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ABSTRACT The transition between good and poor solvency conditions was studied for cellulose interacting in an aqueous environment
as a function of the pH and ionic strength as well as for cellulose with weakly ionizable grafted groups. For uncharged cellulose, poor
solvent conditions were observed for a pH range of 4-10 and an ionic strength between 0.1 and 10 mM, as demonstrated by the
characteristic constant force plateau in the single-molecule force spectroscopy data as a function of the polymer extension. The
magnitude of the force plateaus was quantized, indicating that on occasion more than a single cellulose chain was stretched into
solution. Charged cellulose was also studied with a transition from poor to good solvency observed by an increase in the pH of the
solution well above the pKa of the carboxyl groups. This transition was characterized by a fundamental change in the form of the
force data as a function of extension from the constant force plateau (poor solvent conditions) to the nonlinear increase in adhesion
due to elastic stretching (good solvent conditions). Using this single-molecule technique, the Kuhn length of cellulose was determined
to be 3.8 Å from the fit to a freely jointed chain model. Furthermore, the loop distribution under the good solvent conditions was
studied as a function of the pH and ionic strength. The distribution became more compact as the influence of the charged groups was
reduced through an increase in the screening or a reduction in the charge density, with chain association dominating because of
strong hydrogen bonding.
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INTRODUCTION

There has been renewed interest in naturally occurring
biopolymers such as cellulose for materials applica-
tions because of their relative abundance, economic

viability, and environmentally sustainable production (1). In
order to extend the use of this important resource chiefly
found in the load-bearing components of plant cell walls, a
further understanding of the interaction and compatibility
of cellulose with other materials, both organic and inorganic
in nature, and in a variety of media such as air and aqueous
solution and in other solvents must be gained.

Understanding both the inter- and intramolecular interac-
tions between cellulose chains will provide valuable insight
into the mechanisms of adhesion so important to many
natural systems such as in the plant cell wall and also
industrial systems such as paper and textiles (2–4). Previous
studies into the adhesion between cellulose surfaces have
tendedtofocusonmacroscopicorensemblemeasurements(5,6).
The Hamaker constant, a measure of the apparent attractive
dispersion forces between cellulose surfaces, has been
determined from spectroscopic ellipsometry and directly
measured using colloidal probe microscopy (7, 8). The
thermodynamic work of adhesion has also been determined
using a JKR-type microadhesion apparatus (9). Furthermore,
a measure of the adhesive interactions between cellulose-
based materials has been performed using both tensile and

peel-testing procedures (10, 11). With all of these techniques,
significant uncertainties in the measured values exist chiefly
because of the poorly defined interaction geometry due to
roughness. The conformation of individual cellulose chains
at the interface and the relative contribution of these single
macromolecules to the measured adhesive energy remain
largely unknown.

The adhesion and stretching of single cellulose chains in
an aqueous environment are yet to be fully investigated, and
indeed few experimental techniques exist to directly probe
statistically improbable events such as polymer loop seg-
ment bridging. One such available technique, often termed
single-molecule force spectroscopy, has been used in the
investigation of the conformation of adsorbed polymers or
polyelectrolytes at an interface (12–14) and for polysaccha-
rides specifically (15–17). Bridging polymer loops are
stretched as the two surfaces are separated under well-
defined solvent conditions. The corresponding force-
separation curve generated from the experiment is charac-
teristic of the solvent quality, either good (Langevin shape
indicative of a dominant elastic stretching contribution) or
poor (so-called Plateau shape due to “unzipping” of the
polymer segments from the substrate) (18, 19). The Lan-
gevin profile arises from the energy required to stretch all
polymer segments into the trans configuration and hence
maximize polymer-solvent interactions. However, the Pla-
teau profile, characteristic of poor solvency, is due to the
removal of sequential monomer segments from the ef-
fectively better solvent conditions in the globular phase,
which for all monomer segments requires the same energy,
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in principle. Thus, it has been well established that the form
of the force-distance data upon separation of the surfaces
as single polymer chains are stretched is indicative of the
solvent quality for a given polymer-solvent system. Indeed,
the switching from a good to a poor solvent for single
polymer chains upon action of an external stimulus can be
probed using this experimental technique. Possibly the best
example of this effect is seen for poly(N-isopropylacryla-
mide) in water, with the external stimulus being temperature
here (20). Senden et al. showed that below the lower critical
solution temperature (LCST) a Langevin force profile was
apparent, in agreement with polyNIPAM under good solvent
conditions. However, above the LCST, the Plateau force
profile was observed, characteristic of poor solvency and
demonstrating that the single-molecule stretching experi-
ments are highly sensitive in probing solvency change.

