cohesive or interfacial).

The films for the adhesive tests were prepared by drying during 1
week a given volume of latex deposited on microscopic glass slides. The
glass slides were then placed at 110 �C for 3 min. More details on the
tests and the experimental conditions can be found in a companion
paper.51

’RESULTS AND DISCUSSION

1. PU Chemical Modifications. 1.1. Quantitative Character-
ization of Reactive PU. The amount of NCO groups in the PU
prepolymer was determined by the classical diethylamine titra-
tion method54 as reported elsewhere.32 The reaction between
isocyanates and primary amines are known to be fast but depends
very much on the reactivity of the isocyanate group and on the
reaction conditions. Therefore, in order to obtain reliable data,
we performed a kinetic study. Figure 1 illustrates the time
dependence of the reaction between NCO and diethylamine
under our experimental conditions. When comparing the values

Figure 1. Time dependence of the reaction between NCO and
diethylamine.
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of NCO functions per gram of PU, it was found that the value
relevant to a shorter reaction time is less by about 20� 10�5 mol
than the value relevant to overnight (12 h) reaction time. After
analyzing more conductometric titration results of solutions
which were allowed to react several days, it was found that the
value obtained for NCO functions per gram of PU is constant
and same as the value obtained for overnight reaction. The
amount of NCO functions per gram of PU was therefore
established as 61 � 10�5 mol. Hence, the molar mass of PU
was calculated to be 3279 g mol�1 assuming that the PU chains
are difunctional (e.g., they haveNCO groups on both ends). This
value was compared to the number-average molar mass deter-
mined by SEC (Figure S1, Supporting Information). The molar
mass determined by NCO titration is close to the mass relevant
to the main peak (e.g., 3720 g mol�1) but slightly lower than the

number-average molecular weight (e.g., 4340 g mol�1 with a
polydispersity index of 1.42). However, SEC analyses are based
on polystyrene standards and do not actually give an absolute
measure of molar mass which may account for the observed
discrepancy between the two methods. The reactive PU was
further characterized by FTIR (Figure S2 in the Supporting
Information). The spectrum shows all characteristics signals of
polyurethane (the peak assignments are reported in the figure).
In addition, no urea band was detected at 1675 cm�1, indicating
that the reactive PU did not undergo any undesirable side
reaction with water upon storage.55

1.2. Reaction between NCO and HEMA and the Role of Chain
Extender. Chemical incorporation of HEMA in the PU prepo-
lymer chains is an important reaction step as the amount of
HEMA further determines the number of connecting points

Scheme 1. Schematic Representation of HEMA Grafting to PU and All Possible Subsequent Reactions between PU or HEMA-
Functionalized PU and BPA

Scheme 2. Schematic Representation of the Structure of the PU/Polyacrylic Hybrid Network
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between the acrylic and PU chains and the cross-linking density
of the network after chain extension with BPA. Scheme 1 shows
the PU/HEMA coupling reaction and subsequent chain exten-
sion reactions of PU or HEMA-functionalized PU with BPA.
Besides these main reactions, undesirable side reactions can also
take place. For instance, the PU prepolymer can also undergo
chain extension with water during the emulsification step or in
the course of polymerization. This results in the formation of an
unstable carbamic acid that evolves into a primary amine that can
subsequently react with NCO to form an urea. This side reaction
primarily occurs at the hybrid particle/water interface and is
undesirable as it would tend to locate the PU prepolymer near
the particle surface and promote bridging flocculation.32,35

Moreover, it is responsible for a loss of stoichiometry, as for
each reacting water molecule, two NCO groups are consumed,
which would lead to shorter PU chains. The isocyanate may also
react with acrylic acid, releasing carbon dioxide and forming an
amide.56 However, this reaction is not favored as isocyanates
should react more quickly with alcohols or with the OH group of
water than with COOH groups.56

