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Response of adsorbed layers of hydroxypropyl
cellulose to variations in ambient humidity

Abstract The surface force balance
technique and atomic force micros-
copy were used to study variations in
the properties of adsorbed hydroxy-
propyl cellulose (HPC) layers as a
function of ambient humidity. The
relative humidity was varied from 0
to 97%. It was found that the fi-
berlike HPC layers shrink following
adsorption of moisture. On the basis
of the observed variation in the
thickness and compressibility of the
HPC layers, the hysteresis noted in
its compression—decompression
cycles, and the recovery of the

properties of the layer upon drying,
we proposed a two-step mechanism
of water sorption by fibers of HPC.
In the first stage, adsorption of
moisture is dominated by capillary
condensation in the voids and cap-
illaries of the fiberlike HPC layer. In
the second step, water penetrates
inside the fibers and forms a surface
gel, whereas the inner cores of the
fibers retain their rigidity.

Keywords Surface forces - Atomic
force microscopy - Hydroxypropyl
cellulose - Relative humidity

Introduction

Cellulose derivatives are used as viscosity modifiers in
waterborne paints [1], steric stabilizers of colloid parti-
cles [2], advanced humidity sensors [3], binders in the
granulation of pharmaceutical powders, and materials
for drug encapsulation [4, 5] and papermaking [6]. Ow-
ing to the limited flexibility of their molecules, cellulose
polymers form lyotropic liquid-crystalline phases [7];
this feature has potential applications in the develop-
ment of materials for nonlinear optics.

In all these applications, the performance of cellulose
polymers depends critically on their interactions with
water. For example, when cellulose derivatives are used
for vaccine and drug encapsulation, penetration of
moisture through the polymeric shell influences the
properties of drugs during storage. On the other hand,
in vivo swelling and dissolution of polymeric shells
control the speed of drug release and the transportation
of the drug to the required location. In another appli-
cation, when cellulose polymers are used as humidity

sensors, the efficiency of the sensor is determined by the
speed and the magnitude of the material’s response to
small variations in ambient humidity, as well as by the
reversibility of this response under conditions of in-
creasing or decreasing humidity.

In many applications, cellulose polymers are used as
thin, dry films, and the variations in their properties
occur on a submicrometer level. Examination of the
relationship between the amount of adsorbed moisture,
the structure of the polymer layer, and the variation in
the properties of the layer has stimulated substantial
interest in recent years [3, 8, 9]; however, most of studies
have focused either on characterizing the structure and
composition of the cellulose films [8], or on the kinetics
of water sorption [3, 9], or on changes in the mechanical
properties of the cellulose films, such as puncture
strength and elongation [10]. To the best of our knowl-
edge, the relationship between these factors for thin, dry
layers of cellulose derivatives has not been addressed.

Here, we employed the surface forces balance tech-
nique [11] and atomic force microscopy (AFM) to study
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the effect of variations in ambient humidity on the
properties of thin layers of hydroxypropyl cellulose
(HPC) self-assembled from aqueous solutions on a mica
surface. The variations in the thickness and the com-
pressibility of the HPC layers were studied by examining
the change in quasi-equilibrium normal interactions
between the films following their exposure to water va-
por. The ambient relative humidity (RH) varied in a
stepwise manner from 0 to 97%. The results of studies of
time-dependent shear interactions between HPC layers
equilibrated under different RH conditions are reported
elsewhere [12].

Experimental

Materials

HPC (M,,=370,000), ethanol (spectrophotometric grade), and »n-
heptane (reagent grade) were purchased from Aldrich Canada. The
water was distilled and passed through a Millipore Simplicity sys-
tem. First-grade muscovite mica was purchased from S&J Trading
(USA).