Other stimuli that may be used to induce a change in
solvency include the pH (21) and ionic strength (20), par-
ticularly when the single molecules under investigation are
polyelectrolytes. Here, the stretching of single cellulose
chains into aqueous solution is studied using a scanning-
probe-based single-molecule technique, with and without
weakly ionizable groups grafted to the macromolecular
backbone. Previous studies have suggested some limited
affinity of cellulose for water based upon surface force
measurements on the approach of two cellulose surfaces
because of the presence of an observed steric interaction (3,
22–24), while in other studies, these steric layers are not
present (3, 8, 25).

Previous single-molecule stretching experiments involv-
ing cellulose have indicated, for the most part, poor solvency
under a range of aqueous conditions; however, this largely
depends on the preparation method of the cellulose surface
(15–17). The shape of the force-separation curve will
provide insight into the solvency of cellulose in aqueous
solutions. This present study looks at the effect of the
presence of charged groups on the observed interaction
profile and hence infers the solvency of cellulose in aqueous
solution. The carboxylic acid groups grafted to the molecular
backbone should have the 2-fold effect of reducing intermo-
lecular hydrogen-bonding interactions between crystalline
cellulose regions as well as improving the solvophilicity of
the cellulose chains when these charged groups are dissoci-
ated. Furthermore, the strength of inter- and intrachain
association may be probed by altering the solution condi-
tions, in particular, the pH and ionic strength, which will
influence the charge dissociation and hence the swelling of
these cellulose films (4, 26).

EXPERIMENTAL SECTION
Cellulose Film Preparation. Cellulose thin films supported

on an oxidized silicon wafer were prepared according to a
previously described method (27). A 0.5% (w/w) solution of
cellulose in N-methylmorpholine oxide (NMMO) was prepared
by dissolving 0.1 g of dissolving-grade pulp (Domsjo Fabriken,
Västernorrland, Sweden) in 20 g of the solvent supplied as a
50% (v/v) NMMO/water solution (Sigma Aldrich, Madion, WI)
at 110 °C. After approximately 1 h, the cellulose was completely
dissolved, at which point the solution was diluted with dimethyl

sulfoxide to give a final volume of 50 mL. The cellulose solution
was spin-coated onto a smooth oxidized silicon wafer pretreated
with poly(vinylamine) (BASF, Ludwigsafen, Germany). The spin-
ning parameters were 1500 rpm for 45 s, which produced
cellulose thin films of approximately 40 nm as measured by
ellipsometry.

Thin films of the semicrystalline cellulose of two different
charges were, furthermore, prepared: the first was simply the
native charge of the dissolving-grade pulp, and the second was
cellulose with grafted carboxymethyl groups prepared according
to the method of Walecka (28). The charge on the cellulose was
measured using conductometric titration and found to be 425
µequiv/g or a degree of substitution of 7%. Previous studies
have shown that the carboxylic acid groups are retained in the
prepared surfaces (25, 29).

Single-Molecule Force Experiments. Force measurements
were performed in aqueous solutions of NaCl (Sigma, Australia)
with the pH adjusted using an appropriate amount of either HCl
or NaOH. All solutions were prepared with Milli-Q water and
used within 24 h.

A multimode scanning probe microscope (Veeco, Fremont,
CA) was used for the single-molecule force experiments. A
silicon nitride cantilever (Veeco) with a tip radius of 5-10 nm
and a spring constant of 0.06 N/m was used after calibration
using the thermal noise method (30). For each of the solution
conditions tested in this study, a minimum of 100 force-
extension curves were measured, with the data presented here
representative for each condition. The maximum applied load
was 20 nN, and the pulling velocity was 400 nm/s.

