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Abstract

Carbon-13 high-resolution solid-state NMR techniques have been invaluable in elucidating the structure of regenerated cellulosic materials.
Studies of a range of fibres have shown systematic changes in chemical shifts, which can be related to the influences of physical processing or
chemical modification. A constrained curve fitting method has been applied, where the C4 spectral envelope is represented as the sum of
contributions from polymer in ordered, partially-ordered and disordered environments, associated with differing conformational arrangements
of the cellulose hydroxymethyl and glycocidic bonds. The empirical gamma-gauche effect seems likely to provide the best rationalization for the
relationship between C4 shifts and conformational order, taking into account the increased range of bond angles in disordered environments.
The quantification of proportions of polymer units within different conformational groupings will provide new insights into the development
of supramolecular texture. This will allow better appreciation of the relationships between fibre processing and ultimate fibre performance.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Cellulose is processed on a large industrial scale in the
manufacture of fibres, films and other structural products.
This often involves solubilisation or chemical derivatisation,
which may cause the complete disruption of the native semi-
crystalline morphology and the recombination of polymer
chains into a new regenerated morphology. Dissolution and re-
generation typically result in the formation of crystals of the
cellulose II allomorph, as opposed to the original native cel-
lulose I form. In addition, the supramolecular structure maybe
entirely different from that of the raw material, potentially
with crystalline domains interspersed within regions of
disorder. Disorder may also exist as crystalline defects or
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imperfections at crystallite surfaces, with the details of the
morphology depending to a great extent on processing condi-
tions. In turn, the adjustment of processing environment will
have an impact on the resulting properties and performance
of the formed material, especially on its mechanical properties
and response to moisture. The study of supramolecular struc-
ture is therefore of great commercial interest, having a direct
bearing on the development of new regenerated products and
the control of consistency and quality of existing products,
including fibres, films, tapes, sponges and powders.

Carbon-13 high-resolution solid-state NMR techniques have
been invaluable in elucidating the structure of cellulosic mate-
rials [1,2]. Considerable detail has been gathered concerning
the various crystalline polymorphic forms present in both nat-
ural and regenerated products, based on the assignment of
chemical shifts of different carbon sites [3,4]. The quantitative
analysis of cellulose Carbon-13 spectra is used routinely for
determining the fractional crystalline content of cellulosic
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samples, complementing data from wide-angle X-ray diffrac-
tion techniques [5e7]. In addition, spectral editing on the basis
of molecular dynamics has revealed much more detail about
the semi-crystalline morphology of both natural and regener-
ated cellulose materials [8,9]. Such techniques have high-
lighted differences between surface and internal crystalline
order [10].

Much of the detail in the chemical shift spectrum is associ-
ated with the cellulose C4 envelope, which is especially sensi-
tive to the extent of stereochemical order and the range of
conformational environments of the repeat unit [10,11]. Sig-
nificant differences in C4 chemical shifts have been found
for the non-crystalline regions of natural and regenerated sour-
ces of cellulose, believed to be related to the C4eC5eC6eO6
rotameric state [10]. This has been interpreted on the basis of
the semi-empirical gamma-gauche or related effects, which
also provide an explanation for the chemical shifts of other
natural and synthetic polymers [12e14]. At present this seems
the most hopeful approach for rationalizing the breadth of the
C4 envelope, although other influences due to stereochemistry
of hydrogen bonding should not be completely ruled out. A
fuller appreciation of the origins of C4 chemical shifts will
be of immense value in the characterization of regenerated cel-
lulose phase structure, with the prospect of establishing more
meaningful values for total crystallinity. In addition, the sub-
division of the intensities within the C4 envelope may provide
more quantitative information about types of disorder, allow-
ing a more complete picture to be developed of the phase
structure of regenerated cellulosic materials.

