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MATERIALS SCIENCE

Hygromechanical mechanisms of wood cell
wall revealed by molecular modeling and

mixture rule analysis

Chi Zhang1*, Mingyang Chen’, Sinan Keten?, Benoit Coasne>,

Dominique Derome4, Jan Carmeliet’

Despite the thousands of years of wood utilization, the mechanisms of wood hygromechanics remain barely
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elucidated, owing to the nanoscopic system size and highly coupled physics. This study uses molecular dynamics
simulations to systematically characterize wood polymers, their mixtures, interface, and composites, yielding
an unprecedented micromechanical dataset including swelling, mechanical weakening, and hydrogen bonding,
over the full hydration range. The rich data reveal the mechanism of wood cell wall hygromechanics: Cellulose
fiber dominates the mechanics of cell wall along the longitudinal direction. Hemicellulose glues lignin and cellu-
lose fiber together defining the cell wall mechanics along the transverse direction, and water severely disturbs the
hemicellulose-related hydrogen bonds. In contrast, lignin is rather hydration independent and serves mainly as a
space filler. The moisture-induced highly anisotropic swelling and weakening of wood cell wall is governed by the
interplay of cellulose reinforcement, mechanical degradation of matrix, and fiber-matrix interface.

INTRODUCTION

Wood is presumably the most abundant biomaterial on Earth
showing a combination of specific properties like high stiffness and
strength in combination with low density and low thermal conduc-
tivity. For thousands of years, it has been used as fuel, tools, building
materials, and so on, covering vital aspects of human lives. By means
of modern nanotechnologies, the utility of wood can be extended
far beyond: Wood provides sustainable and environment-friendly
solutions to future advanced systems, for example, green electronic
devices with ion regulation capability and even transparency (1).
The exploitation of the full potential of wood calls for a thorough
understanding of its mechanics and hierarchical structure, especially
on the nanoscale.

The mechanics of wood stems from the thick cell walls, particu-
larly the S2 layer, which takes up ~80% of the total thickness (2). Of
note, this study focuses on softwood for its substantial economic
value and prevalence in the northern hemisphere, including north-
ern Europe, North America, and Russia (3). Fundamentally, the S2
layer is a fiber-reinforced composite where the cellulose crystals of a
diameter of ~3 nm are embedded in a compliant matrix of hemicellulose
and lignin (LGN) with a thickness of 3 to 14 nm (4). The crystalline
cellulose (CC) fibers, which feature densely packed chains saturated
with hydrogen bonds (HBs), display a tensile stiffness up to ~160 GPa
along the axial direction, comparable to Kevlar. The exact material
configuration of cell wall is still under debate because the nanoscopic
interactions are beyond the detection limits of contemporary experi-
mental techniques. Spectroscopy methods, e.g., multidimensional
solid-state nuclear magnetic resonance, can detect the material
arrangement and interactions of matrix components (5, 6), while
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consensus has yet to be achieved. Moreover, the mechanical influ-
ence of ubiquitous interactions between the cell wall components
remains concealed. Although wood researchers often attribute the
excellent wood mechanics to the so-called “nanoeffects,” real na-
noscale evidence is still lacking (7). Powerful tools are urgently needed
to tackle this challenge.

In addition to the ultrafine size of the cell wall structure, the me-
chanical behaviors of wood are formidably convoluted. Wood is
highly hygroscopic, and water sorption induces profound physical
and mechanical alterations, such as anisotropic swelling, mechani-
cal weakening, and shape memory effect. These behaviors involve
intricate molecular interactions and the influencing factors, such
as hydration, porosity, hydrogen bonding, and material interface, are
strongly coupled, impeding the efforts of explication and leaving the
microscopic mechanisms barely elucidated (8-10).

To circumvent the experimental difficulties, computational studies,
especially finite element models with micromechanics (11) and
poromechanics (12), are proposed. These models are designed to
reproduce macroscopic behaviors, such as the mechanosorptive
effect and the influence of microfibril angle on cell wall modulus,
whereas they rarely probe nanoscopic mechanisms. In addition, the
models require material properties as input parameters. However,
the properties used in almost all the models are more or less the
same because there is only a limited number of available experi-
mental sources, as listed in table S2. Even the available data should
be used with caution. For example, the widely acknowledged hygro-
mechanical data from Cousins (13, 14) are measured from powder
samples that are chemically different from native wood. A consist-
ent set of hygromechanical data for wood polymers, as well as for
their interfaces, is highly desirable.

Few studies use molecular simulations to explore the nanoscopic
structure-property-function relationships of the plant cell wall (15-19).
Kulasinski et al. (20) proposed an advanced molecular model of S2
layer surrogate system, consisting of CC microfibrils embedded
in galactoglucomannan (GGM) and surrounded by LGN of low
polymerization degree. Nevertheless, the existing modeling works
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deviate from reality over several fundamental aspects, such as the
absence of hydration effect and material composition and arrange-
ment. Particularly missing is a cell wall atomistic model that com-
plies with the most advanced knowledge of wood science. The only
way to thoroughly understand the molecular interactions between
biopolymer components is via comprehensive investigation of com-
ponents individually and their composites collectively. This will clarify
the individual role of various components of wood, thus providing
guidance to the improvement of the performance of wood-derived
materials, e.g., chemically modified wood and derived cellulose scaffold
that attracted tremendous attention in recent years.

In this study, we use molecular dynamics (MD) simulations
to understand the structural, physical, and mechanical impact of
hydration on wood cell wall. Polymer components, their compos-
ites and interfaces, and a state-of-the-art S2 cell wall layer model
are proposed and characterized systematically. The yielded unprec-
edented micromechanical dataset enables comprehensive rule of
mixture (RoM) analyses, revealing the working mechanism of cell
wall that is otherwise unobtainable. It is demonstrated that the
interphases exhibit densities or mechanical properties distinct from
bulk material. Although the matrix itself is soft and isotropic in
bulk, its interphase is stiff and anisotropic owing to the influence of
cellulose fiber. Hydration induces the weakening of wood cell wall
by causing mechanical degradation of matrix and fiber-matrix
interface while leaving the CC fiber mostly intact. Cellulose fiber
defines the strong orthotropy of cell wall, as indicated by the me-
chanical stiffness, swelling strain, etc. Hemicellulose glues LGN and
cellulose fiber together, and water severely disturbs the hemicellulose-
related HBs. In contrast, LGN is rather hydration independent and
serves mainly as a space filler. These findings extend the current
understanding of wood cell wall down to the molecular scale and
elucidate the physics of moisture-related mechanical phenomena.
The proposed numerical methodology and the representative
molecular models open up research opportunities, e.g., water-
logged archeological wood preservation (21).

RESULTS
Hygromechanics of S2-related materials and composites
This section presents the hygromechanical characterization, including
hygroscopic swelling and moisture-induced mechanical weakening
of S2-related materials and composites, namely, components arab-
inoglucuronoxylan (AGX), GGM, uncondensed lignin (uLGN), con-
densed lignin (cLGN), mixtures M1 and M2, and composite S2.
Hygroscopic swelling
The hygroscopic swelling is characterized as the uniaxial swelling
strain as a function of moisture content, as shown in Fig. 1. In wood
polymers, such swelling is generally linear with moisture content
except for some initial nonlinearity explained by an initial porosity
filling mechanism (20). The studied material systems are of nanometer
sizes and show nanoscale porosity. Water molecules first enter the
existing pore space, explaining the lower swelling at low moisture
content. At higher moisture content, new pore space between the
polymeric chains is created and filled by water molecules, result-
ing in a linear swelling versus moisture content. Therefore, the
swelling strain will be a piecewise function of moisture content as
shown in Eq. 1.

