
 

Ultrastructural Aspects of Pulp Fibers as Studied by 
Dynamic FT-IR Spectroscopy 

 
 

Margaretha Åkerholm 
 
 
 
 
 
 

Doctoral Thesis 
 
 

Supervisor: Associate Professor Lennart Salmén, Swedish Pulp and Paper 
Research Institute 

 
 
 

The work has been performed at STFI, Swedish Pulp and Paper Research Institute 
 

 
 

 
 

Swedish Pulp and Paper Research Institute 
 

 
 
 

Stockholm 2003 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
This work was carried out within the framework of Wood and Wood Fibre, a post-graduate 
school sponsored by the Swedish Council for Forestry and Agricultural Research and the 
Swedish University of Agricultural Sciences. 
 
 
 
Wood Ultrastructure Research Center (WURC) 
 
This work was also associated to the framework of the Wood Ultrastructure Research 
Center (WURC), a competence center at the Swedish University of Agricultural Sciences. 
 
 
 
 
 
Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan i Stockholm 
framlägges till offentlig granskning för avläggande av teknologie doktorsexamen fredagen 
den 3 oktober 2003 kl. 10.00 i STFI-salen, Drottning Kristinas väg 61. Avhandlingen 
försvaras på engelska. 
 
 
  Margaretha Åkerholm 
Stockholm 2003 



Ultrastructural Aspects of Pulp Fibers as Studied by  
Dynamic FT-IR Spectroscopy 

 
Margaretha Åkerholm, Royal Institute of Technology (KTH), Department of Fibre and 
Polymer Technology, Division of Wood Chemistry and Pulp Technology, Stockholm, 

Sweden 
 
Abstract 
Dynamic (or 2D) FT-IR spectroscopy in combination with polarized IR irradiation has 
been used in this work to study wood polymer orientation and interactions on the 
ultrastructural level in wood fibers in the native state as well as the effects of different 
pulping processes. The wood polymer interactions were studied under both dry and humid 
conditions. 

The matrix of lignin and hemicelluloses located between the well-ordered cellulose fibrils 
in the wood cell wall of spruce was here shown to be more highly ordered than has earlier 
been revealed. It was confirmed that glucomannan is oriented parallel to the cellulose 
fibrils and is highly coupled to it. The lignin was also shown to have a main orientation in 
the structure although this is probably not as strong as that of glucomannan. The 
orientation of the lignin may derive from the fact that the polysaccharides act as templates 
during the lignification of the cell wall. This organization implies that not only the 
cellulose but also the lignin and the hemicelluloses have different mechanical properties in 
the longitudinal and cross-fiber directions. 

The ability to gain molecular information on the stress transfer in polymers with dynamic 
FT-IR spectroscopy made it possible to verify experimentally earlier molecular 
calculations on the stress transfer within the cellulose chain. It was also possible to show, 
on the molecular level, the dominant importance of the cellulose fibrils for the stress 
transfer in the longitudinal direction of pulp fibers, including lignin-rich mechanical pulp 
fibers. The glucomannan of softwood fibers was also shown to participate in the stress 
transfer in the fiber direction indicating a close association with the cellulose, whereas the 
xylan showed no dynamic response. Already under dry conditions, the lignin was shown to 
have a more viscoelastic response than the polysaccharides during the loading of pulp 
fibers and it was thus able to move independently of the cellulose. 

The enhanced spectral resolution obtained with dynamic FT-IR spectroscopy made it 
possible to study the crystal structure/chain order of cellulose in pulp fibers. The 
possibility of following changes in the relative cellulose I allomorph composition of pulp 
fibers was demonstrated for some chemical pulps. 

Dynamic FT-IR experiments under humid conditions and of elevated temperatures made it 
possible to study the softening of the biopolymers in their native environment. This was 
also demonstrated for some different pulps, and this may be a promising tool for obtaining 
viscoelastic information on the molecular level in composite systems such as wood fibers. 
 
Keywords: cellulose, cooperation, crystallinity, dynamic test, glucomannan, hardwood, holocellulose, humidity, 
infrared spectroscopy, kraft pulp, lignin, mechanical pulp, orientation, polarised light, softwood, strain, sulphite 
pulp, viscoelasticity, xylan 



Sammanfattning 
I detta arbete har dynamisk FTIR-spektroskopi i kombination med polariserad IR strålning 
använts för att studera vedpolymerernas orientering och hur de samverkar på den 
ultrastrukturella nivån i nativa vedfibrer såväl som processade massafibrer. Studierna av 
hur vedpolymererna mekaniskt samverkar har utförts under torra såväl som fuktiga 
förhållanden. 
 
Lignin- och hemicellulosamatrisen som omger de välordnade cellulosafibrillerna i 
cellväggen hos granfibrer påvisades i detta arbete vara mera välordnad än vad som tidigare 
visats. Glucomannanet bekräftades vara orienterat parallellt med cellulosafibrillerna och 
visades vara nära associerat med dem. En orienterad struktur påvisades även för ligninet, 
om än inte så uttalad som för glucomannanet. Ligninets orientering kan härröra från att de 
orienterade polysackariderna kan tjänstgöra som en mall under lignifieringen av 
cellväggen. Denna orienterade struktur innebär att inte enbart cellulosan utan även 
hemicellulosorna och ligninet har olika mekaniska egenskaper parallellt med och tvärs 
fiberriktningen. 
 
Möjligheten att med hjälp av dynamisk FTIR-spektroskopi to fram molekylär information 
om lastöverföringen hos polymererna i strukturen möjliggjorde en experimentell 
verifikation av tidigare molekylära beräkningar av lastöverföringen inom en 
cellulosakedja. Det var även möjligt att på molekylär nivå visa cellulosafibrillernas 
dominans i lastöverföringen i fiberriktningen hos olika massafibrer inklusive ligninrika 
mekaniska massafibrer. Glucomannanet hos barrvedsfibrer visades delta i lastöverföringen 
i fiberriktningen, vilket indikerar att det är ordnat nära cellulosan, medan xylanet inte 
uppvisade någon dynamisk respons. Redan under torra förhållanden visades att ligninet har 
en mera viskoelastisk respons jämfört med polysackariderna vid töjning av massafibrer. 
Detta innebär att ligninet inne i fiberväggen har möjlighet att röras sig oberoende av 
cellulosan. 
 
Den ökade spektrala upplösningen erhållen med dynamisk FTIR-spektroskopi gav 
möjligheter att studera kristallstruktur/ordning av cellulosan i massafibrer. Möjligheten att 
följa förändringar i den relativa sammansättningen av den nativa cellulosans två allomorfer 
i massafibrer demonstrerades för några kemiska massor. 
 
Genom att utföra dynamiska FTIR-experiment i fuktig miljö och med förhöjd temperatur 
var det möjligt att studera mjukning av biopolymererna i dess nativa miljö. Detta 
demonstrerades också för några olika massor och kan vara ett lovande verktyg för att 
erhålla viskoelastisk information på den molekylära nivån om kompositsystem såsom 
vedfibrer. 
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1 INTRODUCTION 

1.1 Background 
Wood pulp fibers are the main raw material for paper production. The continuously 
increasing demands for specialized grades requires a deeper understanding of the origins of 
the differences in pulp strength developed from fibrous resources by the different 
processes available. Some property differences can be explained by the chemical 
composition or physical dimensions of the pulp fibers. However, this may not explain all 
of the pulp variability and other explanations have to be sought on the ultrastructural level, 
i.e. in the composite structure of the cell wall and the manner in which the supermolecular 
structure of the polymers within the cell wall is organized and how they are affected by the 
chemical processing. 
 
The development and use of new techniques for the characterization of the ultrastructure of 
pulp fibers is a promising line of research for obtaining information at the nano-scale level. 
Several such techniques have in recent years been explored and refined for application in 
this field within the framework of the Wood Ultrastructure Research Center (WURC), a 
competence center with its base at the Swedish University of Agricultural Sciences, 
Uppsala. 
 
Due to the limited resolution of normal infrared (IR) spectra of wood fiber samples, the use 
of IR spectroscopy in pulp and paper research has been declining. With the introduction of 
dynamic FT-IR spectroscopy in polymer research, there is new hope of a more 
sophisticated use of infrared spectroscopy. This technique is accompanied by a higher 
resolution in the IR spectrum, as a result not of mathematical processing but of an external 
perturbation of the system. In addition, this technique provides information at the 
molecular level on polymer deformation mechanisms and the interactions between 
polymers within a composite structure. 
 

1.2 Objectives 
The objectives of this work have been to apply dynamic FT-IR spectroscopy within the 
field of pulp research in order to obtain improved knowledge of the composite structure of 
wood cell walls and the changes occurring within the cell wall structure upon processing.  
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2 THE APPLICATION OF DYNAMIC FT-IR SPECTROSCOPY TO WOOD 
FIBERS 

2.1 Infrared spectroscopy in wood science 

2.1.1 Historic perspective 
The use of infrared spectroscopy has a long history in wood science. Already in the 1940´s 
it was used to investigate the native structure of lignin isolated from spruce fibers (Jones 
1949). Due to their complexity, IR spectra of biopolymers are not however straightforward 
when it comes to assigning different absorption maxima to specific molecular vibrations. 
A large effort was made in the 1950´s to assign the different absorption maxima in the IR 
spectrum of cellulose (e.g. (Tsuboi 1957; Liang and Marchessault 1959a; Liang and 
Marchessault 1959b)). Studies were performed on different modified celluloses, often with 
polarized IR irradiation in order to take advantage of the dichroic effect. Most of the 
maxima were assigned to different vibrations of the cellulose molecule in these works. The 
sensitivity of IR spectra to cellulose crystallinity and conformation was also known at an 
early stage, and a method based on deuteration and IR spectroscopy was developed to 
determine cellulose crystallinity (Mann and Marrinan 1958). Later, a more practical IR 
crystallinity index was developed as the ratio of the heights of two different absorption 
maxima as a rapid estimation of cellulose crystallinity (Nelson and O´Connor 1964a; 
Nelson and O´Connor 1964b). 
 
In the early assignments made in the 50´s and 60´s, the group-frequency approach was 
applied. This approach is not however suitable for the interpretation of molecular-chain 
modes in cellulose because of the similar bond energies and reduced masses of the C-C 
and C-O bonds. This makes their frequencies sufficiently close for a high degree of 
coupling between their vibrations. Normal coordinate analysis of model compounds later 
revealed that at least the absorption maxima below 1450 cm-1 in the IR spectrum of 
cellulose are not group frequencies but are combinations of highly coupled vibrations 
(Wiley and Atalla 1987). The same conclusion was also drawn from the normal coordinate 
analysis of a single cellulose chain (Cael et al. 1975). The results of the normal coordinate 
analyses agree qualitatively with the motions suggested in the early assignments, but the 
dipole vibrations are more delocalized than it was earlier thought. 
 
