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Abstract: Although molecular-scale wood-water interactions needed for moisture-durability can 
lead to the accelerated development of moisture-durable products, these interactions are often 
experimentally elusive. In this perspective, the topic’s state of the art understanding will be discussed, 
excluding computational work. Recent research efforts based on infrared spectroscopy methods have 
provided new insights in terms of the accessibility of the wood polymers and moisture-induced 
polymer dynamics. Likewise, neutron scattering and nuclear magnetic relaxometry experiments have 
shown that bound water can be found within more than one local environment inside the cell wall. 
However, a majority of the experiments have focused on studying extracted or derived polymers 
instead of unmodifed wood. Thus, in this paper some of the questions that still need to be addressed 
experimentally will also be highlighted. 

Keywords: molecular scale wood polymer dynamics; conformational changes; bound water; 
moisture-induced structural changes 

1. Introduction 

The presence of water in wood can lead to structural changes across various length scales [1–8]. 
Moreover, it can also increase the mobility of wood polymers [9–11], which can facilitate 
moisture-induced relaxations [12,13] and facilitate ion transport [14]. Despite the important role 
that molecular-scale wood-water interactions play in bulk-scale processes like softening and diffusion 
of ions, which ultimately affect the wood’s durability and performance, our fundamental understanding 
of these molecular interactions is rather incomplete. 

Research efforts aiming to improve our understanding of sorption phenomena in this regime are 
often limited by the available technology. Only a few techniques can access the length and time scales 
pertaining to molecular interactions (Figure 1), namely nuclear magnetic resonance (NMR), infrared 
spectroscopy (IR) methods, neutron scattering and diffraction (via neutrons or x-rays), and dielectric 
relaxation spectroscopy (DRS). In addition, when measuring wood, researchers using these techniques 
must overcome poor contrast between the wood polymers signal and non-trivial data analysis due to 
overlapping of signals from the wood polymers. Nevertheless, research endeavors focused on better 
understanding changes in hydrogen bonding upon hydration and accessibility to water have been 
increasing in the past few years [15–20]. Nuclear magnetic resonance (NMR) and Fourier-transform 
infrared spectroscopy (FTIR) have been increasingly used to study the effects of moisture-uptake 
in the chemical structure and accessibility of the wood polymers, with most studies focusing on 
cellulose [15,16,21]. X-ray diffraction (XRD) methods have provided insights on the moisture-induced 
changes in cellulose at the crystalline lattice level [8]. Changes in the polymer dynamics due to water 
absorption have also been studied, yet most efforts have only quantifed the increased polymer mobility 
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in terms of T1 relaxation times [15,16] and trends in the secondary relaxations [22]. Quasielastic 
neutron scattering (QENS) have further quantifed the polymer mobility in terms of the mean square 
displacement (MSD) [10,23]. The water dynamics associated to the increased polymer mobility have 
been easier to probe. NMR, FTIR, and QENS experiments have provided evidence that water in wood 
can be found in more than one local environment, i.e., interactions with hydrophilic polymers or with 
other water molecules [20,24–26]. Yet, only a few experiments have quantifed the water dynamics of 
bound water in wood [26]. 
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Figure 1. Conventional techniques used to study wood across several length and time scales. The 
relevant wood structure is included for comparison purposes. This perspective focuses on the 
molecular-scale interactions. The techniques applicable can probe length scales from 1 nm to 1 Å and 
time scales from 0.01 ps to 100 µs. Techniques listed in the figure (from left to right) include: ultra-
small angle scattering (USAS), small angle neutron scattering (SANS) and small angle x-ray scattering 
(SAXS), scanning electron microscopy (SEM), transmission electron microscopy (TEM), quasielastic 
neutron scattering (QENS), molecular dynamics (MD) simulations, and nuclear magnetic resonance 
(NMR). Figure adapted from Martinez-Sanz et al. [27]. 

In this perspective, I will provide a brief review of the current research trends on this topic, 
excluding recent research efforts based solely on Molecular Dynamics (MD) simulations and other 
computational methods. First, due to the interdisciplinary nature of the field, I provide a section 
providing a brief description of the terminology used in this paper. Then, the paper is divided into 
moisture-induced changes in the structural and temporal regime. Finally, I discuss questions that still 
need to be addressed by future research.  

