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In this paper, we report novel crosslinking systems for surfactant-free artificial latexes based on anhy-
dride-containing polymers. Surfactant-free latexes with average particle diameters of about 150 nm and
a z-potential of �70 mV have been successfully obtained from anhydride-containing polymers with
various Tgs and polarities, including poly(octadecene-alt-maleic anhydride) (POMA) and maleinized
polybutadiene (PBDMA). When adipic dihydrazide (ADH), a water-soluble crosslinker, was added to
these latexes, no differences in particle size or z-potential were found; the presence of ADH did not affect
the latex stability. In contrast, when 1,6-diaminohexane (DAH) was added to these latexes, it was found
to interact with the polymer particles, indicated by a decrease in absolute z-potential for the latex
particles and even gelation in the case of POMA. From 1H NMR and LC–MS studies, it has been shown
that no free DAH was present after being added to the latex, while free, unreacted ADH was present in
aqueous phase upon its addition to the latex. Kinetic studies revealed that irreversible imide formation
between anhydride and ADH took place at temperatures of 90 �C and above. In comparison, DAH only
formed imides with the copolymers at significantly higher curing temperatures, i.e. >130 �C. Further-
more, the film formation of these latexes was studied; for the different copolymer latexes, curing at
temperatures above the Tg of the respective copolymers led to homogeneous film formation. These
systems based on surfactant-free latexes crosslinked with ADH have displayed promising properties for
future coating applications.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Because of increasing concerns on volatile organic compounds
from polymer coatings, water-borne coatings have become in-
creasingly important. Acrylic, alkyd, epoxy, polyurethane, polyester
and other resins are widely used in the formulation of water-borne
coatings [1,2] in the form of either synthesized latexes (primary
dispersions) or artificial latexes (secondary dispersions). We have
successfully prepared surfactant-free, artificial latexes from modi-
fied poly(styrene-alt-maleic anhydride) (PSMA), which are stabi-
lized by electrostatic interactions [3]. Although PSMA displays
some very interesting properties in relation to coating applications,
such as being used as surfactant, the direct use of this polymer as
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a resin for coating applications is very limited [4]. One of the
drawbacks of PSMA is its high Tg (175 �C for unmodified PSMA and
130 �C for the polymer used in this study [3]). Therefore, in this
paper, two other anhydride-containing polymers with lower Tg will
be studied, aiming at future coating applications. One is poly-
(octadecene-alt-maleic anhydride) (POMA, Tg¼w95 �C), and the
other is maleinized polybutadiene (PBDMA, with 17 wt% maleic
anhydride grafted onto polybutadiene; Tg of �70 �C). The approach
that was used for the preparation of PSMA latexes as described
elsewhere [3] should also allow the preparation of artificial latexes
from POMA and PBDMA.

To obtain a protective coating with good resistance against or-
ganic solvents, a homogeneous and densely crosslinked network
needs to be formed. Crosslinking of a latex can take place in three
different ways, i.e. intraparticle (or core-crosslinked), interparticle
(shell-crosslinked), or homogeneous crosslinking, as shown in
Fig. 1. The shell-crosslinked and homogeneously crosslinked films
are expected to give better mechanical properties than the core-
crosslinked films, since the latter do not have a continuous cross-
linked phase and, therewith, lack coherence [5]. Therefore, the film

mailto:w.ming@unh.edu
mailto:c.e.koning@tue.nl
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer


Fig. 1. Different crosslinking mechanisms where the dark parts represent the cross-
linked material and the light parts represent the non-crosslinked material.
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formation and interdiffusion of the crosslinker and the polymer
must take place before the crosslinking is completed [6]; otherwise,
inhomogeneously crosslinked film would be resulted.

Crosslinking of anhydride-containing polymers can be ac-
complished with multi-functional alcohols, but reaction times
between anhydrides and alcohols, leading to half esters, are
usually long. Furthermore, high temperatures are needed [7,8] at
which the equilibrium will shift to the left, leading to low
crosslinking efficiencies. Esters are also known to hydrolyze rel-
atively easily, leading to poor water resistance. Therefore, alco-
hols are not effective crosslinkers for the anhydride-containing
latexes studied in this work. Another class of crosslinker is ali-
phatic di- or polyamine [9], such as 1,6-diaminohexane (DAH),
but apart from toxicity and a strong smell, high temperatures are
required (>125 �C) to form irreversible imides [10]. Adipic dihy-
drazide (ADH), a water-soluble compound that lacks the toxicity
and strong smell of primary amines, can be potentially used as
a crosslinker. Crosslinking reactions between hydrazides and
carbonyl moieties were described in literature [11–14], resulting
in hydrazone groups [15]. Reactions between hydrazides and
anhydrides were attempted at low application temperatures
(<50 �C) [14,16], which would not ring-close to form imides and,
therefore, lead to reversible bonds [10].