Despite the inadequate assignments of the cellulose spectrum at that time, Marrinan and 
Mann (1956) were able to classify native celluloses into two classes based on their 
different IR spectra. They suggested that the differences arise from differences in crystal 
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structure of the two groups of native celluloses. This was concluded much later, by the 
elucidation of CP/MAS 13C-NMR spectra, to be a consequence of different composite 
structures of two crystal forms of native cellulose designated cellulose Iα and cellulose Iß 
(Atalla and VanderHart 1984; VanderHart and Atalla 1984). The characteristic absorption 
maxima in the IR spectrum for these two allomorphs of native cellulose were assigned in 
the early 90´s (Sugiyama et al. 1991a). Thereafter FT-IR spectroscopy has been used in 
several studies of the composite structure of native celluloses (e.g. Debzi et al. 1991; 
Michell 1993b; Yamamoto et al. 1996; Imai and Sugiyama 1998; Sassi et al. 2000; Tokoh 
et al. 2002b). 
 
Since the different polysaccharides in the wood cell wall are all built up of different sugar 
units they have very similar IR spectra. The characteristic absorption maxima of the 
hemicelluloses were investigated during the 50´s (Tschalmer et al. 1953) and 60´s (Liang 
et al. 1960). Marchessault (1962) reviewed some work on the assignment of the IR spectra 
of the hemicelluloses. A huge amount of work was done to study the spectra of mono- and 
oligosaccharides and the spectra of the deuterated compounds to empirically assign the 
absorption maxima in the IR spectrum of wood originating in vibrations in the 
hemicelluloses. 
 
Due to its aromatic structure, the IR spectrum of lignin differs considerable from the 
spectra of the polysaccharides, although common absorption maxima are also evident. In 
the 60´s, many studies were carried out to assign the different absorption maxima in the IR 
spectrum of different lignins by the empirical approach of using model compounds and 
derivatization of native lignins. Most of this work was reviewed by Hergert (1971). Later, 
Faix performed detailed studies on the infrared spectrum differences between native 
lignins of different origins (Faix 1991; Faix 1992). The early assignments were later 
reinvestigated using isotope labeling of model compounds (Collier et al. 1992; Collier et 
al. 1997), and this gave some new assignments of the IR absorption maxima originating 
from lignin. 
 
The increasing availability of the Fourier transform (FT) technique to IR spectroscopy 
during the 80´s made more detailed studies on IR spectra of cellulose and wood posible, 
utilizing the higher precision and the faster technique. The FT-IR technique also made it 
possible to mathematically improve the resolution of spectra with the use of different 
software packages. Examples of resolution-enhanced techniques applied to wood and 
cellulose research are deconvolution (Fengel and Ludwig 1991; Fengel 1992) and different 
derivatives (Faix 1992; Michell 1993a; Michell 1993b). 
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2.1.2 Characteristic IR absorption maxima for spruce polymers 
When dynamic FT-IR spectroscopy (see below) is used to study interactions between 
polymers in a composite material, it is a prerequisite that characteristic absorption maxima 
for the different polymers must be distinguishable in the normal IR spectrum. This was, in 
fact, identified as a main problem in the interpretation of dynamic spectra in a study of 
polysaccharide interactions in onion cell walls (Wilson et al. 2000). Therefore, the 
assignment of characteristic absorption maxima for the different polysaccharides in a 
spruce holocellulose was given some serious consideration. The static IR spectra of 
holocelluloses were thus studied, in order to apply a modern assignment technique, a 
partial least squares analysis (PLS) (Geladi and Kowalski 1986), and to compare the 
results with the old assignments (Paper I). 
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Figure 1. Weights from PLS (Partial Least Squares) analyses of extracted holocelluloses. 
High weights show high contribution from the polymer to the absorption in this area. 
 
Figure 1 show the result of a PLS analysis of static spectra of 13 spruce holocelluloses of 
different chemical composition. The polysaccharide concentrations were used as x-matrix 
and the absorption intensities were used as y-matrix. There are large similarities in the 
spectra of the polysaccharides, and the differences shown in Figure 1 originate from the 
third (xylan and cellulose) or fourth (glucomannan) principal component of the PLS 
analysis. The wavenumbers 810 and 870 cm-1 showed high weights for the glucomannan 
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concentration of the samples. Vibrations at these energies have been shown to originate 
from the equatorially aligned hydrogen in the mannose unit (Kato et al. 1973). Further, the 
wavenumbers 1735, 1600 and 1245 cm-1, energies characteristic of carboxylic acid 
vibrations, showed high weights for the xylan concentration due to its 4-O-methyl-α-D-
glucuronic acid side group. These characteristics were already revealed by Marchessault 
(1962) and were here also shown to be valuable for the present work. 
 
It is difficult to distinguish spectrally between cellulose and glucomannan. A high weight 
for the wavenumbers 1110, 1315, 1335 and 1430 cm-1 for the cellulose content in 
holocelluloses was, nevertheless, demonstrated. The absorption maxima at these energies 
are sensitive to cellulose crystallinity (Nelson and O´Connor 1964a; Nelson and O´Connor 
1964b) and are therefore more distinct in the spectrum of the more ordered cellulose than 
in that of glucomannan. Marchessault (1962) also found the 1425 cm-1 vibration to be 
characteristic of cellulose. The characteristic absorption maxima of the three main 
polysaccharides in wood pulps are marked in a static FT-IR spectrum of a spruce 
holocellulose sample in Figure 2. 
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Figure 2. Static FT-IR spectrum of a spruce holocellulose. An overview of assignments in 
the spectrum is taken from Atalla (1999) and characteristic absorption maxima from the 
different polysaccharides in wood pulps (present study) are marked in the diagram. 
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The vibrational spectrum of lignin differs from that of the wood polysaccharides in 
several wavenumber regions due to the aromatic structure of the lignin (Hergert 1971; Faix 
1991; Agarwal and Ralph 1997). This is evident in Figure 3, which compares the static FT-
IR spectrum of a spruce holocellulose sheet with that of a lignin-rich mechanical pulp 
spruce sheet. Lignin, however, also has absorption maxima in the areas in which the 
characteristic absorption maxima of xylan and glucomannan are found. 
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Figure 3. Static FT-IR spectrum of the fingerprint region for a mechanical pulp (thin line) 
plotted together with the corresponding spectrum for a holocellulose (thick line). Spectral 
differences characteristic of lignin are marked in the figure. The origins of the given 
assignments are: [1]=(Hergert 1971) and [2]=(Collier et al. 1992). 
 

2.2 Theory of dynamic FT-IR spectroscopy 
IR spectroscopy has its strength in the specificity of each spectrum for different molecules. 
Individual molecular vibrations are strongly influenced by the submolecular state of the 
sample. Because of the variety of submolecular environments experienced by the 
molecular groups, the IR spectra of solid state systems often contain overlapping 
absorption maxima. Dynamic FT-IR spectroscopy (also often referred to as Two-
Dimensional Infrared (2D IR) spectroscopy) is one possible way of resolving such 
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overlapping maxima to give enhanced structural information about a polymer system. This 
is demonstrated in Figure 4 for two spectral regions of a spruce holocellulose spectrum. 
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Figure 4. Comparison of the static absorption spectrum (thin line) of a holocellulose with 
the dynamic in-phase spectrum (thick line) obtained when the same material is 
sinusoidally strained during measurement. 
 
The possibility of utilizing IR spectroscopy to follow morphological and environmental 
changes was first exploited using polarized light to determine the dichroism of single 
molecular vibrations for the assignments of the cellulose spectrum explored in the 50´s 
(see above). The changes in IR spectra as a result of stress or temperature have been 
studied thoroughly in the polymer field. The frequency shifting and broadening of infrared 
absorption maxima of synthetic polymers as a result of stress was theoretically investigated 
by Bretzlaff and Wool (1983). Using static spectra for these studies, the short-time 
phenomena could not be measured, so Burchell and Hsu (1983) constructed a computer-
controlled stretching device connected to a FT-IR spectrometer and were able to measure 
spectroscopic changes within times as short as 500 µs. 
 
Noda et al developed the dynamic IR linear dichroism (DIRLD) method (Noda et al. 1983; 
Noda et al. 1987; Noda et al. 1988a). In this work, they took advantage of polymer 
dichroism by using polarized IR radiation. In fact, they altered the polarization at a high 
frequency during the measurement to obtain the dichroic differences of the dynamic 
spectra. This research group also introduced the 2D-correlation analysis of spectra into this 
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technique (Noda et al. 1988b; Noda 1989; Noda 1990), and this was later expanded for 
other systems (Noda 1993). 
 
The DIRLD work described by Noda et al was performed on dispersive IR spectrometers, 
but Palmer et al. (1991) introduced step-scan FT-IR to dynamic spectroscopy. The step-
scan technique decouples the spectrum from the time domain (which is an obstacle for 
rapid scanning FT-IR spectrometers) and this makes it possible to retrieve the time-
dependent response of the sample. Palmer et al used the technique with lock-in amplifiers 
to extract the separate phase responses. Later developments have included digital signal 
processing (DSP) which extracts the phase responses using an algorithm after the 
calibration of the repetitive stretching movements in relation to the interferometer steps. In 
this study, DSP2 (Curbelo 1997) was used since two modulations occurred during the 
measurement, one mechanical modulation of the sample and one modulation of the IR 
radiation. 
 
The dynamic FT-IR spectroscopy technique has been used to investigate synthetic 
polymers such as polyethylene (Gregoriou et al. 1993; Singhal and Fina 1996), 
polypropylene (Budevska et al. 1993; Budevska et al. 1994) and nylon (Singhal and Fina 
1995). The method has also been successfully applied to some biological materials, such as 
protein conformations in human skin (Noda et al. 1999), keratin in human hair (Noda et al. 
1999) and fibroin in silk (Sonoyama et al. 1997). A few studies have dealt with 
interactions within composites of biopolymers, such as wet onion cell walls (Wilson et al. 
2000) and composites of Acetobacter cellulose (Kacuráková et al. 2002). The technique 
was introduced to cellulose research by Hinterstoisser and Salmén (1999; 2000). 
 