For the studied systems, at m ~ 0.3, the uniaxial swelling strain
is around 0.1, agreeing well with experimental reports on wood cell
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wall of Douglas fir (22). More recent x-ray tomographic study of
spruce cell wall micropillar reported the average of uniaxial swelling
of ~0.08 at a relative humidity (RH) ~ 85% (23), which is consider-
ably larger than that of spruce at macroscale, i.e., ~0.04 at RH ~ 90%,
because the free swelling at cellular wall level is hindered by the other
cell wall layers, namely, S1 and S3 and, at higher scales, by the pres-
ence of rays and growth rings (23).
To model the swelling curves, a piecewise linear function is
proposed
Bam, |m < mp
Bama + Pp(m —ma),

1

E =
|m = ma

The swelling coefficient is B for m < m and is B for m > my. The
incremental form of Eq. 1 is

_ [ BaAm, |m < mp

Ase =
€ BgAm,

)

|m = ma

Following these forms, the swelling curves are shown as lines in
Fig. 1. The parameters are summarized in Table 1.

The swelling in the moisture range between dry and my, is char-
acterized by a different initial regime. For all material systems, the
swelling coefficient B is lower than Bg. The initial porosity needs to
be filled first, and therefore, the swelling is less pronounced at a lower
moisture level.

The swelling coefficient Bg describes the swelling in the higher
moisture content range. It is interesting to find that M1, which
consists of AGX and uLGN, shows slightly higher swelling than its
components. This indicates the effect of blending, which will be
scrutinized in a later section using mixture rule analyses. In con-
trast, the blending of GGM and cLGN does not hint at abnormality,
and swelling strain of M1 is between its components.

The swelling of S2 is transversely isotropic and thus described
by longitudinal and transverse swelling coefficients. The transverse
swelling is ~170 times the longitudinal swelling, which clearly supports
that the anisotropic swelling of wood originates from cell wall material
level (23). This anisotropy is caused by the reinforcing effect of the
stiff fibers that do not adsorb water and do not swell (24). The transverse
swelling of S2 is comparable to that of mixtures M1 and M2. Of note,
there is a caveat for the interpretation of the swelling of S2. The mois-
ture content of S2 is defined as the ratio of the mass of water to dry
matrix, which takes ~56% of the dry mass of full S2. The mass of CC
is excluded for the sake of comparability with mixtures M1 and M2.

The volumetric swelling can be calculated from uniaxial swell-
ing using

ey = (1+e,)(1+g,)(1+g;)-1 3)

For isotropic material, €, = €, = €, = €. For transversely isotropic
material, &, = €, = er and €, = £;. In the studied polymer systems,
swelling is the result of the creation of new pore space. The porosity
¢ can therefore be determined directly from the volumetric swell-
ing strain

€y
l+ey

¢ = (4)

The porosity will be used in the next sections to model the mois-
ture dependence of elastic properties.
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Fig. 1. Uniaxial hygroscopic swelling strain (£) of the polymer systems as a function of moisture content (m). The MD measurements are represented by symbols
and the fit by lines. (A) AGX, uLGN, and M1. (B) GGM, cLGN, and M2. (C) M1, M2, and S2.

Table 1. Parameters of uniaxial swelling strain and elastic moduli as a function of moisture content.

Material Ba my Be

Ak

Moisture-induced weakening

The schematics of mechanical tests are shown in Fig. 2A. Elastic
moduli, namely, bulk, Young’s, and shear moduli, are determined
from the stress-strain curves of volumetric tension, uniaxial tension,
and shear loading tests, respectively. All systems display a weakening
trend upon hydration, as shown in Fig. 2 (B to K). Generally, hemi-
celluloses show higher mechanical stiffness than LGNs. The stiff-
ness of the mixture, either M1 or M2, locates roughly in between
that of their hemicellulose and LGN components.

The MD-measured moduli are in accordance with the available
experimental data, most of which are Young’s modulus. The Young’s
moduli of xylan and glucomannan range from 1.8 to 5.4 GPa (25-27)
and 2.5 to 4.3 GPa (25), respectively. Reports on LGN Young’s
modulus give a range of 2.8 to 6.7 GPa (13, 28, 29), which is higher
than the MD results here. This is possibly due to their specimen
preparation, where LGN powder is molded into rods in which a
pressure treatment densifies and stiffens the material. More experi-
mental or simulation reports of wood-related polymers are included
in table S2.

The S2 composite exhibits a longitudinal Young’s modulus of
36 to 44 GPa, depending on the moisture content. Recent nano-
indentation measurement suggested a similar range of 26 to 40 GPa
(30). Yu et al. (31) showed that, as the moisture content is increased
from 4.5 to 13.1%, the longitudinal modulus of Masson pine cell
wall decreases nearly linearly from 20.4 to 16.9 GPa. Their values are
lower than that of our model, which could be attributed to their lower
loading rate, microfibril angle, different chemical composition, etc.

Zhang et al., Sci. Adv. 2021; 7 : eabi8919 8 September 2021

The longitudinal Young’s modulus of S2 composite is ~10 times
higher than the transverse one (32), which is due to the strong rein-
forcement effect by CC fiber. The axial Young’s modulus of the CC
fibrils is determined in MD by removing the matrix materials and
then applying the protocol identical to the determination of the
modulus of S2. It yields a value of 90 GPa, which is lower than the
range, i.e., 100 to 160 GPa, determined in mechanical characteriza-
tions of crystalline fibril (33-38). The cellulose fibril in this study
is weaker because the crystal here is not perfectly crystalline. More
specifically, the chains at the surface of CC fibril moderately deviate
from perfect crystal configurations as a consequence of relaxation
and interaction with matrices, making the CC fibril weaker.

For homogeneous and isotropic materials, the bulk (K), Young’s
(E), and shear (G) moduli and Poisson’s ratio (v) follow the relations

_ _3KE
G = 9K-E

_ 3K-E
andv = 36

)

It is confirmed by comparing all MD results that the material
systems, namely, AGX, GGM, uLGN, cLGN, M1, and M2, comply
with this relation. In other words, the shear moduli and Poisson’s
ratio can be well predicted using Eq. 5.

For transversely isotropic materials, Eq. 6 holds

Er

Grr = 2(1 4+ vrr)

(6)

The S2 composite is found to comply roughly with this equation,
as shown in Fig. 2K.
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Fig. 2. Mechanical moduli as a function of moisture content. (A) Schematics of mechanical measurement. (B and C) Bulk moduli, where MD measurements are repre-
sented by symbols and fitted with Eq. 7 represented by lines, similarly hereinafter. (D to G) Young’s moduli. (H to J) Shear moduli. (K) Consistency check of transverse shear

moduli between MD measurement and prediction.

MD results show that the elastic properties depend on moisture
content. In this work, such moisture dependence is modeled by po-
rosity, as often done in literature (39), a quantity related to swelling
strain as defined in Eq. 4. The following power laws are used

K= Ki(1-@)*,E = E,(1-9)*,G = Go(1-¢9)* (7)

where Ky, Ey, and G are the elastic properties at zero moisture con-
tent and Ak, Ag, and A are the power exponents. The fitted lines
are shown in Fig. 2. The values of the parameters are listed in Table 1.

The exponents Ag, Ag, and Ak indicate the decay rate of moduli
with increasing hydration. The hemicelluloses are found to show a
more severe weakening compared to the LGNs. The transverse
Young’s modulus of S2 is also strongly influenced by hydration. In
contrast, the longitudinal Young’s modulus of S2 is the least weak-
ened because of the strong reinforcement by the cellulose fibrils
whose mechanical properties are independent of moisture content.

Mixture rule analyses
The compilation of hygromechanical data of wood polymers paves
the way for comprehensive RoM analyses of density, swelling strain,

Zhang et al., Sci. Adv. 2021; 7 : eabi8919 8 September 2021

and mechanical moduli. The results reveal the presence of interphases,
i.e., the interaction between the different components, which are
otherwise difficult to access through experiments.
Density
In practice, the density of wood is seen as an important indicator of
wood mechanical performance (40). The densities of S2-related sys-
tems are measured in MD and listed in Table 2.