In this study, we aim at 1-K crosslinking systems (the crosslinker
and the reactive latex in one package, without premature reaction),
so the crosslinkers should not affect the latex stability and prefer-
ably be water soluble. Both ADH and DAH will be investigated as
potential crosslinkers for anhydride-containing artificial latexes.
Their interaction with latex particles and crosslinking reaction with
latex polymers, as well as the film formation property of the latexes
in the presence of the crosslinkers, will be examined.
2. Experimental

2.1. Materials

All materials were purchased from Aldrich and used as-re-
ceived, unless noted otherwise. Solvents were purchased from
Biosolve and used without further purification. Adipic dihy-
drazide (ADH) was kindly supplied by DSM NeoResins and used
without purification. 1,6-Diaminohexane (DAH) was purchased
from VWR. cis-1,2-Cyclohexyldicarboxylic anhydride (CDA) was
purchased from Acros. Poly(styrene-alt-maleic anhydride) (PSMA;
trademark: SMA1000F) and the ammonium salt thereof
(SMA1000H) and maleinized polybutadiene (17 wt% maleic
anhydride) (PBDMA; trademark: Ricon 131MA17) were kindly
provided by Sartomer and used as-received. Poly(octadecene-
alt-maleic anhydride) (POMA) was purchased from Aldrich.
Deuterated solvents were obtained from Cambridge Isotope
Laboratories, Inc.
2.2. Latex properties

The formation of PSMA-based latexes has been described else-
where [3]. The latex used in this study consisted of PSMA with
30 mol% of the anhydride imidized with n-heptylamine. Another
30 mol% of the initial anhydride was ammonolyzed to obtain
electrostatic stability. The remaining 40 mol% of anhydride was
available for crosslinking. Latexes from POMA and PBDMA were
obtained via the same process as previously described [3]; 50 mol%
of the amount of the initial anhydride was ammonolyzed, without
any further imidization. The concentrations of the dropwise-added
solutions were varied to tune the particle diameters for different
polymers.

2.3. Film formation

For AFM studies, 10 wt% latexes containing crosslinker (ADH or
DAH) were drop-cast on glass substrates of w2� 2 cm2, and cured
in an oven at elevated temperatures for 15 min. Films that were
formed at temperatures of 100 �C or lower were cured for longer
period of time, as indicated in the text, to ensure that water had
been evaporated and the crosslinking was completed.

2.4. Characterization

Differential scanning calorimetry (DSC) was carried out on
a Perkin–Elmer Pyris 1 differential scanning calorimeter. PSMA and
POMA samples were heated from 20 to 180 �C at a rate of 10 �C/min
followed by an isothermal period of 5 min. A cooling cycle to 25 �C
at 10 �C/min was performed prior to a second heating run to 180 �C
at 10 �C/min. PBDMA samples were cooled from 30 to �110 �C at
50 �C/min, followed by an isothermal period of 10 min. A heating
step from�110 to 50 �C was performed at 20 �C/min followed by an
isothermal period of 1 min. Second cooling and heating steps at 30
and 20 �C/min, respectively, were performed, with an isothermal
period of 10 min at �110 �C. The Tg was determined from the sec-
ond heating run.

1H and 13C NMR analyses were performed on a Varian Gemini
300 or Mercury 400 instrument, in deuterated DMSO, chloroform
or water. The interaction between a crosslinker and a latex was
studied by adding 1 ml of the latex to a solution of the respective
crosslinker in deuterated water at room temperature. To quantify
the amount of crosslinker that reacted with the latex particles,
sodium 3-(trimethylsilyl)propionate-d4 (TSP) was used as an in-
ternal standard [17], and added to the crosslinker solution in D2O.
To study the crosslink reaction mechanism, CDA was dissolved in
DMSO-d6 to which crosslinker, ADH or DAH, was dropwise added at
180 �C. Samples were taken at different intervals and cooled to
room temperature, prior to the measurement. The final dried
product was studied in deuterated chloroform.

Dynamic light scattering (DLS) and z-potential measurements
were performed on a Malvern ZetaSizer Nano ZS at 20 �C. The
particle size and its distribution thereof were determined according
to ISO 13321 (1996). The solid content of the latex samples was
w0.1 wt%. The amounts of crosslinker, DAH or ADH, added to the
latex were 30 mol% with respect to the initial anhydride present in
the polymer. The pH dependence measurements of size and z-po-
tential were performed by adding a 0.071 M HNO3 or 0.1 M NaOH
aqueous solution to the latex with a Malvern MPT-2 Autotitrator,
starting at the pH of the latex as prepared. The pH value was
stepwise altered in steps of 0.5 and left for 1 min at this pH prior to
the next z-potential and particle size determination, until a pH
value of 2 was reached or flocculation occurred in case of the acidic
titration, or pH 12 was reached for the basic titration. The z-po-
tential was calculated from the electrophoretic mobility (m) using
the Smoluchowski relationship, z¼ hm/3, where ka [ 1 (where h is
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Fig. 2. Particle diameter as a function of the concentration of PSMA in acetone solution
from which the latex was prepared. The polymers had 30 mol% of the anhydrides
imidized with n-heptylamine, while another 30 mol% was ammonolyzed with NH3
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the solution viscosity, 3 is the dielectric constant of the medium,
and k and a are the Debye–Hückel parameter and the particle ra-
dius, respectively).