The chain-extended PU prepolymer containing HEMA func-
tionalities on one end or on both ends can then react in situ
with the acrylic radicals during polymerization, leading to a
hybrid PU/acrylic network composed of dangling PU chains
and cross-linked polyacrylic chains as schematically represented
in Scheme 2. The proportion of both types of chains depends on
the stoichiometry of the polyaddition reaction (e.g., the OH/
NCO ratio) which in turns depends on the amount of BPA for a
fixed HEMA content. Further cross-linking may also result from
occasional chain transfer of the propagating radicals to the PU or
the acrylic copolymer and subsequent coupling reaction of the
grafted polymer chains. For the sake of clarity, these last two
reactions have not been represented in Scheme 2.
The main performances of waterborne PSA materials such as

tack, peel adhesion, and shear strength (cohesion) are to a large
extent governed by the structure of the polymer network and the
film morphology.47�49 Therefore, it is essential to control the
level of chain transfer to the polymer during the acrylic polym-
erization, the chemical reaction between HEMA and PU, and the
chain extension process which all contribute to modify the gel
and sol fraction and the molecular weight between cross-linking
points in the gel. Regarding the morphology, in the present
paper, we do not really discuss the possible phase separation
between the PU and the acrylic phases. This question will be
addressed in a forthcoming paper combining transmission
electron microscopy and additional mechanical analysis.
The conductometric method described above for NCO titra-

tion was used to determine the yield of the reaction between
NCO and HEMA by measuring the amount of residual NCO
groups. Figure 2 shows the evolution of the grafting yield and of
the grafted amount (expressed as the mole percent of HEMA
grafted with respect to the total number of NCO groups) with
increasing relative HEMA contents for a fixed reaction period of
12 h and a fixed reaction temperature of 25 �C using dibutyltin
dilaurate as catalyst.
It can be seen that 100% HEMA is incorporated in the PU

chains for molar contents lower than typically 20% (based on the
amount of NCO groups), which corresponds to 1.6 wt %HEMA
based on PU. The grafting yield then decreases with increasing
HEMA quantity. The low grafting yield is likely related to the low
reactivity of NCO groups toward HEMA. Indeed, the reaction
rate between diisocyanates and alcohols is known to be much

lower than that between isocyanates and amines. Therefore, it is
concluded that under the chosen experimental conditions the
maximummolar amount of HEMA that can be introduced in the
PU chains, while maintaining 100% grafting yield, is 20%.
Accordingly, the HEMA content could be varied from 0 to 20
mol % based onNCO, and the remaining isocyanate groups were
neutralized with BPA.
In terms of properties, the desired role played by the chain

extender is to increase the average molecular weight of the PU
bridges between acrylic chains. However, the choice of the
specific diol used as a chain extender can have important effects
on the process.57 In all cases, the chain extender helps to
consume the residual NCO groups, which minimizes the poten-
tial side reaction between NCO and water mentioned above.
Different types of chain extenders (hydrophilic and hydro-
phobic) have been described in the literature for the purpose
of chain extension of urethane prepolymers.32 However, it has
been shown that when hydrophilic chain extenders are used, the
chain extension reaction primarily occurs at the interface be-
tween the latex particles and the aqueous phase.32 As a result, the
urethane moiety tends to be pulled toward the interface which
increases the likelihood that the hybrid latex particles aggregate
by bridging flocculation, resulting in extensive flocculation. In
contrast, when a hydrophobic chain extender is used, chain
extension takes place inside the latex particles, and flocculation
can in principle be prevented. Therefore, in the following, BPA
was used as a hydrophobic chain extender.
Moreover, to facilitate the miniemulsification process and

form small droplets, the chain extension reaction was performed
in situ during polymerization. The effect of chain extension on
droplet size and latex stability is discussed below.
2. Chain Extension with BPA, Miniemulsification, and

