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Wood, as a natural adsorbent and significant building material, features complex biopolymer
composition and hierarchical porous structure, endowing it with distinguished sorption properties
accompanied by sorption-induced deformation. In former molecular simulation studies, sorption,
deformation and coupled sorption-deformation have been studied for single-scale materials, but
scarcely for materials where micropores (< 2 nm) and mesopores (2-50 nm) coexist. The present
work, dealing with a mesoscopic slit-pore between two slabs of amorphous and microporous
cellulose, aims at modeling sorption and sorption-induced deformation in hierarchical cellulosic
porous structures. Specifically, the atomic system is numerically modeled by a hybrid workflow
combining molecular dynamics (MD) and grand canonical Monte Carlo (GCMC) simulations. The
results clarify the multiple sorption/deformation mechanisms in the porous materials with different
slit-pore sizes, including water filling in micropores, surface covering at slit-air interface and
subsequent capillary condensation in mesopores. In particular, before capillary condensation, the
sorption behavior of AC matrix of the hybrid system is almost the same as for bulk AC, in which
sorption and deformation enhance each other through sorption-induced swelling and additional
sorption in the newly-created voids. Upon capillary condensation, however, interaction between the
micropores and mesopore emerges. Water molecules in mesopore exert a negative hydrostatic
pressure or tensile stress perpendicular to the slab surface on the matrices, resulting in an increase
in porosity and water content, a decrease in distance between the center of mass (COM) of the slabs
and thus a thinning of the slit-pore. Notably, the micropore space in slabs induced by either sorption
stress in matrices or capillary forces in slit-pores is saturated with water once it has been created.
As described by Bangham’s Law, the surface area of the rough slit-pore slab increases
proportionally to surface energy variation during surface covering. For the system comprised by
compliant polymers like AC, however, the surface area enlargement is not resulting in an in-plane
swelling as expected, but in an in-plane shrinkage along with an increase in local roughness or

irregularity (an accordion effect).



1. Introduction

Wood is a natural fuel and construction material that has been ubiquitously used for thousands of
years!. In the past decades, through material modification and bio-mimetic technology, the
application of wood, or wood-derived materials has further extended to emerging high-tech fields'?
like flexible electronics>?, clean energy’*, bioengineering>®, agriculture’® and so on. Such
advances are largely attributed to the growing knowledge on the morphology, structure and chemical
composition of natural wood, which endow the material with its specific mechanical, thermal or
optical properties!?. Generally, wood is a lignocellulosic compound possessing multi-scale
hierarchy in porosity, composed of the micrometer-or-millimeter-sized lumina surrounded by the
cell walls, the micrometer-sized pits traversing the cell walls and the nano-sized pores distributed
within the cell walls'7. Notably, the nano-sized pores buried in the cell walls also exhibit hierarchy
ranging from micropores (< 2 nm) to mesopores (~2 nm)®°. Despite the similarity in the cell-wall
composition (mainly cellulose, hemicellulose and lignin) and the general geometry, the variability
in the cell-wall microstructure, cell size, shape and wall-to-lumen ratio leads to a large diversity in
wood anatomy among tissue types and tree species’.

Wood-moisture interaction induced by the hydrophilic composition or hierarchical porous structure
is another intriguing topic, since wood-based materials in most practical scenarios are frequently
subjected to changing moist atmospheres. Typical scenarios include but are not limited to the
furniture or buildings exposed outside, the smart windows for optical regulation® and the water-
retaining agents for plants®°. To elucidate the mechanisms and effects of wood-moisture interaction,
numerous experimental studies on the water sorption isotherms or dynamics in natural/engineered
wood are reported'®!3. Despite the variation in wood species, sample sizes and measurement
methods, the produced adsorption isotherms display similar patterns like initial quick adsorption,
steady increase midway and steep growth at near-saturation point!®. Remarkable hysteresis
throughout the hygroscopic range is commonly recognized, falling into none of the empirical
classifications of International Union of Pure and Applied Chemistry (IUPAC)!* and with hybrid
feature'!. There is also a consensus that the distinguished properties in wood-moisture sorption and
hysteresis are a combined contribution of the coexisting micropores and mesopores in wood'!.
Meanwhile, the adsorbents composed of flexible bio-polymer like wood are subjected to substantial
deformation. Such deformation is induced by the change of energy landscape in wood due to water
presence, and will further impose counteractive effects on its sorption properties through the
variation in pore size. With the development of microscopic imaging technologies, the anisotropic
sorption-induced deformation in woods can be visualized and correlated to its inter-cell and intra-
cell geometric anisotropy'>!¢. Meanwhile, non-homomorphic deformation is reported'”, suggesting
an asynchronous swelling/shrinking in pores with different scales. It is also worth noting that
hysteresis in sorption and swelling/shrinkage strain persist throughout the hygroscopic range!”-'3.
Contact angle variation between capillary condensation and evaporation is a prevailing
interpretation for sorption/strain hysteresis'’, but it can only account for the hysteresis under high
RH in mesoscopic capillaries'®. Instead, the coupling between sorption and deformation'® can
explain the all-region hysteresis in wood-moisture interaction. Such complicated pattern of
deformation and its coupling to sorption further complexify the research in wood sorption-
deformation coupling mechanism upon water sorption.