2. Relevant Terminology 

The purpose of this section is to provide clarity with regards to the nomenclature used in this 
paper. Due to the interdisciplinary nature of wood science research, terms such as nanofibrils, 
elementary fibrils, and microfibrils are often used interchangeably. Thus, a brief description of the 
term unmodified wood and its components is provided below. Details about the biosynthesis of the 
polysaccharides and the lignification process are out of the scope of this paper and are therefore not 
included in this section.  

Figure 1. Conventional techniques used to study wood across several length and time scales. 
The relevant wood structure is included for comparison purposes. This perspective focuses on 
the molecular-scale interactions. The techniques applicable can probe length scales from 1 nm to 1 
Å and time scales from 0.01 ps to 100 µs. Techniques listed in the fgure (from left to right) include: 
ultra-small angle scattering (USAS), small angle neutron scattering (SANS) and small angle x-ray 
scattering (SAXS), scanning electron microscopy (SEM), transmission electron microscopy (TEM), 
quasielastic neutron scattering (QENS), molecular dynamics (MD) simulations, and nuclear magnetic 
resonance (NMR). Figure adapted from Martinez-Sanz et al. [27]. 

In this perspective, I will provide a brief review of the current research trends on this topic, 
excluding recent research efforts based solely on Molecular Dynamics (MD) simulations and other 
computational methods. First, due to the interdisciplinary nature of the feld, I provide a section 
providing a brief description of the terminology used in this paper. Then, the paper is divided into 
moisture-induced changes in the structural and temporal regime. Finally, I discuss questions that still 
need to be addressed by future research. 
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2. Relevant Terminology 

The purpose of this section is to provide clarity with regards to the nomenclature used in this paper. 
Due to the interdisciplinary nature of wood science research, terms such as nanofbrils, elementary 
fbrils, and microfbrils are often used interchangeably. Thus, a brief description of the term unmodifed 
wood and its components is provided below. Details about the biosynthesis of the polysaccharides and 
the lignifcation process are out of the scope of this paper and are therefore not included in this section. 

Unmodifed Wood 

Unmodifed wood refers to wood that has not been heat treated or chemically modifed in order 
to alter the properties of the material. The term includes wood that has been kiln dried and/or vacuum 
dried, and is often referred to in the literature as native wood. Native wood can be divided into 
softwoods and hardwoods depending on the species. At the growth ring level, it can be further divided 
into earlywood and latewood [28]. Moreover, it can also be classifed as normal, compression, or 
tension wood depending on the material source (i.e., branches versus trunk). These classifcations are 
important to consider because they will affect the cell wall thickness, density, and cellular structure 
of the studied sample. Thus, these variations can change among other things the volume probed by 
scattering and spectroscopy methods and ultimately impact the overall measured intensity. The main 
components of unmodifed wood are listed and briefy described below. 

1. Cellulose accounts for 40%–45% of the cell wall in softwoods and 38%–49% in hardwoods [29]. 
In unmodifed wood, cellulose is found in the cellulose microfbrils, which are bundles of 
cellulose elementary fbrils that are formed by an ordered arrangement of 18 to 24 chains. Only 
non-crystalline cellulose is accessible to water and at the elementary fbril level only surface 
chains are thought to be accessible [30]. Cellulose is a linear polysaccharide whose primary 
unit is the cellobiose. Each primary unit consists of two glucose units linked by a β(1 → 4) 
glycosidic bond [29]. Cellulose in higher order plants can be naturally found in two crystalline 
forms, namely Iα and Iβ [31]. The main differences between the two allomorphs are hydrogen 
bonding, crystal stacking and number of cellulose chains per crystal. In the triclinic cellulose Iα 

