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Role of van der Waals, electrostatic, and hydrogen-bond interactions for the
relative stability of cellulose I3 and II crystals

Richard Kullmann, Martina Delbianco, Christian Roth, and Thomas R. Weikl

Naturally occuring cellulose I with its characteristic parallel orientation of cellulose chains is less stable than cellulose II, in which
neighbouring pairs of chains are oriented antiparallel to each other. While the distinct hydrogen-bond patterns of these two cellulose
crystal forms are well established, the energetic role of the hydrogen bonds for crystal stability, in comparison to the van der Waals
and overall electrostatic interactions in the crystals, is a matter of current debate. In this article, we investigate the relative stability
of cellulose If and II in energy minimizations with classical force fields. We find that the larger stability of cellulose II results from
clearly stronger electrostatic interchain energies that are only partially compensated by stronger van der Waals interchain energies in
cellulose If. In addition, we show that a multipole description of hydrogen bonds that includes the whole COH groups of donor and
acceptor oxygen atoms leads to consistent interchain hydrogen-bond energies that account for roughly 70% and 75% of the interchain

electrostatics in cellulose I and II, respectively.

Introduction

Cellulose is the most abundant biopolymer and a sustainable
source for a large variety of materials1"3. Naturally occurring cel-
lulose biopolymers are assembled in crystalline arrays, termed cel-
lulose 1, in which the polymer chains are oriented in parallel to
each other®™©, Cellulose I, however, is not the most stable crys-
talline assembly of cellulose chains. Dissolving and recrystallizing
cellulose I leads to cellulose IIZ, in which neighboring chains are
oriented antiparallel to each other®. For synthetic? or enzymati-
cally generated1V cellulose oligosaccharides, only cellulose II is ob-
served in crystalline assemblies. Cellulose I and II have character-
istic, distinct hydrogen-bond patterns established decades ago'
(see Fig. [I), but the energetic role of these hydrogen bonds for
crystal stability, compared to van der Waals, hydrophobic, and the
overall electrostatic interactions, is still a matter of current de-
batel ML,

Molecular modelling and simulations have been used exten-
sively to explore the hydrogen-bond networks2®17 and unit cell
parametersi® of cellulose crystals, the twist of cellulose I fib-
27129 of cellulose,
and the assembly and interactions of few cellulose chains=%+32/
The electrostatic and van der Waals (or London dispersion) in-
trachain and interchain energies in cellulose crystals have been
recently calculated with density functional theory (DFT) methods
in conjunction with three popular generations of dispersion cor-
rections12 which lead to differences in dispersion energies of up
to about 50%413, The dispersion corrections are necessary to em-
pirically include the long-range dispersion interactions in the ap-
proximative quantum-mechanical DFT approach®®3%%, In classical
atomistic force fields, long-range van der Waals interactions are in-
cluded in the Lennard-Jones pair interaction of atoms (see Meth-
ods). The mathematical form and numerous atom-type-specific
parameters of force fields have been optimised over decades=>
in particular for proteins, resulting in rather accurate descrip-

rils?221 the elastic?2728 and thermal response
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tions of the structure and dynamics of proteins2®37, Current

standard carbohydrate force fields tend to overestimate attractive
carbohydrate-carbohydrate interactions in carbohydrate solutions,
which has led to recalibrations of the Lennard-Jones potentials for
the van der Waals interactions8-41,

In this article, we investigate the relative stability of cellulose
1B, the dominant form of cellulose I, and cellulose II in energy
minimizations with the popular standard force field GLYCAMO0642
and the recalibrated force field GLYCAMO6JESP | 59 starting from
the experimentally determined crystal structures®43, From in-
terpolations of minimization results for different crystal sizes to
eliminate surface effects, we determine the ground-state (or “zero-
temperature®) bulk energy of the crystal structures in both force
fields and obtain a bulk energy difference of several kcal/mol per
glucose ring in favour of cellulose II. This bulk energy difference
arises from differences in the electrostatic and van der Waals inter-
chain energies of cellulose I and 11, i.e. from clearly stronger elec-
trostatic interchain energies in cellulose II that are only partially
compensated by stronger van der Waals interchain energies in cel-
lulose IB. To determine the energetic contributions of the hydro-
gen bonds formed by three OH groups of the glucose monomers,
we propose a multipole description that includes the C atom to
which these OH groups are bound as third atom, because the O
atoms of the hydroxyl groups “draw" their negative partial charge
both from the bound H and C atoms. We show that these multipole
description of hydrogen bonds leads to consistent hydrogen-bond
energies in good agreement with estimates based on infrared band
shifts for cellulose 1312,