Despite the lack of quantitative analysis, it is widely accepted that the specific adsorption isotherm
shape, the non-homomorphic deformation and the remarkable hysteresis in wood are largely



attributed to the compliant, hydrophilic matrix and the hierarchical porous structure ranging from
micropores to mesopores. Advances in the mechanism of wood-moisture interaction are anticipated
once the contribution of pores with different sizes is clarified and differentiated. However, since
practical materials always display multi-scale hierarchy, long-range (compared to cell dimension)
heterogeneity'6, complicated intrapore connectivity'”, irregular cracks and defects'’, this object is
hardly achievable based on experimental observation only.

Molecular simulation is then proposed as a potential alternative to experiments, due to its flexibility
in micro-structure construction and capability to convey atom-level information. Pre-existing wood-
related studies based on molecular simulation are mainly focused on the cell-wall matrices without

2022 and the relevant structure-property relationships®'~24. Besides, except the work of

mesopores
Vandamme, previous sorption-related studies based on molecular simulation employ either purely
microporous materials>>2’ or a standalone mesopore?®3°, This author’' has investigated the
adsorption of carbon dioxide into a linear poroelastic coal bed methane reservoir with both
micropores and mesopores. Regardless of the hierarchical nature in porous structure, this study
assumes a universal sorption mechanism—surface covering for all pores. Accordingly, the sorption

stress in the coal bed can be predicted by Gibbs’ adsorption isotherm as

Ay=-["1(4)du (1)
where y, 4 and " respectively denote the surface energy, chemical potential and surface
adsorption amount per unit area. In brief, Eq.(1) states that the surface energy variation due to
surface covering is an integral of adsorbed density with respect to chemical potential.
Wood is different from the coal bed since it is made up of an amorphous cluster of polymer chains
adsorbing water molecules not only via surface covering but also by water filling in the micropores
and capillary condensation in the mesopores. Molecular simulation on such nonlinear flexible
polymers with multiple sorption mechanisms is not available, leaving a niche in the computational
investigation of the sorption-deformation coupling in hierarchical porous structure.
Here, in this study, we attempt to elucidate the mechanism of sorption-deformation coupling in
wood cell wall by means of molecular simulation on a wood-inspired model structure: a hierarchical
porous structure encompassed by soft, hydrophilic bio-polymers. The first part of this paper is
dedicated to the methodology in model structure construction, simulation implementation, data
reduction and treatment. The obtained results are then analyzed in the second part, followed by a
discussion on the implication of our study, along with its limitation and improvement direction. This

work is then summarized in a conclusion.

2. Methodology

2.1 Objective of Research

This work aims to grasp the sorption-deformation characteristics in wood, as driven by the soft,

hydrophilic matrices with hierarchical porosity, based on molecular simulation. However, given the

limitation in speed and size of current molecular computing technology, it is almost infeasible to

replicate all chemical and structural details of natural wood in simulation. Hereby, the following

simplifications are adopted to establish a system showing essential structural features and allowing

computational feasibility.

1. Mainly focused on the structural effects, the chemical composition is simplified to pure
amorphous cellulose, which is hydrophilic and flexible as wood cell walls.



2. Only one-layer of hierarchy is employed in porosity, namely, micropores naturally present
among bio-polymers and a meso-scale pore (1-4nm) corresponding to the void formed between
the microporous matrices.

3. Topological details of the pores are neglected and a simple structure of slit-pore is considered
(Fig.1(a)).

4. To further lighten the computational burden, a slit-pore with two slabs of thin cell walls is
isolated from Fig.1(a) and the constraint imposed by the omitted surrounding bulk material is
supplemented by a linear spring connected between the centers of mass (COM) of the two slabs
(Fig.1(b)). Spring forces will be generated once the COMs’ distance deviates from the initial
length and distributed to each cellulose atom with mass-weighted proportion.

I

| meso-scale
i slit pore
I

Fig 1 Schematic of the objective system. (a) A mesoscopic slit-pore (1-4 nm) buried in infinite
microporous matrices consisting of amorphous cellulose. (b) A mesoscopic slit-pore (1-4 nm)
sandwiched between two thin microporous slabs consisting of amorphous cellulose, with a spring
mimicking the constraint imposed by the omitted surrounding framework in Fig.1(a). (¢) 3D

snapshot of the system constructed by molecular simulation software (as explained in the text).

As shown in Fig.1(c), the considered pore structure is a mesoscopic slit-pore (1-4 nm) sandwiched
between two microporous slabs consisting of amorphous cellulose. This system captures the basic
features of the hierarchical pores of interest (namely a mesopore embraced by microporous matrices)
without introducing unnecessary geometric details. With the simplified chemical and structural
components, this work is not aiming to reproduce the sorption and swelling isotherms in practical
materials, but to shed light on the coupling mechanisms of sorption and deformation in naturally
common materials possessing hierarchical porous structures.

