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1 Introduction

Cellulose and hemicelluloses are the most abundant components of biomass,
and as such are the most important organic materials in terms of stock and
production. Thus, their efficient transformation into useful materials is crucial
for the development of sustainable materials. Since cellulose is resistant to very
harsh treatments, it can be used, and has been used, without much understand-
ing of processes at the molecular level. However, if we want to further reduce
the energy input to attain equivalent or better functionality, or to extend fur-
ther property range to replace materials from nonrenewable resources, a deep
understanding of the molecular behavior of cellulose is needed. This includes
interactions with other molecules as well as an understanding of its intrinsic
properties as a function of its type of molecular assembly.

In Volume 67 of Advances published in 2012, [1] A. French discussed the
advances and various options of computational chemistry approaches and the
use of crystallographic data, mainly from single-crystal studies. The compar-
isons to the well-established crystal structures help in rationalizing the choice
of assumptions used in modeling; furthermore, these comparisons are aids to
further understand the stabilization factors of molecular associations.

In the meanwhile, a huge amount of reproducible experimental data is avail-
able, and a wide range of new experimental data is becoming more and more
accessible. Those experimental data are very often analyzed only in a superficial
way, but such data have the potential to further guide us in our understand-
ing of carbohydrate structures and behavior, especially when combined with
molecular modeling.
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In a näıve view, having all physical processes understood, and with sufficient
computational power at hand, we should be able to simulate molecular behav-
iors to reproduce reality that cannot be captured by experimental observations
alone. However, even the very simple crystal structure of cellulose has not been
predicted from scratch. To simulate crystals, the model must be guided by ex-
perimental constraints such as unit cell dimensions or starting coordinates. In
a more complex system, there are often no experimental observations to contest
the event in a simulation box. Yet who can trust a method that cannot predict
a simpler system?

One can dream of establishing theoretical approaches that withstand exper-
imental scrutiny, which can be then deployed for detailed insights that are not
experimentally accessible. This is a goal that will not be realized anytime soon,
as there are still always gaps between prediction and experimental observations
whenever they are available, and the progress to merge the experimental and
numerical world requires a significant amount of effort.

With modern computers and various force-fields, simulation of complex
structure and behavior at the molecular level is becoming more and more acces-
sible. To guarantee the validity of each theoretical approach to the real system,
further efforts to bridge experimental data to the simulated systems are needed.
In the present paper, I will draw my perspective of how computational efforts
should be combined with well-designed experiments to be directly compared
with molecular modeling.

2 From primitive models to atomistic details

2.1 Toward experimental structures with higher precision

Molecular models were used even before the appearance of computers to de-
scribe plausible structures from the very beginning of structural studies. The
unit cell can be calculated from the positions of a small number of X-ray diffrac-
tion spots, and approximating cellulose as a rectangular slab, divers allomorphs
of cellulose can be described by their arrangement, qualitatively explaining the
relative intensities appearing on X-ray fiber diffractions. A thorough historical
account of X-ray structure analysis of cellulose has been recently given by Zu-
genmaier. [2] Not only pure cellulose, but cellulose complexed with a plethora
of guest molecules has been studied in the first decades after the discovery
of X-ray diffraction (1912), one of the famous examples being the tempera-
ture/concentration diagram of cellulose with sodium hydroxide. [3]

The description of molecules at low resolution, however, does not give direct
insight on the molecular interactions. So more realistic molecular models are
sought. Indeed once the rough structure of glucose residues is known, it seemed
obvious that the hydroxy groups should be engaged in hydrogen bonding. But
how? Fiber diffraction shrinks the three-dimensional diffraction information
into two-dimensions, and the peak broadening due to the limited crystal size
leads to overlapping of the peaks at higher resolution. Thus the detail of the
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structure cannot be directly deduced from these data.
The emergence of computation power in the 1970s allowed relatively large

searches of potential structures to find the one that agrees the best with the
observed diffraction data, and realistic molecular models have been proposed.
However, this trial-and-error approach always leaves some doubts. Even when
reasonable agreement with a set of intensity data is obtained, we cannot be free
of doubt as we might have missed a structure model, which in fact agrees better
with data and thus represents the “real” structure.

