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Abstract Periodic and molecular cluster density

functional theory calculations were performed on the

Ia (001), Ia (021), Ib (100), and Ib (110) surfaces of

cellulose with and without explicit H2O molecules of

hydration. The energy-minimized H-bonding struc-

tures, water adsorption energies, vibrational spectra,

and 13C NMR chemical shifts are discussed. The

H-bonded structures and water adsorption energies

(DEads) are used to distinguish hydrophobic and

hydrophilic cellulose–water interactions. O–H stretch-

ing vibrational modes are assigned for hydrated and

dry cellulose surfaces. Calculations of the 13C NMR

chemical shifts for the C4 and C6 surface atoms

demonstrate that these d13C4 and d13C6 values can be

upfield shifted from the bulk values as observed

without rotation of the hydroxymethyl groups from the

bulk tg conformation to the gt conformation as

previously assumed.

Keywords Density functional theory �
Nuclear magnetic resonance � Surface � Infrared �
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Introduction

Water in plant cell walls (PCWs) is a major factor

affecting physicochemical and mechanical properties.

The ratio of water to PCW polymers can be between 3:1

and 10:1 with higher ratios occurring depending on the

cell type (Jarvis 2011). For example, a major difference

between primary and secondary cell walls is the water

content. Indeed, one of the reasons the deposition of

lignin occurs within the secondary PCW may be to lower

the water content (Albersheim et al. 2011). Specialized

cells such as seed coatings and root tips appear to have

evolved to optimize interactions with free water (Lind-

berg et al. 1990; Fekri et al. 2008; Iijima et al. 2008;

Naran et al. 2008; Jarvis 2011). The variety and nature of

water interactions with cellulose and other PCW poly-

mers would require an extensive review, which is beyond

the scope of this paper. For our purposes, we note that:

‘‘We cannot hope to understand the chemical reactivity

of cellulose until we can construct a model for the

molecular conformations and hydrogen bonding

schemes associated with the cellulose–water interface’’

(Newman and Davidson 2004).

In spite of the fundamental importance of water in

the PCW and the degradation of cellulose, there is a

tendency to neglect this component of the system and
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focus on the biopolymers instead. The implicit

assumption is that the water in the PCW behaves like

bulk water and acts as an inert medium rather than

active participant in PCW structure, dynamics and

function. Much of the work on water–cellulose

interaction has focused on extracted cellulose for

applied purposes in the fiber, paper, wood, or biofuel

industries.

Infrared (IR) spectra of deuterated cellulose has

shown that deuteration of cellulose crystalline regions

occurs (Mann and Marrinan 1956), but the mecha-

nisms of this isotopic exchange is still a topic of

current research (Matthews et al. 2012). Addressing

the assumption mentioned above about the water in

PCWs behaving like bulk water, Radloff et al. (1996)

examined the dynamics of water in extracted cellu-

lose. These authors found three distinct types of H2O

within the cellulose matrix: non-freezable, rigid H2O

amorphous below 270 K, a highly mobile H2O with

isotropic motion below 270 K, and H2O that could not

be removed from the matrix by drying at 370 K.

Clearly, the water within PCWs is not likely to have

the same properties as bulk water, so the properties of

water within the PCW must be studied. Again,

reviewing the literature on this subject would require

an extensive review, so we refer to this statement:

‘‘Water at membrane surfaces affects membrane

stability, permeability, and other properties. The

properties of water at these and other important

interfaces can be very different from those of water

in the bulk’’ (Skinner et al. 2012).

Much of the previous molecular simulation work on

cellulose has included water, but often the focus of the

simulation is the structure of the cellulose. However,

classical molecular dynamics (MD) simulations have

examined water densities around cellulose microfibrils

to predict how this property is affected by the cellulose

surface present (Heiner and Teleman 1997; Heiner

et al. 1998; Matthews et al. 2006). These authors

concluded that water structuring differs on the (200),

(010) and (110) surfaces of Ib cellulose and could

affect the degradation of cellulose by cellulose

degrading enzymes. More recently, Matthews et al.

(2011) have proposed a pathway for H–D exchange

within the interior of the cellulose microfibril that does

not require direct penetration of H2O (Matthews et al.

2011), unlike the mechanism proposed previously

(Mann and Marrinan 1956). Although the effects of

water on cellobiose have been modeled with quantum

mechanical calculations as a model for cellulose–

water interactions (French and Csonka 2011; French

et al. 2012), only recently have periodic density

functional theory (DFT) calculations been employed

to model water interactions with cellulose surfaces (Li

et al. 2011). Li et al. (2011) modeled the adsorption of

a single H2O molecule on the Ib (100) surface to

estimate the relative strengths of H-bonds to various

cellulose surface sites. Studies on other surfaces (e.g.,

a-TiO2) (Zhang and Lindan 2003) have shown that the

addition of multiple H2O molecules can change the

distribution of H-bonds because it is the overall

H-bond network strength that determines water

adsorption behavior, not the energetics of each

individual molecule. Hence, this paper focuses on

DFT calculations of multiple H2O molecules with

various cellulose surfaces. To connect the model

results with observation, we report calculated vibra-

tional frequencies and 13C NMR chemical shifts that

result from our modeled structures.

Methods

Surface models of cellulose Ia (001) and (021) and Ib
(100) and (110) were created based on the X-ray and

neutron diffraction structures of cellulose (Nishiyama

et al. 2002, 2003, 2008). The atomic positions and

lattice parameters of these experimentally-derived

structures were previously energy minimized with

DFT-D2 calculations (Kubicki et al. 2013). The DFT-

D2 relaxed structures were then cleaved with the

Surface Builder module of Materials Studio 6.0

(Accelrys Inc., San Diego, CA) along the respective

Miller index planes. The Ia (001) surface was doubled

in size along the b-axis direction, the Ib (100) was

doubled along the b- and c-axis directions, and the Ib
(110) surface was tripled along the b-axis and doubled

along the c-axis. 15 Å of vacuum were incorporated

into the simulation cells to create finite slabs with space

for addition of H2O molecules (Fig. 1). The simulation

cell dimensions were: Ia (001) 10.39 9 13.13 9

30.86 Å3, Ia (021) 10.39 9 16.27 9 25.50 Å3, Ib
(100) 20.79 9 16.37 9 29.18 Å3, and Ib (110) 20.88 9

24.36 9 23.60 Å3.

H2O molecules were added manually to the cells.

After partial energy minimizations were performed with

the Forcite module of MS 6.0 using the Universal force

field (UFF) (Rappé et al. 1992), the same force field was
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Fig. 1 Images of periodic

(left) and cluster (right)

model cellulose surfaces

with H2O—a Ia (001), b Ia
(021), c Ib (100), d Ib (110).

