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ABSTRACT: We investigate the influence of adsorbed water
on amorphous cellulose structure and properties, within the
full range of moisture content from the dry state to saturation,
by molecular dynamics simulation. Increasing water content
results in overall swelling, a substantial decrease in stiffness,
and higher diffusivity of the water molecules. The obtained
sorption curve as well as the range of swelling and weakening
are confirmed by experiments. The measured properties
undergo a noticeable change at about 10% of moisture
content, which suggests that a transition occurs in the porous
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system, indicating that the sorption process is stepwise. Our analysis of water network formation reveals that the onset of
percolation coincides with the moisture content at which a transition in the material properties is observed. An in-depth analysis
of the molecular mechanism of hydrogen bonding, van der Waals interactions, and water network in the two regimes enhances

the understanding of the adsorption process.

Wood, when exposed to moisture, undergoes changes in
its geometric structure as well as in its physical and
mechanical properties. The source for this moisture depend-
ence lies in its noncrystalline constituents, such as amorphous
cellulose (AC), a hydrophilic polymer found mainly in the
outer regions of crystalline cellulose fibers."” Because of its
porous structure and the presence of exposed hydroxyl sites of
glucopyranose rings, AC is hydrophilic and a water adsorber.
The adsorbed water is known to rearrange the structure of AC
and to drive changes in its mechanical properties and
geometry.”> While the structure of dry AC is well-known,*
the process of moisture sorption, being the subject of this
paper, has yet to be elucidated. The moisture sorption process
occurs at the atomic scale, and consequently molecular
dynamics (MD) simulations are an appropriate tool for
investigation.

Moisture-induced swelling and weakening, measurable at a
macroscopic level,"® lead themselves particularly well to be
observed at the atomistic scale. The swelling and weakening
have been hitherto considered linear processes.” Behavior
different from linear, observed experimentally at very low
moisture content, is often excused on the grounds of data
uncertainty.® MD simulations presented in this Letter reveal the
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existence of two regimes, separated by a transition region, that
can be observed in many properties when plotted as a function
of moisture content and that have not been reported before.
Employing an original constant-moisture content simulation
technique we answer the question of why sorption in AC is a
nonlinear process and what is its atomic origin. Finally, we will
show that the percolation of a water network occurs at the
transition between the two regimes where the properties we
have measured undergo marked changes in behavior.

In our simulation protocol, the amorphous cellulose systems
are formed from unconstrained crystalline chains® using the
same simulation conditions as in ref 5. The system is raised to a
high temperature, 700 K, in vacuum, where the chains are
allowed to amorphize, and then quenched to 300 K. The
calculations are done using a thermostat and barostat following
Hamiltonian dynamics in order to ensure the right measure-
ments of dynamical properties. The resulting systems have
nominal volume up to 40 nm® and comprise 2—4 cellulose
chains equivalent to 160—180 glucopyranose units. Throughout
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the simulation they are maintained at 300 K and pressure, p =
0. The AC systems are loaded with water molecules, by an
insertion method described below, to a moisture content, m,
between 0% and 50%, m = (mass of H,0)/(mass of dry AC).
We determine the H,O equation of state, i.e, m vs chemical
potential, y, and we measure the swelling strain €, the bulk
modulus K, and the H,O diffusion constant D, as a function of
m. The simulations are carried out using the GROMOS 53a6
united atom force field” with periodic boundary conditions and
long-range Coulomb interactions.

In order to form the m > 0 systems, simple point-charge
(SPC) H,0 molecules are placed at random positions with
random orientation. If the van der Waals radii of the placed
molecule and of the other molecules do not overlap, the
insertion is accepted and followed by a 1 ps equilibration. The
insertion is repeated until a desired moisture content value is
reached and then equilibrated for 1 ns. In this way the system
can be loaded to approximately 800 H,O molecules,
corresponding to m = 50%. Measurements of the properties
of the system are conducted at values of m that are spaced by
Am = 0.3%. The results reported are the average over three
independent systems in order to improve the statistics.

We note that a Monte Carlo simulation would sample the
phase space better; however, the high density of the system
makes the insertion highly inefficient. We decided therefore to
use MD with sufficient simulation time, in order to ensure good
sampling, according to the ergodicity theorem.'’

