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Abstract

Monodisperse latex nanospheres of poly(styrene-methyl methacrylate-acrylic acid)
with different sizes were synthetised by soap-free emulsion copolymerisation and
applied onto polyamide 6,6 fabrics by two methods, ie, gravitational sedimentation
and dip-drawing. Different-sized nanospheres were synthetised by varying tempera-
ture and stirring velocity as reaction parameters. Scanning electron microscopy and
scanning transmission electron microscopy were used to evaluate nanosphere sizes
and deposition structures. The results showed two different nanosphere structural ar-
rangements on the fabric surface, a hexagonal packed centre structure in the even sur-
faces and a square arrangement in the out-of-plane surfaces. Different colours were
observed according to particle size, namely, violet (ca. 170 nm), blue (ca. 190 nm),
green (ca. 210 nm), yellow (ca. 230 nm) and red (ca. 250 nm). An iridescence effect
was also observed, displaying different colours at different observation angles. By
controlling the size of the nanospheres it was possible to obtain different, brilliant
and iridescent colours. Using different nanosphere sizes it was possible to obtain dif-
ferent interplanar distances and to control the light scattering in the crystalline lattice

planes, obtaining Bragg diffraction patterns.

PBG falls into the visible light range between 380 and 780 nm,
the visible light of specific wavelengths is not allowed to prop-

In the textiles industry, the dyeing and finishing processes
cause substantial pollution because of the large amounts of
chemicals used and the heavy water consumption.' However,
there is a more ecological way of adding colour to fabrics,
which is called structural coloration.” Structural colour is pro-
duced through interactions between light and highly ordered
nanostructures and it can be found in nature in animals, plants
and fruits for the purpose of camouflage, communication or
mating.3 - By using dielectric colloidal photonic crystals (PCs)
(silica or polymer), it is possible to obtain brilliant structural
colours with iridescence and no photo-fading.® PCs allow the
formation of structures with periodic variation in their dielec-
tric properties called photonic band gap (PBG), which is capa-
ble of confining and controlling the propagation of light.” If the

agate in the PC structure, thus being selectively reflected by
Bragg's diffraction law. Moreover, structural colour can vary,
changing the particle size or the angle of incidence of light.®
Bragg diffraction is obtained when the wavelength of incident
light similar to the atomic spacing is scattered in the crystalline
lattice planes, with a defined interplanar distance producing
constructive interference.” Spherical colloidal PCs can self-as-
semble into different structures. They can be one-dimensional,
two-dimensional (2D) or three-dimensional (SD).IU'12 2D
nanospheres present hexagonal closely packed layers and in 3D
they present mainly face-centred cubic (FCC) arrays. 3D PCs
have been researched in multiple fields, leading to several ap-

plications in sensors, 1314 ink-jet printing,15 lithography16 and

electronic devices.'"'8
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There have been some developments in the textiles
field regarding structural coloration, mainly using syn-
thetic polyester fibres as substrate, due to their unique
properties such as smoothness, low moisture and flat sur-
faces.'??? However, natural fibres like cotton have also
been the subject of invcestigation.&B’24 Recently, Liu et
al'??! reported the deposition of poly(styrene-methacrylic
acid) (P(St-MAA)) PCs via gravitational sedimentation and
vertical deposition in polyester fabrics, with structural col-
oration and iridescence. They studied the optical proper-
ties, self-assembly behaviour and formation mechanism of
PCs, discovering that using a black substrate enhances the
chroma of the structural colour. Gao et al** reported the
deposition of silica-based PCs via gravitational sedimen-
tation in woven cotton fabrics, obtaining structural colours
without iridescence using adequate surface properties and
yarn spacing. The ability to obtain colours that remain sta-
ble at different observation angles is the first requirement in
producing real colours.

Very few studies have been carried out on this subject
using different-sized pure poly(styrene-methyl methac-
rylate-acrylic acid) (P(St-MMA-AA)) PCs and textiles
as a substrate for deposition. Zeng et al®® fabricated a
superhydrophobic fabric using three different-sized P(St-
MMA-AA) PCs on cotton coated with a polyacrylate
adhesive.

