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Abstract

The properties of cellulose materials are highly dependent on the interactions between and within the cellulose
chains mainly related to inter- and intramolecular hydrogen bonds. To investigate the deformation behavior of
cellulose and its relation to molecular straining, cellulose sheets with different fiber orientations were studied by
dynamic FTIR spectroscopy. The sheets were stretched sinusoidally at low strains while being irradiated with
polarized infrared light. It is shown that the polarization direction determines the dynamic IR response to a higher
extent than the fiber direction in the sample sheets. Different polarization modes give different dynamic signals,
allowing conclusions to be drawn on the structural orientation of submolecular groups in the cellulose molecules. The
bands in the spectra mainly affected by the deformation of the sheets were derived from skeletal vibrations that
include the C-O-C bridge connecting adjacent rings and from the hydrogen bonds. The conclusion that these groups
are the ones that are mainly deformed under load has thereby experimentally demonstrated the theoretical
calculations from Tashiro and Kobayashi [Tashiro, K.; Kobayashi, M. Polymer 1991, 32, 1516-1526]. © 2001
Published by Elsevier Science Ltd.
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1. Introduction ally accepted structure of cellulose I, in-

tramolecular hydrogen bonds of types

Cellulose 1s the dominant polymer in the
biosphere. It is an optically anisotropic system
being made up of poly-B(1 —4)-B-D-glucose
chains. On first sight, the molecular structure
gives the impression of its being a very simple
molecule, but in fact its structural characteris-
tics have not yet been fully resolved.>* The
numerous strongly polar groups make cellu-
lose molecules predestined for building up hy-
drogen bonds within the molecule and
between the different molecules. In the gener-
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3-OH--O-5 and 2-OH--O-6 are present for
both sides of the chain.* As a result of hy-
droxyl groups showing different polarities, cel-
lulose has different crystalline structures,
ranging from cellulose I (native cellulose) to
cellulose IV. Moreover, cellulose I is itself
composed of two different crystalline forms:
cellulose Toe and IB.> From crystallographic
studies, it has been concluded that the sec-
ondary structure of native cellulose is a rib-
bon-like conformation with approximately
twofold helical structure.®> Two chains, which
take an almost fully extended conformation,
are contained in the unit cell of cellulose I.
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The cellulose molecule chain itself is not very
stiff, but rather semiflexible. Calculations by
Tashiro and Kobayashi,' based on the force
constants proposed by Cael et al.° have
shown that the strain energy is distributed
mainly to the deformation of the glucose rings
(~30%), the bending of the ether linkages
connecting the adjacent rings ( ~ 20%), and
the 3-OH---O-5 hydrogen bond ( ~20%). The
Young’s modulus of the cellulose chain is
governed by strong intramolecular hydrogen
bonds, mainly the 3-OH---O-5 hydrogen bond.
It is generally known and accepted that the
hydrogen bonds play an important role in the
conformational and mechanical properties of
cellulosic materials.> However, several ques-
tions concerning the structure and dynamic
behavior of native cellulose are still left
unanswered.

Besides its complex crystalline structure, na-
tive cellulose also has a complex arrangement
within the wood fiber wall. In the secondary
wall, the cellulose chains are grouped into
fibrils by hydrogen bonds. These fibrils are
aligned in different directions in the different
secondary wall layers. Such complexities in
fibril alignment are what renders wood pulp
fibers used in paper sheets into a much more
complicated material compared to other mate-
rials, such as synthetic polymers.

Infrared spectroscopy, which is known to be
sensitive to structural features, has had a long
tradition in cellulose research. Since the very
first use of infrared spectroscopy to elucidate
molecular structures, much effort has been
devoted to separating the overlapping bands
deriving, for example, from hydrogen
bonds.! 712

The development of a combination of dy-
namic mechanical analysis (DMA) and IR
spectroscopy has brought new possibilities for
assigning and interpreting spectra of polymer
molecules, and subsequently for investigating
intra- and intermolecular interactions.'*'* An
external perturbation, e.g., a small amplitude
oscillatory strain, induces selectively time-de-
pendent reorientations of electric dipole tran-
sition moments that are associated with the
individual normal vibrational modes in the
sample. The altered orientation distribution of
dipole transition moments can be detected as

a variation of the directionally sensitive IR
absorbance of the system. By applying IR
correlation analysis,'> the obtained dynamic
IR spectra can be transformed into a pair of
so-called 2D IR correlation spectra to accen-
tuate the differences among the reorientation
rates. These spectra provide information
about the interactions within and between the
polymer chains. Dynamic 2D FTIR is capable
of correlating the IR responses of each func-
tional group in the polymer with either the
applied mechanical strain or the IR responses
of other functional groups. The technique was
introduced to cellulose investigation by Hin-
terstoisser and Salmén.'!"