We begin the study of the H,O—AC system with the
equation of state of the H,O—AC, the m—py relationship. The
value of y equals to the free energy of H,O insertion under
constant volume and temperature conditions. Among numer-
ous methods that estimate free energy, the one-step
perturbation method is chosen, as it meets the criteria of the
simulated system and is not very time-consuming."" In order to
get free energy estimation, the Zwanzig formula'” is applied.
We show the results in Figure 1 as m vs RH, where RH is the
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Figure 1. Adsorption curve of amorphous cellulose measured by MD
and experimentally. The inflection point of the model curve occurs at
m = 11%.

relative humidity, the conventional surrogate for p, and
kyT In(RH) = py — pg (g is the chemical potential of
saturated vapor). On this figure we also show the measure-
ments of Beever and Valentine'® as closed circles. The good
agreement between the simulation results and experiment is
gratifying. In Figure 2 we show p as a function of m. We note a
qualitative change in the behavior of 4 as a function of m at m &
0.1. We will look at this point as we move on.
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Figure 2. Relative value of the chemical potential, yt, — 4, of adsorbed
water measured vs moisture content, m. The rate of decrease of the
chemical potential changes near m = 11%.

The most apparent macroscopic consequence of having AC
in the presence of H,O is that it takes up water and it swells. To
measure the swelling strain, defined by

V(m) — v(0)

€ e\M) =
swellmg( ) V(O)

(1)
where V(m) is the volume of the system at moisture content m,
we monitor the volume of AC as it is loaded with moisture. The
results are shown in Figure 3a. We note that the swelling curve
becomes linear at m ~ 0.1.

We next turn to measurement of the undrained bulk
modulus of the system as a function of m. We implement the
definition

K(m) = —vo«o(j—é)m N

by applying a uniform stress of 100 MPa and measuring the
resulting volume change. Up to this stress the system still
remains in the linear domain. The results are shown in Figure
3b. Note the abrupt change in the behavior of K vs m at m =~
0.1.

For a final measurement of the behavior of the system we
turn to a transport coefficient. We measure the diffusion
constant as a function of m. At each m we study the mean-
square displacement of all the H,O molecules in the system as a
function of time in its linear regime. We report the values of
diffusion coeflicient

m <(x - x0)2>
6t 3)

as D(m) in Figure 4. As with p, €., and K we see that there is
a qualitative change in behavior of D at m =~ 0.1.

It is apparent that there is an important change in the
response of the AC to moisture when the moisture content
exceeds about 10%. In order to examine what is going on, we
undertake a study of the structure of the H,O network that
resides in the AC system as m increases.

We expect the change in response of the AC system to
moisture to be related to the configuration of the H,O system
in the AC. As a first look at this system, we examine the water
density profiles (Figure Sa—d) for various values of m. These
profiles are obtained, with the system in thermal equilibrium, by
averaging water molecule positions over 1 ns. At low m the
water forms “islands”. As m increases separated clusters start to
merge. In order to provide an in-depth analysis of the
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Figure 3. (a) Two stages of volumetric swelling of amorphous cellulose. Swelling vs moisture content is strictly linear above m = 10%. (b) Decrease
of bulk modulus. Initially unaffected, the material loses its stiffness after the m = 8% threshold.
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Figure 4. Diffusion coeflicient of water molecules vs moisture content
reveals the existence of two regimes.

configurations of the H,O we undertake a study of H,O
clusters. The definition of a water molecule cluster is distance-
based. For each molecule in a cluster, the distance of its oxygen
to the oxygen of the nearest water molecule is less than the
parameter d,. We choose d, = 0.6 nm, corresponding to the
second minimum of the radial distribution function of SPC
water. We show the average size of clusters in the periodic box
and the number of clusters as a function of m in Figure 6. Up to
m = 0.08 the number of clusters increases, while the average
size of a cluster is below 10 H,O molecules. Once in the second
regime, the number of clusters decreases due to merging, and
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Figure 6. Number of clusters, average cluster size, and percolation
probability vs moisture content show two regimes: up to m = 10% the
number of clusters increases, cluster size is up to a few molecules, and
the H,O network is not percolating. Above that value, the percolation
is more likely to occur and the clusters merge.

the average size of a cluster increases quickly as plotted vs m.
Note the increasing standard deviation of cluster size.