Methods

Our energy calculations are based on energy-minimized structures
of cellulose If and II nanocystals composed of 52 cellulose 6-
mers, 8-mers, 10-mers, and 12-mers. These nanocrystal differ in
their volume-to-surface ratio, which we use to extract bulk (vol-
ume) energies of cellulose I and II (see Results). We gener-
ated initial structures for these energy minimizations from the ex-
perimentally determined structures of cellulose IB crystals® and
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Fig. 1 Molecular conformations and hydrogen bonds in cellulose I and Il.

cellulose 1I crystals®® with the software cellulose-builder®®, sol-
vated the structures, and performed a first minimization round
of 5000 steps of the steepest-descent method followed by 15000
steps of the conjugate-gradient minimization method, in which
the cellulose atoms were harmonically restrained with a force con-
stant of 25 kcal mol~'A~2. In second minimization rounds, we
fully removed the constraints on cellulose atoms, and generated
six energy-minimized structures per crystal by varying the number
of the initial minimization steps with the steepest-descent method
from 2000 to 7000 in steps of 1000. The minimizations were com-
pleted with conjugate-gradient steps to reach a total number of
20000 minimization steps. Our energy calculations include aver-
ages over the energy-minimized structures per crystal.

From the partial charges ¢ of the atoms in units of the elemen-
tary charge, the electrostatic interaction of two atoms i and j with
distance r in units of kcal/mol is calculated in the GLYCAM force
fields considered here as the Coulomb interaction

Vf}“’c(r)— qiq;j Qi Qj %)

- dreyr o
with Q = 18.22234. The partial charges ¢ of the atoms in a cen-
tral glucose ring of the cellulose chains are listed in Table [1} The
sum of these partial charges is 0 because the central glucose rings
of the cellulose chains are neutral, which leads to overall electro-
static interactions between two such cellulose rings that are short-
ranged compared to the Coulomb interactions of atom pairs. The
overall electrostatic interactions between two neutral glucose rings
are composed of shorter-ranged interactions of charge dipoles and
higher charge multipoles. The charged cellulose atoms in Table
consist of four groups of atoms that are nearly neutral. To
avoid artefacts in the calculation of bulk energies from long-range
Coulomb interactions of the charged terminal glucose rings of the
cellulose chains, which would be neutralized by the surrounding
solvent not considered in our electrostatic calculations, we ad-
justed the partial charges of the H atoms at the chain termini in
these calculations so that also the terminal glucose rings are neu-

cellulose Il

Table 1 Partial charges of non-neutral cellulose atoms in GLYCAM force
fields and overall charges of the COH groups and remaining atoms with
hydrogen—bond-acceptor O5 in units of the elementary charge e

atom charge group charge
Cc2 0.310

02 —-0.718  0.029
Hoo 0.437

C3 0.284

03 —0.709  0.007
Hos 0.432

C6 0.282

06 —0.688 0.018
Hog 0.424

04 —0.468

Cl 0.384

05 —-0.471 —0.054
G5 0.225

C4 0.276

tral.
The van der Waals interaction is calculated from the Lennard-
Jones potential

VE = & ((Ruin/r)> =2 (Ruin/7)°) @)

with Ryin = (R; +R;)/2 and & = ,/g€; for atom-specific van der
Waals radii R; and R; and & parameters & and ¢;. In the force
field GLYCAMO6JE5F) 4, most & parameters of the original force
field GLYCAMO6 have been slightly rescaled by 0.94 to reproduce
experimentally measured osmotic pressures of carbohydrate so-
lutions, which reflect carbohydrate-carbohydrate interactions39.
The GLYCAMO6JFSP |, force field employs the TIPSP water model
because this water model leads to more reliable carbohydrate-
carbohydrate interactions in GLYCAMO6, compared to the standard


https://doi.org/10.1101/2024.03.04.583382
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.04.583382; this version posted October 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

__________________

Oy Bty Aty ity ity Piiteg PiRY Poivg,
Aty Oty Pty Fivtens 2
P i wihr P P

cellulose Il

Fig. 2 Energy minimized structures of cellulose I3 and Il nanocystals
composed of 52 cellulose 6-mers. For clarity, only the four central glucose
rings of the 6-mers are shown in the top-view representations of the crystal
structures. The dashed lines indicate the 30 central chains of the crystals
used in the energy calculations.

