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ABSTRACT: We present inelastic neutron scattering (INS) experiments on various types of cellulose
revealing the universal nature of the disordered regions from the point of view of low-energy dynamics.
Using INS in combination with the deuteration of polar groups technique, we have studied the dynamic
response of hydroxyl groups, x' within cellulose: y..(w) from regions accessible to water was found to be
distinctly different from y;;..(w) obtained from the inaccessible crystal cores. The shape of y,(w) does not
depend on the sample origin and, therefore, is independent of its crystallinity. Our study includes the
comparison of different native cellulose specimens with (i) a completely disordered reference sample and
(i) a sample where the intracrystalline hydroxyl groups have been deuterated. Thus, we can state that
the accessible regions are identical to disordered regions. These regions, which include the crystal surfaces,

possess a common dynamic signature.

1. Introduction

Cellulose, the most abundant biopolymer, is a linear
stereoregular homopolymer composed of anhydrous
D-glucopyranose units that are connected by j-(1—4)-
glycosidic linkages. Its degree of polymerization (DP)
varies over a large range depending on the cellulose
origin. Biosynthesized as the main structural material
in cell walls of all higher plants (and also in some
marine animals), cellulose occurs usually combined with
lignin, other polysaccharides (“hemicellulose”), and
proteins. The structure and organization of cellulose
define the properties of the macroscopic material and
are of equal importance for the chemical reactions
taking place during industrial processing.! In addition,
from structural properties, conclusions can be drawn on
cellulose synthesis in plants. A systematic description
of cellulose material comprises three hierarchical lev-
els: (i) The molecular level describing the single mol-
ecule; (ii) the supermolecular level concerning the
packing and aggregation of the molecules in crystals
called microfibrils with diameters characteristic for a
given species; and (iii) the morphological level, i.e., the
arrangement of microfibrils and interstitial voids in
relation to the cell wall.

On the molecular and supermolecular level the po-
tential of cellulose to establish extended networks
involving intra- and intermolecular hydrogen bonds is
particularly important. The detailed structure of these
networks is still subject to discussion and has led to
several models (recently reviewed by O'Sullivan?). The
intramolecular hydrogen bonds stiffen the chains along
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their axis while the intermolecular hydrogen bonds—
assisted in their task by van der Waals interactions—
are responsible for chain packing and aggregation.3

Concerning the morphology of native cellulose, the
“classical” two-phase models*~® assuming crystalline
and amorphous parts apparently have to be revised.
Recent experimental results are rather in favor of a
model for the plant cell wall where just the surface of
isolated microfibrils is disordered: (i) By means of high-
resolution, low-dose electron microscopy, a lattice imag-
ing of cellulose microfibrils has been achieved.” (ii) Bio-
synthesis of cellulose microfibrils takes place in organized
macromolecular structures (terminal complexes) in the
plasma membrane,® which produce microfibrils of a
specific size, but no isolated cellulose molecules.® (iii)
Cross-polarization, magic-angle spinning (CP/MAS) 13C
NMR spectroscopy is able to discriminate between
cellulose molecules inside and outside the crystals.’® The
percentage of crystalline cellulose found by NMR is
relatively high. This result may be satisfactorily ex-
plained by disordered cellulose molecules on microfibril
surfaces but not in extended, separate amorphous
regions.11.12

However, the presence of disordered regions is a
stringent consequence of other experimental findings:
e.g., the tensile properties of cellulose fibers such as
ramie or flax cannot be fully understood just on the basis
of the elastic constants of purely crystalline cellulose.3
The present work is aimed at contributing to the
discussion on “amorphous” native cellulose. Concepts
such as crystallinity and amorphicity are well-adapted
to describe homogeneous states of matter. They are on
the other hand rather ill-defined when it comes to treat
dense composite materials like cellulose given that
intermolecular correlations do not build up or die off
abruptly at some fictitious interfaces. For microfibrils
measuring only a few nanometers in diameter, we
expect a smeared out interface to the surrounding
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disordered medium. This medium, on the other hand,
cannot be termed amorphous in the strict sense, as it
must retain some directionality from the microfibril
environment.'* The conceptual difficulties make the
interpretation of diffraction experiments problematic
and explain why numerical values for crystallinity
extend over a wide range (+£25%) in the literature
depending on the experimental methods used.26:12