This study has concentrated on the investigation of the
Carbon-13 spectral features of two contrasting regenerated
cellulosic fibre types: low-crystallinity viscose fibre (from
the xanthate process) and higher crystallinity lyocell fibre
(from the N-methylmorpholine-N-oxide process). Fibre sam-
ples have been subjected to various chemical and physical
post-treatments, with special attention given to the interpreta-
tion of the resulting changes to the C4 envelope. In addition,
spectra have been obtained of a wider selection of regenerated
cellulosic fibre types, including those from other manufactur-
ing routes. This has allowed the mapping of chemical shift be-
haviour to be extended to cover the limits of morphologies
achievable by commercial processing. Proton H-T1r relaxation
time editing has been performed on selected samples and an
examination has been carried out of the influence of hydration
and dehydration treatments on spectral features and molecular
dynamics.

2. Experimental

Samples of lyocell and viscose fibres were provided by
Lenzing AG. These were 1.3 dtex staple products, both from
regular commercial supplies. An extended set of cellulosic
fibre types was also made available, also courtesy of Lenzing
AG. These were, fortisan (high modulus fibre made via sapon-
ification of cellulose acetate), cupro (fibrillar fibre made via
cuprammonium hydroxide complex solution method), modal
(high wet modulus fibre made via xanthate route), polynosic
(fibrillar, high orientation fibre made via xanthate route), and
tire cord (high modulus, high strength fibre made via xanthate
route).

NMR measurements were carried out using a Bruker
AVANCE instrument at 75 MHz carbon frequency. A Bruker
double-air-bearing Magic Angle Spinning (MAS) probe was
employed for all work, operating with 7 mm external diameter
sample rotors, with sample spinning at 4 kHz. A ramped
contact-power cross-polarisation (CP) pulse sequence was ap-
plied [15], with a total of 1 ms contact time. A proton B1 field
of approximately 45 kHz was set for both the CP step and
high-power proton decoupling, with a 3 s T1 relaxation delay
between each pulse cycle. A delayed contact CP sequence
was also employed for measurement of selected samples
[16], to examine the relaxation of magnetization in the B1
field. Proton rotating frame relaxation time constants (H-T1r)
were determined by exponential fitting of the C4 peak intensi-
ties, delineated between fixed chemical shifts, against the
incremented contact time delay. Data from approximately
1000 pulse cycles were accumulated for each CPMAS mea-
surement and 600 cycles for each delayed contact increment.
All spectra were processed with 20 Hz exponential line-broad-
ening. Chemical shift referencing was performed using an
external adamantane standard, with the CH (high-field) peak
set at 29.50 ppm.

Lyocell and viscose fibres were examined in the as-received
dry-state, then in the wetted state with 20e35% added water,
and then re-dried at ambient temperature back to levels of nat-
ural moisture content (at approximately 40% RH). Samples
from the wider group of cellulosic fibres were measured in
the dry-state without additional preparation.

A portion of the lyocell fibre was subjected to high-energy
mechanical degradation using a metal ball-mill. CPMAS spec-
tra were acquired after 20 and 60 min milling times, although
measurements after longer times were not possible due to
metallic contamination and the detrimental effect on spectral
resolution. A further lyocell sample was treated with sodium
monochloroacetate (SMCA) under strong alkaline swelling
conditions. The treatment solution was made up with 10%
by weight NaOH and 20% SMCA in water, held at room tem-
perature. A portion of fibre was immersed in the solution for
2 min, which was then squeezed between two pad-rollers to
a liquor content of approximately 120% of initial fibre weight.
The padded sample was incubated in a sealed polyethylene
bag at 70 �C for 20 min, and was then rinsed thoroughly in
a 50/50 mixture of isopropyl alcohol (IPA) and water. Final
rinsing was carried out using 100% IPA which was allowed
to evaporate under ambient conditions overnight. CPMAS
and delayed contact measurements were performed on the car-
boxymethylated product (CM-lyocell). From the CPMAS
spectrum it was possible to determine the peak area of the car-
boxymethyl carbonyl group. An overall detection efficiency of
this peak of 65% compared to the cellulose C1 integral was
assumed [17], from which it was possible to confirm the
degree of substitution (DS) of the derivatised product.

Further samples of viscose and lyocell were subjected to
acid hydrolysis. Portions of fibre were immersed in excess
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1 M sulphuric acid and then incubated in covered beakers in
a water bath at 95 �C for 5 h. The powdered microcrystalline
products (MC-lyocell and MC-viscose) were filtered, washed
and then neutralized in a pH buffer before final rinsing in dis-
tilled water followed by drying in a laboratory oven at 80 �C.