TIP3P water model3845]

Results

Bulk energy of cellulose I and II from minimization

To investigate the relative stability of cellulose If and II in the
force fields GLYCAMO6JFP | and GLYCAMO6, we have analyzed
structures of cellulose I and II crystals obtained in energy mini-
mizations with both force fields. Starting structures in these en-
ergy minimizations were the experimentally solved structures of
cellulose IB and 1143,

The overall energy of a crystal is the sum of its bulk and surface
energy. We focus on the bulk energy of cellulose I3 and II crystals,
because the recrystallization of cellulose II from dissolved cellu-
lose I does not seem to be affected by crystal size and therefore
likely results from a lower bulk energy of cellulose II compared to
cellulose If3, and because the surface energies of the crystals in-
clude contributions from water interactions that are not directly
accessible with energy minimization. To determine the bulk ener-
gies of the crystals, we have performed energy minimizations of
cellulose I and II crystals composed of 52 cellulose chains with
varying numbers of glucose rings per chain. The data points in
Fig. |3| represent the interchain electrostatic and van der Waals en-
ergy per chain obtained for energy-minimized crystals composed
of 52 cellulose 6-mers, 8-mers, 10-mers, and 12-mers. To reduce
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Fig. 3 Interpolation of electrostatic and van der Waals interchain energies
obtained for the 30 central chains of energy-minimized I and Il crystals
composed of 52 cellulose 6-mers, 8-mers, 10-mers, and 12 mers (data
points). The slope of the fit lines is the bulk interchain energy per glucose
ring, i.e. the energy change per glucose ring from chain elongation.

surface effects from the outer chains in the crystal, the energies
in Fig. [3| are averaged over the interchain energies of the 30 cen-
tral chains in the crystals indicated in Fig.|2| The electrostatic and
van der Waals interchain interaction energies of a central chain is
calculated as the sum of pairwise energies between the atoms in
this chain and the atoms in all other chains of the crystals, divided
by two to avoid a double-counting of atom pairs in the averaging
over the central chains. The data points in Fig. [3fall on lines with
slopes that reflect energy changes per glucose ring from chain elon-
gation. These energy changes from elongation by glucose rings are
equivalent to bulk energies of the cellulose I and II crystals per
glucose ring. Table [2| summarizes the interchain electrostatic and
van der Waals bulk energies per glucose ring obtained from the
linear fits of Fig. [3] with errors estimated as standard errors of the
linear fits. The two values per energy term in Table |2| are the en-
ergies obtained in the two force fields GLYCAMO6LE5F. | (upper
value) and GLYCAMOG6 (lower value). In addition, Tableincludes
the intrachain bulk energy of I and II crystals from linear fitting
of the intrachain energies averaged over the 30 central chains of
the crystals of 6-mers, 8-mers, 10-mers, and 12-mers akin to Fig-
ure [3] The overall bulk energy of cellulose I and II per glucose
monomer is the sum of the electrostatic and van der Waals inter-
chain energies and the total intrachain energies of Table

For both force fields, we obtain an overall bulk energy per glu-
cose ring for cellulose II that is several kcal/mol lower than the
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Table 2 Bulk energies per glucose ring in the force fields
GLYCAMOBLER 4 (upper value) and GLYCAMO6 (lower value) in
kcal/mol

B I g —1I

electrostat. interchain —13.5+0.3 —21.54+0.2 8.0+04
—12.44+0.5 —-19.8+0.2 7.5+£0.5

vdW interchain —13.0£0.1 —-10.1+£0.1 —-3.0%0.1
—-15.74+0.1 —122+0.1 -3.5+0.1

total intrachain 115.14+0.3 116.0£0.2 —-09+0.4
114.6£0.1 116.24+03 —1.6£0.6

overall energy 88.6+0.4 84.4+0.4 4.1£0.6
86.5+0.5 84.240.6 2.34+0.8

overall bulk energy for cellulose IR (see Table[2). This bulk energy
difference arises from differences in the electrostatic and van der
Waals interchain energies of cellulose I and II, i.e. from clearly
stronger electrostatic interchain energies in cellulose II that are
only partially compensated by stronger van der Waals interchain
energies in cellulose IB. The total intrachain energy in cellulose I3
and II, in contrast, is rather similar for both force fields, despite the
different conformations of the cellulose monomers in both crystals,
in particular of the atom O6 of the hydroxymethyl group (see Fig.
1).