A by far better defined quantity than crystallinity or
amorphicity is the accessibility of cellulose to various
guest molecules, in particular water.'® In this paper we
will show that the accessible regions may unambigu-
ously be identified with the disordered regions of a
specimen, which show universal dynamical signatures.

Using the hydroxyl groups of the cellulose as a
microscopic probe, we investigated the dynamic re-
sponse of regions accessible to water, y,.(w),by means
of inelastic neutron scattering (INS). A low-energy
neutron spectrum reflects the structure of matter with
all its different kinds of atoms, bonds, and electronic
states and is, therefore, sensitive to properties on a local
length scale well-adapted to the problem. It is a well-
known fact that disorder is particularly reflected in the
low-frequency dynamics: cellulose is no exception to this
general rule as was recently shown by INS.6 y (w) for
the accessible regions is distinctly different from the one
obtained for the crystal cores [y ..(w)] and may, there-
fore, constitute a signature of the disordered state. All
these signatures turn out to be identical when compar-
ing cellulose types of different crystallinity, indicating
its universal character. This comparison includes a
completely disordered amorphous reference sample
underlining the universality further and in addition
demonstrating the identity of y,(w) and yxiisorger(®),
where the latter denotes the response of the disordered
regions.

The paper starts with a short description of the
experimental technique of INS. We will then say some
words on the selective deuteration technique, which
allows us to experimentally discriminate the hydroxyl
group dynamics inside and outside the crystalline
cellulose microfibrils. Further experimental details on
samples and instruments used will be given. Finally,
the results obtained on cellulose samples of different
origin and degree of crystallinity are discussed.

2. Experimental Techniques

2.1. Neutron Time-of-Flight Spectroscopy. In-
elastic neutron scattering (INS) and in particular neu-
tron time-of-flight spectroscopy enables us to measure
the dynamic response of cellulose samples in the pico-
second region where collective lattice vibrations take
place. The scattering process is described by the double-
differential cross section d2¢/dQ dt, which gives the
fraction of neutrons of incident wavevector k; scattered
into an element of solid angle dQ during the time
interval [t, t + dt]. It can be directly converted into d2o/
(dQ dhw) with Q and Aw denoting the wave vector and
energy transfer, respectively.l”

The double-differential cross section is related to the
generalized—i.e., neutron scattering power weighted—
susceptibility, y'"(Q,w), via

d’o

40 dhw - (1T @k (Q.e) 1)

n(w) is the detailed balance factor [1 — exp(—hw/
keT)]"L. The generalized susceptibility is an intrinsic
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Table 1. Scattering Powers p; for the Nuclei Present in

Cellulose
Cc O H D
ci (%) 28.57 23.81 47.62 47.62
pi (102 barn/amu) 13.2 6.3 3875.0 181.8

sample property that can be directly compared to
predictions based on linear response theory.

An intuitively more tangible quantity is the phonon
density of states, G(w). In the one-phonon incoherent
approximation!® it is obtained from the double-dif-
ferential cross section via

Or 4@ si @dzg(z&w)m S @) =G
o, 40 sin 4o du U(w)ZVi i(w) = G(w)
(2)
with
4_~ 4
u(w) — QmaX len (3)

holexp(—holkgT) — 1]

oilM; is the scattering power of element i with
concentration c;. Fi(w) is the partial density-of-states of
element i.

For the relative comparisons on which the arguments
in this paper will based, it turns out sufficient to deal
directly with the angle-integrated time-of-flight spectra,
knowing that these are related unambiguously to more
physical quantities such as y''(Q,w) or G(w). The main
advantage of this approach exists in the preservation
of data statistics.

