AUTEX Research Journal, Vol. 10, No4, December 2010 © AUTEX

THERMAL RESISTANCE OF ORGANIC NANOPARTICLE COATINGS FOR
HYDROPHOBICITY AND WATER REPELLENCE OF PAPER SUBSTRATES
Pieter Samyn1, Gustaaf Schoukens1, Paul Kiekens1, Peter Mast2,
Henk Van den Abbeele3, Dirk Stanssens3, Leo Vonck3
1

2

Ghent University - Department of Textiles, Technologiepark 907, B-9052 Zwijnaarde, Belgium
Ghent University - Department of Materials Science and Engineering - Technologiepark 903, B-9052 Zwijnaarde, Belgium
3
Topchim N.V., Nijverheidsstraat 98, B-2160 Wommelgem, Belgium
Contact: Pieter.Samyn@UGent.be or Pieter.Samy@fobawi.uni-freiburg.de

Abstract:
The modification of paper substrates by organic nanoparticle coatings offers an attractive alternative for creating
hydrophobic and water-repellent surfaces without fluorinated chemicals. The nanoparticles were synthesized
by imidization of poly(styrene-maleic anhydride) and applied to a standard paper grade by means of a laboratory
bar-coating process. The effects of supplementary heat treatments of the coated papers were investigated in
terms of coating morphology and hydrophobicity: a unique coating structure is formed with a combination of
microdomains that are internally structured at the nanoscale. The relatively high glass transition temperature of
the nanoparticles allows for good thermal stability of the coating with almost no morphological changes at
heating up to 180°C. The changes in chemical composition were investigated by diffuse reflectance infrared
spectroscopy (DRIFT) and UV/VIS spectroscopy. The latter techniques qualitatively describe the effects of thermal
treatments on the imide and styrene moieties. Contact angle measurements indicate that there is an optimum
curing temperature in order to obtain a maximum advancing contact angle of 133° to 150°.
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Introduction
Innovative surface modifications through coating require
unique combinations of physical properties (optical,
mechanical and thermal stability) and functionality (adhesion,
printability, selective storage and release of additives at the
surface), without extensively increasing the coating weight yet
maintaining good processing conditions. Mainly for naturalfibre based textiles, including papers and paperboards, there
is a huge potential for tailoring the interfacial properties in
order to use them as packaging materials. The intrinsic
hydrophilicity and porosity of cellulose-based materials,
however, make them sensitive to water uptake and provides
poor barrier resistance. This limitation is traditionally countered
by applying hydrophobic materials such as synthetic polymer
layers or paraffin waxes through extrusion coating or lamination,
which in turn reduces the recyclability and repulpability of the
original substrate.
The wetting and adsorption mechanisms of water depend on
the chemical and physical heterogeneity of porous substrates
[1], such as textiles in general and paper in specific. The
wettability of hydrophilic cellulose fibres needs to be controlled
for better liquid repellence, barrier coatings, uni-directional
liquid transport or self-cleaning properties. At present, the
hydrophobicity of paper surfaces is often improved by graft
polymerization [2], oxygen-plasma treatment [3], plasmaassisted coating deposition [4], chemical vapour deposition
[5], pentafluorobenzoylation [6], esterification [7], or silylation
[8]. Other techniques include internal and/or surface sizing
additives [9], or coatings with modified starches [10],
biopolymers [11], styrene-acrylate core-shell [12], or acrylate
micro latexes [13]. In combination with specific inorganic fillers
(e.g., clay, delaminated talc, alumiumhydroxide) and polymer
films or waxes (e.g. extruded polyethylene, fluoropolymers),
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the entire weight of traditional paper coatings take about 30%
to 50% of the paper sheet.
There is an urgent need for alternative coating technologies,
which is mainly driven by the ecological awareness of
consumers, introduction of ecolabels on packaging, applied
taxes on plastics use, increasing needs for recyclability and
bio-degradability of packaging materials, and reduction of
coating weights while increasing their functionalities.
Consequently, the aims and scope of our research program
are dedicated to replacing environmentally unfriendly coating
substances such as fluorine derivatives. Repulpable and
recyclable alternatives for wax emulsions / parafin / extruded
polyethylene should be based on aqueous systems with
limited use of additional surfactants. Specific surface
interactions can be achieved by the deposition of amphiphilic
copolymers having a micelle structure (leading to a hydrophilic
surface) or hydrophilic blocks attached to the surface (leading
to a hydrophobic surface). Then, the wettability depends on
the deposition method, the length and the amount of the
hydrophilic block copolymer [14]. Styrene-maleic anhydride
(SMA) copolymers and derivatives were introduced as bulkpolymers in the wet-end paper technology because of their
good ink-absorption [15]. The low-molecular weight SMA
microcapsules were synthesized in organic solvent, containing
oil, ink or pigments for deposition on carbon-less copy paper
[16]. However, the weak thermal and mechanical stability of
SMA limits further processing of the paper coating, leading to
tackiness and degradation of the surface morphology.
Therefore, their specific coating properties may vanish during
a calendaring process. While the SMA derivates may slightly
increase hydrophobicity, they should be effectively positioned
at the surface.
In this study, nanostructured polymer coatings with better
thermal and mechanical stability in respect to the SMA
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copolymers are presented. The high-molecular weight SMA
will be imidised into styrene maleimide (SMI) nanoparticles
and applied as a nanostructured top-coating onto paper
substrates from aqueous dispersions. The unique micro-nano
integrated surface structure with macropores (cellulose or
textile non-wovens) and nanoscale functionality (roughness
and active sites) offers a combination of controllable wettability,
barrier resistance and printability. The thermal stability of the
coating is a main issue for further processing, and will be
evaluated in this paper by thermal annealing experiments
below and above the glass transition temperature.