Yuan et al* used a totally different approach, producing
electrospun poly(vinyl alcohol)-coated P(St-MMA-AA)
nanofibres and obtaining non-woven assemblies with
tunable structural colours. Shi et al*® produced a highly
adhesive polydopamine coating to fix one size of P(St-
MMA-AA) PCs onto a cotton fabric. In previous research
we also made progress with cotton by adopting different
deposition methods using single-sized nanosphelres.27’28 In
the current study, monodisperse latex nanospheres of P(St-
MMA-AA) with different particle sizes were synthetised
and deposited onto synthetic hydrophobic polyamide (PA)
fabrics in order to understand and optimise the relation-
ships between the colour formation, the adhesion ability
and the dimensions of the PCs.

2 | EXPERIMENTAL

2.1 | Materials

Styrene (St), methyl methacrylate (MMA), acrylic acid
(AA) and other analytical grade reagents were purchased
from Sigma-Aldrich, and used without further purifica-
tion. Commercial black PA 6,6 plain fabric (61.50 g/m?),
67 warp and 47 weft yarns, 5.60 and 3.00 Tex, respec-
tively, was used as substrate to deposit the P(St-MMA-AA)
nanoparticles.

2.2 | Preparation of monodisperse P(St-
MMA-AA) composite nanospheres

Monodisperse composite latex nanospheres of P(St-
MMA-AA) were synthetised by soap-free emulsion copoly-
merisation as previously described.”’ Briefly, St (20.00 g),
MMA (1.00 g), AA (1.00 g), distilled water (dH,0, 100.00 g),
sodium dodecyl sulphate (0-0.004 g) and ammonium bicar-
bonate (0.50 g) were added sequentially to a three-necked
flask equipped with a nitrogen gas inlet, a reflux condenser
and a mechanical stirrer. The reaction of the mixture was in-
itiated at 70°C for 30 minutes. Following the addition of an
aqueous solution of sodium persulphate (0.48 g of Na,S,04
dissolved in 15 000 g of dH,0), polymerisation was carried
out at 60, 70, 80 and 90°C for 5 hours at 300 rpm in order to
obtain a homogeneous latex with monodispersed particles.
Variations in the stirring speed were also performed, at 20.9,
31.4 and 41.9 rad/s, with a constant temperature of 80°C.
The resulting P(St-MMA-AA) composite latex nanospheres
were used without further purification.

2.3 | Fourier Transform-infrared
spectroscopy with attenuated total reflection

A Nicolet Avatar 360 Fourier Transform-infrared (FTIR)
spectrometer (Madison), with a horizontal attenuated total
reflection (ATR) accessory composed of a zinc selenide
crystal, was used to record the ATR-FTIR spectra of the na-
nospheres. Forty-five scans at a spectral resolution of 4 cm™!
over a range of 400-4000 cm™! were conducted. All measure-
ments were recorded in triplicate.

2.4 | Dynamic light scattering and zeta
potential measurements

The size distribution, polydispersity index (PDI) and zeta po-
tential of the nanospheres were measured by dynamic light
scattering (DLS) and electrophoretic light scattering (ELS)
using a Zeta Sizer-Nano (Malvern Instruments). Data were
collected after 30 scans at a constant temperature of 25 + 1°C.
Zeta potentials were measured in solution at a moderate elec-
trolytic concentration. Each value was obtained by averaging
the measurements of three samples.

2.5 | Deposition of PCs by the dip-
drawing method

A piece of PA 6,6 plain fabric (3 X 3 cm) was dipped in
the reaction mixture (15% wt) and dried at 40°C in a Petri
dish. Tests with a dilution of 1:20 were also performed;
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the fabric was dipped five times (until a good structural
colour and iridescence were observed) then dried at 40°C
in a Petri dish.

