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a b s t r a c t

Thin polystyrene–polysaccharide films were deposited on mica by spin coating evaporating mixtures.
Solutions of PS (polystyrene) in chloroform (15, 30 and 60 mg/L) and XG (xyloglucan) in water (15 mg/L)
were prepared and mixed by stirring in different proportions. After evaporation by spin coating, a low
order array of nanospheres was observed by AFM on top of a homogeneous layer, contingent on the pro-
portion of the components in the original mixtures. A XG nanosphere array formed on top of a polystyrene
layer was obtained from mixtures containing from 5 to 30% (v/v) of a 15 mg/L XG solution and 95–70%
(v/v) of a 15 mg/L PS solution. XPS results showed that equal amounts of XG and PS were adsorbed on the
ixtures
elf-assembly
anosphere arrays
pin coating
yloglucan
olystyrene

mica substrate for 50% (v/v) XG as well as for 10% (v/v) XG mixtures. PS adsorption was not detected when
the XG proportion was 90% (v/v). PS nanospheres were only obtained on top of the XG layer when the PS
concentration was increased to four times the original solution. Furthermore, for a constant spin coating
speed, the nanosphere diameter was found to be independent of the component proportion within the
investigated range. We also found that the nanosphere diameter is correlated to the inverse square-root

.
of the spin coating speed

. Introduction

Nanoscale patterned thin films are of fundamental importance
or several applications, especially when the resulting pattern is
riven by self-assembly. Among their many advantages are the ease
nd speed of bottom-up production methods as compared with
op-down techniques, where nanoscale features must be fabri-
ated in several complex and time-consuming steps. Usually, those
teps rely on sophisticated equipment and materials (Del Campo &
rtz, 2008; Powell, Tran, Kim, & Yoon, 2009; Tormen et al., 2004).
urthermore, if the physico-chemical character of the resulting pat-
ern can be modified by simply changing concentrations, it would
ave the advantage of flexibility on demand. Mixing materials of

oth natural and synthetic origin, as in bioblends, may lead to fur-
her improvement in their mechanical and/or chemical properties
Biresaw, Carriere, & Willett, 2004). In the case that one of the com-
onents is of natural, renewable origin, the final product would be

∗ Corresponding author at: UFPR, Av. Cél. Francisco H. dos Santos, Centro Politéc-
ico, Jardim das Américas, 81531-990, Curitiba, PR, Brazil. Tel.: +55 41 33613092;

ax: +55 41 33613418.
E-mail addresses: af.lubambo@uol.com.br, af.lubambo@gmail.com

A.F. Lubambo).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.11.010
© 2010 Elsevier Ltd. All rights reserved.

more “green.” One class of such green materials are neutral polysac-
charides, which have already been used in solid-phase diagnostics
to avoid non-specific protein adsorption (Malmsten, 2003).

One of the many routes to producing bioblends is the emul-
sification process, which is well known and applied in various
fields including: cosmetics; the food industry; coatings; lubricants
and pharmaceuticals (Tadros, 2009). More recently, conventional
emulsions were used to produce nanoparticles (Desgouilles et al.,
2003), high-internal-phase emulsions (HIPE) to obtain organic
semiconducting polymer blends (Mezzenga et al., 2003) and micro-
emulsions to permit manufacture of well-defined pore morphology
particles (Carroll, Pylypenko, Atanassov, & Petsev, 2009). In all of
these studies, evaporation played an important role. The drying
process, in particular the rate and the mechanism behind solvent
evaporation, has a large impact on the resulting morphology.

One low cost and easy way of preparing such bottom-up
nanostructures is the spin coating technique. Spin coating is a com-
plex non-equilibrium process whose behavior can be explained
by several different models, chosen according to the underlying

assumptions and approximations (Acrivos, Shah, & Peterson, 1960;
Bornside, Macosko, & Scriven, 1987; Emslie, Bonner, & Peck, 1958;
Lawrence, 1988; Meyerhofer, 1978; Norrman, Ghanbari-Siahkali,
& Larsen, 2005; Zhao & Marshall, 2008). Regardless of the applied
model, this well-known technique allows 2D structuring of parti-

