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ABSTRACT  Unders anding and con rolling  he difusion of ions and 
chemicals wi hin  he secondary plan  cell walls are pivo al in various 
applica ions of biomasses. Recen  s udies have shown  ha  inorganic ion 
difusion  hrough secondary cell walls is con rolled by a mois ure-induced 
glass  ransi ion in amorphous polysaccharides, including amorphous 
cellulose and hemicelluloses. Unders anding  he difusion of ions in  hese 
s ruc ures has been  he subjec  of numerous recen  experimen s; however, 
a deep unders anding of  he underlying mechanisms of in erac ions 
be ween ion a oms and wa er/hemicellulose molecules is s ill lacking. 
This s udy uses molecular dynamics simula ions  o elucida e  he difusion 
mechanisms of po assium and chloride ions in  he cell walls under varying 
mois ure con en . The resul s reveal  ha  a higher mois ure con en  leads 
 o  he forma ion of solven  layers around  he ions and reduces  he charge 
in erac ion be ween  he func ional groups of wood polymers and ions. Hence, a higher mois ure con en  resul s in an improved 
difusion ra e of ions wi hin  he domain. The simula ion resul s also show  ha  higher mois ure con en  lowers  he glass  ransi ion 
 empera ure, promo ing difusion of ions in  he sys em. In con ras , increases in  he ion concen ra ion increase  he glass  ransi ion 
 empera ure of  he sys em and degrade  he difusion of ions in  he sys em. 

1. INTRODUCTION 
Renewable lignocellulosic biomass is a valuable feeds ock for 
biorefneries, which produce energy, chemicals, and fuels. 
Addi ionally, i  con inues  o serve as  he founda ion for wood-
based cons ruc ion ma erials.1−3 However,  he comple e 
u iliza ion of lignocellulosic biomass is impeded by an 
incomple e unders anding of various essen ial processes a  
 he molecular scale. One such process is  he difusion of 
mineral ions  hrough  he cell walls of lignocellulosic ma erials. 

The difusion of mineral ions holds signifcance in several 
processes, including biomass pre rea men s in biorefneries,4 

wood preserva ive  rea men s,5 fungal decay of wood,6−8 and 
corrosion of me al fas eners in wood.9−11 Enhancing our 
unders anding of  he molecular mechanisms governing mineral 
ion difusion is crucial for advancing research efor s  o design 
 he molecular archi ec ure of lignocellulosic biomass for 
specifc applica ions. For example, promo ing difusion could 
facili a e biomass breakdown in o useful molecular compo-
nen s in biorefneries, while inhibi ing difusion could 
safeguard wood-based cons ruc ion ma erials agains  degrada-
 ion caused by decay and me al fas ener corrosion. 

Wa er plays a vi al role in wood proper ies including cell wall 
difusion.12 All wood polymers have  he capaci y  o absorb 
wa er, al hough  he highly ordered cellulose chains wi hin  he 
cellulose fbrils exhibi  lower wa er absorp ion in con ras   o 
 he more amorphous componen s  ha  swell as a resul  of wa er 
absorp ion.13 The mois ure con en  (MC) of wood is defned 

as  he wa er mass divided by  he oven-dry mass of wood.14 The 
MC of wood depends on  he ambien   empera ure and rela ive 
humidi y condi ions. Below  he fber sa ura ion poin  (FSP), 
which  ypically ranges from 30  o 40% MC depending on  he 
defni ion used,15 all wa er wi hin  he wood is bound wi hin 
 he cell walls. Above  he FSP, addi ional wa er exis s as free 
wa er wi hin  he larger cavi ies of  he wood cells such as lumina 
and pi s. 

The frs  physical models for ion difusion  hrough  he wood 
cell walls were developed based on  he in erpre a ion of  he 
mois ure-dependen  elec rical proper ies measured in wood, 
which spans 10 orders of magni ude depending on MC.14 

Much experimen al evidence agrees  ha  elec rical conduc ivi y 
in wood is ionic.16−18 Therefore,  he ion conduc ivi y σ follows 
 he usual rela ion 

= n Zi i i (1) 

