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ABSTRACT The efficiency of poly(ε-caprolactone) (PCL) as a matrix polymer for cellulose nanocomposites has been investigated at
the macromolecular contact level using atomic force microscopy in a colloidal probe configuration. Model cellulose microspheres
grafted with PCL were prepared via ring-opening polymerization. Force measurements between the functionalized particles revealed
the adhesion to be highly dependent on the contact time because of a diffusion-controlled mechanism. Moreover, an increase of the
temperature to 60 °C (close to Tm for the PCL graft) greatly enhanced the adhesion at the polymer-polymer interface, demonstrating
the importance of entanglements in the annealing of composite materials.
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Cellulose, as one of the most abundant polysaccha-
rides on earth, is highly desirable for use as a
reinforcement in the production of environmentally

sustainable nanocomposite materials because of the fiber’s
outstanding mechanical properties and inherent light weight.
When cellulose fibers are dispersed in synthetic biopolymer
matrixes, biodegradable nanocomposites can be manufac-
tured. The main advantages associated with cellulose fiber
reinforcement are its renewable and degradable properties
in combination with low density and high specific strength
(1-4). However, the limiting factor in the manufacturing of
high-performance biocomposite materials is the compat-
ibility between the fiber and the surrounding polymer
matrix. Generally, when a hydrophobic polymer matrix is
employed, the substantial difference in the surface energy
to the fiber yields inadequate adhesion, ultimately leading
to delamination (1, 2, 5). A number of studies report differ-
ent ways to improve this compatibility and increase the
adhesion between the matrix and fiber in the composite
material (3, 6). One approach is to use native biopolymers
that exhibit chemical character similar to that of cellulose.
For instance, physical modifications employing either un-
charged or ionic polysaccharides have shown improved
adhesion between cellulose fibers. These observations have
been made both macroscopically (7-9) and on the single
contact level (10-13). Although some emerging enzymatic
work on polysaccharide synthesis (14) is very promising, the
main advantages of synthetic polymers are still the versatility
and control governing the chemical composition and archi-

tecture of the macromolecules. The interfacial incompat-
ibility in this case can be compensated for if the matrix
polymer can be chemically anchored to the fiber. This can
be achieved by producing covalently bound macromolecular
grafts using either the “grafting-from” or “grafting-to” tech-
niques, where the former approach facilitates direct surface-
initiated polymerization and the latter refers to existing
macromolecules being chemically anchored to the substrate.

Promising polymers for biocomposite applications are
aliphatic polyesters, such as poly(ε-caprolactone) (PCL), a
semicrystalline polymer that most often is obtained via ring-
opening polymerization (ROP) of ε-CL (Figure 1) (15, 16).
ROP is a controlled technique that efficiently synthesizes
polymers with control over the molecular weight and en-
ables tailoring of end groups, as well as the design of
complex architectures (15, 16). Moreover, ROP can be used
to polymerize monomers in situ and thereby facilitate the
direct growth of polymers from a surface via the “grafting-
from” approach, resulting in end-anchored polymer brushes
(17-19). The “grafting-from” approach is more advanta-
geous than the “grafting-to” approach in terms of the higher
grafting density and molecular weight of the polymer brush
(20, 21). These parameters have been shown to have
significant effects on the interfacial adhesion (i.e., the strength
and toughness) between two immiscible surfaces (22-24).

The majority of studies that have been performed in the
past on improving compatibility in composite materials
focus on measuring macroscopic properties, such as wetting,
moisture adsorption, or the overall mechanical properties
(1, 2, 6, 25-29). The direct measurements of the effects on
chemical grafted cellulose composites on the single contact
level have been less extensively investigated. Atomic force
microscopy (AFM) in colloidal probe mode (30) has shown
to be a versatile tool in quantitatively measuring the nano-
scale interactions at biopolymer interfaces (12, 13).
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The successful grafting of biopolymers from cellulose
using ROP (31, 32) and the resulting improvement of the
macroscopic properties in composite materials have previ-
ously been reported by some of the authors (33). Although
the substrates used in those studies are adequate represen-
tations of the surface chemistry of cellulose, the rather high
surface roughness renders them nonideal for the quantifica-
tion of nanoscale interactions using the colloidal probe AFM
technique. In the present study, cellulose microspheres were
employed as model surfaces. The same types of particles
have previously been satisfactorily used in a range of studies
by some of the authors (11-13, 34). The main goal of the
present study was to elucidate the effect of grafting on the
interfacial adhesion between cellulose surfaces on the nano-
scopic level.