dx.doi.org/10.1016/j.carbpol.2010.11.010
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:af.lubambo@uol.com.br
mailto:af.lubambo@gmail.com
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les whose morphology depends on the manufacturing conditions
Hulteen & van Duyne, 1995; Liu, Chang, Ko, Chu, & Daí, 2003).
onetheless, the literature on spin coated thin films is mostly

elated to polymer and small particle suspensions, with diame-
ers ranging from 100 nm to 5 �m (Zhao & Marshall, 2008). To the
est of our knowledge, there are only a few reports on the study of

iquid phase emulsion drying (Aranberri, Beverley, Binks, Clint, &
letcher, 2002; Clint, Fletcher, & Todorov, 1999; Friberg & Langlois,
992; Langlois & Friberg, 1993; Leal-Calderon, Mondain-Monval,
ays, Royer, & Bibette, 1997), and even fewer on droplet emul-
ion evaporation (Auguste & Levy, 2009; Kapilashrami, Eskilsson,
ergström, & Malmsten, 2004) and none related to mixture drying
nder centrifugal and shear-forces.

We are interested in the study of spin coated self-assembled
hin films, starting with xyloglucan–polystyrene mixtures, and its
otential application in solid-phase diagnostics. Xyloglucan is a
eutral, branched polysaccharide found in the primary cell walls
f non-graminaceous (monocotyledons) seeds, as well as in the
otyledon of some dicotyledonous seeds. In addition to its struc-
ural function, it also acts as energy storage (Fry, 1989; Hayashi,
989; Reid, 1985). Its chemical structure has a cellulose-like
ackbone, composed of �-glucosyl ring units with ribbon-like con-
ormation, where single units of xylose and galactose substituents
orm a part of the branches (Hayashi, 1989). This biopolymer, like

any other polysaccharides, is potentially important for commer-
ial and medical applications. In the food industry, it can be used as
texture modifier, and in medical applications, it can act as a drug

elease controller (Bhattacharya, Bal, Mukherjee, & Bhattacharya,
991; Miyazaki et al., 1998; Miyazaki, Kawasaki, Kubo, Endo, &
ttwood, 2001).

Polystyrene thin films are, by far, the most studied polymer sys-
em (Forrest, 2002). Because it is a non-biodegradable polymer,
hen it is used conjunction with degradable one, it reduces the
egradation rate and can therefore be used in tissue engineering
nd drug release control (Leung et al., 2009).

. Materials and methods

.1. Polysaccharide

Branched neutral polysaccharide xyloglucan (XG) (Mw of
43,000 g/mol) was extracted from the seeds of Guibourtia
ymenifolia. The XG (yield 54%, w/w) was formed in a glu-
ose:xylose:galactose ratio of 3.3:2.3:1. After extraction, the XG
as purified with a 0.22 �m millipore filter before use.

.2. Polystyrene

The polystyrene (PS) (Mw of 52,700 g/mol; Mw/Mn = 1.1) used
n this investigation was prepared by ATRP polymerization.
tyrene (freshly distilled) was polymerized in bulk at 60 ◦C
sing 2-bromethyl isobutyrate as an initiator and CuBr/PMDETA
N,N′,N′,N′′,N′′-pentamethyldiethylenetriamine) as a catalyst in a

olar ratio of 500:1:1:1. After 20 h, the reaction was quenched
nd the polymer precipitated in ethanol and dried under vacuum.
ll reagents were purchased from Aldrich Polymer. The molecu-

ar weight was determined in a GPCmax Viscotek Triple-detector
quipment using a PS calibration curve and THF (1 mL/min) as elu-
nt.
.3. Substrate

A grade V-4 mica muscovite substrate obtained from SPI
upplies® was tape cleaved and immediately used for the adsorp-
ion experiments.
olymers 84 (2011) 126–132 127

2.4. Adsorption protocols for model surfaces

Xyloglucan solution was prepared with 1.5 mg of XG dissolved in
100 mL of milli-Q water and stirred for 24 h. Polystyrene solutions
were prepared at three different concentrations with 1.5, 3.0 and
6.0 mg of PS in 100 mL chloroform. The mixtures were prepared
by mixing different proportions (1 mL final volume) of XG with PS
solutions.