Materials and methods
Synthesis of SMI nanoparticles

nanoparticles was spread over the paper surface, using a
laboratory bar coater (K303 Multi-coater from RP-Print Coat
Instruments, Ltd.) with a bar coating speed of 4 mm/s. The
coating thickness depends on the roughness of the bar, which
is standardized with a close wound wire diameter of 0.15 mm.
The coatings were first dried under different conditions in a
circulating hot-air oven (air-dry, 2 min at 70°C, or 2 min at
120°C), and further stabilized for one day in air. In this report,
the effects of supplementary curing actions of the organic
coating were specifically investigated: supplementary heat
treatments were performed by placing the coated papers in a
circulating hot-air oven at temperatures of 125, 135, 150, 180,
200 and 250°C for a given time of 6 hours.
Characterization

Various grades of poly(styrene-maleic anhydride) or SMA
copolymers were used in pellet form with different molecular
weight (Mw) and mol-% maleic anhydride (MA): (i) SMA-26 with
Mw = 80000 g/mol and 26 mol-% MA, (ii) SMA-28 with Mw =
65000 g/mol and 28 mol-% MA, (iii) SMA-33 with Mw = 30000 g/
mol and 33 mol-% MA, and (iv) SMA-34 with Mw = 80000 g/mol
and 34 mol-% MA.
Every type of SMA was partially imidised into poly(styrene-comaleimide) or SMI, during a batch reactor experiment along
the scheme in Figure 1. The conversion of SMA-26, 28, 33 and
34 into SMI-26, 28, 33 and 34 was done in a double walled, oilheated reactor of 1 l with an anchor-type stirrer. About 140 g
SMA pellets were charged together with an equivalent amount
of NH3 solution, as such that the molar ratio of maleic anhydride
monomers (MA) to NH3 was MA/NH3 = 1:1.01. Water was added
until a total volume of 700 ml, without further addition of
emulsifiers. When admitting the NH3 solution to the reaction
mixture, the temperature was raised to 90°C at a reaction
pressure of 1 bar. Then the reactor was heated until the reaction
mixture had a temperature of approximately 160°C and the
reaction pressure was increased to approximately 6 bar in
order to prevent boiling. The formation of nanoparticles was
observed after a reaction time of approximately 5 hours and
characterized by a sudden drop in viscosity of the reaction
mixture. After a total reaction time of approximately 6 hours, the
reaction mixture was slowly cooled down to room temperature.
The obtained dispersion of SMI nanoparticles in water had
white to yellowish colour depending on the degree of
imidization, and was stable without further need of surfactants
or stabilizing agents. The nanoparticle formation and
influences of reaction conditions are more extensively
described in [17].
Application of nanoparticle coating onto papers
The aqueous nanoparticle dispersions of SMI-26, 28, 33 and
34 were applied as a top-coating onto standard copy paper
grades. A given volume of aqueous dispersions with SMI