Prior to self-assembly of HPC on mica, the polymer was frac-
tionated by the addition of n-heptane (nonsolvent) to a solution of
HPC in ethanol (good solvent) [13]. Ethanol was distilled after
refluxing it with magnesium metal strips, whereas n-heptane was
dried by storing it for several days with sodium strips. About 8 g
HPC was stirred at room temperature for 16 +2 h with a mixture
of ethanol and n-heptane. The volume fraction of ethanol in the
mixture varied from 0.35 to 0.45. The clear solution containing a
lower-molecular-weight fraction of HPC was concentrated in a
vacuum evaporator for 3 h at 35 °C. The undissolved gel was
separated from the solution by decantation or centrifugation, dried,
and then dissolved again in the solvent mixture richer in ethanol.
After the completion of each step of the fractionation, the trans-
lucent HPC gel was separated from the supernatant liquid and the
next step of the extraction was carried out. In this work, we used
the polymer fraction with My, = 39,000 and M, = 23,000 determined
by gel permeation chromatography.

Methods
Atomic force microscopy

Dry layers of HPC were imaged in contact mode with a Picoscan
AFM (Molecular Imaging, Phoenix, Ariz.), using pyramidal silicon
nitride tips. The cantilever spring constant was 0.58 or 0.38 N/m.
Both height and deflection mode images were taken simulta-
neously. The scan rates varied in the range 1-2 Hz.

Freshly cleaved mica sheets were exposed to 103 g/ml aqueous
solutions of HPC for 12+ 1 h, after which they were washed in
pure water, dried in a laminar flow cabinet for about 4 h, and then
immediately examined by AFM. To image the structure of the
HPC layer in water, a magnetic alternating current mode was
employed, in which an oscillating magnetic field was used to drive
the cantilever of the atomic force microscope with a spring constant
of 0.1 N/m. The images presented in this work were obtained
repeatedly in at least five different spots of the sample.

Surface forces measurements

The surface forces experiments were carried out using the surface
forces balance technique described in detail elsewhere [11, 14]. The

normal force, F, acting between the two macroscopic, atomically
smooth mica plates was measured as a function of the distance, D,
between the surfaces and the ambient RH. The measurements of D
were carried out using the optical interference technique by moni-
toring the variations in positions of fringes of equal chromatic
order (FECO). The results of the measurements are presented as
force—distance profiles F(D)/R=f(D), where R is the radius of
curvature of the surfaces.

Back-silvered mica sheets with a thickness of about 2 pm were
glued, using thermosetting epoxy glue EPON-1004, onto two cy-
lindrical quartz lenses and mounted in a cross-cylindrical configu-
ration into the surface forces apparatus (SFA). A beaker with P,Os
was introduced into the apparatus, and filtered dry nitrogen was
purged through the chamber for 12 h. Then, the mica surfaces were
brought in contact, and the “contact” position of the FECO was
measured for D=0. The apparatus was then brought into the
laminar flow cabinet, and the lenses with the mica sheets were
removed from the apparatus and immersed into the 10~ g/ml so-
lution of HPC for 12 h. Following the adsorption of HPC on the
mica, the surfaces were washed with pure water, dried for about
4 h, and placed back in the instrument. A beaker with fresh P,Os
was introduced into the SFA, and the chamber was purged again
with dry nitrogen for 12 h, after which the normal forces were
measured between the mica sheets covered with the dry HPC layers.
The surfaces were then separated to a distance of about 2-3 mm,
and the RH in the surface force was increased in a stepwise manner
by introducing into the SFA beakers with saturated salt solutions.
The salt solutions used to control the vapor pressure in the appa-
ratus and the corresponding values of the RH are shown in Ta-
ble 1. The replacement of beakers containing salt solutions was
carried out in the laminar flow cabinet in dust-free conditions. For
each value of the RH, prior to measuring the surface forces, the
HPC layers were equilibrated for about 24 h. For RH=23%, the
first measurement was done after 3 h. After finishing a series of
experiments for increasing RH, the salt solutions in the SFA were
subsequently replaced to decrease the humidity from 97 to 0%.

