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Abstract In the cellulose scientific community,

hydrogen bonding is often used as the explanation for

a large variety of phenomena and properties related to

cellulose and cellulose based materials. Yet, hydrogen

bonding is just one of severalmolecular interactions and

furthermore is both relatively weak and sensitive to the

environment. In this reviewwepresent a comprehensive

examination of the scientific literature in the area, with

focus on theory andmolecular simulation, and conclude

that the relative importance of hydrogen bonding has

been, and still is, frequently exaggerated.
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Introduction and background

Consider a wet nanocellulose film that is rolled up and

left to air dry, resulting in a nanopaper roll that is

sufficiently stiff and wet-stable to be used as a drinking

straw. No adhesives are used to seal the roll, but it

nevertheless holds together. This mechanism is

attributed to the formation of hydrogen bonds (H-

bonds) between the nanopaper surfaces (Wang et al.

2020). But can this really be the full story?

The year 2020 marked the 100-year anniversary of

the H-bond concept (Gibb 2020; Pauling 1939), which

has, since then, been central for explaining structure-

property relationships in biological matter (Jeffrey and

Saenger 1994), including cellulose. Starting with the

discovery of nanocellulose and promises of a bright

future as sustainable load-bearing component in high

performance materials (Berglund and Peijs 2010;

Benı́tez and Walther 2017), the last decade has seen

an exponential growth of the interest in cellulose

research. Rapid development in cellulose chemistry,

processing and characterization has led to a property

range of cellulose-based materials that expanded

beyond imagination and to new areas of application

that are continuously discovered. But where do all

these intriguing and, indeed, extraordinary properties

originate from? Although justified in some cases, there

is a tendency in the cellulose field to invoke H-bonding

as an almost magical explanation. For example,

unique characteristics of cellulose such as high axial
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modulus and strength of fibrils, strong fiber-fiber

bonding, or forming of paper from fibers are com-

monly explained based on ‘‘hydrogen bonding

effects’’. Sometimes this explanation is wrong (high

modulus and strength of fibrils) or very often incom-

plete (fiber-fiber bonding and forming of paper), and in

most cases the effect of moisture is neglected.

However, simplistic explanations to complex prob-

lems are convenient and thereby tend to survive.

Thus, there is a need from time to time to re-

examine the claims made with respect to H-bonding in

cellulose and cellulose-based materials, and this is the

purpose of this review. To this end, we discuss

H-bonds in the context of the research on cellulose and

their role at different length scales (Fig. 1) including:

• Molecular level (conformation of a cellulose

molecule).

• Intermolecular level (how cellulose molecules

interact with each other).

• Fibril level (how cellulose is arranged into

crystals).

• Interfacial level (how cellulose fibrils interact with

other molecules).

• Interfibril level (how fibrils aggregate into larger

structures).

• Fiber and interfiber level (how fibril aggregates are

assembled in fibers and how fibers form joints in

paper).

Based on a critical survey of suitable literature, both

old and recent, our aim is to present a more nuanced

description of the role of H-bonds in cellulose

research. Molecular modeling such as molecular

dynamics (MD) simulations has played an important

role over the years for the understanding of molecular-

scale phenomena in cellulose (Zhou et al. 2020) since

they offer both a level of detail that surpasses what can

be reached by experimental methods and the ability to

quantitatively extract almost any experimental param-

eter from the simulated ensemble. However, how

simulated microscale properties are related to the

macroscale is not always clear. A molecular simula-

tion typically represents less than one millionth of a

real sample that is observed during less than one

microsecond, and great care must naturally be taken

when transferring simulation results to larger scales.

Nevertheless, simulated molecular interactions are a

strong qualitative and quantitative tool to understand

Fig. 1 Structure of cellulose at various length scales and

organizational levels. The dihedral angles u and w are defined

by the atomic sequences O5’-C1’-O4-C4 and C1’-O4-C4-C3,

respectively. The figure depicts a tentative model for elementary

fibrils from wood, although its exact dimensions and shape are

still matters of debate
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interaction mechanisms. Thus, results from modeling

studies are central to this text. Our most important

message is that H-bonding is just one of several such

mechanisms, and the main reason why it stands out is

because its importance is frequently exaggerated

sometimes to the extent as if it was the only reason

behind a variety of complex cellulose-related

phenomena.

One example for this interpretational havoc is the

debate concerning the physical mechanisms behind

cellulose dissolution. Owing to the abundance of

accessible hydroxyl groups on its surface, cellulose is

rightfully considered a hydrophilic molecule with a

pronounced hygroscopic character and wetting. At the

same time, as distinct molecules it is completely

insoluble in water at ambient conditions, which has

been attributed to the formation of H-bonds between

the cellulose molecules themselves leading to large

and readily precipitating aggregates. However, more

than a decade ago MD simulations were used to show

that the contribution from H-bonding to the insolubil-

ity of cellulose in an aqueous environment was an

order of magnitude smaller than hydrophobic solva-

tion energies (Bergenstråhle et al. 2010). About the

same time, in a series of papers, Björn Lindman and

co-workers argued that H-bonding can hardly be the

driving force for aggregation in water, and that one

should treat cellulose as an amphiphilic molecule

dressed with several interactions (Medronho et al.

2012; Lindman et al. 2021) which at the time was

coined the ‘‘Lindman hypothesis’’ (Glasser et al.

2012). A few years later Nishiyama (2018) showed

that London dispersion interaction is the dominating

contribution to the total cohesive energy of cellulose.

Today, it seems a large fraction of the cellulose

community concurs with the notion that H-bonds play

only a minor role for the precipitation of cellulose

chains in aqueous environments, but solubility is not

the only area where H-bonding effects are being

exaggerated.

In this context, it is important to consider that all

biological processes take place in water, the hydrogen-

bonding liquid par excellence. This means that

H-bonds within or between biomolecules always have

to compete with H-bonds to water, and in this

competition the relatively high mobility, both trans-

lational and rotational, of the water molecules with the

unparalleled capacity of forming four hydrogen bonds

for a puny molar mass of 18 gives the latter an

advantage. This hints to that H-bonds themselves

cannot be the main driving force for biomolecular

assembly in water, as the total number of H-bonds in a

hydrated system will remain more or less constant. In

fact, we are probably lucky that H-bonds between

biomolecules in water are weak, reversible, and

dynamic, since the molecules of life would otherwise

be strongly associated in uninteresting lumps. How-

ever, their directionality can make them into a

significant steering force and thereby proficient orga-

nizers of three-dimensional structures (Jeffrey and

Saenger 1994). Many processes involving cellulose

are non-equilibrium processes. This applies to the

biosynthesis of cellulose in the plant cell walls, to the

mechanical treatments of fibers by which the elemen-

tary fibrils are liberated, and to the application of shear

forces (stirring) for efficient dissolution. With that in

mind, it makes sense to differentiate between the

making and the breaking of H-bonds, and to realize

that it may require a large activation energy to both

make or break, even if the net effect in the free energy

from an equilibrium point of view is zero.

A single H-bond is rather unspecific and relatively

weak, and thereby can form and break on short

(nanosecond) timescales, activated by thermal fluctu-

ations alone at biological temperatures. However,

consider N H-bonds defining a molecular complex.