The mixtures were prepared by stirring the solutions for 1 min
in a vortex prior to spin coat deposition. A drop (20 �L) of mixture
was immediately pipetted onto the center of a mica substrate that
was rotating at 1000 rpm and kept at the same conditions for 1 min.
The substrate was then accelerated to 2000 rpm and maintained
at this speed for 30 s. The sample was not rinsed during spinning.
After deposition, the samples were kept in a controlled chamber at
24 ◦C and 45% relative humidity for 24 h before they were ready for
analysis.

2.5. Atomic force microscopy measurements

AFM imaging was performed using a commercial Shimadzu
SPM-9500J3 microscope at room temperature (∼24 ◦C). Images
were taken in dynamic tapping mode (TM-AFM) with an oxide-
sharpened micro-fabricated silicon cantilever (�-Masch) whose
nominal spring constant was 4.7 N/m and whose tip radius of curva-
ture was less than 10 nm. The scanning rate was 1 Hz and the image
resolution was 256 × 256 pixels. The operating point was adjusted
to minimize the interaction between the tip and the sample in order
to avoid soft layer deformation. After acquisition, image treatment
was performed using Shimadzu software for flattening. Grain anal-
ysis was performed using threshold detection and histograms were
carried out using SPIP V.4.3.4.0. The image background was noise
filtered whenever needed prior to contour detection. Fourier analy-
sis was performed using Image J (1.42q, NIH) software. The images
were first transformed into binary mode to eliminate any scan noise
left and then a Fast Fourier Transform (FFT) was applied to access
information about orientation and texture.

2.6. X-ray photoelectron spectroscopy measurements

XPS analyses were performed with an ESCA 3000 VG Microtech
photoelectron spectrometer. Aluminum K� radiation was used and
high resolution spectra were taken with 20 eV pass energy. The
vacuum in the sample chamber during measurements was about
10−9 mbar. Charging effects were corrected using the Si 2p line
(102.7 eV) for mica as a reference (Bhattacharyya, 1989; Dufrêne,
Marchal, & Rouxhet, 1999; Liu & Brown, 1998). Data treatment
was carried out using XI SDP32V.3 from XPS International© soft-
ware. Element concentrations were evaluated from peak areas after
Shirley background subtraction.

2.7. Scanning electron microscopy

SEM analysis was performed on a JEOL Model JSM6360LV using
secondary electrons at 15 kV with a 13 mm working distance and
a spot size of 49 (about 10 nm) to increase contrast. The samples
were prepared by sputter coating with gold.

3. Results and discussion

3.1. XG (15 mg/L) and PS (15 mg/L)
3.1.1. Morphological analysis
Dynamic mode AFM images of XG/PS thin films on mica show

different morphologies as a function of XG/PS proportions in the
mixture, as shown in Fig. 1. At XG proportions from 5% to about 30%
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ig. 1. Dynamic mode AFM images. (A) XG/PS (10/90%) sample showing XG nanosp
90/10%) sample (8 �m × 8 �m). (D) 100% PS sample, PSc = 15 mg/L (7.5 �m × 7.5 �m

G, nanosphere arrays on top of a homogeneous background layer
ere observed, as seen in Fig. 1A for 10% XG. For higher XG pro-
ortions, i.e., XG/PS (50/50%), as shown in Fig. 1B, the assembly and
he structure of the nanosphere array becomes non-reproducible.
inally, a nanosphere array was not observed for XG/PS (90/10%)
nder any circumstances, as shown in Fig. 1C. It is worth remarking
hat for pure XG aqueous solution and pure PS chloroform solution,
hown in Fig. 1D and E, respectively, the thin films present com-
letely different morphologies compared with the mixed solutions.
ure PS can form irregular, non-correlated, granular aggregates,
nd pure XG produces Brownian aggregates (Julien & Botet, 1987)
ith fractal dimension equal to 1.38, as calculated by the Image J
rogram.