2.6 | Scanning electron microscopy and
scanning transmission electron microscopy

Morphological analyses of the PCs and PC-coated fab-
rics were carried out by scanning electron microscopy
(SEM) and scanning transmission electron microscopy
(STEM) with an ultra-high resolution field emission gun
(FEI NOVA 200 Nano SEM). PC-coated fabric samples
were covered with a thin film of gold/palladium (80:20)
in a 208HR high-resolution sputter coater (Cressington)
coupled to a MTM-20 high-resolution thickness controller
(Cressington).

2.7 | Optical microscopy

Microscopic optical images were obtained by a Leica DM750
M microscope with a built-in Leica MC 170 HD camera.
Images were taken at 10x and 20X magnification with Hi
Plan Epi lenses.

2.8 | Diffuse reflectance spectroscopy

The PC-coated PA fabric coloration was evaluated using a
Shimadzu ultraviolet 2600 spectrophotometer at standard illu-
minant D65 (Large Area View /spec. including d/8, D65/10°).
Spectral reflectance values for each sample were obtained at
10 nm intervals within the visible spectrum, which ranged from
360 to 700 nm. L*, a* and b* are the coordinates of the colour
in the colour space, based on the theory that colour is perceived
by black-white (L*, lightness), red-green (a*) and yellow-blue
(b*) sensations.

2.9 | Glossmeter analysis

The specular gloss observed from a sample is the relative lu-
minous reflectance factor in the mirror direction. The specu-
lar gloss of the commercial black PA fabric, both uncoated
and coated with PCs, was measured with a GB-4520 micro-
tri-gloss meter (BYK-Gardner) at incident angles of 20°, 60°
and 85° at measuring fields of 9 X 9, 9 x 18 and 7 X 42 mm,
respectively. The multi-angle glossmeter was calibrated with
a black gloss standard (GB-4522; 20°: 92, 60°: 95 and 85°:
99) built into the holder. For each angle and sample, the spec-
ular gloss was recorded.
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2.10 | Photographs

Digital photographs of the fabrics coated with PCs were
taken with a Canon EOS 750D digital camera. The images
were acquired in a light chamber under a D65 light source.
In the case of the multi-angle photographs, the sample was
set at different angles while the camera maintained the
same distance (50 cm). No adjustments of pixels, colour,
brightness and contrast were applied to the images. The
photographs produced were parts of larger images that
were selected without obscuring, eliminating or misrepre-
senting any information that was present in the originals.

3 | RESULTS AND DISCUSSION

Different-sized P(St-MMA-AA) composite latex nano-
spheres were successfully synthetised with soap-free emul-
sion polymerisation by changing both the temperature and
stirring speed of the reactional mixture. DLS was used to
measure the size distribution profile of nanospheres (data
not shown). The zeta potential of the nanospheres ranged
from —45 + 0.5 to —64 + 0.2, indicating good stability of the
colloidal suspension. The calculated PDI of P(St-MMA-AA)
nanospheres was determined as 0.1, confirming their high
monodispersity, uniformity and propensity for generating
highly ordered structures. However, since DLS has previ-
ously been associated with errors, the observed average di-
ameters and respective associated standard deviations were
calculated by STEM (Table 1). STEM analyses (Figure 1)
at high magnification (200 000x) confirmed that the P(St-
MMA-AA) latex spheres were composed of shell rich in
poly(acrylic acid) (PAA) and poly(methyl methacrylate)
(PMMA) covering the polystyrene (PSt) domains in the
core, as previously mported.6 This can be observed in Figure
1A, where the PSt can be easily identified as the darker
core surrounded by a lighter shell of PAA and PMMA. The
STEM images also confirm the highly monodisperse PC
suspensions, and the reproducibility of the synthesis method
in obtaining specific nanosphere sizes with only a few minor