With the data of individual components, the density of the com-
posites can be predicted by the fraction and density of the components.
More specifically, with the knowledge of the volume fraction of com-

ponent f 3,., weight coefficient w!, and density pj of component j, the
compound density pjs can be predicted by the following RoM

pir = sz%pj (8)

The prime symbol denotes prediction instead of MD measure-
ment. The subscript M denotes the compound, i.e., M1, M2, or S2.
The superscript 0 denotes the case where no interphase is present,
showing the values before mixing. The volume fraction of compo-
nent j is determined by the weight coefficient wjo and density p; of
component j using the following equation
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Table 2. Densities and volume fractions.

Material

plgem™) £9.

©)

1o 7P

1
03 WJQ /pj)
fractions according to Eq. 9 are summarized in Table 2.

where

is the density of the compound system. The volume

As shown in Fig. 3A, the RoM prediction without interphase is
always higher than the MD measurement. This difference stems
from the fact that the simple mixing, as indicated by Eq. 8, assumes
no interaction between components. However, in polymer blends,
interactions between the components may strongly influence the
overall composite performance (41). Therefore, the mixing rules
should include an additional interaction term.

Here, the interaction region is referred to as the interphase, and
an interphase component term denoted by subscript I is added
to Eq. 8

Py = ;ﬂjpj + fupr (10)

Here, the volume fraction of the interphase f,; is taken as the

relative fraction of the number of HBs formed between the different

components 6

3 Zj;f:k#HBjk
2] Zk#HBjk + Z]#HB]J

where #HBjr = #HBy; denotes the number of HBs formed be-
tween components j and k, while #HB;; are the HBs within the com-
ponent j itself. It is noted that, for the sake of simplicity, here, the
number of HBs refers to the dry condition, as under moist condition the

(11

fui=3

presence of water-related HBs complicate the determination of &.
The & for M1, M2, and S2 at dry state equal & =0.210,8 = 0.176,
and § = 0.156, respectively, as listed in Table 3. ~

The volume fractions of the other components are (1 — 9) times
the value when no interphase is present

fvj = _S)fgj

For M1 and M2, the interphase densities are lower than the den-
sities of the compound, as shown by the red bars in Fig. 3A, which
may be the result of immiscibility. This implies that the components
are interacting weakly or even slightly repulsively. The interphase
density of S2 is significantly lower than that of the composite. In

(12)
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addition to the immiscibility, another reason might be the structur-
al mismatch at the fiber-matrix interface.

In the following sections, the mixture rule analyses of M1 and
M2 are first presented, and then comes the S2. They have to be
separated in different sections, because M1 and M2 are isotropic,
whereas S2 is transversely isotropic, and therefore, they do not fol-
low the same equations of mixture rule.

Mixture rule analyses of matrices M1 and M2

The mixtures M1 and M2 are considered homogeneous and isotro-
pic materials. The RoMs can predict their elastic moduli. Without
an interphase, the RoMs read

! 0 0
KM =fv1K1 +fv2K2

! 0 0
EM :fv1E1 +fv2E2

= It (13)
Gy =[G +f,G
0, 40
fvl +fv2 =1
When an interphase is present, the RoMs read
KIM = fuKi + £ Ko + fuKi
EM = fvl El +fv2E2 +fV1E[ (14)

G‘M = fuGi+£2Gy + £ Gr
fatfetfr=1

The subscripts M, 1 and 2, and I denote compound, components 1 and
2, and interphase, respectively. As mentioned in the previous sections,
the moisture dependence of elastic moduli is modeled as a function
of porosity, which lastly depends on moisture content. In experiments,
though, the samples are subject to a certain level of RH, or its other
forms such as water activity and chemical potential. The components
within a composite may have different moisture contents due to their
different hygroscopicity. Therefore, RH rather than moisture content is
the more appropriate independent variable. In this study, the moisture
content is converted to RH using experimental sorption isotherms
(42). More details are included in the Supplementary Materials.

The RoM predictions of the elastic properties of M1 are shown
in Fig. 3 (D to F). Without interphase, the RoM predictions are gen-
erally higher than the measurements. The interphase region, due
to the interaction of the two components, is therefore assessed to be
weaker than a simple mixture of the two components would be. The
RoM predictions of M2 are shown in Fig. 3 (G to I). The findings are
similar to those of M1, except that the shear modulus is already well
predicted by RoM. It is noted that M1 shows higher scatter than M2
probably due to the smaller system size of M1.

The swelling strain of the matrices can be predicted by the mix-
ture rule, assuming the same swelling strain in mixture as in the
components, and the internal stresses taken up by the components
according to their volume fractions (43)

_ felElAsl +f82E2A82
- 0 0
flel +fv2E2

Note that the denominator equals the stiffness of the mixture
predicted by RoM. Taking the interphase into account gives

A€, (15)

_ ﬁ,]ElAEl +fV2E2A82 +fV]E1A81

A€
M fnE1 + fiEx + fuEr

(16)
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Table 3. Density of HBs #HB/V, (nm~3)in M1, M2, and S2 at dry

condition. § denotes the fraction of number of HBs formed between the
different components.

#HB/V, #HB/V, #HB/V,
sl (nm~3) 2 (nm~3) 52 (nm~3)
Total 234 Total 543 Total 8.50
AGX-UuLGN 0.49 GGM- 0.96 CcC-M1 0.02

cLGN
GGM-
AGX-AGX 1.14 GGM 415 CC-M2 1.01
uLGN- cLGN-
uLGN 0.72 LGN 0.32 M1-M2 0.30
3 0.210 3 0.176 cc-cc 537
M1-M1 0.37
M2-M2 143
3 0.156

It is noted that, because the swelling strain depends on the stift-
ness and the stiffness depends on the porosity and thus swelling strain,
Egs. 13 and 15 and Eqgs. 14 and 16 are solved iteratively, respectively.

The swelling strain RoM predictions with and without inter-
phase are shown in Fig. 3B. Unlike in modulus, the interphase does
not play an important role in swelling.

Mixture rule analyses of S2 composite

The mixture rules for the S2 composite is in another form
because of its transverse isotropy. The CC fibril, denoted by
subscript f, is moisture independent, exhibiting neither swelling
nor weakening. Assuming the fibril to be a transversely isotropic
material, the CC phase follows the following elastic relations in
the LT plane

oLf = (Erfers + vifELeTy)

1
1 = vrrvos

(17)

o1f = (virfErreLs + Erety)

1
1 = ViV
trf = GrrfYrry

The mechanical properties of CC are moisture independent. The
E; = 90 GPa is measured in MD as described in Materials and
Methods. The other values for CC are taken from literature (44-48):
ET =42 GPa, GLT =44 GPa, VIT = 0.38, and VTT = 0.48.