RESULTS AND DISCUSSION
Figure 1 shows a typical force-distance curve upon

separation of a silicon nitride atomic force microscopy (AFM)
cantilever from a spin-coated cellulose film in an aqueous
electrolyte solution with the pH adjusted to 4 and a 1 mM
background electrolyte concentration. Cellulose, under these
conditions, would have a minimal amount of charged groups
from possible degradation or hydrolysis reactions and as
such may be expected to behave as close to the naturally
occurring material as possible. Indeed, in previous surface
force measurements using similarly prepared cellulose thin
films, the attractive van der Waals interaction dominated
and no surface potential was measured under the same
solution conditions (8).

In Figure 1, a number of Plateau events are observed
upon separation of the tip away from the cellulose substrate,
indicating poor solvency of cellulose under these solution

FIGURE 1. Force-distance curve upon separation of a silica nitride
tip from an uncharged cellulose surface at pH 4 and a 1 mM
background electrolyte concentration. Constant force plateaus are
observed at approximately integer multiples of 80 ( 5pN.
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conditions. The constant force depth as a function of the
polymer chain extension arises because of the effective
“unzipping” of monomer units away from their anchoring
points at the interface. Indeed, in the pH range of 4-10 and
with an ionic strength of 0.1-100 mM NaCl, only the
Plateau-type force-separation curves were measured. These
constant-force plateaus are observed in approximately 40%
of the force-separation curves; however, the significantly
larger primary adhesion at short surface separations is
always present. Interestingly, the magnitude of the plateaus
is quantized, indicating that multiple chains are pulled into
the poor solvent. The force plateaus are approximately
integer multiples of the lowest observed force magnitude of
80 ( 5pN. In the study of Radtchenko et al., force plateaus
of similar magnitude were also observed; however, they
suggested the presence of a plateau in the force magnitude
of 40 pN followed by plateau values at the even integer
multiples (17). Here, no evidence of this plateau was ob-
served. If the cellulose polymer chain is approximated as a
cylinder (20), then the force required to pull the chain into a
poor solvent is given by F ) 2πrγ, where r is the molecular
radius and γ is the surface energy of cellulose (31), taken to
be 54.5 mJ/m2. When this is applied to the force plateau of
80 pN, the radius is calculated to be 2.3 Å or of the molecular
dimensions as expected for single linear polymer chains.

Cellulose films with grafted charged groups were also
prepared to investigate the possibility of tuning the solvency
from poor to good depending on the solution conditions.
Figure 2 shows the interaction between the Si3N4 tip and a
cellulose film, where 7% of the monomers have had car-
boxyl substituents grafted in place of a hydroxyl group. The
carboxymethylated cellulose now behaves as a weak poly-
electrolyte and, as such, the polymer solvency will be highly
influenced by the solution pH and ionic strength. Under
solution conditions where the charge on the cellulose is
maximized, such as in, for example, high pH and low-to-
intermediate ionic strengths, the observed interaction is now
of the Langevin type. The representative force-interaction
curve in Figure 2 demonstrates that only a small amount of
charge is sufficient to alter the solvency of the cellulose
chains from poor to good.