3. Results

The full-scale Carbon-13 CPMAS spectra of viscose and
lyocell are shown in Fig. 1. The C4 region between 91 and
82 ppm provides most detail concerning the material phase
texture, comprising a series of overlapped peaks, as illustrated
in Fig. 2. The assignment of shifts associated with C4 crystal-
line sites is well documented, with the two convoluted peaks
referenced at 89.4 and 88.3 ppm believed to be due to two
non-equivalent crystallographic positions within the cellulose
II unit cell [18]. The intensity to higher field is from cellulose
molecular conformations where full crystalline uniformity has
been lost [19,20]. This non-crystalline feature extends from
approximately 90 to below 80 ppm, overlapping the crystal
peaks and the larger neighbouring C2,3,5 envelope. As can
be seen in Fig. 2, the appearance of the non-crystalline inten-
sity is dependent on material processing, with ball-milling
increasing the contribution of this feature in the spectrum of
lyocell, and shifting the apparent maximum from 85.3 to
84.2 ppm. The sensitivity of the non-crystalline feature with
respect to sample history is also clear in Fig. 3, where the
C4 regions for the series of cellulosic fibre types are overlaid,
with intensities normalized to the 89.5 ppm crystalline peak.
Superficially, the non-crystalline feature shifts to higher field
as its relative intensity grows, suggesting a relationship be-
tween the amount and the averaged environment of the disor-
dered polymer, which in turn depends on the source of the
regenerated fibre [10]. Fig. 1 also shows that the relative inten-
sity of the non-crystalline feature is higher in viscose than in
lyocell, and at lower chemical shift in viscose. The trends
for all samples are summarised in Table 1.

Fig. 1. Full-scale Carbon-13 CPMAS spectra of regenerated cellulosic fibres:

upper¼ lyocell, lower¼ viscose.
The preparation of the CM-lyocell product was via the
swollen alkali-cellulose intermediate, where the pH was suffi-
ciently high for all cellulose hydroxyl groups to be fully de-
protonated. In this state the sodium counterions are believed
to permeate the entire structure, with the 110 planes separated
at a greater distance than in the cellulose II crystalline solid
[21]. The SMCA reagent was therefore assumed to be fully ac-
cessible to both crystalline and non-crystalline regions, allow-
ing reaction on a statistical basis along each polymer chain.
The target DS of 0.15e0.2 was designed to introduce suffi-
cient numbers of functional groups to inhibit the reformation
of cellulose II crystals after washing and drying, but without
introducing a significant proportion of new chemical shifts
from derivatised 2, 3, or 6 carbons. The CM-lyocell spectrum
should therefore represent that of a physically modified mate-
rial with little or no crystallinity and with no fixed

Fig. 2. Expansion of C4 region of Carbon-13 CPMAS spectrum of lyocell fi-

bre: (a) dry as-received, (b) ball-milled for 20 min, (c) ball-milled for 60 min.

Fig. 3. Expansion of C4 region of Carbon-13 CPMAS spectra of a series

of regenerated cellulosic fibres: a¼ tire cord, b¼ polynosic, c¼ viscose,

d¼modal, e¼ cupro, f¼ lyocell, g¼ fortisan.
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Table 1

Experimental and fitted features of the CPMAS Carbon-13 C4 spectral region of regenerated cellulosic fibre materials

Fibre sample Non-crystalline

feature apparent

shift maximum

(ppm)