The elastic behavior of the composite is transversely isotropic,
following the same elastic relations as in Eq. 17. The elastic prop-
erties of the composite can be derived by applying the following
assumptions for the normal stress and strain in longitudinal
(Eq. 18) and transverse directions (Eq. 19) and for shear stress and
strain (Eq. 20)

€L = €1f = €M1 = €LM2, OL =

0 0 0
JutOrs+ v Omt + f v Oime (18)

or = GTf = GTMl = GTMZ, €L =
fvaTf+va1£TMl +vangMz (19)
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T = TLTf = TLTMI = TLTM2> 'YLT =

fo fYLTf+fVM1YLTM1 + f ot YLTM? (20)

Using these assumptions, the RoMs without interphase for S2
composite can be determined

E'L = fg ELf+f8M1EM1 +f2M2EM2 (21)
0 0 0
gy = 1f( L o o 22)
Ery Emi Em2
vir = fngLTf+f(v)M1VMl + foma VM2 (23)
G'LT f vf val +va2 (24)
GLTf Gwvi - Gwma
' f8M1EM1A8M1 +f8M2EM2A8M2
Ag =75 0 : (25)
fvaLf+va1 Evn +va2EM2
AS‘T = ngl(l + le)AeMl +
fSMZ(l + V) Agyy — ViTAgL (26)

The E'1, E'1, V'L1, G'L1, A1, and Ae'r denote the predicted lon-
gitudinal modulus, transverse modulus, Poisson’s ratio, shear mod-
ulus, longitudinal swelling, and transverse swelling, respectively. It
is noted that the last term in Eq. 26 takes into account Poisson’s
effect of the swelling of the composite in the longitudinal direction.
Because of the high stiffness of the fiber in the longitudinal direc-
tion, the swelling of the composite in this direction, i.e., A€y, is very
small, and therefore, the last term in Eq. 26 can be neglected.

Similarly, the RoMs with interphase for S2 composite read

E'L = fitEis+ fim1 Emi + fima Ema + fur Er (27)
fr fmn fsz fvl)
E't=1 — 28
/<ETf Ewi | Ewo @ Er 28)
V'iT = fyfvire+ fimi v + fima Vv + furvi (29)
fr | fmn vaz fv1>
G'ir =1/ — 30
= (GLTf G Gwz | Gy (30)
+ fimmEmiAem + fime EMaAemz + fuErAg;
Ag = (31)
SorErs+ fisn Evn + fm2 Evz + fur Er
ASVT = val(l + VMl)Ang +
Sova(1 + va2) Aewg + fu(1 + vi) Agg (32)

The prediction of Young’s moduli is shown in Fig. 3 (J and K).
The inclusion of an interphase improves the prediction. The role of
interphase is opposite in the two directions. While stiffening the
composite in the longitudinal direction, the interphase weakens the
composite in the transverse direction. This shows that the inter-
phase is no longer isotropic, but, because of the interaction between
matrix and fiber, the interphase becomes transversely isotropic. It is
speculated that this anisotropy is due to the alignment of the GGM
polymer along the fibril axis due to intensive interaction (49). A
separate simulation shows that randomly oriented GGM chains will
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align with the axial (longitudinal) CC direction when placed next to
CC. This behavior is also demonstrated by several experimental studies
(50-52). It is found that the degree of alignment of GGM chains, quan-
tified by the so-called Herman’s orientation function (53) as shown
in fig. S5, is almost not affected by hydration. In general, the
formation of interphases weakens the material systems. However,
the alignment of GGM chains in S2 induces an interphase that stiff-
ens the longitudinal direction.

The prediction of shear modulus is shown in Fig. 3L. While the
RoM with interphase works better in predicting Poisson’s ratio, the
shear modulus is well predicted by RoMs with or without inter-
phase terms.

The swelling strain RoM predictions with and without inter-
phase are shown in Fig. 3C. In the longitudinal direction, the swell-
ing is almost zero because the cellulose crystal dominates. However,
in the transverse direction, the interphase helps the system to swell
more. This is in accordance with the mechanical weakening role of
the interphase demonstrated above.

In summary, the RoM analyses of this section reveal the forma-
tion of an interphase, a region yielded from polymer blending.
The interphases are generally weaker than the simple mixture,
which is expected because of the immiscibility induced by the hy-
drophilicity difference between hemicelluloses and LGNs. Under
the influence of CC fiber, the soft and isotropic matrix forms a stiff
and anisotropic interphase close to the CC fiber. This critical
information regarding interphases would be unobtainable with-
out the combination of a comprehensive dataset generated by MD
and RoM analyses.

Structure of S2 model and the mechanics of its

fiber-matrix interface

This section focuses on the S2 layer model. The structure and work-
ing mechanism of S2 will be analyzed in detail and the mechanics of
the fiber-matrix interface will be characterized.

Figure 4A is a snapshot of S2 layer model in dry state. The di-
mensions of the S2 layer model is 10.7 nm by 12.7 nm by 5.3 nm.
The density of S2 layer model is 1.28 g cm ™, a value that falls in the
range of experimental results (54, 55). The material distribution of the
model is shown in Fig. 4 (B and C), where mixture M2 (GGM +
cLGN, red and blue) locates next to CC forming an interphase re-
gion and mixture M1 (AGX + uLGN, green and orange) forming
the bulk matrix. The distribution of GGM is included in the Supple-
mentary Materials.

Enrichment of matrix and water at interface

The spatial density distribution of the matrix and of water is charac-
terized. The density distribution in the matrix under three different
moisture contents, i.e., 0.02, 0.16, and 0.3, is shown in Fig. 4 (D to
F, respectively), where the three-dimensional (3D) data are project-
ed onto the transverse plane. With increasing moisture content, the
dimensions of the system increase, indicating the swelling of matrix
material. Meanwhile, the density of matrix decreases with hydra-
tion (lighter color), meaning that new pore space is created, espe-
cially in the proximity of cellulose fiber surface. The dark spots at
the CC interface indicate local density maxima of GGM aligning with
the CC. As can be seen from Fig. 4 (G to I), water density increases
with moisture content and is evidently higher at the interface and in
the interphase region around the fiber. It should be noted that the
average interfacial water density is around 0.6 with a peak value of
0.8 g cm 2, lower than that of bulk water (1 g cm™).
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The information can be further reduced into a 1D plot, i.e., den-
sity as a function of distance to the CC surface dcc, as shown in
Fig. 4]. The density is zero within 0.2 nm of the CC surface, a result
of prevailing repulsive forces near the CC surface, a phenomenon
usually referred to as depletion. The depletion thickness reflects the
interaction of the body with the matrix or water (56). For both ma-
trix and water, the density at the interface is higher than in the ma-
trix further away from the CC, showing an enrichment.

The CC plays a vital role in the sorption process of this compos-
ite system. While the core of the crystal fiber remains intact, the
CC surface is heavily loaded with water molecules. The CC is the
load-bearing component of wood cell wall and the CC-matrix inter-
face greatly defines the ability of load transfer, thus the overall
mechanical performance of the composite. We therefore study, in
more detail, the effect of water enrichment on the interface behav-
ior of the composite, characterized by interface shear strength, hy-
drogen bonding, etc.

Interface weakening and hydrogen bonding

The interface shear strength is characterized via a pulling test of the
CC in the presence of the S2 amorphous polymers. The shear stress
displacement curves show stick-slip behavior. In the stick phase,
shear stress increases while the displacement remains almost zero.
Once the stress reaches a certain limit, called maximum shear stress
Tmax the CC abruptly slides for some distance, called slip phase, and
then sticks to a new location until the next slip event. The maxi-
mum shear stress T,y at different moisture contents is collected
and shown in Fig. 4K. Moisture sorption reduces the shear stress by
~3 times, indicating the weakening effect in the interface induced
by moisture.

In S2, there are many kinds of HBs formed between the differ-
ent phases which are matrix-matrix (M-M), CC-CC, water-water
(W-W), M-CC, W-M, and W-CC. The number of HBs is normal-
ized by the volume of S2 at dry state (Fig. 4L). The number of HBs
can be rescaled to the range of 0 to 1 using Eq. 33 and shown
in Fig. 4M

#HB(m ) —#HB(0.3)
#HB(0) —#HB(0.3)

#0B = (33)

As can be seen in Fig. 4L, at m ~ 0, the CC-CC HBs are the most
abundant, accounting for ~65% of the total number of HBs in S2,
which agrees well with literature (57). The CC-CC HBs stay almost
unchanged as sorption goes on, supporting the assertion that CC is
not affected by sorption. The adsorbed water stays at the surface instead
of entering the crystal core and disrupting the HBs inside CC. It is
noted that there is an important number of HBs within the matrix
(M-M) and at fibril-matrix interface (M-CC) at dry state.