The work presented herein focuses on the
inter- and intramolecular interactions within
cellulose, the dynamic behavior of submolecu-
lar groups, and their relation to stresses in the
sample sheet, as well as the effect of fiber
orientation on the spectra obtained.

2. Materials and methods

Cellulose  samples.—A  spruce-dissolving
pulp, provided by Borregaard, with a cellulose
content of 98%, was used to make nonori-
ented and oriented sheets with a thickness of
about 40 um. The pulp was homogenized by
pumping it several times through a slit (0.3—
0.4 mm) in a laboratory homogenizer (Gaulin
Corp.). The nonoriented sheets were made on
a Finish sheet former with a grammage of 25
g/m?. The oriented sheets with a grammage of
20 g/m? were made on a Formette Dynamique
at a speed of rotation of 1600 rpm. The
dichroic ratio of 1.43 for the 1160 cm ~! band,
a skeletal vibration essentially in parallel with
the backbone of cellulose, illustrates the orien-
tation achieved for the sheets. The dichroic
ratio is determined as the ratio between the
absorption intensities at 0° and 90° polariza-
tion of the IR beam.

Dynamic FTIR experiments.—The dynamic
FTIR experiments were performed on a Bio-
Rad FTS 6000 FTIR spectrometer equipped
with a Manning Polymer Modulator'®
mounted in the sample compartment. The in-
terferometer worked in the step-scan mode,
with a phase modulation frequency of 400 Hz
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(the mirror oscillates around each step point
with a frequency of 400 Hz). The effect of
phase modulation is to emphasize the higher
frequency information.

The infrared beam was polarized 0 and 90°,
respectively, to the direction of the stretching
motion. An additional optical filter was placed
after the polarizer to reduce the spectral range
(3950-700 cm ~'). Samples with a length of 35
mm and a width of 25 mm were cut out,
mounted between the jaws of the Polymer
Modulator, and prestretched to reduce buck-
ling upon relaxation. The prestretching causes
a change in thickness of the sheets, but the
resulting spectral features can be regarded as
being an order of magnitude smaller than the
observed signals. During the subsequent repet-
itive stretching (sample modulation frequency:
16 Hz; stretching amplitude of less than 0.3%
(~55 pm)), the infrared responses were
recorded using a liquid-nitrogen-cooled MCT
(mercury cadmium telluride) detector. Four
scans with a resolution of 8 cm~' were per-
formed for each sample using asymmetric in-
terferogram symmetry.

The stretcher operated at a known repeat-
able phase angle with respect to the interfer-
ometer steps. Two modulations occurred
during the experiment: The low-frequency
sample modulation and the high-frequency

Table 1

phase modulation of the mirror, as used in the
digital signal processing. Two levels of demod-
ulation were therefore required to extract the
spectral response of the sample modulation
from the detector signal. The interferograms
thus obtained were Fourier transformed and a
triangle apodization function was used. The
obtained in-phase and out-of-phase spectra,
are the result of the dynamic changes in the
IR transmission spectrum due to the small
oscillatory strain applied to the cellulose
sheets. The spectra were normalized by divi-
sion with the static transmission spectrum and
then baseline corrected (one point baseline
correction at a wavenumber of 2200 cm ).
Six different kinds of experiments were per-
formed (cf. Table 1).