Energies of hydrogen bonds
To assess the role of hydrogen bonds in the interchain interactions,
we now focus on the geometry and energies of the hydrogen bonds
formed by the three OH groups in cellulose If and II. A simple
electrostatic view of hydrogen bonds depicts the OH group of the
donor oxygen atom as a dipole with oppositely equal charges —d&
and +6 on the O and H atom, respectively. An electrostatic at-
traction between the donor OH group and the acceptor O atom
with negative partial charge then directly results from the fact that
the acceptor O atom is closer to the H atom than to the O atom
of the donor group in the hydrogen bond, leading to an attractive
Coulomb interaction between H and acceptor O that dominates
over the repulsive Coulomb interaction of the two Os. For cel-
lulose, however, the situation is more complex, with an absolute
value of the partial charge on the O atom of an OH group in force
fields that is significantly larger than the partial charge of the H
atom (see Table [I). For the hydrogen bond geometries obtained
in our energy-minimized cellulose crystals, the repulsive Coulomb
interaction of the two O atoms in a hydrogen bond dominates over
the attractive Coulomb interaction between the H atom of the hy-
drogen bond and the acceptor O atom, leading to an overall posi-
tive, repulsive electrostatic interaction between the OH group and
the acceptor O. For the exemplary interchain hydrogen-bond O6H-
03 of cellulose IR in Table[3] the repulsive electrostatic energy 59.6
kcal/mol between the donor oxygen O6 and acceptor oxygen O3
exceeds the attractive electrostatic energy -56.3 kcal/mol between
H06 and O3.

In the GLYCAM force fields considered here, the negative charge
on the O atom of three cellulose OH groups is nearly balanced
by the positive charge of the H and C atom bound to the oxygen

Table 3 Electrostatic and van der Waals (vdW) interaction energies
of Hps—06—-C6 and Hp3—O3-C3 in the intermolecular hydrogen bond
0O60H...030 of cellulose I3 in the force field GLYCAM (in kcal/mol with
standard deviations in brackets)

elec. | 03 Hos C3

06 59.5(3) —30.4(2) -16.7(1)
Hoe | —56.3(5)  25.2(3)  13.7(1)
c6 | —18.1(1) 9.2(1) 5.9(1)
vdw ‘ 03 Hos C3

06 | 1.78(17) —0.007 —0.134(2)
Hoe | —0.05(1)  0.000 —0.015(1)
C6 | —0.15(1) —0.001 —0.063(1)

atom (see Table[I). If we include the atom C6 in the example of
Table 3} we obtain a large overall electrostatic attraction of —14.9
kcal/mol between the donor group C6-0O6-Hpg and the acceptor
oxygen O3. This large attractive energy helps to understand why
the hydrogen bond is formed, but exceeds the overall electrostatic
interchain energy of cellulose I per glucose ring (see Table [2).
If we also include the C and H atom of the acceptor group, we
obtain a total attractive energy of —8 kcal/mol between the donor
group C6-06-Hpg and the acceptor group C3-03-Hpj as sum of the
electrostatic energies in Table [3| between all atoms of the groups.
Including all atoms of the nearly neutral donor and acceptor COH
groups in the calculation of electrostatic hydrogen-bond energies
is reminiscent of the classical approach of Kabsch and Sander®
to determine the energy of hydrogen bonds in protein secondary
structures as electrostatic dipole-dipole interactions between the
backbone CO group with oppositely equal partial charges +¢; of
the C and O atom and the backbone NH group with oppositely
equal partial charges +¢, of H and N.

