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ABSTRACT: A method to prepare films of conspicuous domains of cellulose on a closed cellulose layer is
introduced. These films can be used as model surfaces which are closer to the natural environment than
most organic model surfaces that are usually coated directly on an inorganic substrate. The method is
based on spin-coating a hydrophobic derivative of cellulose, trimethylsilylcellulose (TMSC), blended with
polystyrene (PS) onto a silicon substrate. TMSC can be hydrolyzed to cellulose with acid hydrolysis, leaving
domains of cellulose and PS embedded on a sublayer of cellulose. Selective dissolving of PS leaves a
closed cellulose surface (sublayer) with eminent cellulose domains whose size depends on the original
TMSC/PS ratio. The chemistry of the films was analyzed with X-ray photoelectron spectroscopy (XPS)
and the morphology with atomic force microscopy (AFM). Scrutiny of the AFM data showed that the
films are quantifiable and quantitatively reproducible.

1. Introduction

As the most abundant biopolymer, cellulose has a
broad range of industrial applications, ranging from
papermaking and textiles to membranes and biomass
gasification. Therefore, it is particularly attractive for
fundamental research purposes. Although relatively
simple in molecular structure, cellulose has proved to
be a surprisingly challenging subject of research. The
supramolecular structure of various crystalline forms
of cellulose was under debate for nearly a century, and
despite the recent breakthroughs with synchrotron
X-ray and neutron diffraction,1-3 much remains un-
known, such as the nature of amorphous cellulose4,5 and
its supramolecular rearrangements during wetting and
drying.6,7

Native cellulose is usually included in a cell-wall
matrix like wood fiber. It means that other compounds,
like lignin and hemicellulose, are embedded in cellulose
and that they cannot be removed without altering the
structure and morphology of native cellulose. In addition
to the complexity of several crystalline forms as well as
the amorphous form, each individual cell issas a
product of naturesdifferent in morphology and chemical
composition. Under these circumstances, a need for a
representative model is evident.

Smooth, ultrathin model surfaces of well-defined
substances provide a means to observe the chemical and
morphological changes in various conditions which often
resemble industrial processes. The amount of funda-
mental information that can be extracted from model
surfaces is already widely recognized in polymer
science.8-14 Cellulose is a tricky substance from the
point of view of model surface preparation because of
its immiscibility to common solvents.15 However, there
are published methods to prepare cellulose model
surfaces by Langmuir-Blodgett deposition,16-18 spin-

coating,19-21 and casting an emulsion of water in oil on
a substrate.22

Our group has contributed a novel, fast, and repro-
ducible method to prepare model surfaces of cellu-
lose.23,24 The method is based on using a dissolving
derivative trimethylsilylcellulose (TMSC), spin-coating
the TMSC from solution as a thin film on a smooth
substrate, and subsequently hydrolyzing the TMSC to
cellulose by vapor phase acid hydrolysis on the sub-
strate, leaving a smooth, ultrathin film of cellulose
(Scheme 1). In this paper, we want to refine the
aforedescribed method to create a cellulose model
surface with a completely unprecedented morphology,
that of conspicuous, micrometer-scale cellulose domains
on a continuous, closed layer of cellulose. The novel
morphology is obtained by exploiting polymer blends of
TMSC and polystyrene (PS).

Binary polymer blends have been subject to extensive
research since the 1970s, and their bulk properties, both
physical and chemical, are thus well exposed.25-28 The
tendency for phase separation (spinodal decomposition)
of different polymers is so great that even deuterated
polymers can separate from their protonated counter-
parts.26,27 The different phases have usually a disor-
dered, isotropic morphology.27,28 This phase separation
is decisively altered in the presence of a surface because
of the surface forces and the geometrical constraints.29,30

Roughly two kinds of separation behaviors can be
addressed. Vertical separation arises in films which, for
example, express thermodynamic equilibrium: the com-
ponent with lower surface energy is enriched on the
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Scheme 1. Hydrolysis of Trimethylsilylcellulose
(TMSC) to Cellulose
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surface.31-33 The other case is lateral separation which
takes place especially during rapid solvent evaporation:
because of a complex interplay of polymer-solvent,
polymer-polymer, and polymer-substrate interactions,
the resulting film shows lateral separation to two types
of phases with a morphology which, at times, appears
aesthetically eccentric.34-47 Simulations have suggested
that the morphology is a result of a competition between
diffusive and hydrodynamic growth.48 Vertical and
lateral separation are not mutually exclusive cases; in
fact, often both are found within the films.34,46,47 More-
over, rapid casting of the film does not necessarily mean
lateral phase separation since lamellar structures have
been observed in spin-cast blend films.34,49 To sum-
marize, the choice of solvent, compatibility of polymers,
and varying the blend composition and the concentra-
tion (viscosity) significantly affect the subsequent mor-
phology of binary polymer blend films.34,36,38,40-42,46,47

Besides the effect of various coating parameters to
their morphology and composition, the polymer blend
films have been applied to study dewetting in binary
systems.34,38,41,50,51 In addition, there are accounts of
tailoring specific kinds of surfaces with the aid of
polymer blends.39,45,51,52 With this paper, we want to
bring our contribution to the latter application.