there is only one cellulose chain per crystal and the crystals are stacked longitudinally by glucose 
units that vary slightly in conformation. This allomorph is generally found as the dominant 
crystalline phase in bacterial cellulose and algae [32,33]. In the monoclinic cellulose Iβ there are 
two alternating cellulose chains held together by intramolecular hydrogen bonds in each crystal 
and its crystals are stacked paralleled to each other by forming inter-molecular hydrogen bonds. 
While spectroscopy studies have suggested that both forms of cellulose I can coexist in the native 
plants [32,34], the dominant crystalline form in wood is Iβ [33,35]. The monoclinic Iβ structure 
found in wood is typically described in terms of the a, b, c, and γ lattice parameters, which 
can be solved by tracking the main diffraction peaks, namely the (200), the (110), the (110), and 
(004) [8,32,36]. The longitudinal axis of the cellulose fbers is parallel to the c-axis. The cellulose 
chains are hydrogen-bonded into planar sheets along the b-axis, and these sheets are stacked 
via Van der Waal interactions along the a-axis. Most evidence supports that cellulose has both 
hydrophilic and hydrophobic surfaces [6], with the (110), (010), and (110) planes being the most 
hydrophilic ones [37]. Although the degree of cellulose crystallinity can vary across wood 
species and measuring methods, values between 50 to 65% are typical for both softwoods and 
hardwoods [38]. The remaining cellulose is typically considered amorphous or para-crystalline, 
which is an intermediate phase between Iα and Iβ, and is more laterally disordered and mobile 
than crystalline cellulose [6,39]. 

2. Hemicelluloses can be found in the middle lamella that holds together wood cell walls as well 
as inside the matrix of the cell walls [40]. It usually accounts for 15%–25% of the wood’s dry 
weight [29]. Hemicelluloses are polysaccharides with a lower degree of polymerization than 
cellulose. Usually, they have an equatorial β-1,4-linked glycosyl residue backbone [41] and despite 
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its backbone structure similarities to cellulose it lacks crystallinity. The specifc composition 
of the hemicelluloses can vary across wood types, species, and even wood cell walls [42]. 
The main hemicellulose in hardwoods is xylan and in softwoods it is galactoglucomannan [43]. 
In softwoods, xylan is typically found in the primary wall [41], while the major hemicellulosic 
components found in the secondary cell are partially acetylated galactoglucomannans and 
arabinoglucuronoxylan [44]. Different hemicelluloses have varying degrees of affinity between 
cellulose and lignin and hence they act as a bridge between the two components [45]. For instance, 
glucomannans have a higher affinity to cellulose than xylans [46], whereas xylans associate 
mostly with lignin [46] despite their ability to interact with cellulose hydrophobic surfaces [47]. 
Hemicelluloses are much more accessible to water than cellulose. In the hemicelluloses, it is 
assumed that most of all of its hydroxyl groups are accessible because of its lack of crystallinity [48] 
and the estimated concentration of available hydroxyl groups ranges from 8.6 to 18.8 mmol/g in 
glucomannan, whereas in xylan is 14.4 mmol/g [30]. 

3. Lignin is a three-dimensional aromatic polymer network that usually accounts for 26%–34% of 
the wood dry weight in softwoods and 23%–30% in hardwoods [29]. It is made of phenylpropane 
units that are linked by ether and carbon-carbon bonds [29,49]. In the cell wall lignin is typically 
formed after polysaccharide synthesis and thus its supramolecular structure is determined by 
the space available when lignin is deposited, meaning that middle lamella lignin differs from 
secondary cell wall lignin [50]. In the middle lamella, lignin is thought to form 3D globules made 
of folded chain oligolignols, whereas in the secondary cell wall it forms tubular structures that 
surround the hemicellulose coated microfbrils. Recent evidence, based on molecular dynamics 
simulations, have also suggested that the aromatic rings of lignin align themselves parallel to the 
cellulose fbrils; though this order seems limited to the frst monolayer of lignin [51]. Due to its 
lack of crystallinity, it is expected that most of its hydroxyl groups will be available to water [48]. 
Nonetheless, lignin is the least hydrophilic wood polymer and its concentration of accessible 
hydroxyl groups is comparable to the theoretical accessibility of cellulose [30]. 

4. Water in wood can exist as bound water and free water. The total amount of water in wood is 
called the moisture content and it is defned as the mass of water over the mass of oven dried 
wood [1]. The equilibrium moisture content varies according to the environmental conditions, 
such as relative humidity (RH) and temperature. In wood science, bound water typically refers 
to water that is bound within the wood cell wall by intermolecular attractions and free water 
refers to water that is found within empty cavities inside the wood structure, such as lumina 
and pits [1]. Different groups have proposed that water within wood can be found in two or 
three states [52]. While, it has been shown that the freezable bound water found via differential 
calorimetry measurements is caused by sample preparation [53], some scattering techniques 
have been able to discern between populations of water molecules that have different types of 
local environment. Hence, in this paper, all bound water will be referred to as absorbed water. 
It is known that changes in the local environment experienced by water molecules affect their 
properties and state [54]. In the literature, water that interacts strongly with the wood polymers 
has been referred to as slow water, strongly-bonded water, and, in some instances, non-freezing 
water. Here, it will be referred to as strongly-bound water. Water that interacts loosely with the 
wood polymers and/or is more likely interacting with other water molecules has been referred to 
as fast water, weakly-bonded water, and/or bulk-like water. Here, the term loosely-bound water 
will be used. 