C grey, O red, H white.

Dashed blue lines represent

H-bonds (i.e., H–O\2.5 Å

and O–H–O[90�). Images

drawn with Materials Studio

6.0 (Accelrys Inc., San

Diego, CA). (Color figure

online)
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used to run a 10 ps molecular dynamics simulation at

298 K with a 1 fs time step in the N–V–T ensemble. The

purpose of these preliminary steps was not to attain an

accurate structure but to ensure a reasonable initial

structure for the DFT-based energy minimizations.

DFT-MD simulations were attempted for the Ib (110)-

H2O model but were prohibitively slow.

Periodic DFT-D2 calculations were performed with

the Vienna Ab-initio Simulation Package (VASP)

(Kresse and Hafner 1993, 1994; Kresse et al. 1994;

Kresse and Furthmüller 1996). Projector-augmented

planewave pseudopotentials were used with the PBE

gradient-corrected exchange correlation functional for

the 3-D periodic DFT calculations. The choice of

electron density and atomic structure optimization

parameters were based on published recommendations

(Bućko et al. 2011; Li et al. 2011). An energy cut-off of

77,190 kJ/mol (ENCUT = 500 eV) was used with an

electronic energy convergence criterion of 9.65 9

10-6 kJ/mol (EDIFF = 1 9 10-7 eV). Atomic struc-

tures were relaxed until the energy gradient was less

than 1.93 kJ/mol/Å (EDIFFG = - 2 9 10-2 eV/Å).

1 k-point samplings were used based on the relatively

large size of the simulation cells. All atoms were

allowed to relax with the lattice parameters constrained

to the values obtained previously for the bulk crystals

(Kubicki et al. 2013). The D2 dispersion-correction

parameters were 40 Å for the cutoff distance (Bućko

et al. 2011) and 0.75 for the scaling factor (s6) and 20 for

the exponential coefficient (d) in the damping function

(Grimme 2006).

Frequency analyses were performed on the Ia
energy minimized surfaces as predicted using VASP

(Note: The Ib simulation cells were too large to

practically perform frequency analyses. Our method

for dealing with this issue is described below.). Second

derivatives of the potential energy matrix with respect

to atomic displacements were calculated using two

finite-difference steps (NFREE = 2) and atomic

movements of 0.015 Å (POTIM = 0.015). Vibra-

tional modes were analyzed using the registered

version of the program wxDragon 1.8.0 (Eck 2012).

Energies of water adsorption (DEads) were calcu-

lated using the computational methods above applied

to the cellulose–water models and the cellulose

surface and water models separately. Both the dry

cellulose surface and a periodic model containing n

H2O molecules (where n is the number of H2O

molecules in a given cellulose–water model) were

energy minimized in separate simulations. The total

energy of the separate cellulose and water models

were then subtracted from the model with water

adsorbed onto the surface, i.e.,

DEads ¼ Eðcellulose � waterÞ � EðcelluloseÞ
� EðnH2OÞ ð1Þ

In order to evaluate the robustness of the DFT-D2

results, molecular fragments representing the surface

polymers and adsorbed H2O molecules were extracted

from the energy-minimized DFT-D2 structures (Fig. 1).

The cellulose polymeric chains were terminated with

methyl groups manually attached to the O1 atoms using

Materials Studio 6.0 (Accelrys Inc., San Diego, CA).

The mPW1PW91 exchange–correlation functional

(Adamo et al. 1998) and 6-31G(d) basis set (Krishnan

et al. 1980; Clark et al. 1983) were used to energy

minimize the O and H atoms of the extracted clusters

with the C atoms fixed in Gaussian 09 (Frisch et al.

2009). This methodology allows the molecular clusters

to retain the basic structure of the periodic system while

relaxing the H-bonds. The clusters were then subjected

to frequency analyses to obtain the IR and Raman

spectra. The calculated vibrational frequencies, IR

intensities and Raman activities were used to produce

synthetic IR and Raman spectra by assigning full-width

at half-maximum values of 1,200 cm-1 to each vibra-

tion and summing the intensities all modes. Vibrational

modes were visualized using the Molden 4.0 program

(Schaftenaar and Noordik 2000).

Gaussian 09 (Frisch et al. 2009) calculations were

also performed with the xB97X-D (Chai and Head-

Gordon 2008) functional and the 6-31G(d,p) basis set.

The xB97X-D exchange–correlation functional has

proven reliable for reproducing H-bonding (Cirtog et al.

2011); hence, we use this method as a benchmark of the

mPW1PW91/6-31G(d) calculations on the larger mod-

els. As a test, H-bond distances and dimerization

energies were calculated with both xB97X-D/6-

31G(d,p) and mPW1PW91/6-31G(d) for H2O–H2O,

MeOH–MeOH (MeOH is methanol) and H2O–MeOH

dimers (one where the MeOH is a H-bond donor and one

where it is a H-bond acceptor). H-bond lengths were

1.92, 1.88, 1.91 and 1.88 Å, respectively using xB97X-

D, and 1.93, 1.91, 1.90 and 1.92 Å, respectively using

mPW1PW91. Dimerization energies were -25, -28,

-25 and -28 kJ/mol, respectively, using xB97X-D,

and -32, -35, -33 and -33 kJ/mol, respectively,

using mPW1PW91. Thus, the H-bond lengths only
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varied by a few hundredths of an Å and the H-bond

energies by 7 kJ/mol, which we consider reasonable

uncertainties for these parameters. Comparison of

synthetic spectra produced for cellulose–water interac-

tions by both methods (Fig. SI-1) shows that the

frequencies are consistent to within 50 cm-1. We

expect that calculated O–H frequencies in the range

3,000–3,800 cm-1 are only accurate to about 100 cm-1

(&3 %) compared to experiment, so we conclude that

the mPW1PW91/6-31G(d) method provides reasonably

accurate results compared to the xB97X-D/6-31G(d,p)

method.