In the work described in this thesis, which is concerned with investigations of interactions 
within the wood pulp fiber cell wall, a sinusoidal mechanical strain perturbation has been 
used in all the dynamic FT-IR experiments and the polarization was fixed either parallel 
(0°) or perpendicular (90°) to the straining direction. The experimental set-up of the 
dynamic FT-IR measurement is illustrated in Figure 5. 
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Figure 5. Experimental set-up of a dynamic FT-IR experiment with mechanical strain 
perturbation. 
 
The IR radiation is absorbed by a molecule if the energy of the incident photon is equal to 
a energy-level difference in the molecule. This absorption results in a change in the 
permanent electric dipole moment of the molecule. Only the component of the infrared 
irradiation parallel to the electric dipole-transition moment is absorbed. Thus oriented 
polymers absorb IR radiation in orthogonal directions to different extents. This is referred 
to as the dichroic effect. When a polymer film is stretched, the load-bearing polymers are 
strained and this leads to reorientations of individual dipole moments. Because of the 
dichroic effect and the use of polarized IR radiation, these reorientations result in an 
increase or decrease of the IR absorption at a given energy (wavenumber). This means that 
the intensity of the IR absorption at a single wavenumber will vary sinusoidally if the 
applied sinusoidal strain has a fixed frequency, ω, (Eq. 2), Figure 6. The stretching of 
covalent bonds also results in energy changes of the vibrations, and this leads to frequency 
shifts and/or changes in the width of the absorption maxima, as mentioned earlier. 
Polymers/molecules not strained during the experiment give no contribution to the 
dynamic FT-IR spectra. 
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Figure 6. A description of the dynamic changes occurring at each single wavenumber 
during a dynamic FT-IR experiment. 
 
The time-dependent IR absorbance variation at a given wavenumber, ν, in the strained 
sample can be expressed as a combination of two components: a quasistatic (Ā(ν)) and a 
dynamic component (Ã (ν,t)): 
 
A (ν,t) =Ā(ν) + Ã (ν,t) (1) 
 
The dynamic response obtained when a sinusoidal strain at a fixed frequency, ω, is applied 
to the sample can be written as: 
 
Ã (ν,t) = Â(ν) sin [ωt + ß(ν)] (2) 
 
where Â(ν) is the amplitude of the absorbance variation and ß is the phase loss angle 
between the strain and the IR response. 
 
The dynamic response given in Eq. (2) can be expressed as the sum of two terms, which 
are orthogonal to each other: 
 
Ã (ν,t) = A´(ν) sin ωt + A”(ν) cos ωt (3) 
 
where A´(ν) represents the absorbance variations that are in-phase with the applied 
external perturbation and A”(ν) represents the absorbance variations that are 90° out-of-
phase with the applied perturbation (see Figure 7). 
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Figure 7. Vector representation of the dynamic FT-IR signal for each wavenumber. 
 
The rheo-optical response can therefore be expressed by the rate-independent “in-phase” 
and the rate-dependent “out-of–phase” portions of the response, the first representing the 
storage modulus and the second representing the loss modulus of the sample. The storage 
modulus shows the ability of a polymer to elastically store the absorbed mechanical energy 
as potential energy while the loss modulus shows the ability of the material to dissipate the 
absorbed energy. 
 
The in-phase spectrum (A´(ν)), representing the elastic response, and the out-of-phase 
spectrum (A”(ν)), representing the viscous response can be expressed as follows: 
 
A´(ν) = Â (ν) cos ß(ν) (4) 
A”(ν) = Â (ν) sin ß(ν) (5) 
 
The magnitude spectrum represents the amount of induced absorption change at each 
wavenumber and the phase spectrum represents the phase delay at each wavenumber. The 
in-phase and out-of-phase spectra are mathematically related to the magnitude and phase 
spectra (see Figure 7) as follows: 
 
Â(ν) = √ A´(ν)2 + A”(ν)2 (6) 
ß (ν) = arctan (A”(ν) / A´(ν)) (7) 
 
In a 2D correlation analysis, the dynamic IR cross-correlation function X (τ) is defined for 
a pair of dynamic IR signals measured at two different wavenumbers (Ã (ν1,t) and Ã (ν2,t)) 
as 

 
tt ωννωνντ sin),(cos),()( 2121 Ψ+Φ=Χ  (8) 



 13

 
where ),( 21 ννΦ , ),( 21 ννΨ  are the real and imaginary components. 
 
The 2D IR correlation spectra are referred to as the synchronous and the asynchronous 2D 
IR correlation spectrum, respectively, and their correlation intensities are given by: 
 
Synchronous: 
 

),( 21 ννΦ = [ ] [ ])(")(")`()`(
2
1)()(cos)(ˆ)(ˆ

2
1

21212121 νννννννν AAAAßßAA ⋅+⋅=−⋅
 

(9)
 

 
Asynchronous: 
 

),( 21 ννΨ = [ ] [ ])(")`()`()("
2
1)()(sin)(ˆ)(ˆ

2
1

21212121 νννννννν AAAAßßAA ⋅−⋅=−⋅
 
(10) 

 
These correlation spectra are three-dimensional, with independent wavenumbers on the x- 
and y-axes and correlation intensities on the z-axis. The synchronous correlation spectrum 
is symmetrical with respect to the diagonal line and the correlation intensities display 
similarities in time-dependent movements (see example in Figure 8). Since every vibration 
is correlated with itself, there are intensity maxima on the diagonal (autopeaks) for every 
molecular vibration affected by the applied strain. If the intensity at two different 
wavenumbers fluctuates with the same time-dependent behavior, there will also be a strong 
off-diagonal maximum (crosspeak) in the spectrum, indicating that these two groups are 
affected in the same way by the applied perturbation. The intensity of the crosspeak is 
dependent on both the intensities and the similarities in behavior of the involved 
vibrations. This information can then be used to draw conclusions about the interactions 
between polymers in the strained system. 
 
The independent fluctuations of the IR signals are displayed Iin the asynchronous 
correlation spectrum, and hence there are no intensity maxima on the diagonal in the 
asynchronous spectrum. The off-diagonal maxima are also absent in the case of a totally 
elastic sample, because there are no time-delayed movements. In the case of a viscoelastic 
sample, the asynchronous spectrum is a useful tool to display the achieved resolution of 
overlapping spectral features. 
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Figure 8. Synchronous 2D FT-IR correlation spectrum. 
 
In the present work the prime benefits of dynamic FT-IR spectroscopy have been 
elucidated in order to gain information regarding the wood cell wall polymers through the 
information on polymer mechanics extracted from the spectra and the enhanced resolution 
of spectra. 
 

2.3 Measurements on fibrous materials 
 
Dynamic FT-IR spectroscopy was developed using transmitted light for the 
characterization of synthetic polymers for which the production of thin sample films of 
different orientations is no great problem. For investigations on fibrous samples, the 
sample preparation is not so easy when the transmission mode is to be used for 
measurements. In order to avoid too high an absorption by the sample, very thin fiber 
sheets are needed. However, very thin sheets of unrefined pulp fibers contain small holes 
which cause light scattering when the sheets are stretched. To overcome the problem of 
light scattering n the present studies the fibers were subjected to homogenization before 
sheet forming. This process fibrillated the surface of the fibers so that more homogeneous 
sheets were obtained. 

2.3.1 Polarization 
As described earlier, the dichroic effect gives rise to different amount of IR absorption in 
different polarization directions. In conventional/static IR spectroscopy, this phenomenon 
can be used to determine the orientation of a polymer within a sample. This approach was 
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also used in this work to investigate wood polymer orientation within the wood fiber cell 
wall. 
 
In the dynamic FT-IR spectra referred to in this thesis, the polarization direction is always 
given with reference to the straining direction (Figure 9). In the dynamic case, the 
differences between polarization directions also depend to some extent on the initial 
orientation of the transition dipole examined. The reorientations occurring during the 
straining are rather small and a change in orientation of a dipole initially oriented 
perpendicular to the straining direction will probably give a dynamic signal in the 90° 
spectrum but not in the 0° spectrum. 
 
As a consequence of the Poisson effect, a material also experiences forces perpendicular to 
the straining direction, in most cases compression forces. Dipole reorientations as a result 
of such perpendicular forces during a dynamic FT-IR experiment also contribute to the 90° 
polarization result. For a fiber-reinforced composite, like the cell wall of a wood fiber, the 
resulting contraction occurs mainly in the matrix material. The use of different polarization 
directions when examining a material by means of dynamic FT-IR spectroscopy thus 
reveals much useful information. 
 

0°

90°

0°

90°

 
Figure 9. Description of polarization directions in relation to the straining direction. 
 

2.3.2 Fiber orientation 
The importance of the fiber direction in the samples investigated by dynamic FT-IR 
spectroscopy was investigated both for pure cellulose fibers and for holocellulose fibers 
containing hemicelluloses (paper II). The effect of sample orientation on the spectral result 
from dynamic FT-IR measurements was earlier studied with samples of isotactic 
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polypropylene with different orientations (Budevska et al. 1993). It was found for this 
material that the spectral result depended strongly on the orientation of the sample. Both 
the intensity and the shape of some of the dynamic intensity maxima differed between the 
different orientations of the samples. The spectrum of a nonoriented sample contained 
maxima not present in the spectra of the oriented films. 
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Figure 10. Dynamic in-phase spectra from differently oriented cellulose spruce fiber 
samples. Thin solid line = parallel oriented fibers, thick solid line= nonoriented fibers and 
broken line = perpendicular oriented fibers. 
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For samples of pure cellulose fibers, dynamic intensity maxima occurred at the same 
wavenumber positions for three different orientation modes (Figure 10, paper II). This 
result is because the dynamic FT-IR spectrum shows only the changes in intensity 
occurring during straining. Even for the perpendicularly oriented sample, a few fibers and 
cellulose chains are directed in the straining direction and are able to bear a load. These 
few cellulose chains are then strained and the resulting dipole reorientations cause the 
dynamic signals. The main effects observed for the different fiber directions were the 
differences in relative intensity between dynamic signals. For instance, the signals from the 
hydrogen bonds at about 3330 cm-1 were stronger when the sample was loaded 
perpendicular to the fiber direction than when the other loading directions were examined. 
This indicates that the perpendicular loading mode reflects the interactions in the interfiber 
bonds which are dominated by hydrogen bonds.  
 