For each experiment, several measurements
were made with a small variation in the static
stress. In order to make correct averages, the
dynamic spectra had to be normalized. The
spectral result from each measurement was
divided into a phase spectrum and a magni-
tude spectrum. All magnitude spectra were
then normalized to 1.0 at 1169 cm ~' (0° po-
larization) or 1165 c¢cm~' (90° polarization)
and new in-phase and out-of-phase spectra
were calculated from these. These normalized
in-phase and out-of-phase spectra were then
used for the mean dynamic spectra for each

Orientation of the cellulose fibers and polarization modes relative to the stretching direction in the different experiments *

Schematic drawing
of the experiment

Fiber ——

Stretching
direction

Fiber orientation
relative to
stretching motion

parallel parallel

perpendicular

perpendicular none none

Polarization
relative to

°
L]
e | O° polarization | 90° polarization
stretching motion ¢

0° polarization| 90° polarization|| 0° polarization

90° polarization

2 A, fiber orientation parallel to stretching motion, polarization 0° to stretching motion; B, fiber orientation parallel to
stretching motion, polarization 90° to stretching motion; C, fiber orientation perpendicular to stretching motion, polarization 0°
to stretching motion; D, fiber orientation perpendicular to stretching motion, polarization 90° to stretching motion; E, no fiber
orientation, polarization 0° to stretching motion; F, no fiber orientation, polarization 90° to stretching motion.
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Fig. 1. In-phase (thick line) and out-of-phase (thin line) spectra of cellulose. The fibers of the cellulose sheet are oriented parallel
to the stretching direction and the polarization plane of the incident beam is parallel (0°) to the strain direction. The most intense

bands are marked.
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Fig. 2. In-phase (thick line) and out-of-phase (thin line) spectra of cellulose. The fibers are stretched parallel to their axis while
the polarization plane of the incident beam is perpendicular (90°) to the stretching direction.

experiment. The spectra shown in the paper
are all mean spectra.

The dynamic spectra, namely the mean
in-phase and the mean out-of-phase, were
used in a cross-correlation analysis according
to Noda,'” giving the synchronous and the
asynchronous spectra. While the synchronous
correlation intensities characterize the degree
of coherence between the dynamic fluctuations
of IR signals measured at two independent
wavenumbers, the asynchronous correlation
intensity characterizes the independent and

uncoordinated fluctuations of the IR signals.
For the final discussion, only the synchronous
plot was used here.

3. Results

Effect of polarization.—In Figs. 1 and 2,
the in-phase and out-of-phase spectra of the
oriented samples which were stretched parallel
to the fiber direction are given for the cases of
light polarized 0° (experiment A) and 90° (ex-
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periment B) to the strain direction, respec-
tively. The signal intensities of the out-of-
phase spectra in both polarization directions
were several times less than those of the in-
phase spectra. This reflects the elastic response
of the sample. In general, more peaks ap-
peared in the in-phase spectra of the 90° po-
larization than at 0°, both in the OH-region
and in the fingerprint region. The most intense
peaks in the latter were found between 1200
and 1050 cm .

At 0° polarization, the most intense peak
was placed at 1169 cm ~', and it was split with
the responding positive peak at 1150 cm .
These are assigned as deriving from skeletal
stretching vibrations including the C-O-C
bridge stretching'® %' which occur parallel to
the molecular chain axis. Tashiro and
Kobayashi' calculated a band at 1167 cm !
for the skeletal vibration in general. At 90°
polarization, a slightly different band position
compared to the 0° polarization experiment
can be observed for the mentioned C-O-C
bridge stretching, being positioned at 1165
cm ~'. Further noticeable differences to the 0°
polarization mode were that the peak was not
split and neither was it the main peak. In this
case, the 1064 cm ~! band in the C-O valence-
vibration region was the most intense peak. At
0° polarization, on the other hand, the 1064
cm ! seemed to appear as a shoulder of the
1076 cm ~—! band.

For both directions of the electromagnetic
field, a split peak at 1435 cm~' (correspond-
ing peak at 1419 ¢cm ') was found, which
might be a CH, scissors motion response ac-
cording to the literature.?® It should be noted
that the 90° polarization experiment also had
a peak at 1462 cm ~', which could not be seen
in the 0° polarization. This peak could, ac-
cording to the calculations of Tashiro and
Kobayashi,' have derived from CH, bending
vibrations. On the other hand, in Raman mea-
surements of ramie cellulose,** peaks appeared
at 1456 and 1475 cm ', those being the most
intense at 90° polarization of the incident
beam. These have been assigned as HCH and
HOC bending vibrations. The scissors motion
involves a symmetric bending of the HCH
angle. It seems plausible that the HCH bend-
ing is the Raman-active one and the HOC

bending is responsible for the observed in-
frared response."