2.2 Construction Method

The slit-pore system is constructed based on the workflow as shown in Fig.2. First of all, one chain
of I crystallite cellulose with 8 repeating B(1—4)-linked D-glucose units is created in the toolkit
Cellulose-Builder??. Optimized potentials for liquid simulations (OPLS) forcefield in its all-atom
(AA) version®>3 with 1.14*CM1A-LBCC partial atomic charges®? is employed to take account of
the intra-molecular and inter-molecular forces in cellulose. The parameters are generated through a
web-based service — LigParGen** and enumerated in Supplementary Information Note I. The
Lennard-Jones (LJ) potential is cut off beyond the distance of 12 A and the long-range Coulomb



potential beyond 12 A is approximated by the Ewald?® or particle-particle particle-mesh (PPPM)
long-range solver*® with the precision of le-5

We then get 12 replicas of such cellulose (12 molecules, each with polymerization of 8, 2052 atoms
in total) and align them randomly in an orthogonal box (as in Fig.2(a)) with the dimension of 100.87
A x102.24 A x 83.37 A. Based on the forcefield, this box is relaxed through molecular dynamics
calculation in LAMMPS?37-38 for 400 ps under the periodic boundary conditions (in all 3 dimensions)
and isothermal-isobaric (NPT) ensemble at 800 K and 0 Pa. The temperature of 800 K, which is
right above the reported glass transition temperature of dry cellulose (500-650 K)*, is adopted here
to induce enough randomness in the alignment of the polymers and to form an amorphous phase.
LAMMPS performs NPT time integration in default using Nose-Hoover style non-Hamiltonian
equations of motion. The time step is 1 fs, while the time scale on which temperature and pressure
are relaxed is set respectively as 100.0 fs and 500.0 fs. Three adjustable dimensions (X, y, z) in the
simulation box are not coupled here to allow anisotropic deformation. Consequently, the box shrinks
into a periodical cube full of amorphous cellulose with the dimension of 26.39 A x 28.22 A x 30.25
A and the density of around 1160 kg/m?. This state, which is denoted as PAC@800K (PAC stands
for periodical AC matrix), is our starting point to construct the demanded hierarchical porous
structure.
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Fig 2 Workflow of the construction process of the slit-pore structure. The schematic is in 2D to
facilitate intuitive understanding, while the real computational system is in 3D. Meanwhile, different
colors are employed here to differentiate celluloses at different positions. That is, though in different
colors, cellulose chains in this system are with the same physical and chemical properties. (a) Twelve

IB crystallite celluloses with polymerization of 8 aligned randomly in the initial simulation box. (b)

Amorphous cellulose with periodic boundary conditions obtained through high temperature relaxation,
denoted as PAC@800K, which stands for periodical AC matrix. (c) Physically unreasonable slit-pores
constructed directly via juxtaposing PAC@800K (d) Amorphous cellulose with rough z-surface
obtained through unwrapping the PAC@800K along the z-direction, denoted as UAC@800K, which
stands for unwrapped AC matrix. (¢) Amorphous cellulose with smooth z-surface modified from
UAC@800K via approaching LJ walls and the subsequent annealing, denoted as USAC@300K, which
stands for unwrapped, smoothed AC matrix. (f) Slit-pore structure — SPAC@300K obtained through

juxtaposing the USAC with its mirror image and sufficient relaxing.



As shown in Fig.2(b), PAC@800K is built under periodic boundary conditions with its bonds
straddling the box boundaries. In this case, juxtaposing two same boxes of PAC@800K leads to
physically unreasonable slit-pores (see Fig.2(c)). Therefore, before proceeding, PAC@800K has to
be unwrapped along its z-axis, resulting in a structure, UAC@800K (UAC stands for unwrapped
AC matrix), only periodical in the x and y directions. This operation inevitably decreases the
material density and induces roughness on the z-surface (Fig.2(d)). To compensate, the unwrapped
structure is then modified by two approaching 9-3 Lennard-Jones (LJ) walls (Fig.2(e)). Energy and
kinetic parameters of the LJ-walls are carefully tuned in order to render the unwrapped AC with a
smooth surface and the similar density as PAC once annealed to the temperature of interest (300 K
in this work). The density of PAC@300K is around 1372 kg/m? as discussed in detail later. Here,
based on the parameters listed in Supplementary Information Note II, the UAC@800K is
modified to USAC@300K (USAC stands for unwrapped, smoothed AC matrix), with its roughness
smoothed from 4.74 A to 1.36 A and (envelop) density condensed from 745 kg/m? to 1322 kg/m?.
Notably, for slab material like USAC, there is no natural definition of roughness or density. In the
section of Analysis Method, the relevant definitions will be further clarified.

The USAC@300K is then juxtaposed with its mirror image as in Fig.2(f), and a mesoscopic slit-
pore emerges between the two slabs. Finally, to create an artificial constraint on the pore dimension,
which mimics the effect of the outer framework of the non-isolated slit-pore as in Fig.1, a spring
connected across the center of mass (COM) of the two slabs is introduced. In this work, four
different initial spring lengths (2.6 nm, 2.8 nm, 3.0 nm and 5.0 nm) are employed to assess the effect
of the size of the slit-pore on sorption properties. Meanwhile, the spring constant is fixed at 139
N/m (200 kcal/molxA?2). The justification of this value is available in Supplementary Information
Note III. After relaxation under 300 K and 0 Pa in LAMMPS for 100 ps, stable systems with
hierarchical pore structures are obtained, denoted as SPAC@300K (SPAC stands for slit-pore buried
in AC matrix)). The roughness and (envelop) density of the slab walls in SPAC@300K are
equilibrated at 1.45 A and 1159 kg/m? for all spring lengths, while the equilibrium distance between
the COMs of the slabs is almost equal to the initial spring length regardless of the existence of inter-
slab forces.