Thus, when it comes to a general characterization of the strain distribution within cellulose 
in a fiber network material, the direction of the fiber in relation to the straining direction is 
not the most important factor in the experimental arrangement for dynamic FT-IR studies, 
since the same maxima appeared in the dynamic spectra of cellulose for all the fiber 
directions examined. During this study, it was however observed that the highest resolution 
was obtained using oriented samples mounted so that the stretching was applied parallel to 
the fiber direction. 
 
Data for sheets of holocellulose with two different fiber orientations (Figure 11) shows 
dynamic signals at energies for characteristic xylan vibrations (double-arrows in figure) in 
the perpendicularly strained sheets but not in the parallel strained sheets at 0° polarization. 
This reveals that the mechanical behavior of the xylan differs between the two different 
loading situations. The straining of a sheet of fibers perpendicular to the fibers reflects 
primarily the interactions in the transverse direction of the fibers and the interactions in the 
bonds between fibers. For fibers with a composite structure, such as pulp fibers, the fiber 
orientation in combination with the polarization direction is thus extremely important for 
result of a dynamic FT-IR experiment and it can consequently be used as a tool to obtain 
as much information as possible about the material investigated. This complexity means, 
however, that the interpretation is not always straightforward. 
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Figure 11. Dynamic FT-IR spectra of oriented spruce holocellulose sheets strained in 
different fiber directions. The two upper spectra represent sheets strained perpendicular to 
and the two lower spectra sheets strained parallel to the fiber direction. The spectra are 
recorded at 0° polarization. Thin lines = elastic response (in-phase) and thick line = 
viscous response (out-of-phase). The broad double-arrows indicate differences between 
loading modes for spectral features characteristic of xylan. 
 

2.3.3 Load distribution in cellulose 
The positive and negative intensities found in the dynamic FT-IR spectra reflect the extent 
to which the dipoles are affected by the applied strain. This can be used to study which 
molecules of the polymer are affected by the mechanical load and to obtain information 
about how the polymer transfers load. For cellulose sheets strained in the fiber direction, 
the dominant dynamic signals of the in-phase spectrum at 0° polarization are two bipolar 
signals with their positive maxima at 1169 and 3329 cm-1 (e.g. Figure 10, paper II). Other 
strong intensity maxima appear between 1000 and 1100 cm-1. In the area between 1000 
and 1100 cm-1, CC and CO stretching vibrations mainly contribute to the IR absorption 
(Atalla 1999). The maximum at 1165 cm-1 originates from skeletal vibrations including the 
C-O-C bridge between the glucose units (Atalla 1999), and the 3329 cm-1 vibration 
originates from the intramolecular O3-H...O5´ hydrogen bond (Liang and Marchessault 
1959a). The relatively high dynamic intensity at these energies points to a large change in 
the dipole moment as a result of the applied strain. This indicates their importance in the 
loading of the cellulose chain. In fact, calculations based on molecular simulations 
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performed by Tashiro and Kobayashi (1991) showed that the strain energy in cellulose is 
mainly distributed via deformation of the glucose rings (~ 30%), bending of the ether 
linkages connecting the adjacent rings (~20%), and deformation of O3-H...O5´ hydrogen 
bonds (~20%). This has now been experimentally demonstrated using dynamic FT-IR 
spectroscopy. Both the molecular simulations and the spectroscopic measurements 
indicated that the O2´-H...O6 intramolecular hydrogen bond, with a vibrational energy 
above 3400 cm-1 (Tashiro and Kobayashi 1991) seems to play a minor role for the load 
distribution in native cellulose. 
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3 CELL WALL ULTRASTRUCTURE 

3.1 Wood polymers 
The most important wood cells for pulp production are the tracheids of softwoods and the 
libriform fibers of hardwoods, both referred to as fibers in this thesis. The cell walls of 
such wood fibers are built up mainly of three groups of polymers, cellulose, hemicelluloses 
and lignin. In addition, wood fibers contain other polysaccharides (e.g. pectin), proteins, 
extractives and some inorganic components. 

3.1.1 Cellulose 
Cellulose is the main component of the wood cell wall and is responsible for the superior 
longitudinal tensile strength of wood fibers. Cellulose is a linear homopolysaccharide, 
composed of ß-D-glucopyranose units linked together by β-1-4 glycosidic bonds. The 
repeating unit of cellulose is cellobiose (Figure 12). In its native state, the degree of 
polymerization of wood cellulose is about 10,000 (Sjöström 1993). The structure of 
cellulose, with its numerous polar groups, gives it a high tendency to form intra- and 
intermolecular hydrogen bonds. In native cellulose, two types of intramolecular hydrogen 
bonds have been suggested, O3-H...O5´ and O2´-H...O6, and one intermolecular hydrogen 
bond, O6-H...O3 (Figure 12) (O´Sullivan 1997; Kondo 1998). The hydrogen bonds cause 
the molecular chains to gather together in bundles, called fibrils. The diameters of 
softwood fibrils have been reported to be 3.5 nm (Fengel and Wegener 1984). Aggregates 
of fibrils have also been found in native cellulose with different dimensions (Fengel 1971). 
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Figure 12. A cellobiose unit (the repeating unit of cellulose) with the suggested hydrogen 
bonds marked. 
 
Already in the 50´s IR spectroscopy revealed that native cellulose, cellulose I, was 
obtainable in two types depending on theorigin (Marrinan and Mann 1956). This discovery 
was not however explained until the 80’s, when Atalla and VanderHart using CP/MAS 
13C-NMR demonstrated that cellulose I is a composite structure made up of two crystalline 
allomorphs, Iα and Iß (Atalla and VanderHart 1984; VanderHart and Atalla 1984). Later, 
Sugiyama et al (1991b) showed by electron diffraction  that cellulose Iß has a two-chain 
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monoclinic unit cell and cellulose Iα has a one-chain triclinic unit cell. Because of the 
differences in the OH-stretching vibration region of their IR spectra, it was suggested that 
the two allomorphs differ in their hydrogen bonding pattern. The relative proportion of the 
allomorphs in the native composite structure varies depending on species. It has been 
reported for wood celluloses that the ratio of cellulose Iα is higher in softwoods (1.8) than 
in hardwoods (0.8) (Newman 1994). Others (Maunu et al. 2000) have reported a relative 
cellulose Iα concentration of 74% in spruce wood and 41% in birch wood. 

3.1.2 Hemicelluloses 
The hemicelluloses are also polysaccharides but, in contrast to cellulose, they are branched 
heteropolymers. The degree of polymerization is about 100 in softwoods and 200 in 
hardwoods (Sjöström 1993). 
 
In softwoods, the principal hemicellulose is galactoglucomannan (about 20%). Its 
backbone consists of (1→4) linked ß-D-glucopyranose and ß-D-mannopyranose units with 
α-D-galactose substituents at C-6. The partially acetylated glucomannan can be divided 
into two fractions with different amounts of galactose substituents. The ratio of 
galactose:glucose:mannose is about 0.1:1:4 in the low galactose fraction and 1:1:3 in the 
high galactose fraction. The former is the dominating component in softwood. 
Arabinoglucuronoxylan in softwoods (5-10%) has a backbone of (1→4) linked ß-D-
xylopyranose units substituted at C-2 by 4-O-methyl-α-D-glucuronic acid groups (two acid 
groups per ten xylose units) and at C-3 by α-L-arabinofuranose units. 
 
In hardwoods, O-acetyl-4-O-methylglucurono-ß-D-xylan is the dominating hemicellulose 
(15-30%, depending on the species). It is made up of (1→4) linked ß-D-xylopyranose units 
substituted at C-2 by 4-O-methyl-α-D-glucuronic acid groups (one acid group per ten 
xylose units) and it is partially acetylated at C-2 or C-3. The xylose-based hemicelluloses 
in both softwoods and hardwoods are often referred to as xylan. A small amount of 
glucomannan (2-5%) is also present in hardwood. As in softwood, its backbone consists of 
(1→4) linked ß-D-glucopyranose and ß-D-mannopyranose units. It was recently shown that 
also hardwood glucomannans are acetylated (Teleman et al. 2003). The glucose:mannose 
ratio varies between 1:2 and 1:1 for different wood species. 

3.1.3 Lignin 
Lignin is an aromatic three-dimensional or branched polymer based on 
hydroxyphenylpropane units. In higher plants, three different units build up the lignin: p-
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. The proportions of these 
monomers vary among different species. Softwood lignin is built up mainly of coniferyl 
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alcohol units, whereas hardwood lignin is a copolymer of coniferyl and sinapyl alcohol 
units. 
 

3.2 Organization in the cell wall 
The wood fiber cell wall is built up of different layers (Figure 13): the primary wall, the 
secondary wall, and in some cases also a warty layer (Fengel and Wegener 1984). These 
layers differ in chemical composition and in structure. Between the cells lies a connecting 
layer, the middle lamella, which holds the cells together. This layer is composed mainly of 
lignin and pectin, and has a thickness of 0.2-1.0 µm (Sjöström 1993). The primary wall is 
rich in lignin and pectin, but it also contains cellulose, hemicelluloses, and protein. It is 
very thin (0.1-0.2 µm), and the cellulose fibrils within it form an irregular network. The 
secondary wall is further divided into three layers: a thin outer layer (S1), a thick middle 
layer (S2), and a thin inner layer (S3). The cellulose fibrils are arranged in different 
directions in these layers and this makes it possible to distinguish between them visually, 
under e.g. an electron microscope. The S2 layer is about 1 µm thick in earlywood and 5 µm 
thick in latewood (Sjöström 1993), and it represents 40-90% of the total cell wall 
thickness, and thus strongly affects the mechanical properties of the fiber (Thomas 1991). 
The fibrils in this layer are almost parallel to the fiber axis, with an average angle of 10-
30° (Thomas 1991). 

 
Figure 13. Model of the cell wall structure of a latewood softwood fiber (tracheid). The 
lines in the different cell wall layers represent the organization of the cellulose fibrils in 
the different layers. Note the dominance of the S2 layer with the fibrils aligned almost 
parallel to the fiber axis. Reproduced with kind permission from Brändström (2002). 
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As mentioned earlier, the cellulose fibrils within the cell wall have a tendency to form 
aggregates. These aggregates vary in size and are affected by chemical treatments such as 
pulping (Duchesne and Daniel 2000; Hult et al. 2001; Fahlén and Salmén 2003). Hult et al 
have reported widths of about 14-15 nm for unprocessed cellulose fibril aggregates (Hult 
et al. 2000; Hult et al. 2001), 15-16 nm for sulfite fibers (Hult et al. 2002) and 16-19 nm 
for kraft fibers (Hult et al. 2000; Hult et al. 2002). Within the cell wall in the cross-
sectional direction, the cellulose fibril aggregates form a lamellar structure. The orientation 
of these lamelle has been questioned, and both concentric structures (Kerr and Goring 
1975) and radial structures (Sell and Zimmermann 1993) have been suggested. A recent 
study using AFM revealed that undistorted wood fibers have a concentric lamellar 
structure, but that radial structures can appear after the fibers have been biologically, 
chemically or mechanically modified (Fahlén and Salmén 2002). 
 
