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ABSTRACT 
 
Classical molecular mechanics force fields for carbohydrates are widely used for molecular dynamics 
simulations of crystalline cellulose, in particular, cellulose Iβ. To investigate the impact of choice of force field 
on crystalline cellulose structure and properties we have performed a comparative study of four different 
carbohydrate force fields. Molecular dynamics simulations applying the different force fields were performed on 
a solvated cellulose Iβ crystal. The crystal consisted of 36 cellulose chains, each of them 40 glucose units long, 
arranged in a crystal manner with a square cross section. These simulations show that the differences in force 
fields are of great importance for the resulting relaxed cellulose structure. The orientation of the hydroxymethyl 
groups is a key parameter and an indicator of different hydrogen bonding patterns that may be found in 
crystalline cellulose.  
 
INTRODUCTION 
 
Cellulose structure has been under investigation since the early days of polymer science. The fact that cellulose 
has many possibilities to form hydrogen bonds, both intra- and intermolecular with other chains or surrounding 
water render it possible to organize in several ways. Experimentally, this ambiguity is also supported, since a 
number of different crystal allomorphs have been determined for cellulose (cellulose I, II, IIII, IIIII, IVI, IVII) by 
experimental techniques such as X-ray or neutron diffraction [1].  
A key parameter to cellulose structure is the behavior of the rotation of the hydroxymethyl group. It has three 
low energy rotameric conformations, defined by two letters (tg, gg and gt) referring to the trans- and gauche 
states of the dihedral angles O5-C5-C6-O6 and C4-C5-C6-O6 respectively. The monomeric unit of cellulose, 
glucose, has in aqueous solution a preference for gg conformation of the hydroxymethyl group, followed by gt, 
whereas tg is least populated [2]. In contrast, native cellulose Iα and Iβ have all hydroxymethyls in tg 
conformation [3,4], making it unique among β(1-4) linked saccharide structures.  
The two co-existing native crystalline polymorphs, cellulose Iα and Iβ, differ mainly in the packing arrangement 
of their hydrogen bonded sheets. Both native polymorphs are layered structures where sheets stabilized with 
hydrogen bonds are stacked on top of each other, with no hydrogen bonding interactions between the sheets. 
Cellulose Iβ is the most common form in higher plants, and it has two different hydrogen bonding patterns, 
pattern A and B [3]. Pattern A is dominating and is illustrated in Figure 1. It is characterized by two 
intramolecular hydrogen bonds, one from HO3 to the O5 oxygen on next glucose unit and another from HO6 to 
the O2 oxygen on next glucose. These two hydrogen bonds may only be present (given the glycosidic linkage 
conformation typically found in cellulose crystals) if the hydroxymethyl group is in tg conformation.  

 
Figure 1: Intramolecular and intrasheet hydrogen bonds in cellulose Iβ hydrogen bonding pattern A 

 
The increasing computational power and the development of force fields, has lead to better atomistic models and 
simulations of cellulose. Classical molecular mechanics force fields and molecular dynamics simulations have 
been widely used to study cellulose crystal structure, for instance in the studies reported in references [5-11]. 
These studies differ both in force fields and simulation protocols, but also in the modeled structure, such as 
length of cellulose chains, size of aggregate and solvated or vacuum simulation. The present study aims to make 
a fair comparison of four modern carbohydrate force fields, by simulating identical solvated cellulose crystal 



structures under similar conditions.    
 
METHOD 
 
Molecular dynamics simulations of cellulose fibrils were performed at 300 K with four different force fields: 
Carbohydrate Solution Force Field (CSFF) [12], GLYCAM06 [13], GROMOS 45a4 [14] and a newly developed 
CHARMM Carbohydrate Force Field (C35) [15,16,17]. The simulated structure was a solvated crystal 
consisting of 36 glucan chains, each with a length of 40 glucose units arranged in a cellulose Iβ manner, starting 
from the two proposed hydrogen bonding networks A and B [3], with a square cross-section. The SPC water 
model [18] was used with the GROMOS 45a4 force fiels and TIP3P water [19] with the other force fields. 
Simulations extended to 100 ns to allow the structure to relax. Simulations were conducted with the AMBER 
PMEMD program [20,21,22] (CSFF, GLYCAM06 and C35) and GROMACS 4.0.2 [23] (GROMOS 45a4). 
 
RESULTS AND DISCUSSION 
 
All four force fields propose different relaxed structures. Many of the structural properties took tens of 
nanoseconds to converge, and all simulations were simulated 100 ns. For all, the distribution of different 
conformations of the hydroxymethyl group was investigated. The average structures from the last few ns of each 
simulation are shown in Figure 2, with different colors indicating the conformations of the hydroxymethyl 
groups. 