Tables [4| and [5] list results for the hydrogen-bond geometry and
the electrostatic and van der Waals interaction energies between
the donor COH group and acceptor O atom as well as the overall
interaction energies between the donor COH group and the ac-
ceptor group. Because the crystal cells of cellulose I and II in-
clude two chains with slightly different conformations, an origin
(0) chain and a center (c¢) chain®812] we specify and distinguish
the hydrogen bonds based on these chain types using a standard
distance- and angle-based geometric criterion for identifying hy-
drogen bonds. The results in Tables [4|and [5|are averages obtained
for the hydrogen bonds in the energy-minimized crystals composed
of cellulose 12-mers in which the acceptor group is located in the
central cellulose chains of the crystals and in the 8 central glucose
rings of the 12-mer chains and, thus, in the crystal interior. Num-
bers in brackets in Tables 4] and [5]indicate standard deviations for
the last digit(s) to illustrate variations within the crystal. For hy-
drogen bonds in which OS5 is the acceptor oxygen, we include all 5
atoms indicated in Table[l|as atoms of the acceptor group COX.

In cellulose 1B, there are two intrachain and a branched inter-
chain hydrogen bond per glucose ring. In this branched interchain
hydrogen bond, O6 as donor forms a rather strong hydrogen bond
with O3 as acceptor and an additional weaker hydrogen bond with
02 as acceptor oxygen. The distances and angles of the hydro-
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Table 4 Hydrogen-bond geometry and energetics for cellulose 1B in the force fields GLYCAMOBJESE |, (upper values) and GLYCAMOS6 (lower values)

| geometry | electrost.  (kcal/mol) | vdW  (kcal/mol)
| duo &) doo (A) angle (°) | COH-O  COH-COX | COH-O  COH-COX
O30H..O5o0intra | 1.82(2) 2.76(1)  161(1) | —9.7(2) ~3.4(1) | 0.5(1) 0.3(1)
1.82(1)  276(1)  161(1) | —9.6(2) -3.4(1) | 0.8(D) 0.6(1)

O3cH..O5cintra | 1.78(1)  2.74(1)  170(1) | —10.4(2) -3.5(1) | 0.6(1) 0.3(1)
1.78(1)  275(1)  170(1) | —10.3(1) -3.4(1) | 0.9(1) 0.7(1)

O20H..O6o intra | 1.81(1)  2.79(1)  172(1) | —15.7(2) -7.71) | 0.6(1) 0.4(1)
1.82(1)  279(1)  171(1) | —15.7(2) ~7.71) | 0.9(1) 0.7(1)

O2cH..O6cintra | 1.76(1)  2.72(1)  166(1) | —15.9(2) -82(1) | 1.1(D) 0.9(1)
1.76(1)  272(1)  166(1) | —15.9(1) -82(1) | 1.7(1) 1.4(1)

O60H..O30inter | 1.77(2)  2.72(2)  162(2) | —14.9(6) -8.1(3) | 1.1(D) 0.9(1)
1.77(2)  272(1)  162(1) | —15.0(4) -8.1(2) | 1.6(2) 1.4(2)

O6¢cH...O3cinter | 1.90(3)  2.87(3)  170(2) | —14.4(5) —6.7(3) | 0.2(1) 0.0(1)
1.90(2) 2.87(2) 170(1) | —14.4(4) —6.7(3) | 0.4(1) 0.2(1)

O60H...020 inter | 2.97(9)  3.59(9)  122(2) | -7.5(3) -0.7(1) [-0.3(1)  —0.5(1)
2.98(5) 3.61(5) 123Q1) | —7.6(1) —0.7(1) [-0.3(1)  —0.6(1)

O6cH...O2c inter | 2.98(5)  3.54(5) 118(1) | —9.5(2) —23(1) | 0.1(1)  —0.1(1)
2.98(4) 3.55(4) 118(Q1) | —9.5(1) -23(1) | 0.1(1)  —0.1(1)

gens bonds in Table [4| obtained from our force-field-based energy
minimizations are in good agreement with DFT calculations for
cellulose Ip microfibrils#Z, For the intrachain hydrogen bonds of
cellulose I, the distances dyp and dpp obtained from our energy
minimizations do not deviate more than 0.05 A from the distances
in the DFT calculations4Z. For the interchain hydrogen bonds, the
distances dyp and dpp of our energy minimizations tend to be
slightly larger by about 0.05 A to 0.2 A than the distances of the
DFT calculations.