Since the S2 layer represents up to 90% of the cell wall thickness it is the most important 
layer determining the properties of the wood fibers. The mechanical properties are 
determined by the structural arrangement of the different wood polymers and the 
interactions between them, and a knowledge of this arrangement in the S2 layer is therefore 
necessary if it is to be possible control the fiber properties. The arrangement of the S2 layer 
can be schematically described as consisting of parallel-directed cellulose fibril aggregates 
embedded in a matrix of hemicelluloses and lignin (Figure 14). There is, however, still no 
exact description of the structural arrangement between the components, although several 
models have been presented. 
 

Lignin

Xylan

Glucomannan

Cellulose

 
Figure 14. A proposed model for the ultrastructural arrangement of the wood polymers in 
the secondary wall of softwood fibers (slightly modified from Salmén and Olsson 1998). 
 
Already in the 60´s, polarized IR spectroscopy studies revealed an orientation of the 
hemicelluloses parallel to the cellulose backbone (Liang et al. 1960). The arrangement of 
the polymers within the cell wall was studied and several models were developed. Fengel 



 25

(1971) published a model where the fibrils were arranged in bundles, with intermediate 
monomolecular layers of hemicellulose, surrounded by hemicellulose and lignin. Kerr and 
Goring (1975) proposed a model for the wood cell wall as an interrupted lamella-structure, 
with cellulose fibrils resembling ribbon-like structures lying parallel to the middle lamella. 
The lignin was distributed in the spaces between these cellulose structures and one part of 
the hemicellulose was associated with the cellulose fibrils while another part was mixed 
with the lignin. In that study, no attention was paid to the two types of hemicelluloses in 
softwood, whereas Fengel suggested, based on different accessibilities of the two 
hemicelluloses in extraction procedures, that there is some aggregation of glucomannan on 
the surface of the cellulose fibrils. Later studies on the biogenesis of wood cell walls 
(Terashima et al. 1993) have revealed a much more intimate mixing of the cell wall 
components than the early models suggested. 
 
Another way of studying the roles of the hemicelluloses is to study bacterial cellulose 
production in the presence of different substrates. Such studies have revealed that the 
presence of hemicelluloses affects the cellulose fibrils produced, suggesting that the 
hemicelluloses act as regulators for the cellulose aggregation occurring in the wood cell 
walls (Atalla et al. 1993; Uhlin et al. 1995). In one study, glucomannan showed the highest 
affinity when bacterial cellulose was produced in the presence of different hemicelluloses 
(Iwata et al. 1998). Using NMR and FT-IR spectroscopy, Tokoh et al. (1998; 2002a; 
2002b) showed that the presence of both glucomannan and xylan in the substrate affected 
the allomorph composition of bacterial cellulose I and gave a higher ratio of cellulose Iß 
than in the cellulose produced in a reference medium. This suggests that the hemicelluloses 
may be responsible for the high proportion of cellulose Iß in wood cellulose. The same 
research group also showed by electron diffraction analysis (Tokoh et al. 2002a) that 
glucomannan was continuously distributed along the bacterial cellulose fibrils produced, 
whereas xylan was discontinuously distributed along these fibrils. Studies with mechanical 
spectroscopy have also shown a difference in softening behavior of xylan and 
glucomannan present in the wood structure (Salmén and Olsson 1998). The result was 
interpreted as indicating that glucomannan is closely associated with the cellulose fibrils, 
whereas xylan is more associated with the lignin, Figure 14. 
 

3.3 Orientation of wood polymers 
An important factor when the mechanical properties of a material are evaluated is the 
orientation of the structures within it. A polymer oriented parallel to the straining direction 
is able to take up much more load than perpendicularly oriented polymers. If several 
polymers are arranged parallel to each other, the modulus of the composite is determined 
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by the stiffest component. Inversely, if the polymers are arranged in series the modulus of 
the composite is determined by the softest polymer component. 
 
It was early discovered that the cellulose fibrils are mainly oriented parallel to the fiber 
axis in the main S2 layer of the wood cell wall. The orientation of the other polymers 
within the cell wall is less explored and in theoretical calculations of cell wall modulus 
these matrix polymers are often considered to be non-oriented or isotropically distributed 
within the cell wall (e.g. Koponen et al. 1989). Models using orthotropic moduli for both 
the hemicelluloses and the lignin have however been shown to better explain experimental 
data for the transverse cell-wall modulus (Bergander and Salmén 2002). 
 
Polarized FT-IR spectroscopy is a method that is very sensitive to the orientation of the 
dipole responsible for the IR absorption. Only the component of the IR beam aligned 
parallel to the electrical dipole is absorbed. In order to investigate the orientation of the 
polymers in wood pulp fibers using FT-IR spectroscopy, the easiest way is to use 
transmission through a thin oriented sheet. In Figure 15, the difference spectrum (0°-90° 
polarization in relation to the fiber direction) from the fingerprint region for such an 
oriented fiber sheet of a spruce holocellulose is shown (paper I). In this difference 
spectrum, positive values are associated with dipoles oriented parallel to the fiber axis, 
whereas negative values are associated with dipoles oriented perpendicular to the fiber 
axis. The large maximum at 1160 cm-1 is assigned to absorption from the stretching of the 
C-O-C bridge (glycosidic linkage) between the glucose units in cellulose (Liang et al. 
1960; Marchessault 1962). Normal coordinate analysis has later shown that no local mode 
vibrations exist in this area (Atalla 1999). The glycosidic linkage is in fact a part of a 
whole sequence of coplanar C-C and C-O bonds that are highly coupled in their vibrations. 
The fact that the vibration is parallel to the backbone of cellulose is still not questioned, 
and this vibration is often used as a measure of the orientation of cellulosic polymers. Both 
the cellulose and the hemicelluloses are connected by C-O-C bridges and then all 
contribute to the absorption at 1160 cm-1. 
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Figure 15. Difference spectrum, (0°-90° polarization) for oriented fibers of spruce 
holocellulose. 
 
The wavenumbers at 1335 and 1315 cm-1, characteristic of cellulose, are assigned to the O-
H in-plane bending and CH2 wagging, respectively (Nelson and O´Connor 1964a). These 
are coupled vibrations, but their direction towards the cellulose chain has been found to be 
orthogonal (Marchessault 1962). Therefore, their negative appearance in the difference 
spectrum of Figure 15 supports the parallel alignment of cellulose towards the fiber axis. 
The wavenumbers at 870 and 810 cm-1, characteristic of glucomannan vibrations, show 
negative intensities in the difference spectrum. These vibrations originate from the 
equatorially aligned hydrogen at C(2) in the mannose residue and they are thus 
orthogonally directed towards the backbone of the glucomannan. This suggests an 
orientation of glucomannan parallel to the cellulose fibrils in the wood fiber wall. There is 
also a small negative intensity at 1745 cm-1, the energy of a characteristic vibration of 
xylan, in the difference spectrum. This vibration originate from the C=O stretch of the 
carboxylic acid of the side-group of xylan. The direction of the vibration in relation to the 
backbone is not straightforward and the interpretation is uncertain. A parallel alignment to 
the fiber axis of both these hemicelluloses, the xylan and the glucomannan, has however 
been suggested earlier (Liang et al. 1960; Fengel 1971; Page 1976). 
 
The lignin inside the wood fiber wall has generally been assumed to be an isotropic matrix 
material (e.g. Mark 1967), due mainly to the radical polymerization mechanism. However, 
one fact to be considered is that, at the time of lignin deposition inside the cell wall, the 
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ordered structure of cellulose and hemicelluloses is already established (Terashima et al. 
1993) and the lignin can polymerize only in the spaces left in the cell-wall matrix. Raman 
microprobe studies on spruce cell walls have also shown that the aromatic rings of the 
lignin are preferably oriented in the plane of the cell-wall surface (Atalla and Agarwal 
1985; Agarwal and Atalla 1986). 
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Figure 16. Difference spectrum (0°-90° polarization in relation to the fiber axis) of a 
lignin-rich mechanical pulp. 
 
In the difference spectrum of a lignin-rich mechanical pulp shown in Figure 16 (paper III), 
two regions are marked where there are clear differences from the holocellulose spectrum 
of Figure 15. The fact that the difference spectrum is changed when lignin is included in 
the fibers reveals in itself that there is an orientation of the aromatic structures of lignin 
within the cell wall. The addition of an isotropic lignin would not have affected the 
difference spectrum. 
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Figure 17. Static spectra of two orthogonal polarizations towards the fiber axis for a 
lignin-rich mechanical pulp. Solid line represents 0° polarization and broken line 
represents 90° polarization. Enlargement of the region for aromatic C-O stretching 
vibrations. 
 
Figure 17 shows the spectra of the two orthogonal polarizations for the 1200 to 1300 cm-1 
region of the mechanical pulp. As can be seen, the 0° polarization spectrum dominates, 
which denotes an orientation of these vibrations parallel to the fiber axis. In lignin, the 
aromatic C-O stretching vibrations with absorption in the 1200 to 1300 cm-1 region are 
those of the methoxyl and phenol groups. In the dominating guaiacyl units of softwoods, 
these are directed mainly along the line of the phenyl-propane unit between the phenol 
group and the carbon chain. The fact that these vibrations are stronger in the fiber direction 
(0° polarization) indicates that the phenyl-propane units of lignin are probably oriented 
along the fiber axis. 
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Figure 18. Static spectra of two orthogonal polarizations towards the fiber axis for a 
lignin-rich mechanical pulp. Solid line represents 0° polarization and broken line 
represents 90° polarization. Enlargement of the region for the aromatic semicircle 
vibration. 
 
Figure 18 shows the area for the aromatic semicircle vibration of lignin at about 1510 cm-1 
(Colthup et al. 1990) for the two orthogonal polarizations 0 and 90° for lignin-rich 
mechanical pulp fibers. A shift of the absorption maximum towards lower wavenumbers 
was revealed for parallel polarization towards the fiber axes. Liang et al. (1960) revealed 
that this vibration was a doublet and explained that this was due to different substitution 
patterns on the benzene ring. In the polarized spectra of their study, the same polarization 
effect was found as in the present study, but this was not discussed at that time. This result 
shows that differently substituted lignin monomers are distributed differently in the cell 
wall. 
 