5. Extractives correspond to non-structural components that can be typically removed with solvents. 
These components are typically classifed into three subgroups: aliphatic compounds, terpenes, 
terpenoids, and phenolic compounds [55]. Although, the total content and composition of 
these components can vary greatly between species and even within different parts of a tree, 
the majority of the extractives are typically found in the heartwood [44]. In general, extractives 
account for 2% to 10% of the wood’s dry mass, although some durable species can have higher 
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values [55]. It is widely accepted that extractives play a role in increasing the durability of 
wood, particularly, in terms of decay and termite resistance [56]. Moreover, studies on the 
bulk swelling of wood in organic liquids have shown that extractives can lower the rate of 
maximum swelling [55]. However, in situ studies focusing on the effect of the extractives on 
the molecular-scale interactions between wood and water have been difficult likely due to the 
variability in content and composition of the extractives. NMR experiments have shown that 
wood with higher content of wood extractives have different bound water T2 values than other 
temperate species [57], yet it is still unclear whether the extractives play a role in the dynamics of 
the bound water or the mobility of the wood polymers. 

3. Moisture-Dependent Behavior of the Wood Polymers 

Even though moisture uptake in wood leads to structural changes across multiple length scales, 
this discussion will focus only on those changes that pertain the molecular and nanoscale levels. 
Research at these length scales have focused on improving our understanding of moisture-induced 
conformational changes in the wood polymers, mainly in terms of hydrogen bonding and water 
accessibility, as well as changes in the crystal and chemical structure. The majority of the studies 
have focused on extracted polysaccharides and model systems made out cellulose nanofbrils and/or 
bacterial cellulose; only a few studies have aimed to study wood in its entirety. 

Synchrotron XRD studies have provided insights on the changes that occur at the cellulose 
crystalline lattice level. More specifcally, studies on spruce earlywood wood cells have shown that 
the cellulose crystalline lattice is compressed upon increasing hydration [8]. This change has been 
attributed to (a) an increase in the swelling pressure exerted by the surrounding matrix [36] and (b) to 
compressive stresses caused by the condensation and evaporation of ordered layers of water molecules 
on the hydrophilic surfaces of the elementary fbrils [8]. While the hydration dependence of the XRD 
profles has been shown for different wood species by different research groups [6,36,58,59], thorough 
quantifcation of the hydration effects on the cellulose crystalline lattice has been limited to earlywood 
spruce [8]. An increased number of studies have focused instead on the determination of the cellulose 
crystallinity index via FTIR, NMR, XRD, and even fuorescence microscopy methods [38,60,61], but only 
a few studies have addressed the moisture-dependence of the crystallinity index [58,59]. 

Solid state NMR and FTIR studies have provided insights on the moisture sorption phenomena, 
particularly in terms of which hydroxyl sites are accessible to vapor exchange. A combination of 2H 
Magic-angle spinning (MAS) NMR and FTIR spectra have been used to show that only two of the 
three theoretically available hydroxyl groups on the surface of cellulose fbrils from microcrystalline 
cellulose derived from cotton linters are accessible to surrounding water molecules [15]. By combining 
these experiments with MD simulations, the researchers were even able to confrm that the 1HO(3), 
1HO(2), and 1HO(6) groups all share about as many hydrogen bonds with water. However, hydrogen 
exchange at the 1HO(3) groups, which act as acceptors of water, have a much slower rate of exchange 
that the 1HO(2) and 1HO(6) groups, which act as donors to water. Interestingly, these fndings were in 
agreement with earlier MD simulations [62] that were much shorter (1 ns vs 10 ns). FTIR studies on 
hemicelluloses flms made out of glucomannan from Amorphophallus Konjac and rye arabinoxylan 
showed that even at high RH 15% of the hydroxyl groups were still not accessible to exchange by D2O 
vapor [21]. Moreover, while no preferential sites were observed in xylan, the O(6)H group was the 
most accessible in glucomannan. 