Apart from the slit-pore systems, the properties of bulk AC should also be calculated as benchmark.
Such a benchmark system is easily obtained via annealing PAC@800K from 800 K to 300 K until
its dimension further shrinks to 26.40 A x 29.60 A x 24.44 A and its density stabilizes at around
1372 kg/m?>. This density, quite similar to those former reported (1400 kg/m?)> for bulk AC, verifies
the rationality of the employed forcefield. Furthermore, this density is close to the (envelop) density
of the slab walls in the structure of USAC@300K, thanks to the appropriate parameters employed
in LAMMPS in the construction of the approaching LJ-walls in Fig.2(e).

2.3 Calculation Method

In this study, we mainly focus on SPAC@300K. As shown in Fig.1(c), the SPAC, isolated along the
z-direction, is located in the center of the simulation box. Apart from the demanded slit-pore, there
are also gaps present between the slit-pore outer surfaces and the z-dimension box boundaries,
which are artefacts due to the omission of surrounding bulk material. During the numerical
adsorption process, water molecules accumulate also in these gaps. This part of adsorption must be
assessed by post-processing and then subtracted from the overall adsorption.

Computational studies on the sorption property of AC should mimic as much as possible the



experimental conditions in sorption/strain isotherm measurement where the material is exposed to
an isothermal-isobaric environment with controlled relative humidity (RH). Therefore, in this study,
we employ a water reservoir with controlled RH, a 300 K-thermostat and a 0 Pa-barostat at the
boundaries of the benchmark system PAC and the slit-pore systems SPAC with different pore sizes.
Since the RH under specific temperature is solely correlated with water chemical potential by Eq.(2),
such systems can be regarded as pPT-ensemble, where p denotes the water chemical potential.

p= iy +RT In(RH), 1, = —48.8 kI mol™ )

In this section, we first summarize the employed forcefield and then clarify the workflow, platform
and parameters to implement the molecular simulation under pPT-ensemble (the so-called osmotic
ensemble).

As mentioned before, OPLS-AA forcefield with 1.14*CM1A-LBCC partial atomic charges is
employed to incorporate the forces acting in cellulose. Water molecules are described by SPC/E
forcefield®?. We note that the compatibility of the two forcefields (OPLS-AA&SPC/E) has been
discussed extensively in the literatures*'**2>. The Lennard-Jones potential is cut off once beyond the
distance of 12 A and the long-range Columbian potential beyond 12 A is approximated by the
Ewald® or PPPM long-range solver®® with the precision of le-5. The corresponding parameters,
taken from former studies’**?, are enumerated in Supplementary Information Note I. Mixed
coefficients are derived implicitly by geometrical mixing rule.

The two most commonly-used molecular simulation methods, Molecular Dynamics (MD) and
Monta Carlo (MC), provide no direct tools for pPT-ensemble calculation. However, based on
literature?, such systems can be studied by a hybrid GCMC-MD algorithm as in Fig.3. In more
detail, GCMC (grand canonical MC) monitors water molecular variation with the water reservoir
and 300 K-thermostat under constant volume (nVT-ensemble), while MD computes the deformation
in systems with the 300K-thermostat and 0 Pa-barostat under constant water molecules (NPT-
ensemble). Notably, for SPAC, there is no necessity to employ barostat at the z-boundaries due to
the existing gaps between the solid matrixes and box boundaries. To ease the calculation burden,
the dimension along the z-axis is kept constant. The GCMC and MD are then looped iteratively
until the sorption and deformation reach their equilibrium, providing the solution for uPT-ensemble.

Import initial
configuration

| GCMC VT (nwe) |

| MD-NPT (ny) |

Fig 3 Hybrid GCMC-MD algorithm. To implement pPT-ensemble calculation, nac consecutive
steps of GCMC and nap consecutive steps of MD are looped iteratively until the sorption and

deformation reach their equilibrium.



To implement the process, Cassandra® (for GCMC) and LAMMPS?7-3 (for MD) are connected
iteratively in virtue of the open-source package Pysimm*. LAMMPS performs NPT time
integration using Nose-Hoover style non-Hamiltonian equations of motion. The time step is 1 fs,
while the time scale on which temperature and pressure are relaxed is set respectively to 100.0 fs
and 500.0 fs. Three adjustable dimensions (X, y, z) in the simulation box are not coupled here to
allow anisotropic deformation. The long-range solver PPPM is faster than Ewald3®, but it is not
available in CASSANDRA. Therefore, Ewald is employed in CASSANDRA, while PPPM in
LAMMPS.

As shown in Fig.3, each iteration loop including several consecutive steps of GCMC and several
consecutive steps of MD is called one block, with the specific GCMC steps nyc and MD steps nyp
denoted as the block size. The normally adopted block size in this study is nyc = 50000 and nyp =
5000, except when the system is far from equilibrium. System performance during the adsorption
phase is observed when the previously evacuated or equilibrated system is subjected to a water
atmosphere with higher chemical potential. Particularly, when the system is totally dried up and
suddenly subjected to a water reservoir, we will first gradually saturate it by operating several small
blocks with nyc = 5000 and nyp = 2000 to avoid initial shock, and then resort to normal blocks.
Detailed process data in Fig.(S1-S12) in Supplementary Information reveal that the systems

undergo at least 3000-6000 normal blocks before reaching equilibrium.