NMR shielding tensor calculations on the finite

clusters extracted from the 3-D periodic DFT-D2

calculations without relaxation were carried out using

Gaussian 09 (Frisch et al. 2009). Gauge-independent

atomic orbitals (GIAO) (Wolinski et al. 1990; Sch-

reckenbach and Ziegler 1995; Cheeseman et al. 1996;

Buhl et al. 1999; Karadakov 2006; Wiitala et al. 2006;

Lodewyk et al. 2012) were employed with the

modified Perdue-Wang exchange–correlation func-

tional mPW1PW91 (Adamo et al. 1998) and the 6-

31G(d) basis set (Rassolov et al. 2001). Chemical

shifts were calculated relative to methanol because

this secondary standard produces d13C in better

agreement with experiment (Sarotti and Pellegrinet

2009; Watts et al. 2011) than does a direct comparison

of the tensors with the tetramethylsilane standard

(Cheeseman et al. 1996). This multi-standard refer-

ence method also uses an empirical correction of

49.5 ppm (Gottlieb et al. 1997) for the difference

between the d13C in methanol and (TMS) commonly

used as an experimental 13C NMR standard (Sarotti

and Pellegrinet 2009)

r13Ccalc; MeOH þ d13Cexp; MeOH

This gives an isotropic chemical shielding of

193.0 ppm. To calculate the d13C for any C nucleus

i, we used:

d13Ci ¼ 193:0 ppm� r13Ci

Note that for the Ia model, the nomenclature for the

hydroxymethyl torsion angles v1 (O5–C5–C6–O6)

and v2 (O5–C5–C6–O6), and the glycosidic torsion

angles U (O5–C1–O–C4), W (C1–O–C4–C5) will be

annotated without prime notation for residue 1 (i.e.,

v1, v2, U and W), and with prime notation for residue 2

(i.e., v1
0, v2

0, U0 and W0). For the Ib model, unprimed

notation will denote the torsion angle results for the

origin chain, while primed notation will denote the

torsion angle results for the center chain. This

nomenclature is consistent with that employed by

Nishiyama et al. (2002, 2003) for cellulose Ia and Ib.

For the ‘‘Results’’ and the ‘‘Discussion’’ sections of

this paper that address the relationship between

particular NMR chemical shifts (i.e., d13C4, d13C5,

and d13C6), the hydroxymethyl torsion angles (i.e., v1

and v2), and glycosidic torsion angles (i.e., U and W),

we do not distinguish between the glucose residues for

cellulose Ia, nor between the origin and center chains

for cellulose Ib. Therefore, we do not use prime

notation for those sections of this paper.

Results

Structural comparison of model versus observed

cellulose structure

To demonstrate that the DFT-D2 methodology is

capable of representing cellulose structures, we pres-

ent a comparison of the calculated and experimental

structural parameters for Ia and Ib cellulose. Table 1

compares the lattice parameters, glycosidic torsion

angles (U and W), hydroxymethyl torsion angles (v1

and v2), and ring-puckering parameters (h) determined

in Nishiyama et al. (2002, 2008) and Kubicki et al.

(2013). Model values are close to experiment in

almost every case. This is especially true when one

examines the low temperature data (15 K) of Nishiy-

ama et al. (2008) for Ib cellulose compared to the

DFT-D2 energy minimized structures that represent

0 K (Table 1). Thus, the discrepancies between

observed and calculated lattice parameters for Ia
cellulose may be smaller when considering thermal

expansion effects because the room temperature

values are systematically larger than the calculated

values. Repeat distances (i.e., the distance of the

repeating units in a polymeric chain) for various

celluloses were found to range from 1.029 to 1.043 nm

(Davidson et al. 2004). The variation was ascribed to

the size of the microfibril present in each type of

cellulose. The repeat distance in the infinite 3-D

periodic models for Ia and Ib in Kubicki et al. (2013)

are 1.039 and 1.040 for the most stable tg/NetA

configurations, which are consistent with Davidson
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et al. (2004). However, the repeat distances for the less

stable configurations also fall in this range (i.e., Ia/

NetB = 1.034, Ia/gt = 1.040, Ia/gg = 1.038; Ib/

NetB = 1.036, Ib/gt = 1.040, Ib/gg = 1.041), so

the repeat distance is not highly sensitive to the

H-bonding network nor the hydroxymethyl configu-

rations in these model calculations. M05-2X (Zhao

et al. 2006) calculations with the 6-31G(d,p) basis set

on a 3 9 3 9 4 (4 glucose units with 9 chains) result

in repeat distances of 1.047 nm for the central chain to

1.044 nm for the surface chains, so the repeat distance

was not sensitive to model size in these calculations

either.

One other notable discrepancy was found between

the ring-puckering (h) values for Ia cellulose. The

experimental h is significantly larger than that calcu-

lated via DFT-D2 energy minimization. This is not an

inherent problem with the DFT-D2 method because

the model and experimental values are similar for Ib
cellulose (Table 1). The reason for the h discrepancy

in Ia is not clear, but it could be due to thermal effects

as noted above, uncertainty in the experimental

determination, or other factors.

Energies

A key issue in cellulose–water interactions is the

relative energy of the H2O H-bond with the cellulose

surface compared to the H-bond energy between H2O

molecules. The enthalpy of the H-bond between the

H2O molecules and the surface determines whether a

surface is hydrophilic or hydrophobic. If the H2O-

surface H-bond is less than -44 kJ/mol (Fubini et al.

1999), then the surface is hydrophilic; if not, then

H2O–H2O H-bonds are preferred and the surface is

hydrophobic. However, the H-bond energy could be

less in confined pores (Hiejima and Yao 2004) as may

be the case for water in PCWs. DFT methods do not

predict H-bond energies extremely accurately (Ireta

et al. 2004), so we have used relative H-bond energies

calculated with the same method to estimate the DEads

of water onto a given surface (see ‘‘Methods’’).

Table 1 Comparison of observed (Nishiyama et al. 2002, 2008) and calculated (Kubicki et al. 2013) bulk cellulose structural

parameters

Ia a b c a b c

Room T 6.717 5.962 10.400 118.08 114.80 80.37

DFT-D2 6.566 5.664 10.386 116.20 112.30 83.00

Ib a b c c

Room T 7.76 8.20 10.37 96.62

Low T 7.64 8.18 10.37 96.54

DFT-D2 7.55 8.14 10.40 96.40

Residue 1 Residue 2

U W v1 v2 h U0 W0 v1
0 v2

0 h0

Ia -98 -138 167 -75 9.4 -99 -140 166 -74 6.9

DFT-D2 -95 -141 165 -76 1.6 -93 -143 165 -86 0.1

Origin Center

U W v1 v2 h U0 W0 v1
0 v2

0 h0

Ib Model A -98.5 -142.3 170 -70 10.2 -88.7 -147.1 158 -83 6.7

Ib Model C -93.9 -143.8 164 -77 3.2 -92.2 -145.5 161 -80 3.2

DFT-D2 -93 -143 168 -74 1.3 -94 -145 165 -76 2.8

U = O5–C1–O1–C4; W = C1–O1–C4–C5

v1 = O5–C5–C6–O6 torsion, v2 = C4–C5–C6–O6 torsion

h—Puckering parameter (Cremer and Pople 1975, JACS, 97, 1354) relative to unstrained a-D-glycopuranose. Calculated with web-

based program supplied by Shinya Fushinobu
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Table 2 presents the results of our water adsorption

energy calculations. First, qualitative agreement with

experiment is produced because the hydrophilic surfaces

(Ia (021) and Ib (110); have negative DEads values,

whereas the hydrophobic surfaces (Ia (001) and Ib (100)

