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Abstract 

A recent structure determination of native cellulose has shown that it is composed of two 
different crystal structures, a two-chain monoclinic phase and a single-chain triclinic phase. In this 
article a molecular dynamics study of the two allomorphs is presented, and a general picture of 
structure and energetics is provided. Consistent with experimental data, the monoclinic phase is 
more stable than the triclinic phase by - 8 . 7  kJ mol-1 cellobiose-1. In the monoclinic phase a 
small angle is observed between glucose residues that belong to alternate (200) planes. The 
glucose residues in every second plane are parallel to the (200) plane, and form more favorable 
intermolecular hydrogen bonds. In the triclinic phase the glucose residues are not parallel to the 
(200) plane. The 13C NMR shifts for C-6 are fully accounted for by the distribution of the C-6 
dihedral angle. The nonbonded environment is important to the splitting for C-1. The fine 
structure of IR spectra in the OH-stretching region can be qualitatively correlated with the number 
of different hydrogen bonds observed. Results indicate that chains in one set of alternating 
(200)-planes in the monoclinic phase resemble the triclinic phase. 

Keywords: Cellulose I; Molecular dynamics; Allomorph stability; 13C CP/MAS NMR-spectra; Hydrogen 
bonding 

1. Introduction 

Natural cellulose consists of  long, parallel homopolymers  of  (1 --* 4)-/3-1inked D-glu- 
cose monomers.  Despite its importance in a number of  industrial applications, relatively 
little is known about the detailed structure at mesoscopic or microscopic level. This is 
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due in part to the fiber structure of cellulose, with crystalline and amorphous domains, at 
a microscopic level, and the heterogeneity at the mesoscopic level, where the individual 
cellulose fibers are linked by hemicelluloses and lignins. The variation in composition of 
the hemicellulose is mainly responsible for the differences between hardwood and 
softwood [1]. 

The debate about the atomic structure of the crystalline part of cellulose was revived 
in 1984, when Atalla and vanderHart proposed two phases for the native crystalline 
structure based on results obtained by solid-state 13C CP-MAS NMR experiments [2,3]. 
Further support was found by Raman spectroscopy [4] and infrared spectroscopy [5-7]. 
In addition to these structural data, thermodynamic data revealed that the phase most 
abundant in lower plants and bacteria (the I a phase) is less stable than the I/3 phase, 
which preponderates in higher plants [8-10]. The exact ratio of the two phases depends 
critically on the origin of the cellulose. The structure of the two phases was solved by 
Sugiyama et al. using electron diffraction [11]. In both phases the chains were organized 
in a parallel-up fashion. The I a phase was triclinic, with cell dimensions a = 0.674 nm, 
b =  0.593 nm, c =  1.036 nm (chain axis), a =  117 °, 13= 113 ° , 3~ = 81 °, and one 
cellobiose residue per unit cell. The I/3 phase was monoclinic, and very similar to the 
model found by Sarko and Muggli [12], with a = 0.801 nm, b = 0.817 nm, c = 1.036 
nm (chain axis), a =/3 = 90.0 °, "r = 97.3 °, and two cellobiose residues per unit cell. The 
unit cell volumes are 0.3395 nm 3 and 0.6725 nm 3 and the densities are 1.582 and 1.599 
g cm-3 for the I a and I/3 allomorphs. This two-phase model accounts for most of the 
observations made earlier, where some authors proposed a two-chain monoclinic model 
[12,13], and others an eight-chain triclinic model [14]. Mixing the triclinic and the 
monoclinic phase in suitable proportions yields reflections consistent with either of the 
two previous models. Recently, the surfaces of the allomorphs were also identified using 
atomic force microscopy [15]. 

So far, few attempts have been made to model crystalline cellulose. In most cases 
glucose, cellobiose, cellotetraose, or longer chains have been used as a model, both in 
vacuo and in solution [16-20]. In these cases crystal packing is completely ignored, 
which reduces the validity of the predictions considerably. In a recent study French et al. 
[21] calculated the relative energies of various cellulose allomorphs in two different 
approaches. In the first approach they took into account the crystalline environment, but 
used a force field with limited flexibility. This so-called rigid ring approach generally 
gives too narrow energy minima, and thus unreliable energy differences. In a second 
approach full flexibility was included using the MM3 force field in a so-called miniature 
crystal. The chain under consideration is embedded in a hexagonal packing consistent 
with crystal parameters and the miniature crystal itself is in vacuo. It is unclear whether 
this approach accounts for the full crystalline environment in a proper way. Only 
Kroon-Batenburg and Kroon have simulated cellulose I/3 in a crystalline environment 
using molecular dynamics [22]. Their starting structure was that of Gardner and 
Blackwell [23], that is, a parallel-down conformation [24], an alternative which is now 
generally considered invalid. 

In this paper we present molecular dynamics (MD) simulations of cellulose I a and 
cellulose I/3 with full atomic detail, taking into account the crystalline environment. The 
results will be related to available experimental data. 
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2. Computational procedure 

Preliminary, unrefined structures of crystalline cellulose I a and cellulose I fl ob- 
tained by electron diffraction [11] were used as starting structures. In Fig. la the crystal 
structure of the monoclinic phase is shown with the crystal axes and planes. The chains 
in the (200) planes are tightly connected by intermolecular hydrogen bonds; this 
particular plane will also be referred to as a "sheet" .  The (100) plane in the triclinic 
phase corresponds to the (1-10) plane in the monoclinic phase, the (010/I  a )  plane is 
equivalent to the (110/I  fl ) plane and the (110/I  a )  plane is equivalent to the (200/I  fl ) 
plane. Throughout, we will use the plane nomenclature of the monoclinic phase; the two 
distinct (200) planes in the monoclinic phase will also be referred to as I f l /even and 
I f l /odd phase. In the monoclinic phase, the odd (200) planes are shifted 1 / 4 c  along the 
chain axis relative to the even (200) planes; in the triclinic phase each (200) plane is 
shifted 1 / 4 c  relative to the previous plane. Chains in the I f l /odd planes are rotated by 
7.4 ° relative to the (200) plane, in contrast to chains in the I f l /even plane or chains in 
the triclinic phase, which are parallel to that plane. This indicates that chains in different 
(200) planes in the monoclinic phase are not equivalent. Fig. lb is a top view of two 
cellulose chains in the (200) plane with the main hydrogen bonds and the nomenclature 
used. 