The thermal characteristics of the SMI nanoparticles were
investigated by differential scanning calorimetry (DSC). The
nanoparticles were air-dried for evacuation of the water solvent
from the dispersion, resulting in the agglomeration of
nanoparticles into micron-sized powders. Sample sizes of 5
mg were heated over two cycles from 0 to 250°C at a heating
rate of 10°C/min, using a Q2000 DSC equipment (TA
Instruments, Zellik, Belgium). The glass transition
temperatures (Tg) and heat capacities (∆cp) of the nanoparticles
were determined from the second heating cycle.
The morphology of the uncoated paper substrates and coated
papers was investigated by secondary scanning electron
microscopy with an FEI SEM XL30 (LaB6 filament). Atomic force
microscopy was done with a PicoScan 2500 with PicoSPM II
Controller (PicoPlus, Molecular Imaging) using a silicon probe
with stiffness k = 40 N/m and 300 kHz resonant frequency.
Fourier transform infrared spectroscopy of the paper coatings
was investigated with the diffuse reflectance technique (DRIFT)
and attenuated total reflectance (ATR) methods. The
measurements were done on a Perkin Elmer Spectrum GX
instrument. For DRIFT measurements, the original paper
samples or coated papers were placed in the sample holder
as received and measured against a background of KBr. The
spectra were collected at wavenumbers of 4000 to 400 cm-1 at
a resolution of 4 cm-1 and averaged over 64 scans. The spectral
intensities were calculated in units of Kubelka-Munk (K-M).
The UV/VIS/NIR diffuse reflectance spectra (% R) were
measured on a Lambda 900 spectrophotometer from Perkin
Elmer, following a background scan with a diffuse reflectance
reference standard. The equipment contains a D2-lamp and a
tungsten lamp with a change-over at 320 nm scanning
wavelengths. A spectral resolution of 4 nm was applied over a
region of 800 to 200 nm scanning wavelengths and the spectra
were measured at a scanning speed of 440 nm/min.
The absorption of water was determined according to the Cobb
test measurements: the water absorption was calculated from
a sample weight W1 before test and W2 after contact with a
water sample for 2 minutes. Static and dynamic contact angle

Poly(styrene-maleic anhydride)

Poly(styrene-maleimide)

Figure 1. Reaction scheme for imidization of poly(styrene-maleic anhydride), with n = 26 mol-% for SMA-26, 28 mol-% for SMA-28, 33 mol-%
for SMA-33 and 34 mol-% for SMA-34.
http://www.autexrj.org/No4-2010/ 0351.pdf
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measurements were done on a Krüss
drop shape analysis system (DSA 10
Mk2). The paper samples were glued
onto a microscopic glass plate in order
to avoid curling of the papers during
testing. For measuring the static contact
angles, a water drop with a constant
volume of 4 µl was applied onto the paper
surface by means of a PTFE-coated
micro-syringe and remained in contact
over a period of 20 seconds. The drop
shapes were geometrically determined
from a Laplace-Young fitting. For
measuring the dynamic contact angles,
the water drop volume was progressively
increased from 0 to 7 µl and
subsequently decreased at a rate of 6 µl/
min. The advancing and receding contact
angle near the contact line were
determined by a tangent fitting procedure.
All contact angle measurements were
averaged over five measurements.

Test results
Thermal stability

Heat Flow (W/g)

The DSC analysis for SMI-26, 28, 33 and
34 nanoparticles recovered from the
dispersions by drying, is illustrated in
Figure 2. The thermographs over the
second heating scan from 0 to 250°C
are represented, with an indication of the
glass transition temperature Tg and the
change in heat capacity ∆cp at the glass
transition
temperature.
The
nanoparticles have an amorphous
structure and therefore only present a
glass transition temperature Tg without
Figure 3. Scanning electron microscopy (SEM) image of uncoated reference paper: secondary
any crystalline melting temperature. The
electron (SE) images and backscattered electron (BSE) images at different magnifications.
high Tg of imidized moieties importantly
is not affected by this reaction and can be used to effectively
determines the possibilities for further processing of the
determine the glass transition temperature. In progressing
coatings.
order, the Tg during the second heating scan increases from
180, 190, 193, to 201°C in parallel with the ∆cp from 0.3464,
The thermographs obtained during the first heating cycle are
0.3466, 0.3588, to 0.4076 J/(g.K), depending on the SMInot shown as they are affected by additional evaporation of
nanoparticle type. Higher mol-% of imidized structures
water solvent at temperatures of 90 to 100°C. The latter is
obviously correspond to higher glass transition temperatures.
characterized as a broad endothermic reaction that disturbs
The resistance against thermal softening of the imidized
the baseline of the measurement. The second heating scan
nanoparticles is clearly higher than the SMA copolymers that
have a Tg of 158, 163, 172 and 175°C, depending on the SMA
(iv)
type. Thus, the imidization reaction was successful in providing
polymer structures with higher glass transition temperature
(iii)
consequently yielding higher stability against softening. The
(ii)
latter is important for further processing of the coated papers
(i)
during subsequent calendaring operations, avoiding
deformation and sticking of the imidized coatings to the rolls.
Morphology

Exo up

Temperature (°C)

Figure 2. Differential scanning calorimetry of SMI nanoparticles during
second heating scan between 0 and 250°C: (i) SMI-26, (ii) SMI-28, (iii)
SMI-33, (iv) SMI-34.
http://www.autexrj.org/No4-2010/ 0351.pdf