(Heiner and Teleman 1997) have positive values. We

know of no experimentally produced adsorption enthalpy

values for individual cellulose surfaces to which we can

quantitatively compare our DEads values. In comparison

to classical force field results using the CHARMM force

field (Guvench et al. 2009), the interaction energies are

-65 kJ/mol per glucose for Ib (100) and -56 kJ/mol per

glucose Ib (110) without relaxation of the reactants in

Surface ? n(H2O) ? Surface-n(H2O). This compari-

son exaggerates the difference between DFT and

CHARMM because the reactants were not relaxed in

the CHARMM calculations, but the CHARMM predic-

tions are still in disagreement for the hydrophobic Ib
(100) surface with both the DFT results and experimental

observation because the interaction energy is more

negative than for H2O–H2O and for the hydrophilic

(110) surface. The CHARMM force field results show

less water H-bonding to the Ib (100) surface, so the

reason for this discrepancy is not due to forming H-bonds

with glycosidic O atoms or interactions with CH groups

on the cellulose surface. Furthermore, calculating DEads

with the mPW1PW91/6-31G(d) method using

the CHARMM structures gives values of -82 and

-52 kJ/mol glucose, which are similar to the

CHARMM-predicted values but very different from

the DFT-D2 results (Table 2).

H-bonding structures

The types and percentages of H-bonds formed at each

surface are important because they result in the

adsorption energies discussed above and because they

provide insight into how cellulose may become

disordered. For cellulose surface-water interactions

the H2O and COH groups can form H-bonds either by

donating or accepting H? from one another (i.e.,

H-bonding from the H of the H2O to the O of the COH

or from the H of the COH to the O of the H2O). In

addition, H2O can form H?-donating H-bonds to the

glycosidic O atoms on the surface although glycosidic

O atoms form weaker H-bonds with water than COH

groups (O’Dell et al. 2012). The types of interactions

are critical for determining whether interaction with

water will disrupt the COH intra- and inter-chain

H-bonding of the cellulose microfibril (Nishiyama

et al. 2002, 2003) or whether H2O will have the

opportunity to hydrolyze the glycosidic linkage (Gazit

and Katz 2013).

Table 3 presents the percentage of each type of

H-bond between water and each surface along with the

average H-bond length (i.e., the H–O distance in the

H-bond). There is no obvious distinction in percent-

ages of H-bond types between the hydrophobic Ia
(001) and Ib (100) and hydrophilic (Ia (021) and Ib
(110) surfaces. Although Ib (100) has a high percent-

age of intrasurface H-bonds and no COH donor

H-bonds, as one may expect for a hydrophobic

surface, the Ia (001) surface, which is also hydropho-

bic, has a similar distribution of H-bond types as the

hydrophilic Ib (110) surface (Table 3). In all cases, the

percentage of C–OH donor and glycosidic H-bonds

are minority percentages. These two types of H-bonds

have the potential to disrupt the cellulose bulk

structure either by disrupting intra- and inter-chain

H-bonding or by hydrolyzing the glycosidic linkage.

However, because the disruption of intrasurface

H-bonds on these surfaces is minimal, interaction

with water on these hydrophobic surfaces does not

significantly disorder the cellulose compared to the

bulk structure. We note, however, that these structures

are based on 0 K energy minimizations and are likely

to change if MD simulations of the models were run at

finite temperature.

Comparison of the hydrophobic Ia (001) and Ib
(100) H-bond types shows that the latter has no C–OH

Table 2 Model energies (in eV) and calculated energies of adsorption (DEads in kJ/mol H2O)

Surface Cellulose ? nH2O Cellulose nH2O DEads

Ia (001) -1,976.0581 -1,503.3325 -473.6608 ?3.0

Ia (021) -1,978.6477 -1,503.4789 -473.6608 -4.5

Ib (100) -4,485.3690 -4,014.1387 -473.6608 ?7.0

Ib (110) -5,172.5618 -3,965.5686 -1,205.2284 -2.1

Cellulose (2014) 21:909–926 915
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donor H-bonds and a larger percentage of intrasurface

H-bonds. Considering that structure-disrupting

H-bonds may allow for more efficient biodegradation

of cellulose by weakening the inter-chain interaction

energies (Matthews et al. 2006), it is reasonable to

hypothesize that the Ia to Ib transition could be an

effective mechanism for increasing biodegradation

resistance of cellulose in the plant cell wall.

Examination of the average H-bond lengths in

Table 3 reveals differences between hydrophobic and

hydrophilic surfaces, however. The H-bond distance is

correlated with H-bond strength (Jeffrey 1997), so the

decrease in average H-bond distance between hydro-

phobic and hydrophilic surfaces explains the calcu-

lated DEads values in Table 2. The difference is

especially significant for the Ib (100) and Ib (110)

surfaces; the average H-bond distance for each type of

H-bond is shorter in the Ib (110) case [i.e., Ia (001) =

1.88 vs. Ia (021) = 1.86 Å; Ib (110) = 1.79 vs. b
(100) = 1.91 Å]. Furthermore, Ib (110) has a signif-

icant percentage (18 %) of strong H-bonds in the

C–OH donor category. This type of strong H-bonding

may be a problem for classical force fields because

force fields are typically parameterized based on

average equilibrium configurations and do not accu-

rately model the tails of the distributions around these

equilibrium values.

Vibrational frequencies and modes

Although the DFT-D2 methodology used in this study

does not reproduce observed O–H stretching frequen-

cies more accurately than approximately 100 cm-1

(Lee et al. 2013), the relative order of calculated

vibrational frequencies matches experiment well

(Kubicki et al. 2013). Quantum mechanical calcula-

tions of vibrational frequencies provides vibrational

modes associated with each frequency which is a

significant advantage in interpreting broad spectra

such as those observed for cellulose–water interfaces

(e.g., Brizuela et al. 2012). The contribution of each

type of H-bond to observed bands can be deconvoluted

whereas this is impractical from observed spectra

alone because numerous vibrational modes may be

contributing to any peak within the IR or Raman

spectra (Blackwell 1977; Wiley and Atalla 1987;

Maréchal and Chanzy 2000).

Supplemental Information (SI) Table 1 lists all the

calculated vibrational frequencies and the associated

modes for all the models in this study except for the

periodic Ib surfaces where frequency calculations

were impractical due to the size of the system.