The hydrolysis of trimethylsilylcellulose (TMSC) to
cellulose marks a transformation of a relatively hydro-
phobic structure to a hydrophilic one (Scheme 1).24 If
one considers mixing TMSC with another hydrophobic
polymer and hydrolyzing the TMSC to cellulose after
spin-coating the mixture, a binary polymer blend film
with a hydrophobic and hydrophilic component emerges.
We chose polystyrene (PS) as the hydrophobic polymer
to be blended with TMSC.

The cellulose/PS films alone are of interest to the gro-
wing applications of polymer films in, for instance, mi-
croelectronics, lubrication, sensors, medicine, or bioengi-
neering.30 It is clear from the earlier references29-52 that
polymer blend films have been extensively scrutinized,
and therefore we want to focus on another aspect of
exploiting the cellulose/PS films: we will demonstrate
how the selective dissolving of the PS phase in the film
will lead to a cellulose surface that actually has con-
spicuous domains of cellulose on a flat layer of cellulose.
The eminent cellulose domains with their distinct
morphology offer a better possibility to track down the
morphological changes during treatments than the
previously established flat films16-24 which are more
suitable for, for instance, surface force and adsorption
studies. These surfaces also overcome a limitation of
organic model surfaces: that the Young’s modulus and
thermal expansion coefficient of the model substance are
totally different to those of the inorganic substrate,
which can lead to rupture or delamination upon harsh
treatments.50,53-55 Moreover, as cellulose in its native
environment is often embedded with various other forms
of cellulose (amorphous vs crystalline), different polysac-
charides, and lignin, we take the model surfaces of
cellulose one step closer to the natural state of cellulose.

2. Experimental Section

Materials. Trimethylsilylcellulose (TMSC) was prepared
from microcrystalline cellulose (Aldrich, DP ∼ 150) and
characterized with XPS and ATR-IR as described previ-
ously.23,24 The degree of substitution of the TMSC was 2.3 (2.3
out of 3 hydroxyls in cellulose replaced by TMS groups).
Toluene was p.a. grade from Merck. Polystyrene was the

secondary standard grade from Aldrich; typical molecular
weight according to the manufacturer was 280 000 Da.

Preparation of Model Surfaces. 10 g/L solutions in
toluene were prepared from both TMSC and polystyrene (PS).
The joint solutions of TMSC and PS were prepared by mixing
the two 10 g/L solutions and diluting the rest with toluene in
such a fashion that the concentration of the major component
was 5.0 g/L and the minor component 2.5 g/L. Thus, in the
spin-coating solution of TMSC:PS 1:2, the concentration of
TMSC was 2.5 g/L, and the concentration of polystyrene was
5.0 g/L. In TMSC:PS 2:1 solution, the ratios were inverse.

The solutions were spin-coated with a spinning speed of
4000 revolutions per minute (rpm). The substrates used were
untreated silicon wafers (Topsil) with (100) surface orientation,
cut to ca. 2 × 2 cm2 squares.

The regeneration of the spin-coated TMSC to cellulose was
performed by acid hydrolysis. A small amount of 2 M hydro-
chloric acid was placed on the bottom of a glass container with
a holder for the spin-coated wafers. The vapor pressure was
allowed to stabilize for an hour, after which the wafer was
placed in the container and the vapor phase acid hydrolysis
was carried out for 2 min.

The PS phase of hydrolyzed cellulose/PS films was dissolved
by immersing the sample in toluene for 1 h in 65 °C under
magnetic stirring. After the immersion the wafer was removed
from the solute, rinsed several times with fresh toluene, also
heated to 65 °C, and dried in laboratory air. The hot toluene
quickly evaporated from the hydrophilic cellulose surface.