The results here discussed consider only the lignin in the cell-wall. The lignin in the 
middle lamella is probably arranged differently. 
 

3.4 Interaction between cell-wall polymers 
 
Information on how the polymers interact within the cell wall is of both mechanical and 
structural interest. The response of each single polymer to an applied mechanical strain 
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provides information about the extent to which the polymer contributes to the mechanical 
properties of the cell wall composite under the experimental conditions. The ability of 
dynamic FT-IR spectroscopy to study the responses of all the polymers together in their 
native structure and therefore the ability to study couplings between them is a valuable tool 
to achieve structural information regarding the construction of the wood cell wall. 
 
At this stage, dynamic FT-IR spectroscopy was applied only to sheets of fibers. To study 
interactions inside the wood cell wall, thus fibers which are most likely to represent the 
organization inside the native wood cell wall were chosen. To study the polysaccharides, a 
spruce holocellulose was chosen, and to study the lignin, mechanical pulps were chosen. 
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Figure 19. Dynamic in-phase (thin line) and out-of-phase (thick line) spectra of spruce 
holocellulose sheets strained in the fiber direction. The spectra are recorded at 90° 
polarization. 
 
Figure 19 shows the two components of the dynamic spectrum of a spruce holocellulose 
(paper I). These measurements were performed at room temperature in dry air. The weak 
out-of-phase (viscous) signal indicates a very elastic response of the sample under these 
conditions. The glass transition of the dry wood polysaccharides is at temperatures above 
180°C, implying that they are all in their glassy state at room temperature under dry 
conditions (Back and Salmén 1982). Under these conditions, the information of interest 
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will be found in the in-phase dynamic spectrum, since the out-of-phase spectrum consists 
mainly of noise. For this reason, in some cases in the following discussion, only the in-
phase spectra (elastic response) are shown in the figures. 
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Figure 20. Dynamic FT-IR spectra of spruce holocellulose for the orthogonal polarization 
directions 0 and 90°. These fiber sheets are strained in the fiber direction. Thin lines 
represent the elastic (in-phase) response and thick lines represent the viscous (out-of-
phase) response. Dynamic signals originating from characteristic absorption maxima of 
the wood polysaccharides are marked. 
 
The results of dynamic FT-IR measurements on sheets of holocellulose fibers strained in 
the fiber direction are shown for the fingerprint region in Figure 20. These dynamic spectra 
are very similar to the pure cellulose spectra shown in Figure 10, despite the fact that these 
fibers consist of 33% hemicelluloses. Thus the dominant role played by the cellulose fibrils 
for the load-carrying ability of pulp fibers is clearly evident. There are no dynamic signals 
characteristic of xylan or glucomannan in the 0° holocellulose spectra, but there are signals 
from glucomannan in the 90° spectra. Since dynamic FT-IR spectroscopy shows only 
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changes in intensity as an effect of external perturbation (straining), only those polymers 
involved in the stress transfer will contribute to the dynamic spectrum. The appearance of 
glucomannan signals only at 90° polarization is caused by the orthogonal orientation of the 
characteristic glucomannan vibrations. The absence of any xylan signal in the dynamic 
spectra reveals a different mechanical behavior of the two hemicelluloses. Glucomannan 
seems to participate in the load transfer in the longitudinal fiber direction, whereas xylan 
does not. 
 
The synchronous and asynchronous 2D correlation spectra are useful for studying 
interactions between the polymers in a composite. Figure 21 shows an off-diagonal region 
(different wavenumbers on x- and y-axes) of the synchronous 2D spectrum from a 90° 
polarization measurement of a spruce holocellulose. The region chosen is that where 
characteristic IR absorption maxima of cellulose and glucomannan appear. The off-
diagonal cross-peaks represent similar time-dependent movements of the molecular 
groups. The appearance of cross-peaks between all the characteristic absorption maxima of 
cellulose and glucomannan reveal that the two polymers move synchronously as a result of 
the applied strain. This suggests a strong interaction between the two polysaccharides 
inside the wood cell wall, so that a strong coupling between a glucomannan aligned 
parallel to the cellulose chains is anticipated. 
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Figure 21. An off-diagonal part of the synchronous 2D FT-IR correlation spectrum at 90° 
polarization of a spruce holocellulose. Characteristic absorption maxima of cellulose and 
glucomannan are listed beside the figure and cross-peaks between the two polymers are 
marked with arrows in the figure. 
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Figure 22. Dynamic spectra at 0° polarization of a mechanical pulp containing 24% 
lignin. These fiber sheets are strained in the fiber direction. Thin lines represent the elastic 
(in-phase) response and thick lines represent the viscous (out-of-phase) response. 
 
When a lignin-rich mechanical pulp was investigated (paper III), it was found that in the 0° 
polarization mode (figure 22) the dynamic spectra were very similar to those for lignin-free 
pulps. Of the aromatic vibrations characteristic of lignin, only a very weak negative signal 
at 1504 cm-1 was seen in the dynamic in-phase spectrum. This is not surprising if the wood 
fiber is considered to be a highly fiber-reinforced composite, with cellulose as the 
reinforcement. In the fiber direction, the cellulose fibrils are the load-bearing elements. 
Since the dynamic spectra show only changes in spectral intensity, and since the cellulose 
is the strained polymer, the dynamic spectra in the 0° polarization mode for all cellulose-
reinforced materials ought to be very similar. Irrespective of whether the matrix material 
consists of hemicelluloses alone or of a mixture of hemicelluloses and lignin, it would be 
expected that there would only be signals originating from the cellulose fibrils at 0° 
polarization when the fiber material is strained in the fiber direction. 
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Figure 23. Dynamic spectra at 90° polarization of a mechanical pulp containing 24% 
lignin. These fiber sheets are strained in the fiber direction. Thin lines represent the elastic 
(in-phase) response and thick lines represent the viscous (out-of-phase) response. 
Dynamic signals characteristic of lignin are marked in the figure. 
 
When signals at 90° polarization were detected for the mechanical pulp strained in the 
fiber direction, dynamic signals were obtained at energies for different absorption maxima 
characteristic of lignin (see Figure 23). As mentioned earlier, the spectra obtained in the 
90° polarization experiments primarily show changes perpendicular to the straining 
direction i.e. changes occurring in the matrix material. In this 90° polarization direction, 
the mechanical pulp spectra were very different from the dynamic spectra of holocellulose 
(cf. Figures 20 and 23). The mechanical pulp spectra showed a large contribution from the 
viscous (out-of-phase) component of the dynamic spectrum, with a number of signals 
originating in vibrations in the lignin macromolecule (Hergert 1971; Faix 1991). 
 
As was the case of the polysaccharides, the lignin was well below its glass transition 
temperature under these measurement conditions and it ought to be elastic in nature (Back 
and Salmén 1982). However, secondary transitions also occur at lower temperatures in 
lignin (Salmén and Hagen 2001), and these ought to give an increased damping of the 
material. Such secondary transitions could be the reason for the high phase angles of the 
lignin vibrations. Mechanical spectra of spruce pulp fibers have actually been shown to 
exhibit a slightly higher damping in fibers containing more than 10% lignin than in lignin-
free fibers (Kolseth and Ehrnrooth 1986). In lignin, one secondary transition is attributed 
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to the rotation of the methoxyl group (Salmén and Hagen 2001), and most of the intensity 
maxima marked in the out-of-phase spectrum in Figure 23 are related to the methoxyl 
group as different CH or CO vibrations. These results show that the lignin contributes to 
the viscoelastic properties of the fiber as a matrix material capable of moving 
independently of the cellulose fibrils. 
 

3.5 Ultrastructural conclusions from this study 
From these studies, an improved picture of the structural organization of the wood cell 
wall is appearing. Taking into consideration the results of the polarized FT-IR 
measurements showing a highly ordered structure and orientation of all wood polymers, 
the model of the polymer arrangement within the S2 layer of spruce fibers was refined as 
shown in Figure 24. The matrix of hemicelluloses and lignin deposited in the spaces 
between the parallel-aligned cellulose fibrils ought to be considered to be highly oriented 
parallel to the fiber axis. This means that the matrix polymers have different mechanical 
properties parallel to and perpendicular to the fiber axis and that they cannot be considered 
to be isotropic when fiber properties are modeled. Better modeling is important for an 
understanding of property changes during e.g. the mechanical treatments of fibers. 
 
The difference in dynamic behavior found between xylan and glucomannan in spruce 
holocellulose fibers indicates that the two hemicelluloses are organized differently within 
the wood cell wall. The fact that glucomannan is oriented paralleled to the cellulose fibrils 
and is involved in the load transfer in the fiber direction and that the changes in molecular 
orientation are synchronized with those of cellulose indicate a high degree of coupling 
between cellulose and glucomannan. 
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Figure 24. Schematic illustration of the ordered structure of the secondary cell wall of 
spruce tracheids. Between the ordered cellulose fibrils, the lignin-hemicellulose matrix is 
probably highly ordered with the polymers aligned parallel to the fiber axis. 
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4 EFFECTS OF CHEMICAL PROCESSING ON THE ULTRASTRUCTURE 
During chemical pulping the lignin is removed from the wood in order to separate the 
fibers and to make them flexible, which is important for papermaking. The most important 
processes in chemical pulping are the kraft and the sulfite processes. Because of the higher 
pulp quality and better recovery processes, kraft pulping is the dominating process. Both 
these processes affect not only the lignin but also the carbohydrates within the fiber wall. 
 

4.1 Polysaccharide degradation during pulping 
In kraft pulping, the wood chips are exposed to an aqueous solution of sodium hydroxide 
and sodium sulfide at a temperature of about 170 °C. The selectivity of this delignification 
process is rather low and the carbohydrates are degraded by deacetylation, peeling, and 
alkaline hydrolysis. The first two reactions occur in the beginning of the cook (the initial 
delignification phase), whereas the alkaline hydrolysis occurs at temperatures above 150°C 
(bulk delignification phase). The peeling reaction causes mainly degradation of the 
glucomannan, whereas the alkaline hydrolysis is most severe for cellulose because of its 
high degree of polymerization. The glucomannan left in the structure after pulping of 
softwood still contains traces of galactose residues. There is also a considerable loss of 
xylan, the predominant reason being its dissolution into the cooking liquor. The remaining 
xylan in the pulp has a lower uronic acid content than native wood xylan, which could be 
explained by a preferred dissolution of xylan fractions with a high uronic acid content, 
leaving the xylan with a low uronic acid content in the fiber. The remaining pulp xylan 
also contains some arabinose residues (Sjöström 1993). Some of the dissolved xylan is 
resorbed on the fiber surfaces at the end of the cook (Yllner and Enström 1956; Yllner and 
Enström 1957). Modified kraft processes such as the polysulfide and anthraquinone 
processes have been developed in order to enhance the carbohydrate yield. 
 