where μi is  he mobili y of ion i, ni is  he concen ra ion of ion i, 
and Zi is  he charge of ion i. In all of  hese early models, i  was 
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assumed  ha  ionic conduc ion was an aqueous process 
occurring  hrough pa hways of free wa er or “loosely” bound 
wa er. Because  he models are applied below  he FSP, and 
 herefore before free wa er forms in  he wood cavi ies,  hey 
imply  ha   hese pa hways exis  inside  he cell walls. The 
earlies  model19,20 proposed  ha  ions conduc ed along wa er 
pa hways  ha  were disconnec ed, and μi depended on how 
long i   ook  he ion  o cross from one pa h  o ano her. σ 
increased wi h increasing MC because μi increased as pa hs 
joined  oge her, and  here were fewer breaks. In 1963, Brown 
and co-workers16 applied Hearle’s model21  o explain  he 
mois ure dependence of σ in wood. In Hearle’s model, σ 
increases wi h MC because more ions become dissocia ed; 
 hus, ni increases and resul s in  he increased σ. In 2008, 
Zelinka and co-workers22 proposed a model based on 
percola ion  heory and asser ed  ha  pa hways of loosely 
bound wa er reached a percola ion  hreshold a  16% MC. 
Therefore, σ increased above  he percola ion  hreshold because 
μi increased a  MC values higher  han 16%. However,  he 
wa er pa hways  ha  all of  hese early models assumed  o exis  
inside of  he cell wall have never been experimen ally observed. 
Previous experimen al observa ions of  he loosely bound wa er 
in wood cell walls22−24 are ac ually now unders ood  o be an 
ar ifac  of  he sample prepara ion used in  hose s udies.25 

More recen ly, i  was proposed and confrmed  ha  mineral 
ion difusion in secondary lignocellulosic cell walls occurs 
 hrough in erconnec ing pa hways of amorphous polysacchar-
ides (amorphous cellulose and hemicelluloses)  ha  have 
passed  hrough  heir mois ure-induced glass  ransi ion and are 
in  heir rubbery s a e.26,27 This difusion mechanism is a solid 
polymer difusion mechanism  ha  supplan s previous models 
based on pa hways of free wa er or loosely bound wa er inside 
wood cell walls. Therefore, polymer science should be used  o 
unders and difusion  hrough secondary wood cell walls.12 

Molecular dynamics simula ions provide a promising 
approach  o fur her inves iga e  he de ails of mois ure-
dependen  ion difusion in amorphous polysaccharides. In 
addi ion  o s udying ra es of difusion,  he molecular 
relaxa ions and molecular-scale spa ial dis ribu ions of wa er, 
hemicelluloses, and ions can also be s udied as func ions of 
MC by simula ions. The glass  ransi ion  empera ure (Tg) of 
hemicelluloses, signifying  he  ransi ion from a glassy  o a 
rubbery s a e, is of par icular in eres  because i  is expec ed  o 
signifcan ly infuence  heir proper ies. In hemicelluloses, 
varia ions in Tg have been shown  o impac  difusion, mois ure 
con en ,  hermal s abili y, solubili y, mechanical s reng h, and 
barrier proper ies.16,21,28−34 Unders anding  hese fac ors is 
cri ical for designing ma erials wi h  ailored ion  ranspor  
proper ies. 

This s udy focuses on simula ing  he impac  of mois ure on 
 he s ruc ure and difusion behavior of po assium and chloride 

ions in  he model amorphous polysaccharide galac ogluco-
mannan, which is a hemicellulose commonly found in 
sof wood from gymnosperm  rees, such as conifers. These 
specifc ions and polysaccharides were selec ed  o facili a e a 
direc  comparison be ween  he simula ion resul s and recen  
experimen al measuremen s of ion difusion  hrough loblolly 
pine secondary cell walls.35,36 

2. METHODS 
In  his s udy, galac oglucomannans were chosen because  hey are one 
of  he primary hemicellulosic frac ions of sof woods. They 
predominan ly consis  of hexoses, such as galac ose, glucose, and 
mannose. The chemical composi ion analysis of pine, a represen a ive 
sof wood  ree, also revealed  ha  hexoses accoun  for approxima ely 
64% of i s hemicellulose composi ion. Hence,  he principal molecular 
s ruc ure of galac oglucomannans shown in Figure 1 was u ilized  o 
model  he hemicelluloses presen  in pine.37,38 

2.1. Moisture Content Simulations. Molecular dynamics 
simula ions were performed using GROMACS sof ware.39 To 
simula e  he behavior of hemicelluloses, six oligomers of galac oglu-
comannan, each composed of 25 repea ing uni s, were assembled in o 
periodic s ruc ures. These s ruc ures were crea ed in seven 
confgura ions wi h varying amoun s of wa er molecules, represen ing 
hemicelluloses wi h mois ure con en s (MC) of 0, 1, 2.5, 5, 10, 15, 20, 
or 25%. Addi ionally,  wo series of  hese hemicellulose s ruc ures were 
cons ruc ed, wi h 1 or 10 chloride and po assium ions incorpora ed 
in o each s ruc ure. All of  hese a oms and molecules were packed in 
 he simula ion box using Packmol sof ware40 wi h a minimum 
dis ance of 2 Å be ween all a oms. Af erward,  he s ruc ure was 
minimized using  he conjuga e gradien  me hod. The Charmm-36 
po en ial is used for  his se  of simula ions,41 and  he SPC/E wa er 
model is used in  hese simula ions. 