2.2. Accessibility and Scattering Contrast.
Throughout this work we benefit from the neutron
scattering contrast that exists between hydrogen and
deuterium. The inelastic neutron spectrum of cellulose
is dominated by the scattering from protons (see scat-
tering powers in Table 1). Protons that are part of OH
groups have the characteristic of being exchangeable by
deuterium in the course of a D,O wetting process if
accessible to water. Difference spectra of a protonated
sample and an identical one but with H in hydroxyl
groups exchanged by D then reflect the dynamical
response of exchanged OH groups on accessible cellulose
molecules. The contrast can also be raised if the scat-
tering of the inaccessible parts is reduced. This is
accomplished by deuterating the hydroxyl groups inside
the crystals, which is not possible under normal condi-
tions due to an unperturbed hydrogen-bond network.15
Deuteration inside the crystals is, however, possible
using a relatively simple hydrothermal treatment tech-
nique!® (see Section 3.1): All OH groups inside the
crystalline parts can be deuterated without affecting the
morphology of the crystals. In an analogous way as
“normal” deuteration works, a re-exchange from OD to
OH in the accessible parts is possible by using H,O. In
the following paragraphs, we denote such cellulose as
“inversely” deuterated. A schematic picture of deutera-
tion of cellulose with accessibility a (0 < a < 1) is shown
in Figure 1. The degree of deuteration itself can be
unambiguously determined from the neutron scattering
experiment. It is established both via the elastic and/or
inelastic incoherent signals. While the elastic signal
offers better statistics, the interference effects due to
coherence are, in our opinion, better dealt with in the
inelastic part of the spectra: The coherent contribution
to the elastically scattered intensity gives rise to pro-
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Figure 1. Scheme of cellulose deuteration with accessibility
a for a “normal” sample (above) and an inversely deuterated
sample (below). E, denotes the degree of deuteration outside
and inside the crystals, respectively. In both cases, crystal
cores are unaffected by immersing the sample in D,O or H,0,
i.e., inaccessible.

nounced Bragg reflections, whereas the influence of
coherence on the energy-integrated inelastic signal is
weaker. A good approximation is, therefore, the integra-
tion of the signal over a large angular range (incoherent
approximation'820),

It is possible to establish the link between INS
intensities and water accessibility a into a more math-
ematical form. We label the accessible regions by their
finite degree of deuteration E,. Note that Z, is an
integral quantity obtained by averaging the local level
of deuteration &,(r) over the accessible regions. In the
homogeneous deuteration case &, is independent of r and
therefore E; = &,. The connection between the INS
signal and the degree of deuteration is established via
the average scattering power = = Yicigi/M;. ¢i and o;j
stands for the concentration and bound scattering cross
section of element i, respectively (for numerical values
see Table 1). Written as a function of =, we get the
following for cellulose not deuterated in the crystalline
parts:

3(a) = pc + Po + Py + aZ,(Pp — Pu) 4)
with p; = cioi/M;. If we know
r(a) = 2after(a)/ 2before(a) (5)

i.e., the ratio of the mean scattering power before and
after H/D exchange, we are able to determine a with
the help of eq 4 experimentally:?!

Pc t Pot+ Py

az,. = (1-r
a= ) Py — Po

~1.051-r1) (6)

Evidently, the factor of 20 between the scattering
power of hydrogen and deuterium makes this contrast
technique very powerful. Equation 6 shows what is
already intuitively clear: the accessibility can only
determined from the scattering contrast if =, is known
and vice versa. The largest contrast corresponding to
the minimum ratio rmin = 71.5% is obtained for a = 1
and 2, = 30%, i.e., 100% accessible and H/D exchanged
cellulose.