Previously, attempts have been made to fit the nonlinear
interaction curves using different models based around the
Langevin function (32–34) with the Kuhn length and contour
length as fitting parameters. These theories have, further-
more, been extended to incorporate contributions to the
overall force from bond length and bond angle deforma-
tions. However, in many cases, the simplified freely jointed
chain (FJC) or wormlike chain suffices, particularly for low
force extensions, where the bridging interactions of the
polymer with the tip or surface are weak. Figure 2 shows
an example of the good solvent interaction of cellulose with
the best fit using the FJC model, the fitting parameters
employed here were a Kuhn length of 3.8 Å and a contour
length of 112 nm, under these solution conditions. This
experimentally obtained Kuhn length is in good agreement
with measurements for other polysaccharides using a similar
single-molecule stretching technique (35) and suggests that
the presence of a minimal number of grafted charge groups
on the cellulose polymer does not significantly increase the
stiffness of the polymer chain through intramolecular charge
repulsions and electrostatic contributions to the Bjerrum
length. It must be stated, however, that there is significant
scatter in the fitted values for the Kuhn length determined
using this AFM-based technique, with molecular dynamics
simulations perhaps a more reliable method for calculating
the persistence lengths of polymers and polyelectrolytes.
This is particularly important because the Kuhn length
measured using this single-molecule technique is signifi-
cantly less than that determined from simulation and light
scattering because of the scale dependence of the electro-
static persistence length, particularly under high force (36, 37).

At pH 8, which is significantly greater than the pKa of the
charged carboxyl groups, the solvency of the individual
chains was probed as a function of the ionic strength. Figure
3 shows representative interaction curves for the charged
cellulose chains with decreasing NaCl concentration. As the
ionic strength is increased up to 10 mM (curve a), the Plateau
force-separation shape is observed. Furthermore, a com-
bination of the two is seen at an intermediate ionic strength
of 1 mM (curve b). Increasing the ionic strength of the
solution will screen the charges on the cellulose polymer
chains, effectively reducing the persistence length and caus-
ing a rod-to-globule transition. Thus, the solvency of the

FIGURE 2. Langevin-type interaction curves measured between a
charged cellulose film and the Si3N4 tip at pH 8 and a 0.1 mM NaCl
background electrolyte solution. Force-extension curve fit to a FJC
model for charged cellulose at pH 8 and 0.1 mM ionic strength.
Fitting parameters are a Kuhn length of 3.8 Å and a contour length
of 112 nm.

FIGURE 3. Force-distance curve of charged cellulose pulled into
solution. The curves are offset for clarity of presentation. Curves a-c
show charged cellulose as a function of decreasing ionic strength at
pH 8 from 10 mM to 1 mM to 0.1 mM.
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charged cellulose at high pH is very sensitive to the ionic
strength of the solution into which it is stretched. At an
intermediate ionic strength of 1 mM NaCl, the combination
of the two solvency regimes is interesting. Such behavior is
consistent with that reported by Chatellier et al., who suggest
that the Debye screening length is the critical factor in
determining the onset of the Plateau region (18). However,
in their study, the Plateau region began at surface separa-
tions greater than one Debye length, in agreement with
predictions based upon scaling arguments. Here in this
study, for a salt concentration of 1 mM, the Debye length
should be on the order of 9 nm, but Figure 4 shows that there
is still significant nonlinearity at surface separations much
greater than this, which is somewhat surprising. It should
be noted though that the form of the force curve is rather
different from what may be expected for a purely good
solvent interaction, which may be fit with a characteristic
Langevin function. The shorter Debye length associated with
a further increase of the ionic strength up to 10 mM suggests,
within the force and separation resolutions of this single-
molecule stretching technique using the AFM, that the
charged cellulose polyelectrolyte molecules should essen-
tially behave as their uncharged analogues. Figure 3 con-
firms that for ionic strengths of 10 mM and greater only the
Plateau-type poor solvent interactions are observed.

The carboxylic groups grafted to the cellulose are weakly
ionizable. Therefore, it is expected that there may be a
possibility to tune the solvency of the weak polyelectrolyte
molecules by altering the solution pH. With the charged
cellulose at a high ionic strength of 10 mM, all of the force
curves indicate poor solvency under the pH range of 4-10
studied here. At a lower ionic strength of 0.1 mM, if the pH
of the solution is reduced to on the order of a pKa of the
charged carboxyl groups at pH 4-5, then the force-distance
interaction is dominated by the poor solvent interaction, as
shown in Figure 4. However, with an increase of the solution
pH beyond 5, the good solvent regime can be observed.