Cryogenic-transmission electron microscopy (cryo-TEM) was
performed on a FEI Tecnai G2 Sphera microscope at �170 �C, op-
erated at 200 kV. Samples (3 ml) of 1 wt% latex were applied to
a glow discharged Lacy grid in a Vitrobot� (PC controlled vitrifi-
cation robot, FEI) instrument at 22 �C and 100% relative humidity.
The excess of latex was removed by blotting with a filter paper,
followed by vitrification of the film by insertion into liquid ethane
at�172 �C. Photos were obtained with a Gatan 1k� 1k CCD camera.

Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy was performed on a Bio-Rad Excalibur
FTS3000MX infrared spectrophotometer (4 scans per spectrum,
resolution 4 cm�1) with an ATR diamond unit (Golden Gate). The
measurement was performed by mixing a DMSO solution of the
material (or the latex) and a H2O solution of crosslinker prior to
applying the mixture on the ATR diamond. The ratio of theoretically
present anhydride and hydrazide or amine functional groups from
the crosslinker was kept at 1. A full spectrum was taken every 5, 10
or 20 s (depending on the reaction rate). Heights of the carbonyl
peaks were taken as a measure of the extent of the reaction.

Atomic force microscopy (AFM) experiments on films were
performed on a NT/MDT Solver P47HT, with a scanning rate of
0.2 Hz, in semi-contact mode under atmospheric conditions, using
high resolution non-contact gold-coated silicon cantilevers from
the NSG11 series (NTI-Europe) with spring constant k¼ 2.5–10 N/m
and typical resonance frequency of 150 kHz.

3. Results and discussion

Artificial latexes from different polymers (Table 1) were pre-
pared similar to the procedure as described previously [3]. The
different polymers used in this study will lead to large differences
in the final properties of the films. PBDMA-based latexes can form
flexible films due to its low Tg, while POMA will give the final film
with a hydrophobic character [18].

3.1. Preparation of anhydride-containing artificial latexes

3.1.1. Preparation and properties of PSMA-based latexes
The particle size of the latexes was influenced by the concen-

tration of the polymer in acetone solution that was added to water.
As shown in Fig. 2 for the PSMA-based latexes, the particle size
increased with increasing the polymer concentration in the acetone
solution. The minimal (average) size of the latex particles was
60 nm for the latex obtained from a very dilute PSMA solution in
acetone (0.01 g/ml), increasing to w200 nm for a concentration up
to 0.10 g/ml (Fig. 2). When concentrations of >0.20 g/ml were used,
aggregation was observed. This phenomenon was more pro-
nounced at higher concentrations. To obtain stable PSMA-based
latexes without any aggregates, the polymer acetone solution was
kept at 0.07 g/ml, giving rise to particles of w140 nm in diameter,
which was in good agreement with the cryo-TEM results reported
previously [3].

The PSMA-based latex particles were found to be stabilized by
electrostatic interactions [3], as a result of the ring opening of the
Table 1
Polymers that were used for the preparation of different latexes

Polymer Mn
a (g/mol) Tg

b (�C)

PSMA w5000 130
POMA 30,000–50,000 w90–100
PBDMA 5500 �70

a Data submitted by supplier.
b As determined with DSC.
anhydride units in the polymer by NH3. The z-potential of the as-
prepared latex (pH¼ 7) was determined to be�74� 2 mV, and was
found to remain constant during a period of over two years. Also,
the particle diameter (w140 nm) and the polydispersity index
(0.12) of the particle size did not change during this period. Evi-
dently, the particles were sufficiently stabilized by electrostatic
interactions, and no additional surfactants or stabilizers were
needed to obtain stable latexes.

3.1.2. Latexes from other anhydride-containing polymers
In a similar way, latexes of other anhydride-containing polymers

were prepared by dropwise adding the polymer solution in acetone
to water. The average particle size of these latexes was about 100–
200 nm, as shown in Fig. 3. Furthermore, the particles were found
to have z-potentials in the range of �70 to �85 mV, indicating
strong electrostatic stabilization of these latexes. The negative z-
potentials can be explained by the negative charge on the amic acid
moieties in the polymer backbone, since at the pH of the
100 1000
0

Particle diameter (nm)

Fig. 3. Particle size distribution of latexes prepared from different polymers. The
concentration of polymer in acetone added to the water phase was different for dif-
ferent polymer systems, i.e. 0.07 g/ml for PSMA, 0.04 g/ml for POMA, and 0.10 g/ml for
PBDMA.
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Fig. 4. pH dependence of particle size and z-potential of a PSMA-based latex (30 mol% of the initial anhydride was ammonolyzed and another 30 mol% was imidized with
n-heptylamine): (a) titration with HNO3 and (b) titration with NaOH.
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as-prepared latex the H-atoms of the acid are dissociated, as in-
dicated by the dissociation constants of the hydrolyzed polymers
without ammonolysis (pKa1¼3.0 and pKa2¼ 6.3 for hydrolyzed
PSMA; pKa1¼3.7 and pKa2¼ 6.8 for hydrolyzed POMA [19]). The
solid contents of the artificial latexes prepared in this work were in
the range of 10–15 wt%, but stable latexes up to 35 wt% solid con-
tent can be obtained.