Atomic Force Microscopy (AFM). AFM was performed
with Solver P47H base with a SMENA head, manufactured
by NT-MDT. The cantilever of choice was contact silicon
CSC12 manufactured by Micromasch, used in tapping mode.
The typical force constant of the cantilever was in the region
of 2.0 N/m and the typical resonance frequency around 150
kHz. The radius of curvature for the tip was always less than
10 nm, according to the manufacturer. Free oscillating am-
plitude of the cantilever was ∼10 nm, and the set point
amplitude was set close (∼70%) to the free-oscillating ampli-
tude in order to work in the regime where long-range attractive
forces dominate the amplitude reduction. This gave the best
topographic information and minimized the sample indenta-
tion.56,57 All measurements were performed at room temper-
ature.

X-ray Photoelectron Spectroscopy (XPS). XPS was
performed using VG Escalab 200 system with an aluminum
anode (Al KR ) 1486.3 eV) operating at 510 W with a
background pressure of 2 × 10-9 mbar. The spectra were
recorded with 20 eV pass energy, 0.1 eV step, and 0.1 s dwell
time. The angle between the X-ray beam and the surface
normal was kept at 0° unless otherwise mentioned. Using
synthetic Gaussian-Lorentzian (30-70) peaks, the C 1s
spectra were resolved into different contributions of bonded
carbon that are known to exist in the cellulose and TMSC
molecules, namely C-O, O-C-O, C-Si, and C-HX. The
normal charge correction by setting the saturated carbon peak
(C-HX) to 285.0 eV was not applicable because the saturated
carbon stemmed from different origins (polystyrene and
hydrocarbon impurities), and their binding energies are thus
not exactly similar. In consequence, the spectra were charge
corrected by setting the C-O (hydroxyl) contribution to 286.7
eV. The chemical shifts were obtained from the literature.58

The exact applied values were -1.7 eV (C-HX from impuri-
ties), -2.0 eV (C-HX from polystyrene), -2.2 eV (C-Si), +1.4
eV (O-C-O), +2.7 eV (O-CdO), and +5.8 eV (shake-up).

3. Results and Discussion

Morphology by AFM. The AFM image of spin-
coated film of TMSC/PS blend with a ratio 2:1 is
presented in Figure 1a, indicating heavily a case of
lateral phase separation. Two separate domains are
visible in amplitude images, but their height difference
is unremarkable, as illustrated by a representative
height scan below the image. The height distribution
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histogram (not shown) did not indicate a presence of two
separate height regimes. After the hydrolysis of the
TMSC to cellulose, the separation of phases is appar-
ent: as the bulky TMSC contracts significantly by the
hydrolysis to a concise cellulose structure, the phases
can be identified as shown in Figure 1b. The brighter
regions are the polystyrene which remains unchanged
in an acid environment whereas the darker regions
represent the cellulose which has sunk in during the
hydrolysis due to the loss of bulky TMS groups and the
tight hydrogen-bonding network of cellulose. This dis-
tinction is further illustrated in Figure 1c where the
surface has been immersed in toluene (65 °C) for 1 h
with magnetic stirring. Toluene selectively dissolves the
polystyrene, leaving the cellulose unchanged on the

surface. Thus, the darker regions in Figure 1c represent
what used to be polystyrene, and out of this phase
islandlike cellulose domains protrude. The cellulose
islands have an approximate width of 2-3 µm, length
of 2-15 µm, and a height of 12 nm.

An inverse ratio of TMSC/PS blend to that of Figure
1a is used to produce the film depicted in Figure 1d
(TMSC/PS ) 1:2). Again, the height separation of the
two domains is meager in Figure 1d, although they are
visible in the amplitude image. However, upon hydroly-
sis of TMSC to cellulose, the separation becomes distinct
in height (Figure 1e). The cellulose sinks in and appears
as the lower (darker) regions, and the polystyrene
remains the higher, continuous phase surrounding the
cellulose features. The larger PS ratio naturally ac-

Figure 1. 25 × 25 µm2 AFM scans from (a) TMSC/PS spin-coated with a ratio 2:1; (b) same film with TMSC hydrolyzed to
cellulose; (c) same film, polystyrene has been removed leaving only cellulose on the surface; (d) TMSC/PS spin-coated with a ratio
1:2; (e) same film with TMSC hydrolyzed to cellulose; (f) same film, polystyrene has been removed leaving only cellulose on the
surface. (a) and (d) are amplitude images; (b), (c), (e), and (f) are height images. A representative height scan is provided underneath
every image. A line in the image indicates the position of that height scan.
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counts for a larger amount of polystyrene than in Figure
1b. Toluene immersion exposes fully the cellulose (Fig-
ure 1f), previously confined by the large PS phase. The
resulting film consists of cellulose domains with a width
of ca. 1 µm, length of 2-4 µm, and an average height of
about 10 nm. As the preparation conditions for the two
films in Figures 1a-c and 1d-f are the same except for
the TMSC/PS ratio, the effect of the polymer ratio to
the morphology is strikingly evident.