The morphology of uncoated papers is shown in Figure 3,
indicating the cellulose fibres and internal fillers. The uncoated
papers contain cellulose fibres with diameter 10 µm
(microfibrilar structure 500 to 50 nm) and pores with 10 to 50
µm diameter that are partially covered with CaCO3 fillers. The
latter are commonly applied as internal sizing agents that
increase the brightness. The morphology of the fillers is more
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a nanoscale structure that fully covers
the porous cellulose fibre substrates by
means of a top-coating. The higher
flatness of SMI-34 coatings compared
with SMI-26 likely has to do with the
stacking of nanoparticles depending on
their size distribution [17].
The effect of supplementary heat
treatments on the morphology of SMIcoated papers is shown by the scanning
electron microscopy images and atomic
force microscopy on a 2 x 2 µm 2
scanning area in Figure 6, for
temperatures of 125, 180, and 250°C. A
coating morphology with micro-tonanoscale features similar to the noncured coatings is observed for curing
temperatures below the glass transition
temperature, and viscous flow of the
coating macrodomains into a
continuous structure is observed at
temperatures above the glass transition
temperature. The viscous flow obviously
starts near the borders of the
macroscale
domains,
causing
disappearance of the microcracks. This
behaviour clearly illustrates that the
formation of macroscale domains is
related to the limited mobility of the
imidized nanoparticles below the glass
transition temperature, which does not
allow for the interdiffusion of the different
coating fragments. The polymer mobility
is obviously higher above the glass
transition temperature and allows for
viscous flow. The applied polymer
nanoparticle coating has high thermal
Figure 4. Scanning electron microscopy (SEM) image of SMI-26 coated paper: secondary
stability and good resistance against
electron (SE) images and backscattered electron (BSE) images at different magnifications.
deformation up to the glass transition
temperature. The basic mechanisms for film formation of
clearly seen on secondary electron (SE) images than the
pigments in aqueous dispersion generally include three
backscattered electron (BSE) images.
stages: (i) evaporation of water so that the dispersion becomes
more concentrated and the particles become structurally
The papers coated with SMI-26 nanoparticles are shown in
Figure 4: all samples dried under environmental conditions, 2
min at 70°C, or 2 min at 120°C present the same morphology.
(a)
(b)
They all have a non-continuous, transparent film with irregular
macrodomains created during the drying process. The
transparency results from the nanometer-sized elementary
particles, being smaller than the wavelength of visible light,
and their amorphous nature. The formation of macrocracks is
independent of the fibre location underneath (as it was also
observed during drying onto flat glass plates), and result from
drying effects including evacuation of water and nanoparticle
aggregation. Although the coating has a nanoparticle structure,
its macroscale properties such as barrier properties and water
(c)
(d)
resistance will be mainly determined by the macroscale
structure. On the other hand, the nanoscale structure of the
macrodomains may improve the surface hydrophobicity
through a combination of micro-to-nano scale surface
roughness. As previously demonstrated [18], this morphology
favourably improves ink drying times and ink adhesion after
printing.
The AFM images on a 2 x 2 µm2 scanning area taken within the
macrodomains of the coated papers is shown in Figure 5. The
fibre structure has clearly disappeared and the coatings reveal
http://www.autexrj.org/No4-2010/ 0351.pdf