Between 1200 and 1500 cm ~ !, several CH-
deformation vibrations should be seen. Since
the CH bonds are mainly oriented orthogonal
to the ring and the fiber axis, more signals are
expected to be found in the 90° polarization
experiment, as can be observed in Fig. 2.

With regard to the OH-region, the dominat-
ing signal in the in-phase spectra for 0° polar-
ization was at 3329 cm~'. For the 90°
polarization, this peak occurred at 3332 cm ~',
but not as the main peak. These peaks were
placed almost in the wavenumber region for
the 3-OH:--O-5 intramolecular hydrogen bond
that were assigned to the band region of be-
tween 3340 and 3375 cm~'.**2* Wiley and
Atalla** found a distinct signal at 3334 ¢m !
in the Raman spectra of Valonia and ramie
cellulose, which was the most intense in the 0°
polarization mode, and assigned it to have
derived from OH stretching vibrations. The
peak at 3267 cm ! in the 90° polarization
experiment was close to the cellulose I band
at 3270 cm — ! that was assigned by Sugiyama
et al.,'’> which belongs to the wavenumber
region of intermolecular hydrogen bonds. The
small in-phase signal at 3232 cm ! lies in the
suggested wavenumber area for the 6-OH---O-
3 intermolecular hydrogen bond between 3230
and 3310 ¢m —!.#8.12.24

Several overlapping bands appeared be-
tween 3000 and 2850 cm ! in both experi-
ments with the main maximum being at 2870
cm ~! for 0° polarization, a region typical for
CH and CH, stretching vibrations.'* How-
ever, in 90° polarization, there was one maxi-
mum at 2831 cm ~! and another overlapping
area with peaks at about 2970, 2940, and 2920
cm

In Fig. 3, the difference spectrum of the
static absorbance spectra for an oriented sheet
is shown (0-90° IR polarizations in relation
to fiber direction), which were recorded while
the samples were not stretched. Thus, this
spectrum indicates which vibrations are ori-
ented in the direction of the cellulose back-
bone (positive peaks), and which are oriented
orthogonal to the backbone (negative peaks).
Obviously, the largest peak at 1157 cm ~! was
a skeletal vibration including the C-O-C
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bridge stretching parallel to the backbone.
Also, the C—O valence vibration at 1072 cm !
showed a strong orientation effect along the
chain. A positive peak also appeared at 1423
cm !, indicating an orientation along the
backbone, which would point to its originat-
ing from HOC bending vibrations," rather
than CH, bending earlier suggested.”® The
negative peak at 1458 cm !, showing an or-
thogonal orientation, is probably associated to
the one at 1462 cm ~' in the 90° polarization
experiment of Fig. 2. The orthogonal orien-
tation of the vibration in relation to the back-
bone supports the earlier suggested assign-
ment of the band as a CH, bending
vibration."?! Of the other positive peaks oc-
curring between 1400 and 1200 cm ', it was
mainly the 1369 cm~' band that occurred in
the 90° polarization experiments.

For the high wavenumber region of CH and
CH, stretching vibrations, there was a clear
negative peak at 2893 c¢cm !, thus indicating
an orthogonal orientation. Interestingly, there
were no orientational effects whatsoever for
the OH-O hydrogen vibration region of
32003500 ¢cm ~'. This might be a result of
having dipole-moment transition components
in both the orthogonal and the parallel direc-
tions to the fiber axis.