From the cellulose/PS films of Figure 1b,e we can
conclude that inverse TMSC/PS ratios lead to somewhat
inverted morphologies. The nearly bicontinuous cel-
lulose phase in Figure 1b is replaced by the continuous
PS phase of Figure 1e. Thus, by altering the TMSC/PS
ratios from 2:1 to 1:2, we get two cellulose surfaces with
different, yet distinct, morphologies (Figure 1c,f).

Besides the major lateral phase separation, smaller
incompatible domains exist in the films of Figure 1,
especially in the TMSC and cellulose phases of TMSC:
PS 2:1 sample (Figure 1a,b). This kind of “secondary
phase separation” has been scrutinized in simulations:
when the hydrodynamic flow is too fast for the diffusion
to establish a local equilibrium, geometrical coarsening
takes place and secondary phase separation takes
place.48,59 In our system, there is constant diffusion of
PS throughout the spin-coating process from the TMSC-
rich phase to the PS-rich phase (and vice versa, but the
TMSC diffusion from PS-rich phase is much faster
because of the higher mobility of the TMSC). As the
solvent evaporates rapidly due to the hydrodynamic
quench of spin-coating and the phases become more
viscous, the diffusion of the PS becomes slower. Eventu-
ally polystyrene concentrates on the smaller domains
of Figure 1a,b when the attraction between the PS
molecules becomes higher than the driving force for the
decreasing diffusion.

Chemical Composition by XPS. The chemical
composition of the TMSC/PS blends was characterized
by XPS. Figure 2 shows the corresponding deconvoluted
C 1s spectra to the images in Figure 1, that is, the
TMSC/PS ratios of 2:1 and 1:2 (Figure 1a,d) and the
subsequent hydrolysis of TMSC to cellulose (Figure 1b,e)
and PS removal with toluene (Figure 1c,f). Parts a and
d of Figure 2 show the untreated films of TMSC/PS of
ratios 2:1 and 1:2, respectively. The O-C-O and C-O
contributions stem solely from TMSC, and their ratio
(0.21-0.23) is in agreement with the atomic ratios
within the TMSC (or cellulose), which is theoretically
0.2. The C-HX contribution originates from polystyrene
and the C-Si ratio from the TMS groups of the TMSC.
Additional to C-HX, PS also contributes to the shake-
up peak from the energy loss of the photoelectrons from
the aromatic carbons.60 The difference between the
binding energies of the C-HX and C-Si contributions
differs by less than 0.5 eV. Therefore, one should treat
this distinction with care. It is nevertheless apparent
that the larger PS share with TMSC/PS 2:1 ratio (Figure
2d) ends up as a higher C-HX contribution than with
the lower PS ratio (Figure 2a).

Hydrolysis of TMSC to cellulose changes the chem-
istry of the film decisively as the C-Si contribution
disappears, and the deconvolution is more distinct
(Figure 2b,e). Peaks attributed to polystyrene (C-HX
and shake-up) have a higher share from the C 1s area
than the TMSC/PS ratio would imply, especially with
the lower TMSC (now cellulose) concentration (Figure
2e). Cellulose is much smaller in size than TMSC, owing

to the concise hydrogen-bonding network and the ab-
sence of the bulky TMS groups, but this is not the only
explanation. The larger than expected share of PS
related can be explained by the fact that carbon con-
tributes to only 6/11 of the atoms in cellulose whereas
polystyrene has only carbon within the atoms detectable
by XPS (i.e., excluding hydrogen). Taking the atomic
ratios into account, the corrected cellulose/PS ratios are
61/39 for the original 2:1 ratio and 25/75 for the original
1:2 ratio. Polystyrene still retains a predominance over
cellulose with respect to the ratios, but one must bear
in mind that the original TMSC/PS ratios are based on
weight percentages. This gives polystyrene (M ) 104 g
mol-1/monomer) a molar advantage over TMSC (M )
328 g mol-1/monomer for 2.3 degree of substitution).
More importantly, the omnipresent hydrocarbon con-
taminations60 add up to the C-HX contribution.