Figure 5. AFM scans of nanostructured SMI coatings onto paper
substrates: (a) SMI-26, (b) SMI-28, (c) SMI-33, (d) SMI-34.
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bending); 1238 (OH in plane bending);
1200, 1180, 1129 (C-O-C stretching);
1104 (δ OH); 1041 (C-O stretch), 897 (CO-C ring). Characteristic absorption
bands for SMI-nanoparticles are
observed at (cm-1): 1777 (C=O, imide
I); 1730 (N-C=O stretch, imide I); 1601,
1584 (styrene, C=C stretch); 1493, 1453
(styrene, aromatic C-C stretch); 1370
(imide II, C-N-C axial); 1197 (imide III,
C-N-C transverse); 1100 to 700
(styrene). After applying the coating onto
a paper substrate, the absorption
intensity of bands related to the
(b)
cellulose is inferior as the coating
effectively and completely covers the
substrate. The (dry) coating thickness
is variable over the surface due to the
uneven cellulose substrate, but it is
estimated at about 3 to 5 µm according
to
atomic
force
microscopy
measurements.
The
DRIFT
measurements on coated surfaces only
take into account the influence of the
outermost top layer, and obviously does
not contain information on the substrate
(c)
beneath. The DRIFT spectra depend on
the coating thickness, as the absorption
bands of the cellulose substrate
underneath becomes inferior at higher
coating thickness: it has been observed
that the intensity of the imide I, II and III
absorption peaks increases for thicker
coatings. Therefore, a normalization
procedure for the spectra of SMInanoparticle coated papers has been
based on the single styrene-related
band at around 711 cm-1. The spectra
Figure 6. Scanning electron microscopy (SEM) images in BSE mode and AFM images of SMI-26 show no overlap between the cellulosecoated paper after supplementary heat treatments, (a) 6 h at 125°C, (b) 6 h at 180°C, (c) 6 h at
related absorption bands and the imide
250°C.
I region at 1850 to 1700 cm-1, allowing
for
clear
detection
of
the
imide nanoparticles onto all coated
ordered, (ii) deformation of the film due to capillary forces, and
paper surfaces. Higher imide contents lead to an increase in
(iii) interdiffusion of polymer molecules across particle
the absorption bands at 1777 and 1730 cm -1. However,
boundaries. The first two processes may occur under the
straightforward quantitative estimation of the imide content from
presently applied drying conditions, but the effective
infrared spectroscopy could not be done due to the complex
interdiffusion of particles may only happen under
overlaps between imide, styrene and cellulose-related infrared
supplementary thermal curing when the molecular relaxation
bands in the absorption region 1500 to 1000 cm-1, and a high
has increased at temperatures above Tg.
sensitivity to specific conformations. A striking difference is
observed in the 3430 cm-1 band (OH stretching) of cellulose
Chemical characterization
and nanoparticle-adsorbed cellulose. In uncoated paper
substrates, the position of the OH stretching band at around
First, the SMI-nanoparticle coated papers are characterized by
3430 cm-1 characterizes interchain hydrogen bonds involving
diffuse reflectance infrared Fourier transform (DRIFT)
the C(6) position of cellulose (primary hydroxyl groups), which
spectroscopy in Figure 7. The spectra were recorded for SMIresult in crystalline cellulose domains. The OH stretching band
26, 28, 33 and 34 nanoparticle coatings that were dried under
for nanoparticle-adsorbed cellulose is broadened and lowered
different conditions of time and temperature as detailed before,
in intensity, suggesting that the crystalline cellulose structure
but they did not reveal any significant difference. One
is modified through hydrogen bonding and interactions with
measurement on uncoated paper is included as a reference
the -NH functional imide groups of the SMI nanoparticles: the
spectrum. The measurements on SMI-26 paper coatings after
adsorption bands at around 3352 cm -1 were reported to
supplementary heat treatments at different temperatures are
represent intermolecular hydrogen bonding within alcohols
shown in Figure 8 and clearly reveal the effects of thermal
that contain free primary and secondary -OH groups [44].
curing at high temperatures on the chemical composition.
Additionally, an absorption band at the same wavenumber has
previously been attributed to intermolecular hydrogen bonding
Characteristic absorption bands for cellulose are observed at
involving hydroxyl groups of glucose units in the amorphous
(cm-1): 3430 (OH stretching), 2900 (CH stretching), 1638 (OH,
domains [45]. Further nanoparticle-cellulose interactions are
adsorbed water), 1434 (CH2 wagging), 1440-1300 (CH stretch
seen by the significant decrease in intensity for the 1434, 1342
deformation), 1342 (C-OH stretching, crystalline), 1282 (CH
(a)
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Figure 7. Diffuse reflectance infrared spectroscopy (DRIFT) of papers with different nanoparticle coatings, (i) uncoated paper
substrate, (ii) SMI-26 coated paper, (iii) SMI-28 coated paper, (iii) SMI-33 coated paper, and (iv) SMI-34 coated paper.
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Figure 8. Diffuse reflectance infrared spectroscopy (DRIFT) of SMI-26 coated papers after heat treatments for 6 hours at different
temperatures: (i) 125°C, (ii) 150°C, (iii) 180°C, (iv) 200°C, (v) 250°C.

and 1282 cm-1 bands after nanoparticle adsorption, which
indicates disruption of the cellulose structure through
interaction with nanoparticles. The adsorption of nanoparticles
onto the paper substrate clearly disturbs the well-ordered local
crystalline structure of the cellulose web by hydrogen bonding.
Comparing the DRIFT-spectra of coated paper samples with
http://www.autexrj.org/No4-2010/ 0351.pdf

the FT-IR spectra of purely dried SMI-nanoparticles (measured
in KBr) given in Figure 9, allows of a better understanding of
the nanoparticle-cellulose interactions. The styrene moieties
appear at identical wavelength positions in both infrared
spectra, while there is a slight upwards shift in the imiderelated absorption bands in the DRIFT mode, except at the
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Figure 9. Fourier transform infrared spectra (FTIR) of dried SMI-26 nanoparticles (powder in
KBr)
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technique is thus very effective in
monitoring the organic nanoparticle top
layer of the coated substrates. An
increase in imide content is very slightly
corresponds with higher intensities of
the 1769 to 1710 cm-1 absorption region,
but quantitative data as previously
derived from Raman measurements
[18] could not be obtained from ATR
spectra. Compared to DRIFTmeasurements, a systematic peak-shift
to lower wavelengths for ATR
measurements is observed for the
imide-related absorption bands (e.g.
1730 to 1710 cm-1 for imide I), while
almost no peak-shift is observed for the
styrene-related absorption bands (e.g.
1601, 1584, 1493 and 1453 cm-1). This
observation reflects the influence of the
cellulose/nanoparticle interactions
around the imide-groups that were
observed in DRIFT-measurements,
while the interactions with the paper
substrate are less accounted for during
ATR-measurements.
The
ATR
measurements on coated substrates
only take into account the uppermost
layer and therefore do not monitor the
paper substrate and/or interactions at
the interface with cellulose fibres.