2.4 Analysis Method

The coupled sorption-deformation properties of the uniform system of PAC can be unambiguously
defined by the overall or specific sorption amount and volumetric strain?3. However, in hierarchical
pore structure like SPAC@300K, non-uniform sorption and desorption happen. In order to
differentiate the sorption/deformation in different geometries and thus related to different
mechanisms, it is imperative here to define the boundary of the pores and other critical geometric
metrics.

As illustrated in Fig.4, each slab of wall is divided into n. x n, pieces of cuboid by evenly splitting
the occupied domain into n, and n, sections along the x and y directions, respectively. The minimum
and maximum z-coordinates occupied by the cellulose atoms belonging to the specific xy-section
are then recorded as the down and up boundaries corresponding to this piece of cuboid.
Consequently, the slab walls can be regarded as being delineated by these cuboids. The proximity
between the cuboid-based boundaries and the practical slab boundaries are largely dictated by the
employed section numbers n, and n,. Generally, larger section numbers correspond to a finer
depiction of the boundaries. For this study focusing on water adsorption, a grid size comparable to
the van de Waals radius of water molecules (2.5-4 A) is employed, since micro-structure smaller
than this value is almost non-accessible to moisture. Accordingly, #n, and n, are set to be 10 so that
the section length of the cuboid is around 3.5 A.
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Fig 4 2D schematic of boundary definition in slit-pore structure. The occupied domain is evenly
splitted into n, and n, sections along the x and y directions, respectively. The minimum and
maximum z-coordinates occupied by the cellulose atoms belonging to the specific xy-section are
then recorded as the down and up boundaries corresponding to this section. These down and up
boundaries are considered as the discretized approximation to the pore boundaries of the slit-pore
structure.

Based on this assumption, the wall thickness ¢, wall roughness r, pore size d, slit-pore surface area
A, and slab volume v can be calculated using the following definitions:
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where /; and /, denote the box length along the x and y direction, superscript /¥ denotes the wall
name (since there are two walls), and the subscript ‘up’ or ‘down’ is used to refer to up- or down-
boundary of the specific wall.

There are two definitions for slab volume, one is the equilibrate volume equal to the overall volume
of the constituting cuboids, which is dependent on the choice of #. and n,, while the other one is the

envelop volume equal to the cuboid volume when n, = n, = 1. Definition of the cellulose density in



the slab walls can be naturally deduced by dividing the cellulose mass by slab volume. Respective
to the two definitions of volume, we get equilibrate density and envelop density as well. Apart from
these values, the distance along the z-direction between the COM of the two wall slabs, i.e., the
spring length, is also an important parameter. All the above values are transient ones so that they
must be constantly calculated and recorded throughout the process of calculation.

Water molecules can then be classified into water inside the wall matrices, inside the slit-pore and
outside the structure (which is artefact as discussed before) based on the above definition.
Specifically, the z-coordinate of the oxygen atom of a water molecule is compared with the
delineating cuboids locally corresponding to the wall I and wall II. If the z-coordinate is above or
below both the cuboids, the water is considered up or down outside the structure. On the contrary,
if the z-coordinate lies in the gap between the two cuboids, the water is considered in the slit-pore.
If neither outside the structure nor inside the pore, the water is considered as located inside the walls.
However, other than absolute values, specific sorption amount and relative geometric change ratio
respective to the initial SPAC structure are of more significance. Particularly, specific sorption
amount in this system is denoted as water content, which is defined as the ratio between the adsorbed
water mass within particular region and the overall cellulose mass. Regardless of the kind of water
content considered (in the pores, inside the walls, outside or overall), the denominator used to
calculate the water content is always the overall cellulose mass. Meanwhile, the relative geometric
change ratio is denoted as length or volumetric strain, with its definition given in Eq.(9).

_ G_Go
Go
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where G represents the transient geometric value and Gy refers to the corresponding initial value
under zero water loading. The suitable geometric values in Eq.(9) include but are not limited to wall
thickness, equilibrate volume and envelop volume.

To reduce statistical uncertainty, all the parameters of interest are derived by inserting sufficient
sample points after convergence and averaging all these sample values. In this work, 500 extra
blocks are conducted after the convergence and for each block 5 time-uniformly distributed sample
points are examined. Errors of the calculated parameters are defined as the standard error of all these
2500 (5 x 500) sample points.

3 Results

3.1 Adsorption Isotherm

Fig.5(a) presents the water content versus RH inside the wall matrices and in the slit-pore, i.e., the
overall water adsorbed amount in the structure per solid mass excluding the ones adhering to the
outer walls. As we can see, all the four adsorption isotherms coincide with each other in the
beginning, while the curves for the smaller slit-pores are subjected to a sudden increase in water
content at a specific relative humidity. Notably, the smaller the slit-pore, the earlier this stepwise
and the smaller offset can be observed. To be specific, the adsorption isotherm for the slit-pore with
the original spring length of 2.6 nm jumps to a higher level at around 50% RH, whereas 2.8 nm at
70% RH and 3.0 nm at 90% RH. This jump in water content suggests the occurrence of capillary
condensation. Based on the Laplace and Kelvin’s law (Eq.(10)), the Laplace pressure or RH at which
capillary condensation occurs for different slit-pore size can be determined.
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where T, p, R, Vi, y, 6 and r, denote temperature, hydrostatic pressure, ideal gas constant, water
molar volume, water surface tension, water contact angle against air on AC and slit-pore size,
respectively.