The GROMOS87 force field [25] was used in conjunction with the GROMOS87 
program suit [26]. The programs were extended to allow triclinic periodic boundary 
conditions. The force field uses a united atom approach, hence all aliphatic hydrogens 
were removed. Hydroxyl hydrogens (which were unresolved in the experimental struc- 
ture) were added in ideal bond-length and bond-angle conformations. To allow for a 
reasonable non-bonded cutoff radius, unit cells were added according to their symmetry. 
The monoclinic phase was simulated in a periodic box of 3 × 3 X 3 unit cells, yielding a 
total of 1512 atoms; the triclinic phase was simulated in a periodic box of 4 X 6 X 3 
(a X b X c) unit cells, with a total of 2016 atoms. The glucose hexamer in the simulation 
box was covalently connected to its periodic image to mimic an infinite chain. To 
prevent a bias to the crystalline conformation of the monomer, the dihedral angles of the 
hydroxyl hydrogens HO-2 and HO-3, and hydroxymethyl oxygen and hydrogen (0-6, 
HO-6) were randomized. The structures were subsequently energy-minimized. Initial 
velocities were taken from a Maxwellian distribution at 600 K, and the system was 
equilibrated at this temperature for 30 ps. Numerous dihedral transitions were observed 
during this period. The temperature was gradually brought down to 300 K, followed by 
another 20 ps of equilibration. 

The system was simulated in an NVT-ensemble. Temperature was controlled using 
the Berendsen thermostat with a coupling constant of 0.4 ps [27]. Simulations were 
performed using a time step of 1.25 fs, keeping bond lengths constrained by the 
SHAKE-procedure with a relative tolerance of 10 -8 [28,29]. Nonbonded interactions 
were calculated using the twin-range cutoff procedure with cutoff radii of 0.9 nm and 
1.1 nm. The nonbonded pair list was updated every 25 fs, which appeared to be 
sufficient for a crystalline system. Configurations were saved every 0.1 ps. Simulations 
extended to I ns each, requiring i month of dedicated CPU-time on an IBM-RS6000/340 
each. 
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Fig. 1. Ca) Relative positions prior to simulation of cellulose chains in monoclinic cellulose as viewed from the 
nonreducing end along the c-axis. The monoclinic a and b crystal axes are indicated by thick dashed lines, the 
projection of the tricliulc a - b  plane onto the monoclinic a - b  plane is indicated by thin dash-dotted lines. 
The crystal planes (monoclinic nomenclature) are indicated by dotted lines. Chains in the odd (200) planes are 
rotated by an angle a relative to chains in the even (200) plane. Chains in the odd (200) planes are shifted 
1 /4c  relative to chains in the even (200) plane. In the triclinic phase, chains in subsequent sheets are 
translated by 1 /4c  relative to the previous sheet. (b) Nomenclature of the cellulose atoms and relevant 
dihedral angles. Intramolecular hydrogen bonds and between adjacent chains are depicted as broken lines. 
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3. Results and discussion 

Overall structural aspec ts . - -The  root-mean-square positional difference (rmsPD) for 
the ring atoms and glycosidic oxygens between initial structure after energy minimiza- 
tion and average structure is 0.035 nm for the monoclinic phase and 0.018 nm for the 
triclinic phase. This is rather small, especially as the rmsPD was calculated without any 
rigid-body superposition. In the original 1 fl structure the odd chains are off-center with 
an x-coordinate of 0.355 nm, while the unit cell center is at 0.397 nm. After 50 ps of 
equilibration the central position was attained within 0.002 nm, and the average structure 
over 1 ns yielded a symmetric interplanar distance of 0.397 nm. This translation 
constitutes the main contribution to the rmsPD of the monoclinic phase. The angle 
between chains in I f l /odd and I/3/even planes, initially 7.4 °, increased to 11.5 ° in the 
average structure. 

Internal coordinates . - -The changes in bond angles or dihedral angles were negligi- 
ble for ring atoms and the glycosidic linkage. The main difference was found for the 
O-5-C-5-C-6-O-6 (to-) dihedral angle, which in the initial structure was 131.5 ° (I or), 
121.2 ° and 147.3 ° (I/3/odd and I fl/even), whereas the maximum in the distribution was 
at 180 ° for both the triclinic and the monoclinic phase. The root-mean-square positional 
fluctuations (rmsPF) of the ring atoms and glycosidic oxygens were rather small, 0.05 
nm in both phases. Values were slightly larger for the C-6 atom and hydroxyl groups, 
especially the hydrogen atoms: 0.07-0.12 nm. The distributions of the dihedral angles of 
atoms that display large positional fluctuations are shown in Fig. 2a-d. Conformations 
rarely found in the I f l /even phase are observed frequently in the triclinic phase, 
indicating higher flexibility in the latter phase. The distribution of the I f l /odd phase is 
somewhere in between that of the I f l /even and I a phase, especially for the dihedrals 
involving hydrogens. In the I f l /even phase the dihedral to is almost completely 
restricted to the tg conformation (0.998). In the I/3/odd phase other states are also 
populated (tg: 0.92, gg: 0.06, gt: 0.02), though not to the extent in the triclinic phase 
(tg: 0.81, gg: 0.08, gt: 0.11). For dihedrals involving hydrogen atoms numerous 
transitions were observed. The dihedrals "/'2 and "/3 fluctuate between two states, "/6 
between three conformations, though the state around 300 ° is not very well defined. In 
the monoclinic phase a warmer region with higher dihedral transition rates was not fully 
equilibrated until after 500 ps. On average, the transition rate of these dihedrals during 
this period was roughly twice that during the second half of the simulation. The triclinic 
phase appears to equilibrate faster. 