Nex ,  he assembled hemicellulose sys ems were subjec ed  o a 
relaxa ion process using a series of NVT and NPT molecular 
dynamics simula ions, each for 2 ns.42 The relaxa ion process aimed 
 o achieve equilibrium a  300 K wi hou  in roducing ar ifcial energy 
resul ing from growing fragmen ed molecules in an emp y box. Roo -
mean-square devia ion (RMSD) was used  o make sure  ha   he 
sys em was comple ely relaxed. Following relaxa ion, s ruc ures wi h 
densi ies comparable  o  hose of experimen al da a were selec ed for 
subsequen  simula ions. These selec ed s ruc ures represen  periodic 
sys ems  ha  realis ically mimic  he conforma ions of pine hemi-
cellulose, wi h dimensions of approxima ely 5.5 × 5.5 × 5.5 nm3 . 

NVE (cons an  number of par icles, volume, and energy) dynamics 
simula ions were conduc ed on  he equilibra ed models  o inves iga e 
 he Brownian mo ion of chloride and po assium ions wi hin pine 
hemicellulose. The simula ions were run for a dura ion of 2.5 ns, 
during which  he ions moved according  o  he equa ions of mo ion. 

To de ermine  he difusion coefcien  (D) of  he ions,  he mean 
square displacemen  (MSD) was calcula ed rela ive  o  heir ini ial 
posi ions. The MSD provides informa ion abou   he average 
displacemen  of  he ions over  ime. The difusion coefcien  can be 
ob ained from  he slope of  he MSD plo . The calcula ion of  he 
difusion coefcien  using  he MSD is performed as follows: 

Figure 1. Principal s ruc ure of galac oglucomannans in sof wood. 
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where N is  he number of ions, and  i(t) and  i(0) are  he curren  and 
ini ial posi ion vec ors of i h ions, respec ively. Hence,  he ra e of 
MSD varia ion wi h  ime can be used  o evalua e  he self-difusion 
coefcien  of chloride and po assium ions undergoing random 
Brownian mo ion in  hree dimensions. 

2.2. Glass Transition Temperature Simulations. Ano her se  
of simula ions was performed  o inves iga e  he glass  ransi ion 
 empera ure of  he galac oglucomannans. In  hese simula ions, 
sys ems consis ing of 25 repea ing uni s of  he hemicellulose were 
crea ed and replica ed  o represen  diferen  mois ure con en s, 
ranging from 0  o 25%. Addi ionally,  hree se s of simula ions were 
performed, one wi h 0 ions, one wi h 1 ion pair, and  he las  wi h 10 
ion pairs. Similar  o  he previous se ,  he hemicelluloses, wa er 
molecules, and ion a oms were packed inside  he simula ion box (wi h 
a similar size  o  he previous se ) using Packmol. Then,  he energy of 
 he sys em was minimized by using  he conjuga e gradien  me hod  o 
remove any possible energy jumps in  he sys em. The wa er model in 
 his se  was similar  o  he previous se  of simula ions and  he 
Charmm-36 po en ial was used for in era omic in erac ions.41 

Af erward, each sys em was equilibra ed using  he Noose−Hoover 
ensemble for a dura ion of 2.5 ns. This ensemble allowed  he sys em 
 o reach a s able s a e a  a  empera ure of 270 K. Following  he 
equilibra ion,  he  empera ure of  he sys em was gradually increased 
from 270  o 420 K, wi h incremen s of 10 K. Each incremen  was 
performed linearly over a period of 1 ns, during which  he 
 empera ure was held cons an  for an addi ional 1 ns  o ensure 
 hermal equilibrium. 

Throughou   he cons an   empera ure simula ions,  he roo -mean-
square devia ion of  he sys em was con inuously moni ored  o ensure 
 ha   he sys em reached s abili y by  he end of  he 1 ns period. This 
verifca ion s ep was crucial in confrming  ha   he sys em achieved a 
consis en  and reliable s a e for subsequen  analysis. 

The sys em’s densi y was calcula ed a  each  empera ure s ep  o 
examine i s evolu ion as a func ion of  empera ure and mois ure 
con en . By observa ion of  he changes in densi y, par icularly in 
rela ion  o  he glass  ransi ion  empera ure, valuable insigh s were 
gained regarding  he s ruc ural  ransforma ions and  he efec s of 
mois ure on  he hemicellulose ma erial. 

These simula ions aimed  o cap ure  he behavior of galac ogluco-
mannans across a range of  empera ures and mois ure con en s, 
ul ima ely providing valuable da a  o de ermine  he glass  ransi ion 
 empera ure and be  er unders and  he dynamics and proper ies of  he 
hemicellulose ma erial under diferen  condi ions. 