The reported water contact angle for cellulose (II) is around n/5 rad, however, amorphous cellulose
with less ordered structure and rough surface may possess a larger value*. With water surface
tension of 0.0728 N/m and water contact angle of n/3 rad, the RH at which capillary condensation
occurs is around 50-60%, 60-70% and 70-80% for the slit-pores with the initial spring length of 2.6
nm, 2.8 nm and 3.0 nm. The predicted values are close to the range of the computational obtained
values, showing agreement between theory and MD/GCMC calculation.

For the larger slit-pore with the original spring length of 5.0 nm, capillary condensation is found to
happen near-saturation (RH ~ 1) or even super saturation (RH > 1). Before the jump in water content,
all adsorption isotherms increase monotonously with RH. Compared with the benchmark adsorption
isotherm of bulk AC, the slope of the curves before the stepwise increase is slightly smaller for
lower humidity but slightly larger for higher humidity. After the stepwise increase, the adsorption
isotherms undergo moderate increase.

Adsorption isotherms of the water adhering to the outer walls is shown in Fig.5(b). Within the
margin of error, all the adsorption isotherms converge to a monotonously increasing concave curve.
Such convergence is attributed to the same sorption mechanism of outer walls in the SPAC

regardless of the difference in pore sizes, namely, surface covering.
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Fig 5 Adsorption isotherms for water molecules in different locations (in wall matrices, in slit-
pores or on outer wall) of the slit-pore systems (a) Overall water content in AC matrix and in slit-
pores excluding water on the outer wall (b) Water content on the outer walls of the SPAC (c) Slit-pore

water content (d) AC matrix water content

Adsorbed water molecules in Fig.5(a) can be further decomposed into the water in the slit-pore and
water in AC matrix, as shown in Fig.5(c) and Fig.5(d), respectively. These two figures share the
same intriguing feature as in Fig.5(a), that is, all the curves corresponding to the different slit-pore
sizes overlap at low RH but differ to different branches beyond a specific relative humidity. As
mentioned before, the adsorption isotherm for the slit-pores with the original spring length of 2.6
nm, 2.8 nm, and 3.0 nm diverge at 50%, 70% and 90% RH, respectively. Although the divergence
in Fig.5(c) is not surprising, the divergence in Fig.5(d) for the water content of the matrix is
somewhat counter-intuitive, revealing a coupling between the capillary condensation in pores and
the sorption in the slab walls and only understandable once the sorption-induced deformation is
analyzed (see below).

The water adsorbed in slit-pores before capillary condensation conforms to a benchmark line in
Fig.5(c), which is obtained by the averaging of the curves in Fig.5(b). Such conformity verifies the
assumption that, before the stepwise increase, the adsorption in the slit-pore is due to surface
covering. However, with the thickening of the adsorbed water layer, capillary condensation takes
place between the AC matrices when the water molecules from the opposite covering merge to form
a capillary bridge and then quickly occupy all the spaces inside the slit-pores. The water content is
therefore mainly determined by the volume of the slit-pores, which is almost constant for the specific
slit-pore size (dictated by spring length) but increases with the increasing slit-pore size (spring
length).

In Fig.5(d), we also compare the water content in the matrices of SPAC with that in bulk AC. Curves
before the capillary condensation are similar to the benchmark curve for bulk AC but with smaller
values. This similarity in shape is further magnified by the subplot in Fig.5(d) where the water
contents corresponding to the two different matrices of the SPAC and PAC are depicted against each
other. The near-linear correlation in the subplot indicates the same mechanism of adsorption inside
the two different matrices. On the other hand, the value difference can be attributed to the different
exposure of matrix along the boundaries of the slab, which introduces different sorption induced
deformations. The matrix sorption curves after capillary condensation deviate from each other,
showing a higher moisture content for the smaller slit pore. This deviation is explained by the
coupling between sorption and deformation, enhancing additional water adsorption in the matrix, as
also discussed in detail below.

To sum up, adsorption in the AC matrix, surface covering and capillary condensation in the slit-pore
coexist in the SPAC. Adsorption in the AC matrices prevails throughout all hygroscopic region,
while the surface covering is negligible at lower RH and increases quickly with increasing RH. The
resulting isotherm of SPAC beyond the capillary condensation range in Fig.5(a) is therefore slightly
flattened at lower RH but sharpened at higher RH compared to bulk AC. Capillary condensation
happens at different RH for different pore sizes as expected.

3.2 Sorption induced deformation
Fig.6(a) presents the change of the equilibrium spring length referred to as spring offset versus RH,



which is the difference in the averaged distance between the vibrating COMs of the two slabs at a
specific RH from its initial value at zero RH. However, the standard errors of the COM-distance
sample values are without explicit physical meaning (especially, they are not equal with the
computational uncertainties of the equilibrium spring length as expected) and thus not depicted. In
more detail, even for perfectly equilibrated systems, the spring length might drastically fluctuate
around its equilibrium position. Such fluctuations are attributed to initial velocity rather than the

equilibrium length variation.
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Based on Kelvin equation (Eq. (11)), when capillary condensation happens, the porous space will
be saturated with water at negative hydrostatic pressure

Ap:\R/—TIn(RH) (11)

m
where T, p, R, V, denote temperature, hydrostatic pressure, ideal gas constant and water molar
volume, respectively. This negative hydrostatic pressure induces a tensile force on the AC slabs
towards the slit-pore. As a consequence, the spring connecting the COM of the two slabs will shrink
to compensate for the pressure and to keep the system at force balance. The spring offset driven by
capillary forces is determined as

I LI
Al =22 8p = =2 In(RH) (12)

where /i and k, denote equilibrated spring length and spring constant, respectively. In Fig.6(a), the
spring offset during capillary condensation are well approximated by the solid lines as determined
by Eq. (12), showing that the variation in spring length is attributed to capillary forces.