In Fig. 4, the synchronous 2D spectrum of
experiment (A) from Fig. 1 is shown. The
correlation spectrum shown is in fact three-di-

0.4
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mensional, with independent wavenumbers on
the x- and y-axis and correlation intensities
on the z-axis. The advantage of 2D-IR spectra
is that they provide simplification of the dy-
namic spectra (which consist of overlapping
peaks) in enhancing the spectral resolution by
spreading peaks over a second dimension.
Two-dimensional spectra provide information
about the interaction between the submolecu-
lar groups in relation to the external perturba-
tion, 1.e., the sinusoidal strain. In the
synchronous spectrum, which is shown, peaks
appeared for pairs of bands with similar dy-
namic behavior. Since the intensity change of
each band is obviously correlated with itself, a
series of positive maxima along the diagonal
(autopeaks) show up. These peaks indicate
which transition dipoles, and consequently
which functional groups, change dynamically
as a result of the applied sinusoidal strain.
In the synchronous correlation spectrum,
cross-peaks (off-diagonal-peaks) also ap-
peared, meaning that the corresponding dipole
transition moments, which showed up at dif-
ferent wavenumbers, reoriented parallel (posi-
tive cross-peak) to each other. For example, a
strong cross-peak between the C—-O-C asym-
metric bridge stretching at 1169 cm ~! and the
3-OH--O-5 intramolecular hydrogen bond at
3329 cm ' is marked in Fig. 4. As the re-
sponse of the measured sample is rather elas-
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Fig. 3. Difference spectrum of the static absorbance spectra for an oriented sheet (0-90° IR polarization in relation to fiber

direction), recorded while the samples were not stretched.
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tic, cross-peaks can be found between all tran-
sition dipoles affected by the applied strain.
In Table 2, all the peaks on the syn-
chronous 2D diagonal for the 0 and 90° polar-
ization experiments are summarized together
with assignments according to the literature. It
should be noted that most of the literature
assignments have been made using the group-
frequency approach. Assignments relying on
extensive normal coordinate analysis of model
compounds such as those of Wiley and
Atalla*? points to most bands below 1400
cm ! representing highly coupled motions
that cannot be regarded as local modes.
Effect of fiber direction.—In Fig. 5, the
intensities of the peaks on the diagonal, for all
experiments with 0° polarization (A, C and
E), are shown. The intensity pattern was very
similar to that of the in-phase spectrum which,
being much more intense than the out-of-
phase spectrum, dominated the cross correla-
tion. The bands dominating the diagonal in
the 0° polarization mode were 1169 and 3329
cm ! for all the sheets studied. While these
two peaks remained at the same wavenumber

for both the differently oriented samples (ex-
periments A and C) and the nonoriented one
(experiment E), a difference could be observed
in the region between 1100 and 1050 ¢cm ',
which is generally the band region for ring
stretching, CC and CO stretching, and CH
bending. While there was an intense peak at
1065 cm ~ ! in the perpendicular-oriented sam-
ple (experiment C), this peak was smaller,
albeit distinct, in the nonoriented sheet (exper-
iment E), and decreased to a small shoulder in
the parallel-oriented sheet (experiment A). On
the other hand, the small maximum in the
parallel-oriented sample at 1076 cm~—' (A)
became a small shoulder in the nonoriented
sheet (E), and was even smaller (relative to the
1065 cm~') in the perpendicular-oriented
sample (C). The 1057 ¢cm ' could only be
observed as a real maximum in the nonori-
ented sample (E).

In the 90° polarization experiments (B, D
and F), it was obvious that the dominating
peak occurred at 1065 cm ~' for all the differ-
ent cellulose fiber orientations (Fig. 6). It was
the most intense for the parallel-oriented and
the least intense for the perpendicular-oriented
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Band assignments of the peaks appearing on the diagonal of the synchronous 2D spectrum, according to the literature

