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ABSTRACT: The nano- to microscale structures at the interface
between materials can define the macroscopic material properties.
These structures are extremely difficult to investigate for complex
material systems, such as cellulose-rich materials. The development
of new model cellulose materials and measuring techniques has
opened new possibilities to resolve this problem. We present a
straightforward approach combining micro-focusing grazing-
incidence small-angle X-ray scattering and atomic force microscopy
(AFM) to investigate the structural rearrangements of cellulose/
cellulose interfaces in situ during drying. Based on the results, we
propose that molecular interdiffusion and structural rearrangement
play a major role in the development of the properties of the
cellulose/cellulose interphase; this model is representative of the
development of the properties of joint/contact points between macroscopic cellulose fibers.

■ INTRODUCTION

Natural raw materials such as protein, silk, or wood have
attracted increasing attention in the development of environ-
mentally friendly products.1−5 Cellulose, mainly extracted from
plants, has gained particular attention owing to its natural
abundance, renewability, low cost, biodegradability, and
excellent mechanical properties.6−9 On an industrial scale, it
has been converted into paper, packaging materials, filaments,
and textiles; it is also being used as a carrier in
chromatography, separation technology, and life science
applications.10−17 The mechanical properties of these materials
are strongly determined both by the supramolecular structure
of cellulose and the molecular interaction between the
cellulose surfaces and other materials, especially in the wet
state where the joints are developed and then consolidated
during drying.4,5 Despite extensive research in this field,
structural information of the molecular processes controlling
these interactions is very limited.18,19 This is partially due to
the lack of well-characterized cellulose model surfaces and
partially due to the lack of high-resolution measurement
techniques capable of characterizing the structure of the
interfaces and interphase throughout the joining process.
Before the joining process, an interface exists between two
distinct phases, while an interphase, which is the intermediate
phase between two phases,20 will form during the joining
process in the composite.

Recently, we have fabricated millimeter-sized cellulose gel
beads as model surfaces by precipitating cellulose/lithium
chloride (LiCl)/N,N-dimethylacetamide (DMAc) solution
into a nonsolvent (ethanol or water).21−25 These gel beads
have been used as a model system for investigating the swelling
behavior of the wet, delignified wood cellulosic fiber wall.24

Nuclear magnetic resonance and small-angle X-ray scattering
investigations of the gel beads indicated that their internal
structure can be considered as a homogeneous, noncrystalline,
and molecularly dispersed polymer network.23,24 However, to
our knowledge, there is no study available that characterizes
the microstructural changes at the interface of two cellulose
surfaces when drying in contact with one another. This is an
important fundamental process to understand as it defines the
physical properties of the majority of the products made from
cellulose. Since grazing-incidence small-angle X-ray scattering
(GISAXS) was first used to study thin film growth by Levine et
al. in 1989,26 it has been successfully utilized to probe the
structures of thin films formed at liquid27,28 or solid
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surfaces.29−34 The structures of different cellulose thin films
and the water-induced structural rearrangements of these
cellulose films35−37 have also been resolved by GISAXS
measurements. Although GISAXS has been successfully
applied to these different research areas, its application to
study liquid/solid and liquid/liquid interfaces is quite rare.
In the present study, designed to resolve the microstructural

change of a cellulose/cellulose interphase during drying, micro-
focusing GISAXS (μGISAXS) experiments were performed
using cellulose model surfaces. To achieve a large interfacial
area enabling μGISAXS measurements, millimeter-sized water-
swollen cellulose gel filaments were fabricated (Figure S1 in
Supporting Information). Cellulose thin films were spin-coated
onto silicon wafers according to our previous protocol (Figure
S2) and were used as contacting surfaces for the
filaments.38−40 The in situ μGISAXS measurements were

performed to analyze the interphase between the cellulose
filaments and the cellulose thin film (Figures 1a and S3).

■ EXPERIMENTAL SECTION
Materials. Domsjö dissolving pulp (Domsjö Fabriker AB,

Sweden) was used as the raw material to prepare the cellulose/
DMAc/LiCl solution, gel beads, and gel filaments. The fibers from
this dissolving pulp contain 96% glucose,23−25,41 and their charge
density is reported as 29 μeq/g.42 LiCl (puriss p.a., anhydrous ≥99%),
DMAc (puriss p.a., ≥99.5%), N-methylmorpholine-N-oxide
(NMMO, 50 wt % solution in water), DMSO (99%), sodium
hydroxide (NaOH, puriss p.a. ACS reagent ≥98%), and ethanol (96
vol %) were purchased from Sigma-Aldrich and used as received.
Polyvinyl amine (PVAm) was sourced from the commercial product
Lupamin 9095, provided by BASF in a water solution with a reported
total solid concentration of 20−22 wt % and pH = 7−9.