Sulfite pulping can be carried out under acidic, neutral or alkaline conditions using 
different base cations. Acid sulfite pulping is performed at pH 1-2 and at temperatures of 
125-145 °C. During acid sulfite pulping, the carbohydrate losses are mainly due to acidic 
hydrolysis of the glycosidic linkage. The cellulose is protected from this degradation by its 
ordered structure and only a slight depolymerization of cellulose occurs during sulfite 
pulping. The hemicelluloses also lose some of their substituents; acetyl groups, galactose, 
and arabinose are easily cleaved under normal sulfite pulping conditions. In contrast, the 
uronic acid linkage to the xylan backbone is exceptionally stable toward acid. As in kraft 
pulping, however, xylan fragments containing high amounts of uronic acid groups are 
dissolved during the pulping process (Sjöström 1993). In sulfite pulping, the dissolved 
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hemicellulose fragments do not resorb onto the fiber surfaces (Annergren and Rydholm 
1959). 
 

4.2 Effect on interactions 
 
Since the polysaccharides left after pulping are chemically degraded, it was of interest to 
use dynamic FT-IR spectroscopy to investigate how different pulping processes affect the 
mechanical interaction between cellulose and the hemicelluloses. Figures 25 and 26 show 
dynamic in-phase spectra at 0° and 90° polarization respectively for three different 
chemical softwood pulps together with the corresponding spectrum of a spruce 
holocellulose (paper IV). 
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Figure 25. In-phase dynamic FT-IR spectra at 0° polarization for holocellulose and three 
different chemical softwood pulps. The sheets are strained in the fiber direction. 
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Figure 26. In-phase dynamic FT-IR spectra at 90° polarization for holocellulose and three 
different chemical softwood pulps. The sheets are strained in the fiber direction. 
 
The dynamic FT-IR spectra were surprisingly similar in the fingerprint region for these 
pulps. The dynamic spectra of the different chemical pulps of softwood all contained 
signals almost identical to those for the holocellulose pulp. As in the case of holocellulose, 
only dynamic signals from cellulose were found in the 0° polarization mode (Figure 25). 
At 90° polarization, with the stretching parallel to the fiber direction (Figure 26), dynamic 
signals appeared for both cellulose and glucomannan in all the samples. No dynamic 
signals from xylan were observed. This means that the interactions between glucomannan 
and cellulose that were found in the wood structure remained after the different pulping 
processes, and that the xylan was still unaffected by the strain applied in the fiber 
direction. It can thus be concluded that the cellulose-reinforced composite structure is not 
reorganized to any great extent during the pulping processes, or at least that the load 
transfer in the cell wall under dry conditions is not affected. 
 
The straining of a sheet of fibers perpendicular to the fiber direction results in loading 
conditions different from those which apply when the sheet is strained in the fiber 
direction. In section 2.3.2 “Fiber orientation” (cf. Figure 11) an example was given where 
holocellulose sheets were strained in different fiber directions. Because of the bending and 
shearing of the fibers which occurs in the perpendicular loading mode, the straining of the 
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structure reflects the interactions in the transverse direction of the fibers and the 
interactions in the bonds between fibers. 
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Figure 27. Dynamic in-phase spectra at 0° polarization of a holocellulose (thin black 
line), a high-yield kraft (thick black line) and an acid sulfite pulp (thick gray line). The 
sheets were stretched perpendicular to the fiber direction. 
 
The dynamic spectra of sheets of pulp fibers at 0° polarization are also different when the 
sheets are loaded perpendicular to the fiber direction. This loading mode yields dynamic 
signals from both cellulose and glucomannan in both polarization directions, but in this 
case, some of the pulps also exhibit dynamic signals from the xylan, showing that xylan is 
more important for the interfiber bonding than for the mechanical properties along the 
fiber axis. In Figure 27, it can be seen that for a high-yield kraft pulp, a pulp containing 24 
% hemicellulose, a dynamic response of about the same intensity as that for a 
holocellulose is obtained for the xylan (characteristic absorption energy at 1730 cm-1). In 
the case of the acid sulfite pulp of comparable chemical composition, the dynamic signal 
in the xylan characteristic area was much lower. The reason for this difference in xylan 
response between the two chemical pulps could be differences in the chemical composition 
of the fiber surfaces as a result of the different processing conditions. The measurements 
indicate that xylan plays a larger part in the stress transfer between the fibers in sheets of 
holocellulose or high-yield kraft pulp fibers than in sheets of sulfite pulp fibers. A higher 
xylan content on the surface of the high-yield kraft pulp fibers could be a result of either a 
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better retention of the native xylan-rich surface composition or, as suggested in paper IV, a 
readsorption of dissolved xylan onto the fiber surface. 
 

4.3 Effect on cellulose structure 
The application of dynamic FT-IR spectroscopy to pulp fibers in this study revealed that 
the higher resolution in the dynamic than in the static spectra made it possible to study 
differences in cellulose I allomorph composition. In Figure 28, the dynamic and static FT-
IR spectra of a kraft pulp are compared for two regions where IR spectra were earlier 
shown to be sensitive to the allomorph composition of native celluloses (Marrinan and 
Mann 1956; Sugiyama et al. 1991a). Well characterized celluloses, Cladophora and 
cotton, were used to calibrate the dynamic signals for the relative allomorph composition 
(paper V). 
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Figure 28. Comparison of static and dynamic spectra of a kraft liner pulp. Thick line = 
static spectrum, thin line = dynamic in-phase spectrum 
 
The 700 to 800 cm-1 region of the IR spectrum has been reported to be very sensitive to the 
state of order of polymers with long methylene sequences (Bower and Maddams 1989; 
Zerbi and Zoppo 1999). In the IR spectrum of n-nonadecane, two absorption maxima were 
observed between 740 and 780 cm-1 in the orthorhombic phase (Bower and Maddams 
1989; Zerbi and Zoppo 1999). These two maxima were replaced by a single maximum in 
the α phase and they were not present at all in the melted state. This was concluded as 
meaning that the orthorhombic lattice with two molecules per unit cell disappeared and 
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was replaced in the α phase by a lattice with one molecule per unit cell or by a lattice 
almost without three-dimensional order. 
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Figure 29. Dynamic in-phase spectra of different chemical pulps recorded at 0° 
polarization. The spectra are given for a region sensitive to both polymer crystal structure 
and the allomorph conformation of native cellulose. 
 
Figure 29 presents dynamic FT-IR spectra recorded at 0° polarization for the 700 to 800 
cm-1 region for some different chemical pulps. In the dynamic spectrum of Cladophora 
(not shown here, see paper V) a maximum was observed at 756 cm-1. In this region, the 
characteristic absorption of cellulose Iα is reported (Sugiyama et al. 1991a). Although 
holocellulose and sulfite pulps have been reported to have a higher relative content of 
cellulose Iα than kraft pulps (Maunu et al. 2000; Hult et al. 2002), they do not show any 
dynamic signals in this area. The two softwood kraft pulps studied, however, gave a 
dynamic signal at 764 cm-1. The holocellulose and sulfite pulps showed intensity maxima 
at about 780 cm-1. The differences in the dynamic spectra of the pulps in the 740 to 800 
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cm-1 region (Figure 29) could be a consequence of different inter-chain interactions 
between the fibrils in the different pulps. Differences in the degree of aggregation of the 
cellulose fibrils during pulping (Duchesne and Daniel 2000; Hult et al. 2001; Fahlén and 
Salmén 2003) could be the cause of these different interactions. 
 

Table 1. Estimates of relative content of cellulose Iβ in 
pulps. Numbers in parentheses are the standard 
deviations based on three measurements. 

Pulp sample 
Estimated relative 

content of cellulose Iβ 
(%) 

Dissolving pulp 79 (±2.0) 
Bleached softwood Kraft 49 (±2.8) 
Softwood Kraft liner 50 (±5.7) 
Birch Kraft 54 (±0.9) 
Acid sulfite pulp 41 (±0.9) 
Holocellulose 43 (±0.4) 

 
In the model study, a linear correlation was found between the dynamic IR signal at about 
710 cm-1 and the allomorph composition of the Cladophora – cotton system (paper V). 
This correlation was used together with the corresponding dynamic IR intensities of the 
pulps in Figure 29 to estimate the relative cellulose Iα/Iβ composition. The results are listed 
in Table 1. The birch kraft pulp had a higher content of cellulose Iβ than the two 
corresponding softwood kraft pulps studied. This is probably related to the fact that birch 
wood is richer in the cellulose Iβ form, while softwoods are richer in the cellulose Iα form 
(Newman 1994). The holocellulose and the acid sulfite pulp have the lowest proportions of 
cellulose Iβ, whereas the dissolving pulp has the highest proportion. The higher proportion 
of cellulose Iβ in chemical pulps than in holocellulose has also been demonstrated by NMR 
spectroscopy (Hult et al. 2000; Maunu et al. 2000). The reason for the change in 
allomorphic composition is that the monoclinic cellulose Iß form is more 
thermodynamically stable, and a conversion from the triclinic cellulose Iα to the 
monoclinic cellulose Iß therefore occurs at the high temperature and high alkalinity of the 
kraft process. The acid sulfite pulping process does not appear to affect the allomorphic 
conversion in the same way, as also revealed by NMR (Hult et al. 2002). The reason for 
this could be that this transformation is affected both by the temperature and by the 
medium, an alkaline medium being favorable for the transformation (Debzi et al. 1991). 
Another factor worth considering is the structural hindrance to transformation that the 
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lignin may provide during pulping. In acid sulfite pulping, the lignin is in a rather 
unswollen state and consequently softens less than in the alkaline kraft process (Back and 
Salmén 1982). This may reduce the diffusion rates in the fiber wall and it may also reduce 
the potential for cellulose to structurally rearrange. 
 