Fitted crystalline-ordered

intensity (%);

d¼ 89.5þ 88.3 ppm,

FWHH¼ 125 Hz

Fitted partially-ordered

intensity (%);

d¼ 86.8 ppm,

FWHH¼ 315 Hz

Fitted fully-disordered

intensity (%);

d¼ 83.2 ppm,

FWHH¼ 490 Hza

Partially-ordered to

crystalline-ordered

intensity ratio

Fortisan 85.5 32.9 25.2 41.9 0.77

Lyocell 85.3 16.7 26.1 57.1 1.56

Cupro 84.6 13.8 18.0 68.2 1.30

Modal 84.3 13.4 16.1 70.5 1.21

Viscose 83.8 13.3 12.9 73.7 0.97

Polynosic 83.8 8.9 12.2 78.8 1.37

Tire cord 83.6 8.7 8.1 83.2 0.93

Ball-milled lyocell (20 min) 84.5 15.2 18.0 66.8 1.18

Ball-milled lyocell (60 min) 84.2 14.4 16.9 68.7 1.17

Carboxymethylated lyocell 84.0 2.7 8.8 88.4 (83.5 ppm) 3.26

Wetted and re-dried lyocell 85.3 20.2 27.9 51.9 1.38

Wetted and re-dried viscose 83.5 12.7 13.7 73.6 1.08

Microcrystalline lyocell 85.5 42.0 31.4 26.6 0.75

Microcrystalline viscose 85.0 36.9 22.3 40.8 0.60

a Neighbouring C2,3,5 peak parameters are: d¼ 75.5 ppm, FWHH¼ 375 Hz.
conformations of the C4eO1eC1 glycocidic linkages (f and
j angles by convention). The expansion of the C4 region of
the CM-lyocell product is shown in Fig. 4, superimposed
over the same spectral region of the original fibre. This con-
firms the almost total absence of crystalline peaks and the
dominance of a broad peak centred around 84 ppm, which ac-
cording to the conformational definition is now assigned to
fully-disordered polymer. This broad peak is very similar to
that which becomes dominant at lowest crystalline intensities
in the fibre series in Fig. 3, seen at a slightly lower chemical
shift at 83.6 ppm.

Acid hydrolysis is known to occur preferentially in the
non-crystalline accessible polymer regions in cellulosic mate-
rials, randomly breaking glycocidic linkages and allowing the
dissolution of low molecular weight fragments [22]. This is

Fig. 4. Expansion of C4 region of Carbon-13 CPMAS spectrum of: (a) original

lyocell fibre and (b) carboxymethylated lyocell fibre with DS of approximately

0.2 (CM-lyocell).
accompanied by the recrystallisation of material at crystallite
surfaces, causing an apparent increase in crystal size and per-
fection [23]. A comparison of the C4 region before and after
hydrolysis is shown for lyocell in Fig. 5, and for viscose in
Fig. 6, with spectra obtained using standard CPMAS acquisi-
tion conditions. After hydrolysis the crystalline peaks of both
fibres, at 89.4 and 88.3 ppm, become slightly more resolved
with increased intensity. This is accompanied by a significant
reduction in intensity of the C4 non-crystalline features to
higher field, at around 84 ppm. The changes are consistent
with the expected conversion brought about by hydrolysis,
with a high proportion of the accessible polymer either solubi-
lised or recrystallised as a result of reaction in the acid solu-
tion. Residual intensity at non-crystalline shift positions is
therefore probably associated with polymer sites that are either

Fig. 5. Expansion of C4 region of Carbon-13 CPMAS spectrum of: (a) original

lyocell fibre and (b) lyocell fibre hydrolysed with 1 M sulphuric acid for 5 h at

95 �C (MC-lyocell).
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unreactive or inaccessible towards the acid, most likely at crys-
tal interfaces or internal crystal defects [22]. Fig. 5 shows that
the intensity of the residual feature in the MC-lyocell spectrum
is weighted at around 85 ppm, which is higher than the shifts
identified with environments having full conformational disor-
der. This distinct chemical shift region has therefore been as-
signed to polymer environments with partial conformational
order, with the cellulose glycocidic linkages maintaining the
same conformations as the crystal environments, but with the
C5eC6 bond exhibiting rotameric freedom [9]. The shoulder
at 85 ppm in the MC-lyocell spectrum matches the position
of the larger non-crystalline feature in the initial lyocell spec-
trum, suggesting that the original lyocell fibre may have popu-
lation of polymer sites of partial order, and therefore possibly
a high proportion of crystal interfaces. The spectrum of MC-
viscose, in Fig. 6, also shows residual non-crystalline intensity
at a position above 84 ppm, again probably due to crystal de-
fects or interfaces. Here, there is a difference in shift compared
to the non-crystalline feature in the original fibre at 83.6 ppm,
suggesting that the initial viscose fibre, in contrast to lyocell,
contains a lower proportion of partially-ordered polymer
within interfacial environments.