Equation 2 demonstrates that r(a) can be obtained
from energy and angle integrated INS signals

o . d%0(20,0)
b max ]
s “d(w) fgmin de sin O— 5= (7)

under the condition that deuteration does not change
the partial densities of state Fij(w). This is true to a very
good approximation for the low-frequency region which
dominates the INS signal as easily verified by varying
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the integration limit wy, in eq 7. Deuteration influences
the vibrational frequencies due to the change in mass
when substituting deuterium for hydrogen. This influ-
ence is negligible for low-frequency modes, where the
light hydrogen or deuterium atoms move in phase with
the glucose residues.

3. Experimental Details

3.1. Sample Preparation. As shown in Table 2, we
investigated four different native cellulose samples and arti-
ficially produced amorphous cellulose in order to vary the
degree of cellulose accessibility. The purification of parenchy-
mal cellulose from sugar beet pulp is described elsewhere.?223
This sample essentially consists of primary cell wall cellulose.
The tunicate cellulose was extracted from the mantle of
Halocynthia roretzi, a marine animal. It was deproteinized and
bleached* and afterward hydrolyzed overnight in 50 wt %
aqueous sulfuric acid at 40 °C in order to yield a suspension
of tunicate cellulose microcrystals. From this suspension, a
thin film of cellulose was prepared. The bleached flax fibers
were combed and aligned in one direction, achieving a sample
thickness of approximately 0.1 mm. Cotton linters were used
without any further treatment. Flax and cotton were charac-
terized in an X-ray diffraction experiment (laboratory source,
A =154 A).

For comparison, an artificially produced purely amorphous
cellulose sample was investigated: A thin film of amorphous
cellulose was cast from the melt of a 10% solution of cellulose
(DP = 600) in N-methylmorpholine N-oxide, monohydrate
(NMMO). The NMMO was exchanged with anhydrous metha-
nol and dried under vacuum for 24 h at T = 400 K.%» To
characterize the amorphous cellulose, we measured the static
structure factor S(Q) at the high-flux neutron powder diffrac-
tometer D20 at Institut Laue-Langevin (ILL). As it is typical
for amorphous substances, the diffraction pattern shows a
broad structure factor maximum at Q ~ 1.5 A1 instead of
Bragg peaks. A second amorphous sample, prepared by
regeneration of cellulose from its solution in SO,—diethyl-
amine—dimethyl sulfoxide,?® was investigated for comparison.

In the case of inverse deuteration, samples were inserted
into glass ampules filled with 0.1 N NaOD/D,0O. The sealed
ampules were kept at 210 °C for 30 min.*® As recently shown,*®
the morphology of the crystals is unaffected by this process.

3.2. INS Experiments. All INS measurements were carried
out using the cold neutron time-of-flight (TOF) spectrometer
IN6 at ILL in Grenoble.?” The wavelength of the incident
neutrons was 1 = 4.12 A, corresponding to an energy resolution
at the position of the elastic line of AE ~ 200 ueV (fwhm).
The flat sample containers (see below) were mounted into a
heating/cooling loop and positioned at an angle of 22° with
respect to the incident neutron beam in order to avoid multiple
scattering and strong absorption effects. Measuring times were
between 3 and 6 h. Normalization, detector efficiency correc-
tion, and subtraction of the empty aluminum container
contribution were carried out for every spectrum.

One experimental cycle involves measurement of both the
protonated and the in situ deuterated sample. It, therefore,
consists of the following steps: After carefully drying the
sample at 350 K in a vacuum oven (p ~ 102 mbar) it was
inserted into a sieve-shaped aluminum container covering an
area of ~ 10 cm?. Once mounted in the instrument, the position
of the container was kept fixed for the whole experimental
cycle. In the first stage of the experiment we measured the
dry, fully protonated sample at a temperature T = 310 K. The
sample was then in situ immersed for 20 min in heavy water
for deuteration.?® After drying—still in situ—in a vacuum
(p ~ 1072 mbar) at 350 K for 90 min the now deuterated sample
is measured at the same temperature as the previous pro-
tonated one (T = 310 K). Using this in situ process, we obtain
extremely stable experimental conditions over one cycle in the
sense that we always have exactly the same sample volumes
(typical sample mass m ~ 0.12 g) illuminated by the neutron
beam. Stability is essential for a data analysis involving
difference spectra.
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Table 2. Overview on Investigated Cellulose Samples®

cotton linter sugar beet parenchyma tunicate bleached flax fibers amorphous cellulose
morphology sheet sheet film aligned fibers (2) film (2) powder
thickness (mm) 0.1 0.1 0.1 0.1 0.2

deuteration technique normal inverse

normal, inverse normal

aFour native celluloses of different origin and degree of accessibility and artificially produced amorphous cellulose.