These bonds are subject to N1=2kBT thermodynamic

fluctuations. If N is large the kinetic stability of this

complex is decided by the relation of that term to

NCkBT , where CkBT is the average activation energy

to break an intermolecular H-bond. In other words,

since the total activation energy scales with N but the

random force with N1=2, massively H-bonded molec-

ular complexes are not easy to disassemble since many

bonds have to break simultaneously without reform-

ing. Once formed they can thermally be prone to

remain assembled, even in the case of a favorable free

energy for dissolution. Thus, their strength lies in their

number, which combined with ordering in specific

patterns can lead to considerable specificity. When

H-bonds are broken, they can readily re-form provided

that the geometry is right. This allows for flexible

structures which is utilized in, e.g., spider silk (Nova

et al. 2010), and can be exploited in self-healing

biomaterials (Brochu et al. 2011). Thus, H-bonds is

utilized by nature both to create kinetically stable,

highly ordered structures, and to dissipate energy in
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flexible and ductile materials. Both aspects are rele-

vant to cellulose.

The physical chemistry of hydrogen bonds

Intermolecular interactions are complex and often –

even in leading textbooks – their description is heavily

simplified and sometimes even incorrect (Truhlar

2019). Hydrogen bonding is a simple name for a

complex situation, even in the case of two isolated

molecules. Its contributing molecular elements are

conventionally named as ‘‘donor’’ (D) and ‘‘acceptor’’

(A) where, provided that both A and D are sufficiently

electronegative, D supposedly donates a proton that A

accepts, forming the H-bond system D-H���A. For two
isolated molecules, the experimental standpoint is

simple: in this system there is (i) a positive charge

density on H, negative charge density on A and

therefore there will be an electrostatic term contribut-

ing, and (ii) a nonzero electron density between H and

A as unequivocally shown by the non-zero hyperfine

coupling between D and A (Grzesiek et al. 2004;

Dračı́nský and Hodgkinson 2015). Compton scattering

experiments concur (Isaacs et al. 1999). This latter

feature suggests that there is charge transfer or, if one

wishes, covalency over the H���A bond. In addition,

induction and dispersion terms are contributing as

well. There is some argument going on over the

relative importance of the different contributions, and

the extent of the covalent nature of the bond

(Grabowski 2011). However, the clear correlation

between the electron density between H and A and the

bond strength suggests that the covalency cannot be

entirely negligible (Shahi and Arunan 2014). Even

with the difficulties of uniquely defining H-bonding

(the IUPAC definition from 2011 is quite vague

(Arunuan et al. 2011)) it undoubtedly exists, and its

energies spread from weak (about 1 kBT in C-H���C
bonds), through moderate (5-15 kBT , ‘‘normal’’ O-

H���O bonds) to very strong ([50 kBT , in HF). A final

complication is that H-bonding is cooperative (Ma-

hadevi and Sastry 2016). This means that a bond which

is part of an extended H-bond network may be

different in strength from the isolated bond. Specifi-

cally, for the case of cellulose the intermolecular

H-bond strength was shown to increase with the

number of glucose units, and to plateau at a degree of

polymerization of four (Qian 2008). In addition to

H-bonding, ionic interaction, electrostatic multi-pole

interaction and London dispersion (van der Waal’s)

interaction contribute to the intermolecular forces in

cellulose materials. Notably, even if the dispersion

force is the weakest and most short-ranged of them

when considering just a pair of atoms, their additivity

makes the total contribution to the force between

supra-molecular objects both considerably larger in

magnitude and also significantly more long-ranged

(Hamaker 1937), to the end that they can become the

dominating interaction between two (uncharged)

molecular surfaces.

Modeling and simulation of hydrogen bonds

In quantum chemistry (QC), some profound issues

concerning hydrogen bonds remain unsettled and

controversies seem to prevail about methodology,

specifically the choice of base functions and its

consequences for covalency, namely that somemodels

predict significant charge transfer, whereas some

predict much less (Stobe 2017; Weinhold and Glen-

dening 2018; Stone and Szalewicz 2018). A related

problem is that QC estimates of H-bond strengths

remain uncertain, and so does the relative importance

of the electrostatic, charge transfer, induction and

dispersion terms. Moreover, QC cannot tell exactly

what the angular dependence of the bond strength is,

that is how directional are the H-bonds (Gilli and Gilli

2009). Probably, this depends on the exact D-H���A
system.

Molecular dynamics (MD) simulations are rou-

tinely used to study molecular-scale structure and

dynamics in most fields of material science, and there

are several optimized parameter sets (force fields)

specifically designed for simulations of carbohydrates,

such as GLYCAM06 (Kirshner and Woods 2001),

CHARMM 36 (Guvench et al. 2008, 2009), and

GROMOS 56CARBO (Hansen and Hünenberger 2010).

Most contemporary empirical biomolecular force

fields do not employ any special H-bonding potential.

The non-bonded interactions are usually limited to the

Coulomb potential, which acts pairwise between

fractional charges that are distributed over the atoms

with a distance dependence of r�1, and the Lennard-

Jones potential, which describes repulsion with an

r�12, term, and dispersion attraction with a r�6, term.

Nevertheless, H-bond configurations form anyway as

a consequence of a favorable combination of Coulomb
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and Lennard-Jones energies for atoms in the H-bond-

ing geometries. Although it may seem so, this fact is in

no way lending support for the non-covalent side in the

controversy discussed above but is rather indicative of

successful parameterization of the models. It has been

noted that quantum mechanical contributions are

required to capture the fine details of the structure of

liquid water in simulations (Chen et al. 2003), and that

inclusion of explicit polarizability affects both H-bond

strength and kinetics (Xu et al. 2002), but in general

empirical force fields are accurate enough to repro-

duce structure and dynamics of massively H-bonded

systems, such as hydrated polysaccharides (Chen et al.

2018). Since H-bonds in MD do not possess a distinct

and fundamental identity, they are usually identified in

the post-processing of the molecular trajectories based

on a set of geometrical criteria. A common choice is a

donor-acceptor distance less than 0.35 nm, and a

hydrogen-donor-acceptor angle below 30�. The actual
H-bond definition will affect the number of detected

bonds at a certain instant, but the H-bond dynam-

ics(Luzar 2000) can be analyzed in a way such that it

becomes independent of the cutoffs.

Cellulose from the inside

The cellulose polymer

Cellulose is a linear polymer composed of D-glucopy-

ranose units linked by b-1,4-glycosidic bonds. The

native polymer has high molecular weight with a

degree of polymerization sometimes exceeding

10,000 (Gralén and Svedberg 1943). It is also rather

inflexible with a persistence length that has been

estimated to *15 nm (or *30 D-glucopyranose

residues) from molecular modeling (Kroon-Batenburg

et al. 1997). Since the sugar rings are relatively stiff,

conformational freedom around the glycosidic bonds,

commonly described by the u and w torsional angles

(Fig. 1), lends flexibility to cellulose, and polysaccha-

rides in general. As a consequence of having its

hydroxyl groups equatorially positioned a cellulose

polymer can form intra-molecular hydrogen bonds

between sequential glucose units: between the hydro-

xyl group on C3 and the ring oxygen (O3H3���O5) and
between the hydroxyl groups on C2 and C6 respec-

tively (O2H2���O6 or O6H6���O2). Due to the geom-

etry of the molecule, these hydrogen bonds can only

form if two consecutive glucose units attain a 21-fold

(or close to) conformation, meaning that the two

glucose units are twisted 180� with respect to each

other around the chain axis (Fig. 1). This conforma-

tion is indeed the most dominant one in water soluble

cellooligomers both in solution (Kroon-Batenburg

et al. 1993) and in the solid state (Chu and Jeffrey

1968; Ham and Williams 1970). One question that

arises is whether these hydrogen bonds play an active

role in driving the molecular conformation, or if they

are merely a consequence of favorable geometry.

The influence of trans-glycosidic H-bonding was

investigated by several computer modeling studies

where the H-bonding capability was modulated either

by chemical substitution of the hydroxyls (French

et al. 2005, 2021), by using glucose epimers having the

hydroxyl groups in axial position as opposed to

equatorial (e.g., mannose or allose) (Wang et al.