Mixtures with XG concentrations ranging from 5% to about 30%
resent arrays with short-range order, as evidenced by the regular
eatures and repeating distances shown in Figs. 1A and 2A for the
G/PS (10/90%) sample. Fig. 2B shows the FFT of Image 2A, which
onfirms the existence of characteristic length-scales and whose
adially symmetric transform image indicates the isotropy of this
rrangement (Russ, 1998). The first wavelength, which is related
o the diameter of the circle in reciprocal space, corresponds to 46
ixels. This feature indicates objects of about 87 nm in diameter

n real space because each pixel of the image in reciprocal space
orresponds to 2.5 × 10−4 nm−1. Grain analysis for the minimum
iameter of the sphere is 78 nm, as shown in Table 1. Thus, the
bserved result is within the range determined by grain analysis
nd is in good agreement with the FFT analysis.
Other characteristic wavelengths can be determined through
rofiles taken at 0◦ (coordinate axis in the center of figure) in the
FT, indicating periodic features of about 330 nm, as seen in Fig. 2A.

It is known that spin coating allows the formation of orga-
ized patterns under certain conditions. The final pattern is a
on a PS matrix (8 �m × 8 �m). (B) XG/PS (50/50%) sample (8 �m × 8 �m). (C) XG/PS
100% XG sample, XGc = 15 mg/L (30 �m × 30 �m).

result of a complex mechanism that comprises the existence of
three stages: solution dispensing, balance between viscous and
centrifugal forces and fluid evaporation (Lawrence, 1988). Under
certain conditions, a combination of the second and the third stages
can lead to low-ordered arrangements (Kralchevsky & Denkov,
2001).

We focus our attention on the two final stages to explain the
resulting nanosphere pattern seen in Fig. 1A. After the mixture
is dispensed, there will be a concentration gradient of water/XG
droplets (dispersed phase) in the chloroform/PS continuum phase
which is perpendicular to the substrate surface. The possible mech-
anisms responsible for such a gradient are well known (Tadros,
2009). Another important mechanism which may induce a con-
centration gradient is the thinning of the continuum phase during
the second and third stages due to centrifugal forces and solvent
evaporation, respectively.

As the second stage starts, the continuum phase is pushed out-
wards by centrifugal forces and the droplets are carried outward
by viscosity forces as well as by centrifugal force. In the case of
water/XG droplets, a perpendicular diffusion process drives them
toward the air–liquid interface. As the continuum phase thins and
approaches the size of the droplets, both frictional forces at the
substrate interface and lateral capillary forces start to become
appreciable, keeping the droplets at an equilibrium distance, induc-
ing self-assembly (Kralchevsky & Denkov, 2001). In fact, the lateral
capillary force acts on partially immersed or confined droplets lying
across the gas–liquid interface. The lateral forces pull the droplets

toward each other, maintaining them at a characteristic distance,
reducing their perturbation on the liquid surface, thus promoting
self-assembly. The final film thickness measured by scraping the
surface of the XG/PS (25/75%) sample with the AFM tip was about
3 nm, strongly supporting our hypothesis.
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Fig. 2. (A) Dynamic mode AFM image of the XG/PS (10/90%) sample (4 �m × 4

When the continuum phase thickness reaches a minimum, the
roplets will remain at the same position until the entire contin-
um phase is evaporated. In these conditions XG/PS (10/90%) in
hich the continuum phase is chloroform/PS, thinning occurs more

uickly compared with a water based continuum phase due to both
ow viscosity and high volatility. Therefore, the droplets will reach
heir resting positions more quickly than when the continuum
hase is water based, and the effects of the diffusion mechanisms
erpendicular to the substrate can be considered as negligible. Such
onditions favor the self-assembly of XG nanospheres on the sur-
ace.

Measured average diameters D as a function of XG and PS
ixture proportions are presented in Table 1. However, these diam-

ters are overestimated due to the tip convolution effect. Taking
his into account, the final diameters D* were calculated using
Engel, Schoenenberger, & Müller, 1997).

= 2

√
RD∗ + D∗2

4
(1)
ith the assumption that the AFM tip is spherical with radius of
urvature R = 10 nm.

As seen in Table 1, fluctuations in the diameter D do not suggest
ny significant correlation between D and the proportions of the
ixture components.

able 1
verage diameter D and standard deviation (ıD) of the measured nanospheres as a function

Parameter XG/PS proportion (%)

(5/95) (10/90) (15/8

D ± ıD (nm) 101 ± 13 95 ± 17 93 ±
D* (nm) 83 77 75

easured diameter: D (nm) and standard deviation: ıD (nm), deconvolved tip diameter:
(B) Fourier transform of image (A). (C) Corresponding FFT gray profile at � = 0◦ .