7 T T T T
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o——= deuterated
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Figure 2. Effect on the low-energy dynamics by deuteration
of polar (OH) groups in amorphous cellulose. The loss of
intensity due to the diminution of the total scattering cross
section can be estimated to 27%. The lower curve (filled circles)
is the difference (OH — OD), which essentially reflects the
dynamics of OH groups. The time-of-flight channels are
directly correlated to the flight time by t = 9.625(247 —
channel no.) [us]. Note that 1 meV = 8.006 cm™2.

Table 3. Ratios r of Integrated Intensities for Amorphous
Cellulose, Using Various Ranges of Integration

integration limits integration limits

(meV) ra (%) (meV) ra (%)
0.64—2.14 73.3 2.40—49.9 74.3
0.64—-10.7 75.3 10.3—-103.2 70.2
5.84-23.1 73.7 0.60—363 72.8

a An average r = 73(2)% is obtained.

In the case of an inversely deuterated sample, the fully
deuterated sample was measured first, and the accessible parts
were reprotonated in the same way as outlined above using
H,0 (see Figure 1).

4. Results and Discussion

4.1. Low-Energy Dynamics of Amorphous Cel-
lulose. The neutron spectra of amorphous cellulose are
shown in Figure 2 (two upper curves). They are typical
for a noncrystalline material with little structure but
just a few broad peaks. Obviously, the in situ deutera-
tion has a strong effect on the inelastically scattered
intensity. The intensity loss upon deuteration may be
analyzed quantitatively: integration of the inelastic
intensities leads to a ratio of r = 73(2)% (Table 3) based
on egs 5 and 7.2°

This r value is very close to the theoretical minimum
rmin = 71.5% and translates into an average chemical
composition after deuteration equal to CgH7.15D2.850s.
Hence hydroxyl groups have been deuterated to a =
95(7)%. The INS results, therefore, confirm that amor-
phous cellulose is indeed practically 100% accessible to
water and that a nearly perfect exchange of OH groups
is obtained in the accessible regions by simple wetting.
This fact may be explained as follows: The amount of
low-ordered regions is decisive for the hydrophilicity of
a given cellulose material. The water content of com-

pletely disordered amorphous cellulose is about 47 wt
% bound H»0 after wetting and subsequent removal of
bulk water.®° In this disordered material, all hydroxyl
(OH) groups that are not completely saturated by
hydrogen bonds—one could imagine a strong fluctuation
of hydrogen bonds near defects, voids, or surfaces—can
be affected by water molecules. Due to the penetration
of water molecules, the sample swells and distances
between cellulose molecules increase, additionally per-
turbing the hydrogen bonds between cellulose mol-
ecules. This process finally makes almost every hydroxyl
group accessible to water molecules. Hence, swelling
and washing of amorphous cellulose in D,O will lead to
a full exchange of OH by OD. This means an exchange
of 30% of all hydrogens in the cellulose molecule. On
removing heavy water by drying the sample, OD groups
are preserved as long as the sample is protected against
atmospheric humidity or other protonated polar sol-
vents.

The difference spectrum between protonated and
deuterated amorphous cellulose is also shown in Figure
2 (filled circles). Following the aforementioned, it es-
sentially reflects the dynamical response of protons in
OH groups.