Insights on the mechanisms behind the moisture-induced polymer dynamics have been more 
elusive experimentally. While it is widely accepted that moisture-uptake can lead to increase mobility of 
the wood polymers, experimental studies on this topic have been mostly limited to NMR spectroscopy, 
dielectric relaxation spectroscopy (DRS), and more recently quasielastic neutron scattering (QENS) 
of model systems and extracted polysaccharides. 13C CP MAS NMR studies on cellulose derived 
from cotton have shown that the molecular motions of the C-1HO(2) groups are slower than those 
of the C-1HO(6) groups because they are more constrained [15]. Similar experiments performed on 
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nanocomposites made from cellulose nanofbrils (CNF) and xyloglucan (XG) from tamarind seeds 
have shown that increased water content and chain mobility in XG shifts the 13C relaxation spectra 
to shorter times [16]. As expected, this effect is more pronounced in bulk XG than in bulk CNF. 
Interestingly, the XG in the composite exhibited much slower polymer mobility than in the neat XG, 
probably due to having a much more rigid backbone. Moreover, the dynamics of distinct 13C sites 
were tracked at two different hydration levels in terms of their T1 values and relaxation rates; it was 
found that for CNF the C4sa and C6sa from the surface/amorphous peaks became more mobile when 
hydrated while the C6c became slower. In XG, all sites had some increased mobility and the most 
mobile site was C6sa. However, while these studies have provided robust evidence showing which 
sites become more mobile, they only quantifed the observed increased mobility in terms of T1 values 
and their relaxation rates. QENS studies on bacterial cellulose [10] and lignin from vanilla beans [23], 
on the other hand, have been able to quantify the increased mobility due to hydration in terms of the 
mean squared displacement (MSD) of the polymers, a quantity that can easily be calculated from MD 
simulations. Likewise, QENS experiments on loblolly pine latewood showed that the overall mobility 
of the in-situ wood polymers increased with increasing RH, yet no average MSD could be derived 
from these studies [26]. 

Dielectric relaxation spectroscopy measurements have also been extensively used to describe 
the mobility of the wood polymers [22]. Below, the glass transition temperature and three relaxation 
processes are observed in dry polysaccharides, i.e., the β relaxation due to local main chain motion, 
the γ relaxation caused by side groups motion, and the δ relaxation due to local chain motions in 
a hydrated polysaccharide phase [63] or as a precursor to a structural relaxation [64]. Hydrated 
polysaccharides also exhibit a βwet relaxation, whose origin is still debated. Most evidence, however, 
suggests that this relaxation corresponds to the motion of a gel-like polymer-water network [63]. DRS 
studies generally show that the relaxation processes change with the addition of water as both the 
activation energy and the cooperativity between local chains increase [22]. More recently, the effect 
of the state of the absorbed water on the secondary dielectric relaxations observed in cellulose was 
investigated using DRS and Low-Field NMR [20]. This study showed that even though the dielectric 
strength exhibited a moisture-dependence in all relaxations (β, βwet and γ), only the γ and the β had 
increased activation energy with increasing hydration (from 0 to 28% MC). Although these studies have 
provided valuable insights on the temperature and humidity dependence of the secondary relaxations, 
the dynamics of the polymers have not been quantifed. 

A summary of the studies focused on moisture-induced behavior of the wood polymers is listed 
below in Table 1. 

Table 1. Summary of studies on the moisture-dependent behavior of the wood polymers. 

Material Studied Experimental Techniques Used Findings Findings 

Spruce Earlywood sections Synchrotron X-ray Diffraction 
(XRD) 

Measured compression of the 
cellulose crystalline lattice with 
increasing hydration [8]. 

Showed moisture-induced 

Various wood species Cu Kα XRD changes in the XRD diffraction 
profles [6,36,58,59], including 
increased crystallinity [58,59]. 

Microcrystalline cellulose from 
cotton 

2H Magic-angle spinning nuclear 
magnetic resonance (MAS NMR) 
and Fourier-transform Infrared 

(FTIR) Spectroscopy 
MD simulations were also used in 

analysis of the data. 

Provided evidence that only two 
hydroxyl sites on the surface of the 
cellulose were accessible to water 
molecules [15]. 
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Material Studied Experimental Techniques Used Findings Findings 

Hemicelluloses flms from rye 
arabinoxylan and Konjac 

glucomannan 
FTIR Accessibility of hydroxyl sites to 

D2O vapor exchange [21]. 