2888

Third, the UV/VIS/NIR reflectance spectra
of uncoated paper substrates and SMI2200 2000
1700 1600 1500 1400
800 700
900
1100 1000
nanoparticle coated papers are shown
-1
Wavenumber (cm )
in Figure 11, representing both the
Figure 10. Attenuated total reflection (ATR) infrared spectroscopy of (i) uncoated paper substrate,
reflectance measurements on uncoated
(ii) SMI-26 coated paper, and (iii) SMI-28 coated paper.
and coated papers over the entire
scanning range (Figure 11a), together
-1
1777 cm band related to C=O (imide I: 1710 shifts to 1730
with
the
difference
spectra
between coated and uncoated paper
cm-1, imide II: 1345 shifts to 1370 cm-1, imide III: 1179 shifts to
substrates in the deep UV region (Figure 11b). The
-1
1197 cm ). The latter frequency shifts indicate the interactions
measurements on SMI-26 paper coatings after supplementary
between the carbonyl moieties of the imide groups and the
heat treatments at different temperatures of 125, 150, 180,
cellulose fibres measured by DRIFT spectroscopy, while the
220, and 260°C are shown in Figure 12 in comparison with a
styrene moieties do not contribute to the nanoparticle-fibre
coated paper sample that was not additionally heat-treated.
interactions. In general, an upwards shift in imide-related
Both information on sample colour and electronic structure of
absorption bands may be characteristic for hydrogen bridge
the materials can be obtained from the spectra.
formation between the partially imidized nanoparticles and
cellulose substrate.
• In the VIS-region (300 to 800 nm), absorption is due to
macromolecules containing conjugated double bonds and
Second, the uncoated and SMI-nanoparticle coated papers
unsaturated bonds neighbouring the carbonyl groups. These
are characterized by attenuated total reflection (ATR) infrared
chromophores cause specific sample colours. The reflectance
spectroscopy in Figure 10. Characteristic absorption bands
-1
of SMI-nanoparticle coatings in the VIS-absorption region
for cellulose are observed at (cm ): 3340 (ν-OH free
decreases gradually depending on the SMI composition (see
stretching); 2888 (ν CH stretching, CH2 symmetrical stretching);
Figure 11a), probably due to slight yellowing of the coating at
1426 (δ CH stretching); 1367 (δ CH stretching); 1335 (δ CH2
higher degrees of imidization. The imidized structures have
wagging); 1315 (δ CH bending); 1203 (δ C-OH, δ C-CH
typically a yellow colour, that becomes more intense as the
bending); 1161 (ν C-C, ring breathing); 1106 (ν C-O-C
degree of imidization increases, especially for the SMI-33 and
stretching); 1056, 1031 (ν C-OH stretching); 1001, 985 (δ CH
SMI-34 coatings. It was visually confirmed that also the colour
bending), 896 (ν C-O-C stretching). Characteristic absorption
of the initial dispersion has tendency to vary from white to lightbands for SMI-nanoparticles are observed at (cm-1): 1769 (C=O,
yellow at higher imide contents.
imide I); 1710 (N-C=O stretch, imide I); 1601, 1584 (styrene,
C=C stretch); 1493, 1453 (styrene, aromatic C-C stretch); 1345
• In the deep UV-region (200 to 300 nm), absorption is due to
(imide II, C-N-C axial); 1176 (imide III, C-N-C transverse); 1071,
a combination of electron transitions in double bonds and
1028, 910, 845, 758 and 695 cm-1 (styrene, aromatic C-H). The
carbonyl compounds, including n → π, n → σ∗ and n →
fingerprint region of ATR infrared spectra for coated papers
π∗ transitions. While the cellulose shows characteristic
compares very well with the FTIR spectra of pure SMIabsorption in the deep UV-region at 320 (weak), 284, 244 and
nanoparticles measured in KBr (see Figure 9). The ATR
220 nm wavelengths, the bands for SMI-nanoparticle coated
3600
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function F(R) = (1-R) 2 / 2R [19], and the difference spectra
∆F(R) were calculated by subtracting the spectrum of a
reference paper sample from each spectrum of SMInanoparticle coated papers. Their characteristic feature is an
absorption band around 264 nm and 224 nm. The styrene
phenyl ring is known to strongly absorb at 240 to 280 nm
wavelengths (λmax = 262 to 264 nm) due to intermolecular π →
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Figure 11. UV/VIS/NIR spectroscopy of paper and coated papers, (a)
reflectance spectra, (b) detail of the difference absorbance spectra
obtained via Kubelka Munk transformation (∆ F (R)) for the following
materials: (i) uncoated paper substrate, (ii) SMI-26 coated paper, (iii)
SMI-28 coated paper, (iv) SMI-33 coated paper, (v) SMI-34 coated
paper.