2013), or by looking at hemicelluloses (Berglund et al.

2016, 2019, 2020), which, due to its variation in

chemical structure, can be viewed as a combination of

both approaches. Indeed, both Density Functional

Theory (DFT) calculations with solvent effects

included and MD simulations in explicit water show

that the conformation of the b-1,4 linkage is very

consistent regardless of the number of H-bonds. The

exceptions to this are chemical substitutions that have

a relatively large effect on the steric environment (Yu

et al. 2019), which can both shift the lowest energy

conformation and influence the rigidity of the struc-

ture. Another example is xylan, where the hydrox-

ymethyl group is removed altogether, which favors a

twisted conformation in solution but has a relatively

low free energy barrier for conversion to 21-fold

(Berglund et al. 2016; Ling et al. 2020). The conclu-

sion is that since the intra-molecular H-bonds can be

effectively replaced by H-bonds to water molecules

they do not contribute to the energy of the different

conformations. In the gas phase on the other hand,

trans-glycosidic H-bonding may indeed have pro-

found effects on the conformation of celloligomers, as

revealed by both modeling(Strati et al. 2002; French

2012) and experiments (Anggara et al. 2021). In this

context, using a combination of vibrational spec-

troscopy and QM calculations (Cocinero et al. 2009),

it was shown that the cis (untwisted) conformation

produced the lowest energy conformers of phenyl b-
cellobioside in vacuum, which were stabilized by

H-bonding between O2’ and O3. Furthermore, using
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cellobiose analogues that lack H-bonding, French

(2012) showed that the region of 2-fold conformations

was the most stable one, also in vacuum. Thus, in an

environment where intermolecular H-bonds are easily

exchanged (e.g., in water) the propensity for the (near)

21-fold conformation in b-1,4-linked carbohydrates

such as cellulose seems to be caused mainly by steric

forces.

Intermolecular H-bonds and the formation

of fibrils

During the biosynthesis, glucan chains coalesce into

extended structures – the elementary fibrils. These

fibrils are often perceived as being constituted by a

crystalline core covered by more disordered surface

chains and, moreover, occasional regions along the

fibril where the crystalline order may be lacking. From

X-ray, neutron diffraction, and NMR studies, four

major crystalline allomorphs have been reported –

cellulose I, II, III and IV. Cellulose I is the native form

and also the most widely studied. It is present in all

plant cell walls and is further divided into two sub

forms, Ia (Nishiyama et al. 2003) and Ib (Nishiyama

et al. 2002). Native cellulose is most commonly a

combination of these two allomorphs (Atalla and

VanderHart 1984) in proportions that depend on the

source. Cellulose II is irreversibly obtained from

cellulose I upon regeneration or alkali treatment

(Langan et al. 1999, 2001). Cellulose III (Wada et al.

2004a, b) can be obtained from both cellulose I (in that

case called cellulose IIII) and cellulose II (cellulose

IIIII), by soaking in liquid ammonia or organic amine

at low temperatures, whereas cellulose IV can be

formed by thermal treatment of cellulose III in

glycerol (Wada et al. 2004a, b). All these allomorphs

are recognized by conformational differences, various

packing arrangements and, importantly, their different

intra- and inter-molecular hydrogen bonding patterns

(Kovalenko 2010) (Fig. 2).

The exact location of hydrogens in the crystal

structure is difficult to determine experimentally due

to their small X-ray scattering power. Furthermore,

even if heavier atoms are ordered, the hydrogens may

be disordered in the structure, as for instance seen in

hexagonal ice (Peterson and Levy 1957). Conse-

quently, the H-bonding in crystalline cellulose is not

necessarily fixed to a single pattern but may be prone

to fluctuations. Indeed, based on X-ray and neutron

fiber diffraction several different H-bonding arrange-

ments were concluded leading to two, mutually

exclusive, H-bonding pattern models existing along-

side each other in (local) equilibrium in both cellulose

Ib (Nishiyama et al. 2002) and cellulose Ia
(Nishiyama et al. 2003). Based on MD and DFT,

alternate H-bonding patterns for cellulose II and IIII
were also proposed (Chen et al. 2015).

From computational modeling it was shown that for

Ib specifically, one of the two suggested patterns

(denoted pattern A) was energetically more stable than

the other one (pattern B) but that (presumably) static

domains exhibiting pattern B still existed within real

samples, possibly as disordered regions (Nishiyama

et al. 2008). The preference for pattern A was also

revealed by comparing DFT calculations with dichro-

ism data from polarized IR spectroscopy of aligned

cellulose samples (Lee et al. 2015). For cellulose II,

however, the energy difference between the different

patterns was not large enough to exclude the possibil-

ity of co-existence in dynamic equilibrium (Hayakawa

et al. 2017). Interestingly, the notion that the cellulose

crystal structure is not entirely static and homoge-

neous, but prone to structural disorder and possibly

fluctuations may be coupled to the dynamical hetero-

geneity of the glucan chains that is manifested in broad

distributions of 13 C NMR T1 relaxation times, also

within the supposedly crystalline fibril core (Terenzi

et al. 2015; Chen et al. 2019).

The sensitivity to small variations in the cellulose

crystal structure is also seen in numerous MD

simulations. Using the experimentally determined

atomic coordinates as input structure, including the

hydroxyl groups’ hydrogen positions, MD simulations

employing common force fields typically yield struc-

tures that are stable in periodic crystal models, i.e.

where the cellulose chains are covalently bonded to

their own periodic image (Mazeau and Heux 2003;

Bergenstråhle et al. 2007). Such structures can to

reproduce crystallographic lattice parameters with

reasonable deviations (within 1–8%). On the contrary,

significant structural disorder including deviations

from the experimental H-bonding patterns is obtained

in simulations of finite fibrils, i.e. models including

cellulose chain ends and interfaces to water, especially

in long (microsecond) simulations (Matthews et al.

2012). Further, at high temperature a structural

transition, initiated by a change in the conformation

of hydroxymethyl groups from tg to gg has been
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observed in simulations of cellulose Ib (Bergenstråhle

et al. 2007; Matthews et al. 2011). The intermolecular

H-bonds at high temperature were more dynamic and

less regular than the relatively stable pattern at room

temperature, but remarkably, the intramolecular

H-bond O3H3���O5 was found to persist even at

500 K.

The regularity of the interchain H-bond arrange-

ments in native cellulose suggests that H-bonds have

an organizing role in creating the fibril structures. That

would not be unique to cellulose since hydrogen bonds

define some of the most important structures known to

molecular biology: the secondary structure in proteins

(Pauling and Corey 1951; Pauling et al. 1951), and the

formation of base-pairs in DNA (Watson and Crick

1953). Yet, it has been argued that even for the

structure of DNA, hydrophobic interactions have a

strong contributing and perhaps dominant role (Lind-

man et al. 2021). Hydrophobic interactions are,

however, not specific. This means that even if they

constitute a strong thermodynamic driving force to

compact moieties together to minimize the total

amount of non-polar (‘‘hydrophobic’’) surface area

that is exposed to water, hydrophobicity does not, for

the same reason, concern the interactions between

those molecular surfaces. To create crystalline order,

additional interactions that are specific to the type of

atoms involved are needed, such as ionic interaction,

Fig. 2 H-bonding system in two cellulose allomorphs,

cellulose Ib and cellulose II. Based on the location of the heavy

atoms, several patterns are possible. The figure depicts the one

for Ib that is lowest in energy based on simulations, denoted

pattern A. For cellulose II, the sole difference between the

patterns is whether OH2 and OH6 act as donor or acceptor,

respectively. The orientation of the hydroxymethyl groups is

highlighted, denoted tg in cellulose Ib, and gt in cellulose II
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van der Waal’s interaction, or H-bonding, in combi-

nation with a regular chemical structure.