3. RESULTS AND DISCUSSION 
Figure 2 illus ra es  he rela ionship be ween  he densi y and 
mois ure con en  (MC) for hemicelluloses con aining diferen  
numbers of chloride and po assium ions. The fndings indica e 
 ha   he densi y of  he pine hemicellulose galac oglucomannan 
decreases as MC increases, irrespec ive of  he number of ions 
presen . However,  he ra es a  which  he densi y changes are 
no   he same. Hemicellulose wi h more ions experienced a 
more pronounced decrease in densi y as MC increased. A  MC 
values below 15%,  he hemicellulose con aining more ions 
exhibi s a higher densi y  han  he models wi h fewer ions. 
However, all  hree models exhibi ed nearly similar densi ies a  
higher MC levels. 

Figure 3 illus ra es  he varia ion of difusion coefcien s wi h 
mois ure con en  (MC) for chloride and po assium ions in  he 
1-ion pair sys em. The MSD plo s used  o calcula e  he 

difusion cons an s are shown in  he Suppor ing Informa ion. 
The difusion coefcien s for  he 10-ion pairs sys em had  he 
same  rends wi h MC bu   he values were on average 12% 
lower. In bo h sys ems,  he difusion coefcien s increased 
exponen ially as  he MC increases. While  he  rend of difusion 
coefcien  grow h is consis en  for bo h ions,  here was a 
dis inc  diference in  he grow h ra es, par icularly a  higher 
MC levels. Chloride difusion coefcien s (Figure 3a) 
increased from 2.22 × 10−9  o 3.71 × 10−6 cm2/s. On  he 
o her hand,  he difusion coefcien s of po assium (Figure 3b) 
increased from 4.69 × 10−9  o 9.02 × 10−7 cm2/s. Below 15% 
MC, po assium and chloride difusion ra es were wi hin  he 
same order of magni ude. However, above 15%,  he difusion 
coefcien  of chloride became approxima ely 1 order of 
magni ude higher  han  ha  of po assium. This diference was 
consis en  wi h  he previous s udies,43 which repor ed  ha  
anions difuse fas er  han ca ions. Sarker e  al. explained  ha  
par ial nega ive charges of func ional groups in  he wood 
polymers (carboxyla es) a  rac   he ca ions in  he sys em and 
slow  heir movemen , while anions are repelled by  hese groups 
and difuse in  he wood cells much easier. 

Figure 4 presen s  he experimen al difusion coefcien s of 
po assium ion (K+) and chloride (Cl−)  ha  were exper-
imen ally measured in  he S2 secondary wood cell wall of 
loblolly pine36 and compares  hem wi h  he resul s ob ained 
from  he molecular dynamics (10-ion pair sys em) simula ions 
performed in  his s udy. In  he experimen al se up, ion 
gradien s were crea ed in  he cell wall layer by applying a small 
drop of KCl aqueous solu ion  o a 2 μm  hick wood sec ion. 
The wood sec ion was  hen condi ioned a  diferen  rela ive 
humidi y levels, namely, 70, 75, or 80%. Time-lapse images of 
ion difusion  hrough  he cell wall were cap ured using 
synchro ron-based X-ray fuorescence microscopy (XFM). The 
difusion cons an s for K and Cl were calcula ed by analyzing 
 he  ime-dependen  concen ra ion gradien s. This analysis 
assumed  ha   he difusion followed Fick’s second law for 
nons eady s a e difusion and  ha   he difusion coefcien  
remained cons an . 

No ably,  he experimen al difusion cons an s are 2−3 orders 
of magni ude lower  han  hose ob ained from  he MD 
simula ions. However, bo h  he experimen al and simula ed 
difusion coefcien s exhibi ed a similar increase pa  ern wi h 
MC, which sugges ed  ha  difusion in  he simula ions and 
experimen s was con rolled by similar phenomena. There are 
numerous fac ors  ha  likely con ribu e  o  he discrepancy in 
 he difusion cons an  values. A major fac or is  ha   he 
simula ions and experimen s measured  wo diferen   ypes of 

Figure 2. Densi y vs mois ure con en  for hemicelluloses wi h 0, 1, 
and 10 chloride and po assium ion pairs a  300 K. 
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difusion. In  he experimen s, difusion occurred a  a 
concen ra ion gradien  in which ions moved from volumes of 
higher concen ra ion  o lower concen ra ions. To main ain 
charge neu rali y, bo h ca ions and anions were required  o 
difuse  oge her. For example, Jakes e  al.36 measured  he 
difusion of ions deposi ed by KCl or CuCl2 aqueous sal  
solu ions. The chloride difusion ra es depended on  he ca ion 
wi h chloride in  he CuCl2 experimen  difusing abou  an order 
of magni ude slower  han  he chloride in  he KCl experimen . 
The copper ion and  wo chlorides difused more slowly 
because  hey were efec ively a larger difusan   han  he 
po assium ion and single chloride  ha  had  o difuse  oge her 
in  he KCl experimen . In  he curren  simula ions, self-difusion 
was assessed in which an individual ion moved wi hou  having 
 o have ano her ion move wi h i   o main ain charge neu rali y. 
Wi hou   he cons rain  of having  o have mul iple ions move 
 oge her  o main ain charge neu rali y,  he ions in  he 
simula ions difused fas er. 