Recent results 
In later experiments, using a higher digital resolution when recording the dynamic spectra 
of a birch kraft pulp, the result of Figure 30 was obtained in the region where the 
characteristic absorption of the two cellulose I allomorphs was studied. This result 
revealed that two unresolved intensity maxima were hidden under the “710 cm-1 peak”. 
This, of course, makes the quantification using the intensity at 714 cm-1 somewhat 
doubtful. This result is nevertheless a promising indication of the value of using dynamic 
FT-IR spectroscopy for the detection of different crystal structures in the cellulose after 
pulping. 
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Figure 30. In-phase dynamic spectrum of a birch kraft pulp at 0° polarization. 
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5 EFFECT OF MOISTURE 

5.1 Property changes 
 
The polymers within the wood cell wall are all hygroscopic, so that water acts as a 
plasticizer for these wood polymers. This means that the mechanical properties are greatly 
affected by moisture and heat. In order to study such effects with dynamic FT-IR 
spectroscopy, a specially designed polymer modulator mounted inside a humidity chamber 
was constructed to enable the mechanical behavior of the polymers to be examined under 
humid conditions (paper VI). Conditions of 40°C and 90% relative humidity (RH) were 
used. Under these conditions, the hemicelluloses are reported to be softened (Cousins 
1978; Olsson and Salmén 1997), whereas the cellulose and lignin are still in their glassy 
state (Back and Salmén 1982). 
 
The elastic modulus of a polymer is lowered when the temperature is increased and also, in 
the case of hygroscopic polymers, when the moisture content is increased. At the same 
time, the properties of the polymer change from a glassy state through different 
intermediate states and, far above the glass transition temperature, the material is in its 
viscous state. One way of determining the glass transition temperature is to measure the 
elastic modulus at different temperatures. It is also possible to measure the phase loss of 
the material compared to an applied dynamic strain, which is at a maximum at the glass 
transition and also at other secondary (ß) transitions. This phase loss angle is, as described 
earlier, represented by the out-of phase part of the dynamic FT-IR spectrum. 
 
As already reported, the 0° dynamic FT-IR spectrum shows mainly responses from the 
cellulose. No great impact of the humid conditions on the spectrum was observed for any 
of the studied pulps. As an example, the spectra of holocellulose at 0° polarization 
obtained in dry and humid climates are shown in Figure 31. 
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Figure 31. Dynamic FT-IR spectra of spruce holocellulose recorded at 0° polarization, 
thin line = in-phase spectrum (elastic response) and thick line = out-of-phase spectrum 
(viscous response). The upper spectra are recorded at 25°C, 0 %RH and the lower spectra 
are recorded at 40°C, 90 %RH. 
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Figure 32. Dynamic FT-IR spectra of spruce holocellulose recorded at 90° polarization, 
thin line = in-phase spectrum (elastic response) and thick line = out-of-phase spectrum 
(viscous response). The upper spectra are recorded at 25°C, 0 %RH and the lower spectra 
are recorded at 40°C, 90 %RH. 
 
In Figures 32, 33 and 34, dynamic FT-IR spectra at 90° polarization are shown for fiber 
sheets strained in the fiber direction under dry and humid conditions for a spruce 
holocellulose, an unbleached birch kraft pulp and an unbleached chemithermomechanical 
pulp (CTMP). In this polarization direction responses from the matrix material are 
expected, and a softening of the polymers within the fiber cell wall ought to be evident as 
spectral changes using this technique which is sensitive to variations in time-dependent 
behavior. The dynamic FT-IR result for the holocellulose in Figure 32 reveals a slightly 
higher viscous response (higher out-of-phase signals) under humid conditions both at the 
wavenumbers 810 and 870 cm-1, representing characteristic glucomannan vibrations, and 
also in the region between 1040 and 1080 cm-1. In the latter region characteristic 
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absorption maxima have been reported for galactose, the side-group of glucomannan 
(Wilson et al. 2000; Bjarnestad 2002). This increase in the viscous response indicates that 
glucomannan is close to one of its transition points with a high damping, probably the 
softening point. No change in the time-dependent behavior was observed for the 
holocellulose at the characteristic absorption maxima of xylan at 1735 and 1600 cm-1. 
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Figure 33. Dynamic FT-IR spectra of a birch kraft pulp recorded at 90° polarization, thin 
line = in-phase spectrum (elastic response) and thick line = out-of-phase spectrum 
(viscous response). The upper spectra are recorded at 25°C, 0 %RH and the lower spectra 
are recorded at 40°C, 90 %RH. 
 
In the dynamic spectra recorded under humid conditions a broad elastic signal with a 
maximum at 1630 cm-1 was also observed whenr measurements were made on the birch 
kraft pulp (Figure 33) and on the CTMP (Figure 34). In this region both adsorbed water 
(slightly higher energy) (Kalutskaya and Gusev 1981) and the carboxylate ion of xylan 
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(slightly lower energy) (Marchessault 1962) have a high absorptivity. This dynamic signal 
could thus reflect either the change in water content of the sample during straining (Kubát 
and Nyborg 1962; Olsson and Salmén 2001) or a change in physical state of the xylan. 
Since extracted xylans have been shown to be softened under the experimental conditions 
used (Cousins 1978; Olsson and Salmén 2003), a change in the physical state of xylan is 
most probable. An increase of the viscous component is expected in the case of a softened 
polymer but since the vibration related to this characteristic absorption maximum of xylan 
originates in a side group, the behavior could be different. 
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Figure 34. Dynamic FT-IR spectra of a lignin-rich chemimechanical pulp recorded at 90° 
polarization, thin line = in-phase spectrum (elastic response) and thick line = out-of-phase 
spectrum (viscous response). The upper spectra are recorded at 25°C, 0 %RH and the 
lower spectra are recorded at 40°C, 90 %RH. 
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The lignin-rich CTMP showed a viscous response already in the dry state, as was shown 
earlier for a thermomechanical pulp. This response, which probably originates in 
secondary (ß) transitions, is not greatly increased by the introduction of moisture since 
water has only a small plasticizing effect on lignin. The main transition of the lignin still 
occurs at much higher temperatures, even at this high humidity. 
 

5.2 Effect on IR spectrum 
Solid state NMR spectra of cellulose are normally recorded under humid conditions to 
enhance the resolution (Hult 2001). During the wetting, drying stresses in cellulose are 
relieved. In FT-IR spectroscopy, dry conditions are often chosen because the strong IR 
absorption of water often overlaps with the IR spectrum of the substance being 
investigated. However, the dynamic IR spectra here obtained under moist conditions 
indicate a better resolution than the spectra obtained under dry conditions (Figure 35). In 
the spectrum recorded undert humid conditions on holocellulose, a dynamic signal occurs 
at the energy of 750 cm-1, characteristic of a cellulose Iα, vibration. This was absent in the 
spectrum measured under dry conditions. The low intensity throughput of the IR beam 
using the moisture chamber in combination with fluctuations in moisture content still 
require improvement to give a better signal-to-noise ratio. 
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Figure 35. Comparison of dynamic in-phase spectra of spruce holocellulose recorded 
under dry conditions and at 90 %RH. Thin line = 90 %RH, thick line = 0 %RH. The 
spectra are recorded with the same digital resolution. 
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6 CONCLUSIONS AND FUTURE ASPECTS 
The dynamic FT-IR spectroscopy technique in combination with the use of polarized IR 
radiation has in this work been shown to be a useful tool for obtaining information 
regarding the ultrastructure of the wood cell wall and how this structure changes during 
different pulping processes. The ability to enhance the resolution of IR spectra by applying 
a mechanical strain to the sample was here utilized together with information on wood 
polymer interactions and rheology achieved from the dynamic spectra to derive a better 
picture of the cell wall. Although the method was found to have several drawbacks, such 
as a sensitivity to sample parameters (thickness, surface gloss, strength etc), a sensitivity to 
changes in the environment during measurement, and difficulties in the interpretation of 
the dynamic spectra obtained, the following ultrastructural information was obtained in 
this work: 
 

• The importance of the C-O-C bridge between the glucose units and the 
intramolecular O3-H...O5´ hydrogen bond in the stress transfer within the 
cellulose chain was experimentally shown using dynamic FT-IR spectroscopy, 
which verified earlier molecular calculations. 

 
• The picture of the organization of the wood polymers within the cell wall has 

been improved, with a more highly ordered matrix of lignin and hemicelluloses 
than has earlier been revealed. The glucomannan was confirmed to be oriented 
parallel to the cellulose fibrils and it was shown to be highly coupled to it, 
whereas an orientation of the xylan was indicated although its directionality could 
not be establish. The cell-wall lignin was also shown to have a main orientation in 
the structure although it was probably not as strong as that of the glucomannan. 
This orientation may be due the fact that the polysaccharides act as templates 
during the lignification of the cell wall. This organization implies that not only the 
cellulose but also the lignin and the hemicelluloses have different mechanical 
properties in the parallel and cross-fiber directions. 

 
• The different mechanical responses of the two softwood hemicelluloses, xylan 

and glucomannan, when loaded in the native state inside the fiber cell wall, have 
been shown under both dry and humid conditions. This indicates a different 
organization of the two hemicelluloses inside the cell wall. The glucomannan is 
probably more closely associated with the cellulose participating in the load-
transfer in the fiber direction, while the xylan seems to be more loosely arranged. 
This basic arrangement was found to be unaffected by pulping. 
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• The lignin was shown to exhibit a more viscoelastic response than the 

polysaccharides during the loading of pulp fibers. It was therefore concluded that 
the lignin was able to move independently of the cellulose during straining of the 
fiber wall and could thus be arranged in the cell wall in such a way that its 
movements are not restricted. 

 
• The enhanced spectral resolution was shown to improve the ability to study 

crystal structure and chain order of cellulose in pulp fibers. The possibility of 
following changes in the relative cellulose I allomorph composition of pulp fibers 
was demonstrated. 

 
• The ability to perform dynamic FT-IR experiments under humid conditions and 

elevated temperatures was also demonstrated. This may be a promising tool both 
for obtaining viscoelastic information on composite system such as wood fibers 
and for achieving an enhanced resolution of complex IR spectra. 

 
The work presented in this thesis is the first application of dynamic FT-IR spectroscopy to 
pulp fiber samples. Although important information regarding the polymer interactions 
inside the fiber wall was obtained, the technique can still be further explored in this area. If 
the new spectral features found in the dynamic spectra between 700 and 800 cm-1 were 
assigned, the technique would contribute to the understanding of changes in the 
supermolecular structure of cellulose occurring during pulping. The ability to measure the 
elastic modulus of samples and to record dynamic spectra simultaneously is also an area to 
explore further. To follow the changes occurring in different climates would be a way of 
developing an understanding of wood polymer rheology at the molecular level inside its 
native structure. 
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