However, this problem was circumvented by perform-

ing energy minimizations and frequency calculations

on molecular clusters extracted from the energy-

minimized periodic structures (see ‘‘Methods’’). The

correlation between the periodic DFT-D2 and molec-

ular cluster frequencies and vibrational modes is good

even though there is a systematic offset of

100–200 cm-1 between the two methods. This could

be diminished by scaling the molecular cluster

frequencies by an empirical factor of 0.96–0.98 (Alecu

et al. 2010), but this was not necessary in the current

study because we focus on relative positions of the

various O–H stretching frequencies.

Figure 2 illustrates the number of O–H stretching

frequencies for Ia (001) and (021) as calculated in the

periodic DFT-D2 calculations and the model IR and

Raman spectra in the 2,800–4,000 cm-1 range from

molecular cluster calculations. (Note that neither IR

nor Raman intensities are calculated within the DFT-

D2 methodology used in this study. Gaussian 09 is

capable of calculating both IR and Raman intensities

which illustrates the advantage of using both

approaches in tandem). Figure 3 shows the model IR

and Raman spectra for the molecular cluster models of

Ib (100) and (110) cellulose–water interfaces. Fig-

ure 4 represents examples of the vibrational modes

used to determine frequency assignments.

Table 3 Percent H-bond types on cellulose surfaces and average H-bond distance (Å)

Surface C–OH donor C–OH acceptor Glycosidic acceptor Intrasurface

Ia (001) 18/1.92 24/1.94 12/2.11 46/1.78

Ia (021) 0/– 28/1.82 24/2.11 48/1.76

Ib (100) 0/– 24/2.01 2/2.36 74/1.87

Ib (110) 18/1.69 42/1.83 5/1.88 35/1.80
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Previous researchers have made assignments of

cellulose vibrational modes to specific frequencies

that can be compared to our results. We caution that all

of these studies were performed on non-native cellu-

lose and the vibrational spectra may be altered

compared to cellulose in the plant cell wall (Lee

et al. 2013). For example, Kalutskaya and Gusev

(1981) assigned 3,200 and 3,560 cm-1 bands to

adsorbed H2O molecules on cellulose, and the closest

vibrational frequencies in our calculations are due to

O–H stretches in H2O–H2O interactions although

contributions from O–H stretches in COH groups are

also probable (SI Table 1). Horikawa et al. (2006)

observed polarization effects in bands at 1,317, 1,337,

1,355 and 1,372 cm-1 and assigned the first two

frequencies to O–H motion perpendicular to the fibril

axis (i.e., in-plane COH bending) while the latter two

were thought to be due to motion parallel to the fibril

axis. Our calculations produced numerous frequencies

in the 1,317–1,372 cm-1 range some with motions

parallel and other perpendicular to the fibril axis.

However, all of these frequencies were due to

concerted motions of C and O atoms such as ring-

breathing and rocking modes and not due to specific

O–H motions such as COH bends. Nakashima et al.

(2008) assigned Ia specific bands at 750 and

3,240 cm-1 and Ib specific bands at 710 and

3,270 cm-1. In our model Ia, the 750 cm-1 band is

due to a C3O3H bend and the 3,240 cm-1 band is a

concerted motion of O2–H/O6–H/O3–H stretches. In

our model Ib, the 710 cm-1 band is due to a C3O3H

bend in the origin chain and the 3,270 cm-1 band is a

Fig. 2 Periodic model

frequencies in bins of

50 cm-1 (a, b) and

molecular cluster IR and

Raman (c–f) spectra of Ia
cellulose (001) and (021)

surfaces with adsorbed H2O.

Peaks near 3,000 cm-1 are

dominated by C–H modes;

this peak can be used as a

marker where O–H modes

end and to compare model

spectra with observed

spectra
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O3–H stretch in the center chain combined with a O6–

H stretch because the H-bonding pattern is O6–H–O3–

H–O5. The O3–H–O6 H-bond is slightly shorter in Ib
than Ia in our model (1.766 vs. 1.785 Å), so the lower

frequency bend in the former is understandable. A

simple comparison for the 3,240 and 3,270 cm-1

bands cannot be made because the modes have

significantly different motions in Ia and Ib.

The vibrational modes in the Ia periodic DFT-D2

calculations (SI Table 1) do not occur in completely

separate frequency ranges, but the O–H stretches of

various H-bond types do tend to cluster within

representative regions. H2O–H2O and H2O donor

O–H stretches are found throughout the 3,200–

3,750 cm-1 region, so they would be difficult to

distinguish as separate peaks within observed spectra.

However, the isolated O–H stretches (i.e., those with

no associated H-bonding) are only found in the

3,700–3,800 cm-1 region consistent with the obser-

vation of isolated O–H stretching frequencies at

3,750 cm-1. Weaker H2O-glycosidic O H-bonds

result in frequencies in the 3,550–3,870 cm-1 range

with stronger C–OH donor H-bonded O–H stretches

fall between 3,250 and 3,550 cm-1. Importantly,

COH intrasurface H-bonds occur in the range of

2,950–3,400 cm-1. This result is consistent with the

relative strength of C–OH intrasurface H-bonds and

could be useful in identifying disruption of the

cellulose surface via vibrational spectroscopy. This

could explain the observation of Thomas et al. (2013)

that IR intensity is retained in the 3,400 cm-1 region

after deuteration of cellulose surfaces because intra-

surface H-bonded groups are less likely to be able to

undergo exchange with D2O than surface OH groups

directly H-bonded to D2O.

As mentioned above, VASP does not calculate IR

or Raman intensities, so the calculated frequencies

were binned in ranges of 50 cm-1 and plotted as bar

graphs in Fig. 2a, b. The Gaussian 09 program does

allow for calculation of IR and Raman intensities, but

the models used in this case are molecular clusters, not

the periodic surfaces employed in the VASP calcula-

tions. Thus, both methods have their limitations, so we

have used both in order to compare the frequencies

from the periodic systems to the molecular clusters

and then use the calculated IR and Raman intensities

Fig. 3 Molecular cluster IR and Raman (a–d) spectra of Ib
cellulose (100) and (110) surfaces with adsorbed H2O. Peaks

near 3,000 cm-1 are dominated by C–H modes; this peak can be

used as a marker where O–H modes end and to compare model

spectra with observed spectra
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from the molecular clusters if the frequencies are

similar to the periodic models. Although the molecular

cluster frequencies calculated with mPW1PW91/6-

31G(d) are systematically higher than the PBE-

calculated frequencies for the periodic system by

approximately 100–200 cm-1 (e.g., C–H stretches

from DFT-D2 occur between 2,800 and 3,000 cm-1

(Fig. 2a, b) and from mPW1PW91/6-31G(d) between

3,000 and 3,200 cm-1), the range of O–H frequencies

is the same and importantly the ordering of the modes

is similar with both methods (SI Table 1). We also

note that the IR and Raman intensities in Fig. 2c–f do

not follow the trend of the number of O–H stretches

seen in Fig. 2a, b. This is because the O–H IR intensity

increases at lower frequencies as H-bonding strength-

ens (Paterson 1982).