O her possible fac ors for  he discrepancy in difusion 
cons an  values include  he  ype of amorphous polysaccharide 
 es ed, shapes of  he hemicellulose volumes, hydros a ic 
pressures inside of swelling wood cell walls, and diferences 
in ion concen ra ions. Galac oglucomannan is only one  ype of 
amorphous polysaccharide inside loblolly pine cell walls. 
Amorphous cellulose and o her  ypes of hemicelluloses such 
as arabinoglucuronoxylan are also presen  and likely infuenced 
 he experimen ally measured difusion coefcien s. The 
hemicellulose domains wi hin  he cell wall also have diferen  
shapes and confgura ions compared wi h  he 5.5 nm cubic 

model used in  he simula ions. Inside  he cell wall, hemi-
celluloses are likely elonga ed cylinders wi h diame ers ranging 
from 1  o 3 nm. Difusion predominan ly occurs along  he 
leng h of  hese cylinders, making  he sys em diferen  from  he 
MD model. Addi ionally, experimen al s udies show  ha   he 
hydros a ic pressure in  he wa er-swollen cell wall can be as 
high as 100 MPa.45 This pressure could also reduce  he 
available free volume, impeding difusion. Finally, increases in 
ion concen ra ions decrease difusion coefcien s, as observed 
in  he comparison be ween  he simula ed one-ion pair and 10-
ion pair sys ems. Concen ra ions of ions in  he experimen s are 
in order of 1000 mol/m3, while in  he 5.53 nm3 simula ion size, 
 he 1−10 ion would resul  in a concen ra ion of 9.98−99.81 
mol/m3 . This higher concen ra ion of ions would likely resul  
in  he clus ering of ions in  he sys em. 

To gain valuable insigh s in o  he spa ial arrangemen  of 
a oms wi hin  he hemicellulose, we used  he radial dis ribu ion 
func ion (RDF), deno ed as g( ). Figure 5 illus ra es  he RDF 

comparisons be ween ions (po assium and chloride) and wa er 
molecules as well as be ween ions and hemicellulose chains a  
 he 25% mois ure con en  (MC). In bo h cases,  he RDFs 
be ween ions and wa er molecules exhibi ed higher peak values 
compared  o  he RDF be ween ions and hemicellulose chains. 
This observa ion indica ed  ha  wa er molecules surrounded 
 he ions, decreasing  he in erac ions be ween  he ions and 
hemicellulose chains. Figure 5a displays  he RDF for chloride 
ions, revealing  he accumula ion of  hree layers of wa er 
molecules around  he ions. These layers are loca ed a  
dis ances of 2.2, 3.3, and 4.4 Å. The in ensi y of wa er 
molecules surrounding  he chloride ions is no ably high, 
resul ing in minimal in erac ion be ween  he chloride ions and 
hemicellulose chains. In Figure 5b,  he RDF for po assium ions 

Figure 3. Difusion ra e of (a) chloride and (b) po assium ions vs mois ure con en  from  he 1-ion pair sys em a  300 K. 

Figure 4. K+ and Cl− difusion cons an s measured using molecular 
dynamics (MD) and experimen al measuremen s in loblolly pine 
(Pinus taeda) S2 secondary cell wall layers using X-ray fuorescence 
microscopy (XFM).26 The mois ure con en s for  he XFM measure-
men s were calcula ed using rela ive humidi y during  he experimen  
and  he hemicellulose iso herm of Cousins’ work.44 

Figure 5. Radial dis ribu ion func ion of (a) chloride and (b) 
po assium wi h wa er molecules (red line) and hemicellulose (black 
line) a  25% MC. 
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shows  he presence of  wo layers of wa er molecules loca ed a  
dis ances of 2.7 and 3.3 Å surrounding  he ions. The 
hemicellulose chains do no  exhibi  signifcan  alignmen  or 
in erac ion wi h  he po assium ions. These fndings demon-
s ra ed  ha  wa er molecules play a crucial role in surrounding 
and solva ing  he ions,  hereby reducing  heir in erac ions wi h 
 he hemicellulose chains in  he sys em. 

The predic ed behavior by RDF plo s can also be visually 
seen in Figure 6. This fgure shows  ha  increases in  he MC of 
 he sys em resul ed in hydra ion shells around  he ions in  he 
sys em. However, in  he low MC sys ems,  he ions have direc  
in erac ions wi h  he hemicellulose. 