Using this single-molecule stretching experimental tech-
nique, it is, hence, possible to predict the onset of poor
solvent conditions as a function of the pH and ionic strength
based upon the force-distance interaction profile. Further-
more, the presence of charged groups will play a significant

role in the effective solvency of cellulose. For uncharged
cellulose, comparable to the naturally occurring material,
only the Plateau-type force curves were observed, indicating
that cellulose has a poor affinity for aqueous solvents.
However, when the charge on the cellulose polymer is
maximized through carboxymethylation, the solvency can
be improved. Previous studies examining the force response
of polysaccharides have only focused on this good solvency
regime where chair-boat transitions have been observed
(12, 35, 38). No force-induced twisting of the pyranose ring
was observed here, in agreement with predictions from ab
initio calculations of the separation of glycosodic oxygen
atoms (35) as well as direct force measurements of highly
charged carboxymethylated cellulose (38, 39).

Figure 5 shows a compilation of the Plateau-type interac-
tion curves for the various solution conditions where the
cellulose chains are stretched into a poor solvent. This figure
shows that the magnitude of the force Plateau is the same
for the various solution conditions and charges on the
cellulose. This suggests that the presence of carboxyl groups
does not significantly alter the molecular dimensions of the
polymer or the surface energy. The surface energy of
naturally occurring cellulose is dominated by the dispersive
component (2) so that the addition of only a small amount
of charge will increase the polar component only slightly.

This single-molecule stretching technique may also be
used to derive the loop distribution of the macromolecules
at the interface by statistically investigating the extension
of the cellulose chains. Senden and co-workers derived the
theoretical loop distribution through simple scaling argu-
ments (40). On the basis of the earlier work of de Gennes
(41–43) and supported by the theory of Guiselin (44), they
showed that for neutral polymers two regimes could be
described depending upon the penetration of the AFM tip
into the interfacial polymer layer, with the assumption
that the tip does not significantly alter the adsorbed layer
conformation. For the first regime, where the correlation
length of the semidilute solution is greater than the surface
separation and the monomer volume fraction varies as a
function of the distance, the loop distribution, S(n), scales
with the length of the chain, n, according to S(n) ∼ n-11/5.

FIGURE 4. Force-distance curve of charged cellulose pulled into
solution as a function of the pH at a constant ionic strength of 0.1
mM. The force profile changes from Plateau events to good solvency
as the pH is increased. The curves are offset for clarity. Closed
symbols are for pH 4, and open symbols are for pH 8.

FIGURE 5. Combined Plateau events for both uncharged and charged
cellulose under poor solvent conditions. The Plateau events are
quantized with the depth equivalent even after the introduction of
grafted carboxylic acid groups. A total of 80 Plateau events are
shown, with the depth measured as a function of the separation
where the cellulose chain ruptures.
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However, if it is assumed that the AFM tip does not
penetrate the layer to any great extent such that the
monomer volume fraction is constant and the surface
separation is greater than the correlation length, the loop
distribution scales as S(n) ∼ n-3/2. The theory of Guiselin,
also based around scaling arguments, however derived
from considering a polymer melt in contact with a hard
wall in the absence of any free polymer in solution, a so-
called “Guiselin brush”, confirms this power law relation-
ship of S(n) ∼ n-3/2 for the distribution of loops. Thus, for
neutral polymers in the absence of significant intrachain
association and in good solvent conditions, a plot of the
log(frequency) of events versus log(contour length) should
yield a slope of -3/2, which has been experimentally
verified (37, 40).

Here, the force-extension curves for the charged cel-
lulose under good solvent conditions were subjected to this
above-described loop distribution analysis. Figure 6 shows
the loop distribution for the charged cellulose at an ionic
strength of 0.1 mM at pH 5 and 9. Under these conditions,
a previous study showed that the surface potential of simi-
larly charged cellulose films increased significantly with
increasing pH (4). It is, hence, expected that the loop
distribution should be somewhat different as a function of
the pH because the higher charge should result in more
extended polymer segments. However, it should also
be borne in mind that no steric force was observed in the
previous surface forces study and that the charged cellulose
surface itself should be considered to be more like a poly-
electrolyte gel, with many polymer loops and segments
accessible to an AFM tip, than like a discrete interface.