Wavenumber (cm~') 2D plot Wavenumber (cm~') 2D plot Assignment Literature
diagonal: 0° polarization diagonal: 90° polarization (Ref. no.)
3329 3332 3340-3375 3-OH---O-5 4,24
intramolecular H-bond
3275 3267 3270 cellulose T B, 3230-3310 4,8,12,24
6-OH:--O-3 intermolecular H-bond
(3232) 3240 cellulose I o 12
2943, 2893, 2874 several small between 2840-2943 2980-2835 sym and asym CH, 1,4,21,24
stretching vibration, CH stretching
vibration
1462 1460 CH, sym bending in 90° 1,21
polarization
1435 1435 CH, scissor motion, 1430-1500 20,22
HCH bending
1373 CH bending, COH bending 11,20,21,22
1319 1315-1335 CH, wagging in 90° 20,21
polarization
1169 1165 C-O-C asym bridge stretching, 20,21,22
950-1180 CC and CO stretching
1150 C-0O-C asym valence vibration, 1,11,22
CC and CO stretching vibration
and CH bending, 950-1180 CC
and CO stretching
1126 1126 1125-1162 C-O-C asym valence 11,22
vibration, 950-1180 CC and CO
stretching
1115 1115-1120 ring stretch, CC and 1,11,20,22
CO stretching
(1076) (1076) 1075 CC and CO stretching, CH 1
bending
1065 1065 1015-1060 C-O valence vibr. 11
1057 1015-1060 C-O valence vibr. 11
/4/ 1 0.6
0.181 1169
3329
| 1435
h | (0.01
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Fig. 5. Diagonals of the synchronous 2D plot of the IR responses during 0° polarization showing the result of the sheet stretched
parallel to the fiber axis (thick solid line), perpendicular to the fiber axis (thin solid line), and a nonoriented sheet (dotted line).
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Fig. 6. Diagonals of the synchronous 2D plot of the IRresponses during 90° polarization showing the result of the sheet stretched
parallel to the fiber axis (thick solid line), perpendicular to the fiber axis (thin solid line), and a nonoriented sheet (dotted line).

sheets, while the intensity for the nonoriented
sample lay in-between. For the perpendicular
and the nonoriented sheets, a shoulder at 1076
cm ! could also be recognized.

With regard to the higher wavenumbers, the
peaks at 1169 and 1165 cm ~' corresponding
to the 0 and 90° polarization modes, respec-
tively, were both recognized as very sharp
bands. While the 1169 cm~' was the most
intense peak in the 0° polarization experiment,
this vibration occurred as the 1165 cm !
band, being one among others, in the 90°
experiment.

When comparing the results shown in Figs.
5 and 6, it was also obvious that the peak at
1435 cm ! appeared in all the experiments,
being more intense within the 0° polarization
mode than within the 90° polarization mode.
On the other hand, the peaks that appeared
between 1120 and 1115 cm ! (ring-stretching
and CO stretching bands according to Atalla®)
were more intense in the 90° polarization
mode than in the 0° polarization mode. Only
small, broad peaks arose in the 0° experiment,
the most intense being for the perpendicular
orientation followed by the nonoriented and
the parallel-oriented samples. For the 90° po-
larization experiment, the peaks were most
intense (showing nice distinct bands) for the
parallel-oriented sheets, followed by the
nonoriented and the perpendicular-oriented
samples. The same effect was evident for the
small peak at 1319 cm .

For the OH region in 0° polarization (Fig.
5), the 3329 cm ~! peak was the most intense
in the perpendicular-oriented sample (C), less
so in the nonoriented sheet (E), and even
smaller in the parallel-oriented sample (A).

In Fig. 6 (the 90° polarization mode), it is
most noticeable that more signals appeared in
the OH-region than that in 0° polarization,
the main one being at 3332 cm ™' for the
nonoriented and  perpendicular-oriented
sheets. For the parallel-oriented sheet, the
main peak was at 3267 cm ™' representing
vibrations  of intermolecular  hydrogen
bonds.4,8,l2,24

In general, in both the 0 and 90° polariza-
tion modes, whenever comparing band shapes
or intensities from the spectrum of parallel-
orientation with perpendicular-orientation,
the spectra of the nonoriented would lie in
between the spectra of these two directions.

4. Discussion

Several peaks appeared in the in-phase spec-
tra and the 2D plot diagonals, derived mainly
from the skeletal vibrations including the
C-O-C bridge connecting adjacent glucose
rings, and the signals from the hydrogen
bonds. There were hardly any signals derived
from CH vibrations. This supported the calcu-
lations of Tashiro and Kobayashi,' who found
that the strain energy distribution goes mainly
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via the glucose rings (~ 30%), the C-O-C
bridge (~20%), and the 3-OH:-O-5 in-
tramolecular hydrogen bond ( ~ 20%), while
the distribution via the 2-OH-0-6 in-
tramolecular hydrogen bond is negligibly
small.