TABLE 1 Different reaction conditions tested in poly(styrene-

methyl methacrylate-acrylic acid) synthesis
Temperature, °C Stirring, rad/s Size, nm
90 314 170 +3.9
80 31.4 190 + 4.5
70 314 210 +2.8
65 314 230+ 3.4
60 314 250 +5.1
80 41.9 190 £ 4.5
80 20.9 170 +4.9
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FIGURE 1
electron microscopy images of ca. 170,
190, 210 and 250 nm poly(styrene-methyl
methacrylate-acrylic acid) nanospheres
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FIGURE 2 Attenuated total reflection-Fourier Transform—infrared spectra from styrene, methyl methacrylate (MMA), acrylic acid (AA) and
poly(styrene-methyl methacrylate-acrylic acid) (P(St-MMA-AA))

differences in diameter. ATR-FTIR spectra of the nano-
spheres (Figure 2) were consistent with previous reports,
which confirmed that the structure of the P(St-MMA-AA)

nanosphere consisted of a PSt core covered in PAA and
PMMA.® The FTIR spectra of the synthetised nanospheres
represent not only the sum of the single reagents, but also
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FIGURE 3 Photographs of (A) uncoated polyamide (PA) fabric and PA fabric coated with different-sized poly(styrene-methyl methacrylate-
acrylic acid) nanospheres of ca. (B) 170, (C) 190, (D) 210, (E) 230 and (F) 250 nm produced by the dip-drawing method

TABLE 2 Colour coordinates, black-white (L*, lightness),
red-green (a*) and yellow-blue (b*), for uncoated polyamide (PA)
fabric and PA fabrics coated with different-sized poly(styrene-methyl
methacrylate-acrylic acid) nanospheres

CIELab colour coordinates

PA fabric L* a* b*

Uncoated 21.1 0.5 -1.1
ca. 170 nanospheres 34.6 13.2 -30.8
ca. 190 nanospheres 38.5 2.6 -28.0
ca. 210 nanospheres 49.8 -27.0 11.5
ca. 230 nanospheres 56.0 -5.6 12.7
ca. 250 nanospheres 33.5 5.8 -3.0

provide proof of the reactions occurring among the constitu-
ent materials, as indicated by the significant reductions in
those peaks associated with either alcoholic or ether C-O
stretching at 1050-1100 em™', as well as the disappearance
of the C-O peak associated with the acid groups of AA at
1200-1300 cm™'. The small peak at 1728 em™! indicates
the presence of carboxyl groups on the surface of the P(St-
MMA-AA) nanospheres. The peak at 1601 cm™" is associ-
ated with the C = C stretching vibrations of the benzene ring
of the styrene, while the peaks at 1493 and 1452 cm™! are
related to the CH, scissoring and CH3 asymmetric stretching
or deformation of the C—H bonds in the methyl groups. The
peaks at 1028 and 756 cm™! were assigned to the C—-O—-C

symmetric stretching vibrations and CH, rocking in-plane
bending of the MMA, respectively. 12

For the nanosphere synthesis, the reaction time was
maintained at the previously optimised period of 5 hours.
Further increases of time did not significantly improve
monomer conversion, and can cause heterogeneous nucle-
ation if the monomer feed rate is substantially lower than
the polymerisation rate.* P(S-MMA-AA) synthesis at 80°C
and 300 rpm (ca. 190 nm) was used as a control parame-
ter reaction to evaluate the differences obtained when the
temperature and stirring speed were altered. Thus, at higher
temperatures (eg, 90°C), smaller PC nanospheres were ob-
tained with a size of ca. 170 nm. As the temperature was
lowered, larger-sized nanoparticles were obtained, of ca.
210 nm at 70°C, ca. 230 nm at 65°C and ca. 250 nm at
60°C. Raising the stirring speed to 400 rpm did not signifi-
cantly alter the particle sizes. On the other hand, when the
stirring speed was lowered to 200 rpm, smaller nanoparti-
cles were obtained (ca. 170 nm). As expected, decreasing
the reaction temperature from 90 to 60°C significantly de-
creased the conversion of the monomers at the end of the
polymerisation, leading to an increase in PC size and a slight
narrowing of the nanosphere size distribution.’! Higher re-
action temperatures (data not shown) led to degradation and
polydisperse nanosphere distribution, due to the instability
of the monomer bulk phase polymerisation. Also, the stir-
ring rate can have an important impact upon PC size; how-
ever, this is more difficult to control because it produces a
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(A)