Polymerization of the Miniemulsion. During a first series of
experiments, 25 wt % of PU with respect to monomers was
incorporated into the organic phase. The choice of 25% PU is an
arbitrary starting point, representative of the range of values
(0�50%) that we will examine below. A redox system (TBHP/
SFS) was used in these experiments to increase the reaction rate
and prevent side reactions between the remaining NCO groups
and water. Indeed, it has been shown that the reaction between
NCO and BPA is time-dependent even though it is catalyzed by
dibutyltin dilaurate.32 According to Li et al.,32 in the absence of
catalyst, only 84% yield is achieved after a time period of 74 h,
while in the presence of a reasonable amount of catalyst
(0.125 mM), the reaction takes about 24 h to reach completion.
This reaction time remains rather long so that the addition of a

Figure 2. HEMA grafting yield and grafted amount as a function of
HEMA content.
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calculated amount of BPA does not necessarily mean that all free
NCO functions are protected from the reaction with water.
The side reaction of NCO with water was evident in the

observed decrease of the initial droplet size by about 20 nm after
aging the miniemulsion for 20 min, which approximately corre-
sponds to the time beforewe start the polymerization (Table 2). Li
et al.32 have also shown that about 20% of NCO functions are lost
during a time period of 2 h. Similar observationswere also reported
by Barrere and Landfester during the synthesis of aqueous PU
dispersions in miniemulsion.12 Why this constant decrease in
droplet size should occur is not clear. It is possible that given the
reaction between the NCO and the water leading to the formation
of hydrophilic amine end groups, the prepolymer is “pulled” to the
interface and this causes a reorganization of the internal structure
of the droplets. However, regardless of the reason for this slight
change, in the following, the droplet size measured just before
initiation was considered for the calculation of Nd.
To minimize potential side reactions of NCO with water, one

alternative solution is to rapidly polymerize the acrylic mono-
mers and perform the polymerization at low temperature to
decrease the water solubility inside the particles. For instance, it
has been shown that the use of a redox pair of initiators instead of
KPS could help minimizing the isocyanate/water reaction in a
hybrid system based on reactive PU.32 As a matter of fact, when
KPS was used as initiator at 70 �C (instead of 40 �C for the redox
pair), the latex was unstable and flocculated within a fewminutes.
Unfortunately, in the present work, unstable latexes were also
obtained in the presence of a redox initiator even though we used
a stoichiometric amount of BPA. We speculate that flocculation
occurs because BPA is situated close to the droplet/water inter-
face where chain extension can further takes place. The reason for
BPA being situated near the interface is that the droplets (and
thus particles) are very hydrophobic given the quantity of PU and
ODA that they contain. It is possible that this leads to a
segregation of material in the droplet with the less hydrophobic
BPA being “pushed” toward the interface. Instability may be
additionally promoted by the high solids content (50%) and the
small size (130 nm diameter) of the latex particles leading to low
interparticle distances. Therefore, in the following, only half a
stoichiometric amount of BPA was used for the chain extension
process (e.g., OH/NCO=0.55) to ensure the formation of stable
latexes. We will discuss this point in detail in section 3
(modifications and formulation improvement).
The two initiators were then compared to identify the system

that yielded the best balance of properties. Table 3 shows the
solids content and gel content of two blank experiments per-
formed in the absence of PU using KPS (T28) and the redox
initiator pair (T107), respectively.
It is seen that the gel content is lower for the KPS- than for the

redox-initiated latex sample (Table 3). This is likely due to the
difference of reaction temperature and different reactivity of the
propagating radicals. Indeed, it has been reported that oxygen-
centered radicals are more efficient than carbon-centered radical
to abstract hydrogen and lead therefore to more gel formation.58