Transition rates of the "/2 and to dihedral do not differ between (200)/odd and 
(200)/even planes. The rates for the "/'3 and "/6 dihedral angles, on the other hand, are 
approximately four times faster in the (200)/odd plane than in the (200)/even plane. 
This is probably due to the slight angle between chains in this plane and the plane itself. 
Averaging over the last 500 ps of the simulation, the transition rate in the monoclinic 
phase is 7.9 ("/z), 13.0 ('7"3), 33.0 ('/6) and 6.5 ns -1 (to); for the triclinic phase the rates 
are 23.0, 55.0, 16.0, and 9.5 ns -1 (T2, "/3, z6, and to). The life time of the to angle in 
the gt or gg states was found to be extremely short, in the order of the sampling 
frequency. 
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Fig. 2. Distribution of dihedral angles ( a )  to ( O - 5 - C - 5 - C - 6 - O - 6 ) ,  (b )  ~2 ( C - 1 - C - 2 - O - 2 - H O - 2 )  (c)  ¢3 

( C - 2 - C - 3 - O - 3 - H O - 3 ) ,  a n d  ( d )  ~'6) ( C - 5 - C - 6 - O - 6 - H O - 6 ) .  Solid line: I f l / o d d  phase; long dashed line: 
I f l / e v e n  phase; short dashed line: lot phase. The initial values for to based on the unrefined diffraction 
coordinates are indicated by a solid arrow ( 1 2 1 . 2  ° I / 3 / o d d ) ,  a long dashed arrow ( 1 4 7 . 3  °, I / 3 / e v e n ) ,  a n d  a 

short dashed arrow ( 1 3 1 . 5  °, lo t ) .  

R a d i a l  d i s t r i b u t i o n  f u n c t i o n s . - - S i m i l a r i t y  between structures can also be studied 
using the radial distribution function (RDF). It expresses the probability of finding a 
particular atom type in a spherical volume element dV at distance r from another atom. 

The RDFs were calculated up to 0.8 nm for the C-l ,  C-4, and C-6 atoms (Fig. 3a-c) ,  
as these atoms are the most relevant to observed NMR spectra. As the system is 
crystalline and anisotropic, the radial distribution function displays pronounced structure 
even at 0.8 nm. The maxima in the distribution are found at almost identical distances in 
the three phases, especially when the target atom is not a hydrogen. The flanks of peaks 
and peak heights beyond the first shell (0.35 nm) show variation between the phases; 
this is most obvious for the hydrogen atoms. In the case of  the C-6-O-2 pair the first 
peak in the I /3/odd phase is split, whereas it is very wide in the triclinic phase and 
rather narrow in the I f l / even  phase. This has probably to do with differences in 
hydrogen bonding (see below); the highest occurrence of the intramolecular hydrogen 
bond O-2-HO-2 • • • 0 -6  is in the I /3/even phase, whereas in the two other phases this 



A.P. Heiner  et al. / Carbohydrate Research 273 (1995) 207 -223  213 

g(r) 

( a )  

4 tl HO-2 

0 

4I ~ ,  HO-3 

4 t HO-6 n 

0.0 0.2 0.4 0.6 0.8 
r(nm) 

(c) 
' ' f , , i , , i , 

g( r) 

(b) 

13 
0.0 

HO-2 

\ 

HO-3 

HO-6 

012 ~ . 4  0,6 0.8 
r(nm) 

4 HO-2 . 

4 

g(r) 

4 

0 , , 
0.0 

HO-3 

HO-6 

A . . . .  .c... = 

0.2 0.4 0.6 0.8 
r(nm) 
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Solid line: I/3/odd phase; long dashed line: I fl/even phase; short dashed line: Iot phase. 
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interaction is less frequent; instead, an intermolecular hydrogen bond between O-6-HO- 
6 • • • 0-2 is formed. At larger distances the distributions diverge even further, and the 
RDFs for the I/3/odd, I/3/even, and triclinic phase are clearly distinguishable, indicat- 
ing differing environments in each phase. This is most obvious when the target atom is a 
hydrogen, since the distributions of ~'2, z3, and ~'6 are different for I ot and 1/3 cellulose. 
Assignment of the different features is not straightforward as the radial distribution 
function is isotropic. Hence intra- and inter-molecular contributions are highly mixed, as 
are intra- and inter-sheet contributions. 

Differences between phases are most conveniently expressed by X 2, the integral over 
space of the squared difference of the RDF in two phases for a given central 
atom-target atom pair. Atoms connected by a single bond were not considered in the X 2 
values. The average over all X 2 values was largest when the I/3/odd and I/3/even 
phase were compared (typically 0.03 for C-l, C-4, or C-6), intermediate when I/3/odd 
and I t~ or I/3/even and I a were considered (0.01-0.015), and smallest for the average 
of I/3/odd and I/3/even phases compared to the triclinic phase (0.003-0.006). The 
order is insensitive to the precise cutoff radius used. This suggests that the environment 
of chains in the triclinic phase is similar to the average environment of chains in the 
monoclinic phase, but that the environment of chains in the two 1/3 phases is very 
distinct. This result is not obvious from the radial distribution functions themselves. 

Hydrogen bonding patterns.--Raman and IR spectra show different absorption peaks 
for the monoclinic and triclinic forms, especially in the OH stretching and bending 
regions [4-7]. From this it has been concluded that the hydrogen bonding patterns of the 
two allomorphs are slightly different. The hydrogen bonding characteristics of the three 
phases are different, the characteristics of the I/3/odd phase being in between those of 
the I/3/even phase and the Iot phase (Table 1). This could already be anticipated by the 
dihedral distribution of the r 2, z 3, and r 6 dihedral angle. 