3.1.3. Latex stability as a function of pH
3.1.3.1. PSMA-based latexes. To study the electrostatic interactions
between these particles as a function of pH, DLS measurements
were performed after stepwise addition of a 0.071 M HNO3 or 0.1 M
NaOH aqueous solution, directly followed by z-potential measure-
ments. The measurements were performed on the latex as pre-
pared, without the use of an electrolyte. As the pH was lowered
from 7 to 2, the particle size was found to remain in the range of
130–150 nm despite the sharp z-potential change in the pH range
of 2–4 (Fig. 4a). The z-potential remained relatively constant for pH
values between 4 and 7, and decreased (absolute value, the same
below) when the pH was lowered to below 4 (at pH¼ 4, a signifi-
cant amount of carboxylic anions would be neutralized, leading to
reduced electrostatic repulsion). Nevertheless, at a z-potential of
�35 mV (pH¼ 2) the electrostatic interaction was still strong
enough to prevent particle aggregation.

When the titration was performed with NaOH (0.1 M), the PSMA
latex remained stable up to pH of w9.2 (Fig. 4b). At higher pH, the
imides that were formed to stabilize the polymer in aqueous en-
vironment were hydrolyzed due to the increasing basicity [20,21],
and therewith the polymer became fully soluble in water. The z-
potential was not influenced by the increasing pH, as expected,
since the amic acid moieties at the particle shells were already
deprotonated at pH¼ 7.

3.1.3.2. POMA-based latexes. POMA-based latexes displayed good
stability at the initial pH (the as-prepared latex), despite that the
absolute value of the z-potential (�42 mV) was lower compared to
the PSMA latex (Fig. 5). At pH values of as low as 1.5, the particles
were found to be stable, even though the z-potential was about
�17 mV. Even after 24 h the latex was still stable, and no aggregates
were observed. We also examined the latex stability under basic
conditions. When the pH was in the range of 8–9.5 (Fig. 5), the latex
was stable. At pH¼ 9.5 or above, the latex still appeared to be
stable, but some flocculation was observed. However, the POMA
polymer did not become fully dissolved in the alkali solution, which
is likely due to the hydrophobic character of the long hexadecyl
tails originating from the octadecene monomer. The hydrophobic
hexadecyl groups, unlike the heptyl group in the case of PSMA-
based latex, prevented the hydrolyzed POMA from being com-
pletely soluble in an aqueous environment.
3.2. Properties of latexes in the presence of a crosslinker

3.2.1. PSMA-based latexes
When DAH was added to different latexes, either from its

aqueous solution or as a solid, a change in color was immediately
observed, which is indicative of a reaction between the primary
amine and anhydride [3], whereas the addition of ADH to the la-
texes did not lead to any color change. When an excess of DAH
compared to the initial amount of anhydride was added, the
polymers became fully soluble in water. This indicates that there
was significant interaction and most probably even reaction be-
tween DAH and the latexes, whereas ADH did not seem to have any
interaction with the latex particles in an aqueous environment.

For a PSMA-based latex to which 30 mol% of DAH relative to the
initial anhydride was added, the pH value of the as-prepared latex
increased from w7 to w8.5 (Fig. 6a), due to the basic nature of DAH.
The z-potential at the initial pH changed from w�70 mV without
DAH (Fig. 4) to �45 mV after the DAH addition (Fig. 6a). Possible
cause of this reduction will be discussed below. A similar decrease
in z-potential was also observed for the addition of a similar
amount of DAH to the POMA-based latex. The reduced stabilization
resulted in particle aggregation when the pH was lowered to below
5, as can be seen by a significant increase in particle size (from
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w150 nm to >1 mm) for the PSMA-based latex. The modulus of the
z-potential at this pH was close to 30 mV, which is generally con-
sidered to be the value above which stable particles are obtained
[22,23]. Due to the flocculation the latex with DAH could not be
studied at lower pH values.

In a sharp contrast, when ADH was added to this latex, both the
particle size and the z-potential showed similar behavior as the
latex in the absence of a crosslinker, as shown in Fig. 6b. The pH of
the latex as obtained was found to remain unchanged upon the
addition of ADH, which indicates that the polymer particles and
ADH in the aqueous phase did not interact with each other. We also
examined the latex with or without ADH by cryo-TEM. The particle
size and particle size distribution for the latex in the presence of
ADH appeared to be similar to the latex without ADH (Fig. 7).
Furthermore, no particle aggregates were observed. These results
further indicate the absence of interaction between the PSMA
particles and ADH in the aqueous phase.

3.2.2. POMA- and PBDMA-based latexes
For the POMA-based latex to which ADH was added, the dif-

ference between the latex with (Fig. 8) and without ADH (Fig. 5)
was very small. Both the particle size and z-potential (Fig. 8)
showed similar dependence over the whole pH range compared to
the ADH-free latex. Again, at low pH values the particles were
stabilized, even though the z-potential decreased significantly. At
Fig. 7. Cryo-TEM pictures of a 1 wt% PSMA-based latex (a) without cro
pH above 9.5, the particle diameter increased, indicating the onset
of particle aggregates. In contrast, when DAH was added to the
latex, the latex was no longer stable, leading to a gel. Due to this, no
reliable pH dependence measurements for both the particle size
and z-potential could be obtained.

For PBDMA-based latexes, a relatively high z-potential was
found (about�80 mV), both with and without the addition of ADH.
Upon the addition of DAH, however, the latex became unstable.
Aggregates were observed, but the latex did not gelate like the
POMA-based latex.