Fig. 4 Example vibrational

modes—a Ia (021) COH

acceptor—3,628 cm-1, b Ia
(021) COH intrasurface—

3,400 cm-1 and c Ia (001)

H2O-glycosidic

O—3,622 cm-1
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Isolating or distinguishing the vibrational spectra

arising from a particular surface of cellulose micro-

fibrils (CMF) in an experiment is difficult due to the

small size of the CMFs. Consequently, models of

individual cellulose surface-water interfaces are use-

ful in understanding the differences in cellulose–water

interactions among various surfaces (Matthews et al.

2006). For example, comparing Fig. 2c with d and e

with f, one can see significant differences in the IR and

Raman spectra of the hydrophobic versus hydrophilic

Ia surfaces. The (001) IR spectrum is evenly distrib-

uted in the 3,100–3,700 cm-1 (Fig. 2c) whereas the

(021) spectrum is highly skewed towards frequencies

at 3,600 cm-1. The Raman spectra (Fig. 2e, f) are

more similar than the IR spectra, but the (001) surface

has greater Raman intensity near 3,200 cm-1. These

results may be surprising because the (021) surface is

generally considered more hydrophilic, but these

synthetic spectra suggest that at least of portion of

the H-bonds at the (001)-water interface are stronger

than at the (021)-water interface. However, according

to the assignment of vibrational modes made above,

these stronger H-bonds are actually dominated by

COH intrasurface H-bonds. We interpret this result as

the intrasurface H-bonding out-competing the poten-

tial H-bonds between water and the surface.

Figure 3 contains synthetic IR and Raman spectra

for the Ib molecular fragment surfaces examined in

this study. Overall, the spectra of the two cellulose–

water interfaces are similar. The Ib (110) calculated IR

spectrum has maximum intensity near 3,450 cm-1

compared to 3,650 cm-1 for the Ib (100) surface, that

may reflect strong H-bonding in the former. The Ib
(110) Raman spectrum has its lowest frequency O–H

overlapping with the C–H stretching region near

3,100 cm-1 whereas these two peaks are more distinct

in the model Ib (100) surface spectrum. These

distinctions are minor, however; structural and

dynamic variations in real systems could mask these

subtle differences.

Another way to discern among the various types of

H-bonds contributing to the spectra and to compare to

experimental spectra is to remove the H2O molecules

from the model and calculate IR and Raman spectra of

‘‘dry’’ surfaces (We note that ‘‘dry’’ or ‘‘drying’’

depends upon the method of drying and that many

surfaces dried at ambient conditions may have water

adsorbed onto them. In this case, ‘‘dry’’ is completely

devoid of water in the model). Supplemental

Information (SI) Figure 2 shows the IR spectra of all

four cellulose surfaces. The Ia (001) surface loses

almost all IR intensity with only small O–H stretching

peaks near 3,650 and 3,800 cm-1 remaining (in

addition to the C–H stretches between 3,000 and

3,100 cm-1). Not only has the removal of water taken

away the stronger H2O–H2O and H2O–COH H-bonds,

but the intrasurface COH modes have moved from

3,200 to 3,350 (SI Table 1) to 3,600 cm-1 (i.e.,

weaker H-bonding). Similar behavior of the model

(021) surface also occurs but the shift is not as strong

(i.e., from 3,300 cm-1 wet to between 3,400 and

3,500 cm-1 dry). The Ib (100) and (110) spectra

change in a similar manner to the Ia surfaces (SI

Fig. 2), but in the (100) case (SI Fig. 2c), there is a

distinctive shift of the COH intrasurface modes from

3,300 to 3,400 cm-1 while the rest of the spectrum

does not change significantly. This result is consistent

with the data and interpretation that were based on

analysis of lower frequency bands (750–770 and

950–1,200 cm-1) during dehydration of cotton fibers

(Liu et al. 2010) .

We conclude that drying cellulose changes the IR

spectrum in a more complex manner than simply

removing the vibrational modes associated with water;

the surface itself changes H-bond strength when water

is not present. If this occurs in an experiment, one

could assign the higher frequency bands in the

cellulose–water interface spectra to COH modes

because these peaks remain after drying when the

original cellulose–water system would have stronger

intrasurface COH H-bonds at lower frequencies. This

behavior may have implications for processing cellu-

lose and for the behavior in secondary plant cell walls

where varying levels of dehydration occur (Albers-

heim et al. 2011).

d13C4 and d13C6 chemical shifts

and hydroxymethyl and glycosidic torsions

13C NMR spectroscopy has been an extremely useful

tool for understanding cellulose structure (Erata et al.

1997; Sternberg et al. 2003; Witter et al. 2006).

Changes from the bulk 13C chemical shifts (d13C)

induced by surficial interactions can provide insights

into adsorption reactions as well (Dick-Pérez et al.

2011; Fernandes et al. 2011; Harris et al. 2012).

Interpreting the structural nature of cellulose with

observed d13C changes can be problematic, however,
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because rotations between the tg, gt and gg confor-

mations can be rapid compared to 13C NMR relaxation

times. This leads to averaging of the d13C values

among all these species. Quantum mechanical calcu-

lations can be helpful in interpreting the observed

shifts because the calculated d13C values are reason-

ably accurate (i.e., maximum errors of ±2 ppm)

(Kubicki et al. 2013), and the atomic structures giving

rise to a given model d13C value are known, and the

structures can be manipulated in order to observe

induced changes in d13C.

Previous work (Wickholm et al. 1998; Newman and

Davidson 2004; Malm et al. 2010; Harris et al. 2012)

has noted that surficial d13C4 are upfield shifted by

approximately 4–5 ppm relative to bulk C4 atoms and

observed from 83.3 to 84.9 ppm. The shift in d13C4

value has been ascribed to changes in the v1 and v2

hydroxymethyl torsion angles even though the dC5

and dC6 atoms also involved in this rotation exhibit

surface versus bulk shift changes of 2–3 ppm (Horii

et al. 1983, 1984; Harris et al. 2012). The relative

insensitivity of C5 and C6 NMR chemical shifts to v1

and v2 torsion angle changes has been previously

calculated (Kirschner and Woods 2001; Gonzalez-

Outeiriño et al. 2006). In the current study, we focus

on the changes to v1 and v2 torsion angles from bulk

cellulose predicted at the cellulose–water interfaces

and their effect on d13C4 and d13C6. Refer to the

Methods section for the nomenclature conventions

used herein for U, W, v1 and v2, and note that we are

not using prime notation for the hydroxymethyl

torsion angles (v1 and v2) or the glycosidic torsion

angles (U and W) results discussed in this section.