Figure 7 displays  he RDF be ween po assium and chloride 
ions a  diferen  MCs. The RDF diagram for each MC 

exhibi ed a prominen  peak a   he beginning, followed by 
successive shor er peaks. The RDFs can be divided in o  hree 
regions. The frs  region, observed a  2.95 Å, corresponds  o 
 he po assium-chloride dis ance a  1, 2.5, and 5% MC. In  his 
region,  he in ensi y of  he peaks gradually decreases as  he 
MC increases. The second region, occurring a  3.1 Å, 
represen s  he po assium-chloride dis ance for 10 and 15% 

MC. The in ensi y of  he peak is higher for 10% MC compared 
 o 15% MC. The  hird region, charac erized by a shor  peak a 
3.25 Å, corresponds  o  he po assium-chloride dis ance a  20% 
MC. These resul s indica ed  ha  as wa er molecules permea e 
 he pine hemicellulose s ruc ure,  hey accumula e around 
chloride and po assium ions,  hereby in erfering wi h  heir 
in erac ions. This accumula ion of wa er molecules increases 
 he dis ance be ween  he ions and preven s  he forma ion of 
ion clus ers a  higher MCs. 

As shown in bo h Figures 6 and 7, a  low MC, we observed 
 ha  chloride and po assium ions  end  o come  oge her and 
form clus ers. Due  o  heir larger sizes,  his clus ering 
con ribu ed  o slower migra ion ra es. However, a  high MC, 
 he presence of wa er molecules disrup ed  he forma ion of 
 hese clus ers. The polar wa er molecules were s rongly 
a  rac ed  o ions  hrough elec ros a ic forces, which caused 
 he ion clus ers  o dissolve. As a resul , layers of wa er 
molecules are formed around  he chloride and po assium ions 
ins ead of clus er forma ions. The wa er molecules ac ed as 
carriers for  he ions wi hin  he pine hemicellulose s ruc ure, 
which promo ed difusion. 

Overall,  hese resul s sugges   ha  increasing  he MC 
dissocia es ion clus ers  o individual chloride and po assium 
ions. Since individual ions are smaller  han clus ers,  hey 
experience less hindrance from surrounding molecules and can 
difuse more freely. Addi ionally,  he hydra ion shells facili a e 
ion movemen   hrough  he hemicellulose s ruc ure. This 
observa ion suppor s  he physics behind Brown and co-
workers’16 applica ion of Hearle’s model21 in which  hey asser  
ionic conduc ivi y experimen ally increases wi h MC because 
more ions dissocia e a  higher MC. However, al hough ion 
dissocia ion likely plays an impor an  role, i  is no  expec ed  o 
fully explain  he MC dependence of ionic conduc ivi y in 
wood. I  is also known  ha   he amorphous polysaccharides’ 
glass  ransi ion  empera ure (Tg) has a primary role in 
con rolling ionic difusion.12,26 

The Tg of  he hemicellulose was s udied here by analyzing 
densi y changes as a func ion of  he  empera ure, MC, and ion 
concen ra ion. Figure 8 illus ra es  he measured  empera ure-
dependen  densi y for 0-ion, 1-ion, and 10-ion pair sys ems 

Figure 6. Ion and wa er molecule dis ribu ions in relaxed pine hemicellulose. The purple spheres represen  chloride a oms,  he green spheres 
represen  po assium a oms, and  he remaining en i ies (red a oms connec ed  o whi e a oms) deno e wa er molecules. A  lower mois ure con en , 
 he ions conglomera e. However, as  he mois ure con en  increases, layers of wa er are formed around  he ions. 

Figure 7. Radial dis ribu ion func ion be ween po assium and 
chloride. For 1, 2.5, and 5% mois ure con en  (MC),  he closes  
dis ance be ween po assium and chloride a oms is around 2.95 Å. For 
10% and 15% MC, a  3.1 Å and for 20%, a  3.25 Å. For  he case of 
25%, no peak is observed up  o 5 Å. 
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wi h increasing MC. The 0- and 1-ion pair sys ems had similar 
densi ies. The 10-ion pair sys em had subs an ially higher 
densi y, especially a  15% MC and below. The diference in  he 
densi y behavior for  he 10-ion pair sys em can be a  ribu ed  o 
 he forma ion of solva ion shells around  he ions in  he 
presence of wa er molecules. In sys ems con aining ions,  he 
surrounding wa er molecules arrange  hemselves in dis inc  
solva ion shells, al ering  he wa er behavior compared wi h 
sys ems wi hou  ions and resul ing in a  igh er packing of wa er 
molecules in  he sys em. This increases  he densi y of  he 
sys em. In  he case of  he 1- ion pair sys em,  he presence of a 
single ion pair is no  subs an ial enough  o signifcan ly 
infuence  he sys em’s overall behavior. Consequen ly,  he 
change in densi y behavior is only modes , wi h a sligh  
al era ion in  he ra e of densi y change wi h MC. On  he o her 
hand,  he ions in  he 10-ion pair sys em had a more subs an ial 
impac  on  he overall densi y of  he sys em. 