The volumetric strain of the AC matrix is demonstrated in Fig.6(b) to assess the slab deformation
caused by adsorption in matrix and capillary condensation in slit-pore. Particularly, before capillary
condensation, all matrices with different slit-pore sizes exhibit similar swelling with increasing
RH.>* We further depict the volumetric strain of the AC matrices in SPAC before the capillary
condensation against the bulk volumetric strain of the benchmark PAC in the subplot of Fig.6(b).
The near-linear relationship infers the similar deformation mechanism at play in AC matrix in SPAC
and bulk AC, referred to as sorption-induced stress in literature?>. However, once capillary
condensation has occurred, matrix is subjected to a negative hydrostatic or tensile force and
therefore an extra increase in volumetric strain. Moreover, in Fig.5(d), a simultaneous increase of
matrix water content is observed, indicating a coupling between the sorption and deformation in
matrix. In particular, due to the tensile forces on the matrix caused by capillary condensation, the
matric pore space opens up allow additional access to water molecules. This effect is generally
known in wood science literature as mechano-sorptive effect.

To conduct quantitative analysis, the volumetric strain in Fig.6(b) is plotted against the inside water
content of the AC matrices from Fig.5(d). As shown in Fig.6(e), all the points collapse into one
curve, which is convex at first but then linear. The convex part can be interpreted as an initial filling
of the pre-existing porosity, while the linear part as a subsequent filling of the extra voids induced
by swelling of the AC matrix due to the combined effects of sorption stress and capillary forces.
Such collapse of the data suggests that the sorption stress in micropores or capillary forces in
mesopores have a similar effect on AC matrix, leading to a unique correlation between water content
and volumetric strain.

In Fig.(S13) in Supplementary Information, we also present the strain variation along each of the
three dimensions. Compared with volumetric strain, strain pattern of the AC matrix along the x, y
and z-axis shows some higher variation, maybe due to the limited size of MD computational domain.
However, a general trend of swelling along the z-axis and shrinking along the xy-plane is observed,
either with or without capillary condensation.

Such shrinkage seems to contradict Bangham’s law, which suggests that surfaces subjected to water

covering tends to increase its surface area. More specifically, the surface area enlargement is



assumed proportional to the surface energy variation, while the surface energy variation can be
predicted by Gibbs’ adsorption isotherm (Eq.(1)). The following section tries to demonstrate that
the in-plane shrinkage and surface area enlargement may coexist in our systems.

In systems composed of flexible polymers like SPAC, shrinkage in in-plane direction may be
accompanied by an increase in surface area due to an increase in local roughness or irregularity.
Such behavior may be visualized as accordion effect in Fig.7. Fig.7(c) and Fig.7(d) show snapshots
of the dry surface of the matrix and of the surface subjected to moisture load with their contour lines
projected on the xy-plane. It is clearly observed that, while shrinkage occurs in the in-plane
directions, the surface area increases due to the augmented local roughness or irregularity. A sketch
of the accordion effect is given, showing the initial dry rough surface (Fig.7(a)) which shrinks in in
plane-direction and swells in normal direction upon adsorption of water molecules (Fig.7(b)).
Fig.6(c) and Fig.6(d) depict the variation of wall surface roughness and surface area with RH. As
shown, the roughness and surface area of the outer walls increase monotonously with the progress
of water covering. The same trend is observed for the inner slit-pore surfaces before the capillary
condensation.

surface with moisture load
dry surface (ACCORDIONEFFECT)

enlarged roughness & surface area
due to Bangham’s Law

(a) (b)
INNOINININSX — go

mn-plane shrinkage induced by
water trapped in roughness

(d)

(V)2
(V)2

-2

-6
Fig.7 Schematic of Accordion Effect. (a) schematic dry surface (b) schematic surface with
moisture load, enlarged roughness and in-plane shrinkage (c) snapshot of the dry surface with its
contour line projected on the xy-plane (d) snapshot of the surface with moisture load with its

contour line projected on the xy-plane

Fig.6(f) displays the relationship between the surface area and the surface free energy variation in
SPAC. To be specific, free energy variation of the surface, initially defined as an integral formula
by Gibbs’ adsorption isotherm (Eq.(1)), is approximated here by an equation of summation (Eq.(13)).
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where y, N and 4 denote water surface tension, the number of water molecules in the surface

dy”zi%RT[ln(RHi)—ln(RHi1)] (13)

covering layer and the surface area, respectively. The surface energy variation (absolute value) at
the specific RH; derived by Eq.(13) is then depicted with the corresponding surface area in Fig.6(f).
Though with non-negligible deviation, points in Fig.6(f) seemingly conform to a linear pattern,
validating the applicability of Bangham’s law in the SPAC system showing in-plane shrinkage.
The shrinkage along in-plane direction as observed in this study can be explained by the appearance
of attractive solid—fluid forces when a rough surface becomes covered with water molecules, as
described in literature*®. Along the x- and y-direction, this surface stress triumphs the swelling stress
induced by the sorption in matrix, leading to an overall in-plain shrinkage. On the other hand, the
swelling of the matrix in z-direction before capillary condensation is dominated by the swelling of
the bulk AC and not counteracted by the surface effects. This phenomenon, referred to as accordion
shrinkage effect, is an intriguing topic which needs more in depth analysis beyond the discussion in
this work.