Figure 1. (a) Schematic illustration of the in situ μGISAXS measurements during drying of the water-swollen filament on a cellulose surface. q∥ and
qz are the components of the wavevector transfer parallel and vertical to the sample surface, respectively (details can be found in the Methods
section). An optical microscope was also used to monitor the size of the filament during drying. (b) Representative microscope images of the
cellulose filament were collected after different drying times. The red arrows indicate the incident X-ray direction. The scale bar corresponds to 1.0
mm. (c) 2D μGISAXS patterns of the interface between the cellulose filament and cellulose thin film at the corresponding evaporation time shown
in (b). The red and green boxes represent the areas that were integrated for extracting the horizontal and vertical cuts, respectively. The scale bar
corresponds to 0.05 Å−1. (d) Diameter vs evaporation time curve of the filaments as measured from microscopy images. The diameter was
measured at the same position on each filament as indicated by the blue double-headed vertical arrow in the far-right image in (b). (e) Horizontal
cuts of the 2D μGISAXS patterns obtained at different drying times. (f) Average distance d∥ vs evaporation time curve calculated from curves in
(e). (g) Vertical cuts of the 2D μGISAXS patterns obtained at different drying times. The red curves in (e,g) and the red points in (f) are controls
from measurements of the dry thin film surface without the filament.
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Preparation of Cellulose/DMAc/LiCl Solution. In order to
make water-swollen cellulose filaments and cellulose beads, cellulose/
DMAc/LiCl solution was first prepared according to the previously
published protocol.21,23−25,43 The dissolving pulp was prewashed with
deionized water to remove metal ions and dissolved colloidal
substances (carbohydrates, lignin, and extractives). The water-
saturated dissolving pulp containing 1.5 g of dry mass was subjected
to solvent exchange first to ethanol and subsequently to DMAc
through multiple washing/filtration steps. The solvent exchange was
performed over 2 days for each solvent, the solvent being changed at
least twice per day using 150 mL each time. After the solvent
exchange, 100 mL of DMAc was heated to 105 °C for 20 min in an oil
bath, and 7 g of LiCl was heated in an oven at 105 °C for 30 min to
dry. The dehydrated LiCl was added to the heated DMAc and then
allowed to cool. When the temperature reached 65 °C in the DMAc/
LiCl mixture, the DMAc-saturated pulp was added to the dehydrated
DMAc/LiCl solution. After one night of stirring, transparent 1.5 wt %
cellulose solution was obtained.
Preparation of Cellulose Gel Filaments and Beads. The

cellulose/DMAc/LiCl solution was injected into an antisolvent
(ethanol) bath, where the cellulose solution solidified as a cylindrical
filament, as shown in Figure S1. The prepared cylindrical filament was
left to equilibrate for 24 h in the ethanol bath. Subsequently, it was
continuously washed with fresh Milli-Q water for at least 7 days to
ensure the proper removal of the cellulose solvent to leave a Milli-Q
water-swollen cellulose filament.
A nearly identical precipitation protocol was used to prepare

cellulose gel beads. The only difference was that the cellulose/LiCl/
DMAc solution was precipitated dropwise into the ethanol bath to
form beads which were left to equilibrate for 1 day. The beads were
then washed with fresh Milli-Q water or ethanol for more than 7 days
to obtain water-swollen or ethanol-swollen beads.
Preparation of Cellulose Thin Films. Cellulose thin films were

spin-coated on silicon wafers by following the protocol published by
Gunnars et al.,38 Eriksson et al.,39 and Benselfelt et al.40 A cellulose/
NMMO/DMSO solution was first prepared by dissolving 0.25 g of
dry pulp in 12.5 mL of NMMO (50 wt % in water) at 125 °C under
magnetic stirring for approximately 60 min (see Figure S2). At which
point a clear solution was obtained, 37.5 mL of DMSO was added
dropwise to dilute the solution for the spin-coating process.
The silicon wafer was first washed with a sequence of water,