The removal of polystyrene shows up as a consider-
able decrease in the C-HX contribution and a loss of
the shake-up peak (Figure 2c,f). However, the C-HX
contribution has still a large share in the both C 1s
spectra, and the C-HX peak is much larger than in the
corresponding C 1s spectra of the smooth, closed films.24

The size of the C-HX contribution, moreover, is in
correlation with the original amount of PS in the spin-
coating mixture. An additional point of concern is that,
upon the removal of PS, a new peak emerges in the C
1s spectrum: a carboxylic (O-CdO) contribution (Fig-
ure 2c,f). Since all the data presented here are repro-
ducible, we can only conclude that the PS removal
leaves impurities on the surface. The toluene used to
dissolve the polystyrene is the same grade as used for
the spin-coating so it is very unlikely to contribute for
the impurities. In consequence, the polystyrene itself

Figure 2. C 1s bands from the XPS spectra: (a) TMSC/PS
spin-coated with a ratio 2:1; (b) same film with TMSC
hydrolyzed to cellulose; (c) same film, polystyrene has been
removed leaving only cellulose on the surface; (d) TMSC/PS
spin-coated with a ratio 1:2; (e) same film with TMSC
hydrolyzed to cellulose; (f) same film, polystyrene has been
removed leaving only cellulose on the surface.
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must be the source of the impurities visible in Figure
2c,f. The carboxylic contribution does not appear in the
cellulose/PS films (Figure 2b,e) because of the high
amount of polystyrene on the surface. Dissolving the
polystyrene enriches the trace impurities, formerly in
the polystyrene, to the film surface, and XPS detects
them because of its high surface sensitivity. Remnants
of polystyrene are very unlikely to contribute to the
impurities because of the absence of the shake-up peak.
A fatty acid is a candidate for the impurity by containing
both C-HX and carboxylic carbons and not being soluble
in toluene. Angle-resolved XPS with 45° angle instead
of the normal 0° between the analyzer and the surface
normal of the sample was trialed, making the analysis
more surface sensitive.60 The C-HX contribution showed
a growing tendency, indicating that the impurities are,
indeed, on the surface (Figure 3). The carboxylic con-
tribution is too small to show visually detectable change.

As for the XPS wide scans of the samples (not shown),
no unexpected elements were discovered on the surface.
The peaks detected were carbon, oxygen, and a small
amount of silicon (except for the unhydrolyzed TMSC
where the silicon peak was large). In the case of samples
where PS has been removed, the silicon peak stems from
the silicon substrate, not, for instance, from the possible
remnants of unhydrolyzed TMSC. As reliably expressed
in our earlier work,24 the hydrolysis from TMSC to
cellulose is complete with even shorter exposures than
presently used.

From the chemical survey by XPS, we can conclude
that the method of spin-coating TMSC with polystyrene
results in a layer of both compounds. The (complete)
hydrolysis of TMSC results in a cellulose layer, blended
with polystyrene, with C-O/O-C-O ratio in correlation
with theoretical value of cellulose (Table 1). The selec-
tive dissolving of polystyrene by toluene leaves a cel-

lulose surface with some impurities, possibly fatty acids.
These impurities are enriched on the surface.

Quantitative Survey. The question to arise from
Figure 1 and the XPS data is: are the cellulose domains
in Figure 1d,f embedded on the silicon substrate, or is
there a closed layer of cellulose between the domains
and the silicon? And if there is a sublayer of cellulose
underneath the domains, how thick is this layer? From
the studies with polystyrene/poly(methyl methacrylate)
blends we know that, with a favorable choice of solvent
and substrate, the more polar poly(methyl methacrylate)
forms a continuous layer between the phase segregated
structures and the substrate when a more polar sub-
strate like gold or silicon oxide is used.34 Since the
degree of substitution of the TMSC is 2.3, on average
0.7 hydroxyl groups prevail per one monomer of TMSC.
These hydroxyl groups, together with the heterocyclic
ring structure, make TMSC far more polar than PS.
Thus, a layer of TMSC and, subsequently, cellulose is
to be expected between the segregated cellulose/PS
structures and a silicon substrate. This sublayer of
cellulose would imply that we have, indeed, conspicuous
domains of cellulose on a closed layer of cellulose after
the polystyrene has been removed.