MATERIALS AND METHODS
Cellulose spheres [approximate diameters of 10 µm produced

from regenerated cellulose by the viscose process (Kanebo,
Japan)] were dried in a vacuum oven, at 50 °C for 24 h prior to
use. ε-Caprolactone (ε-CL), benzyl alcohol, tin octoate [Sn(Oct)2],
toluene (p.a.), tetrahydrofuran (THF, p.a.), and methanol (MeOH,
p.a.) were used as received.

Grafting of ε-CL via ROP. Cellulose model spheres grafted
with PCL were produced via ROP of ε-CL using a synthetic
approach similar to that in previous work (31, 32). Dried
cellulose spheres (0.5 g), ε-CL (19.5 g, 171 mmol), benzyl alcohol
(0.030 g, 0.29 mmol), and toluene (30 mL) were mixed in a
single-necked flask equipped with a magnetic stirrer. To remove
the majority of water in the system, 15 mL of solvent, i.e., water
and toluene, was distilled off. Thereafter, the flask was sealed
with a rubber septum and degassed by three vacuum/argon
cycles. A catalytic amount of Sn(Oct)2 (0.59 g, 3 wt % of
monomer) was added to the reaction mixture under an argon
flow, and the flask was then flushed for 15 min with argon. The
polymerization was allowed to proceed for 4 h, at 110 °C, and
the conversion of the monomer was estimated with 1H NMR
spectroscopy on the crude reaction mixture.

The product was dispersed in THF, after which the monomer
and the ungrafted, soluble PCL were removed from the mixture
via filtration. The filtrate was precipitated in methanol, and the
free PCL was characterized with 1H NMR spectroscopy and size-

exclusion chromatography (SEC). To completely remove un-
grafted PCL before surface characterization, the PCL-grafted
cellulose spheres (cell-g-PCL) were thoroughly washed by Soxhlet
extraction as well as dispersion in pure THF and filtration. The
washing was complete when no PCL was detected (via 1H NMR
analysis) in the filtrate.

Characterization. NMR spectra were recorded at 400 MHz
on a Bruker AM 400 using CDCl3 as the solvent. The solvent
signal was used as an internal standard.

Fourier transform infrared (FTIR) spectroscopy was con-
ducted on a Perkin-Elmer Spectrum 2000 FTIR equipped with
a MKII Golden Gate, Single Reflection ATR system from Specac
Ltd., London, U.K. The spectra were normalized against a
specific ATR crystal adsorption to enable a comparison between
the polymer-grafted cellulose substrates (32, 35).

SEC was performed using a TDA model 301 equipped with
one or two GMHHR-M columns with TSK gel (Tosoh Biosep), a
VE 5200 GPC autosampler, a VE 1121 GPC solvent pump, and
a VE 5710 GPC degasser, from Viscotek Corp. THF was used as
the mobile phase (1.0 mL/min). The measurement was per-
formed at 35 °C. The SEC apparatus was calibrated with linear
polystyrene standards, and toluene was used as flow-rate
marker.

Field-emission scanning electron microscopy (FE-SEM) im-
ages were recorded on a Hitachi S-4800 field-emission scanning
electron microscope. The samples were deposited on a mica
plate and then mounted on a substrate with carbon tape and
coated with 3 s of carbon (Cressington 108 carbon/A coater) and
then 2 × 4 nm gold/palladium (Cressington 208HR sputter
coater).

AFM. Force measurements and imaging were performed
using a MultiMode Picoforce atomic force miccroscope with a
Nanoscope III controller (Veeco; Digital Instruments, Plainview,
NY) equipped with a closed-loop scanner. In this study, the
colloidal probe technique (30), extended to include measure-
ments with cellulose-functionalized probes (34), has been uti-
lized. The measurements were conducted following the proce-
dures extensively described in an IUPAC report (36). The PCL-
grafted cellulose spheres (approximate diameters of 10 µm)
were attached to the end of the cantilever using a tiny amount
(∼1 fL) of epoxy resin (Araldite Rapid, Casco). The cantilevers
used were rectangular uncoated tipless silica cantilevers of type
CSC12/NoAl (MikroMasch, Estonia) with approximate dimen-
sions length ) 90 µm and breadth ) 35 µm. In order to obtain
accurate normal spring constants, the cantilevers were cali-