3.3. Interaction between crosslinker and latexes

Additional evidence for the absence of interaction between the
polymers in the latexes and ADH was obtained by 1H NMR exper-
iments. For ADH in D2O solution, to which sodium 3-(trimethylsi-
lyl)propionate-d4 (TSP) was added as a reference, two peaks (2.2
and 1.6 ppm) can be assigned to ADH. When 1 ml PSMA-based latex
was added to 1 ml of this solution (50 mg/ml), the signals origi-
nating from ADH were observed at the same shifts (Fig. 9a), in-
dicating that ADH was still dissolved in the water phase and not
attached to the solid polymer particles. Since the amount of TSP
added to D2O was known, it could be used to quantify the amount
of ADH that was still present in the water phase by correlating the
ADH signal to the TSP signal. The TSP:ADH peak area ratio remained
sslinker and (b) with 30 mol% ADH (relative to anhydride) added.
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Table 2
Properties of the two crosslinkers used in this study

ADH

Structure

O

NH2NH

Molecular weight (g/mol) 174.2
Water solubility at 25 �C (mg/ml) 50a

pKa 3.6 [24]
Log Kow �2.41a

a Values obtained from MSDS from supplier.
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Scheme 1. Schematic representation of the reaction between CDA and ADH. The first step c
upon heating the ring-closed imide (2) is formed. Reaction between CDA and DAH follows
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virtually unchanged after the addition of the latex, from 1:0.90
before adding the PSMA latex to 1:0.91 after the addition of latex.
This small change of the ratio was well within the experimental
error and, therefore, it can be concluded that there was no in-
teraction between latex particles and the ADH crosslinker in an
aqueous environment. When the same experiment was performed
with DAH, signals from unreacted DAH almost completely dis-
appeared upon the addition of the latex (Fig. 9b). Broadened peaks
(1–3 ppm) were observed, likely due to the partial dissolution of
the polymer in water, which might have reacted with DAH.

To separate the crosslinker from the latexes, the mixtures were
centrifuged at 60,000 rpm for 60 min. The latex in the presence of
ADH did sediment under these conditions. However, the particles
could be easily redispersed by shaking, and showed the same av-
erage particle size as before the centrifugation. Also the z-potential
remained unchanged after this procedure. After the centrifugation
procedure, the DAH-containing sample, on the other hand, showed
some solids on the bottom, which could not be redispersed. The
supernatant appeared to be yellowish, indicating the partial
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an take place at room temperature to yield the hydrophilic hydrazamic acid (1), while
the same route via the formation of an amic acid.
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dissolution of the polymer. With LC–MS, it was shown that ADH
indeed was still present in the supernatant, whereas there was no
signal observed originating from unreacted DAH in the corre-
sponding system.

We further examined the possible (lack of) interaction between
the two crosslinkers and the latexes by comparing the physico-
chemical properties of the two crosslinkers. Both compounds have
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Fig. 11. (a) 1H NMR spectra of the reaction mixture of CDA and ADH in DMSO-d6 at 180 �C, a
amic acid and imide during the reaction and (c) the final imide product.
reactive NH2 groups, but their basicity and nucleophilicity differ
significantly (Table 2). One major difference is that the pKa of ADH
in water is 3.6 [24], whereas the pKa of DAH is 10.6 [25]. When the
pH of the system is lower than 3.6, ADH will be protonated and be
attracted by the negatively charged latex particle surface, whereas
it will be in the neutral form at pH¼ 7. This explains the decrease of
the absolute value of the z-potential for the ADH-latex system at pH
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values lower than 4 (Fig. 6b). The pKa of DAH, however, is 10.6,
which indicates that DAH is protonated at pH¼ 7 and will interact
with carboxylic anions from the polymer in the latex particles,
leading to the significant decrease of the absolute value of the z-
potential (Fig. 6a), together with the absence of free DAH in the
aqueous phase, as demonstrated by LC–MS analysis. Furthermore,
the octanol–water partitioning coefficient, log Kow, which is defined
as the logarithm of the equilibrium ratio of solute concentrations in
water and octanol (Kow¼ [solute]oct/[solute]w) [26], of DAH is 0.02,
whereas the corresponding value for ADH is �2.41. This indicates
that DAH has a relative higher affinity to the lipophilic polymer
particles than ADH.

On the other hand, the reactivity of ADH should be sufficient to
act as a crosslinker when films are formed from the latexes. The
nucleophilicity of compounds can be represented by the equation
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Fig. 13. (a) ATR-FTIR spectrum of the final imide product between CDA and ADH. (b) The re
described by Patz and Mayr [27,28], who developed a general scale
of nucleophilicity in different types of reactions [29]:

log k ¼ sNðE þ NÞ (1)

where k is a second order rate constant (in M�1 s�1) at 20 �C, sN is
a nucleophile-specific slope parameter, N is an electrophile-in-
dependent nucleophile-specific parameter, and E is a nucleophile-
independent electrophilicity parameter [30]. Although this model
has its limitations, it gives the most extensive scale of nucleophi-
licity presently available [29]. Since both crosslinkers will act as
nucleophiles, only the N parameter was considered in this work. It
is expected that the nucleophilicity for a hydrazide is comparable to
that of semicarbazide [31] (N¼ 11.05, sN¼ 0.52) [32], and therefore
less nucleophilic than that of a primary amine (N¼ 13.41, sN¼ 0.65
for n-propylamine) but more nucleophilic than, for instance, the
nucleophilicity of aromatic amino groups [33] or ureas [34]. It is
expected that this reactivity is sufficient to give crosslinked
networks when mixed with anhydride-containing polymers. The
nucleophilicity of DAH is estimated to be comparable to that of
n-propylamine [30].