FIGURE 4 Optical microscopy images (100x magnification) of (A) uncoated polyamide (PA) fabric and PA fabric coated with poly(styrene-
methyl methacrylate-acrylic acid) nanospheres of ca. (B) 170, (C) 190, (D) 210, (E) 230 and (F) 250 nm

complex chaotic environment that is also a function of the
temperature being used. Nevertheless, it was possible to ob-
serve that an increase from 300 to 400 rpm at a high reaction
temperature did not have a significant impact upon PC size.
On the other hand, nanosphere size decreased at 200 rpm.
This effect can be attributed to the low amount of surfactant
used in the reaction mixture. Under these conditions, due to
the higher stability provided by the lower stirring velocity,
the monomer did not polymerise on the surface of the seed
latex nanosphere, but rather instead in the monomer drop-
lets produced by stirring. However, due to the absence of
the stabilising properties of the surfactant, the PCs formed
are not able to reach a high degree of polymerisation while

. .. . 2
maintaining a low size.’

m F D | HFW | - m— “mag | HV | mode| det WV

50 000 x| 10.0 kV. Sé TLD | 5.1 mm 5.97 ym SEMAT/UM 50000 x! 10.0kV . _SE _TLD 5.2 mm

Gravitational sedimentation as a deposition method was
quickly rejected after a few attempts because it was not pos-
sible to produce acceptable structural colour or iridescence.
Dip-drawing was the preferred deposition method, and it was
performed directly in the reaction mixture (15% v/v), saving
both time and energy by rapidly obtaining good structural
coloration and iridescence (Figure 3). Colour coordinates
(L*, a* and b*) were determined (Table 2) in order to confirm
the structural colour formation. L* represents the lightness of
the fabric and can vary from O (black object) to 100 (white re-
flector), a* designates green for negative and red for positive
values, and b* indicates blue for negative and yellow for pos-
itive values. Compared with the uncoated substrate, coated
PA fabrics displayed a general increase in L*, indicating an

FIGURE 5
micrographs of polyamide (PA) fabric

Scanning electron

coated with 190 nm nanospheres,
showing (A) a hexagonal closely packed
structure, and (B) in the [100] plane, a
square arrangement in the out-of-plane
surfaces

5.97 ym



FERNANDES ET AL.

TABLE 3 Specular gloss unit (GU) measurements for uncoated
polyamide (PA) fabric and PA fabrics coated with different-sized
nanospheres at 20°, 60° and 85°

PA fabric 20° 60° 85°
Uncoated 0.1 0.4 1.1
ca. 170 nanospheres 0.2 1.9 45
ca. 190 nanospheres 0.3 1.6 3.8
ca. 210 nanospheres 0.4 1.6 2.9
ca. 230 nanospheres 0.6 2.7 4.5
ca. 250 nanospheres 0.1 0.9 2.0