The adhesive properties of the films were characterized using a
well-established probe tack test.52,53 The adhesion energy, that is
to say, the energy required to debond the probe from the sample,
is a fast and easy criterion that can be combined with the failure
type to analyze the adhesive properties. A good permanent PSA
must have high adhesion energy and detach with an interfacial
failure between the adhesive and the substrate. We can see in
Figure 3 that the adhesion energy of the redox sample is lower
than that of the KPS sample, while an interfacial debondingmode
is observed between the adhesive film and the probe. This lower
adhesion energy and the force�displacement curves reveal that
the adhesive prepared using the redox initiator deforms less
before detaching, indicating a higher level of cross-linking in
agreement with the gel measurements.
In the following, in order to lower the gel content while using a

redox system, a small amount of chain transfer agent (CTA) was
introduced in the recipe. The amount of CTA was varied from 0
to 0.3 wt % with respect to monomers. The characteristics of the
resulting latexes are summarized in Table 4 while Figure 4
displays the evolutions of the monomer conversion and of Np/
Nd with time for this series of experiments.
First, it is worth mentioning that all of the final latexes were

colloidally stable and did not exhibit any significant increase in
particle size over a time period of several months. As shown in
Table 4 and Figure 4, the polymerization reaction was very fast
and complete monomer conversion could be achieved in less

Table 2. Variation of Droplet Diameter during the Time
Period between Sonication and Initiation of Polymerization

samples T143 T144 T145 T146

droplet diameter just after sonication (nm) 136 138 140 139

droplet diameter just before initiation (nm) 119 120 123 126

Table 3. Main Characteristics of Control Samples Synthe-
sized Using KPS (T28) and a Redox Pair (T107) as Initiators

samples T28 T107

PU (wt %)a 0 0

droplet diameter (nm) 103.7 78.8

final particle diameter (nm) 131.4 95.8

Np/Nd of final latex 0.39 0.47

monomer conversion (%) 100 100

solids content (wt %) 42 42

gel content (wt %)b 72 84
aBased on monomers. bDetermined using eq 1.

Figure 3. Adhesion energies obtained with the probe tack test for
samples elaborated using two different initiators. The controlled de-
bonding velocity is 10 μm s�1.
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than 3 h in any case while maintaining a good control of Np/Nd

which was comprised between 0.85 and 1.25. A closer examina-
tion of the evolution of Np/Nd with time (Figure 4b) shows that
Np/Nd slightly increased after 30 min of polymerization (i.e., the
particle size decreased) and then decreased by the end of
polymerization. The main mechanism that can lead to a decrease
in particle size in the present system is via the formation of new
particles during the course of the reaction by secondary nuclea-
tion. Secondary nucleation is promoted by the presence of
monomer in the aqueous phase. Some of this monomer will be
due to the partitioning of MMA between the two phases. It is
possible that as polymer accumulates in the particles, the
solubility conditions that were present at the beginning of the
reaction change in such a way (i.e., the particles cannot absorb all

the monomer they originally contained) that MMA partitions
more toward the water. In addition, the NCO/water side
reaction is expected to form PU chains with hydrophilic amine
end groups. Perhaps these hydrophilic PU chains contribute to
the release of surfactant from the surface of the original droplets,
thereby promoting the stabilization of the smaller particles
formed by secondary nucleation. The following increase of
particle size indicates some particle coalescence that can be
tentatively ascribed to chain extension of the PU prepolymer
that may further take place due to the presence of residual NCO
groups that can react with the amine-end-capped PU. Note that
all reactions occurred within a very short period of time as almost
90% conversion was obtained after only 1 h. This means that
further chemical reactions of theNCOgroups of PUwith BPA (if
any) or with water can take place after polymerization. We will
discuss this point in detail in section 3.
Figure 5 represents the adhesion energies for this series of

experiments. As expected, we can see that the CTA content has a
strong effect on the adhesive properties.47 0.2 wt % of CTA gives
a higher adhesive energy combined with an adhesive failure. This
corresponds to higher permanent adhesion. As seen in Table 4,
the gel content decreases with increasing the amount of CTA as
might be expected. Therefore, it can be concluded that a balanced
level of cross-linking is obtained for 0.2 wt % of CTA, which was
the amount used in further experiments.
Having determined an appropriate level of CTA and an OH/