Subsequen ly, Tg was de ermined by analyzing densi y 
changes as a func ion of  empera ure. The Tg was de ermined 
a   he  empera ure where  he densi y ra e changes, which is 
found a   he in ersec ion of  he  wo lines plo  ed for each da a 
se  in Figure 8. The lines in Figure 8 were plo  ed af er 
minimizing  he residual sum of squares from  he frs  and 
second f s. The calcula ed Tg’s are shown in Figure 9. This 
plo  clearly shows  he pa  ern of Tg wi h respec   o  he ion 
concen ra ion and mois ure con en  in  he sys em. The Tg 
progressively decreased as  he MC increased, irrespec ive of 
 he ion concen ra ion. However, for a given MC,  he Tg 
increased wi h increasing number of ions. The dependence 
of Tg wi h MC and ion concen ra ions indica ed  ha  MC and 
ion concen ra ion bo h infuence  he sys em’s behavior, 
par icularly in rela ion  o i s s ruc ural dynamics. The presence 
of addi ional plas icizing wa er molecules in  he sys em 
in roduces grea er molecular mobili y and disrup s  he 
in ermolecular in erac ions,  hereby facili a ing changes in  he 
s ruc ural arrangemen s of  he hemicellulose chains  ha  

promo e difusion. In con ras , increased ion concen ra ions 
increased Tg, which likely means decreased molecular mobili y 
and hindered difusion. 

Addi ionally, Figure 9 includes experimen al Tg values from 
 he li era ure as a func ion of MC for  he ex rac ed 
hemicelluloses. The overall predic ed Tg values from  he 
molecular dynamics simula ions are lower  han  he repor ed 

Figure 8. Densi y of  he sys em as a func ion of  he  empera ure in  he (a) 0 ion, (b) 1 ion pair, and (c) 10 ion pair sys ems. The bilinear f  shows 
 he glass  ransi ion  empera ure in  he sys em. 

Figure 9. Ex rac ed hemicelluloses’ glass  ransi ion  empera ures (Tg) 
as a func ion of  he mois ure con en  (MC) from experimen al values 
in  he li era ure and from  he molecular dynamic (MD) simula ions in 
 his work. Experimen al resul s include hemicelluloses ex rac ed from 
Pinus densifo a, 46 hemicelluloses ex rac ed from Pinus  adiata, 47 

hemicelluloses ex rac ed from Eucalyptus  egnans, 47 hemicelluloses 
ex rac ed from P.  adiata, 48 xylan from birch,49 and glucomannan 
from Amo phophallus Konjac. 49 From  he MD simula ions,  he Tg for 
 he 10-ion pair sys em drops below 300 K when i  reaches 20% MC. 
However, for  he 1-ion sys em,  he Tg drops below 300 K when i  
reaches 25% MC. 
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experimen al values. A  room  empera ure, mos  of  he 
experimen al Tg values are a  abou  5−10% higher MC. This 
diference likely arises from  he diferen   ypes of measure-
men s  ha  were used  o de ermine Tg and diferences in 
molecular s ruc ures be ween s udies. However,  here is overall 
consis ency be ween  he simula ions and experimen s, as all of 
 he Tg’s decrease wi h respec   o  he MC and many of  he ra es 
of decreases are similar. 

A no able diference be ween  he experimen al and 
numerical resul s is  he onse  of observed ionic difusion. In 
experimen al XFM s udies of po assium and chloride ion 
difusion  hrough wood cell walls,  he onse  rela ive humidi y 
(RH)  hreshold for which ion difusion could be observed was 
in  he range of 60−67% RH.35 Using  he hemicellulose 
sorp ion iso herm of Cousins,44 60−67% RH corresponds  o 
abou  17−20% MC for hemicelluloses. In  he molecular 
dynamics simula ions, ionic difusion can be observed and 
measured a  all MC including 0% MC. This diference in 
observable behavior be ween experimen s and simula ions can 
be addressed by considering how far  he ions moved in  he 
simula ions. The movemen  of a oms a  a specifc difusion ra e 
is calcula ed using  he equa ion = Dt2 , where χ represen s 
 he dis ance  raveled, D is  he difusion coefcien , and t is 
 ime. By applying  his equa ion  o  he difusion ra es ob ained 
from 2 ns molecular dynamics simula ions, i  becomes eviden  
 ha  ions only move approxima ely 0.03 nm a   he lowes  MC. 
Considering  ha   he leng h of a xylan monomer is 
approxima ely 0.9 nm, i  can be concluded  ha  a  low MC, 
ions are confned wi hin molecular-scale holes and do no  
signifcan ly move  o diferen  loca ions wi hin  he polymeric 
s ruc ure. However,  he difusion coefcien s in Figure 3 a  
20% and higher MC correla e  o difusion dis ances  ha  exceed 
 he monomer leng hs of  he polymer s ruc ure, indica ing  ha  
ions are now difusing  o diferen  loca ions along a polymer 
chain. I  makes physical sense  ha  ionic difusion can only be 
observed experimen ally by XFM when ions are able  o move 
longer dis ances, like 1 nm or more,  o diferen  loca ions in 
 he polymer s ruc ure. These resul s indica e  ha  condi ions in 
which simula ed difusion dis ances exceed  he monomer 
leng h should correspond  o when difusion can be efec ively 
observed experimen ally. 