At low-energy transfers the curve is smooth, featuring
several broad bands marked by indices 1, 2, and 3 (at
7.7,15, and 22 meV, respectively). In the higher energy
range, two pronounced peaks are discernible at 40 and
70 meV (indices 4 and 5, respectively). Following the
most recent normal mode calculations on cellulose,3! we
can assign excitations 4 and 5 to bending modes of the
skeletal pyranose ring. Peaks 2 and 3 are visible in the
difference spectrum because they involve stretching
modes of the intramolecular hydrogen bonds,3! thus, the
dynamics of hydroxyl groups. No assignment can be
made for the lattice mode of excitation 1 as the calcula-
tion3! was carried out for the origin of the Brillouin zone,
i.e., Q =0, which is not sufficient to explain low-energy
neutron spectra. As amorphous cellulose has the ten-
dency to recrystallize in water, we cross-checked the
experiment with the second amorphous sample pre-
pared differently, which was shown to be stable in
aqueous media.?632 The resulting difference INS spec-
trum is of the same shape.

In order for the difference spectra to constitute
fingerprints of accessible regions of cellulose, two condi-
tions must be fulfilled: (i) The difference spectrum has
to be an intrinsic property of amorphous cellulose; it
should, for example, not be contaminated by water
contributions. (ii) The difference spectrum has to be
specific to the accessible parts, i.e., it must be distinct
from the OH response of inaccessible regions.

As it is essential for the arguments presented, we will
now briefly demonstrate the validity of both conditions.

(i) A main characteristic of adsorbed water is the
strong so-called quasielastic scattering around the
elastic line due to the rotational and translational
diffusion dynamics of water on the picosecond time
scale.®0 It is not observed in the difference spectra (see
Figure 2). Concerning the inelastic region, neither the
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Figure 3. Comparison of neutron time-of-flight difference
spectra of amorphous and crystalline cellulose. Please note
that the “amorphous” spectrum is identical to that in Figure
2.

typical 7 meV phonon peak, found both in crystalline
and amorphous ice forms,3 nor the water librations
above 90 meV are observed in the difference spectra.
Thus, the moisture content is very low in both the
protonated and deuterated samples.

(i) To compare the dynamics of OH groups of acces-
sible regions to those of inaccessible regions, we made
use of the intracrystalline, i.e., inversely deuterated
tunicate cellulose, sample. Tunicate cellulose is particu-
larly suited for our purpose as the microcrystals have a
relatively large cross section of 150 x 150 A2.24 \We
determined the difference spectrum of a tunicate sample,
which was completely protonated inside the crystals but
had surface OH groups deuterated, and a fully OH/OD
exchanged sample.?* Figure 3 shows the comparison of
the “amorphous” (same spectrum as in Figure 2) with
this “crystalline” difference spectrum. Essentially, the
dynamic response of inaccessible hydroxyl groups con-
sists of several sharp excitations, in strong contrast to
the much less structured spectrum of the accessible
hydroxyl groups. Some particularly strong differences
are indicated by arrows. In particular, the ring bending
modes®! are considerably harder, i.e., they are of higher
frequency, in crystalline cellulose (centered at 90 meV),
indicating a much higher chain flexibility in the acces-
sible parts. An additional excitation band is observed
at 33 meV that does not occur in the amorphous
difference spectrum. This mode was assigned to stretch-
ing of an intramolecular hydrogen bond, which is
possibly disrupted in disordered cellulose.3!

In conclusion, the difference spectrum in Figure 2 can
well be regarded a fingerprint of hydroxyl group low-
energy dynamics of disordered or accessible cellulose.
We denote this characteristic dynamic response as
2ac(w) and the corresponding signature of crystalline,
i.e., inaccessible cellulose (see discussion under ii above),
with yin ().