With sorption, HBs within the matrix and at the fiber-matrix
interface are broken, while the number of HBs affiliated with water
rapidly grow. In the previous section, we showed that water mole-
cules tend to accumulate at the CC-matrix interface. The water
replaces CC-matrix HBs with water-CC (W-CC) and water-matrix
(W-M) HBs and thus weakens the interface, causing a reduction
of maximum shear stress and its stiffness. The mechanical perform-
ance of fiber-reinforced composites depends highly on the stiffness
and strength of the fiber-matrix interface. With the weakening of
the interface induced by water, it can be expected that the ability of
the interface to transfer load will diminish and irreversible defor-
mation can happen.
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Fig. 4. Structure, distribution of components, interface mechanics, and hydrogen bonding of the softwood cell wall S2 layer atomistic model. (A) Three-dimensional
view of dry S2 composite. Color denotes different components, namely, CC in black, GGM in red, cLGN in blue, AGX in green, and uLGN in orange. The locations of CC and
(B) M2 and (C) M1. Spatial density distribution of (D to F) matrix and (G to I) water at three moisture contents. Note that the CC is white-colored for clarity and is not
representing its density. (J) Density of matrix and water as a function of distance dcc to the CC surface for three moisture contents, 0.02, 0.16, and 0.3. (K) Maximum shear
stress as a function of moisture content. (L) Absolute number of HBs, and (M) rescaled number of HBs within the S2 system in function of moisture content. (N) Number of

HBs normalized by dry volume: dry condition in green line, m ~ 0.3 in blue line, and the difference in brown bars.
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The trend of changes in number of HBs can be seen more evi-
dently after rescaling, shown in Fig. 4M. It is noted that the rescaled
number of CC-CC HBs seems to fluctuate a lot. However, that is in
fact caused by the amplification of the very small amount of total
change, i.e., a very small value for the denominator of Eq. 33. The
number of matrix-affiliated HBs diminishes and the number of water-
affiliated HBs increases. After rescaling, the HBs of CC-M and M-M
follow almost the same decreasing curve, while the HBs of W-M
and W-CC follow the same increasing curve, showing similar

behavior in HB breaking mechanism. This means that matrix and
interface show a similar weakening behavior with increasing mois-
ture content.

When the matrix material is categorized into finer subclasses,
such as M1 and M2, or even the individual components, such as
AGX, uLGN, GGM, and cLGN, many more types of HBs emerge
by combination of these categories. While some types remain largely
unchanged with hydration and are thus omitted, the most affected
types of HBs are shown in Fig. 4N. The x axis is ordered in the

HO, OH
A B
o M o
HO  OH (0]
Q
H3CO
HO OH Ho,c” o HOH,C
OH
\6|0H2C
c D Ho N\
5 OR
HsCO 3 A1 % OH
NP SOH:C
4 6 v RO
HO OH M
HGom,d CH,OH
| Insertion Compression ( Relaxation 1 ( Relaxation 2

- * Randomized
orientation &
location

.. INsertion ——> Relaxation

M I

Fig. 5. Preparation of the S2 layer atomistic model and characterization of fiber-matrix interface. The chemical structure of (A) CC, (B) AGX, (C) coniferyl unit for
cLGN and uLGN, and (D) GGM. (E) General procedure for the preparation of a bulk or mixture material system of polymer chains. (F to L) Assembling procedure of 52
layer model. (M) Schematic of pulling test setup. (N) Interfacial stress as a function of time of dry S2 system, where the maximum shear stresses associated each with a

displacement event are marked with triangles.
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ascending of A#HB/V),. The CC-M HBs suffer the largest loss, and
the main reason is the significant loss of CC-GGM HBs. Within the
matrix, the largest loss in HBs occurs again for GGM-GGM. This
leads to the conclusion that GGM acts as a sort of “glue” between
CC and matrix and its moisture dependence plays a fundamental
role in the hygromechanical behavior of the composite, especially
at the fiber-matrix interface and in the interphase region around
the fiber.

DISCUSSION

Multiple pieces of evidence suggest the pivotal role of GGM in cell
wall mechanics. For S2 in dry state, the GGM-affiliated HBs are
the second most abundant following the HBs formed within CC-
CC. The GGM HBs connect CC and the remaining part of the ma-
trix and therefore is essential for the overall mechanical performance
of wood cell wall. In the hydrated condition, the GGM-affiliated HBs
suffer the most loss in number, especially the CC-GGM HBs. This
loss is partly caused by the strong hydrophilicity of GGM and the
large number of polar groups at the CC surface next to GGM. Mois-
ture accumulates at the fiber-matrix interface. Such concentration
of moisture leads to intensified disruption of interfacial hydrogen
bonding, which consequently deteriorates the function of the inter-
face of transferring shear stress. In many applications, wood is used
as a load-bearing component. It can be concluded that, to achieve
more stable wood material with a reduced tendency of swelling or
weakening, the hydrophilicity should be reduced by, e.g., chemi-
cal treatment (58). It is also possible that, by introducing proper
cross-linking between fiber and matrix, the wood mechanical per-
formance is improved (59).

Wood is known to be orthotropic. The swelling orthotropy is at-
tributed to multiscale origins, including the alternation of late- and
earlywood, the influence of rays, and the arrangements of cells (23, 40).
In this study, however, it is shown that the swelling anisotropy orig-
inates from the molecular level. The longitudinal swelling of S2 is
almost negligible, while the transverse swelling is comparable to the
swelling of the matrix materials. The transverse mechanical perform-
ance of wood is strongly influenced by hydration. The mixture
rule analyses reveal that the mechanics of interphase in S2 is ortho-
tropic, i.e., stiffening and strengthening the composite in the longi-
tudinal direction, while weakening it in transverse directions. It is
concluded that the wood cell wall orthotropy stems not only from
the oriented CC fiber but also from the presence of an interphase.

It is noted that modeling S2 cell wall is a challenging task with
many critical aspects still being revealed by ongoing experimental
characterizations. The diameter of microfibrils varies from 3 to up
to 60 nm according to various experimental reports (4, 5, 60, 61).
This study models a microfibril consisting of four cellulose fibrils,
which, however, should not be seen as the only possibility. None-
theless, this study epitomizes the modeling protocol, starting from
single components, mixtures, interfaces, and, lastly, reaching com-
posites. Characterizations and validations with available experi-
mental reports are carried out at each level to ensure validity. Other
types of plant cell walls, such as bamboo, or even other hierarchical
natural materials, such as bone, can be modeled and investigated
following a similar framework.

In conclusion, a state-of-the-art atomistic model of softwood S2
layer is constructed using a bottom-up approach, taking great care
to reflect the state of knowledge of this cell layer’s molecular struc-
ture. Individual components of the S2 cell wall layer, including cel-
lulose, glucomannan, xylan, two types of LGN, and two mixtures,
are built and mechanically characterized under the full hydration
range via separate MD simulations. Hydration is shown to induce
fundamental changes to the mechanical and physical properties of
all systems. This work provides a complete set of micromechanical
properties, including hydrogen bonding, swelling, and weakening,
over the full hydration range, which quantitatively agree with avail-
able experimental data.

The swelling curves are modeled by a two-section piecewise lin-
ear function, reflecting the initial pore-filling regime and the later
porosity creation regime. The S2 shows strongly anisotropic swell-
ing, with an almost negligible longitudinal swelling and a transverse
swelling comparable to the swelling of the matrix materials. The
weakening curves are modeled with power functions of porosity.