The SFA experiments were performed at 24+ 1 °C. We report
the results of four independent experiments.

Water sorption

Glass vials containing about 0.1 g HPC each were introduced into
the sealed chamber. The value of the RH in the chamber was
controlled either by introducing P,Os and purging dry N, through
it to achieve RH=0 or by introducing into the chamber the satu-
rated salt solutions listed in Table 1. For each value of the RH the
system was equilibrated for 24 h, after which the vials with the
HPC samples were weighed with an accuracy of 0.0002 g. To ac-
count for adsorption of water vapor by the glass walls of the vials, a
control experiment was carried out for each value of the RH by
measuring the change in the weight of an empty vial placed into the
same chamber. For each value of the RH, two independent mea-
surements were performed. The error in these experiments did not
exceed +0.04%.

Table 1. Selected saturated salt solutions and corresponding val-
ues of relative humidity at 25 °C [26]

Electrolyte solutions Relative humidity (%)

Potassium acetate 22.51+0.32
Potassium carbonate 43.16+0.39
Sodium chloride 75.29+0.12
Potassium sulfate 97.30 £0.45
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Results

The variation in the weight of HPC following adsorp-
tion and desorption of moisture at different ambient RH
is shown in Fig. 1. In this graph, the concentration of
water, €, in the HPC sample is plotted as a function
of RH, where e =Wryg—WRH-0/WrH; WRH 1S the weight
of the HPC sample after its equilibration for 24 h at a
particular value of the RH and wgry—g is the weight of
the sample in dry nitrogen. When the humidity in-
creased, the amount of adsorbed moisture in the HPC
gradually increased (Fig. 1, curve a). The sorption of
water increased significantly for RH>43%, and for
RH =97%, € reached its maximum value of 18 wt%. In
the next series of experiments, the RH in the chamber
was reduced in a stepwise manner, and the decrease in
the weight of the HPC was measured by following the
water desorption (Fig. 1, curve b). The shape of the
curve €=f(RH) was similar to that obtained in experi-
ments for increasing humidity; however, the process of
water desorption occurred at a slightly slower speed, and
for the same exposure time a larger amount of water was
immobilized by the HPC layer. The difference in € in-
creased with the RH and for RH=75% it was about
3 wt%.

Following these experiments, the structure of the self-
assembled HPC layers was studied using AFM. The
AFM images of the HPC layers adsorbed from polymer
aqueous solution at cype=1.0x10" g/ml are shown in
Fig. 2. Figure 2a shows the surface of the mica after 10-
min exposure to the solution of HPC. Small globules of
HPC with a diameter of about 40+ 10 nm randomly
covered the surface of the mica. Following a longer
adsorption time of about 30 min, these globules devel-
oped into short rodlike structures with a thickness of
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Fig. 1. Variation in the concentration of water, ¢, in hydroxypro-
pyl cellulose (HPC) as a function of relative humidity (RH). The
open and the filled symbols correspond to experiments with
increasing and decreasing humidity, respectively
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Fig. 2a—c. Atomic force microscopy images of the HPC layers
adsorbed from 1.0x10°3 g/ml aqueous solution. Adsorption of
HPC globules onto the mica surface after a 10 min, b 30 min, and ¢
12 h. a and b were taken in HPC solution. ¢ was taken for RH=0

about 40 nm and a length of about 150 nm, as shown in
Fig. 2b. After 24-h adsorption, the HPC layer gained a
well-defined, close-packed, fiberlike —morphology
(Fig. 2¢). The individual fibers had a thickness about
170 £ 10 nm, and the root-mean-square roughness of the
layer did not exceed about 5 nm. The adsorbed HPC
layer was relatively soft, especially after exposure to
water vapor, and repeated scans noticeably enhanced the
orientation of the HPC fibers. Exposure of the HPC
layers to water vapor did not change the layer
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Fig. 3. Surface forces profiles 8000
measured on approach of HPC-
covered mica surfaces
equilibrated for 24 h under
conditions of different ambient 6000
humidity: RH=0% (squares);
23% (triangles), 43% (circles), —_
75% (diamonds), and 97% £
(crossed squares). Surface forces =
profile measured after 3 h = 4000
exposure at RH=23% (stars) ' 4

o

2000

morphology, and even after equilibration at RH=97%
the layer retained its fiberlike structure.