ethanol, and water, dried with N2 gas, and oxidized at 1000 °C for 1 h,
during which a less than 100 nm thick SiO2 layer was formed. The
oxidized wafers were hydrophilized by submersing in 10 wt % NaOH
solution for 60 s before rinsing and drying with N2 gas and placed
under plasma (PCD 002, Harrick Scientific Corp., Ossining, NY, US)
for 3 min. After that, the wafer was dipped in PVAm solution (0.1 g/
L, pH 7.5) for 15 min to adsorb a PVAm layer onto which the
cellulose film could later be anchored; it was then rinsed with Milli-Q
water and dried with N2 gas.
The aforementioned cellulose/NMMO/DMSO solution (at 125

°C) was spin-coated on the PVAm-treated oxidized silicon wafer at
1500 rpm for 15 s, followed by 3500 rpm for 30 s using a spin coater
(KW-4A-2, Chemat Technology, Northridge, CA, USA). Then, the
spin-coated thin films were subjected to solvent exchange in Milli-Q
water for 12 h, after which the water was exchanged three times every
1 h and dried with N2 gas. Finally, the cellulose thin films were cured
at 105 °C overnight to improve the wet stability.
In Situ μGISAXS Measurements. The in situ μGISAXS

measurements were carried out for the cellulose filament/thin film
interface at the soft matter interfaces (SMI, 12-ID) beamline at the
National Synchrotron Light Source II (NSLS-II) in Brookhaven
National Laboratory.44 The experiments were conducted using an
incident photon energy of 16.1 keV (wavelength λ = 0.77 Å) with a
beam size of 2.3 × 25 μm (vertical × horizontal, see Figure S3a,b).
The 2D μGISAXS patterns were recorded using a Pilatus 1 M
detector (981 × 1043 pixels, pixel size: 172 × 172 μm). The sample-
to-detector distance was 6.2 m. The X-ray incident angle (αi) was set
to αi = 0.1°. The length of the incident beam footprint was calculated
to be 2.3 μm/sin (0.1°) = 1.3 mm. Under these conditions, the

scattering intensity from a surface area of 1.3 mm × 25 μm (length ×
width, see Figure S3b) could be collected.

1D intensity profiles were extracted from 2D μGISAXS patterns as
a function of the scattering vector q, which is composed of its single
components qx, qy, and qz. They can be written as45

π
λ

α θ α= −q
2

(cos( )cos(2 ) cos( ))x f i (1)

π
λ

α θ=q
2

(cos( )sin(2 ))y f (2)

π
λ

α α= +q
2

(sin( ) sin( ))z f i (3)

where λ is the wavelength, αi and αf are the incidence and exit angle,
respectively, and 2θ is the out-of-plane angle with respect to the
scattering plane spanned by ki and kf. Throughout the rest of this

work, we use = +∥q q qx y
2 2 and qz reciprocal planes to describe

scattering, reflection, and refraction parallel and perpendicular to the
sample surface.

For the μGISAXS measurements, a wet cellulose gel filament with
roughly 2.0 mm diameter was placed on the silicon wafer, which was
spin-coated with a cellulose thin film. The excess water from the wet
cellulose gel filament allows the thin film to be wetted and later re-
dried together with the filament. To track the position of the
filament/thin film interface, optical microscopes were used to quickly
locate the center of the interface. The accurate X and Z positions of
the interface were obtained through a Z-scanning method, as shown
in Figure S3a,b. The motorized stage, on which the sample was
placed, moved relatively from −20 to +20 μm with 41 steps in the Z
direction (Figure S3a) to make sure the X-ray footprint (length ×
width: 1.3 mm × 25 μm) can scan over the whole thin film surface in
the X direction (red rectangular area shown in Figure S3b). At each
moving step, the sample was exposed to an X-ray beam for 0.5 s, and
one 2D μGISAXS pattern was obtained. Thus, 41 2D μGISAXS
patterns were obtained for one Z-scanning. The same Z-scanning was
performed on the thin film surface as indicated in the light green
rectangular area in Figure S3b.