 

 
Figure 2: Average structures from the last few ns of each simulation. Colors indicate conformation of 
hydroxymethyl groups. 
 
The GLYCAM06 force field is able to keep the crystal interior in a cellulose Iβ structure, but only when starting 
from network A. When starting from network B a structure similar to the CSFF structure evolves. The CSFF 
force field (and GLYCAM06 when starting from network B) produces a structure with alternating layers, where 
the chains in every second layer are tilted and hydrogen bonds are formed between the layers.  Hydroxymethyl 
groups are found in gt and gg conformations. The C35 and GROMOS 45a4 force fields also have different 
hydrogen bonding patterns in every second layer. The hydroxymethyl groups are here altering between the gt 
and tg conformation in the crystal interior. There is no regular occurrence of hydrogen bonds between the layers. 
C35 and GLYCAM06 show a significant twist along the fiber axis, which is prevented by the interlayer 
hydrogen bonds in CSFF and existing but less significant in the GROMOS 45a4 structure.  
The main conclusion we may draw from these results is that although all four force fields are developed for 
carbohydrates, their differences turn out to be of great importance when simulating cellulose fibril models at 
room temperature. The key point is the variety of hydrogen bonding patterns that may be formed within the 



fibrils. Small differences in prerequisites for MD simulation of cellulose cause significant differences in final 
structure. It is of great importance to analyze these differences and try to point out what might cause them. It is 
also important to put a combined experimental and modeling effort into the understanding of cellulose structure.   
In addition to these simulations, high temperature (500 K) simulations were performed of the same structure 
with the same force fields. Interestingly, all force fields show common behavior at high temperature. This might 
be of importance when trying to understand how cellulose reacts to thermal treatment.  
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• Glucan chains aggregates into slender fibrils

• Fibrils have ordered structure, give strong X‐
ray diffraction patterns.

• Hydrogen bonds and vdW forces stabilize the 
structure 

Cellulose structure



Parameter Exp. 
value 

a [nm] 0.781

b [nm] 0.821

c [nm] 1.031

α �nm� 90.01

β [nm] 90.01

γ [nm] 96.51

Density ρ [kg/m3] 16361

Torsion angle ω [°] 1802

Young’s modulus in c
direction [GPa]

1343

[1] Y. Nishiyama et al, J.A.C.S 2002 [2] K. Bock et al J. Carboh. Ch. 1994 [3] I. Sakurada et al, J. Polym. Sci. 19621

a

b

Cellulose Iβ



• Surface dynamics 
(Bergenstråhle et al. 2008)

Computer simulations of cellulose 

Matthews et al., Carbohydr. Res. 341 (2006), 138‐152

• Minicrystal 
(French et al. 1993, 
Matthews et al. 2006, Yui et al. 2007)

• Bulk crystal 
(Heiner et al. 1995, 
Mazeau and Heux 2003, 
Bergenstråhle et al. 2007 ) 



Computer simulations of cellulose

•Enzyme‐cellulose interactions
(Zhong et al. 2009)

Bergenstråhle et al. Langmuir, 25 (2009) 4635‐4642

•AFM pulling
(Bergenstråhle et al. 2009)

Zhong et al. Carbohydr. Res., 344 (2009) 1984‐1992



10 December 2008Malin Bergenstråhle

Cellobioseunit

• Chain length
• Aggregate size
• Solvated or vacuum
• Force Fields
• Simulation protocol

Differences in cellulose models



• Solvated finite crystal
• DP 40
• 36 chains in cellulose Iβ
• 100 nanoseconds  at 300 K
• 4 different Force Fields

Force field comparison



• GLYCAM 061

• CSFF 2

• GROMOS 45a43

• CHARMM 354‐6
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Force fields



Conformation of 
hydroxymethyl group

TG (180°)
GG (300 °)
GT (60°)

O5‐C5‐C6‐O6
C4‐C5‐C6‐O6

Structural features of cellulose

Hydrogen bonded layer in cellulose Iβ



GLYCAM 06 C35

CSFF +
GLYCAM 06 GROMOS 45a4

Yellow – TG
Blue – GT
Green ‐ GG

Average structures after 100 ns

Figure by J. Matthews, NREL, CO



• All FFs give different structures. 
• Structure is extremely sensitive to small 
variations in parameters.

• Analysis of FF differences required
• Comparison with experimental data important

Conclusions
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sheet...
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