A breakthrough appeared when fiber diffraction data from larger crystals
were collected for major cellulose and chitin allomorphs, in combination with
data reduction tools. Indeed, diffraction data from highly oriented and highly
crystalline β-chitin already had been published in 1969 by Blackwell, [4] but
the experiment was not set up for collecting data to high resolution. Since the
beginning of the present century, sample preparation and programs to extract
high-resolution data and wide-area X-ray detectors became available leading to
a series of high-resolution fiber diffraction studies. [5–9]

When individual diffraction intensities could be evaluated to higher reso-
lution, some structural details can be directly obtained from the diffraction
data by simple Fourier synthesis. This gives much more confidence to the basic
structure compared to the previous trial-and-error approaches. Furthermore,
neutron diffraction that became available to the fiber community [10] in the
1990s, allowed direct localization of hydrogen atoms implicated in hydrogen
bonding.

The reliability of experimental structure from fiber diffraction primarily de-
pends on the size of the crystal and unit cell. If the unit cell is small and the size
of the individual crystals are large, the structure can be directly determined by
X-ray/neutron fiber diffraction with very high confidence, such as β-chitin that
has only one monomer as the asymmetric unit. [8, 11]8,11 In this case even the
water molecules in the di-hydrate [12] could be directly located, and the whole
hydrogen-bond network could be determined.

3 The limit of experimental determination

3.1 Limitation in resolution

This is, however, not the end of the story. Not all allomorphs give high-resolution
fiber diffraction data, and not all structures are static or simple. If the structure
contains inherent disorder, it is almost impossible to locate the various positions
from the experimental data alone.

Furthermore, even for neutron diffraction, the effect of small difference of
hydrogen position is subtle on the overall diffraction intensity distribution, and
thus tautomers with only small differences in location cannot be clearly dis-
tinguished. For example, a revisit of the structures of cellulose II and IIII by
using molecular modeling and density functional theory all agreed against the
experimentally determined structures, suggesting an alternative hydrogen-bond
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system. [13]

3.2 Inherent structural disorder and dynamics

Cellulose and chitin are among the most simple carbohydrate polymers, and
yet they present difficulties when it comes to the noncrystalline regions, which
include crystal surface and disorganized or vitrified regions. As homopolymers,
they tend to crystallize, but the long-chain topology impedes reorganization
and leaves a large fraction of the samples in the noncrystalline state. This is
inherent with polymers that tend to be immobilized in a metastable state due
to their topological constraints, and it is not a special property of cellulose and
its analogs. The noncrystalline fraction of chain segments can take various con-
formations and intermolecular interactions. The complexity of the description
of the ensemble of noncrystalline cellulose is incomparable to that of crystalline
cellulose.

Many small molecules that strongly interact with cellulose or its analogs are
important components of their solvents. These molecules often form complex
crystals with cellulose with different levels of order. Typical historical examples
are aqueous alkali components such as sodium hydroxide and alkyl amines,
including ammonia and ethylenediamine, and water.

As an extension to the series of fiber diffraction structural refinements, the
crystal structures of many amine complexes have been revisited. For the amine
complexes, in particular, the crystal entity of the starting structure is not
strongly modified, and the amine acts to intercalate the structure, thus leading
to high-resolution data if the starting sample has a large crystal size and a high
degree of orientation. [14–18]

In many cases, the amine acts as strong hydrogen-bond acceptor, but not
as donor, and presents local disorder. In these cases, assistance with molecular
modeling turned out to be useful. In the alpha-chitin–hydrazine complex, the
nitrogen atoms were directly located in the Fourier maps from fiber diffraction.