However, the cellulose I structure is not merely a

result of spontaneous processes. It is well known that

cellulose, when precipitated from solution, crystal-

lizes in the form of cellulose II. This indicates that this

structure is lower in energy than cellulose I, and

thereby that native cellulose is in a metastable state

(Stöckmann 1972). Moreover, over the scale of

organisms, cellulose fibrils have, with retained inter-

chain arrangements within the fibrils, an extreme

variation in cross-sectional fibril dimensions that are

regular and reproducible within a given species

(Tsekos 1999). Fibril dimensions vary from thin

(two to three nanometers) and isotropic (i.e. the width

approx. equal to the height) in most land plants, via

large (up to 20 nm) isotropic shapes in some species

(e.g. Oocystis, Valonia and Hypoglossum), to the

highly anisotropic ribbon-like structures produced by,

e.g., Acetobacter and Erythrocladia. The cross-sec-

tional variation is correlated with the spatial arrange-

ment of the linear terminal complexes (TC) that

secrete the glucan chains and hence the fibrils: lateral

TC sizes in land plants are much smaller than those in

Valonia or Oocystis and in Acetobacter the TC shape

is elongated. The only possible way of having such

correlation is that cellulose association into fibrils and

ribbons is not random but directed by the regular

arrangement of cellulose synthase units. Curiously,

cyanobacteria, which seems to lack regularly arranged

TCs, create fibrils that have very small cross-sectional

size (Nobles et al. 2001). The organization of fibrils

outside the TC has been suggested to be a self-

organizing process (Emons andMulder 2000) possibly

guided by the microtubules (Paradez et al. 2006). The

environment into which the glucan chains are secreted

will influence the microfibril architecture. Specifi-

cally, it was shown that it is possible to influence the

ratio between cellulose Ia and Ib produced by

Acetobacter by the addition of polymers to the culture

medium (Yamamoto et al. 1996), or even to make it

produce cellulose II (Shibazaki et al. 1998).

These observations suggest that native cellulose is

not created by spontaneous self-organization, but

rather that during biosynthesis the glucan chains are

guided to associate into a regular intermolecular

arrangement within which they remain trapped.

Hence, H-bonds do not alone cause the regular

intermolecular arrangement of as-biologically-pro-

duced cellulose chains within fibrils but are merely

consistent (in form of a local free energy minima) with

the chains being guided into a specific spatial

arrangement, thereby contributing to the stabilization

of the metastable state. But even in this respect, they

are not working alone. An often-neglected fact in the

case of cellulose is that the molecular packing of

chains is to a large extent a joint result of steric

repulsion and attractive dispersion interactions and

their total contribution to the cohesive energy of

cellulose may be as high as 70% (Nishiyama 2018).

Fig. 3 The size and spatial arrangement of the cellulose-synthesizing complexes are responsible for the large variation in fibril

dimensions among different species
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Axial stiffness of the cellulose crystal

Cellulose has an axial elastic modulus which is often

compared to that of steel or Kevlar (Moon et al. 2011).

The many hydrogen bonds within and between

cellulose chains have been proposed to be important

for the mechanical properties of cellulose crystals and

highly crystalline cellulose materials. Specifically, it

has been suggested that the intramolecular trans-

glycosidic H-bonds (O3HO3���O5 and O2HO2���O6 in
cellulose Ib) contributes to the axial stiffness of

cellulose, since they have a large component in the

chain direction. Quantum mechanics (Santiago Cin-

trón et al. 2011), molecular mechanics modeling(Eich-

horn and Davies 2006) and MD simulations(Wohlert

et al. 2012; Wu et al. 2013) are generally fairly

successful in reproducing the experimental axial

crystal modulus of 138 GPa (Nishino et al. 1995).

Thus, computer modeling is relevant and suitable for

investigating the contribution of H-bonds to the

stiffness, both regarding nature and extent.

As mentioned above, the intramolecular

O2H2���O6 H-bond is on average broken in glucan

chains residing in surfaces exposed to water. Owing to

the 21-fold symmetry, this means that surface chains

have, on average, 1.5 intramolecular H-bonds per

glucose unit, as opposed to 2 in the crystalline core.

Thus, if H-bonds contributed significantly to the axial

modulus, one would expect a lateral size dependence

of the stiffness, since the proportion of surface to core

becomes smaller as the fibril cross sections become

larger. A nano-scale three-point-bending experiment

using atomic force microscopy (AFM) on bacterial

cellulose fibrils between 35 and 90 nm thick did not

detect any difference (Guhados et al. 2005), but that

range was probably too small to see any such effect.

Moreover, the measured moduli were low, around 76

GPa, which could indicate large contributions from

non-crystalline material within their samples. How-

ever, also in MD simulations using fibrils of lateral

size between 2.3 and 6.8 nm (Wohlert et al. 2012), no

such size dependence was found.

Cellulose II and cellulose IIII are both different

from native cellulose with respect to their dominating

H-bonding pattern. Due to that the hydroxymethyl

group has rotated with respect to the conformation in

cellulose I (from tg to gt, see Fig. 2), the trans-

glycosidic hydrogen bond to the hydroxyl in position

two is no longer possible. Therefore, these allomorphs

have only one intramolecular H-bond per glucose

(Hayakawa et al. 2017), although this conformation

does permit a bifurcated O3H3���O6 H-bond as

reported for Me-cellobioside (French 2012). Based

on literature values, cellulose II and IIII are generally

10-40% less stiff than cellulose I, athough experimen-

tal variability makes direct comparisons difficult. This

variation was reproduced in MD simulations of all

three allomorphs (Djahedi et al. 2015). However, in

the only experimental study that compared elastic

moduli of all three allomorphs using similar condi-

tions it was concluded that the stiffnesses of cellulose I

and IIII were similar, while it was lower for cellulose II

(Ishikawa et al. 1997).

Fig. 4 A molecular scale leverage effect, proposed by Altaner

et al. (Altaner et al. 2014), amplifies the relative contribution of

the O3H3���O5 H-bond to the axial stiffness of cellulose (top).

MD simulations show that the O3H3���O5 bond is stretched

during axial deformation, whereas the O2H2���O6 bond remains

unchanged (bottom, from Djahedi et al. (2016))
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Both dynamic FTIR and Raman spectroscopy

(Hinterstoisser and Salmén 1999; Kong and Eichhorn

2005) have shown that intramolecular H-bonds shift

their frequencies during axial deformation of cellu-

lose, and there was also evidence that they may

disassociate if the strain was sufficiently high. How-

ever, a H-bond is approximately ten times easier to

stretch than a C-O-C bond angle and hundred times

less stiff than an ordinary C-O covalent bond. Glucan

chains in cellulose are both aligned and extended,

which leads to a dominant part of the axial deforma-

tion being associated with covalent degrees of free-

dom (Djahedi et al. 2015). Completely removing

hydrogen bonds within any cellulose crystalline

allomorph (Wohlert et al. 2012; Eichhorn and Davies

2006) causes a significant reduction of its stiffness, but

also a loss in structural organization of the chains.

Therefore, cooperative effects between hydrogen- and

covalent bonding were suggested, and also investi-

gated spectroscopically by Altaner et al. (Altaner et al.