After thermal curing, further evolutions in the sample colour
and composition are observed from the UV/VIS/NIR spectra.
First, the coatings become progressively darker with heating
and change colour from white into light-yellow (125°C) and
dark-yellow (180°C) to brown (250°C), which is observed as
the reflectance gradually lowers. The re-colouring is a
consequence of further imidization (yellowing) and degradation
(browning) reactions of the samples. It was visually observed
that the coated papers change colour in parallel with the
spectral changes at wavelengths of 800 to 300 nm. On the
other hand, the reflectance of the C=O carbonyl related groups
at around 240 nm wavelengths decrease gradually with higher
temperatures. The progress in imidization of the coatings at
higher temperatures obviously results in a higher concentration
of C=O carbonyl groups in imide conformation, which enhances
the absorption at 240 nm wavelengths.

100

(a)

(i)

90

(ii)

Reflectance

80

(iii)

70

(iv)

60
50

(v)

40
30

(vi)

20
10
200

400

300

600

500

700

800

Wavelength (nm)
35

(b)

33

(iii)

(i)

(iv)

Reflectance

31
(ii)

29

π∗ electron transitions [20]. Moreover, the n → π∗ transition
of the two carbonyl groups in the maleimide moieties may
also occur around 220 to 240 nm (λmax = 225 to 227 nm) [21].
The absorption band around 264 nm remains almost constant
in intensity, which indicates that the electronic interactions
between the styrene groups and the C=O groups remain similar
for all compositions of SMI. According to Mori et al. [22], the
variation of molar absorption coefficients for styrene-related
bands in SMA copolymers remained constant within the
experimental error, for different mol-% styrene moieties in the
SMA copolymer relatively to the maleic anhydride moieties. On
the other hand, a progressive increase in the absorption band
around 240 nm is observed for different SMI-nanoparticle
coatings, which may be an indication of gradually higher
amounts of carbonyl groups in the maleimide conformation.
However, quantitative data for the ratio maleimide/styrene
cannot be directly derived from the UV/VIS spectra, due to
complex electron transitions such as the intermolecular
interactions between parallel and overlapping styrene/styrene
molecules and styrene/maleimide interactions. Moreover, the
absorption bands related to styrene are influenced by the length
of the styrene sequences and the conformation in the
copolymer [22]. The maleimide structure in the nanoparticle
coating is unique and differences between SMI nanoparticle
coatings imidized from SMA with 26, 28, 33 and 34 mol-% MA
can be discriminated from its spectrum in the electronic
absorption region.
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Figure 12. UV/VIS spectroscopy of SMI-26 coated papers, (a)
reflectance spectra, (b) detail of the reflectance spectra after
supplementary heat treatments at different temperatures, (i) 23°C, (ii)
125°C, (iii) 150°C, (iv) 180°C, (v) 220°C, (vi) 250°C.

paper are located at 264 and 224 nm. Due to strong overlap in
absorption characteristics, the different peaks are poorly
resolved and appear as a broad absorption region. Therefore,
the reflectance signal was transformed into the Kubelka-Munk
http://www.autexrj.org/No4-2010/ 0351.pdf