The relatively minor roughness of the fiberlike HPC
layers enabled us to examine these layers using the sur-
face forces balance technique. Typical force profiles
obtained by approaching the mica surfaces covered with
HPC and measuring the normal quasi-equilibrium forces
acting between them are shown in Fig. 3. For RH=0
(Fig. 3, curve a) the onset of the long-range repulsion
forces occurred at 2,750 +£50 A, while for D<2,300 A a
“hard-wall” repulsion was measured and the surface
separation did not decrease further for F/R exceeding
10* uN/m.! After increasing the RH to 23% and equil-
ibrating the surfaces under these conditions for 24 h, the
onset of repulsion shifted to about 1,500 A (Fig. 3,
curve b). The shift occurred relatively rapidly: when the
surfaces were maintained at RH =23% for 3 h, the force
profile moved inwards 1,050 A (Fig. 3, profile b’), while
after another 21 h the onset of repulsion was changed by
only 200 A. A further shift in the onset of the repulsive
forces to about 1,250, 1,100, and 1,050 A was measured
when the RH increased to 43, 75, and 97%, respectively
(Fig. 3, profiles c—¢), however, the decrease was less
dramatic than that observed upon the increase of the
RH from 0 to 23%. During compression, the force
profiles measured for RH >43% featured a relatively
shallow initial increase in the repulsion force, which
depended on the value of the RH. In contrast, the slope
of the hard-wall part of the force—distance profiles
showed a weak dependence on the RH.

Following measurements at RH=97%, the humidity
of the air in the SFA was reduced in a stepwise manner
and the HPC layer “recovery” was studied by equili-
brating the layer for about 24 h for each value of the

! The onset of repulsion was verified in several experiments and for
several contact positions
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RH. The recoveries of the position of the hard wall
and the onset of normal interactions were determined
separately, as is shown in Fig. 4. The former parameter
was defined as D]—]W’ DH/DHW,IHa where DHW,DH and
Dyw u are the distances between the mica surfaces for
which hard-wall forces were measured in experiments
with decreasing and increasing RH, respectively. The
recovery in the onset of the surface interactions was
characterized as Dy pu/Do1u, where Do py and Dy are
the separations between the surfaces at which repulsion
between them commenced for decreasing and increasing
RH, respectively (see inset to Fig. 4). A comparison of
the Do pn/Don ratios for different values of the RH
shows that upon drying, the HPC layer completely re-
covered its original thickness; however, the position of
the hard-wall part varied significantly for different RHs.
For the high values of the RH (e.g. for 75%) almost
complete recovery occurred (Dpw pa/Duaw.n~1), while
for the low values of the RH (0 and 23%) the position of
the hard wall shifted inwards (DHW,DH/DHW,IH < 1), in-
dicating that the layer was more compliant upon drying.

The effect of the RH on the response of the HPC
layer in compression—decompression cycles was studied
by comparing the force profiles measured on approach
and separation of the surfaces. For RH=97%, several
contact times were examined, varying from about 2 to
20 min. The results of force measurements are presented
in Fig. 5. The hysteresis in the surface force profiles
measured on approach and separation of the HPC-
covered surfaces depended on the value of the RH in the
experimental chamber. For RH =0%, the normal forces
measured in compression—decompression cycles were
somewhat different in the shallow part of the profile, i.e.,
repulsion commenced at a distance about 200 A shorter
upon their separation. However, in their rigid part the
force profiles measured in compression and decompres-
sion were very close. No attraction was observed at
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Fig. 4. Recovery of the ad-
sorbed HPC layer based on
comparison of force profiles
shown in the inset. The recovery
of the layer thickness ( filled
diamonds) was calculated as