2014). They proposed a molecular-scale leverage

mechanism by which the deformation of the

O3H3���O5 H-bond was enhanced since FTIR spec-

troscopy showed that the O2H2���O6 bond on the

opposite side of the glycosidic linkage was not

deforming during chain extension (Fig. 4). This effect

was analyzed in a simplified spring model with

parameters based on MD data (Djahedi et al. 2016),

which showed that the leverage effect was indeed

present within MD simulations, although mitigated by

the fact that a large part of the total deformation took

place in the sugar rings. Nevertheless, this study

showed a relative effect of intramolecular hydrogen

bonds of about 15-20% of the total stiffness, similar to

what has been seen in MD simulations of crystalline

cellulose where H-bonds were artificially turned off

(Wu et al. 2013). However, analysis of the respective

energy contributions to the total MD potential showed

that the major part of the axial stiffness comes from

deformations of bonds, angles and dihedrals in com-

bination with a large contribution from dispersion

interactions (Djahedi et al. 2015). In the transverse

directions on the other hand, the situation is different,

since covalent interactions can be expected to con-

tribute less. DFT calculations (Chen et al. 2021) show

that dispersion interactions contribute around 50% of

the stiffness in the direction perpendicular to the

H-bonded planes, and about 30% in the direction

parallel to the H-bonded planes (Fig. 2). In that

direction, removal of inter-chain H-bonds would

likely have a large effect on the stiffness. However,

the specific effect of H-bonds on the stiffness, in any

direction, is not easy to isolate, both because removal

of the H-bonds in simulations simultaneously changes

other parameters as well (chain packing, etc.) and

because different contributions to the stiffness (H-

bonds, dispersion interactions, covalent bonds, etc.)

are not necessarily additive.

At the surfaces

Accessible OH groups are abundant on cellulose

crystallite surfaces. The ‘‘hydrophilic’’ (110) and

(1-10) crystallographic planes (Fig. 1) are most likely

the dominant planes exposed in native fibrils from

wood (Nishiyama 2009; Daicho et al. 2018), although

alternative models have larger exposure of the (010) or

the ‘‘hydrophobic’’ (200) planes (Fernandes et al.

2011; Yang and Kubicki 2020). The two hydrophilic

surfaces are similar, exposing about 5.4 OH per nm2

that are potentially accessible to the environment.

However, both modeling (Heiner and Teleman 1997;

Heiner et al. 1998) and experiments (Lindh et al. 2016)

show that the intra-chain H-bond O3H3���O5 is so

stable that, in practice, the O3H3 hydroxyl does not act

as a donor. This leaves 3.6 OH groups per nm2 that are

available for H-bonding with other fibrils, macro-

molecules, or solvent molecules. In addition, their

high reactivity makes them serve as points for

chemical surface modification such as acetylation

(Sassi and Chanzy 1995), TEMPO-mediated oxidation

(Saito et al. 2006), or polymer grafting (Rol et al.

2019), which naturally affect the fibril’s H-bonding

capability.

Adsorption to cellulose

To explain adsorption, it is common to look for

favorable specific interactions, such as hydrogen

bonds, electrostatic attraction, or p� p interactions,

and seeking explanations in the chemical structure of

the surface and the adsorbing molecule. Since both

cellulose and molecules that adsorb to cellulose are

often decorated with polar groups, such as hydroxyl

groups, it is assumed that hydrogen bonds are impor-

tant. This explanation is so common in the literature
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that it is frequently used without scientific evidence.

What is often forgotten or actually neglected is the

chemical structure and adsorption energy of the

solvent. This is especially true in studies from the

early days of MD simulation where the solvent was

often left out due to computational limitations. It is

useful to view adsorption as a process in which solvent

molecules close to the surface are replaced by the

adsorbing species, and that adsorption will only occur

if the total free energy balance of this exchange

process is negative (Fleer et al. 1993). In this context,

it is important to emphasize that the adsorption energy

is a free energy, which besides enthalpic contributions

from specific molecular interactions also contains a

(often significant) contribution from entropy:

DG ¼ DH � TDS. One example of this is the well-

studied case of polyelectrolyte adsorption to charged

surfaces. Despite the strong Coulombic interactions

that are present between the adsorbing molecule and

the surface, the net result is an ion-exchange process

driven by the increased entropy of releasing counte-

rions and associated water (Fu and Schlenoff 2016;

Michaels 1965). This becomes relevant for most

colloidally stable nanocelluloses that are decorated

with charged groups.

For the adsorption of nonionic molecules, the

literature is quite ambiguous concerning the role of

H-bonds. Hydrogen-bonded polymer association in

water is indeed a frequent description, such as

hydrogen-bonded multilayer assembly or hydrogen-

bonded polymer complexation (Kharlampieva et al.

2009; Tsuchida and Abe 1982). However, even in the

highly cited work by Tsuchida and Abe the message is

incomplete. They describe the interaction as driven by

hydrogen bonds, but then show that DHand DS are

both positive upon complexation with water as

solvent, meaning that H-bonds alone could not be

responsible for the adsorption process. However, just

as oppositely charged groups pair up in polyelectrolyte

association, hydrogen bonds do indeed form between

the adsorbing molecule and the cellulose surface, but

that does not automatically contribute favorably to the

adsorption energy. Namely, in a simplified picture,

breaking one water-surface H-bond and one water-

solute H-bond to form one solute-surface and one

water-water H-bond is a net zero process in terms of

enthalpy (DH). If DH ¼ 0 then a favorable change in

entropy is required to drive the adsorption.

Xyloglucan (XG) is a good example in the discus-

sion about hydrogen bond-driven adsorption. XG is a

nonionic hemicellulose found in the primary cell wall

of all vascular plants. It adsorbs strongly to cellulose,

which is not surprising since, to put it simply, XG is a

cellulose chain decorated with xylose or xylose-

galactose residues. The interaction between XG and

cellulose has historically been ascribed to hydrogen

bonds, but this perception has recently started to

change due to measurements that indicate an endother-

mic process (Lopez et al. 2010; Benselfelt et al. 2016).

Recently, MD simulations were used to show that

adsorption of XG to cellulose is driven by the

increased translational entropy of releasing interfacial

water (Fig. 5) from reducing the total solvent-acces-

sible surface area and that the number of hydrogen

bonds was the same before and after adsorption

(Kishani et al. 2021). The interaction was endothermic

at room temperature but turned exothermic as the

temperature increased due to the less favorable

hydration of cellulose and XG. However, such

considerations are not unique to XG, and it is clear

that reduction of solvated interfaces leading to the

Fig. 5 Adsorption of xyloglucan (XG) to native or charged

cellulose. a Schematic of the adsorption process. b Simulated

entropy of a single water molecule at different distances from

charged and native cellulose, and XG, which determine the free

energy gain upon aggregation from decreasing the total solvent-

accessible surface area. These thermodynamic principles govern

the adsorption of many molecules to cellulose (Lombardo and

Thielemans 2019)
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release of (relatively) constrained water molecules, i.e.

hydrophobic effects, is the main driving force for all

hemicellulose adsorption to cellulose in water.

The analogy with cellulose association is obvious.

Although H-bonds do not drive adsorption (making)

from an equilibrium thermodynamics point of view,

they can still affect how easy it is to remove an

adsorbed molecule (breaking), either by force or

desorption, by contributing to the kinetic stability

(Stuart and Fleer 1996), since the probability of many

bonds being spontaneously broken at the same time

becomes low. They can also contribute to specificity,

namely how hemicelluloses organize on the cellulose

surface. Specifically, recent experimental results in

combination with MD simulation suggest that both

xylan and glucomannan exhibit an abundance of

structural motifs that allow them to adsorb to cellulose

in conformations where they become almost seamless

extensions to the cellulose crystal structure, including

the H-bond network (Busse-Wicher et al. 2014, 2016;

Martinez-Abad et al. 2017, 2020; Grantham et al.