Two of the 2D μGISAXS patterns during the Z-scanning are shown
in Figure S3c,d for the filament/thin film interface and thin film
surface, respectively. Integrating the 2D q range, as indicated by the
red rectangular area shown in Figure S3c, for all 41 2D μGISAXS
patterns gives the intensity profile during Z-scanning for the interface
or surface, which were plotted, as shown in Figure S3e. It was
observed that the X-ray beam shot the center of the filament/thin film
interface when the scan step was “19” throughout the entire drying
process. The 2D μGISAXS patterns of the filament/thin film interface
and thin-film surface at scan step 19 (Figure S3c,d) exhibit clear
differences. This will be further discussed below. All the 2D μGISAXS
patterns and their corresponding 1D intensity profiles used in the
main text were obtained at scan step 19.

During the drying process, the Z-scanning was repeated at the
filament/surface interface every 10 min. After each Z-scanning, the
sample was shifted 10 μm in the Y direction to avoid overshooting the
sample, which can cause radiation damage.

Pulling off Measurements. The mechanical test was conducted
by a micro-adhesion measurement apparatus, also known as a contact
adhesion tester, which has been used to detect adhesion forces in
previous studies.25,39,46,47 To simplify the mechanical pulling off
experiments, cellulose gel beads were used instead of cellulose
filaments. The cellulose gel beads were dried on a cellulose thin film
(which was itself dry before having gel beads placed on it). A top
plate, coated with thin epoxy glue, was lowered onto the surface of the
dried beads. After curing the epoxy glue for 1 h, unloading started at a
rate of 10 μm/min until the beads were pulled off the thin film
surface. For comparison, the same measurements were performed for
beads that were first dried on Teflon and then placed on the cellulose
thin film.
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Macro- and Micromorphology Characterization. The diam-
eter changes of the cellulose filament, as shown in Figure 1b, were
monitored during the entire drying process using an optical
microscope (AM7013MZT, Dino-Lite Premier Digital Microscope).
Other optical microscope images were acquired for the contact area of
cellulose beads and thin films after separation using an optical
reflection microscope (Olympus U-TVO.5X; Olympus Optical Co.,
Tokyo, Japan). SEM images were taken by using a high vacuum S-
4800 field emission scanning electron microscope (Hitachi, Tokyo,
Japan). The surface roughness and morphologies of the prepared
cellulose thin films, dried beads, and the corresponding edges of the
interface after separating the beads from thin films were measured by
an atomic force microscope MultiMode 8 (Bruker, Santa Barbara, CA,
USA) setup using the SCANASYST mode with a SCANASYST-AIR
cantilever. They were measured in the dry state in the air under
ambient conditions.

■ RESULTS AND DISCUSSION

Microstructures of the Cellulose Interphase during
Drying. Figure 1b shows that the filament shrinks
continuously with increasing drying time, while the cylindrical
cross section is retained throughout the evaporation process.
However, after roughly 55 min of drying, the filament starts to
bend up. The diameter of the cellulose filament during the
drying process was plotted, as shown in Figure 1d. The
diameter decreases from 1.95 to 1.05 mm during the first 55
min and then decreases slightly faster to 0.52 mm over the next
25 min; following this, the diameter remains constant. A
similar drying behavior was previously observed for drying
water-swollen cellulose gel beads,21,22 suggesting that the
drying kinetics of the filament is the same as that of the bead.
Note that the cellulose thin film remains flat during drying, and
the bottom filament seen in the microscopic images is the
reflection of the filament.
Figure 1c shows the corresponding 2D μGISAXS patterns of

the filament/thin film interface. The μGISAXS pattern changes
drastically between 63 and 83 min, both in the qz and q∥
direction, which indicates sharp structural changes in the
interphase during this drying period. After that, the μGISAXS
pattern stabilizes and does not change anymore. According to
our previous in situ wide-angle X-ray scattering investigation of
the cellulose gel bead (prepared from the same cellulose
solution as in this work), barely any crystallization was
observed during the drying process.21 This excludes the
influence of crystallization on the μGISAXS experiments. To
further analyze the correlation between the macroscopic
diameter change and the microstructural change, we performed
two distinct integrations to all the 2D μGISAXS patterns, a
horizontal integration (red rectangle: 0.003 Å−1 ≤ q∥ ≤ 0.11
Å−1 and 0.023 Å−1 ≤ qz ≤ 0.028 Å−1) and a vertical integration
(green rectangle: 0.017 Å−1 ≤ qz ≤ 0.21 Å−1 and 0.005 Å−1 ≤
q∥ ≤ 0.018 Å−1). The intensity versus q∥ and qz curves are
presented in Figure 1e,g, respectively. The evolution of the
scattering profiles versus the evaporation time for both graphs
indicates a structural change during drying.
The occurrence of a side peak in the q∥ plots shown in