Do pn/Do 1 (see text). The re-
covery in the layer compress-
ibility (open diamonds) was
characterized as Dyw pu/

Dyw u. Inset: force profile
measured following an increase
(filled symbols) and a decrease
(open symbols) in RH: 0%
(squares) and 75% (circles)

Extent
of layer recovery

0.70
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Fig. 5. Normal forces profiles
measured for increasing hu-
midity on approach ( filled
symbols) and separation (open
symbols) of the HPC-covered
surfaces RH: 0% (squares),
23% (triangles), 75% (dia-
monds), and 97% (crossed
squares, stars) Inset: force pro-
files measured on approach and
separation of the HPC-covered
surfaces for RH=75% in ex-
periments with decreasing hu-
midity. The arrows show the
positions of abrupt jumps of the
surfaces apart, for which a
“pull-off” force was measured
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RH =0 on both approach and separation, in contrast to
the results obtained for dry cellulose surfaces [15]. The
profiles measured at 23% <RH <75% showed no no-
table hysteresis upon approach and separation of the
surfaces, i.e., the onsets of repulsion and the slopes of
the forces profiles were very close. For RH=75% a
weak hysteresis was measured: the force profile mea-
sured on separation moved about 150 A inwards. The
major difference between the forces measured in the
compression and the decompression cycles was observed
for RH=97%. While on approach the surfaces exhib-
ited repulsion, upon separation an attraction force of
about 560 uN/m was measured for D=740 A. The
magnitude of attraction force increased to 1400 uN/m
when the surfaces were maintained under compression
to 600 A for 20 min. Upon drying the layer, for RH=0,
23, and 45% the force hysteresis measured in the com-
pression—decompression cycles was similar to that in

D[A]

experiments performed for increasing humidity. The
difference existed for RH=75% only. While in experi-
ments with increasing RH, the repulsion forces were
measured both on approach and separation of the sur-
faces, in experiments with decreasing RH a noticeable
attraction force of about 500 A was measured when the
surfaces receded (Fig. 5, inset).

Finally, since it was anticipated that following an
increase in the RH, the binding energy of HPC to mica
could be reduced, the variation in the lateral mobility of
the layer and possible “pressing out” of the layer from
the gap between the surfaces was examined by careful
inspection of the appearance of the FECO patterns, as
described by Lowack and Helm [16]. First, the variation
in the shape of even interference fringes was monitored
when the surfaces approached and separated at RH=0.
No change in the shape of the even fringes was observed
following an increase in the normal force to up to
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10,000 puN/m. When the RH was increased to 23% and
the normal force reached about 1,000 uN/m, the tips of
the even fringes became rippled. Upon surface retrac-
tion, the shape of the even fringes returned to its original
state only after 6 =2 h. Following an increase in the RH
to 75% and then to 97%, the shape of the even fringes
did not change significantly: for a particular normal load
(typically about 500-700 uN/m) some undulations
appeared on the tip of the fringes; these distortions
annealed 1-2 h after surface separation.

Discussion

Cellulose ethers have amphiphilic nature resulting from
the presence in their molecules of hydrophilic glucose
groups and hydrophobic alkyl chains; therefore, cellu-
lose derivatives adsorb on both hydrophilic and hydro-
phobic surfaces [17]. Adsorption of HPC on mica most
likely occurs via interactions of glucose units with the
hydrophilic surface of mica. On the other hand, HPC is
a typical associative polymer, often used as an associa-
tive thickener, and in semidilute solutions it forms su-
pramolecular structures [18]. This feature explains the
adsorption of scarce HPC clusters on the surface of mica
following its short time exposure to the polymer solu-
tion, as is shown in Fig. 2a. A gradual temporal trans-
formation of the clusters into fiberlike filaments and
then into mature close-packed fibers is a characteristic
hierarchy in self-assembly of macromolecules with lim-
ited flexibility [19]. A substantial compliance of the HPC
layer is typical for the fiberlike layers formed by rela-
tively low molecular weight polymers: a similar feature
was earlier observed for short-chain ‘“hairy-rod” poly-
peptide molecules adsorbed on mica [20]. Despite its
reasonably small roughness, the HPC layer contained
many voids and capillaries whose role in sorption of
water will be discussed later.