However, the hydrogen positions involved in the hydrogen bonds could not
be determined experimentally. The DFT method was used to check different
scenarios of hydrogen bonds given the chitin structure and the nitrogen positions
of the hydrazine. The O-3 is donating hydrogen bonds to either (a) a nitrogen
atom of hydrazine or (b) to the ring oxygen O-5 of the neighboring residue.
The energy of the DFT-optimized structure is significantly lower for scenario
(a), but further molecular dynamics simulations suggest that hydrogen bonds
can be quickly exchanging in the structure. Even the two nitrogen atoms of the
hydrazine can be flipping relative to each other in the short simulation time.
When fiber diffraction data is not conclusive in determining the structure on its
own, a combination with DFT is also proving to be powerful. [19]

More recently, N-methylmorpholine N-oxide (NMMO), known as a solvent
for the Lyocell process and some types of emerging cellulosedissolving ionic
liquids, is also found to form cellulose-complex crystals. [20–22] However, those
complex crystals have a large unit cell, and although sharp diffraction peaks are
observed, even the unit cells are not yet determined for most of them. Further
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analyses are expected to follow in the coming years with the wider availability of
microfocus X-ray beams that allows recording of oriented patterns, thus enabling
the determination of the unit cell. [23]

4 Modeling crystals and prediction of experi-
mental response

Since neither an experimental nor a purely theoretical approach would give a
satisfactory description of the complex system, we need to combine the two
approaches. Experimental data contribute to validate some aspects of the nu-
merical approaches, while simulation helps interpret the experimental data.

4.1 Force-field modeling and first principles calculations

To get better insight on the noncrystalline regions, we need a reliable model that
can at least reproduce crystalline structures. The modeling approach, in general,
consists of finding a rule based on existing observations and its extrapolation
into the unknown.

A classic force-field based modeling consists of sets of more or less simple
rules acting between a combination of chemically bonded and nonbonded atoms,
mimicking a real system. This set of rules is called a force field. The rules are
defined in a way so as to reproduce at best a set of observations such as the
density of a liquid made up of simple molecules, the heat of evaporation, or
its spin–spin coupling constants directly linked to the conformation. Those
experimental values are training sets and lead to good reproduction of related
properties. However, properties based on different physical processes are not
necessarily well reproduced.

A typical example can be seen in the Lennard–Jones function parameters
describing the nonbonded interaction in a series of force-field versions of GRO-
MOS. [24] In the earlier version, crystal lattice constants were used as training
sets, and these reproduced the unit cells of cellulose allomorphs fairly well. In
a more recent version, the training sets were liquid/gas phase-change data, and
the simulations of cellulose allomorphs gave systematically larger unit cells. This
is in part because the real interactions energy profile does not follow the simple
Lennard–Jones function, and the highly compact state and dilated state cannot
be described by the same parameters. [24]

Torsional parameters are another delicate set of parameters to consider,
again since the energy profile of torsion is dependent on many factors and does
not necessarily have a simple shape. The ad hoc parameters are defined to fa-
vor certain conformations to reproduce quantum calculations or observations,
but their reliability in the condensed phase is not certain. In GROMOS, these
torsion parameters had to be modified to reproduce experimentally observed pri-
mary alcohol conformations of cellulose. [25] Thus extrapolation to an unknown
system is still problematic.
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Compared to force-field methods, quantum chemical calculations are ex-
pected to be more universal. Indeed, density functional theory (DFT) with dis-
persion correction proved to be powerful in reproducing the experimental unit
cell of cellulose allomorphs when sufficiently accurate crystallographic structural
data are given as the starting coordinates. [26] In this case the dispersion inter-
action due to the synchronized polarization is taken into account empirically,
in a similar way as the attraction term of the Lennard–Jones potential. This
additional consideration with empirical correction improves the agreement of
simulated unit cells of molecular crystals without compromising the relatively
universal nature of quantum chemical calculations. Still, DFT calculations come
with a cost of much heavier numerical calculation since the electron density dis-
tribution has to be recalculated at each change in atomic position.

4.2 Simulation of wave scattering

Scattering of a wave such as that of an X-ray, neutron or electron reflects directly
the spatial distribution of scattering length density. The physical origin and
form of scattering length depends on the type of wave, but can be calculated
in a straightforward way. The simplest is by using tabulated atomic scattering
factors that assume a spherical distribution around the center of the atom,
which is an approximation good enough for currently available diffraction data
on cellulose and its analogs.