The hydrogen bonds proposed for the static structure (intrachain O-2-HO-2 • • • O-6, 
O - 3 - H O - 3 . . .  0-5; intrasheet O - 6 - H O - 6 . . - 0 - 3 )  are observed most frequently, and 
are (as measured by rha and 0dh a) also the strongest. The occurrence of these hydrogen 
bonds is highest in the I/3/even phase and smallest in the Iot phase, except for the 
intramolecular hydrogen bond O - 3 - H O - 3 - . .  0-5, which is most frequent in the 
I/3/odd phase. For the intrasheet hydrogen bond O - 6 - H O - 6 - . .  0-3, the adjacent 
oxygen 0-2 can serve as an acceptor as well, especially in the I/3/even phase. In both 
the I/3/odd and triclinic phase the intramolecular hydroxyl groups 0-2 and 0-3 may 
serve as intra-sheet donors as well. Intersheet hydrogen bond donors are observed in the 
I/3/odd and triclinic phase only, but their occurrence is always smaller than 0.05, and 
they are energetically weak. The occurrences of intra- and inter-sheet hydrogen bonds in 
the three phases correlate well with the respective Coulomb energies (Table 2), 
emphasizing the importance of the intraplanar electrostatic interaction for the relative 
stability of the monoclinic phase over the triclinic phase. 

Quality of the force f ield.--The total energy of the system during the simulation was 
larger than zero (Table 3). This was mainly due to electrostatic repulsion within the 
pyranose moiety. The GROMOS87 force field uses partial charges to represent electro- 
static interactions, with exclusion of 1-2  and 1-3 interactions only. The distance 
between atoms at opposing sites of the pyranose ring (being 1-4  interactions) is 
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Table 1 
Hydrogen bonds a observed during the simulation with occurrence > 1% 

215 

Donor-acceptor Phase Occurence rha (nm) #dh~ (°) 

Intrachain 
O-2-HO-2.  • • 0 -6  * 

O-3-HO-3.  • .O-5 * 

O-6-HO-6.  • • 0 -2  

O-6-HO-6.  • • 0-3 

Intrasheet 
O-6-HO-6-  • • O-3 * 

O-6-HO-6.  • • O-2 

O-2-HO-2-  - • 0-6 

O-3-HO-3.  • • 0 -6  

Even 0.951 0.190 160.6 
Odd 0.801 0.182 160.1 
Tricl 0.637 0.187 160.9 
Even 0.733 0.188 153.5 
Odd 0.883 0.185 157.3 
Tricl 0.634 0.189 154.3 
Odd 0.105 0.194 157.6 
Tricl 0.202 0.192 158.8 
Odd 0.011 0.215 151.5 
Tricl 0.051 0.216 153.8 

Even 0.874 0.184 151.8 
Odd 0.712 0.184 154.2 
Tricl 0.503 0.187 152.3 
Even 0.147 0.227 142.8 
Odd 0.087 0.224 141.6 
Tricl 0.106 0.223 143.9 
Odd 0.130 0.204 156.5 
Tricl 0.176 0.200 154.5 
Odd 0.034 0.190 154.4 
Tricl 0.122 0.197 150.9 

Intersheet 
O-2-HO-2.  • - 0 -3  Odd/Even  0.011 0.201 158.7 
O-3-HO-3.  • - 0 -6  Tricl 0.010 0.207 153.0 
O-6-HO-6.  • • 0 -2  Odd/Even  0.028 0.193 149.7 
O-6-HO-6.  • • 0-3 Tricl 0.024 0.200 154.8 
O-6-HO-6- • • 0 -4  Odd/Even  0.011 0.202 155.9 

Tricl 0.038 0.213 154.7 
O-6-HO-6.  - • 0 -5  Tricl 0.019 0.215 145.3 
O-6-HO-6.  - - 0 -6  Tricl 0.014 0.192 158.4 

a Hydrogen bonds marked by an * are proposed for the crystalline structure. A hydrogen bond exists when the 
distance between hydrogen and acceptor is rha < 0.25 nm, and the angle between donor, hydrogen and 
acceptor is 0dh a > 135 °. If two phases are mentioned, the first contains the donor, the second the acceptor. 

a p p r o x i m a t e l y  0 .3  n m ,  c a u s i n g  l a r g e  r e p u l s i v e  e n e r g i e s .  T h i s  h i g h  e n e r g y  a p p e a r s  to  b e  a 

d e f i c i e n c y  in  t he  f o r c e  f i e l d  f o r  s a c c h a r i d e s ,  b u t  it  h a d  n o  n o t a b l e  i n f l u e n c e  o n  t h e  

c o n f o r m a t i o n  o f  t h e  p y r a n o s e  r i n g s ,  p r o b a b l y  b e c a u s e  o f  i n t r a r i n g  i m p r o p e r  d i h e d r a l  

a n g l e s .  A p p a r e n t l y  it  h a s  to  b e  c o n s i d e r e d  as  t h e  " z e r o - p o i n t "  e n e r g y  o f  t h e  f o r c e  f i e l d  

u s e d .  