In the surface force measurements, the distance be-
tween the surfaces corresponding to the onset of normal
repulsion forces gives approximately the double thick-
ness of the adsorbed layer; hence, the original thickness
of the fiberlike layer of HPC on mica at RH=0,
dupc.ra =0, Was 1,375+25 A. This value was close to the
thickness of a single layer of HPC fibers adsorbed on the
mica substrate.

The variation in the thickness of the HPC layer fol-
lowing an increase in the amount of adsorbed water in
the layer in experiments with increasing RH is shown in
Fig. 6a. In this figure, the relative change in the thick-
ness of the layer is expressed as dypc ru/dnpc.rH=0,
where dypcru is the layer thickness measured for a
particular value of RH. The values of dypcru and
dupc.ru—o were found from Fig. 3, whereas the con-
centration of water in the HPC layer for each value of
the RH was obtained from Fig. 1, curve a.
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Fig. 6. Effect of the concentration of adsorbed water in the HPC
layer on (a) the relative reduction in layer thickness and (b) the
compressibility of the layer: soft part ( filled squares) and ‘“hard
wall” (open squares). The variation in the thickness of the HPC
layer is expressed as dypc.ru/dupc,ru—o0, Where dypcru is the
thickness of the layer for the particular value of RH and dypc ru-0
is the thickness of the layer measured in dry air. The concentration
of water in the layer for each value of the RH is extracted from
Fig. 1, curve a

Several striking features follow from the comparison
of Figs. 1 and 6a. First, when the humidity increased
from 0 to 43%, the increase in the concentration of
water in the layer was about 2%. Nevertheless, ab-
sorption of this relatively small amount of water by
HPC caused a reduction in the layer thickness by a
factor of 2.5. Second, a further increase in the RH to
75% and then to 97% led to a substantial increase in the
water concentration in the HPC layer. Nevertheless,
under these conditions the thickness of the layer de-
creased by less than 10% in comparison with the value
measured for RH=43%. Overall, following an increase
in the RH in the SFA from 0 to 97% the thickness of the
HPC layer shrank to about 40% of its original value.

The variation in the compressibility dD/d(F/R) of the
HPC layer following an increase in the amount of
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moisture in the layer is shown in Fig. 6b. The com-
pressibility for different values of the RH was extracted
from the slopes of the logarithmic-linear graphs F/
R=f(D) in Fig. 3. When the amount of water in the
HPC was below 3 wt%, the compliance of the layer did
not change notably. A significant increase in compress-
ibility occurred when the concentration of adsorbed
water exceeded 8 wt% for RH =75%, and especially for
RH =97%. In the latter case, the compliance of the layer
was 3 times as great as for RH=0%. In contrast, the
compressibility of the rigid part of the HPC layer did not
noticeably change with an increase in the RH, as can be
seen from Fig. 6b. It should be noted that even for the
thinnest and the most compliant HPC layer equilibrated
under RH=97%, the mica—mica contact was never
reached, indicating that under compression the adsorbed
layers remained in the gap between the surfaces. More-
over, to the best resolution we never observed black
holes on the tips of even fringes, indicating the discon-
tinuity of the refractive index of the HPC layer.