2017; Simmons et al. 2016; Pereira et al. 2017).

However, while the simulations generally show that

hemicellulose molecules adsorbed in this manner can

be remarkably stable against fluctuations, they also

show that in terms of adsorption free energy, hemi-

celluloses prefer the essentially non-H-bonded asso-

ciation to hydrophobic (200) surfaces (Fig. 1), if such

surfaces are present (Martinez-Abad et al. 2017;

Pereira et al. 2017; Zhang et al. 2011).

Nanocelluloses are suitable substrates for experi-

mental determination of thermodynamic quantities of

adsorption using isothermal titration calorimetry

(ITC). A recent review (Lombardo and Thielemans

2019) that compiles the findings from ITC studies

shows that adsorption of biomacromolecules, dyes, or

drugs to cellulose or partially modified cellulose, is

entropy driven and endothermic in most cases. In

addition, MD simulations have shown that both urea

(Chen et al. 2017) and the poorly soluble drug

furosemide (Lombardo et al. 2018) adsorb to cellulose

driven by a combination of dispersion interactions and

translational entropy when they are exchanged with

surface water. The exothermic exceptions, where

H-bonding is a possibility, are the adsorption of

cellulose binding modules (CBMs) of carbohydrate

active enzymes or small and uncharged organic

molecules. The binding site of CBMs is rich in

aromatic amino acids such as tyrosine or tryptophane,

placed at a distance so that they can stack on top of

glucose rings along the cellulose backbone (Beckham

et al. 2010; Ponyi et al. 2000). This suggests that the

main mechanism for the adsorption is hydrophobic

association by the release of interfacial water from

both CBM and cellulose. At these less hydrophilic

locations, there are no polar groups for water interac-

tion, which means that the free energy of the hydrated

state is high. Reducing the exposure of these areas to

solvent thus results in an exothermic response upon

release of water. Aromatic groups are relatively polar

and interact strongly with water, compared to for

example cyclohexane, which leads to a more favorable

interface to water (Raschke and Levitt 2005). In

addition, exchange of O-H���O H-bonds to O-H���N
which have slightly lower energy (Pandey et al. 2017)

would also lead to an exothermic response. Indeed,

amines or amides are found in both CBMs and

aromatic-rich molecules such as methylene blue

(Lombardo and Thielemans 2019) that undergo

exothermic adsorption.

Fig. 6 The continuous interface between two crystalline

domains (left) can be perturbed by molecular scale ‘‘defects’’

such as chemical surface modification (right), in this case

surface acetylation. This leads to sub-nanometer sized cavities

that can harbor water molecules. Cellulose is shown in black for

carbon and yellow for oxygen, surface acetyl groups in green

(carbon) and red (oxygen). Water is shown in light blue.

Reproduced from Chen et al. (2020) with permission from the

Royal Society of Chemistry
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Fibril-fibril aggregation and hornification

Fibrils both in suspension and in the plant cell wall

form self-associated structures. However, under ambi-

ent conditions fibrils in plant cell walls do not fuse

completely to form larger crystallites, which makes

them distinguishable as separate entities using exper-

imental methods such as X-ray and neutron scattering

(Jarvis 2018). This can in part be explained by the

fibrils being partly covered by hemicelluloses,

although small-angle neutron scattering show fibrils

that are in direct contact in conifers (Fernandes et al.

2011), bamboo (Thomas et al. 2015), and spruce wood

(Thomas et al. 2020). The presence of a structurally

disordered (as compared to crystalline order) cellu-

lose-cellulose interface was also identified by spectral

fitting of the C4 region in the 13 C NMR spectrum,

which also showed that these surfaces exhibited

significantly different polymer dynamics based on

their T1 relaxation times (Wickholm et al. 1998). This

was later replicated in MD simulations of fibril

aggregates (Chen et al. 2019).

Wherever the molecular structure prevents a perfect

fit between fibrils, such as anti-parallel arrangement

(Chen et al. 2019), fibril twist (Paajanen et al. 2019),

adsorbed hemicelluloses(Thomas et al. 2020) or the

presence of a chemically modified surface (Chen et al.

2020), small sub-nano-sized cavities are present,

which can harbor water molecules (Fig. 6). These

waters are confined to the interface between the fibrils

and substantially restricted with respect to their

translational and rotational degrees of freedom.

Indeed, both 2 H NMR(Lindh et al. 2017) and neutron

scattering(O’Neill et al. 2017) reveal a population of

water in hydrated fibril systems that has significantly

slower dynamics than those normally associated with

surface-bound water.

Computer simulation of fibril aggregates in excess

water show that water molecules between fibrils tend

to stay in place on MD (100 ns) timescales (Chen et al.

2019; Paajanen et al. 2019). This indicates that these

water molecules are either in thermodynamic equilib-

rium with the water outside the aggregate or kineti-

cally trapped due to their slow dynamics. The first case

is supported by the observation that these water

molecules can lower the total enthalpy of the system

by saturating potential H-bonds that are lost due to

defects. This will lower the total free energy provided

that the entropic penalty associated with being

confined is not too large. MD simulations further

show that the inter-fibrillar water molecules will

spontaneously leave their confinement at high

(160 �C) temperature (Langan et al. 2014). This could

be due to either the thermal energy becoming high

enough to overcome the activation energy for diffu-

sion, or the entropic term for the confined water

becoming larger than the enthalpy gain. Interestingly,

X-ray diffraction shows that hydrothermal treatment

of wood does induce co-crystallization of fibrils,

although not into a regular Ib structure (Kuribayashi

et al. 2016). Instead a structure was obtained that was

consistent with the fusion of anti-parallel fibrils.

When cellulose is dried from air it will form large,

micrometer-sized aggregates (Peng et al. 2012). Such

drying-induced association is a technical problem of

great significance since the dry fibrils can be difficult

to redisperse. Thus, from a practical perspective, the

association is described as irreversible, a phenomenon

usually referred to as hornification in the pulp and

paper community. This has large consequences for the

industrial use of nanocellulose since fibrils have to be

kept in their dispersed state, with large transportation

costs as a consequence (Posada et al. 2020). The extent

of hornification depends strongly on drying methods

(Peng et al. 2012; Nodenström 2020) and can also be

mitigated by additives such as glycerol (Moser et al.

2018), which presumably act as spacers between

fibrils. It also depends on surface chemistry of the

fibrils (Benselfelt et al. 2019), where for instance

acetylation was shown to reduce the work of adhesion

between fibrils in water (Chen et al. 2020) due to the

surface acetyl groups preventing tight association

leading to the interpenetration of water molecules at

the interface (Fig. 6). Although hornification is often

explained as irreversible H-bonding between the

fibrils, H-bonding is not sufficient to explain this

process. With respect tomaking, hornification must be

driven by a force that is both sufficiently long ranged

and sufficiently strong to force fibrils and fibril

aggregates into close contact. The best candidate is

capillary forces that arise from the water seeking to

minimize its liquid/air interface (Fig. 7). The magni-

tude of the capillary force depends on the geometry of

the problem and the solid/liquid work of adhesion,

WA. The crystalline cellulose surfaces are strongly

hydrophilic and their WA to water was calculated to

118 mJ m-2 fromMD simulations (Karna et al. 2020).

This leads to the idea that the forces can become
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substantial at the nanoscale and are strong enough to

deform fibrils plastically (Ogawa et al. 2020). More-

over, MD simulations have shown that the capillary

force can act over large distances (several nanometers)

through liquid capillary bridges (Sinko and Keten

2014; Zhang et al. 2021) and thus fulfils both criteria.