4.2. Low-Energy Dynamics of Disordered Parts
in Native Cellulose. The low-energy dynamics of
accessible OH groups in natural cellulose—w 'y —is
shown in Figure 4 as a function of the cellulose origin.
Even without quantitative analysis it is evident that the
samples with no preferred orientation (almost powder
texture), namely cotton, sugar beet pulp, and amorphous
cellulose, all show identical spectra within the experi-
mental uncertainties; as amorphous cellulose is fully
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Figure 4. Comparison of difference spectra of different types
of cellulose. The spectra are obtained in the same way as those
in Figure 2. “Parallel” means flax fibers that are aligned in
the scattering plane, “perpendicular” fibers oriented perpen-
dicularly to it. Curves are shifted vertically by 0.2.

accessible to water it constitutes the ideal reference to
which the accessible regions of the native samples
should be compared. In particular all three spectra
exhibit equally pronounced excitations at AE = 70 and
40 meV. The dynamical OH response of the accessible
regions in native cellulose, therefore, seems to be
universal.

Distinct deviations from this universal behavior occur
in the spectra of oriented flax fibers. As the INS
experiment determines the projection of the vibrational
amplitudes onto the wavevector transfer Q, this direc-
tional dependence reflects the anisotropic nature of the
disordered regions within the fibers. There is also
evidence from X-ray scattering for this finding.* The
disordered regions, therefore, cannot be termed amor-
phous in the classical sense. They rather constitute the
interface between microfibrils and as such possess an
intrinsic directionality induced by the morphology of
native cellulose.

There is an excess of intensity at low frequencies for
fibers aligned perpendicularly to the scattering plane.
This excess indicates that the OH groups vibrate
dominantly within the equatorial plane of the fibers.
That the transverse modes are found at lower frequency
if compared to the ones with polarization vector along
the fiber is best demonstrated by looking at the general-
ized densities of states of the fully protonated sample
(Figure 5). The increase in the low-frequency regime is
found to be steeper for flax aligned perpendicular to the
scattering plane than for flax aligned parallel, corre-
sponding to a shift of frequencies to lower energies. In
other words, a flax fiber is stiffer along the fiber axis
than perpendicular to it. This is not surprising as the
equatorial plane motions are governed by the rather
weak hydrogen bonds connecting the chains in the
lateral direction and van der Waals forces between these
sheets of chains, while motions along the fiber axis are
dominated by strong covalent bonds.

4.3. Accessibility and Morphology. To put the
observed universality of the dynamic response into
perspective, we have a closer look at cellulose morphol-
ogy. In particular, we will discuss the question of how
the volume of accessible regions compares to the one of
crystalline surface layers. If we assume that E; in the
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Figure 5. Comparison of generalized densities of states of
flax fibers oriented in a parallel and perpendicular way with
respect to the scattering plane.

native samples is identical to Z, of amorphous cellulose,
i.e., 24 = 30%, we may determine the accessibilities a
as in section 2.2. Numerical values of rjys and a|ns are
given in the first two columns of Table 4. The error of r
is on the order of 2% (see Table 3), leading consequently
to an error in a of about 7%. In the case of highly
crystalline tunicate cellulose, the effect of deuteration
is almost negligible, thus, too low for reliably estimating
the accessibility. For the other cellulose specimens,
accessibility ranges from 41% (cotton) to 56% (vertical
flax fibers).

As we will demonstrate in the following, the measured
accessibilities can be set into relation with microfibril
geometry. We take data on crystal cross sections from
recent works on identical samples of parenchymal
cellulose?® and tunicate cellulose.?* The respective val-
ues for cotton and flax were obtained in laboratory X-ray
diffraction experiments (see section 3.1). In general, it
appears to be less problematic to extract crystal sizes
from diffraction results than from small-angle scattering
experiments, as discussed recently3® for the exemplary
case of flax. Almost rectangular microfibril cross sections
are assumed, with the edges of the equatorial plane
parallel to (110) and (110) and one diagonal parallel to
(200) (notation of Sarko and Muggli®®). Using the lattice
spacings diio = 6.00 A, dy10 = 5.35 A,36 the number of
cellulose chains in the crystal and on its surface are
easily calculated and given in Table 4.