The change in the thickness of the adsorbed HPC
layers in response to increasing RH could be caused by a
combination of four effects: increase in the layer thick-
ness owing to penetration of water to the HPC—mica
interface and swelling of HPC, on one hand, and thin-
ning of the layer owing to an increase in the lateral
mobility of HPC molecules and partial polymer disso-
lution on the other hand.”> While all four factors could
partly contribute to the variation in layer properties, the
net change in the layer thickness was dominated by the
last two factors, which will be discussed later.

The increase in the lateral mobility of adsorbed
molecules in response to increasing RH was thoroughly
studied for monolayers of surfactants and polyelectro-
lytes [16, 21, 22]. In our work, the rippled shape of even
fringes pointed to the change in the layer topography
and to possible lateral transfer of HPC for F/R> 500-
1,000 uN/m. However, for weaker forces no change in
the FECO was noticed; thus it was assumed that the
layer thickness measured at F/R<10 uN/m was not af-
fected by lateral expulsion of HPC from the gap between
the surfaces. In contrast to thin confined films studied
previously [16, 21, 22], annealing of the deformed HPC
layers took a relatively long time after surface decom-

2 Localization of water at the mica—HPC interface following an
increase in the RH was observed in several AFM experiments. It
should be admitted that mica is a very hydrophilic substrate and,
hence, can play a crucial role in adsorption of water by the HPC
layer. In fact, owing to this effect the concentration of moisture in
the HPC layer adsorbed on mica can be higher than measured in
the weighing experiments. Nevertheless, the position of the “rigid
wall” measured under strong compression and especially the results
obtained in shear studies of adsorbed HPC layers indicate that on
the experimental time scale HPC—mica interactions are sufficiently
strong and are not screened by the water located at the interface
between the mica and the HPC.

pression, which could be caused by the fiberlike struc-
ture of adsorbed HPC.

In contrast to the change in layer thickness, weaker
binding of HPC to the substrate at high RH could play
an important role in studies of HPC compressibility.
Indeed, with an increase in the RH, the compliance of the
soft part of the layer increased significantly; however, this
effect was not amplified for high normal loads, as it could
be anticipated that substantial lateral transfer of HPC
took place. On the contrary, for the high normal loads an
increase in the RH did not play a crucial role in the layer
compliance, as is shown in Fig. 6b, open symbols.

The variation in the properties of the adsorbed HPC
layer in response to increasing humidity, as well as the
change in the compressibility of the layer, can be best
explained by the change in its supramolecular structure,
as is illustrated schematically in Fig. 7. For simplicity, a
single mica substrate is shown, covered with a monolayer
of HPC fibers. In Fig. 7a a dry, fiberlike HPC layer is
sketched, which has the largest thickness and the highest
resistance to compression in comparison with the layers
equilibrated at higher values of the RH. When the hu-
midity in the chamber increased from 0 to 43%, ad-
sorption of water on the fiberlike layer most likely
occurred owing to capillary condensation in the voids
between the HPC fibers, which resulted in the formation
of numerous air-water menisci (Fig. 7b). In addition,
molecular adsorption of water molecules occurred on —
O-H and -C = O sorption sites in the glucose units on the
surface of HPC fibers. Water is a relatively good solvent
for HPC: the Flory—Huggins parameter is 0.43 [23]; thus,
following the formation of water channels between the
HPC fibers, the polymer began to dissolve, and the layer
shrank, as shown in Fig. 7c. The reduction in the layer
thickness occurred owing to a significant free volume in
the layer localized in the capillaries and pores between
the fibers, as well as inside the fibers, which had a net-
work structure [24]. As the RH increased, water diffused

B Surface gel
B Hard core
O Water molecule

r

(d)