When two cellulose surfaces finally are in contact

there will of course be H-bonds. However, with

respect to breaking, since the H-bond energy is smaller

than the dispersion energy even for the best possible

interface with respect to H-bond formation (i.e., the

crystal structure), H-bonding likely plays a minor role

for the stability also here. Thus, if the surfaces are

close enough to be in molecular contact (i.e., van der

Waal’s and/or H-bonding) the London dispersion will

dominate over the H-bond contribution to the interac-

tion energy. However, there is undoubtedly water

present even in cellulose material that is perceived as

dry and this will complicate the picture further.

Even if the porosity of cellulose nanomaterials can

be surprisingly low, unless fibrils are perfectly aligned,

they are prohibited from fusing completely into one

continuous phase. Thus, as mentioned above, sub-

nanometer sized cavities are formed, for instance

around fibril-fibril joints, where surface hydroxyl

groups are available for H-bonding. This space can

be effectively filled by water molecules which will

saturate the H-bonds, as long as the entropic penalty of

confinement is not too high (Fig. 7). Thus, it is not

only difficult to remove the water fraction that is most

tightly attached to cellulose, but it is even more

difficult to prepare and maintain samples (either as a

specimen to be studied or a starting point for

controlled hydration) that are devoid of all water

(Lindh et al. 2017), because the initial water uptake of

dry cellulose from ambient air is extremely rapid and

amounts to about 8 wt% (based on cellulose dry mass)

at 50% relative humidity. The emerging picture is that

the extent to which H-bonding contributes to the

adhesion between fibrils, even in ‘‘dry’’ conditions, is

limited and an indirect effect of the high surface

tension of liquid water.

Interfacial water also affects the friction between

fibrils. In completely dry conditions, which can only

be realized in simulations, the traction is dominated by

a stick-slip behavior, in part related to breaking and

reformation of interfacial H-bonds (Zhang et al. 2021).

In that respect, the small size and relatively high

mobility of water molecules make them into an

effective lubricant, which can significantly decrease

the resistance to interfacial shear stress (Sinko and

Keten 2014), and possibly also serve as a toughening

mechanism since a weaker interface reduces brittle-

ness (Hou et al. 2021).

Cellulose nanopaper films

A unique feature of cellulose nanofibrils is that ‘‘non-

porous’’ nanopaper films can be formed by drying

from colloidal dispersions of the nanofibers in water.

Filtration and drying results in nanofibrils which are

oriented random-in-plane, with slightly swirled con-

formation (Henriksson et al. 2008). The formation

process can be compared to the formation of photonic

crystals where capillary force through liquid bridges

(Fig. 7) is the main adhesion mechanism, not hydro-

gen bonding (Zhou et al. 2006). Such forces can

become very large, enough to deform the nanofibers

plastically (Ogawa et al. 2020), which explains the low

porosity of cellulose nanopaper dried from water.

The Young’s modulus of dry wood cellulose

nanofibril films was recently reported to be 24.9 GPa

by careful strain field measurements (Yang et al.

2021). This result is much higher than for any polymer

Fig. 7 Drying-induced deformation of nanofibrils driven by capillary effects. The ‘‘dry’’ fibril-fibril joint contains structured and

immobile water, which can contribute to both total adhesion and deformation mechanisms
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film with comparable molecular orientation distribu-

tion, for instance 5.2 GPa for biaxially oriented PET-

films (Breil 2010). From modeling work, the H-bond-

ing between nanofibrils was erroneously stated to be

critical for mechanical performance (Meng et al.

2017), and such ideas were further developed in a

recent review paper (Meng andWang 2019). Although

the suggested model is interesting, the statement needs

correction.

The ultimate strength of CNF nanopaper depends

on cellulose molecular weight, indicating that it

depends critically on cellulose nanofibril strength

(Henriksson et al. 2008) and nanofibril length

(Fukuzumi et al. 2013), but defects and local stress

transfer mechanisms are also important. High hemi-

cellulose content has a positive contribution to stress-

strain behavior of nanopaper, which is related to

interfibril bonding (Kontturi et al. 2021; Yang et al.

2021). However, in contrast to typical polymer films,

even dry cellulose films (in the example above vacuum

dried at 75 �C for three days) will unavoidably contain

water due to the finite, however brief, time it is

exposed to moist air during the actual mechanical

testing (Lindh et al. 2017). The large majority of the

moisture is located in the interfibril region, since the

fibril center is inaccessible to water (Sakurada et al.

1962). At 50% relative humidity, the moisture content

of cellulose nanopaper is 8-10% (Yang et al. 2021).

There is strong dependence of both modulus and yield

strength on moisture content (Benı́tez et al. 2013;

Yang et al. 2021). The yield strength in nanopaper is

probably related to interfibril shearing in the inter-

phase region, and is lowered by increasing moisture

content, a problem that has been analyzed at a

molecular scale (Sinko and Keten 2014; Zhang et al.

2021). In the dry state, no apparent yielding is

observed (Yang et al. 2021). The mechanisms for

low strain deformation (modulus) and plastic yielding

(yield strength) in practice thus depend primarily on

moisture-related effects. Thus, cellulose nanopaper

does not obtain its excellent properties thanks to

H-bonding but rather despite the abundant H-bonding

sites on the nanofibril surfaces. On one hand, they lead

to formation of dense structures through capillary

forces during drying, but on the other hand H-bonding

sites increase moisture sorption, even at low relative

humidity, with reduced properties as consequence.

The main reason for the superior modulus of nanopa-

per to polymer films, however, is the high axial

modulus of the cellulose nanofibril, which, even for

random-in-plane orientation, dominates in-plane mod-

ulus for paper structures (Page 1965) and composites.

The cellulose fiber and paper making

The scientific background to the excellent mechanical

properties of different paper qualities has attracted

substantial research interest over the years. This is

partly due to the possibilities to form numerous

materials from different types of fibers via water-

based processing routes, and partly since the excellent

inherent mechanical properties of the fibers are

utilized (Bolam 1961). A large focus has been on the

contact zone between the fibers and how the properties

of this contact zone can be understood and manipu-

lated (Lindström et al. 2005; Hirn and Schennach

2017). To a large extent, the extensive work by Nissan

(Nissan 1955, 1976a, b; Nissan and Batten 1997) has

dominated the view among paper scientists that

hydrogen-bonding between the fibers is the major

interaction responsible for the mechanical properties

of the paper. This is appealing at a first glance, since

cellulose and hemicelluloses, the dominating compo-

nents of most delignified, papermaking fibers, contain

a large number of OH-groups that are known to be able

to engage in H-bonds. However, the process of rough

cellulose-rich fibers approaching each other during

drying and consolidation of paper in the presence of

water is complex and a more elaborate description of

the mechanisms behind the making and the breaking

of fiber-fiber joints is needed, especially considering

the very short-ranged nature of H-bond interaction and

formation (Santiago Cintrón et al. 2017). The devel-

opment of new measuring techniques and the devel-

opment of model materials mimicking the components

of the fiber wall (Gustafsson et al. 2012; Li et al. 2021)

provide new experimental information to separate the

different molecular mechanisms responsible for fiber-

fiber interactions, but still, there is no quantitative

description of their relative influence on the formation

of a strong fiber-fiber joint (Lindström et al. 2005; Hirn

and Schennach 2017).