Calculated internal d13C5 and d13C6 values agree

with observed chemical shifts to within 1 ppm (Kub-

icki et al. 2013), but the d13C4 values are 1–3 ppm less

than the observed values. This error is approximately

the difference between internal and surface d13C4

values, so we focus on relative changes in d13C4 and

d13C6 values between cellulose bulk and surface (i.e.,

the magnitude of the upfield shift).

Table 4 lists d13C4 and d13C6 involved in surficial

hydroxymethyl groups of our four model surfaces.

Many of the surficial d13C values are indistinguishable

from the values calculated for the bulk and would not

be observable as surface atoms. Even for the C4 atoms

involved in the largest v1 and v2 distortions (157 and

-85, respectively, for Ib (110), the calculated d13C4 is

Table 4 Calculated C4 and C6 d13C values for surface

hydroxymethyl groups (sC4 experiment = 83.8 and 84.9 ppm;

Newman and Davidson 2004; 84–86 ppm; Harris et al. 2012;

sC6 experiment & 62 ppm; Harris et al. 2012) and associated

hydroxymethyl and glycosidic torsions

Surface d13C4 d13C6 v1 (�) v2 (�) U (�) W (�)

Ia (001)

Periodic 89.7 66.9 161 -81 -93 -142

Periodic 85.5 64.5 165 -76 -96 -147

Cluster 85.9 64.9 160 -82 -94 -145

Cluster 86.0 65.4 160 -81 -94 -147

Ia (021)

Periodic 88.7 66.4 164 -79 -94 -145

Periodic 87.0 64.6 164 -79 -94 -145

Periodic 88.3 67.1 161 -80 -94 -143

Periodic 87.9 67.4 166 -75 -94 -147

Periodic 88.1 65.1 161 -81 -90 -144

Periodic 88.6 65.9 166 -75 -94 -147

Cluster 84.7 65.8 155 -84 -83 -142

Cluster 80.5 64.2 153 -86 -90 -134

Cluster 89.5 63.7 167 -75 -102 -147

Cluster 80.3 59.8 169 -75 -96 -145

Ib (100)

Periodic 88.1 64.1 162 -80 -93 -139

Periodic 84.7 64.8 163 -79 -93 -139

Periodic 90.0 68.5 158 -84 -91 -142

Periodic 90.9 66.8 158 -84 -94 -143

Cluster 88.5 66.4 157 -85 -92 -142

Cluster 81.6 61.6 159 -83 -94 -140

Cluster 87.1 62.4 158 -82 -92 -139

Cluster 89.5 64.2 159 -82 -94 -139

Ib (110)

Periodic 90.4 65.5 160 -81 -92 -145

Periodic 90.1 66.6 166 -75 -95 -147

Periodic 90.0 65.1 157 -85 -94 -143

Cluster 87.1 64.5 152 -87 -93 -131

Cluster 83.4 61.3 173 -66 -93 -152

Cluster 85.0 61.5 159 -82 -82 -128

Cluster 85.0 65.0 168 -73 -96 -151

‘‘Periodic’’ results are from the 3-D periodic DFT-D2

structures, and ‘‘Cluster’’ results are from the molecular

clusters energy minimized with mPW1PW91/6-31G(d).

(Ia - Res 1 v = 167, v0 = -75, Res 2 v = 166, v0 = -74;

Ib ‘‘C’’-Orig v1 = -77, v2 = 164, Center v1 = -80,

v2 = 161). In the table below, v1 = O5–C5–C6–O6 and

v2 = C4–C5–C6–O6 without distinguishing between residues

for Ia or origin and center chains for Ib (i.e., not prime

notation, as discussed in the ‘‘Methods’’ section)
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90 ppm (Table 4) which is in the range observed for

the bulk). For the Ia (001) and Ib (100) models, there

are individual C4 atoms with d13C \86 ppm that

correspond to the 4–5 ppm upfield shift observed. The

C6 atoms in these hydroxymethyl groups with the

lower d13C4 also tend to have lower d13C6 values

(Table 4). The hydroxymethyl groups exhibit v1 and

v2 torsion angles that are not significantly different

from bulk observed and calculated values (Table 4;

Fig. 5). We also checked the C4 bond distances, C–O–

C angles and h of the rings and found no significant

perturbations in these parameters that could explain

the change in d13C4.

The d13C4 and d13C6 shifts and the associated

torsion angles discussed above were based on the

periodic DFT-D2 surface-water interface structures

without relaxation of the atoms in Gaussian 09. To

further investigate the connection between torsions

and d13C4 and d13C6 values, we relaxed the atoms in

the extracted clusters using the mPW1PW91/6-

31G(d) method to minimize the model potential

energy, and then re-calculated the 13C chemical shifts

in the relaxed structures. This will allow for greater

relaxation than the periodic system. These molecular

cluster 13C chemical shifts and torsion angles are also

listed in Table 4. Because the structure is no longer

periodic, the v, U and W torsional angles, exhibit a

broader range of values. Although none of the

hydroxymethyl groups adopt a gt or gg conformation

that could also give rise to the upfield shift (Malm et al.

2010), there are numerous d13C4 and d13C6 values that

are upfield shifted from the bulk values and into the

range of the observed sC4 and sC6 13C NMR peaks

(d13C4 in the range of 80–86 ppm and d13C6 values in

the range 60–64 ppm). As with the DFT-D2 energy-

minimized structures, the largest upfield shifts are not

necessarily associated with the largest changes in

torsion angles (e.g., Ia (021) 13C4 = 80.3 ppm and

d13C6 = 59.8 ppm with v1, v2, U, and W = 169�,

-75�, -96� and -145�, respectively). We note that

calculated values for the Ib (110) cluster have values of

83.4, 85.0 and 87.1 ppm. The first two could corre-

spond to the deconvoluted peaks at 83.3 and 84.9 ppm

of Malm et al. (2010). The other two peaks are not

reproduced by this work and may be associated with

the (1–10) surface that was not modeled in this study.

These predictions imply that some surficial C atoms

may be indistinguishable from the bulk; therefore,

quantification of surface interactions via d13C changes

may not be possible. Furthermore, in each case where

the C4 value is upfield shifted to match the change

observed in Harris et al. (2012), the hydroxymethyl

group is not H-bonded to an H2O molecule (Fig. 5).