Microcrystalline cellulose from 
cotton 

13C Cross-polarization 
Magic-angle Spinning (CP MAS) 

NMR 

Tracked T1 values quantify 
molecular motions [15]. 

Nanocomposites made from 
cellulose nanofbrils (CNF) and 

tamarind xyloglucan (XG) 

13C CP MAS NMR 

Quantifed increased molecular 
mobility of CNF and XG via 
tracking the T1 values and 
relaxation rates [16]. 

Bacterial cellulose [10] and lignin 
from vanilla beans [23] 

Quasielastic neutron scattering 
(QENS) combined with MD 

simulations 

Tracked increase in mobility in 
terms of the mean square 
displacement of the polymers as a 
function of hydration level. 

Showed that overall mobility 

Loblolly pine latewood QENS increased but no average mean 
square displacement (MSD) was 
calculated [26]. 

DRS showed that increasing the 
moisture content leads to 

Various polysaccharides 
including cellulose 

Dielectric relaxation spectroscopy 
(DRS), and low-feld NMR 

increased activation energy and 
cooperativity between local chains 
[22]. For cellulose, all relaxations 
(β, βwet and γ) exhibited a 
moisture-dependence [20]. 

4. State of Water Absorbed in Wood and Wood Polymers 

Though several experimental techniques have been used to quantify the wood-moisture 
relations [65], only a few studies have aimed to improve our understanding on the state of absorbed 
water in wood. Despite the increasing research efforts in this topic, most studies have focused on 
cellulose and have provided limited information describing the state of water in terms of its diffusion, 
molecular association to the wood polymers, and/or nanoscale water distribution in the cell wall. 

Previously, two-dimensional T1–T2 1H NMR measurements showed that absorbed water in spruce 
had two different spin relaxation times (T1). These results were attributed to water being found in two 
local environments: less mobile water responsible for the swelling of the wood polymers and mobile 
water possibly found in small voids within the cell wall [52]. More recently, NMR 2H relaxometry 
experiments on nanocomposites made out cellulose nanofbrils (CNF) and tamarind xyloglucans (XG) 
were carried out to learn about the water dynamics in these polymers [16]. These studies have shown 
that water tends to be less mobile in neat XG than in the CNF, which was attributed to differences in the 
water distribution. In the neat XG, water is expected to be distributed throughout the polymer, thus 
limiting the amount of water that interacts with other water molecules, which would be more mobile, 
whereas in the CNF water is only absorbed at the surface of the fbrils. As expected the water dynamics 
in the CNF/XG interphase were higher than those observed in the neat CNF. Similarly, low-feld NMR 
studies have suggested that water in cellulose extracted from corn can exist in three different states: 
tightly-bound, freezable loosely-bound, and non-freezable loosely-bound [20]. By combining the NMR 
results with DRS, it was found that the freezable loosely-bound water, which was described as water 
that is not directly bonded to the cellulose, but is found within the frst couple hydration layers, did 
not affect any of the relaxations under study. Furthermore, it was found that tightly-bound water 
was incorporated into the relaxation unit in all relaxations observed but only affected the dynamic 
behavior of β. Whereas the non-freezable loosely-bound water acted as a plasticizer in all secondary 
relaxations (β, βwet and δ). Micro-FTIR studies on gingko biloba have also shown that absorbed 
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water can exist in three states, namely, strongly bonded, moderately bonded, and weakly bonded 
to hydrogen [25]. In this study, strongly bonded water included water bound directly by hydrogen 
bonds to the hydrophilic wood polymers as well as tetrahedral coordinated water molecules that were 
strongly interacting with other water molecules. Thus, it includes both water that is tightly-bound and 
loosely-bound (as described via NMR and QENS studies). It was found that below 40% RH most water 
was described as strongly bonded, whereas from 40 to 60% RH water tended to be weakly bonded. 
Beyond 60% RH the strongly bonded component increased faster than the weakly-bonded one, which 
was believed to be caused by an increase in the number of water molecules that interacted with other 
water molecules to form fve-molecule tetrahedral structures. While these studies provided valuable 
insights on the local environments experienced by water upon interacting with wood and its extracted 
polymers, the water dynamic properties were not accessible. 