NCO ratio leading to stable latexes and balanced tack properties,
we performed a new series of experiments to find out the best
levels of HEMA for 25 wt % PU and 0.2 wt % of CTA. The
amount of grafted HEMA was varied from 5 to 20 mol % based
on the total amount of NCO groups (Table 5).
As before for CTA, the HEMA content has no obvious

influence on the droplet diameter and on the final particle size.
Again, the polymerizations were very fast and reached 96%
conversion in 30 min and full conversion in 2 h with a good
control of Np/Nd.
The gel content increased gradually with increasing HEMA

content. Since the quantity of CTA was constant, the increase of
gel content with increasing the amount of HEMA is likely due to
the increased amount of incorporated PU and the corresponding
increased density of PU bridges in the hybrid network. Probe
tack experiments (Figure 6) reveal that 5% NCO grafting by

Figure 4. Evolution of monomer conversion (a) and ofNp/Nd (b) with
time for a series of miniemulsion polymerizations performed with
increasing amounts of CTA.

Figure 5. Adhesive surface energy of hybrid latexes elaborated in the
presence of increasing amounts of CTA. PU = 25 wt %, ODA = 5.5 wt %,
HEMA = 10 mol %, and OH/NCO = 0.55. Debonding velocity Vdeb =
100 μm s�1. CF is for cohesive failure.

Table 4. Main Characteristics of the Hybrid Miniemulsions
and Hybrid Latexes Elaborated in the Presence of Increasing
Amounts of CTA and Fixed PU and HEMA Contents (OH/
NCO = 0.55)

samples T107 T144 T143 T145 T146

PU (wt %)a 0 25 25 25 25

CTA (wt %)a 0 0 0.1 0.2 0.3

HEMA (mol % to NCO) 10 10 10 10

droplet diameter (nm) 78.8 120 119.1 122.8 126.1

final particle diameter (nm) 95.8 119.9 118 121.4 115.8

Np/Nd of final latex 0.47 0.88 0.90 0.91 1.1

monomer conversion (%) 100 100 99.9 100 99.4

solids content (wt %) 42 49.8 49.8 49.8 49.8

gel content (wt %)b 84 84 65 44.5 23.6
aBased on monomers. bDetermined using eq 1. ODA: 5.15 wt %.a
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HEMA results in a cohesive failure of the adhesive (insufficient
cross-linking) while 10% grafting gives a higher adhesion energy
than 15 or 20%.51 This again reflects that an optimal density of
PU bridges to maximize the adhesion energy while avoiding
cohesive failure is achieved in these conditions. So the remainder
of the experiments focused on this range of values.

Subsequently, fixing CTA at 0.2 wt % and HEMA at 10 mol %
grafting, we varied the PU content from 5 to 50 wt %. Table 6
shows the evolution of the droplet size, Np/Nd, and the gel
content for this series of experiments. As expected, the droplet
size increases with increasing PU content. This is suspected to be
due to the increasing viscosity of the monomer/PU solution.
Similar observations were made by Wang et al. during the
synthesis of acrylic/PU hybrid latexes by miniemulsion
polymerization.33,34 On the other hand, Np/Nd increased from
0.5 to 1.3 with increasing PU content. It is possible that the PU
plays the role of a costabilizer and provides extra stability to the
miniemulsion droplets, preventing them from coalescing (e.g.,
Np/Nd is closer to 1). Indeed, several authors have reported that
PU is an efficient costabilizer in miniemulsion polymeriza-
tion.30,31 At last, it is seen that the gel content also increases
with the amount of PU, which is clear indication that PU plays
the role of cross-linker in the system.
Probe tack experiments performed on this series of latexes