FIGURE 1. Schematic displaying the ROP procedure of surface-grafting PCL from cellulose spheres.
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brated using the AFM Tune IT v2.5 software (ForceIT, Sweden),
based on thermal noise with hydrodynamic damping (37-39).
Additional cellulose spheres (both neat and grafted) were glued
to a lower substrate (a mica sheet). Force measurements were
conducted between the upper functionalized probe and the
lower sphere (either neat or grafted) with a goal of elucidating
the effects of the graft on the interfacial adhesion. Moreover,
the effects of the contact time and temperature on adhesion
were investigated (after being in physical contact at a constant
normalized applied load of 14 mN/m). These parameters are
of high interest for the manufacturing process of novel high-
performance nanocomposite materials. Measurements were
conducted in air at room temperature (20 °C) and at 60 °C.
Typical force measurements were performed with a ramp size
of 2 µm at a rate of 2 µm/s. The zero separation was defined by
convention at a maximum applied load on approach where the
cantilever deflection linearly follows the extension of the pi-
ezoscanner (the constant-compliance regime). Strictly, of course
at that point the spheres have already made physical contact
and undergone some deformation. Similarly, upon separation,
it is difficult to sensibly define a point of zero separation because
the surfaces deform under adhesive force during separation. In
fact, the work required to achieve this deformation contributes
to the work required to separate the surfaces, and it is therefore
useful to define the zero separation in this way. (See refs 40
and 41 for a fuller discussion.) In order to verify the reproduc-
ibility, all measurements were repeated using at least three
different substrates for each condition. The effective interaction
radius of curvature, R, between the two interacting cellulose
spheres was calculated by

where R1 and R2 are the radii of the two cellulose spheres.
Imaging was performed in the tapping mode at 0.5 Hz with

a scan size of 2 µm × 2 µm using cantilevers of the type NSC14/
AlBS (MikroMasch, Estonia).

RESULTS AND DISCUSSION
NMR and SEC analyses were used to characterize the free

PCL formed in the ROP. The conversion for the ROP of ε-CL
was estimated as 95%, and the molecular weight (Mn) was
estimated as 19 700 and 28900 g/mol (Mw/Mn ) 1.9) using
1H NMR and SEC analyses, respectively. FTIR spectra of
ungrafted and thoroughly washed PCL-grafted spheres con-
firmed the presence of covalently anchored PCL (carbonyl
peak at 1730 cm-1; Figure 2).

The change in the overall surface morphology of the
spheres due to grafting was studied with FE-SEM, and the
detailed nanoscale structure was revealed by AFM imaging.
The results are displayed in Figure 3 (note that the size
difference of the spheres is due to the size variations of the
neat cellulose spheres used and is not an effect of the graft).
As seen, the neat cellulose spheres showed a detailed surface
topography, whereas the grafted cellulose spheres display
the expected lower roughness due to the leveling effect of
the thin polymer layer.

Adhesion Measurements. The force profiles upon
retraction between a PCL-grafted cellulose sphere and a neat
cellulose sphere and another PCL-grafted cellulose sphere
are displayed in Figure 4. The presented force curves were
obtained in air at room temperature (20 °C) after 5 s of
surface contact. In both cases, the adhesion is dominated
by a sharp transition with a “jump out” due to spring
instability, with a range of approximately 100 nm. Under
ambient conditions, this component is usually ascribed to a
combination of adhesion due to van der Waals forces and
any capillary forces (due to the formation of water conden-
sates around the contact area). Detailed studies of the
humidity effect on the adhesion of capillary condensates
between colloidal particles (42-44) have been performed
on a range of substrates, including cellulose (45, 46). This
adhesive minimum is marginally smaller for the symmetric

FIGURE 2. Normalized FTIR spectra of ungrafted and PCL-grafted
cellulose spheres.

R )
R1R2

R1 + R2
(1)

FIGURE 3. AFM tapping-mode height profiles with a scan size of
2 µm × 2 µm of ungrafted (left) and PCL-grafted (right) cellulose
spheres. Insets: FE-SEM images of the ungrafted and PCL-grafted
cellulose probes, respectively (diameters 10-15 µm).

FIGURE 4. Normalized force profiles upon retraction between a PCL-
grafted cellulose sphere and a neat cellulose sphere (gray triangles)
and another PCL-grafted cellulose sphere (black squares). The inset
shows a magnified part of the force curve between the two PCL-
grafted cellulose spheres. The displayed force curves were obtained
in air at 20 °C after 5 s of surface contact.
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case, probably reflecting the fact that polar contributions to
the interaction are slightly smaller when a PCL layer replaces
a bare cellulose surface. A striking difference between the
two curves is that the adhesive forces become much more
long-ranged between the two grafted surfaces. This signifi-
cantly increases the work required to separate the surfaces.
The reason for this improved “toughness” is the ability of
the PCL chains to interpenetrate and entangle with one
another across the interface. The grafted PCL chains oppos-
ing each other thus act as connector molecules (47), and the
physical entanglements lead to unraveling as the surfaces
are separated.