In the complementary mixture series, water/XG becomes the
continuum phase and chloroform/PS forms droplets, as the dis-
persed phase. Fig. 1C shows that no nanosphere patterns are
seen for the XG/PS (90/10%) samples, as the denser chloroform/PS
droplets will tend to diffuse toward the substrate. When centrifu-
gal forces start to drag the continuous phase, the higher viscosity of
water will help to drive chloroform/PS droplets outwards. Because
the vapor pressure of water is almost one order of magnitude
less than that of chloroform, its volatility is significantly smaller.
Thus, thinning of the continuous layer will be dominated by out-
ward flow instead of by evaporation, and the probability that the
PS nanospheres will be washed away increases significantly. SEM
images show that while a few chloroform/PS droplets may remain
on the substrate, they are buried and entangled within the remain-
ing XG layer, and therefore would not be observed.

Fig. 3 shows a plot of the measured average diameter as a func-
tion of spinning speed. In the range from 400 rpm to 1100 rpm, the
average diameter depends on the inverse of the square-root of the
spinning speed (SS) and scales as the inverse of evaporation rate
(Birnie & Manley, 1997) with a correlation coefficient of 0.995.
3.1.2. Chemical analysis
Mica is a known hydrous aluminosilicate KAl2Si3AlO10(OH)2

whose structure is composed of three layers; the outer two are
tetrahedral and the interstitial layer is mostly comprised of octa-
hedrally arranged aluminum atoms. The tetrahedral layers are

of XG and PS proportion in mixture, as well as its tip deconvolved D* correspondents.

5) (20/80) (25/75) (30/70)

11 103 ± 12 99 ± 20 91 ± 24
85 81 73

D* (nm).
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Fig. 3. Measured average diameter as a function of spinning speed (SS), XG/PS
(10/90%) sample.

Table 2
Relative elemental surface composition (at.%) detected by XPS analysis of the sam-
ples adsorbed on the mica surface. The quantities C/Si and O/Si normalize the peak
area ratio.

Sample Na% K% Al% O% C% Si% O/Si C/Si

Bare mica 1.5 3.4 16.8 54.3 3.5 20.5 2.6 0.17
XG/PS (90/10%) 0.4 3.7 10.4 49.2 18.8 17.7 2.8 1.06
XG/PS (50/50%) 2.5 3.6 8.4 41.6 28.7 15.1 2.8 1.9
XG/PS (10/90%) 0.4 3.1 9.6 43.2 28.2 15.4 2.8 1.83
XG/PS (10/90%) washed 0.8 3.8 12.7 52.5 9.9 20.3 2.6 0.48

n
a
a
r
(

c
o
c
c
a
b
s

rities, would be roughly equal to XGC/Si = 0.53 × 2 = 1.06, as in the
previous sample. The remaining carbon ratio is from polystyrene

F
(

100% PS 0.9 4.8 12.7 51.3 10.9 19.4 2.6 0.56
100% XG 0.5 4.0 12.0 51.6 13.0 18.8 2.7 0.7

egatively charged because one-fourth of the tetravalent silicon
toms are substituted by trivalent aluminum ones. This creates
negative charge that is balanced by potassium ions or impu-

ities such as sodium, which can also substitute for aluminum
Battacharryya, 1993).

The XPS spectrum of bare mica substrate shown in Table 2 indi-
ates the presence of 3.5% elemental carbon. This small amount
f carbon is due to impurities and is always present in ambient
onditions (C 1s, Eb = 284.4–285.6 eV). Both carbon and oxygen per-
entages in each sample were normalized to bulk silicon to allow

comparison between different samples. Bulk silicon was chosen
ecause of its well-defined stoichiometric composition in the mica
ubstrate.

ig. 4. (A) XPS C 1s and K 2p3/2 and K 2p1/2 spectra of the XG/PS (10/90%) sample and th
10/90%) sample after selective dissolution with water (16 �m × 16 �m).
olymers 84 (2011) 126–132

We found that the Al 2p/Si 2p ratio is 0.82 for the mica sub-
strate, which is close to the calculated ratio of 0.87 for bulk mica
(Battacharryya, 1993). The reason for such small discrepancies in
the Al 2p/Si 2p ratio for all other samples could be due to the attenu-
ation of photoelectrons originating from the octahedral layer when
they cross the carbon thin film layer. Another reason may be the
low sensitivity of XPS to aluminum (Battacharryya, 1993).