showed that the highest adhesion energy combined with inter-
facial debonding is obtained for PU levels of 25 wt %. It should be
noted that a full factorial design might have led to slightly
different “optimal” levels, but this rapid screening allowed us to
identify reasonable starting conditions in a short period of time.
These starting conditions were further improved as reported
below.
3. Modifications and Formulation Improvements. As de-

scribed above, the objective in using BPA is that of a controlled
PU chain extension through the reaction between free NCO
functions and BPA, which would lead in the absence of side
reactions and for a fixed OH/NCO stoichiometry, to an increase
in the molecular weight of the PU and to a decrease in the density
of PU bridges. In other words, being able to vary the levels of BPA
will give us an additional parameter for the control of the network
architecture of the gel fraction, which in turn is essential to
control properties.
Yet the use of a stoichiometric amount of BPA following the

recipe of Table 1 led to the flocculation of the system during the
latter stages of polymerization. A possible reason for this
instability is the bridging flocculation which takes place at the
hybrid particle�water interface. The difference in hydrophilicity
between the BPA on the one hand and the acrylic monomer plus
ODA plus mercaptan on the other hand might lead to droplets
which are not spatially homogeneous in terms of the

Figure 6. Adhesive surface energy of hybrid latexes elaborated with
different amounts of HEMA. PU = 25 wt %, ODA = 5.5 wt %, CTA =
0.2%, andOH/NCO= 0.55. Debonding velocity Vdeb = 100 μm s�1. CF
is for cohesive failure.

Table 5. Main Characteristics of the Hybrid Miniemulsions
and Hybrid Latexes Elaborated in the Presence of Increasing
HEMA Contents and Fixed PU and CTA Contents

samples T147 T145 T148 T149

PU (wt %)a 25 25 25 25

CTA (wt %)a 0.2 0.2 0.2 0.2

HEMA (mol % to NCO) 5 10 15 20

droplet diameter (nm) 121.8 122.8 123.6 123.6

final particle diameter (nm) 129.4 121.4 131.1 128.2

Np/Nd of final latex 0.73 0.91 0.73 0.78

monomer conversion (%) 100 100 100 100

solids content (wt %) 49.8 49.8 49.8 49.8

gel content (wt %)b 31 44.5 47.2 58.4
aBased on monomers. bDetermined using eq 1. ODA: 5.15 wt %.a

Table 6. Main Characteristics of theHybridMiniemulsions andHybrid Latexes Elaborated in the Presence of Increasing Amounts
of PU and Fixed CTA and HEMA Contents

samples T150 T151 T145 T152 T153

PU (wt %)a 5 15 25 35 50

CTA (wt %)a 0.2 0.2 0.2 0.2 0.2

HEMA (mol % to NCO) 10 10 10 10 10

droplet diameter (nm) 80.1 104 122.8 135.5 148.7

final particle diameter (nm) 93.6 105.9 121.4 130.5 131.9

Np/Nd of final latex 0.54 0.82 0.91 0.99 1.3

monomer conversion (%) 100 100 100 100 100

solids content (wt %) 45.5 47.7 49.8 49.9 49.9

gel content (wt %)b 9 29.1 44.5 58.2 73.8

mode of debonding cohesive cohesive adhesive adhesive adhesive

maximum extensibility 20.0 20.0 13.9 3.7 1.3

adhesion energy (J/m2) 161.2 ( 43.2 379.3 ( 111.3 284.9 ( 93.3 143.6 ( 39.9 49.6 ( 5.2
aBased on monomers. bDetermined using eq 1. ODA: 5.15 wt %.a
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concentration of the different constituents. Thus, the BPA might
be preferentially located at the surface of the droplets because of
the presence of its OH groups, so it is reasonable to assume that
hydrophobic chain extension mainly took place at the droplet/
water interface. This scenario would promote bridging floccula-
tion. Hence, it was expected that removing ODA would con-
tribute to a reduction of the formation of floc in the presence of a
stoichiometric amount of BPA.
In order to verify this assumption, the following experiment was

carried out. A recipe of a previous successful run was used (T145:
half a stoichiometric amount of BPA) but without ODA and with a
stoichiometric amount ofBPA.All the experimental conditionswere
similar except the mentioned changes. The characteristics of the
corresponding hybrid miniemulsions and latexes are shown in
Table 7. No flocculation occurred during this synthesis leading us
to believe that the above assumption is correct.
Figure 7 shows the particle size variation of the two latexes