It has earlier been discussed that the separation of two
spherical surfaces in contact can be likened to a crack
propagation phenomenon; as the contact area shrinks dur-
ing separation, the perimeter of the contact propagates
analogously to a crack toward the center of the contact zone
(48, 49). With this in mind, it is possible to make a direct
comparison between the fracture toughness of the compos-
ites and the observed adhesion in single contacts. The
bridging effect thus provides a (dynamic) additional resis-
tance to fracture, which has been recently cited as a tough-
ness promoter mechanism in natural biocomposites such as
shells and bone via “sacrificial bonds” (50). The inset of
Figure 4 displays the typical “sawtooth” pattern originating
from the stretching and disruption of physical bonds as
observed in earlier work for other macromolecules (10-13).
By assuming that the molecular weight of the grafted
polymer is comparable to the analyzed bulk polymer (Mw )
5.49 × 104), then the extended contour length of the PCL
graft can be estimated (481 repeat units × 0.875 nm/repeat
unit) as 421 nm. The separation at which full detachment
occurs (500 nm) corresponds at about 60% of twice the
contour length (an extended chain per surface), reflecting
the physical limit of the two interacting PCL grafts. Indirectly,
these results also show the importance of chemical grafting
(i.e., covalent linkage to the cellulose) on the adhesive
toughness because the interface between the graft and the
neat cellulose sphere provides a model for the adhesion
strength of physisorbed PCL. This is under the assumption
that the end-anchored chains have an affinity to the cellulose
surface similar to that of the unconstrained polymer chains.

Figure 5 summarizes the adhesion results for the sym-
metric case with two opposing PCL-grafted cellulose spheres.
In all cases, the magnitude of the adhesion is increased with
an increase in the time for surface contact but the range of
the force, related to the toughness, was only marginally
affected under the same temperature conditions. This pre-
sumably reflects an increased number of chain penetrations
with the time of contact rather than an increased penetration
distance. Raising the temperature to 60 °C, which is above,
or close to, the melting point of the PCL graft (Tm ) 56 °C,
obtained by DSC), greatly increases the magnitude of the
adhesive force. This is not unexpected because the higher
mobility of the chains results in greater entanglement
between the polymer layers. The range of interaction is also
significantly longer (increased toughness) than expected

from the calculated contour length of the chains. We also
note that the length of the graft might differ from the
analyzed bulk polymer and that Mn of PCL obtained via SEC
(calibrated using polystyrene standards) has shown to be
considerably overestimated (15). Considering the latter, the
“real” value for the contour length (of the bulk species) could
be almost 50% lower. Nevertheless, because the obtained
value is a mean estimate of the length, the interaction is
most likely due to the entanglements of a few longer chains,
possibly combined with the physical deformation of the
spheres under the large adhesive force (51).

The focus of this study is on the forces on retraction
(adhesion), but information can also be contained in the
forces on approach, so these are briefly mentioned here.
Both the symmetric and asymmetric cases at 20 °C show
the same trend with a small, distinct jump (due to spring
instability) into contact from around 30 nm as a result of
van der Waals forces. The range of this attraction is in-
creased up to a factor 5 for the two opposing grafts at 60
°C, indicating macromolecular-mediated bridging effects
and plastic deformation. The range in this case increased
slightly with longer times of surface contact, indicating some
dynamic changes to the layer or the underlying cellulose.
Nevertheless, because the force measurements upon retrac-
tion show full reproducibility, any permanent alteration of
the layer, such as failure of either the chains or the underly-
ing cellulose as contributing to the unexpectedly long range,
can be ruled out. Finally, while it is known that a surface
elastic modulus can be extracted from the contact region of
the force curves (40), the modulus in this case is determined
by the cellulose rather than the thin grafted film (10).

In order to quantitatively compare the effects of the graft,
as well as the dynamic and temperature contributions to the
adhesion, the integrated work of adhesion was calculated
and plotted against the contact time (Figure 6). In all cases,
the time dependence (discussed above) on the adhesion is
present, but with characteristic differences depending on the
conditions used. After a certain time, a plateau is reached,