A n o t h e r  m e a s u r e  o f  t h e  q u a l i t y  o f  t h e  f o r c e  f i e l d  u s e d  is  t h e  i n t e r n a l  p r e s s u r e .  T h e  

p r e s s u r e  w a s  a p p r o x i m a t e l y  - 0 . 5 8  G P a ,  a n d  c o n v e r g e d  w i t h i n  2 0 0  ps .  P r e s s u r e s  o f  t h i s  

m a g n i t u d e  a re  o f t e n  e n c o u n t e r e d  in  c o n s t a n t  v o l u m e  s i m u l a t i o n s  o f  t h e  s o l i d  s t a t e  

b e c a u s e  o f  t h e  l o w  c o m p r e s s i b i l i t y .  T h e  p r e s s u r e  in  t h e  m o n o c l i n i c  s y s t e m  2 a l o n g  t h e  

2 For computational reasons, the pressure was monitored in the monoclinic system only. 
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Table 2 
Nonbonded interaction energy of one cellobiose unit, divided into contributions from the two nearest neighbor 
chains in the same (200) plane, and contributions from the four nearest neighbor chains in adjacent (200) 
planes 

Energy contributions I / 3 / o d d  I f l / e v e n  I a I fl - I a a 
(kJ mo1-1 cellobiose- 1) 

van der Waals, intraplane - 3 5 . 2  ( + 0 . 2 )  - 3 8 . 2  ( + 0 . 4 )  - 4 0 . 1  ( +  1.2) 3.4 
van der Waals, interplane - 290.9 ( +  3.9) - 290.9 ( + 2.9) - 285.1 ( +  2.9) - 5.8 
Coulomb, intraplane - 138.3 ( +  2.1) - 143.4 ( + 0.6) - 107.7 ( + 14.3) - 33.1 
Coulomb, interplane - 2 3 . 0  ( + 4 . 1 )  - 2 3 . 0  (-I-4.5) - 3 0 . 2  (-I-7.6) 7.2 

a Energy of a eellobiose unit in the Ifl-phase is the average of the energy of a cellobiose unit in the I / 3 / o d d  
and I / 3 / even  phase. Averages are taken over 9 ( I /3 /odd ,  I /3 /even)  and 24 ( I a )  chains. Compared to Table 
1, energies are twice as large due to double counting. Neglect of long-range interactions causes values to differ 
slightly. 

c-axis was -0 .68  GPa. The tensile strength along the chain is 135 GPa [30], requiring 
an adjustment of 0.5% in this direction to obtain atmospheric pressure; this is well 
within the experimental error of the crystal structure. The pressure along the a- and 
b-axis was -0 .74  and -0 .42  GPa, respectively. The tensile strength along these axes is 
not known experimentally, but Kroon-Batenburg et al. [16] estimated the tensile strength 
due to the intramolecular hydrogen bonds to be approximately 65 GPa. Extrapolating 
this to the interplanar hydrogen bonds (which are of about equal strength, see below), 
and correcting for the larger surface, we deduce a tensile strength of ~ 30 GPa along 
the b-axis. Comparing intra- and inter-planar energies (Table 2), the tensile strength 
along the a-axis is probably even larger. Adapting the crystal size by -2 .5% and 
-1 .4% along the a- and b-axis, respectively, would give atmospheric pressure along 
these axes. The latter two values are upper limits. Ramie cellulose unit cells, as 
determined by X-ray diffraction by three independent groups and reviewed by French et 
al. [24], are systematically smaller for the a- and c-axis ( -1 .4% and -0.22% on 
average), and systematically larger for the b-axis ( +  0.44% on average) compared to the 
unit cell used here. The y-angle is slightly smaller, 96.55 ° on average vs. 97.3 ° reported 

Table 3 
Temperature and system energies during the simulations of cellulose l a  and cellulose I f l  

Energy contfibutious (kJ tool -1 cellobiose- 1) If l  I a  E ( I f l ) -  E ( I a )  

Total energy 305.7 314.4 - 8.7 
Bonded 127.5 126.9 0.5 
Nonbonded 178.2 187.4 - 9.2 
van tier Waals, intramol. - 31.4 - 33.1 1.7 
Coulomb, intramol. 462.7 458.3 4.3 
van der Waals, intermol. - 170.4 - 169.0 - 1.4 
Coulomb, intermol. - 82.6 - 68.9 - 13.7 
Temperature (K) 302.3 300.3 
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for the monoclinic phase studied here. Sugiyama et al. [11] suggested that the discrep- 
ancy between their unit cell dimensions and those reported was due to the phase 
transition induced by heating the sample to 260°C in a water-vapor saturated environ- 
ment (so-called hydrothermal treatment). What effect changes of the crystal dimensions 
would have on pressure is unclear, as the shear elastic moduli of cellulose are not 
known. 

Despite the deficiencies pointed out ("zero-point" energy, high pressure), the force 
field has been shown to be reasonably reliable in prediction of structures, hydrogen 
bonding patterns, and relative energies of saccharide conformations. For this reason we 
feel that the results presented are representative for the monoclinic and triclinic phases 
[17,25,30-34]. 

Energetics o f  cellulose I ~  and 1[3.--The difference in energy between the triclinic 
and monoclinic form clearly favors the latter, consistent with hydrothermal annealing 
experiments (Table 3). The increased stability of the I[3-phase is mainly due to 
intermolecular electrostatic interactions, which are to some extent compensated by 
intramolecular electrostatic interactions [ E ( I [ 3 ) - E ( I c ~ ) =  9.4 kJ mo1-1 cellobiose-1]. 
The net effect of the van der Waals contributions is negligible [E(113)-  E(I t~) = + 0.3 
kJ mol-1 cellobiose-1]. Since the two chains in the monoclinic phase are not equiva- 
lent, the total intermolecular energy per chain is also listed (Table 2). In three out of four 
cases the energy of the I [3/even chain is lower than of the I [3/odd chains. Considering 
interplanar Coulomb interactions only, the I[3/odd chains are more stable than the 
I B/even planes. This is most likely due to the rotation of the chains in the I[3/odd 
plane relative to the (200) plane. The stability of each allomorph in the direction of the 
(200) plane is due to electrostatic interactions, and in the direction normal to the (200) 
plane it is due to van der Waals interactions. The stability between (200) planes is 
marginally better in the I t~ phase. The less favorable van der Waals interactions are 
fully compensated for by electrostatic contributions, probably due to more intersheet 
hydrogen bonds in this allomorph. The main contribution to the increased stability of the 
I/3 phase relative to the I c~ phase is due to electrostatic interactions in the even (200) 
plane. The glucose residues in this sheet are better aligned to form more favorable 
hydrogen bonds than in the odd sheet or the triclinic phase. 