Figure 1e, indicated by the arrow, allows for the determination
of a characteristic in-plane length scale via d∥ = 2π/q∥,

29,48

where d∥ is attributed to the average distance between cellulose
aggregate structures. A plot of d∥ versus evaporation time is
shown in Figure 1f. The data show that d∥ changes from 29.2 ±
0.5 to 24.4 ± 2.0 nm after placing the water-swollen cellulose
gel filament onto the cellulose thin film. The reduction of d∥ is
probably caused by capillary forces and the interaction

between the wet gel filament and the dry thin film, and
alternatively, it may be caused by the diffusion of water or still
mobile cellulose molecular chains from the outermost layer of
the gel filament into the thin film. During the first 60 min of
evaporation, d∥ steadily decreases to 20.5 ± 0.9 nm, after which
a sharp increase of d∥ to 29 ± 0.6 nm was observed. The sharp
increase of d∥ is linked to the structural change of cellulose
which was observed in our previous SAXS study.21 In the late
drying phase, a slight decrease of d∥ with evaporation time was
detected. We note that the steep increase occurs at
approximately the same time as the macroscopic diameter
levels off.
The vertical cuts presented in Figure 1g show correlations

orthogonal to the surface of thin film, which includes the
strongest scattering, the so-called “Yoneda peak”, and resonant
diffuse scattering.30,31,49−51 A zoom-in image of the region
around the Yoneda peaks is presented to the right of Figure 1g.
Before placing the filament on the dried cellulose thin film, the
Yoneda peak of the dried cellulose thin film was observed at qz
= 0.0253 Å−1 (Peak 2, red curve) (details in Supporting
Information). The oscillations at higher qzs, for example, Peak
3, are attributed to the resonant diffuse scattering peak due to
thin film interference, which indicates that a very smooth
cellulose thin film was prepared. After placing the water-
swollen filament onto the thin film, it is observed that the qz
profile in the Yoneda region changes significantly. This is
mainly due to the fact that the gel filament becomes the top
subphase (Figures S4 and S5). The newly appeared peak at qz
= 0.0225 Å−1 (Peak 1) can be attributed to the presence of a
new layer at the surface of the cellulose thin film, which we
refer to as the interphase layer (Figure S4c). It most probably
arises from the diffusion of the most mobile cellulose
molecular chains from the outermost layer of the gel filament
into the thin film. This is consistent with the sharp decrease of
d∥ after the same drying time, as shown in Figure 1f. Between 3
and 63 min of drying, all three peaks start to broaden and shift
to the right. This indicates that the roughness of the interphase
layer is continuously increasing due to the continuous diffusion
of cellulose molecular chains during this interval. Peaks 1 and 3
can no longer be resolved after drying for 73 min (black curve
shown in Figure 1g), and Peak 2 shifts back to the position of
the initial dry film. This is attributed to the swollen filament
that starts to partially detach from the cellulose thin film
(Figure 1b). Consequentially, the filament cannot be
considered an effective subphase beyond this time point. In
the later drying phase, from 103 min on, Peak 2 becomes
broader and the intensity drop shifts to a higher qz than the
initial dry thin film surface. This indicates the presence of a
denser and rougher layer at the interface after drying,
hypothetically caused by the structural rearrangement of
cellulose chains in the interphase layer. These results suggest
that two processes take place on the molecular level during
water evaporation: interdiffusion and a structural rearrange-
ment of the cellulose molecular chains at the interface.
In order to extract the parameters of the in-plane roughness