The water absorption of the coated and uncoated papers was
evaluated by Cobb-test measurements. There was a reduction
of water adsorption of 90 g/m2 for uncoated papers towards
about 30 to 40 g/m2 for SMI-nanoparticle coated papers that
were not heat treated or thermally cured below 200°C. The
reduction in water absorption of coated papers partially results
from higher hydrophobicity of the surface, but is mainly
governed by the change in capillary forces that are caused by
the macroscale coating domains. The cracks in between the
macrodomains still largely control the water uptake and are a
disadvantage in the formation of a complete water barrier. Once
a continuous polymer layer is established after heat treatments
above 200°C, better protection against water adsorption is
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obtained with almost no water uptake, represented by water
absorption of 10 to 15 g/m2.
The evolution of static contact angles over a measuring time of
20 seconds is shown in Figure 13, comparing uncoated and
SMI-nanoparticle coated papers and the effects of
supplementary heat treatments:
• The static contact angle measurements for uncoated papers
are unstable due to the adsorption of water within the porous
structure. The water contact angle upon initial contact with the
paper substrate is about 95°, and it rapidly decreases as a
function of the water contact time in parallel with a reduction in
drop volume. The initial contact angle may be relatively high
due to the effects of internal sizing agents applied to the
commercially available copy paper grade that was used as
base substrate. The static water contact angle of SMInanoparticle coated papers remains more stable as a function
of the water contact time over at least 20 seconds. Also the
volume of the water droplets was constant over the entire
measuring time. The static contact angle upon initial contact
is somewhat higher than the equilibrium contact angle that
establishes itself after about 0.2 seconds contact time. These
are attributed to microscopic spreading of the water over the
surface, depending on the weight of the water droplet. In
general, the spreading of water droplets over the surface is
limited by the macroscale domains and the hydrophobicity is
controlled by th unique micro- to nanoscale coating
morphology.
• The thermal curing of the nanoparticle coating has significant
effects on the contact angle values: the static contact angle
increases after heat treatments between 125 and 135°C, and
shows a maximum at the latter temperature. It further
decreases at higher temperatures, mainly due to the
morphological changes at high temperatures as described
before. Finally, the paper substrate starts to partially
disintegrate after heat treatments at 200°C, while the
nanoparticle polymer coating has not yet become a continuous
layer but still has a micro- to nanoscale structure, according to
previous SEM evaluations. A uniform and continuous polymer
film forms after heat treatment of the coated papers at 250°C,
140
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providing a complete barrier against water penetration.
However, its homogeneous structure causes a lower contact
angle that is comparable to common polymer surfaces (i.e.
substrates that are not nanostructured).
An overview of dynamic contact angle measurements on SMInanoparticle coatings that were thermally cured at 125 to 250°C
is given in Table 1. The variation in contact angle measurements
is about ± 2°. The dynamic contact angles (advancing Θadv, and
receding Θrec) and contact angle hysteresis (∆Θ = Θadv - Θrec) are
significantly higher for coated than for uncoated papers. On
pure paper substrates, the contact angles are Θadv = 92° and
Θrec = 30°. The contact angles increase in the series SMI-26 to
SMI-34. Moreover, a significant variation in contact angles is
observed after supplementary heat setting. A maximum value
is measured after thermal curing at temperatures of 135 to
150°C, depending on the SMI-type: the high advancing contact
angles indicate high hydrophobicity and a tendency for selfcleaning properties of the coated substrates.
Table 1. Dynamic contact angles (Θadv = advancing, Θrec = receding)
measured on nanostructured polymer coatings applied to paper, after
heat treatments at different temperatures (heating time = 6h).

SMI-28

SMI-33

SMI-34

θadv

θrec

θadv

θrec

θadv

θrec

θadv

θrec

23°C

120°

22°

127°

31°

128°

26°

137°

38°

39°

131°

26°

143°

44°

125°C

122°

38°

132°

135°C

133°

43°

144°

52°

134°

32°

148°

52°

150°C

130°

39°

136°

43°

148°

53°

150°

55°

180°C

117°

30°

134°

38°

135°

30°

138°

42°

32°

123°

26°

124°

32°

20°

105°

21°

118°

38°

200°C

98°

20°

108°

250°C

92°

42°

90°

Conclusions
Organic nanoparticles based on imidized poly(styrene-maleic
anhydride) or SMA were successfully applied onto paper
substrates and can be used for controlling the water repellence
of the paper substrate or tuning the paper surface
hydrophobicity. Depending on the type of SMA with 26, 28, 33 or
34 mol-% maleic anhydride, the nanoparticles have a glass
transition temperature between 180 to 201°C. Therefore, the
coatings present high resistance against thermal softening
and form a specific coating morphology with micro- to
nanoscale features that remain visible after thermal heat
treatments below the glass transition temperature. The viscous
flow at higher temperatures starts at the borders of the
microdomains, until a continuous polymer film has formed.
The effects of thermal heat treatment on the imide moieties,
together with the interactions of the nanoparticles with the
cellulose fibres, is illustrated by DRIFT and ATR
measurements. The variations in colour and electronic
structure of the coated papers is investigated by UV/VIS/NIR
spectroscopy. The contact angles for coated papers increase
as the initial SMA type has higher mol-% MA that can be imidized
and shows a maximum value after supplementary heat
treatments at 135 to 150°C. The maximum static and dynamic
contact angles indicate that the nanoparticle coatings
favourably increase the paper hydrophobicity and have further
potential for the creation of self-cleaning surfaces avoiding the
use of fluorinated chemicals.

Figure 13. Static contact angles measured over a contact time of 20
seconds on uncoated and coated paper, (a) effect of SMI-type, (b)
effect of supplementary heat treatment on SMI-26 paper coatings.
http://www.autexrj.org/No4-2010/ 0351.pdf
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quality and coating structure, Nord. Pulp Pap. Res. J., 22,
307-313 (2007).
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