In Figure 6, if the data for loop segments at very short
surface separations are ignored, the frequency of the loops
decays with distance in a linear fashion. The reason for
neglecting the data at short separation is due to the difficulty
in determining the point of zero separation in an AFM force
experiment, particularly when polymers are at the interface.
Zero separation is defined as the onset of the constant
compliance region on the force-distance curve, that is,
where a linear motion of the surface results in a linear output
of the detector (45). As such, for the case of polymeric
surfaces, there may be a significant error of up to a few

nanometers in the defined zero separation between the tip
and surface due to pinned polymer chains. This error in the
surface separation will hence have a far greater impact on
the measurement of loops of shorter chains than longer
chains.

Figure 6 shows that there is a significant difference
between the loop distributions at pH 5 and 9. Interestingly,
the slope at pH 9 is close to that predicted from scaling
theory for a neutral polymer in a good solvent, -3/2. This
suggests that while the presence of a minimal number of
charged groups on the cellulose macromolecules gives rise
to a good solvent interaction, the charged cellulose behaves
more similarly to a neutral polymer than a rigid rodlike
polyelectrolyte, where the observed slope will be signifi-
cantly less than -3/2 (40). It is likely that, at pH 9 and 0.1
mM ionic strength, there is only a sufficient charge on the
cellulose to overcome the strong intra- and intermolecular
hydrogen bonding common in cellulosic systems (10, 11, 46).
This is supported by the data for the loop distribution at pH
5. The slope increases for pH 5, indicating that as the charges
on the cellulose are neutralized the intermolecular hydrogen
bonding begins to dominate over the electrostatic compo-
nent, resulting in a quicker decay for the observed loop
distribution due to chain association.

The loop distribution was also measured as a function of
the ionic strength and is shown in Figure 7. The electrostatic
contribution to the persistence length is screened as the
background electrolyte concentration is increased. This
causes a collapse of the extent of the loops into solution, and
hence there is a significant increase in the slope of the
distribution, as shown in Figure 7, at the higher ionic
strength of 1 mM. Higher ionic strengths resulted in poor
solvent interaction.

CONCLUSIONS
From the force-extension profiles under the aqueous

solution conditions studied here, uncharged cellulose is
always pulled into a poor solvent, as demonstrated by the
Plateau events. However, when charged groups are intro-
duced onto the cellulose backbone, the solvency of the
individual polymeric chains can be tuned, depending on the
charge density and solution conditions, which include vari-

FIGURE 6. Loop distribution of charged cellulose as a function of
the pH in a background electrolyte of NaCl with a concentration of
0.1 mM. Closed squares are pH 5, and open triangles represent
pH 9.

FIGURE 7. Loop distribution of charged cellulose as a function of
the ionic strength of the NaCl electrolyte solution at a constant pH
of 9. Closed diamonds are 1 mM salt concentration, and open
triangles are 0.1 mM salt concentration.
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able pH and ionic strength. Under poor solvent conditions,
the depth of the Plateau events indicates that single mol-
ecules are bridging the surface. Furthermore, the presence
of grafted carboxyl groups did not change the magnitude of
the constant force plateau values when the solution condi-
tions favored poor solvency. For good solvent conditions,
the Langevin force-extension curves may be fit using a FJC
model with a Kuhn length on the order of ∼3.8 Å. Under
these good solvent conditions, the loop distribution of cel-
lulose at the solid-liquid interface was determined and
found to agree well with scaling theory predictions for
conditions when the charged cellulose may be expected to
be fully dissociated and with minimal screening due to the
background electrolyte. A reduction in the pH and therefore
the charge density or an increase in the ionic strength
resulted in a more compact loop distribution presumably
because of the strong intra- and interchain association of
hydrogen bonding becoming dominant over the electrostatic
repulsion between charged groups. Hence, using this single-
molecule stretching technique, the solvency of cellulose
chains as a function of the charge may be studied both
qualitatively in terms of the force-extension profiles and
quantitatively in terms of the polymer parameters.
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