(size and shape of the microstructures) along q∥ and qz, we
used a Guinier-Porod model52 to fit the horizontal and vertical
cuts, respectively. Although this is a simplified approach, it is
reliable enough to indicate how the structure changes for this
complex system. The fitting details are summarized in
Supporting Information and Figure S6. The fitted character-
istic length scale parameters Rg∥ and Rgz and “dimensionality”
parameters n∥ and nz as a function of the evaporation time are
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plotted, as shown in Figure 2a,b, respectively. The size of the
microstructures along q∥, which is determined from Rg∥,
decreases from 11.3 ± 0.2 to 8.3 ± 0.1 nm during the first 63
min of evaporation, and then, a sharp increase up to 18.4 ± 0.2
nm is observed over the next 30 min (from 60 to 90 min of
drying). A similar larger increase of Rg was observed for the
internal structure of the cellulose gel bead in the later drying
stage due to the formation of cellulose aggregates.21 Finally,
there is a decrease to 14.6 ± 0.1 nm after 123 min of drying.
The size of the microstructures along qz (Rgz) follows a similar
trend. n∥ and nz exhibit a similar trend during drying, and the
corresponding shapes are represented in Figure 2c. Thanks to
the GISAXS technique, which gives nanoscale structure
information at the interphase in both the vertical and
horizontal directions, we interpret the results shown in Figure
2 as follows: (1) along q∥, the bulk structure of the interphase

layer transfers from a swollen state (n∥ = 1.7) to a collapsed
state (n∥ = 3.0) when the sharp increase Rg∥ happens and (2)
along qz, the objects (Rgz around 5 nm) change from spherical
shapes with rough surfaces to spherical shapes with smooth
surfaces due to the loss of water. However, on a microscopic
scale, the roughness of the interphase still increases with
continued drying, which is based on the results shown in
Figure 1g.

Adhesion Properties Between Cellulose/Cellulose
Interface. To investigate the effect of the development of
the molecular structure at the cellulose/cellulose interface on
the macroscale adhesion between cellulose surfaces, mechan-
ical testing was conducted by pulling off measurements of
cellulose beads that had been allowed to dry on a cellulose thin
film (Figure 3a). The average maximum separation force (Fs)
was 500 mN for the water-swollen beads (Figure 3b); this is

Figure 2. Time-dependent changes (blue and black curves) in the cellulose/cellulose interface caused by evaporation for (a) fitted length scale
parameters (Rg∥ and Rgz) and (b) “dimensionality” parameters (n∥ and nz) of the horizontal and vertical cuts. The red and green symbols
correspond to the dried cellulose thin film. (c) Specific value of parameter n and the corresponding shape of the object represented according to the
literature.52,53 n∥ = 5/3 and n∥ = 3 represent swollen and collapsed states of cellulose chains, respectively, while nz = 3 and nz = 4 indicate rough and
smooth surfaces of objects, respectively.

Figure 3. (a) Schematic illustration of the methodology behind the pulling off experiments. Three representative unload force vs displacement
curves for pulling off the water-swollen (b) or ethanol-swollen (c) beads from the thin film after drying. The dashed lines (magenta) in (b,c) are
controls obtained from pulling off beads that were first dried on Teflon and then placed on a cellulose thin film. Optical microscopy images of the
thin film (d) and the bottom of the dried water-swollen bead (d′) after separation. Optical microscopy images of the thin film (e) and the bottom
of the dried ethanol-swollen bead (e′) after separation. (f,f′) SEM images of dried water-swollen beads after 2 days of drying on the thin film.
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roughly 10 times larger than that for ethanol-swollen beads (55
mN on average, Figure 3c). Predried beads, which were first
dried on Teflon and then placed on the thin cellulose film,
were separated from the surface immediately when the pulling
started, and no detectable force was needed to separate these
beads from the surfaces (dashed lines shown in Figure 3b,c).
This means that the adhesion of the beads to the cellulose thin
film is dependent on processes that take place during the
drying of the swollen beads. We postulate that this is due to
the external molecular layers of the swollen cellulose beads
integrating with the thin cellulose film during drying and thus
forming the interphase layer that holds the beads and the thin
film together after drying. This explanation is supported by the
optical microscopy images of the contact zone of the thin films
(Figure 3d,e) and the bottom of dried beads (Figure 3d′,e′)
after separation from each other. When the water-swollen bead
was pulled off, most of the contacted cellulose thin film came
off of the silicon wafer with it (Figure 3d). Additionally, a
concave shape was formed at the bottom of the water-swollen
bead after drying, evidence of the merging of the two cellulose
materials (Figure 3f,f′). In the same experiment conducted
with ethanol-swollen beads, only a ring of the thin film was
peeled off; naturally, a smaller separation force was recorded.