3.4. Model studies on crosslinking

The crosslinking process between the anhydride functional
polymers and the crosslinkers used in this study consists of two
steps (Scheme 1).

3.4.1. First step – ring opening
To study the crosslinking mechanism with NMR, cis-1,2-cyclo-

hexanedicarboxylic anhydride (CDA) was chosen as a model com-
pound, because PSMA showed overlapping peaks in the area of
interest [35], preventing a reliable analysis. The first step of the
reaction, for both ADH and DAH, consists of an addition reaction
between the –NH2 and anhydride groups. This reaction is known to
take place at room temperature [16] (Scheme 1), to form the ring-
opened amic acid (in the case of DAH), or hydrazamic acid (1) (in
the case of ADH). For the remainder of the text the ring-opened
product between anhydride and crosslinker will be referred to as
amic acid.

The reaction was confirmed with ATR-FTIR. A DMSO solution
containing CDA was placed on the ATR crystal, followed by adding
a drop of DMSO solution containing a crosslinker. For the mixture
containing equimolar amounts of anhydride and hydrazide groups,
the disappearance of the anhydride signal (1780 cm�1, Fig. 10b) was
due to the formation of the amic acid, structure (1) in Scheme 1, for
which carbonyl signals were found at 1640 and 1690 cm�1, in-
dicating that almost all anhydrides had reacted with ADH. In
1900 1800

time

1700 1600

A
b

s
o

r
b

a
n

c
e
 
(
a
.
u

.
)

Wavenumber (cm
-1

)

180sb

160s
140s
120s
100s
80s
60s
40s
20s
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addition, the amine signal of the free ADH (around 3300 cm�1) had
decreased substantially in the mixture (Fig. 10a).

3.4.2. Second step – ring closure
Ring closure of an amic acid takes place at elevated tempera-

tures. This process was followed by 1H NMR for a mixture of CDA
Fig. 16. (a) Semi-contact mode AFM height image of a film from 0.1 wt% PSMA-based late
profile of the cross-section as indicated by the line in (a).
and ADH in a 2:1 molar ratio. The first spectrum was immediately
taken after the addition of ADH to the CDA solution at 180 �C. From
the peaks arising from the amic acid (Fig. 11a) it was confirmed that
the reaction between ADH and CDA took place instantaneously.
Upon addition of ADH to the CDA solution, at t¼ 0, most of the two
compounds immediately reacted to form the ring-opened amic
acid (9.3–9.5 ppm for the amide and 12 ppm for the acid), showing
only a minor peak of the unreacted ADH at 8.7 ppm. Furthermore, it
was obvious that, from the appearance of a peak at 10.3 ppm at
t¼ 0, the ring closure to imide took place as well. After 5 min the
reaction was nearly complete at 180 �C (Fig. 11a).
x with 30 mol% ADH relative to anhydride dried at room temperature, and (b) height



Fig. 17. Semi-contact mode AFM height (left) and phase (right) images of films from a PSMA-based latex containing 0.30 equiv ADH relative to initial anhydride, cured at ((a) and
(b)) 90 �C, ((c) and (d)) 130 �C, and ((e) and (f)) 160 �C.
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During the reaction, 13C NMR peaks corresponding to both ring-
opened amic acid and ring-closed imide were observed, as shown
in Fig. 11b. The final product (2) of the reaction was confirmed with
13C NMR without purification (Fig. 11c). Only two major peaks were
found in the carbonyl region, one from the ADH (peak c) part, the
other from the CDA part (peak d), indicating that only the ring-
closed imide was formed under the applied reaction conditions.
This also excluded the formation of a possible 6-membered ring,
which would have resulted in the formation of three different
signals in the carbonyl region (Scheme 2), due to the asymmetric
ring structure.

The reaction between CDA and DAH was studied with 13C NMR
in the same way, displaying two peaks in the carbonyl region for the
amic acid moiety, i.e. at 175.4 and 180.1 ppm. The final reaction
product showed a single peak at 179.7 ppm, originating from the
carbonyl signal of the imide. For a more detailed study on the ki-
netics of the crosslinking for both compounds, ATR-FTIR experi-
ments were performed.



Fig. 18. Semi-contact mode AFM height (left) and phase (right) images of films from a PSMA-based latex containing 0.30 equiv of DAH relative to initial anhydride, cured at ((a) and
(b)) 130 �C and ((c) and (d)) 160 �C.
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3.5. Crosslinking kinetics

The first step of the crosslinking reaction was studied for CDA
with DAH and ADH at room temperature in DMSO solution. Both
model reactions and reactions with copolymer solutions or latexes
to study the second step of the crosslinking reaction were per-
formed at different temperatures, ranging from 90 to 180 �C.