The unprecedented micromechanical dataset enables compre-
hensive RoM analyses revealing the working mechanism of cell wall
that is otherwise unobtainable. The interphases of M1, M2, and S2
show densities lower than the bulk that are attributed to either im-
miscibility or structural mismatch. This hints at possibly weak in-
teractions between the polymer components. Further RoM analyses
show that, for M1 and M2, the interphase moduli are smaller than
the prediction of simple mixture. The simple mixture is a hypothet-
ical model that assumes zero interaction between the components
of a compound. For S2, the situation is a bit more complicated. In
the transverse direction, the interphase is weaker than the simple
mixture; however, in the longitudinal direction, it is stronger. This

Table 4. Chemical composition of the constructed softwood cell wall S2 layer atomistic model.

el Rt Exp. mass ratio MD model mass ratio  # Monomers per chain # Chains
category polymer
CcC 27.5% + 2%*
C o 44.10% 10 36 x4

~15%*5

15.39% 50 9

Experimental data:
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clearly indicates that the orthotropy of the cell wall originates from
the cellulose fiber and the interphase. The initially soft and isotropic
matrix material becomes stiff and anisotropic under the influence
of fiber.

The working mechanism of cell wall is concluded as follows: The
cellulose fiber largely defines the modulus and swelling of cell wall,
especially along the longitudinal direction. The modulus and structure
of the fiber are independent of moisture content. The core of cellulose
fiber does not adsorb water. Therefore, it neither weakens nor swells
with hydration. In contrast, hemicellulose, the polymer interfacing
the LGN and cellulose, is ultrasensitive to moisture. Water tends to
severely enrich at the cellulose-hemicellulose interface, deteriorating
the HB network and consequently lowering the strength of the
fiber-matrix interface characterized by stick-slip stress. Hemicellulose
largely determines the mechanics of the fiber-matrix interface and,
therefore, the modulus and swelling of cell wall along the transverse
direction. The LGN was known to provide recalcitrance and serve
as water barriers, etc., although, in the current study, the mechanical
role of LGN is seen mainly as interfibril space filler.

This study presents a numerical framework for investigating
multicomponent and structurally complex natural biocomposites
through molecular simulation. RoM analysis, a simple yet powerful
tool, is harnessed to reveal the intricate component interactions in
the form of interphase. Not only the obtained cell wall atomistic
model opens up direct research opportunities in wood science but
also the epitomizing methodology can be extended to other biolog-
ical hierarchichal systems, such as bone and nacre.

MATERIALS AND METHODS

This section describes the retained material systems, including five
components (CC, GGM, AGX, uLGN, and cLGN), two mixtures (M1
and M2), and one composite (S2). Their chemical structures are
explained, first reviewing the chemical structures as reported by
literature and then presenting the decisions taken toward the atom-
istic model used for MD simulation, including the different steps in
building the systems. Last, the hydration process and mechanical
characterization methods are presented.

Preparation of dry polymer systems

General MD parameters

GROMACS 5.0 package (62) and GROMOS 53a6 force field (63)
are used for the MD simulation. GROMOS force field is chosen
because it is parameterized on the basis of the free enthalpy of
hydration, which is the most important component in the interaction
of water with polymer. The integration time step of the equations of
motion is 1 fs. The temperature is controlled by the Nose-Hoover
thermostat. For isothermal-isobaric ensemble (NPT) simulations, the
pressure is controlled by the Parrinello-Rahman barostat. The Coulomb
and van der Waals interactions have cutoff radii of 1.0 nm, and the
particle-mesh Ewald summation is used to account for long-range
Coulomb interactions.

General procedure for preparation of amorphous systems

The chemical structure of CC, coniferyl unit for cLGN and uLGN,
GGM, and AGX are included in Fig. 5 (A to D). The procedures to
obtain equilibrated molecular structures are the same for GGM,
AGX, uLGN, and mixtures 1 and 2, not including cLGN, which is
special because of cross-linkages. As summarized in Fig. 5E, generally,
the chains are inserted into a very large periodic box with random
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location and orientation. Then, the box is subjected to a high com-
pression pressure, ~1 GPa, at 300 K. The system is then relaxed at
an elevated temperature (800 K) without any pressure applied to
allow the release of internal stresses induced by the initial com-
pression. Last, the structures are equilibrated at room temperature
at 0 pressure.

Cellulose crystal

The cellulose chemical structure is composed of B(1-4) linked
D-glucose units, as shown in Fig. 5A. Although cellulose compris-
es about half of the mass of cell wall layers and is studied the most
among all wood polymers, some basic facts about cellulose are still
not clear, such as the number of cellulose chains in a microfibril, the
location of amorphous cellulose, and the shape of fiber cross sec-
tion. Most frequently, researchers assume the number of cellulose
chains in a cellulose nanocrystal, the reinforcement phase of the
wood cell wall, to be multiples of 6, based on the fact that six cellulose
synthase proteins form a cellulose synthase complex subunit (64, 65).
Under this premise, researchers propose models composed of 18,
24, and 36 chains based on different indirect measurements (66).

In the S2 cell wall layer, it is speculated that cellulose crystals
may be in close association with some amorphous cellulose regions
on the basis of the observation that rod-like cellulose crystals can
be extracted from cellulose fibrils through hydrolysis (67, 68). There
are multiple models for the location of amorphous cellulose. It is
currently widely acknowledged that the amorphous regions are
distributed along the fibril as kinks, formed by strain distortion and
twisting during cell formation (4, 66, 69), However, other reports
attribute the existence of kinks to sample processing, as indicated by
the non-Gaussian distribution of kink angles of cellulose fibrils (70).
In this study, amorphous regions of cellulose are not specifically
included because of the uncertainty of their presence but also to the
need to limit computation costs by controlling the size of the com-
putation domain. Nevertheless, some less perfect CC is present as
the cellulose chains at the surface of cellulose nanocrystals are less
ordered than the ones at the core.

Hemicelluloses: GGM and AGX

Similar to cellulose, the detailed chemical structures of these hemi-
celluloses are still under debate, but the retained systems are de-
scribed below. The validation and characterization of AGX can be
found in (10). It is reminded that the composition of AGX has three
types of monomers, i.e., 67% xylose, 20% glucuronoacid-xylose, and
13% arabinoxylose, which are randomly polymerized. Force field
parameters are obtained from the automated topology builder (71).
For the simulation of pure AGX, the AGX system contains five chains
of 100 monomers. When AGX is used in mixture or in S2, a total of
four chains of 50 monomers are used for the sake of saving compu-
tational costs.

For GGM, two types of monomers, i.e., glucose and mannose,
comprise the backbone with a ratio of 1:4, and galactose side groups
are branched on mannose (~8 weight %) units. The GGM model is
constructed following (44). The GGM system consists of four chains
of 80 monomers. When GGM is used in mixture, 3 chains of 100
monomers, or in S2, a total of 58 chains of 10 monomers are used.
The chain length of GGM in S2 is shortened for the ease of model-
ing, as shorter chains are easier to disperse randomly in the simula-
tion box of limited size.

The initial structures of these two polymers are built with Mate-
rial Studio software 8.0 on the basis of the chemical structure indi-
cated above.
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LGNs: Condensed and uncondensed types of LGN

LGN has been investigated extensively by experiments, and its
chemical structure is known to be tridimensionally complex with-
out a well-defined organization (72). Softwood LGN mainly com-
prises coniferyl units. Depending on the chemical bond types, there
are mainly two types of LGN, a more linear type (uncondensed,
uLGN) and another more branched type (condensed, cLGN).

For uLGN, the linkages between monomers are all -O-4, and
the polymer chain is linear. The initial structure is built in Material
Studio 8.0. The force field parameters for the LGN monomer are
built in the automated topology builder (71). The polymer chains
are assembled into bulk material through the procedure shown in
Fig. 5E. Five chains of uLGN with a degree of polymerization of 100
are first placed in a periodic box and equilibrated at 300 K and 0 bar.
For the mixture and S2, four chains of 50 monomers are used.