increase in the lightness of the fabrics. At 170 nm, coated
fabric displayed a greater reddish and blue colour (positive
a* and negative b*) than uncoated fabric. The other coatings
showed lower b* (ie, were bluer) at 190 nm, much lower a*
(ie, were greener) at 210 nm, and a greener and yellower coat-
ing at 230 nm and a redder coating at 250 nm. These results
accord with Bragg's law, which states that changes in particle
size will produce different colours, and that larger nanopar-
ticles will reflect higher wavelengths with a red shift as their
size increases. It is well known that PCs can diffract light as
a function of their periodic distribution, resulting in wave-
lengths that can be predicted by Bragg’s equation (4 = 2dn),
and therefore the resulting wavelengths and thus the colour
can be tuned by either modifying the distance between latex
spheres (d) or the effective refractive index of the coating
n).>? Consequently, the changes in colour should indicate the
positions of the stopbands of the corresponding PC coatings
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as a function of the arrangement of the nanospheres on the
fabric’s surface. In order to confirm this assumption, the
deposition of PCs upon the PA fabric surface was analysed
by optical microscopy (Figure 4) and SEM (Figure 5). SEM
analysis confirmed the deposition of PCs upon the PA fabric
surface as a well-organised closely packed array, which can
be classified as a hexagonal closely packed distribution. In
this configuration, the PCs are in a FCC arrangement in a
closely packed plane [111] that is orientated parallel to the
substrate, with each nanoparticle surrounded by six others in
the same plane (Figure 5A).>* However, in the [100] plane
a square arrangement was observed in the sloping out-of-
plane surfaces near to the fibre’s cross-intersections (Figure
5B). To enhance the chroma of the structural colour, a black-
dyed fabric is required as a background to efficiently absorb
the transmitted and scattered light outside the bandgap of
PCs.?® The specular gloss of PA fabrics coated with differ-
ent-sized nanospheres were recorded as higher than that of
an uncoated PA fabric (Table 3). Specular gloss is largely a
function of the refractive index of the surface and the angle of
incidence of light. The greater the amount of reflected light,
the glossier the surface. In general, to be considered a high
gloss surface, a material must possess at least 70 gloss units
(GU) at an angle of incidence of 60°.% Tt is clear from the
results obtained that the surfaces did not possess any specular
gloss properties. There was a slight increase in gloss at 85°
in the bright colours, but nothing significant was observed,
confirming that the PC-coated surfaces reflect light mostly
by diffuse reflection.”® The iridescent effect, a characteristic

(A3)

FIGURE 6 Polyamide (PA) 6,6 fabrics with ca. 190 nm nanospheres at different observation angles: row (A) 45° and row (B) 90°, with
different light incidence angles, (A1, B1) 70°, (A2, B2) 45° and (A3, B3) 30°
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which is typical of PCs, was confirmed. When the angle of
observation of a sample was changed, the colour observed
also changed (Figure 6). At an observation angle of 45°, the
colour changed from a light to a dark blue as the incident
light angle decreased, and at an observation angle of 90°, it
changed from a dark to a light violet. The colour difference
between the two angles of observation demonstrated the iri-
descence effect of the deposited nanospheres upon PA fabric.
The colour and opalescence produced are the result of both
Bragg's diffraction of the well-ordered PC coatings, and Mie
scattering of the disordered crystal structures due to the un-
even surface of the fabric that promotes some random orien-
tation and cracks, especially near to the intersection of the
yarns.**

4 | CONCLUSIONS

Monodisperse and stable composite latex nanospheres of
P(St-MMA-AA) were successfully synthetised at different
sizes, as confirmed by STEM and FTIR analysis. At high
temperatures, small-sized PC nanoparticles were obtained,
while at low temperatures the nanoparticle size increased.
Lowering the stirring speed also increased the size of P(St-
MMA-AA) nanoparticles. A higher stirring speed did not
have any significant influence upon nanosphere size com-
pared with the control reaction. PCs applied to black PA 6,6
fabrics by the dip-drawing method displayed different colours
according to each PC’s size, namely, violet (ca. 170 nm), blue
(ca. 190 nm), green (ca. 210 nm), yellow (ca. 230 nm) and
red (ca. 250 nm). SEM analysis confirmed that the self-as-
sembled structures were mainly based on a hexagonal closely
packed arrangement with some square arrangements in the
out-of-plane areas. Textile structural coloration produced this
way may have the potential to significantly reduce pollution
in textile dyeing processes by reducing the water and chemi-
cal consumption. In future research, it will be necessary to
improve washing and friction fastness and to extend the depo-
sitions into other substrates such as cotton, silk and wool.
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