3.5.1. Model compounds
The first step in the crosslinking was studied by following the

carbonyl signal originating from the anhydride at 1780 cm�1. When
the decrease of the anhydride signal was followed in time, it can be
seen that for ADH the time needed for the signal to have reduced to
zero was longer than for DAH (Fig. 12). This confirms the more
nucleophilic behavior of DAH, as indicated by the sN and N pa-
rameters (Table 2), compared to ADH in the first step of the
crosslinking reactions. ADH, however, is still reactive enough to
react with anhydride and form amic acid at room temperature. The
amic acid group is very hydrophilic and the reaction is reversible in
an aqueous environment [12]. Therefore, a second step of heating
has to be performed to obtain irreversible imide. The amic acid
formed during the first step showed two peaks in the IR spectrum
from the two different carbonyl groups, which both gradually dis-
appeared upon the formation of the ring-closed imides at elevated
temperatures (Fig. 13b).

The reaction between ADH and CDA was studied with ATR-FTIR
by monitoring the signal at 1722 cm�1 (Fig. 13a), which arises from
the imide carbonyl. The height of the 1722 cm�1 peak increased as
the reaction proceeded. By following the increase of the 1722 cm�1

peak, with the peak at 2860 cm�1 of the C–H stretch signal as an
internal standard, we can obtain kinetic information on the imide
formation via the ring closure of the amic acid, as given in Fig. 14a.
The formation of imide at 116 �C appeared to be completed within
300 s, and the reaction proceeded even faster at higher
temperatures.

In a similar way, the reaction between CDA and DAH was
studied (Fig. 14b). The signal arising from the imide carbonyl was
found at 1700 cm�1. At 90 �C, no ring closure to imide took place,
contrary to the CDA/ADH system. The reaction proceeded at
125 �C, but was much slower than the CDA/ADH reaction at 116 �C.
This shows that, although the formation of amic acid was faster for
DAH due to its more nucleophilic nature, the second step reaction,
in which the actual irreversible crosslinking would take place, was
faster for ADH. As expected, the reaction proceeded faster at
higher temperatures (Fig. 14b). At temperatures from 90 to 120 �C,
there was some initial retardation for both ADH and DAH. This
might be caused by the slow evaporation of DMSO that was used
as the solvent. At higher temperatures, this retardation
disappeared.

3.5.2. Polymer systems
The model reaction between CDA and ADH was compared with

a PSMA solution in DMSO. The peak at 700 cm�1 from the phenyl
ring of the styrene unit in the copolymer was used as an internal



Fig. 19. Semi-contact mode AFM height (left) and phase (right) images of films from a POMA-based latex containing 0.25 equiv of ADH relative to initial anhydride, cured at ((a) and
(b)) 60 �C and ((c) and (d)) 100 �C.
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reference. It was found that the time to reach the plateau value for
the peak height at 1722 cm�1 was comparable for CDA and PSMA
solutions (Fig. 15). For the PSMA-based latex, a much lower plateau
value for the 1722 cm�1 peak height was observed, which was due
to the partial imidization of the initial anhydride by heptylamine in
order to stabilize the latex. Nonetheless, the data in Fig. 15 indicate
that the rate of reaction was comparable for the three different
systems. When the ring closure reaction of the amic acid formed
between DAH and the polymer or CDA was studied, the results were
comparable to each other, indicating that the model compound was
indeed a good model for the polymer system.
3.6. Fate of the amic acid moieties originating from ammonolysis

It has been shown that imides were formed via the ring closure,
at elevated temperatures, of amic acids that were obtained at room
temperature from the reaction between anhydrides and DAH or
ADH crosslinkers. In addition, amic acid moieties were also formed
by ammonolysis of the polymers, prior to the latex preparation. At
higher temperatures, these amic acid moieties may undergo ring
closure to either anhydride or imide, releasing ammonia or water,
respectively (Scheme 3). This process was followed with ATR-FTIR
at elevated temperatures (90–180 �C) for an aqueous solution of the
fully ammonolyzed PSMA (SMA1000H). With the increasing tem-
perature, the amount of the formed anhydride (path 1 in Scheme 3)
increased, when compared to the amount of the formed imide
(path 2 in Scheme 3). An estimated 30 mol% of amic acid reacted
back to anhydride at 160 �C from FTIR. The amount of anhydride in
the final coating should be limited, since these groups are suscep-
tible to hydrolysis [36]. The amount of anhydride that will be
present in the final coating can be limited by relatively lowering the
curing temperature, and by using a higher degree of imidization or
a higher amount of crosslinker. This will in turn also affect the final
properties of the coatings, but the optimization of the amount of
anhydride is not within the scope of this work.
3.7. Film formation

3.7.1. Films from PSMA-based latexes
3.7.1.1. Film formation at room temperature. When the films from
a diluted PSMA-based latex (ca. 1 wt%), containing ADH, were dried
at room temperature, no homogeneous film was obtained. Instead,
individual particles with a diameter of 150–200 nm were observed
(Fig. 16). This is in agreement with the particle size found with DLS
and TEM. Deformation of the particles did not take place due to
the relatively low temperature, which was well below the Tg of the
polymer (130 �C). When this sample was heated to 150 �C, the
particles did not flow, indicating that intraparticle crosslinking via
the amic acid already took place prior to the deformation of the
particle. Therefore, the films described in the following part were
cured directly after application.