The peak for the skeletal C—O—C vibration
1s generally expected to be at about 1160
cm !, which was found in the static spectra of
all the samples in this study, as well as the
differential spectrum shown in Fig. 3. The
shift to a higher wavenumber in the dynamic
spectra (peak position at 1169 cm ~! for the 0°
polarization mode), and therefore higher en-
ergy, was probably a result of the stretching of
the cellulose molecules oriented in the stretch-
ing direction. This stretching affects the ether
linkage by changing the angle between the C
and the O, and the C of the following ring,
and therefore changing the energy. Such a
shift in energy is also compatible with the
peak splitting, as seen by the in-phase spectra
of Fig. 1. For both the 0 and 90° polarization
modes, there seems to be a strong relation
between the skeletal vibration/C—O-C band at
1169 cm ~ ' and the peak at 1435 cm ', as the
normalization at the 1169 cm ~' band resulted
in an independence from sheet orientation at
1435 cm ~'. This is a good indication that the
1435 ¢cm ! peak derives from HOC bending
rather than CH, scissors motion. Further-
more, the 1435 cm ~! band was split like the
1169 cm ! band. Due to the Poisson effect,
the sheet should also experience a deformation
perpendicular to the stretching direction.
Thus, the peak at 1165 cm~' for the 90°
polarization mode was highly expected, while
at the same time not surprising that it was not
the dominating peak.

As the peak at 1462 cm ' represents an
orthogonal vibration in relation to the back-
bone, its appearance in the 90° polarization
experiment was also not surprising since it
derived from the stretching of the cellulose
chains in the direction of the stretch.

As the hydrogen-bonding region was not
showing any orientation dependence, its rela-
tion to the C-O—C stretching or skeletal vibra-
tions in terms of the different sheets would not
be expected to be so strong. The high intensity
for the 3-OH--O-5 intramolecular hydrogen
vibration, 3329/3332 cm ', is clearly pointing

to its importance in the loading of the cellu-
lose chain. The fact that it is highest in both
the 90 and 0° polarization modes for the sheet
loaded perpendicular to the fiber axis, and
least for the sheet loaded parallel to the fiber
axis, 1s related to the normalization at 1165
and 1169 cm !, respectively. In the perpendic-
ularly oriented case, of the cellulose chains
capable of taking up load, few are oriented
more or less in the stretching direction, result-
ing in a low dynamic intensity of the C-O-C
stretching vibration. Thus, in this case, the
overall deformation by bending and shearing
of the fibers would show up as a larger change
in the 3-OH--O-5 intramolecular hydrogen
bond deformation.

In all cases the most intense peak of the
hydrogen-bonding region was at 3329/3332
cm ! (intramolecular hydrogen bond) except
for the sheet stretched parallel to the fiber axis
and examined at 90° polarization where the
intermolecular hydrogen bond at 3267 ¢cm '
was the most intense (Figs. 5 and 6). These
intermolecular hydrogen bonds build up the
sheet structure of cellulose and are responsible
for the high modulus in the sheet planes per-
pendicular to the chain axis.! The straining of
the oriented sheet parallel to the fiber orienta-
tion, due to the Poisson effect, will result in an
appreciable deformation perpendicular to the
fiber orientation. Thus, when in this case ex-
amining the resulting molecular changes in 90°
polarization, it is not surprising that the inter-
molecular ones dominate over the intramolec-
ular hydrogen bonds.

5. Conclusions

Cellulose fibers showed a mainly elastic re-
sponse when stretched periodically with a
small amplitude. The dynamic FTIR analysis
indicated that, on the molecular level, the
strain distribution goes via the glucose ring,
the C-O-C linkage between these rings, and
the 3-OH:-O-5 intramolecular hydrogen
bond, whereas the 2-OH---O-6 intramolecular
hydrogen bond seems to play a minor role.
The intermolecular hydrogen bonds are shown
to be more affected by deformation perpendic-
ular to the fiber axis. Furthermore, the results
showed that for cellulose in a fiber network
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material like paper, the fiber direction towards
the stretching direction is not of main impor-
tance in experimental arrangements for dy-
namic FTIR studies, since the same peaks for
the cellulose appeared for all fiber directions
examined. Small shifts in wavenumber could
be due to anisotropy effects. The main effect
observed for the different fiber directions was
the differences in intensity proportions. The
direction of the incident polarized IR beam
towards the stretching direction was therefore
found to be of the main interest in evaluating
dynamic FTIR spectra.
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