4. Discussion

This work reveals the coupling mechanism between the sorption and deformation in a prototype
hierarchical porous structure featured with a mesoscopic slit-pore surrounded by hydrophilic,
amorphous and microporous polymers. Based on former studies, some basic characteristics of the
sorption and sorption-induced deformation in natural or artificial desiccant with hierarchical porous
structure are inferable. First, with increasing ambient humidity, the microporous material will be
gradually saturated with water molecules, first in the pre-existing micropores and then in the
sorption-induced extra microporous space. Meanwhile, surface covering with water molecules takes
place on the exposed surface surrounding the mesopores, in this case the slit-pore, or even
macropores. As a material composed of flexible biopolymers, increase in local roughness or
irregularity may be induced in the polymeric and soft surface to respond to the surface free energy
reduction by surface covering. Beyond a specific RH, the water layer on the surfaces of mesopores
reconfigures and capillary condensation happens, imposing a negative capillary or tensile force on
its encompassing materials. The length or volumetric strain of the polymeric matrix is thus attributed
to the coupling of the sorption-induced stress in micropores and the negative capillary force in
mesopores. The extra strain induced by the capillary force will lead to a supplementary increase in
water content.

However, due to the difference between our prototype model and the real polymer desiccant with
more sophisticated component or porous structure, the above data are not sufficient for the
comprehensive understanding or quantitative prediction of sorption behavior of wood cell wall. In
the following, the simplifications and limitations in this study are summarized, in order to pave the
way for further research.

First of all, our study employs slabs with homogenous, pure substance, namely, several chains of
amorphous cellulose with the polymerization of 8. However, the actual matrix of wood cell wall is
a heterogeneous composite consisting of crystalline cellulose, different types of hemicellulose and
lignin. Moreover, all polymers are in different sizes of polymerization, ranging from 100 to 10000.

The abundance of chemical components in practical material will induce complicated phenomena



like heterogeneous sorption due to the difference in hydrophilicity among components, anisotropic
deformation due to the difference in stiffness among components and possible coupling at the
interfaces between different components.

Real cell wall material also features more complicated geometric structure. As in literature, natural
fiber can be regarded as a network of multi-scale hierarchical connecting pores with different sizes
and geometrics. In our study, however, only an isolated, nanoscale slit-pore is examined and the
observation based on such simplification is subjected to at least three limitations. The first is the
lacking of discussion on the influence of pore shape. The second is the size effect due to the limited
size of the MD domain. Notably, this study focuses on a nano-scale slit-pore periodical along the
xy-plane but isolated along the z-direction with thin walls. Forces from atoms in the outer domain
of the slit-pore as shown in Fig.1(a) are omitted and simply substituted by a spring with constant
original length and stiffness. Such substitution captures the long-range constrictions of the outer
framework imposed on the slit-pore, but sacrifices the local atomic interaction along the cut-off
interface and the possible mechanical weakening of the practical outer framework upon sorption.
The third is the oversight on the coupling between different connecting pores.

Last but not least, the analysis methods in this study can be further improved. Notably, the
boundaries of the slit-pores are approximated by the outlines of a set of discretized cuboids, resulting
in the simple definitions of thickness, surface area and volume, which are dependent on the
discretization size. Moreover, the definition of roughness above cannot fully capture the features of
the surface profile of the slab walls, thus is limited in conveying detailed information. In future, we
aim at studying in more detail the accordion shrinkage effect and its impact on sorption-induced
deformation. Based on this understanding, we can further upscale the data towards a poromechanical
model allowing to predict the sorption induced deformations at macroscale.

5. Conclusion

In this work, we built a hypothetical, hierarchical porous structure at the atomic level and then
evaluated its compositional and structural evolution during water vapor sorption using molecular
simulation. In microscopic pores prevailing in the amorphous cellulose matrix, water filling of
micropores happens throughout the full RH range. Under low RH, adsorption happens mainly by
filling existing voids. At high RH, adsorption continues via imposing a sorption stress, leading to a
swelling and additional sorption of the microporous material. In the mesoscopic slit-pore between
the two cellulose slabs, surface sorption takes place with negligible adsorbed amount initially but
remarkable thickness with increasing RH. Meanwhile, a simultaneous increase of the local
roughness and the overall surface area of slabs is observed, in response to a decreased surface energy
as surface covering occurs. The correlation between the surface area and the surface free energy
variation is well captured by Bangham’s law. However, opposed as often reported, surface covering
of the rough surface of amorphous cellulose boundaries is accompanied with shrinkage explained
as accordion effect. At a certain RH, the water molecules residing on the opposite cellulose slabs
undergo capillary condensation, which exerts a negative hydrostatic pressure or tensile force on the
AC matrices, resulting in an increase in matrix porosity and water content, a decrease in distance
between the center of mass (COM) of the slabs and thus a thinning of the slit-pore. The induced
porous space in slabs, either by sorption stress in matrices or capillary forces in slit-pores, is

saturated with water once created.
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