Native cellulose is produced by living organisms as
organized microfibrils. It is, therefore, reasonable to
assume that the interface between two microfibrils
comprises two surface layers. As about half of the
hydroxyl groups on the surface chains point toward the
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interior of the crystals, the surface accessibility, asurs,
should be given to a very good approximation by half of
the numerical ratio of surface to total chains. The
accessibility measured by deuterium exchange may only
be smaller than agys if some OH groups of the surface
chains are too strongly bound to be exchangeable.

Apart from tunicate and parenchymal cellulose, the
accessibilities derived from INS (a;ns) are about a factor
2 larger than asy. We, therefore, deal with additional
disordered molecules outside the crystalline domains.
A good candidate for such disorder, compatible with all
our experimental results, is a single interface layer
between neighboring crystals. In the special case of flax
fibers, we measured two difference spectra, one with the
fiber axis of flax perpendicular to the scattering plane,
the other one where the fiber axis is in this plane. Thus,
in the first case only scattering in lateral direction of
the fiber is detected, while in the other case the
scattering signal is a combination of scattering perpen-
dicular and along the fiber axis (in fact, the latter
contribution dominates).16 In deriving eq 2, we averaged
over all polarization vectors in space. As the calculation
of accessibility according to eq 6 is only valid for a
powder, deviations between effective accessibilities of
flax fibers aligned parallel or perpendicular to the
scattering plane have to be expected.

5. Conclusions

We have demonstrated that the low-frequency dy-
namical response as determined by INS is a well-suited
guantity to characterize composite polymeric materials
such as cellulose. It turns out that the restoring forces,
which are encountered by OH groups when averaging
over the accessible parts of native cellulose, are com-
pletely different from those obtained on inaccessible
parts. The INS spectra of the disordered cellulose
molecules have the typical shape of those of amorphous
materials: The accessible regions, therefore, correspond
to disordered cellulose chains, the inaccessible ones to
those inside crystals. The disordered molecules, how-
ever, retain a preferential orientation parallel to the
chains in the microfibrils. Taking into account the
accessibility of the samples under investigation, we
conclude that the major part of disordered chains is
surface molecules of the microfibrils. Despite the pref-
erential orientation, the surface chains are sufficiently
disordered to be termed “amorphous”. With respect to
X-ray diffraction and small-angle scattering results,'43%
these may be explained on the basis of surface disorder;
thus, there is no need to assume extended disordered
regions between or within the microfibrils. We propose
nonsurface disordered cellulose chains to constitute a
sort of interface layer between neighboring microfibrils,

Table 4. Measured Ratios of Integrated Intensities (rins) and Accessibilities (ains) for Different Kinds of Cellulose, Given
in Ascending Order of a;ns?

n° of molecules

cellulose type rins (%) ains (%) A (A2 surface integral asurf (%)
tunicate 98(2) 7(7) 150 x 150 102 700 7
parenchyma 86(2) 40(7) 30 x 302 17 28 30
cotton 88(2) 41(7) 49 x 66 (this work) 37 101 18
flax par 87(2) 46(7) 41 x 44 (this work) 26 56 23
flax perp 84(2) 56(7) 41 x 44 (this work) 26 56 23

a The sample of parenchymal cellulose was OH/OD exchanged inside crystalline parts. For the estimation of surface accessibility, asurf,
a rectangular cross section A [edges parallel to (110) and (110) planes, respectively] of the cellulose microfibrils was assumed. Half of all
hydroxyl groups in surface molecules should be accessible to water. The number of molecules was calculated using diio = 6.00 A, d110 =

5.35A
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since this agrees very well with the accessibilities
measured.

When performing a powder average (this was in fact
inherent to all of our samples except the oriented flax
fibers), the dynamic response of disordered native
cellulose is indistinguishable from that of artificial
amorphous cellulose. The disordered regions apparently
are of universal nature in terms of their INS spectra.
As these are very sensitive to the local properties of
molecules, the accessible cellulose chains are very
similar in terms of the hydrogen-bond network holding
them together.
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