The making and the breaking of a fiber-fiber joint

are schematically described in Fig. 8. As the water

between the fibers is evaporating the capillary pressure

increases, pulling the fibers together. Under wet

conditions, the delignified fiber wall is highly hydrated
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and the water has a strong plasticizing effect. Since the

wet fiber wall has a modulus (E) of around one to ten

MPa (Nilsson et al. 2001) a capillary radius (r) of one

micrometer (a reasonable dimension considering the

dimensions of the fiber) would lead to a strain (�) of the

wet fiber wall,

� ¼ 2ccosh
Er

between 1.5 and 15% assuming a fully wetted fiber

surface (cosh ¼ 1) and using the surface tension of

pure water c ¼ 72 mN m-1, and as the capillaries

narrow, the deformation will be even higher. This

means that just as for the fibrils (see above) the fibers

are pulled closely together during drying. However,

unlike the elementary fibril, the fiber surface is not

molecularly smooth, which means that only a part of

the interface between the fibers will be in molecular

contact whereas other parts will be separated. As

mentioned earlier, H-bonds are specific and short-

ranged, and practically require direct contact to form,

whereas other forces (ionic and van der Waals) can be

significantly long-ranged at this scale to act over the

separation distance.

It has been shown that the migration of polymers

across the interface has a significant influence on the

dry adhesive properties of the fiber-fiber joints

(Johansson et al. 2009) and that the thermodynamic

work of adhesion is similar for cellulose-cellulose,

cellulose-hemicellulose, and cellulose-lignin interac-

tions as evaluated by contact adhesion testing

(Gustafsson et al. 2012). Considering the function of

these components in trees, this result is also very

logical since there should be a good adhesive inter-

action between these components to create a strong

structure.

As the dry joint is strained, all the separate

interactions across the interface will act to resist the

load and breakage can occur either through adhesive

failure of the joint or cohesive failure of the fiber wall

(Fig. 8). The cohesive interactions inside the fiber wall

are similar to the interactions that exist between fibers,

which means that in an ideal joint it is difficult to

identify the actual interface. The presence of water, in

the form of moist air, will have several effects. First, it

will soften the fiber wall due to moisture adsorption.

Further, as water adsorbs at the interface, specifically

into those regions where the molecular contact

between the fibers is poor, the water will weaken the

dispersion interaction, enable disentanglement of

molecules that might have moved across the interface

and naturally also disrupt possible H-bonds.

The making and breaking of fiber-fiber joints is an

interplay between the deformation of the macroscopic

fiber wall due to massive capillary forces which allows

close contact between dry fibers, and the development

of molecular interactions at those contact points,

Fig. 8 Schematic description of the making and breaking of

fiber-fiber joints. The wet fibers are pulled together by the

capillary pressure and the wet fiber wall will yield in the wet

zone. In the dry joint there will be areas in molecular contact and

areas not in molecular contact but still close enough to allow for

an interaction between the surfaces. Of the proposed mecha-

nisms, only van der Waals and ionic interactions are significant

when there is no direct molecular contact (during the making of

the joints in the wet state)
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including H-bonds. Once formed, these interactions

will play different roles during the loading of the joints

and also the combination of different interactions will

contribute. H-bonding naturally influences the

strength of these joints, as they will inevitably form

wherever a favorable molecular geometry arises, but

to what extent they contribute at the fiber scale in

comparison to other relevant molecular forces is not

possible to determine using any technique available

today. However, considering their short range and

directional sensitivity, contributions from other inter-

actions are most likely dominating.

Perspective and outlook

In this paper we have reviewed the role of H-bonding

in cellulose-based materials at different scales, from

H-bonds within small molecular fragments up to

macroscopic fiber-fiber bonds. It is clear that the role

of H-bonds has in many cases been exaggerated, at all

levels in the structural hierarchy of cellulose. Consid-

ering that cellulose H-bonds in most relevant systems

can exchange with H-bonds to water molecules it

becomes evident that their net effect on the overall

energetics is relatively small compared to other factors

such as dispersion interactions and hydrophobic

effects. A misplaced focus on H-bonding is an

oversimplification that has indeed slowed down the

development of our fundamental understanding of

cellulose-rich materials and impeded their use in more

advanced applications. On the other hand, to ignore

H-bonding completely in the analysis of cellulose is

not a solution; they play an important role for defining

the crystal structure of cellulose and give a surpris-

ingly large contribution to its elastic modulus.

H-bonds can also be expected to contribute to

molecular adhesion in dry conditions although com-

pletely dry cellulose hardly exist except in theory, and

the role of water for interactions at both fibril- and fiber

level under normal conditions cannot be stressed

enough. This observation also applies to drinking

straws.

Molecular modeling has indeed been instrumental

for our understanding of the molecular-scale proper-

ties of cellulose. But at the same time the atomistic

picture that permits us to actually count H-bonds has

almost been a curse. Furthermore, it is important to

realize that when we discuss experimental observa-

tions, we almost exclusively limit ourselves to a

material that has been taken out of its native environ-

ment and has been mechanically and/or chemically

modified. This undoubtedly affects its physico-chem-

ical properties, particularly so when comparing to

computer modeling studies, which are restricted to

highly idealized models.

The emerging conclusion is that H-bonding is and

should be viewed as one interaction among several,

and its relative contribution is highly dependent on the

specific conditions and cannot easily be determined by

intuition alone or, indeed, in some cases not even by

careful analysis. Based on our combined experience

from working with cellulose and from the review of

the scientific literature in this field presented in this

Table 1 Importance of H-bonding for various physical and chemical properties of cellulose and cellulose based materials, at normal

conditions

Property Importance Comment

Solubility None Dominated by solvent effects

Molecular conformation Depends Negligible in solution but important in the gas-phase

Crystal structure Some Defines H-bonding pattern, but structure is to a large extent the result of efficient packing,

i.e. steric/dispersion interactions

Elastic properties Some Axial modulus is dominated by covalent interactions

Adsorption of

polymers/molecules

None Dominated by solvent effects

Fibril aggregation Indirect Mediated by water

Nanopaper prop. Some Contributes to dry strength, responsible for high moisture sorption which affects ductility

Strength of paper Minor One among many contributions
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paper, we suggest a ranking of the relative importance

of H-bonding for different physical and chemical

properties of cellulose and cellulose based materials

(Table 1). We hope that this work will inspire other

scientists in this field to see beyond the standard

explanations, and to not be content with descriptions

of H-bonding as the sole defining feature for cellulose-

related phenomena. This, we believe, would be of

great benefit for the cellulose community, as a whole.
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Matthews JF, Bergenstråhle M, Beckham GT, Himmel ME,

Nimlos MN, Brady JW, Crowley MF (2011) High-Tem-

perature Behavior of Cellulose I. J Phys Chem B

115:2155–2166

Mazeau K, Heux L (2003) Molecular dynamics simulations of

bulk native crystalline and amorphous structures of cellu-

lose. J Phys Chem B 107:2394–2403

Medronho B, Romano A, Miguel MG, Stigsson L, Lindman B

(2012) Rationalizing Cellulose (In)solubility: Reviewing

Basic Physicochemical Aspects and Role of Hydrophobic

Interactions. Cellulose 19:581–587

Meng Q, Li B, Li T, FEng X-Q (2017) A multiscale crack-

bridging model of cellulose nanopaper. J Mech Phys Solids

103:22–39

Meng Q, Wang TJ (2019) Mechanics of strong and tough cel-

lulose nanopaper. Appl Mech Rev 71:040801

Michaels AS (1965) Polyelectrolyte complexes. Ind Eng Chem

57:32–40

Moon RJ, Martini A, Nairn J, Simonsen J, Youngblood J (2011)

Cellulose nanomaterials review: structure, properties and

nanocomposites. Chem Soc Rev 40:3941–3994

Moser C, Henriksson G, Lindström ME (2018) Improved dis-

persibility of once-dried cellulose nanofibers in the pres-

ence of glycerol. Nord Pulp Paper Res J 33:647–650
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