We also show the probability of the percolation of the system
of clusters as a function of m in Figure 6. This probability
comes from the time average over the 1 ns trajectory. In a given
configuration, the value of percolation is binary (exists or not);
however, it can also be a fraction, when averaged over many
configurations. The network percolates when there is at least
one cluster that spans the box which, in terms of periodic

Figure S. Density profiles of the water phase (dark), showing merging clusters, at 1% (a), 6% (b), 35% (c), and 50% (d) of moisture content. (e)

Water network at m = 8%: the percolating cluster is red-highlighted.
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boundary conditions, means that there is at least one infinite
network of water molecules. The water is found to percolate at
m = 0.09 (where the probability exceeds 50%). It is at this
moisture content that the properties we have measured
undergo marked changes in behavior. Thus, the configuration
of the H,O system (network) is importantly involved in
determining this behavior.

In this Letter we presented a consistent framework to
investigate the adsorption in porous materials using atomistic
simulations. We have shown that, at low moisture content, a
state difficult to obtain in experiments without damaging/
changing the material, the behavior of a porous material is
different than at higher moisture content. Near the percolation
threshold, we saw many properties of the H,O—AC system
undergoing a qualitative change.

The moisture content, at which the H,O network starts to
percolate, separates the two regimes. The low moisture content
regime, up to the inflection point of the sorption curve, is
characterized by low diffusion, little swelling, and no change in
elastic modulus. The water clusters comprise up to 10 water
molecules, and the number of clusters increases with moisture
content. The H,0 molecules are mainly located in the existing
voids, strongly bonded to the cellulose sorption sites. This
causes the molecular transport to be very slow, resulting in
small diffusion coeflicient. The water present in AC does not
weaken the van der Waals and Coulomb interactions and
causes little swelling; hence, it does not influence the bulk
modulus.

Above m = 0.1 the H,O network percolates and the system
enters the second regime. The clusters start to merge,
decreasing in number and increasing in size. A linear swelling
curve is measured as the adsorbed water molecules push away
the cellulose chains, thus making space for more H,O
molecules, and every inserted molecule increases the volume
equally. Swelling occurs because the solvation pressure of the
fluid is significantly larger than the bulk pressure and results
from an interplay between adsorption energy, steric repulsion,
and cohesive forces, such as van der Waals or H-bonds.

In contrast to swelling, the decrease in stiffness is a more
complex process. It involves breaking of hydrogen bonds and
weakening van der Waals and Coulomb interactions, by
increasing the chain-to-chain distance, as well as an increase
in the surface area of the voids occupied by water. This kind of
softening behavior has been already observed experimentally in
other systems interacting with moisture.'*

Apart from water trapped at the sorption sites, there are
molecules that are not so strongly bonded to cellulose. This, in
turn, leads to greater mobility and thus an increase of the
diffusion coeflicient, such that a H,O molecule can move
through the porous network.'>'® We note that a slight decrease
in diffusion coefficient at high moisture content is measured for
some cellulosic materials, such as in refs 17 and 18. However,
such data come from measurements on composite materials
containing crystalline and noncrystalline cellulose. At high
water activities the crystalline cellulose restrains to some degree
the increase of porosity which results in a higher effective
density of the sorbed water and limits its diffusion. In the case
of pure amorphous cellulose, contrary to those containing
crystalline cellulose, the swelling is not restrained as the
amorphous matrix is soft and can easily yield to increase the
volume of the pores. For wood in general, the diffusion
coefficient increases with relative humidity throughout the
whole range.'*'*7*!

It is remarkable, although maybe fortuitous, that the
percolation co-occurs with the observed changes, although
there is no direct physical causal effect between the percolation
and the change of mechanical properties that are more related
to the breaking of hydrogen bonds and other structural
changes. The findings present in this paper may motivate
further synthesis and design efforts using cellulose as well as
synthetic polymers (e.g., hybrid nanocomposites or biomimetic
macromolecules).
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