The K 2p/Si 2p ratio for all samples was found to be 0.2, which
is very close to the elemental ratio obtained. When corrected for
37% attenuation, this calculated value is 0.3. For this correction, it
was considered that the photoelectron mean free path for insu-
lating and semi-conducting oxides is 13 Å (Cox, Egdell, Harding,
Patterson, & Tavener, 1982), while they originate from a depth of
10 Å, which is the distance between cleavage planes. Therefore, the
data in Table 2 can be taken as fairly representative of the relative
elemental sample surface composition.

The oxygen (O/Si = 2.6) detected in the 100% PS sample can
be attributed to the mica substrate. Based on the tabulated data,
most of the presence of oxygen in the remaining samples can be
attributed to the mica substrate while there is only a small contri-
bution from XG (XGO/Si = 0.1). Furthermore, the carbon present in
the XG sample, excluding impurities (0.17 – which is an approx-
imate value taken, for example, from bare mica), is found to be
XGC/Si = 0.53. For 100% PS, the carbon present is PSC/Si = 0.39.

The 90% XG sample yields O/Si = 2.8. Assuming that O/Si = 2.6 can
be attributed to the mica substrate, the excess oxygen (XGO/Si = 0.2)
must be linked with the XG content, which indicates twice as much
oxygen as in 100% XG. Another issue relevant to this matter relates
to the high carbon ratio in this sample (XGC/Si = 1.06) when com-
pared with pure XG. Using simple algebra, if we consider the pure
XG ratio (XGC/Si = 0.7), discount the carbon impurity value taken
from the bare mica measurement, and multiply this result by 2,
based on the oxygen increase the result is exactly the XG ratio of the
90% XG sample (XGC/Si = 1.06). This good agreement is confirmed
by the fact that we did not observe polystyrene nanospheres on
the sample, as shown in Fig. 1C. One possible explanation for such
behavior is related to the hydrophilic character of both mica and XG,
which makes them more compatible than PS and mica. The small
amount of PS in the mixture also plays a role in the final result.

In the 50% XG sample, the carbon ratio from XG, excluding impu-
and is expected to be PSC/Si = 0.39 × 2 = 0.78, leading to a total car-
bon ratio in the sample of PSC/Si = 1.84. The measured ratio is of
PSC/Si = 1.9 which is in good agreement with this analysis.

e same sample after selective dissolution with water. (B) AFM image of the XG/PS
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ig. 5. Dynamic mode AFM images for XGc = 15 mg/L, PSc = 30 mg/L, original solutio
amples: (A) the XG/PS (80/20%) sample (15 �m × 15 �m) and (B) the XG/PS (70/30
olution concentrations. (C) XG/PS (70/30%) sample (15 �m × 15 �m). (D) The prev
80/20%) sample deposited at 2000 rpm (16 �m × 16 �m). (F) Sample with same co

The 10% XG sample follows the same behavior as the 50% XG
ample and presents equal adsorbed amounts of both XG and PS.
he composition of the nanospheres shown in Fig. 1A was tested
y selectively washing the sample five times with 1 mL of milli-Q
ater. After washing, the disappearance of the assembled pattern of
anospheres was observed, as was the presence of a few remaining
ggregates, as shown in Fig. 4B.

The decrease in intensity of the C 1s peak in the XPS spec-
rum, shown in Fig. 4A, indicates material removal. The results
n Table 2 show that the remaining oxygen (O/Si = 2.6) and car-
on (C/Si = 0.48) ratios are almost the same as for pure PS. This
esult suggests that the nanospheres are composed of XG, which
as withdrawn by washing, and the remaining bottom layer is

omposed of polystyrene.

.2. XG (15 mg/L) and PS (30 mg/L)

Based on the results of the previous section, we have increased
he PS concentration in the original solutions, and therefore in the
nal mixtures, to force the appearance of PS nanospheres on top of
homogenous XG layer.