The low silicon contribution in the XPS spectra and
the baseline in the height scan of Figure 1f already
indicate that the cellulose domains are lying on a
surface which is rougher than the expected (3 Å
variation on a surface of a silicon wafer. Figure 4 shows
a closer (1 × 1 µm2) scan of the surface in Figure 1f,
i.e., the cellulose after removal of polystyrene. The scan
is taken from a “connection” point of two higher cellulose
domains. It is evident from Figure 4a that both the
domains and the background consist of similar, grain-
like structures which bear a candid resemblance to the
closed cellulose films.23,24 Scratching the surface is a
common method to gain information from the AFM
figures, and it has been utilized also with polymer
blends.61 Here the scratching unambiguously reveals the
presence of the sublayer for the cellulose surface pre-
pared from TMSC/PS ratio 1:2 (Figure 4b). The flat
silicon surface is exposed underneath the sublayer of
cellulose. The thickness of the sublayer is ca. 3-4 nm.
Figure 4c shows a scratched cellulose surface prepared
from TMSC/PS ratio of 2:1. The cellulose sublayer here
is rougher than in Figure 4b; its thickness is 4-6 nm.

As for the formation of the sublayer, it has been
proposed that a transient bilayer is formed because
preference of the other polymer toward the substrate
favors the asymmetric segregation but that this bilayer
then becomes unstable and dewetting of the upper
surface occurs. The holes in the upper phase are then
filled by the lower phase.62,63 Sprenger et al. speculated
on two different instabilities during spin-coating of
binary blends: one caused by increasing unfavorable
enthalpic interactions as the solvent concentration
decreases and one named instability of the free surface
caused by, for example, hydrodynamic instability.47 The

Table 1. Average Heights of the Protruding PS Domains before PS Dissolution and Cellulose Domains after PS
Dissolution (from Height Distribution Histograms of the AFM Images)a

original ratio
height of protruding

PS [nm]
height of cellulose

domains [nm]
total height of PS

(∑) [nm]
thickness of the cellulose

sublayer [nm]

TMSC/PS 2:1 13.5 ( 0.5 (Figure 1b) 11.5 ( 0.5 (Figure 1c) 25 ( 1 5 ( 1
TMSC/PS 1:2 13.5 ( 0.5 (Figure 1e) 10 ( 0.5 (Figure 1f) 23.5 ( 1 3.5 ( 1

a Total heights of PS domains are calculated by adding up the heights of PS and cellulose domains. Cellulose sublayer is calculated
from the scratched images of Figure 4.

Figure 3. Angle-resolved XPS spectra. 0° is the standard
angle between the analyzer and the surface normal; 45°
renders the analysis more surface sensitive: (a) cellulose film
from TMSC/PS 1:2, hydrolyzed and PS removed; (b) cellulose
film from TMSC/PS 2:1, hydrolyzed and PS removed.
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former leads to phase separation on a length scale of a
few micrometers whereas the latter leads to undulations
of a few tens of micrometers. The films presented in this
paper represent the smaller scale phase separation only.
The dewetting scheme has received further support from
Jukes et al., who followed spin-coating of a binary blend
in situ with time-resolved light scattering.64

AFM height images actually yield three-dimensional
information which has recently been exploited with
integral-geometry approach for polymer blends.65 Also,
simpler methods exist for AFM data analysis, and we
have utilized a straightforward histogram analysis,
elaborated for polymer blends by Affrossman et al.61 The
histograms in this work showed a two-peak distribution
in the height count histograms, corresponding to cel-
lulose phase (lower) and PS phase (higher), in the case
of cellulose/PS blends. The distance between the peaks
yielded the height of the protruding PS phase. In a
similar fashion, the height distribution histograms of
cellulose only films were examined. The peaks cor-
respond to the cellulose sublayer (lower) and the pro-
truding cellulose domains (higher). The total height of
the PS phase was calculated by adding the heights of
the protruding PS phase in the cellulose/PS film and
protruding cellulose phase in the cellulose only films.
(The space between the cellulose domains used to be
polystyrene before it was removed.) When these results
are combined with the thickness of the cellulose sub-

layers, we get the full map of the vertical dimensions
of the films,61 tabulated to Table 1. The errors are
calculated from the variations between five parallel
samples.

It is also possible to yield the coverage of the PS and
cellulose domains from the height distribution histo-
grams by comparing the areas of the PS and cellulose
peaks.61 Table 2 expresses the relative areas taken by
each component in the AFM scan. First, the height
distributions of images from cellulose/PS films are
calculated, corresponding to Figure 1b,e. Then the
relative amounts of the cellulose sublayer and the
cellulose domains are calculated, and the area of the
cellulose sublayer is attributed to polystyrene because
it used to be polystyrene before it was removed with
toluene. The cellulose/PS ratios from the XPS data (from
Figure 2) are also presented in Table 2.