This  ransi ion from confned difusion a  low MC  o more 
ex ensive difusion a  higher MC and  he onse  of difusion  ha  
can be de ec ed experimen ally wi h XFM35,36 occurs when 
hemicelluloses are a  abou  20% MC. This MC agrees well 
wi h  he simula ion resul s for Tg. The Tg resul s fell below 
room  empera ure (300 K) be ween 20 and 25% MC 
depending on ion concen ra ion (Figure 9). Al hough  he 
experimen al Tg’s of ex rac ed hemicelluloses in Figure 9 
mos ly fall below room  empera ure in  he higher 25−30% MC 
range,  he values from  he ex rac ed hemicelluloses may no  
correspond  o  he Tg of  he in si u amorphous polysaccharides 
in  he in ac  cell wall. Difusion observed by XFM corresponds 
 o  his in si u Tg. For ins ance, Jakes e  al.26 reviewed li era ure 
Tg for bo h ex rac ed and in si u hemicelluloses and found  ha  
 he Tg’s of in si u hemicelluloses were of en repor ed a  lower 
rela ive humidi y values  han ex rac ed hemicelluloses. Overall, 
rela ions be ween difusion and Tg are consis en  wi h  he 
curren  unders anding  ha  mineral ion difusion in wood cell 
walls occurs  hrough in erconnec ing pa hways of rubbery 
amorphous polysaccharides (amorphous cellulose and hemi-
celluloses)  ha  are below  heir Tg and in  heir rubbery 
s a e.12,26 

4. CONCLUSIONS 
The focus of  his s udy was  o inves iga e  he impac  of  he 
mois ure con en  and ion concen ra ion on  he difusion 
coefcien  of ions and glass  ransi ion  empera ure wi hin 
hemicelluloses in wood cell walls. We used molecular dynamics 
simula ions  o examine  he behavior of ions and wa er 
molecules in  he presence of hemicellulose molecules. 

Our fndings are summarized below: 
• The glass  ransi ion  empera ure shows a nega ive 

correla ion wi h increasing mois ure con en  and a 
posi ive correla ion wi h rising ion concen ra ion wi hin 
 he sys em. 

• When  he difusion coefcien  in a cell wall is large 
enough  ha  ions can  ravel dis ances longer  han  he 
leng h of a monomer,  he ion difusion will be 
observable experimen ally. 

• Solva ion shells are formed around  he ions as  he 
mois ure con en  increases. These solven s’ shells 
surround and in erac  wi h  he ions, facili a ing  heir 
movemen  wi hin  he sys em. This phenomenon leads  o 
enhanced difusion of ions in  he wood cell walls. 

• The difusion ra e of chloride ions ou performs  ha  of 
po assium ions a  higher mois ure con en . This can be 
a  ribu ed  o  he number of solva ion layers surrounding 
each ion where po assium ions exhibi   wo layers of 
solven  around  hem, while chloride ions exhibi   hree 
layers. The par ial nega ive charges of func ional groups 
in  he wood polymers (carboxyla es) also likely a  rac ed 
 he ca ions in  he sys em and slowed  heir movemen . 

By es ablishing  he rela ionship among mois ure con en , ion 
concen ra ion, glass  ransi ion  empera ure, and ion difusion, 
 his s udy sheds ligh  on  he in rica e in erplay of  hese fac ors 
in de ermining  he dynamic behavior of hemicellulose sys ems. 
The fndings highligh   he impor ance of considering mois ure 
and ion efec s in designing ma erials wi h desired difusion 
proper ies for various applica ions, such as energy s orage, drug 
delivery, and ion-conduc ive membranes. 
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Supplementary Information for Effect of Moisture Content on Ion 

Diffusion and Glass Transition Temperature in Wood Cell Walls 

Sina Youssefian1,2, Mobin Vandadi1, Joseph Jakes3, and Nima Rahbar1,4* 

The Mean Square Displacements used for the diffusion rate calculation are included in the figures below. For 

measuring the actual displacement of the ions in the system, the periodic boundaries are unwrapped. The low 

moisture content systems are stacked on top of each other compared to higher moisture content systems. Thus, 

the log plot of the data is also included. 

Figure S1: Mean square displacement of the ions diffusion in the 1-ion system for (a,c) potassium ion and 
(b,d) chloride ion. Since the lines for low diffusion are stacked on top of each other in (a,b), the log-log 
plot of the MSDs are included in (c,d). 
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