Recently, Aabloo and French [35] estimated the energy difference between the 113 
and I c~ phases by energy minimization using the MM3 force field. They also found 
cellulose I [3 to be more stable than cellulose I t~, but the energy difference was much 
smaller, 0.9 kJ mo1-1 cellobiose -1. This figure is too small to account for the 
conversion of cellulose I a into cellulose I [3 upon hydrothermal annealing. The Boltz- 
mann factor for this energy difference yields a ratio of ~ 1.4 at 300 K in favor of the 
monoclinic phase, whereas the energy difference found in our simulation gives a ratio of 
~ 32. Since the free volume of the triclinic phase is lower than that of the monoclinic 
phase, and the distribution of the most flexible dihedrals is wider in the triclinic phase 
than in the monoclinic phase, entropy terms are likely to reduce the free energy 
difference. An earlier molecular mechanics study of cellulose in the so-called miniature 
crystal environment suggested that the energy difference between Ict and I [3 cellulose is 
due to van der Waals interactions [21]. The present model of a complete crystal instead 
attributes the increased stability of cellulose I [3 to intermolecular Coulomb interactions. 
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Correlation between structure and NMR chemical shi f ts . - -The chemical shift of an 
atom in NMR spectra is a consequence of its chemical environment. The strongest 
influence is through covalent interactions (bonds, angles), but nonbonded interactions 
play a role as well. 

For native Valonia cellulose (60-40% mixture of cellulose I a / I  fl) ,  three distinct 
NMR resonances are observed for C-1 and C-4, and two for C-6. For annealed Valonia 
cellulose and for tunicin cellulose (cellulose I/3), two resonances are observed for all 
three atoms, though for C-4 a residual resonance of unknown origin is observed. The 
assignment order of the resonances for native Valonia cellulose is (increasing chemical 
shift) C-6:I fl,I a , I  fl, C-4:I fl,I fl,I or, and C-I:I  fl,I ot,I ft. The largest difference in shift is 
observed for C-1, the smallest for C-6. Though most authors interpret the splittings in 
terms of spin-spin couplings [2,3,36], comparison of the chemical shifts at 50 MHz 
[2,3,8,9] and 75 MHz [36] shows that shifts are independent of field strength. Hence the 
resonances have to be interpreted as true chemical shifts. 

In an attempt to explain the shift differences for C-1, C-4, and C-6 in the different 
phases, we calculated the bond angles 0 of the average structure. The values were very 
similar, and close to the energy minima. The differences between the averages for 
different phases were larger than the sum of the respective standard deviations, 
indicating that differences are significant. However, a straightforward correlation was 
not found; for all three atoms the order of the 0-values was I f l , Ia , I f l ,  which is 
consistent with the order of the NMR resonances for C-1 and C-6, but not for C-4. Also 
the magnitude of the AO did not correlate with the chemical shift differences for a 
particular atom. 

Horii and co-workers observed a linear correlation between the 13C chemical shift of 
C-1 and ~ (H-1-C-1-O-4-C-4) ,  C-4 and ~ (C-1-O-4-C-4-H-4)  3, and C-6 and X 
(C-4-C-5-C-6-O-6)  based on shifts and dihedral angles for various celluloses and 
related small sugars [36]. Given the high transition rate of the to-dihedral, C-6 reso- 
nances are in fast exchange. Based on the distribution of states of the angle X and the 
linear regression by Horii et al. [37], all calculated shifts are close to the experimental 
ones, especially for the triclinic phase. Basing the calculated shift on a sine function, to 
account for dihedral periodicity, improves the agreement with experimental shifts 
further. For C-6, the relative order of the calculated shifts (Table 4) is not in agreement 
with experiment as the chemical shifts for the monoclinic phases are overestimated by 
0.2-0.4 ppm. The two low-shift gg and gt states have very low occupancy (0.002 for 
I/3/even, 0.08 for I fl/odd), which makes these states prone to sampling errors. An 
underestimation of the occupancy of these states of only 0.25% would cause a downshift 
of 0.3 ppm. Given the accuracy of the fit (0.36 ppm, no error in the distribution), 
agreement with experiment is surprisingly good, and the 13C C-6 chemical shift can be 
readily accounted for with a sinusoidal relation between chemical shift and dihedral 
angle. It also indicates that the gg and gt states are occupied, although rarely. 

3 As a united atom force field was used, q3 was taken as the average of the dihedrals O-5-C-1-O-4-C-4 
and C-2-C-1-O-4-C-4; ~b was taken as the average of the dihedrals C-1-O-4-C-4-C-5 and C-1-O-4-C-4- 
C-3. 
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Table 4 
13C Chemical shifts a for selected atoms 

Atom Phase Calcd shift (ppm) Exptl shift (ppm) 

C-6 lot 65.65 65.7 b 
i /3 /odd  65.86 65.5 
I /3 /even 66.21 66.0 

C-4 I /3 /even 84.68 88.6 
I /3 /odd 85.35 89.4 
Iot 88.21 90.4 

C-1 I /3 /odd 106.52 104.5 
Iot 106.65 105.6 
I /3 /even 106.79 106.2 

a The calculated shifts are obtained using a linear combination of distributions and fitted lines. The assignment 
of experimental shifts to the two 1/3 phases is based upon the calculated values. The observed shifts of the I/3 
phase are those of tunicin cellulose, those of the I a phase are for Valonia ventricosa. 
b Value is interpolated assuming a 70% Iot, 30% I/3 mixture for Valonia ventricosa. Experimental data from 
Belton et al. [36]. 