We interpret this result as reflecting changes induced

in the d13C4 because H-bonds do not exist similar to

the configuration present in the bulk. The adsorbed

H2O molecules are playing a role similar to the

Iαα(001) Surface Bulk (Obs /Calc)Iα(001)
Surface Bulk (Obs /Calc)

χ1 = 165° 167°/165°
χ2 = -76° -75°/ -76°

C5
C6

C4

O6

O5

Iβ(110)
Surface Bulk (Obs/Calc)

χ1 = 167° 164 & 161°/168°
χ2 = -74° -77 & -80°/ -74°

C5

C6

C4

O6

O5

Iβ(100)
Surface Bulk (Obs/Calc)

χ1 = 163° 164 & 161°/168°
χ2 = -79° -77 & -80°/ -74°

C5

C6

C4

O6

O5

  

(a)

(b)

(c)

Fig. 5 Rotations of hydroxymethyl groups with C4 d13Cvalues

approximating the observed surface C4 atoms

922 Cellulose (2014) 21:909–926

123



neighboring chains in the bulk; hence, the H-bonded

cellulose-water interface is more similar to the bulk

structure than the surface without adsorbed water.

H-bonds play a significant role in determining the

calculated d13C4 and d13C6 values because NMR

calculations on the molecular clusters listed in Table 4

without the H2O molecules present (i.e., the ‘‘dry’’

models referred to above) change the model d13C

values by up to 6 ppm without changing any atomic

positions in the cellulose surface model. To compli-

cate matters, however, these d13C4 and d13C6 values

for the dry surfaces are downfield shifted (e.g.,

80.3–86.3 for one C4 on Ia (021)) rather than upfield

shifted.

The possibility that C4 and C6 chemical shifts of

hydroxymethyl groups in tg conformations may be

responsible for observed peaks in the 83–84 and

62 ppm regions does not preclude the possibility of

hydroxymethyl rotation into a gt conformation. For

example, C4 atoms in model bulk cellulose with a gt

conformation resulted in calculated d13C values of

82–84 ppm for the Ia form and 86 ppm for Ib
(Kubicki et al. 2013). The C6 d13C values were from

59 to 61 and 63 ppm for Ia and Ib, respectively.

Hence, both the non-H-bonded tg and the normal gt

conformations predict d13C values similar to the

observed values for C4 and C6 atoms. Resolving this

issue will require calculations on surfaces with gt

conformations and comparison of the results to

observed 13C NMR and vibrational spectra.

d13C4 could also be influenced by the U and W
torsional angles defining glycosidic linkage conforma-

tions (Horii et al. 1983; Jarvis 1994; Newman and

Davidson 2004). Therefore, the model U and W values

for each surface C4 are included in Table 4. The

experimental U and W values are -98� to -99� and

-138� to -140� for Ia and -89� to -99� and -142� to

-147� for Ib, respectively (Nishiyama et al. 2002,

2003). These bulk torsion angles calculated using the

same methodology are -93� to -95� and -141� to

-143� for Ia and -93� to -94� and -143� to -145�
for Ib, respectively (Kubicki et al. 2013). Examining

the U and W values of the three C atoms with d13C

values matching the surface C4 atoms observed in

Harris et al. (2012), one can see that the glycosidic

torsions are not significantly different from the bulk

values (Table 4). For these particular atoms, U and W
values range from -93� to -96� and -139� to -147�,

respectively (Table 4). Changes in the model glycosidic

torsions are not responsible for the observed 4–5 ppm

upfield NMR chemical shift of the C4 atoms. This is not

to say, however, that the glycosidic torsion angles near

the surface do not distort from the bulk. The model U and

W values range from -90� to -99� and -139� to -148�,

respectively, for a range of 10� compared to the 2 range

calculated for bulk cellulose.

Discussion

One of the advantages of molecular modeling tech-

niques is that they allow one to manipulate the system

of interest to isolate particular components that may

not be studied separately via experimental means. In

this case, our calculations focus on individual surfaces

that have not been isolated in the laboratory. This

ability is important because water, PCW biopolymers

and cellulose binding modules (Lehtiö et al. 2003)

may have preferences for specific surfaces. A disad-

vantage of any modeling is that the model results may

be inaccurate or unrealistic. The fact that these DFT-

D2 calculations have been capable of reproducing the

correct energetics of Ia versus Ib cellulose as well as

the IR/Raman and NMR spectroscopic signatures of

bulk cellulose (Kubicki et al. 2013) lends confidence

to the predictions made for cellulose surface-water

interactions with the same methods. The prediction of

the small negative DEads values for cellulose hydro-

philic surfaces and small positive DEads values for

hydrophobic surfaces has implications for the forma-

tion of cellulose microfibrils as well their interactions

with other PCW components. For example, hemicel-

lulose and lignin may prefer to adsorb onto different

surfaces based on their relative hydrophilicity/hydro-

phobicity (Hanus and Mazeau 2006; Petridis et al.

2011).

The prediction that relatively small rotations of the

hydroxymethyl groups could give rise to the observed

d13C chemical shifts of the surface C4 is in contrast with

interpretations of previous experimental studies (David-

son et al. 2004; Šturcová et al. 2004). Interpretation of

the 13C NMR and vibrational spectra is key to under-

standing what is meant by ‘‘disordered’’ cellulose which

is often interpreted as ‘‘water accessible’’ cellulose

where deuteration occurs not only at the surface but in

the interior as well (Nishiyama et al. 2003). Because the

surface d13C4 values are similar to carbohydrates with

gt conformations of the hydroxymethyl group (Horii
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et al. 1983, 1984), the presence of C4 peaks near 84 ppm

and C6 peaks between 62.5 and 64.5 ppm have been

interpreted as gt conformations on cellulose surfaces

(Newman and Davidson 2004).

The current DFT results present an alternative

explanation of the observed d13C values. The observed

4–5 ppm decrease in d13C4 of the surface atoms is

consistent with the DFT NMR calculations showing

particular d13C4 near 86 ppm. The associated d13C6

values (Table 4) are also consistent with the upfield

shifted d13C6 (Harris et al. 2012). The fact that in each

case these C4 atoms with lower calculated d13C values

are not involved with H-bonding to H2O or other

cellulose polymer chains may be the reason for the

observed surface d13C4 peaks at 84–86 ppm and

d13C6 peaks near 62 ppm. Calculation of the d13C4,

d13C6 and the vibrational spectra of cellulose surfaces

with the gt and gg conformations will be a good way to

help determine whether or not it is necessary to have

hydroxymethyl torsions on cellulose surfaces in order

to generate the observed spectra.
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