In addition to the bond geometries, and in contrast to DFT cal-
culations that allowed only estimates of upper limits of hydrogen
bond strengths3, our force-field-based energy minimizations pro-
vide detailed insights into the hydrogen-bond energetics. The sum
of the electrostatic and van der Waals interaction energies between
the COH donor groups and COX acceptor groups in Table [4]ranges
from about —3 kcal/mol to —7 kcal/mol for the intrachain hy-
drogen bonds and the interchain bonds O6H...03, in good agree-
ment with the range from —4.0 to —7.0 kcal/mol of these hydrogen
bonds estimated based on infrared band shifts for cellulose 1312,
which suggests that the hydrogen bond energies in cellulose crys-
tals can be quantified as overall interaction energies of donor and
acceptor groups. The electrostatic COH-COH interaction energies
of the interchain hydrogen bonds in Table |4]{ sum up to about —8.9
kecal/mol per glucose ring for both force fields, which amounts to
66% and 72% of the overall electrostatic interchain energies per
glucose ring in Table for GLYCAMO6JTSP |, and GLYCAMOG6, re-
spectively. The electrostatic COH-O interaction energies for the
interchain hydrogen bonds, in contrast, sum up to —23.2 kcal/mol
per glucose ring, which clearly exceeds the overall electrostatic
interchain energies per glucose ring in Table [2| and, thus, overes-
timates the hydrogen-bond energies. The van der Waals interac-
tions of the intrachain hydrogen bonds and the interchain bonds
O6H...03 in Table [4| are repulsive because the distances dpp of

the donor and acceptor oxygen atoms in these bonds are clearly
smaller than the van der Waals radii 3.442 A for the oxygen atoms
02, 03, and 06 and the van der Waals radius 3.3674 A for 05
in the force fields, which leads to positive, repulsive values of the
Lennard-Jones potential in Eq. ().

In cellulose II, the on average two interchain hydrogen bonds
per glucose ring occur in different pairings of O2 and 06 as ac-
ceptor and donor oxygens in these hydrogen bonds (see Fig.
and Table [5). The hydrogen bonds in Table [5] obtained from our
energy minimizations correspond to the hydrogen-bond pattern B
described by Chen et al.1® as energetically optimal pattern for cel-
lulose II among two alternative patterns. The electrostatic COH-
COH interaction energies of the interchain hydrogen bonds in Ta-
ble[4]sum up to about —15.7 to —15.8 keal/mol per glucose ring in
the two force fields, which amounts to 73% and 79% of the over-
all electrostatic interchain energies per glucose ring in Table [2] for
GLYCAMO6SISP]\5,[%H 4 and GLYCAMO6, respectively. The electrostatic
COH-O interaction energies for the interchain hydrogen bonds, in
contrast, sum up to —23.2 kcal/mol per glucose ring, which ex-
ceeds the overall electrostatic interchain energies per glucose ring
in Table[2]and, thus, overestimates the hydrogen-bond energies.

Discussions and Conclusions

In this article, we demonstrated that energy minimizations with
classical force fields can be used to evaluate the energetics of cel-
lulose crystals and of the hydrogen bonds in these crystals. For cel-
lulose I3, the atom-atom distances of the hydrogen bonds obtained
from our force-field-based energy minimizations in Table [4] are in
good agreement with atom-atom distances obtained from DFT cal-
culations for cellulose microfibrils#Z, and hydrogen-bond energies
calculated as the sum of the electrostatic and van der Waals in-
teraction energies between the COH donor groups and COX ac-
ceptor groups of the force fields are in good agreement with the
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Table 5 Hydrogen-bond geometry and energetics (in kcal/mol) for cellulose 11 in the force fields GLYCAMO6IEE, |,

(lower values)

(upper values) and GLYCAMO06

| geometry | electrost.  (kcal/mol) | vdW  (kcal/mol)

| duo (A doo (A) angle (°) | COH-O  COH-COX | COH-O  COH-COX
O30H..O50intra | 1.94(4) 2.79(2)  145(3) | —8.5(5) -3.7(2) | 0.4(1) 0.3(1)
1.93(5)  279(3)  146(3) | —8.6(6) -3.7(2) | 0.7(2) 0.6(2)

O3cH..O5cintra | 1.73(2) 2.68(2)  164(1) | —10.8(2) ~-43(2) | 1.1(D) 0.9(2)
1.73(2)  2.68(2) 164(1) | —10.8(2) -43(2) | 1.6(2) 1.5(2)