By dividing the contact area by Fs, the pull-off stress (σs) of the
beads could be calculated; this assumes a complete molecular
contact between the two surfaces. For the dried water-swollen
beads, this was calculated to be 8.4 MPa, which is two times
larger than that calculated for the dried ethanol-swollen beads
(3.8 MPa). It is well known that water has higher interaction
with cellulose compared to ethanol, and the attractive van der
Waals interactions between cellulose and cellulose across a
liquid medium are stronger in water compared to ethanol.54

Thus, the cellulose molecular chains on the outer surface layer
of the water-swollen beads are much more mobile than those
of the ethanol-swollen beads. This allows them to diffuse into
and entangle more with cellulose in the thin film, forming a
stronger cellulose interphase layer than the ethanol-swollen
bead, which leads to high pull-off stress for dried water-swollen
beads. This is consistent with the μGISAXS results shown in
Figure 1g, which shows the development of a denser interphase
layer for the water-swollen filament after drying. This
interphase layer is sufficiently strong that it is able to survive
the shrinking of the water-swollen beads during drying. Instead
of detachment or breaking, a concave shape of the contact
zone is observed (Figure 3f,f′).

Figure 4. (a) AFM height image of the dried ethanol-swollen bead surface and its root mean square roughness (Rq). (b) Microscopy image of the
bottom of the cellulose bead after separation. AFM height images of the inner (c) and outer (d) edges of the attached ring from the cellulose film,
and the corresponding high magnification AFM height images (e,f), respectively. The red arrows in (e) mark the cellulose fibrillar structures created
when separating the surfaces from each other. (g) AFM height image of the dried cellulose thin film surface. (h) Microscopy image of the thin film
at the contact area after separation from the dried ethanol-swollen bead. AFM height images of the inner (i) and outer (j) edges of the pulled off
ring, and the corresponding average height curves (k,l), respectively. The dashed lines in (k,l) represent the thickness of the dried thin film. The
charts and the corresponding indexes in (k,l) are the roughness Rq of the thin film calculated over every 1 × 10 μm2 (horizontal × vertical) region
in (i,j).
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Morphologies of the Contact Area of Cellulose/
Cellulose Interfaces. Although the interphase layer formed
with ethanol-swollen beads is much weaker, the reduced
damage upon separation allows for the characterization of the
morphologies of the contact area of both the thin film and the
dried bead by AFM. Figure 4a−d,g−j shows that a ring of the
cellulose thin film was peeled off the substrate and attached to
the lower part of the dried bead. Similar results can be
observed from the SEM images of a dried bead, as shown in
Figure S7. A closer look at the inner edge of the ring in Figure
4e shows that the interphase layer consists of a homogenously
distributed fibrillar structure from the thin film and the
cellulose dried from the swollen bead. The observation of
cellulose from the bead permeating the homogenously
distributed fibrillar structure of the film is evidence of the
diffusion of cellulose chains from the external part of the
ethanol-swollen bead into the thin film (Figure 4g). Because
the interphase layer formed with water-swollen beads is
stronger than that formed by ethanol-swollen beads, it is
reasonable to assume that more fibrillar structures should exist
in the interphase layer formed by water-swollen beads. It was
not possible to directly observe this due to the entire contact
zone of the water-swollen beads peeling off the underlying
silicon wafer. Interestingly, similar results have been detected
for the adhesion between two polybutylmethacrylate surfa-
ces,55 which strengthens the interpretation of the results in the
present work. Furthermore, this theory is in keeping with the
results of the μGISAXS experiments (Figure 1g), which
indicate that a denser interphase is formed by the water-
swollen beads upon drying. The height of the thin film
adjacent to the final contact area after drying was consistently
determined to be 33 nm, and its Rq was determined as 8.6 nm
(Figure 4j). This is nearly identical to the Rq value of 8.3 nm
measured on the thin film that had not been in contact with
wet beads (Figure 4g). It can, therefore, be concluded that
changes to the thin film are limited to those areas in direct
contact with the swollen beads. Inside the contact area, the
thin film increases in height to 40 nm (measured 5 μm inside
the contact ring), and its Rq value decreases from 10.6 to 8.9
nm. A high roughness of 16.4 nm at the edge is caused by the
fractured surface. Based on this data, we propose that cellulose
chains from the swollen bead diffuse into and entangle with the
3D open network structure of the thin film. When pulling off
the dried bead, the interphase layer is stretched and the
roughness of the thin film inside the contact area increases
(Figures 4k and S7d).