Increasing humidityr

Fig. 7a—d. Transformation in the structure of the fiberlike HPC
layer following adsorption of water. For simplicity, only a single
layer of fibers is shown on the mica surface. a Dry HPC layer; b
capillary condensation of water vapors in interstitial space between
fibers; ¢ dissolution of the outer part of the HPC fibers; d formation
of surface gel
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toward the inner part of the fibers (Fig. 7d); however, the
same slope of the hard-wall part of the force profiles
measured for RH varying from 0 to 97% indicated that
even for RH =97%, water did not reach the inner part of
the fibers. The variation in the properties of the adsorbed
layer, such as its thickness, recovery upon drying, com-
pliance, and hysteresis in compression—decompression
cycles was governed by the change in the soft shell of the
fibers which contained most of the adsorbed water. The
structure of this shell, especially for e=18 wt%
(RH=97%), could be best represented by that of the
surface gel [7]. The process of gelation in the outer part of
the adsorbed HPC layers at high values of RH explained
the more gradual decrease in the layer thickness for
RH >45%, since water sorption led mostly to an increase
in the concentration of moisture in the gel-like layer, and
the substantial increase in the layer compliance shown in
Fig. 6b. The appearance of attraction between the sur-
faces measured for RH=97% and the dependence of the
magnitude of the attraction force on the contact time
indicated that time-dependent structural rearrangements
and molecular interpenetration occurred in the com-
pressed gel-like layer.

Similarly, weak hysteresis measured in compression—
decompression cycles for RH <45% indicated that fast
relaxation of the HPC layer occurred after its compres-
sion, which resulted from the weak penetration of water
inside the fibers. The structure of the HPC layer at
RH=75% is marginal. In experiments with increasing
RH, an amount of water of about 7.3% caused weak
hysteresis in the compression—decompression profiles;
however, the forces acting between the surfaces on their
approach and separation remained essentially repulsive
(Fig. 5). In experiments with decreasing RH, the con-
centration of moisture in the layer was 10.0 wt%, i.e.,
somewhat higher owing to the slower desorption of the
water immobilized in the gel-like layer. In addition, the
distribution of water in the gel-like HPC layer equilibrated
for a longer time under high ambient humidity could be
more uniform. Both factors lead to attraction between the
HPC layers upon their decompression (inset to Fig. 5).

A striking feature of the HPC layers is their “mem-
ory,” i.e., the almost complete recovery of the layer
thickness when the RH in the apparatus decreased from
97 to 0% (Fig. 3, filled symbols). This recovery, caused

by evaporation of water from the soft shell of the fibers,
was practically independent of the value of the RH.

In contrast, the recovery in the compressibility,
characterized by the position of the hard wall in Fig. 4,
depended on the value of the RH. For RH=75%, the
layer compliance did not change notably, whereas for
RH=0 and 23% (i.e., for essentially rigid fibers) the
compressibility of the layer reduced significantly. Since
the concentrations of water in the layer in experiments
with increasing and decreasing RH were very close, the
different compliance of the layer could be caused by the
irreversible structural rearrangements in the gel-like shell
of the fibers following their equilibration at different
RH. These changes occurred owing to the interaction of
water with HPC rather than as a result of the layer
compression, since for low RH a very weak hysteresis
was measured in approach—separation cycles.

Conclusion

We have characterized the variation in normal quasi-
equilibrium interactions between adsorbed HPC layers
as a function of ambient humidity. Our results reveal
that the fiberlike HPC layers shrink following adsorp-
tion of moisture presumably owing to a significant free
volume in the layer. The variations in the layer thick-
ness, the compressibility, the compression—decompres-
sion hysteresis, and its recovery upon drying were
explained by the existence of two types of structure in
the HPC layers. For low RH, adsorption of moisture by
the fiberlike layer occurs owing to capillary condensa-
tion. When the ambient humidity is high, water pene-
trates inside the HPC fibers, and the resulting structure
is a rigid fiber core coexisting with the surface gel-like
shell. The formation of the surface gel on the surface of
the fibers following adsorption of moisture has impor-
tant implications on fiber—fiber bonding (especially,
time-dependent interactions) and their interactions with
other materials, for example, inorganic particles [25].
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