At first glance, the surprising element in Table 2 is
the low amount of cellulose in the films originating from
the TMSC/PS 1:2 ratio: the apparent height of the 1:2
ratio is only 40% of that of 2:1 ratio. From previous
studies, however, we know that the thickness of the
TMCS and subsequent cellulose layer grows by the
factor of 2.5 when the TMSC spin-coating concentration
is doubled.24 This is in correlation with the apparent
heights of cellulose in Table 2.

In addition, Table 2 shows apparent nonuniformity
of the cellulose/PS ratios in the TMSC/PS 1:2 sample

Figure 4. (a) 1 × 1 µm2 AFM scan of cellulose on cellulose sample, originally from TMSC/PS 1:2, hydrolyzed and PS removed;
(b) 25 × 25 µm2 AFM scan of a scratched cellulose on cellulose sample, originally from TMSC/PS 1:2, hydrolyzed and PS removed;
(c) 12 × 12 µm2 AFM scan of a scratched cellulose on cellulose sample, originally from TMSC/PS 2:1, hydrolyzed and PS removed.
All images are amplitude images. The representative height scan underneath the images is indicated with a white line in each
image.

Table 2. Relative Areas of Cellulose and Polystyrene on the Surface of the Cellulose/PS Samples As Determined from
AFM Height Distributions and from the XPS Data, and the Apparent Height of Cellulose in Cellulose Only Filmsa

original ratio AFM (cellulose/PS)b AFM (cellulose only)b XPS (cellulose/PS)c
apparent height of

cellulose [nm]d

TMSC/PS 2:1 59/41 (Figure 1b) 66/34 (Figure 1c) 61/39 (Figure 2b) 12.6 (Figure 1c)
TMSC/PS 1:2 35/65 (Figure 1e) 15/85 (Figure 1f) 25/75 (Figure 2e) 5.0 (Figure 1f)

a The cellulose/PS ratio in the AFM (cellulose only) column is calculated with the assumption that the cellulose sublayer used to be
filled with polystyrene. The corresponding figure, from which the calculation has been made, is expressed in parentheses. The errors are
deduced from analyses of parallel samples. b Error (1. c Error (2. d The apparent height is calculated by adding the sublayer and the
domains corrected by their coverage in cellulose only films.
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AFM from cellulose/PS and cellulose only films, and the
XPS data show different values. We propose that this
lack of coherence in the data lies in the dropletlike shape
of the polystyrene. In other words, the vertical border-
line between the lateral PS and TMSC phases is initially
curved so that PS appears as dropletlike structures
because of its lower surface tension.34 This gives PS
phase an apparent dominance in the cellulose/PS films
of the TMSC/PS 1:2 ratio (Table 2). There is curvature
in the TMSC/PS 2:1 films as well, but the larger size of
the cellulose domains subdues the effect on the cellulose/
PS ratio and the figures of the TMSC/PS 2:1 sample are
much more in correlation with each other (Table 2). We
have to emphasize that this is merely a proposition. The
parabola-shaped features of polystyrene (Figure 1b,e)
and cellulose (Figure 1c,f) after PS removal, however,
advocate that the PS is in a dropletlike shape in these
films.

The differences in XPS and AFM data of TMSC/PS
1:2 sample are probably caused by both the dropletlike
structure of PS phase and hydrocarbon impurities which
contribute to a seemingly larger amount of polystyrene
(Table 2). Moreover, the sampling depth of XPS is no
more than 10 nm, and the most of the data are received
from the first few nanometers, which means that not
all the cellulose is probed by the XPS, especially the
cellulose in the sublayer.

The ambiguity of the figures in Table 2 shows that
AFM and XPS have to be used with the selective
dissolving of the other polymer in order to gain more
reliable results. Different spin-coating parameters, such
as speed, solvent, and solution concentration, as well
as diverse TMSC/PS ratios would undoubtedly reveal
more about the complex interplay between the compo-
nents during the rapid solvent removal of the spin-
coating process. However, advanced treatise of the
interactions between TMSC, PS, substrate, and solvent
is beyond the scope of this introduction. Our aim here
has been to demonstrate that the hitherto unknown
cellulose on cellulose films are feasible and that there
are ways to quantify the films with histogram analysis
from the AFM scans and scratching of the cellulose
sublayer. We must emphasize, furthermore, that the
data represented are completely reproducible as wit-
nessed by the five parallel samples for each stage of the

analyses; i.e., there is little or no ambiguity in the
morphology of the films themselves. It is apparent,
therefore, that the cellulose on cellulose films provide
a viable, quantitative template for further studies on
cellulose.