.2.1. Morphological analysis

Although we doubled the concentration of PS in the initial solu-

ion, and therefore in the final high water/XG proportion mixtures
between 70% and 95%), we were not able to observe PS nanosphere
atterns, as shown in Fig. 5A and B. Instead, either star-shape aggre-
ates on top of an homogeneous layer were observed, as seen

able 3
verage measured diameter (D) and standard deviation (ıD) of the measured nanosphere

Parameter XG/PS proportion (%)

(95/5) (90/10) (85

D ± ıD (nm) No formation 567 ± 89 337

easured diameter: D (nm) and standard deviation: ıD (nm).
centrations, indicating an absence of a nanosphere pattern for high XG percentage
mple (8 �m × 8 �m). Dynamic mode AFM for XGc = 15 mg/L, PSc = 60 mg/L, original
ample (C) after selective dissolution with chloroform (15 �m × 15 �m). (E) XG/PS
ent proportions as in (E), deposited at 1000 rpm (26 �m × 26 �m).

in Fig. 5A for the XG/PS (80/20%) sample, or just aggregates, as
depicted in Fig. 5B for the XG/PS (70/30%) sample.

We speculate that this is due to the average dimension of the
chloroform/PS droplets and the final PS nanosphere average diam-
eter. The nanospheres are apparently still small enough to be
completely washed away, while the remaining nanospheres are
buried below the XG layer.

3.3. XG (15 mg/L) and PS (60 mg/L)

To further ensure the appearance of PS nanospheres on the sam-
ples, the PS concentration was again doubled.

3.3.1. Morphological analysis
Within the mixture proportion range tested, from 5% to 30% PS,

as shown in Fig. 5C for the XG/PS (70/30%) sample, the only sample
which did not present nanosphere patterns was the 5% PS mix-
ture. This means that we achieved the level where the particles’
average size is sufficient to ensure their anchoring to the substrate
while the continuous layer is thinning during the second phase
of the spinning process. Confirmation that the nanospheres are
composed of PS was obtained by selectively washing the surface
with 20 �L of chloroform. The nanosphere array was completely

removed, leaving a homogenous layer with a few aggregates, as
shown in Fig. 5D.

SEM microscopy was used to measure diameters as a function of
XG/PS mixture proportion. The results presented in Table 3 suggest
that there is no correlation between nanosphere average diameter

s as a function of XG and PS proportion in mixture.

/15) (80/20) (75/25) (70/30)

± 71 580 ± 88 360 ± 55 334 ± 88
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and mixture component proportions within the range investi-
ated.

A study was also conducted to correlate array formation
ith spinning speed. No array formation was observed for spin-
ing speeds of 2000 and 3000 rpm, as shown in Fig. 5E for the
G/PS(80/20%) sample. On the other hand, the samples deposited
t 1000 rpm presented a radial circular nanosphere diameter gra-
ient, where the bigger nanospheres were positioned at the center
nd the smaller ones at the border, as shown in Fig. 5F. This result
onfirms the previous assumption made in the first section of the
xistence of characteristic nanosphere diameter which would be
ound to correspond to the balance of drag force and centrifugal
orce at a constant rotating speed.

. Conclusion

Low xyloglucan content mixtures from original solutions with
he same concentrations of both XG (15 mg/L) and PS (15 mg/L)
omponents presented XG nanosphere arrays. Furthermore, XPS
esults for these mixtures show that equal amounts of XG and PS
ere adsorbed on the substrate for 50% XG as well as for 10% XG pro-
ortions. PS adsorption was not detected when the XG proportion

n the mixture was 90%.
In an effort to obtain PS nanosphere arrays, the amount of the

S component in the original solution was doubled (XG (15 mg/L)
nd PS (30 mg/L)) to no avail. This is because the final average
iameter of the PS nanospheres is still small enough to be washed
way while the remaining nanospheres were buried below the XG
ayer. After a second increase in the PS content (XG (15 mg/L) and
S (60 mg/L)), PS nanosphere arrays were successfully fabricated
n top of a homogeneous xyloglucan layer. It was also noticed
hat average size of the nanospheres is highly dependent on the
pinning speed for the range from 400 rpm to 1100 rpm, where an
nverse square-root dependence of nanosphere diameter on spin-
ing speed was observed. The diameter was also observed to scale
s the inverse of the evaporation rate but not with the mixture
roportion.
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