For cLGN, the most common covalent linkage is B-O-4 (40 to
60%), followed by B-5, 5-5', B-y, B-p’, and 4-O-5' linkages (51, 73).
Because of the inherent complexity in cLGN structure, a more so-
phisticated modeling path, referred to as random branching, must
be taken. On the basis of the uLGN structure above, cross-link bonds
are added. For force field simplicity, only 5-5" bonds are considered
in this study. When two C5 atoms from two monomers are with-
in 6 A of each other, a cross-link bond is formed. For 5-5" bond, an
equilibrium bond length of 0.149 nm and bond constant 1.4 x 10” kJ
mol™! nm™? are used. Through these steps, a highly bonded system
is built. This highly bonded system is used as a template of the initial
structure of cLGN. To get the final cLGN, the next step needed is the
random removal of some of the linear linkages and/or cross-linkages,
thus achieving a randomly branched LGN polymer with the de-
sired ratio of linear to cross-linkages. Then, the structure is energy
minimized with steepest descent and conjugate gradient algorithms
and equilibrated in NPT ensemble with 300 K and 0 bar. The result-
ing cLGN is quite heterogeneous and has a distribution of degree of
polymerization. In total, the cLGN system consists of 136 cLGN
molecules where the number of monomers per molecule ranges from
1 to 43. The Herman’s orientation function of the cLGN system
shows a value around 0, indicating the isotropy of the built system
(53). The cLGN in mixture 2 consists of 19 molecules of degree of
polymerization (DP) ranging from 1 to 43. The cLGN in S2 consists
of 57 molecules of DP ranging from 2 to 15. For all these systems, the
ratio of linear to cross-linkages is 2:1 (51, 73).

Because of the complexity of cLGN structure and the ensuing
difficulty in modeling and force field construction, cLGN is seldom
studied with molecular simulation, especially in the GROMOS
force field. It is worthwhile to note that, concurrently with this
study, a convenient tool to model the complex 3D structure of
LGN in the CHARMM force field was recently developed (74), but
unfortunately, given the different force field used, this new tool
could not benefit this study. Advantages of this method, if applica-
ble here, would have greatly relieved the burden of manually setting
up the coordinate and force field files.

Mixtures 1 and 2

The structural arrangement of the cell wall matrix is still subject
to debate. Chemical analysis and immunolabeling results reveal
that GGM and cLGN are in close proximity to the cellulose fibers,
while AGX and uLGN are somewhat further (75, 76). The dif-
ferent components in the cell wall are in a mixture state (6), which
necessitates the modeling of mixtures of the different types of
polymer chains.
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Mixture 1 is composed of AGX and uLGN, mass ratio of 1:2.
Mixture 2 is composed of GGM and cLGN, mass ratio 7:4. The mass
ratios comply with experimental observations of the S2 layer, as
summarized in Table 4.

Starting from the chains built in the previous sections, the bulk
material is prepared through the procedure shown in Fig. 5E. Different
chains are inserted with random locations and orientations to the
simulation box and to be then successively compressed and relaxed.
Molecules of all types may traverse a boundary and have cross-linkages
across the periodic boundaries.

S$2 composite

Softwood cell wall S2 layer is composed of cellulose (~45% mass
ratio), hemicelluloses (~27%), and LGNs (~28%). There could also
be some tiny portion (<3%) of pectins, ions, and extractives that
are omitted here because of their reported insignificant roles in me-
chanics. The mass ratio of different polymers is chemically analyzed
and summarized in Table 4.

Softwood S2 layer can be seen as a fiber-reinforced composite
where CC is embedded in a multicomponent matrix. The various
aforementioned components of S2 need to be positioned in certain
arrangements corresponding to the structure of the S2 layer of wood.
The exact structural details of each component and their arrange-
ment within the S2 layer are the object of ongoing research, with
many critical issues remaining to be clarified (5). The state-of-the-
art atomistic model of the S2 layer is constructed following the steps
described below. As come across situations that required to make
assumptions, these are explained.

Four CCs, each consisting of 36 chains of 10-monomer chain
forming hexagonal cross sections as shown in Fig. 5F, are first placed in
the simulation box separated from each other by at least 1.5 nm.
The void spaces are filled in the later assembling steps by the inser-
tion of the other polymers (Fig. 5, G to L). The periodic box is
shown with gray lines in Fig. 5F. A nonorthogonal periodic bound-
ary condition is used, where the two base vectors in the transverse
plane have an angle of 65°. The depth of the periodic box, i.e., the
dimension along the longitudinal direction, is 5.3 nm correspond-
ing to the length of the 10-monomer cellulose chain.

Studies have suggested that hemicellulose is the intermediate
polymer joining CC and LGN together (77). Quartz crystal micro-
balance and Fourier transform infrared spectroscopy indicated that
CC is closely associated with GGM (49). Accordingly, in the MD
model, GGM chains are the first to be deposited on the CC surfaces,
i.e., 38 chains of GGM inserted next to the surface CC with relatively
even distribution (Fig. 5G). From the 38 molecules, 10 are predom-
inantly between two crystals and the rest surrounds the four crystals. It
should be noted that the length of the GGM is relatively short, i.e.,
10 monomers per chain. As GGM is adjacent to cellulose crystals
and enters intercrystal space, forming the so-called microfibril, which
is a bundle of CC glued together by GGM, the feasible size of the
GGM chain is limited, hence the chosen degree of polymerization
of 10. Seven steps of energy minimization and relaxation follow:
steepest descent energy minimization, 100-ps relaxation in canonical
ensemble (NPT) (300 K) with cellulose fixed, another 100-ps relax-
ation without constraining cellulose, conjugate gradient energy
minimization, 100-ps relaxation in canonical ensemble (NPT) (300 K),
100-ps relaxation in NVT with high temperature (800 K), and 100-ps
relaxation in NVT at room temperature and stress-free state. The
cellulose atoms are constrained during the high-temperature relax-
ation to avoid unphysical decrystallization.
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Along with GGM, cLGN is also speculated to stay relatively close
to cellulose (6, 49), which is supported by the observation that
cLGN, similar to GGM, forms an ordered structure aligned to the
fiber axis (50-52). As intermolecular forces are short-range forces,
the distance between cLGN and cellulose should be close enough to
ensure that the CC can cast an influence over cLGN. Therefore, as
the next step of assembling, a mixture of 20 GGM chains and 57
cLGN molecules, mass ratio 3:5, are inserted randomly around the
previously built system of cellulose enveloped in GGM (Fig. 5I). Five
steps of energy minimization and relaxation are launched: steepest
descent energy minimization, conjugate gradient energy minimiza-
tion, 100-ps relaxation in NVT (300 K), 100-ps relaxation in NVT
(800 K), and 100-ps relaxation in NVT (300 K). In addition, in these
steps, cellulose atoms are restrained with a strong harmonic poten-
tial to prevent the introduction of unphysical defects of the crystal
when subjected to high-temperature relaxation. After relaxation,
the system reaches the state shown in Fig. 5]. As a point of clarifica-
tion, mixture 2 studied on its own is a mixture of 58 GGM chains
and 57 cLGN molecules, mass ratio 7:4. In the S2 model, the same
amount of GGM chains is used, i.e., 58; however, it is noted that
10 of these molecules are mostly located between crystals, slightly
changing the amount of GGM in contact with cLGN.