Depending on the sample symmetry or texture, the scattering data can have
one- to three-dimensional character, with increased information with higher
dimensions. The simplest case is that of a spherically averaged sample, in which
case the average scattering can be calculated by the Debye formula, from the
pair distribution function of an explicit model. [27]

In many cases, there is a cylindrical symmetry around the chain direction.
The scattering for such symmetry can be calculated from a two-dimensional
pair–distance distribution. [28] If fibrils with fiber symmetry are further orga-
nized with more complex texture, this can be taken into account with a relatively
simple transformation.

Without spherical or cylindrical symmetry, the intensity distribution can
only be treated as three-dimensional and consequently becomes much more chal-
lenging

For small molecules where single crystals are available, nonspherical elec-
tron density distribution is experimentally accessible, and can be compared to
quantum mechanical calculations. [29]

4.3 Molecular vibration

Molecular vibrations are directly reflecting the bond rigidity and can be ob-
tained from the normal mode analysis of the energy landscape close to the
energy minima. The normal mode analysis of molecular systems are routine
and are implemented in many software suites. However, up to now, no theo-
retical calculation is able to quantitatively reproduce the vibrational spectra of
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cellulose or carbohydrates in general.
Vibrational spectroscopy includes infrared and Raman spectroscopy, sum fre-

quency generation spectroscopy, and neutron inelastic scattering. The spectral
band positions of vibrational spectra, usually expressed as cm−1, correspond to
the frequencies of the normal modes of vibration and are common to all types of
vibrational spectroscopy and depend just on the structure. However, the num-
ber of bands corresponds to the number of freedoms, and thus three times the
number of constituent atoms of the system, leading to a huge number of modes,
making it impossible to find correspondence with the experimental spectra. The
density of normal modes on the frequency scale is in fact the phonon density of
states, which is directly accessible by neutron inelastic scattering [30]; however,
such experimental data are still scarce.

For other types of vibrational spectroscopy, the spectral intensity of each
band depends on the interaction mechanism with the probe–transition dipole
moment for infrared absorption cross-section or change in polarizability for Ra-
man scattering cross-section. Those also can be calculated by quantum me-
chanical calculations. Several program packages integrate such aspects that
were recently applied to amino acids. [31]

Infrared spectroscopy and Raman spectroscopy are widely available in many
laboratories, and routinely reported spectra are reproducible including those at
low temperature [32] or with isotopic replacement. The intensity calculation
would help the validation of calculation and band assignments, but such studies
are still in their infancy, and the simulated infrared spectra of the OH stretching
region of cellulose [33] is still quite different from that from experimental data.
In most studies in the last decade, only the frequencies of the vibrational modes
are compared to those from experimental studies.

Sum frequency generation (SFG) spectroscopy, first developed as a surface-
sensitive technique, is emerging to characterize crystalline cellulose [34–36] and
its organization at higher levels in the submicrometer length scale. [37–39] It
is based on a two-photon process combining typically infrared absorption data
and Raman shifts, and is sensitive to both the transition dipole moment and
polarizability tensors. Theoretical calculations of spectral intensities of each
of the vibrational modes are crucial to exploit such data for further molecular
understanding.

4.4 Nuclear magnetic resonance

Chemical shifts in nuclear magnetic resonances (NMR) spectroscopy reflects the
magnetic shielding by the electron cloud around the nuclei, and is again directly
linked to the electron distribution that can be calculated by density functional
theory. Typical agreement between calculated chemical shifts and experimental
values for 13C are about 2ppm when the hydrogen positions are optimized from
the experimental structure. This is of the order of the influence of conformation
of primary hydroxyl groups, but much larger than experimental precision. [40]
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4.5 Elastic tensors

The elastic modulus of cellulose crystals as an indicator of ultimate material
properties has been of interest and has been studied both theoretically and
experimentally, but both suffer with inherent problems of unverifiable assump-
tions.

For example, the classic way to measure lattice elasticity is to apply a load on
a bundle of fibers while measuring the lattice strain from the displacement of X-
ray diffraction peak positions. In general, it assumes that all load is transferred
to the crystalline domain as pure tensile stress, and only the crystalline domain
is contributing to the Bragg spots. Given the very thin microfibril structure
of native cellulose, where considerable amount of surface chains are aligned to
the crystalline core, those assumptions are certainly oversimplifying. The most
frequently used sample is a bundle of ramie fibers in which the typical crystal
size is about 6 nm, where about 40% of the chains are on the surface. Despite
the high reproducibility of the experiment, the interpretation relies much on the
nontrivial mechanical models.