Mechanistic Insights into the Adhesion of Cellulose/
Cellulose Interfaces. There are several potential mechanisms
that could explain the adhesion of two cellulose surfaces placed
in wet contact with each other as they dry. These include, but
are not limited to, mechanical interlocking, interdiffusion,
hydrogen bonding, induced dipoles, and electrostatic inter-
actions.19 It is still not fully clear which mechanism dominates
in the interphase between the cellulose beads or filaments and
the cellulose thin films. Likewise, it is not known what drives
the adhesion between wet, macroscopic, cellulose-rich fibers,
and the properties of the dried joints between these fibers.18,19

High-resolution techniques such as those developed in this
study are invaluable for developing our understanding of these
cellulose−cellulose interactions. Because the surface charge of
the cellulose used in the present work is very low, the
electrostatic interaction can safely be neglected. It is important
to mention that hydrogen bonding has basically no influence in
the making of the wet contact, where the long-range van der
Waals interactions have a much larger influence on bringing
the two surfaces together. However, the hydrogen bonding and
van der Waals interactions between dried beads and the thin
film, where the surfaces are in molecular contact, should be
similar for dried water-swollen and ethanol-swollen beads,
meaning the joint strength should be the same for dried water-
swollen and dried ethanol-swollen beads if they have the same
contact area with the thin film after drying, as the joint strength
is the area over which the interactions are occurring, times the
sum of the different interactions over this area. Because a large
difference in pull-off stress σs was observed for dried water-
swollen and ethanol-swollen beads, the molecular contact areas
between the cellulose beads and the thin film are much
different after drying. Therefore, there must be an additional
reason for increasing the molecular contact area, which is the
mechanism behind the detected differences in adhesive
interactions between the materials. Interestingly, a rougher
surface is observed on the dried beads close to, but outside of,
the contact area (Figure 4f). This is most probably due to
capillary forces, which will deform the surface of the soft
swollen bead, pushing it to the thin film surface. However, no
cellulose from the thin film was attached to the bead surface
(Figure 4f), and no cellulose from the bead was found on the
thin film at the position shown in Figure 4j. It can therefore be
concluded that (1) a direct mechanical interlocking mecha-
nism between the two surfaces cannot be the main
contributing factor to their adhesion and (2) interdiffusion
of mobile cellulose molecules in the early drying phase is not
sufficient to create a dense interphase layer. Therefore, we

Figure 5. Postulated mechanism behind the development of the adhesive interaction between the cellulose filament and the thin film with the
corresponding structural evolution of the interphase during drying.
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propose that, in addition to molecular interdiffusion, there is a
structural rearrangement in the later drying phase, which
increases the molecular contact area of the two surfaces. This
will naturally increase the strength of the joint between the
materials. This structural rearrangement is vital for the creation
of a larger interphase layer between the two drying surfaces, as
depicted in Figure 5. The cellulose molecular chains in the wet
filament or bead will slowly diffuse into the cellulose thin film
in the early drying phase. This process is then suddenly
followed by the creation of aggregated structures after drying
for approximately 63 min, according to μGISAXS results
(Figure 2). The formation of aggregate structures allows for
the creation of more interlocked structures, which, in turn,
increases the molecular contact area and leads to the increase
of adhesion between the two macroscopic bodies. This model
is consistent with the established theory that the fibrils on a
macroscopic fiber surface play a decisive role in the strength of
the cellulose fiber−fiber joints.56

■ CONCLUSIONS

Although it is not possible to directly verify the molecular
interdiffusion with μGISAXS, we have presented a new
analytical perspective for tracking the nanoscale structural
evolution and interactions at cellulose−cellulose interfaces
using μGISAXS and AFM. We have demonstrated that it is
possible to correlate the macroscopic mechanical properties
with the nanoscale supramolecular structural evolution. We
have shown that the strong adhesion between the two
noncrystalline cellulose surfaces is mainly due to the molecular
interdiffusion and structural rearrangement of cellulose at the
interface. To obtain a complete understanding of the complex
interactions between cellulose surfaces and their impact on the
properties of cellulose-based materials, more work is required.
We believe that this study provides a new strategy to prompt
further work to enhance our understanding of the solid/solid,
solid/liquid, or liquid/liquid interfacial structure between
different materials.
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