The averages of ~o and ~b are very similar in the three phases. Taking into account 
the distribution of ~p yields the correct order for the C-1 shifts, and the most upfield 
calculated shift is close to the observed one ( +  0.6 ppm). The largest difference (2.0 
ppm) is still within the uncertainty of the fit (2.2 ppm). The calculated shift difference 
between the two monoclinic phases (0.27 _ 0.1 ppm) is much smaller than the observed 
one (1.7 ppm), indicating that the dihedral effect contributes only a part of the observed 
shifts. Similarly calculated C-4 shifts are in correct order, but underestimated by 2.0 
ppm ( I a  phase) and 4.0 ppm (Ifl phase). The steep slope of the fit causes an 
uncertainty of approximately 3.7 ppm in the chemical shift due to ~b. The calculated 
shift difference between the two monoclinic phases (0.67 ppm) is close to the observed 
one (0.8 ppm), which indicates that the dihedral effect accounts for the chemical shift in 
the monoclinic phase. 

Further contributions to the chemical shift arise from the nonbonded environment. 
The effect from packing and hydrogen environment on the 13C chemical shift was 
estimated to be at the most 2.5 ppm [37]. The RDFs of the hydroxyl hydrogens relative 
to C-1 and C-4 show significant differences for the three phases at short distances (Fig. 
3). For C-1-HO-2, a small, extra peak at 0.33 nm is found in the I f l /odd  and I a  phase. 
The height of the peak at 0.25 nm is lower for the I c~ phase than for the respective I fl 
phases. In addition, the height of the first peak of the C-1-HO-3 RDF varies among all 
three phases. The first peak of the C-4-HO-3 RDF varies in the triclinic phase and is 
also slightly lower than for each of the Ifl phases. This lack of density at 0.25 nm is 
compensated for by an increased density at 0.33 nm. The C-4-HO-3 RDFs are very 
alike the C-1-HO-2 RDFs. At larger distances, differences become less clear-cut, and 
are also of less importance to the chemical shift. 

For C-l, the discrepancy between calculated and experimental shift differences is 
mainly due to different hydroxyl environments in the three phases. The underestimation 
of the calculated chemical shifts for C-4 may be due to a constant contribution of 
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covalent and nonbonded interactions only partly accounted for in the fit. The C-6 
chemical shift is completely accounted for by the distribution of the dihedral angle X. 

The order of the C-1, C-4, and C-6 chemical shifts in the monoclinic and triclinic 
phases calculated from the distribution of the dihedral angles ~0, ~b, and X is consistent 
with experiment. It also permits an assignment of the monoclinic resonances in terms of 
I /3/odd and I /3/even phases. For all calculated shifts the difference between the 
I f l /even and I a shifts is always larger than the difference between I /3/odd and I a 
shifts. 

Correlation between structure and IR and Raman spec tra . - -BlackweU et al. were 
able to correlate part of the IR and Raman spectra of cellulose to structural features, in 
particular the CH2 modes [38]. The main differences in IR spectra between cellulose I a 
and I/3 are in the OH-stretching and bending regions [6,7]. Hence we correlate the 
hydrogen bonding patterns obtained with the fine structure of the IR spectrum in the 
OH-stretching region, considering the most important hydrogen bonds only (occurrence 
> 0.5, intrachain O-2-HO-2 • • • 0-6, O-3-HO-3 • • • 0-5; intrasheet O-6-HO-6 • • • O- 
3). 

Formation of a hydrogen bond softens the donor-stretch 4 vibrational modes, and 
hardens the acceptor-stretch vibrational modes, causing a splitting of the absorbance. 
Modeling the hydroxyl groups by methanol at the 3-21G level in an ideal hydrogen 
bonding conformation ( r h a  = 0.180 rim, 0dh . = 180°), the donor stretch frequency de- 
creases by approximately 5%, whereas the acceptor stretch frequency increases by 
approximately 1% relative to the gas-phase methanol OH-stretching frequency (3867.6 
cm 1, uncorrected theoretical value). As the IR intensity of the acceptor-stretch modes is 
roughly 15-20 times smaller than that of the donor, only absorption of the donor-stretch 
frequencies will be observed. For pure I fl cellulose, five different absorbances are 
observed experimentally; this agrees with the number of frequencies estimated from the 
hydrogen bonding patterns in the monoclinic phase (Table 5). The nine different 
hydrogen bonds observed for a mixture of I a / I f l  cellulose generate seven different 
frequencies (Table 5), which correlate reasonably with the six absorbances observed 
experimentally (seven, if the highest frequency according to Michell [7] is different from 
the highest frequency by Sugiyama et al. [6]). However, the assignment of the two 
lowest OH-stretching frequencies in Valonia (3240 cm -1, 3270 cm -1) is I a -  If l  [6]; 
the three lowest calculated frequencies are all Ifl. Also, the highest frequency (3415 
cm -1) in the FTIR spectrum of Valonia ( I f l / I  a mixture) can be assigned to the I a 
phase, whereas the highest frequency in our list is assigned to the I/3 phase. Finally, the 
difference between the six calculated frequencies is much smaller than the difference 
between the six or seven experimental frequencies. 