(T145: 50% BPA and T159: full amount of BPA) with time after

polymerization. The increase of particle size compared to the
initial particle size just after the synthesis is likely due to the
reaction of free NCO functions with water, and this confirms that
this side reaction is faster than the catalyzed reaction of BPA and
NCO. However, BPA competes with water molecules, and hence
the increase of particle size is controlled when a stoichiometric
amount of BPA is used. To conclude, increasing the amount of
BPAwhile removingODA led to an improvement in the colloidal
stability of the hybrid latex suspension.
Apart from the change in the average particle size and latex

colloidal stability, the removal of ODA and the increased
proportion of BPA in the initial formulation had some effects
on the polymer network architecture inside each particle. These
changes in network architecture cannot be easily characterized
directly by a spectroscopic technique but have important effects
on the mechanical and adhesive properties.
When comparing T145 and T159, it appears that the gel

content increased slightly and the maximum deformability of the
adhesive was lower for T159 (OH/NCO = 1) than for T145
(OH/NCO = 0.55), resulting in a 12% decrease in adhesion
energy. This result points to the formation of more PU bridges
between the acrylic chains and is unexpected since the BPA
should have acted as a chain extender, i.e., at fixedHEMA content
should have had no effect on the density of PU bridges. However
for this series, the amount of HEMA is low and probably T145
still contained many dangling PU chains, which are then con-
nected into bridges when additional BPA is available (as in
T159).
To fine-tune the adhesive properties and increase the adhesion

energy while using a stoichiometric amount of BPA and noODA,
we can use two synthetic tools: increasing the CTA concentra-
tion will reduce the acrylic kinetic chain length and the gel
content could be significantly lowered increasing deformability,
while increasing the amount of HEMA can increase the degree of
grafting and hence cross-link the gel with tighter mesh and
decrease deformability. Although in principle both tools act
similarly on the deformability of the adhesive, they are not
equivalent.
A new series of experiments were then performed by first

varying the amount of CTA alone and then varying it while

Table 7. Main Characteristics of the Hybrid Miniemulsions
and Hybrid Latexes Elaborated in the Presence of a Half-
Stoichiometric (T145) and a Stoichiometric (T159) Amount
of BPA Based on the Total Number of Residual NCO Groups

samples T145 T159

PU (wt %)a 25 25

CTA (wt %)a 0.2 0.2

ODA (wt %)a 5.15 0

HEMA (mol % to NCO) 10 10

BPA (mol % to NCO) 45 90

OH/NCO 0.55 1

droplet diameter (nm) 122.8 115.3

final particle diameter (nm) 121.4 120.7

Np/Nd of final latex 0.91 0.76

monomer conversion (%) 100 100

solids content (wt %) 49.8 49

gel content (wt %)b 44.5 48.5

mode of debonding adhesive adhesive

maximum extensibility 13.9 11.7

adhesion energy (J/m2) 284.9 249.3
aBased on monomers. bDetermined using eq 1.

Figure 7. Effect of the amount of BPA on the evolution of the final
particle size with time after polymerization. Particle diameters are
determined with an accuracy of (5 nm.