Neutron spectroscopy measurements like QENS have been successful in quantifying the elusive 
water dynamics and have found that absorbed water in loblolly pine latewood [26] and bacterial 
cellulose (BCC) [24] can be described as jump diffusion [66], which in MD simulations has been called 
a stop and go process [18]. Two water populations were observed in both lignocellulosic systems, 
in BCC only the narrow component dynamics were accessible, which were attributed to hydration 
water that became mobile between 220 K and ~260 K. Conversely, in wood, the water dynamics of 
both the tightly-bound and loosely-bound water were quantifed; it was found that the residence time 
of both water types decreased with humidity while the diffusion coefficient increased. This trend was 
most noticeable above 60% RH in the tightly-bound water, whose diffusive motion was an order of 
magnitude slower than the motion of the loosely-bound water. Furthermore, the relative amount of 
loosely-bound water increased with increasing humidity, which was attributed to water clusters that 
increased in size. Moreover, the QENS studies on wood also revealed that the radius of confnement 
experienced by the absorbed water molecules, which ranged from 3 to 6 Å with increasing RH (3.5% 
to 98%) was comparable to the smallest size detected via NMR cryoporometry experiments, which 
accounted for over 70% of the total porosity in wood cell walls [67]. 

A summary of the studies discussed in this section is listed below in Table 2. 

Table 2. Summary of studies focused on the state of water absorbed in wood and its polymers. 

Material Studied Experimental Techniques Used Findings 

Spruce 2D T1-T2 
1H Nuclear Magnetic 

Resonance (NMR) 

Found two different spin relaxation times, 
attributed to less mobile water capable of 
swelling wood, and mobile water in voids [52]. 

Nanocomposites made out of 
cellulose nanofbrils (CNFs) 

and tamarind xyloglucan (XG) 
NMR 2H relaxometry 

Found that water is less mobile in XG than CNFs 
and their water distribution is also different [16]. 

Cellulose extracted from corn Low-feld NMR and dielectric 
relaxation spectroscopy (DRS) 

Found evidence for three populations of water: 
tightly-bound, which was found incorporated in 
all relaxation units, freezable loosely-bound, and 
non-freezable loosely-bound, which acted as a 
plasticizer [20]. 

Gingko biloba Micro Fourier-transform infrared 
spectroscopy (FTIR) 

Found three water populations: strongly bonded, 
moderately bonded, and weakly bonded to 
hydrogen. The relative content of the water 
populations changed with humidity [25]. 

Bacterial cellulose 
Quasielastic neutron scattering 

(QENS) and Molecular Dynamics 
(MD) simulations 

Found two water populations and described the 
dynamics of one using a jump diffusion model 
[24]. 

Loblolly pine latewood QENS 

Found two water populations: tightly-bound and 
loosely-bound water. The diffusive behavior of 
both populations was quantifed using a jump 
diffusion model [26]. 
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5. Needs for Future Research 

Recent research efforts have focused mainly on studying the effects of moisture uptake on the wood 
polymers, mostly cellulose. More experimental studies that probe the unmodifed wood as a whole are 
still needed. At the molecular level, extracted polymers may not be as comparable to the in-situ wood 
polymers and experiments that can confrm similarities or differences between them in terms of their 
mobility, accessibility, swelling, and/or bound water dynamics are needed. Additionally, experimental 
studies that focus on determining if there are molecular-scale components to the sorption hysteresis 
would be valuable. Likewise, chemical modifcations meant to improve the durability against moisture 
and/or decay are likely to affect the molecular-scale wood-water interactions, i.e., experiments that can 
provide some insights on this topic are needed. 

Given the increasing trend in studying molecular-scale phenomena using computational methods, 
it is evident that more experiments that can probe the same time and length scales accessible to 
simulations are needed so that experimental data can validate the models proposed related to moisture 
sorption phenomena. It would be useful if we can measure quantities that can be calculated via 
simulations (i.e., MSD) and/or we can measure signals that can also be derived from the polymer 
structure used in simulations (i.e., XRD profles; NMR or neutron scattering data). Likewise, due 
to the complexity of the experimental data pertaining the molecular-scale structural and temporal 
changes, more efforts that include complementary techniques are needed to deconvolute the signal 
acquired, not just simulations to aid in the analysis but also techniques that can probe similar time and 
length scales. Lastly, many experiments study the equilibrated conditioned structure probably due to 
long data acquisition times. Thus, time-resolved studies that can study the transient changes before 
equilibrium is reached are still needed. 
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