FIGURE 5. Normalized force profiles upon retraction between two
cellulose spheres both bearing PCL grafts. Measurements were
conducted in air at 20 °C (black curves) and at 60 °C (gray curves).
The multiple curves displayed in both cases are representative
measurements at increasing time of contact (0, 1, 5, 10, 30, and
100 s), as indicated by the arrows.
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which reflects the maximum adhesion obtained (on the
measured time scale). From the logarithmic plot, it is obvious
that the final adhesion obtained for the symmetric system
(squares) is considerably higher than that for the asymmetric
system (triangles) (about 50% at 20 °C). This is due to the
more favorable interactions and chain entanglements when
the two grafted layers are in contact. When the temperature
is raised, the chain entanglement effects become more
pronounced for the symmetric case as the mobility of the
chains increases, resulting in an increase of the effective
adhesion by a factor of 10. Interestingly, the time depen-
dence scales with t1/2 (see inset), which is characteristic for
diffusion-like behavior (52) and has been observed earlier
for other polymers (10, 53, 54). At longer time, when more
entanglements are formed, theory predicts a slower ln(t)
growth (52) (not reached within the experimental time scale
for this study). Nevertheless, it has previously been seen that
most of the interfacial toughness arises from the early stage
of annealing (54, 55). Moreover, the rate of diffusion is

increased at the higher temperature, which is not surprising
because the chains are then in a more fluidlike regime. The
asymmetric case also showed diffusion-like behavior but to
a much lower extent than that between the grafted layers.
Here the adhesion trend is opposite to that of the symmetric
case, with a small shift of the curves to lower values at high
temperature. Both the surface energy and any capillary
condensation contributions to adhesion are consistent with
the marginally reduced adhesion at higher T.

CONCLUSIONS
To our knowledge, this is the first time that colloidal probe

microscopy has been used to evaluate adhesion and its
mechanisms for bionanocomposite grafts. A major advan-
tage of the technique is that a single contact of well-defined
geometry is evaluated. The picoforce sensitivity of the
technique allows highly sensitive measurements of the
binding force to be made, which allows annealing times in
the range of seconds to be studied. Moreover, the small
applied forces mean that there is no damage to the films (the
reproducibility of the measurements bears testament to
this); thus, the same contact point can be evaluated repeat-
edly under different conditions, so very few samples need
to be prepared. In conventional macroscopic approaches, a
separate sample is required for each repetition of each
condition measured. While it is not suggested that colloidal
probe measurements will replace conventional adhesion
measurements and composite fracture studies, they provide
a useful screening process and require negligibly small
quantities of material. Further, they provide valuable insight
into the mechanism of adhesion. Macroscopic measurements
provide a single value of the adhesion force, whereas with
colloidal probe the force as a function of the negative load
(or separation) is obtained. Thus, the amount of deformation
of the contact, the degree of chain interpenetration, and
possibly just as significantly the rate dependence of the
release can all be extracted. The latter has a great deal of
relevance to fracture toughness.

In this first colloidal probe investigation of cellulose
surfaces bearing grafted polymers, a simple experimental
matrix has allowed us to demonstrate that there is no
intrinsic affinity of the PCL material for cellulose. In this case,
a conventional dispersion adhesion is observed without any
“chain adhesion”; i.e., the surfaces separate completely and
catastrophically at a given negative load. Conversely, when
the thin PCL film is chemically grafted to the surface, it is
unambiguous that a diffusion-based interpenetration of the
surfaces occurs, increasing adhesion and leading to a gradual
release of the surfaces, occurring over a significant separa-
tion range. This indicates that not only will a nanocomposite
based on this material combination be stronger but it will
also be able to resist local detachment of the matrix during
flexing, creep, shocking, and so on. Raising the temperature
at which adhesion is measured is analogous to annealing the
system, and it has been possible to quantitatively observe
the increased frequency of chain interpenetrations and
larger interpenetration distances, which can be related to the
molecular dimensions of the graft. Forthcoming extensions

FIGURE 6. Work of adhesion as a function of the contact time on a
linear scale (upper) and on a logarithmic scale (lower). The data
displayed are between a PCL-grafted cellulose sphere and a neat
cellulose sphere (triangles) and another PCL-grafted cellulose sphere
(squares). Measurements were conducted in air at 20 °C (solid
symbols) and at 60 °C (open symbols). The solid trend lines were
added to guide the eye, and the dotted lines indicate the ap-
proximate onset of the plateaus. Inset: Adhesion plotted as a
function of t1/2 between two cellulose spheres both bearing PCL
grafts.

LE
T
T
ER

2102 VOL. 1 • NO. 10 • 2098–2103 • 2009 www.acsami.org



to this study will thus focus on the effects of macromolecular
design (molecular weight and architecture) on the interac-
tions. Further, friction (lateral force) is known to be inti-
mately coupled to the interfacial adhesion (56, 57) particu-
larly for composite materials, and this will provide another
interesting avenue to pursue.
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for dried cellulose spheres in the Materials and Methods
section was changed and the correct version was posted on
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