O2cH..O6cinter | 1.71(1)  2.68(1)  170(2) | —18.5(4) -8.6(3) | 1.6(2) 1.3(2)
1.71(2)  2.68(1)  170(1) | —18.4(4) -85(3) | 2.2(2) 2.0(2)

020H..02cinter | 1.76(2)  2.74(2)  175(2) | —18.5(3) ~7.03) | 1.0(2) 0.8(2)
1.75(2)  273(2) 175(2) | —18.5(4) ~7.03) | 1.6(2) 1.4(2)

O6¢cH...O6o inter | 1.75(2)  2.73(2)  173(2) | —16.8(4) ~7.8(2) | 1.1(2) 0.9(2)
1.75(1)  273(2) 173(2) | —16.8(4) -7.83) | 1.6(2) 1.4(2)

O60H...020 inter | 1.73(2)  2.70(2)  168(2) | —18.0(4) -8.1(2) | 1.5(2) 1.2(2)
1.73(1)  270(1)  168(2) | —17.9(3) -8.1(3) | 2.1(2) 1.8(2)

hydrogen-bond energies in the range from —4.0 to —7.0 kcal/mol
estimated from infrared band shifts for cellulose 2. For cellulose
11, the hydrogen-bond pattern obtained from our energy minimiza-
tions is the pattern B found to be energetically optimal for cellulose
I among two alternative patterns®. As a main result, our force-
field-based energy minimizations reproduce the suggested larger
stability of cellulose II compared to the native crystal form cel-
lulose 1B, and trace this larger stability back to clearly stronger
electrostatic interchain energies in cellulose II that are only par-
tially compensated by stronger van der Waals interchain energies
in cellulose If.

The ranges of the overall electrostatic and van der Waals inter-
chain energies per glucose monomer in Table |2 are comparable to
ranges recently obtained from density functional theory (DFT) cal-
culations for cellulose crystals'l3, Depending on the generations of
dispersion correction approaches as main error source in the DFT
calculations, Li et al.1® obtained values in the range from —11.7 to
—14.8 kcal/mol for the van der Waals interchain energy per glucose
monomer in cellulose I, and —12.2 to —15.3 kcal/mol for the van
der Waals interchain energy in cellulose II. From energy minimiza-
tion in the two forced fields considered here, we obtain the range
—13.0 to —16 kcal/mol for the van der Waals interchain energy in
1B, and —10 to —12 kcal/mol for cellulose II. For the electrostatic
interchain energies per glucose monomer, Li et al. 13 obtain the
range —11.2 to —12.4 kcal/mol for cellulose I3, and —16.7 to —17.9
kecal/mol for cellulose II. The ranges of electrostatic interchain en-
ergies obtained from our force field minimizations are —12.4 to
—13.5 kecal/mol for cellulose I and —19.8 to —21.5 kcal/mol per
glucose monomer for cellulose II.

For determining the relative stability of cellulose I3 and II crys-
tals, it is central to note that the dissolved states of the two crystals
are identical, and, thus, also the free energies of these states. Sta-
bility differences of cellulose I and II crystals therefore need to
result from free energy differences of the crystals, and the bulk en-
ergies determined from our minimization approach correspond to
such free energies in the limit of zero temperature and large crys-

tal size. In principle, stability differences may also result from ki-
netic rather than thermodynamic free-energy differences, e.g. from
different kinetic, or entropic, bottlenecks in the formation or dis-
solution of two structures. However, at least for cellulose chains
composed of rather few glucose monomers, a larger kinetic barrier
for forming cellulose If3 versus II appears implausible.

In summary, we have determined the interchain and intrachain
bulk energies in cellulose crystals from linear modeling of force-
field-based minimization results for differently sized crystals. Our
calculations allow to quantify the role of electrostatic and van der
Waals energies in cellulose crystals and provide new insights on
the energetics of hydrogen bonds in the crystals. While the dy-
namics of hydrogen bonds has been well explored in atomistic
simulations of aqueous systems484° standard approaches focus-
ing on donor OH groups and acceptor O atoms do not lead to real-
istic descriptions of the hydrogen-bond energetics in cellulose crys-
tals2, We have shown that including the C atoms to which the OH
groups are attached in the calculation of hydrogen-bond energies,
for both donor and acceptor atom groups, leads to consistent re-
sults for hydrogen-bond energies that agree with estimates based
on infrared band shifts for cellulose I22.
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