The uLGN and AGX components are then introduced to the
system (Fig. 5K), forming the matrix between cellulose microfibrils,
as suggested in (6). In total, nine chains of uLGN and four chains of
AGX, each with 50 monomers per chain, are inserted to the system
with a randomly chosen initial location, referred as mixture 1 with
ratio 1:2 above. The chains chosen are relatively long here, as an
attempt to stay as close as possible to the experimentally reported
degree of polymerization (100 to 200) (78, 79). The energy minimi-
zation and relaxation steps are as follows: steepest descent and
conjugate gradient energy minimization, relaxation in NVT (300 K)
for 100 ps, relaxation and densification (3000 bar of pressure on
the transverse direction with stress-free on axial direction) in NPT
at elevated temperature (400 K) for 1 ns, and another relaxation in
NPT (300 K, 0 bar) for 1 ns. In the last step of relaxation, the system
gradually recovers from the densified status, and the density is seen
to be decreasing and then approaching equilibrium after 0.4 ns. The
final state is shown in Fig. 5L. It is noted that Fig. 5L shows only one
periodic cell. The S2 model consists of 47,790 atoms and has dimen-
sions of 12.7 nm by 10.7 nm by 5.3 nm.

Hydration
The systems are characterized in dry state and at different moisture
contents. In MD, there are various models of water molecule.
GROMOS force field is designed to work with either the simple point
charge (SPC) or extended simple point charge water models (80). The
SPC is chosen in this study because its saturation vapor pressure is
closer to the value of experiments than the one of SPC/E (81).
Regarding obtaining hydrated systems, intuitively, the process of
hydration itself could have been modeled with water molecules in a
reservoir diffusing into the material. However, such approach would
be computationally expensive. Instead, in this study, water molecules
are inserted manually one after another, to randomly chosen locations
that do not overlap with existing atoms of polymers nor previously
inserted water molecules in the system. Following the successful in-
sertion of each water molecule, steepest descent, conjugate gradient
energy minimizations, and an equilibration run of 10 ps are carried
out. All the polymer systems, except for CC that is not affected by
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moisture, are subjected to this hydration process. Special care is taken
to ensure the hydrated system reaching equilibrium, and the details
are included in the Supplementary Materials.

Characterization

HB, swelling strain, elastic moduli, and Poisson’s ratio are character-
ized for the systems including individual polymers, their mixtures,
and composite. For the S2 composite model, the density distribu-
tion of water and matrix and the interface shear stress are addition-
ally characterized. All systems are tested in the full hydration range
seen in wood, i.e., 0 < m < 0.3, thus reaching what is generally re-
ferred to as the fiber saturation point (82). In wood, for m > 0.3,
water inhabits cell lumens, not directly affecting the mechanics of
the cell wall.

Hydrogen bond

The establishment of HBs is based on geometric criteria

r < 0.35nmando < 30° (34)
where r is the distance between the donor oxygen atom and the ac-
ceptor oxygen atom and «a is the angle of acceptor oxygen atom-
donor oxygen atom-donor hydrogen atom. The interoxygen distance
criterion of 0.35 nm refers to the first minimum of the radial distri-
bution function of SPC water (83, 84). The angle of 30° is approxi-
mately the angle of vibrations that break HBs (85). All the systems
are tested in the moisture content range of 0 to 0.3.

Swelling strain

Swelling strain refers to the uniaxial swelling strain instead of volu-
metric swelling strain, unless otherwise stated. The uniaxial swell-
ing strain is defined as

X(m)-X(0)
X(0)

where X(m) is the length of the system at moisture content m and
X(0) is the size of the system in dry condition using a Lagrangian
approach. The uniaxial swelling strains in the three orthogonal
directions (e€x, where X = x, y, z) of are measured. The volumetric
swelling strain €y is defined similarly except for replacing lateral size
X with the volume V. All the systems are tested in the moisture
content range of 0 to 0.3.

Elastic constants and Poisson’s ratio

For isotropic systems, including GGM, AGX, uLGN, cLGN, mix-
ture 1, and mixture 2, the elastic constants are determined from the
slope of the linear regime of stress-strain curves at room temperature.
To construct the stress-strain curve for bulk (K), Young’s (E), and
shear moduli (G), volumetric tensile, uniaxial tensile, and shear strains
are applied, respectively, and the resulting stresses are collected. The
stresses in MD are computed from the kinetic energy and the virials,
as detailed in (62). Stepwise strains are applied to a given structure
with each step straining around 0.01% of the initial dimension. Every
step is followed by a relaxation run of 100 ps to allow molecular
rearrangement. The relaxation conditions for bulk, Young’s, and
shear moduli are different. For bulk moduli, the strained structure
is relaxed in the NVT ensemble. For Young’s and shear moduli, the
structure is relaxed with the strained dimension fixed and the other
dimensions coupled to the barostat (P = 0 Pa). For example, in
Young’s modulus measurement, for a sample undergoing uniaxial
strain in the x direction, the relaxation will be carried out with the
x coordinates fixed, while the y and z coordinates are coupled to a

ex(m)= (35)
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barostat to allow fluctuation. Because of the stepwise straining and
the following relaxation, the influence of the strain rate is minimized.
For Young’s and shear moduli, the moduli measured in three prin-
cipal straining directions are collected and averaged. The Poisson’s
ratio is defined as

V,’j = - — (36)

€

with subscripts i and j referring to orthogonal directions.
For the S2 composite, the system is orthotropic because of the
CC fiber, where the elastic relation can be expressed as

[ 1 Y _Vx
E, E), E,
Yy o1 Vy
€xx E, Ey E, Oxx
o | ve ¥ 1 %
€zz| - E, - Ey E, G2z
Yyz| ~ 1 Tyz (37)
Vex Gyz Tax
ny 1 Tx)v
Gox
1
L Gx .

where¢, v, E, G, v, 6, and 1 denote normal strain, shear strain, Young’s
modulus, shear modulus, Poisson’s ratio, normal stress, and shear
stress, respectively.

In the composite, the z axis denotes the longitudinal direction
(L). Here, the xy plane is assumed to be isotropic making the com-
posite transversely isotropic, and both x and y axes are denoted
as transverse direction (T). In the transverse plane, the following
relations are thus established

Er

E; = Ej,vy, = 21 + vir)

Vys Vex = szsGTT = (38)

According to the symmetry of stress and strain tensors, the fol-

. - Ve Ve _ Ve
lowing relations hold: E T B - B VT Ve To conclude, for

S2 composite model, five independent mechanical parameters are
needed to describe the constitutive relation: E, = E;, Ex = E, = Er,
Gy =Gy = yz = Gzy =G = Gy ny = Uy = Gr1) Vax = Vzy = VLT-
Spatial density distribution of S2 composite

Spatial density distribution shows the density of matrix or water at
a certain location with coordinates (x, y, z). To obtain this distribu-
tion, the periodic box is partitioned into a number of cubes of iden-
tical volume V;, volume that equals to the ratio of total volume V of
the periodic box to the number of cubes. The center of the cube is
(%, , 2). The density of cube i equals the mass of the atoms within
that cube divided by the cube volume V;

mass(x, y,2,t)

Vi(x, y,2, 1) (39)

pilx,y,2)=
t

where the bracket denotes time averaging, over 10 ns of simula-
tion, a time span sufficiently long that spatial fluctuations can be
averaged out.
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Interface frictional mechanics of S2 composite

To measure the interface frictional mechanics, the CC is pulled
along the longitudinal and the stress is extracted. The atoms of CC
are attached to a virtual spring of constant k = 83 ] m™2, which is in
the weak spring stiffness case. The other end of the spring is moving
at a constant velocity v = 1 m s~ along longitudinal axis of CC, as
shown in Fig. 5M. The shear stress is defined as the force acting on
the virtual spring divided by the surface area of the four CCs, i.e.,
353 nm®. A sample of the stress versus time curve of the dry S2 sys-
tem is shown in Fig. 5N.

From the curve, the maximum shear stress Tmax, shown in
Fig. 5N as the peak values marked with triangles, are collected and
their averages are reported, as they define the shear strength of the
interface. The average value and SD are collected. Pulling tests
along two opposite directions (+z and —z) are carried out, and the
Tmax Values are averaged. The system is tested in the moisture con-
tent range of 0 to 0.3.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi8919

View/request a protocol for this paper from Bio-protocol.
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