Since DFT with dispersion corrections can reproduce the cellulose crystal
structures with relatively high fidelity, one could expect the elastic properties at
the equilibrium position to be relatively well reproduced. With such modeling,
not only the Young modulus along the chain, but also the whole elastic tensor
can be estimated, [41,42] and both have been calculated mainly on cellulose I.

Experimentally, the elastic tensor is not easily accessible, but a number of
directly related relations can be obtained, including the compressibility, mea-
sured under hydrostatic pressure, and the strain tensor, measured under uniaxial
stretching. In this case anisotropic Poisson’s ratios, ν31 and ν32, which corre-
spond to the contractions perpendicular to the chain direction with respect to
the chain elongation when tensile load is applied along the chain, can be also
measured. The ν31 and ν32 correspond to the contraction parallel to and perpen-
dicular to the pyranose plane, respectively. DFT simulations consistently expect
a crystal modulus of cellulose I along the chain direction to be of the order of
200 GPa. The compressibility along the three major directions of the crystals
can be estimated by either simulating hydrostatic pressure or from the elastic
tensor derived from a combination of deformations. There are some variations
among different calculation approaches, as the elastic tensor does not seem to
be strictly symmetric as continuum mechanics is assuming. It was in the range
of 50–60 TPa−1 perpendicular to the pyranose plane, 5TPa −1along the pyra-
nose plane and perpendicular to the chain direction and 1.64–1.72 TPa−1 along
the chain direction. The compressibility values of the corresponding experimen-
tal values of 49.6 ±0.4, 6.5±1 and 1.71±0.02TPa −1 [43] thus agreed within
20% of the DFT values. However, the calculated Poisson’s ratio ν32 was much
smaller, by a factor of 2–4. In other words DFT calculations predicted much
smaller coupling between the axial deformation and perpendicular deformation.
Investigation of such discrepancies and the experimental observation should give
more clues to the understanding of crystalline cellulose, and the improvement
of modeling approaches
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5 Understanding the underlying interactions and
thermodynamics

Theoretical and experimental structural details allow us to investigate the un-
derlying interactions stabilizing a system. The efforts of directly finding bonds
in an electron density [44] is one direction to recognize chemical bonds, includ-
ing hydrogen bonds. This approach does not, however, give quantitative energy
values.

The importance of the dispersion interaction in the molecular cohesion of
polysaccharides can readily be seen in the huge impact of the dispersion cor-
rection to the calculated unit cell. The role of hydrogen bonds in determining
the properties of cellulose is often overemphasized, [45] but the hydrogen-bond
geometry does not necessarily explain the energy differences (stabilities) among
the cellulose allomorphs. [46] The contribution of hydrogen bonds to the in-
termolecular cohesion can be estimated from the geometry combined with a
general extrapolation of thermodynamic data of small molecules, which leads
to about 30% of the total cohesion being attributed to the hydrogen bonds in
native cellulose. [47]

The effect of finite temperature sometimes has been taken into account for
the DFT analysis of crystal properties. [42, 48] In systems involving solvents,
entropy plays an important role for accumulation of cosolvents [49] or adsorption
of polysaccharides on solid surfaces. [50] Approximations to estimate such effects
seem to give reasonable results in the above examples, but the experimental
check remains rather qualitative. More accurate thermodynamic experimental
data such as accurate heat capacity and the adsorption isotherm would become
necessary

6 Conclusions

Over the past decades, the quantity and quality of data on cellulosic systems
have significantly increased. Those data are often analyzed with help of compu-
tational approaches to extract molecular insights, while data are also serving to
check the gap between the theoretical approaches and molecular reality. Here
I have overviewed the simulation efforts that can be somehow challenged by
experimental data. The progress toward understanding needs further effort in
combining experimental and theoretical work. The key for this is experimental
designs to probe theoretical calculations, and development of tools to translate
simulation into experimentally observable equivalents.
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