A possible source of error in the assignment of donor-stretch frequencies to particular 
hydrogen bonds is the constraining of bonds during the simulation. This overestimates 
the actual distance by up to 0.003 nm. In the case of the very stable hydrogen bond 

4 The OH-stretch frequency between an oxygen and a covalently bonded hydrogen (O-n-HO-n) will be 
referred to as the donor-stretch mode; the OH-stretch frequency between an oxygen and a hydrogen-bonded 
hydrogen atom (-HO-m. • • O-n) will be referred to as the acceptor-stretch mode. 
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Table 5 
OH donor stretching frequencies at the 3-21G level of donors for the most frequently observed donor-acceptor 
pairs in cellulose. For completeness the characteristics of the hydrogen bonds are listed in the last three 
columns 

Frequency (cm- 1) Donor-acceptor Phase Occurrence rh~ (nm) Oah a (°) 

3766.8 O-2-HO-2- • • 0-6 Odd 0.801 0.182 160.1 
3773.7 O-6-HO-6- - • 0-3 Even 0.874 0.184 151.8 
3773.8 O-6-HO-6. • • 0-3 Odd 0.712 0.184 154.2 
3781.4 O-3-HO-3. • - 0-5 Odd 0.883 0.185 157.3 
3786.7 O-6-HO-6. • • 0-3 Tricl 0.503 0.187 152.3 
3793.1 O-3-HO-3. • • 0-5 Even 0.733 0.188 153.5 
3793.3 O-2-HO-2. - -0-6 Tricl 0.637 0.187 160.9 
3800.4 O-3-HO-3 • • • 0-5 Tricl 0.634 0.189 154.3 
3806.9 O-2-HO-2. • - 0-6 Even 0.951 0.190 160.6 

O - 2 - H O - 2  • • • 0 - 6  in the I / 3 / e v e n  phase, this may reduce the vibrational frequency by 
some 13-15  c m -  1. This would give better qualitative agreement for the I a / I  f l  mixture, 
but worse for the pure I/3 cellulose. 

Several simplifications were made in the ab initio frequency calculations. Though the 
accuracy of  the expansion is far from ideal, it is unlikely to be the main problem. Al l  
SCF ab initio Har t r ee -Fock  methods are known to give a systematic overestimation of  
vibrational modes by 5 -12%;  a higher level approach will  not solve the problem of  the 
frequency differencies being too small, nor will  it solve the problem of  the order of  the 
frequencies as inferred from the hydrogen bonding pattern. Most likely, the crucial 
simplification was made in modeling the hydrogen bonds as methanol -methanol  and 
methanol -e ther  complexes in vacuo. Using density functional ab initio Har t r ee -Fock  
methods, Krijn and Feil  [39] were able to reproduce the electron density of  hydrogen 
bonds in crystalline a-oxal ic  acid dihydrate within experimental accuracy only when a 
large part of  the electrostatic environment was included. Nonaddit ive effects, especially 
charge transfer between donor and acceptor, were found to be very important. The latter 
contribution is highly sensitive to the local electric field. Calculation of  the electric field 
parallel  to the hydrogen acceptor vector did not give any further clues. More accurate 
calculations to relate hydrogen bonding patterns to the fine structure of  the IR spectra 
are beyond the scope of  this paper. 

4. Summary and conclusions 

We have presented simulations of  two allomorphs of  native cellulose, cellulose Iot 
and cellulose I fl in a crystalline environment. The GROMOS87 force field for saccha- 
rides shows some deficiencies, in particular a high potential energy due to electrostatic 
interactions between atoms on opposing sides of  the pyranose rings. This has to be 
considered as a zero-point  energy, and has no notable influence on the structure. The 
internal pressure is high, but is unlikely to affect structure because of  the low 
compressibi l i ty of  the material. 
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The important thermodynamic observation is that the 1/3 phase is energetically 
favored over the I a phase by - 8 . 7  kJ mol-1 cellobiose-a, consistent with an almost 
complete conversion of cellulose Ice into cellulose 1/3 on hydrothermal treatment. 
Intraplanar electrostatic interactions, especially in the I/3/even phase, account for most 
of the increased stability. 

In the monoclinic phase the glucose residues in alternating (200) planes are not 
parallel, but form an angle of ca. 11.5 °. Only Sarko [40] has noted this feature of the 
monoclinic phase before, but there the angle between the chains is only 3 °. This 
substantially affects various properties such as energies, radial distribution functions, 
and hydrogen bonding patterns. The radial distribution functions for atoms in these 
chains differ most, whereas the RDFs for atoms in the monoclinic phase (averaged over 
both chains) and the triclinic phase are most similar. This suggests that, on conversion 
from cellulose I a into I/3, chains in alternate (200) planes in the I a phase, apart from a 
translation, rotate about 10 °. Hydroxyl hydrogens relative to C-l, C-4, or C-6 atoms in 
the respective phases display, especially at shorter distances, the largest differences in 
radial distribution function. Dihedrals involving these atoms fluctuate between various 
states. In conjunction with the relative rotation of the chains, this causes rather different 
chemical environments for the atoms with assigned NMR resonances in the different 
chains. 

Qualitative agreement between structural features and spectroscopic data was found. 
In the case of IR spectra, the number of frequencies calculated on the basis of the most 
stable hydrogen bonds was in agreement with the number of experimentally determined 
frequencies, but the order of assignment was not consistent with experimental data. For 
a good quantitative agreement the approximations used were apparently too crude. 

In the case of NMR spectra, the splitting of resonances in the monoclinic phase can 
be accounted for qualitatively by realizing that chains in the monoclinic phase are not 
equivalent from a structural point of view. The average of the dihedral angles ~, ~b, and 
X does not correlate well with the observed chemical shifts in both allomorphs; one has 
to consider the complete dihedral distribution. With a sinusoidal relation between 
dihedral angle X and chemical shift, the distribution of X gave excellent agreement 
between the calculated and experimental shift of C-6 in all phases. A linear relation 
between dihedral angle and chemical shift gave the right order of shifts for the C-1 and 
C-4 resonances. The calculated C-1 shift differences based on dihedral angles are much 
smaller than the observed ones, but for C-1 the differences in hydroxyl environment are 
also much larger than for C-4 or C-6. 

Dihedral distributions, hydrogen bonding patterns, energies, and calculated NMR 
shifts indicate that the I/3/odd phase is more similar to the triclinic phase than is the 
I/3/even phase. 
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