Fig. 20. Semi-contact mode AFM height (left) and phase (right) images of films from a PBDMA-based latex containing 0.25 equiv of ADH relative to initial anhydride at room
temperature ((a) and (b)) and at 120 �C ((c) and (d)).
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3.7.1.2. PSMA latexes crosslinked with ADH. When the film forma-
tion of a PSMA-based latex, in the presence of ADH, was performed
at 90 �C, the formed films showed a rough surface (Fig. 17a), with
the height variation in the range of 20–30 nm and the particle size
comparable to the individual particles, indicating that the particle
coalescence did not take place. Individual particles, packed but not
coalesced, were also discernible in the phase image (Fig. 17b). Films
cured at 130 �C showed slightly decreased surface roughness
(Fig. 17c), but both height and phase images still demonstrated the
particulate characteristics due to insufficient film formation. In-
creasing the curing temperature to 160 �C resulted in a film with
the surface roughness of merely 3–5 nm (Fig. 17e), indicating that
a highly crosslinked, smooth film was obtained. The very low phase
contrast in Fig. 17f also confirmed the film homogeneity.

The above results suggest that a curing temperature of 160 �C
was high enough to deform the particles, which is in accordance
with the Tg of 130 �C of the copolymer. From the ATR-FTIR experi-
ments it is clear that this temperature was high enough for the
completion of the crosslinking, and yet not too high to cause the
particles to shell-crosslink before the particle flow takes place. In-
creasing the curing temperature to 180 and 200 �C led to films with
similar properties. A curing temperature of >200 �C would lead to
the degradation of the polymers due to decarboxylation [37,38],
and was therefore not studied. Furthermore, as was shown with
ATR-FTIR, higher temperatures would lead to increased formation
of anhydrides after ring closure of the amic acids that were
obtained for the latex stabilization.

3.7.1.3. PSMA latexes crosslinked with DAH. Films of PSMA-based
latexes cured with DAH at 130 �C showed more homogeneous
height and phase images (Fig. 18a and b) than those cured with
ADH. This might be due to incomplete crosslinking at 130 �C,
yielding only the amic acid and therewith giving the polymer some
freedom to move after film formation. Another cause may be the
partial dissolution of the polymer due to the DAH addition, filling
up the initial spaces between particles, leading to a smoother and
more homogeneous image. When the curing with DAH was per-
formed at 160 �C the phase contrast increased (Fig. 18d), despite the
height variation was small (Fig. 18c), indicative of inhomogeneous
crosslinking.

3.7.2. Films from POMA-based latexes
When a POMA-based latex with ADH was studied, the particle

deformation should take place at lower temperatures, due to the
lower Tg (w90 �C) of the polymer. As shown in Fig. 19, at 60 �C
homogeneous film formation did not take place and particles of
100–200 nm were visible in both height and phase images (Fig. 19a
and b), due to poor particle deformation at this temperature. In-
creasing the curing temperature to 100 �C, i.e. above the Tg of the
polymer, led to a more homogeneous film (Fig. 19c and d). The
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homogeneous film formation indicates that the ADH crosslinker
was able to diffuse into the particles before the final film formation
took place.

3.7.3. Films from PBDMA-based latexes
When the film formation of latexes based on PBDMA

(Tg¼�72 �C) was studied, homogeneous films were already
obtained at room temperature (Fig. 20a and b). Also, films formed at
120 �C were homogeneous, as illustrated in both height and phase
images (Fig. 20c and d). However, our ATR-FTIR data showed that
no imide was formed for this system at room temperature. This was
further corroborated by the very poor chemical resistance of this
film, compared to the corresponding films formed at 80 �C or
higher and crosslinked with ADH. At a curing temperature of 80 �C,
the PBDMA-based films demonstrated excellent chemical re-
sistance due to the formation of imide linkages.

4. Conclusions

Stable, surfactant-free artificial latexes have been successfully
obtained from different anhydride-containing copolymers. The
polymer particles, stabilized by electrostatic interactions after
partial ring opening of the anhydride moiety by ammonia, were in
the range of 100–200 nm in diameter. When a primary amine
crosslinker (i.e. DAH) was added to these latexes, reactions between
the particles and the amine took place immediately, leading to
reduced electrostatic stabilization for the particles. In a sharp
contrast, when a hydrazide based crosslinker (i.e. ADH) was added
to the latex, no interaction between crosslinker and particles was
observed and, thus, the addition of ADH did not affect the latex
stability. This has been explained by the difference of the pKa values
between the two crosslinkers. It was found that irreversible
crosslinking reactions occurred between anhydride and ADH at
lower temperatures (>90 �C) than for anhydrides and DAH
(>130 �C). The homogeneous film formation of the polymer latexes
was related to the Tg of the copolymers and, thus, can be tuned by
using copolymers with varying Tgs. ADH has been shown to be an
excellent water-soluble crosslinker for the artificial latexes. These
latexes based on anhydride-containing copolymers, in combination
with a hydrazide crosslinker, are promising systems for water-
borne coating applications.
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