Table 8. Main Characteristics of the Hybrid Miniemulsions
and Hybrid Latexes Elaborated Using a Stoichiometric
Amount of BPA in the Presence of Increasing Amounts of
CTA

samples T160 T161 T162 T163 T164

PU (wt %)a 25 25 25 25 25

CTA (wt %)a 0.3 0.2 0.25 0.3 0.4

HEMA (mol % to NCO) 10 20 20 20 20

droplet diameter (nm) 120 121.2 118.5 121 115.1

final particle diameter (nm) 143.5 119.8 118.6 123 115.4

Np/Nd of final latex 0.51 0.91 0.87 0.83 0.87

monomer conversion (%) 100 100 100 100 100

solids content (wt %) 49.1 49.1 50 49.9 49.1

gel content (wt %)b 38.5 57.5 52.5 44.6 43.6

mode of debonding cohesive adhesive adhesive adhesive cohesive

maximum extensibility ¥ 7.7 10 19 ¥
adhesion energy (J/m2) NA 271 362 438 NA

aBased on monomers. bDetermined using eq 1.
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concurrently the amount of HEMA was increased to 20%. The
characteristics of the resulting latexes and films are summarized
in Table 8. NP/Nd varied in a manner very similar to Figure 4b,
and once again, we obtained complete monomer conversions.
The mechanical and adhesive properties were then tested, and
some conclusions could be drawn from the results of the probe
tests. The sample T160 was simply a version of T159 with 0.3%
CTA instead of 0.2%. This change led to a cohesive failure of the
adhesive, i.e., an insufficient number of PU bridges. However,
when the amount of HEMA was increased from 10 to 20 mol %,
an optimum deformability of the adhesive before debonding
without cohesive failure was found for a CTA content of 0.3%.
Finally, it may be interesting to compare two samples with

identical amounts of CTA but with OH/NCO = 0.55 (with
ODA) and OH/NCO = 1 (without ODA) in the high degree of
grafting limit. The two samples are T149 and T161, and their
characteristics are shown in Table 9. Both T149 and T161 detach
adhesively from the probe, but the deformability upon failure of
the T149 sample and hence its adhesion energy is much lower. In
this high grafting regime, the additional BPA acts as expected, i.e.,
as a chain extender of PU, reducing therefore the deformability of
the adhesive film. It should be noted however that the gel
contents are similar for the two samples (58.4% for the sample
with ODA and 57.5% for the sample without), whereas the
macroscopic properties are not. This suggests that we did indeed
modify the level of cross-linking of the gel fraction by changing
the PU molar mass through chain extension with BPA while
leaving the sol fraction unaffected. This change in polymer
architecture would not have been possible with a change in
kinetic chain length of the acrylic.

’CONCLUSION

High solids content hybrid latexes incorporating a reactive PU
prepolymer have been successfully synthesized by polymeriza-
tion of miniemulsion droplets. The degree of grafting of the
reactive PU to the copolymer chains was controlled by the
incorporation of a known amount of double bonds by reacting
HEMA with PU in a separate step. This amount was determined
quantitatively, and the residual NCO groups were next reacted
with BPA. Then, miniemulsions were successfully polymerized,
and the PSA properties of films of the resulting latexes were
tested. The results of the tests allowed us to identify the key
parameters to change in the formulation of the miniemulsion
droplets in order to optimize the PSA properties of the resulting

latexes in terms of deformability while avoiding cohesive failure.
The amount of CTA, the degree of grafting of NCO by HEMA
(hence different ratios of HEMA/BPA), and different amounts of
PU were altered in the formulations. In general, a good control of
Np/Nd could be obtained for all of these experiments and
complete monomer conversions could be achieved in each case.
The best adhesive properties were obtained either with 0.2 wt %
CTA, 25 wt % PU, and 10% NCO grafting by HEMA in the
presence of a half-stoichiometric amount of BPA with respect to
NCO or with 0.3% CTA, 25 wt % PU, and 20% NCO grafting by
HEMA in the presence of a stoichiometric amount of BPA with
respect to NCO. In both cases, respectable values of adhesion
energies of the order of 400 J/m2 were obtained in probe tack
corresponding to peel forces of the order of 4 N/cm.
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