Finally, a schematic, cross-sectional representation of
the preparation with the quantified data is shown in
Scheme 2. During spin-coating, a thin TMSC layer is
formed on the substrate surface as the lateral phase
separation of TMSC and PS takes place on top of that
layer (a). The TMSC layer contracts upon its transfor-
mation to cellulose during hydrolysis, leaving the PS
layer protruding from a sea of cellulose (b). The lateral
size of the PS domains depends on the TMSC/PS ratio.
As the PS is removed by toluene immersion, the
remaining cellulose structure is left intact, resulting in
domains of cellulose lying on a continuous sublayer of
cellulose (c). The droplet shape of the PS phase is
exaggerated, but it illustrates clearly why the droplet-
like structure affects the TMSC/PS 1:2 ratio more
because of the smaller size of the cellulose domainss
hence the ambiguity in cellulose/PS ratios in Table 2.

4. Conclusions

We describe the formation of a new kind of cellulose
film which can be used as a model surface. The
preparation takes place in three steps: (i) blending
trimethylsilylcellulose (TMSC) and polystyrene (PS) in
a toluene solution and spin-coating the mixture on a
silicon wafer; (ii) hydrolyzing the TMSC to cellulose
after the spin-coating; (iii) dissolving the polystyrene
which leaves cellulose intact on the surface.

The resulting surfaces consist of conspicuous domains
of cellulose on a cellulose sublayer (cellulose on cel-
lulose). The thickness of the sublayer and the size of
the cellulose domains are depended on the TMSC/PS
ratio in the spin-coating process. The TMSC/PS 2:1 ratio
results in a cellulose sublayer of 4-6 nm and 66%
coverage of cellulose domains with an approximate
width of 2-3 µm, length of 2-15 µm, and a height of
11.5 nm. TMSC/PS 1:2 ratio results in a 3-4 nm
cellulose sublayer and 15% coverage of cellulose do-
mains with a width of ca. 0.4-1.0 µm, length of 2-4
µm, and an average height of 10 nm. The chemical

Scheme 2. (a) TMSC/PS Blend; (b) TMSC Is Hydrolyzed to Cellulose and the Phase Contracts; (c) PS Is Removed
by Selective Dissolution with Toluene, Leaving a Closed Cellulose Surface with Conspicuous Domains of

Cellulose Protruding from It
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composition of these films was characterized with X-ray
photoelectron spectroscopy (XPS), which showed that
the films consisted of cellulose with a slight impurity
on the surface. The surface impurity is likely to be a
fatty acid.

The AFM height data were scrutinized in height
distribution histograms and compared with the XPS
data. This quantitative survey revealed nonuniformity
in the cellulose/PS ratio of the TMSC/PS 1:2 samples
with respect to the analytical method used. This non-
uniformity was concluded to stem from the dropletlike
shape of the PS domains. The sample with an original
TMSC/PS 2:1 ratio had more uniform figures because
of the much smaller size of the PS domains where the
curvature of the dropletlike shape is likely to have a
belittled effect. Despite the minor discrepancies within
the quantitative analyses, the data were completely
reproducible: five parallel samples gave very similar
figures in repeated experiments. The reproducibility of
the films and the quantitative data are encouraging
concerning the further applications of these films.

The cellulose on cellulose films are a novel and
important introduction to the literature of cellulose
model surfaces. There is inevitably a demand for diverse
cellulose model surfaces because of the unparalleled
natural and industrial importance of cellulose. Funda-
mental applications of these films may consist of, for
instance, investigating supramolecular rearrangements
of cellulose during wetting and subsequent drying
(papermaking, recycling) or chemical and morphological
changes upon heat treatment (biomass gasification). The
closed, thin sublayer of cellulose offers a unique advan-
tage that takes these films closer to the natural envi-
ronment of cellulose where it is incorporated in a matrix
of various other forms of cellulose and other carbohy-
drates. The conspicuous domains allow interpretations
based on the morphology in contrast to the previously
established smooth cellulose model surfaces. Further-
more, the morphology can be quantified with a histo-
gram analysis of the AFM scans, which provides data
with hard numbers in addition to the qualitative im-
ages. The huge chemical and physical difference of an
inorganic substrate and organic cellulose is also over-
come with these surfaces as the cellulose domains are
embedded on a substrate of their own chemical and
physical nature. The trace impurity on the surface is a
nuisance. On the other hand, as the natural fibers are
always covered by the surface-enriched hydrocarbon
extractives,66 a fatty acid on the surface of these films
can be considered, euphemistically, again a step closer
to authenticity.
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