Wetting treatments are known to modify the Carbon-13
spectral features of cellulosic materials [24], as water induced
plasticization causes a readjustment of polymer bond confor-
mations. Water is not believed to access crystalline interiors
so the shifts for cellulose II at 89.5 and 88.3 ppm are not ex-
pected to change. Fig. 7 shows the action of wetting on lyocell,
where only the non-crystalline C4 shifts are affected, as the
amount of added water exceeds 30% of total weight. This level
of saturation is presumably required to induce effective con-
formational freedom of the C5eC6 bond and also the C4e
O1eC1 bonds, which may be possible at the accessible
crystalewater interfaces. The non-crystalline peak appears to
resolve into two sharper features, at 87 and 85.2 ppm, as

Fig. 6. Expansion of C4 region of Carbon-13 CPMAS spectrum of: (a) original

viscose fibre and (b) viscose fibre hydrolysed with 1 M sulphuric acid for 5 h

at 95 �C (MC-viscose).
observed for other regenerated cellulosic fibres [11,24]. For
lyocell the spectrum of the wetted fibre also reveals a sharpen-
ing of the crystalline features, which maybe a manifestation of
plasticization induced crystallisation. Disordered interfacial
and defect sites apparently gain sufficient backbone conforma-
tional freedom for crystals to achieve more extended perfec-
tion. The spectrum of re-dried lyocell fibre shows that after
removal of water the intensity is retained at the crystalline shift
positions at 89.5 and 88.3 ppm, which appears to be at the
expense of intensity below 85 ppm. The high proportion of in-
terfacial disordered polymer environments makes lyocell espe-
cially sensitive to recrystallisation under these wet treatment
conditions, which is apparently not reversible.

Some evidence of wetting induced plasticization is also seen
for viscose fibre. A slight shift of intensity from non-crystalline
to crystalline positions is apparent, in Fig. 8, although this is not
as dramatic as seen with lyocell. Viscose contains higher
amount of disordered material than lyocell, as evidenced by the
shift at 83.6 ppm, which may not be associated with crystal
interfaces. Recrystallisation is therefore not as efficient. In
addition, re-drying appears to reverse the intensity changes,
suggesting that the removal of water allows bond conformations
to freeze again into a more randomized distribution.

Changes in spectral intensities on wetting could also be due
to the effect of molecular dynamics on the CPMAS experi-
ment. Proton H-T1r relaxation times can provide information
about local molecular dynamics and also sample spatial het-
erogeneity through the influence of proton spin-diffusion.
The CPMAS intensities of the main carbon chemical shifts
were each fitted to a single exponential function, with data
recorded for wet and dry viscose and lyocell fibres, dry ball-
milled lyocell and CM-lyocell, as summarised in Table 2. In-
tegration of the C4 crystalline intensity was from 90 to 87 ppm
and the C4 non-crystalline intensity from 86 to 82 ppm. For
each sample the H-T1r time constants at all carbon sites are

Fig. 7. The effect of wetting and re-drying on the Carbon-13 C4 shifts of lyo-

cell fibre, via CPMAS acquisition: (a) initial dried fibre, (b) fibre with 20%

added water by weight, (c) fibre with 30% added water, (d) fibre re-dried at

ambient temperature.
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similar, indicating the presence of spin-diffusion averaging.
However, differences between relaxation times for C4 crystal-
line and non-crystalline shifts are observed for all samples,
which suggest the existence of separate morphological do-
mains [1]. Multi-exponential behaviour might therefore be ex-
pected at the other carbon sites, where shifts from crystalline
and non-crystalline domains are superimposed, although this
cannot be resolved with the limited numbers of time incre-
ments used for these experiments. Diffusional averaging is
complete over distances less than 2e3 nm so the partial
averaging of C4 relaxation is consistent with the existence
of crystalline domains slightly larger than this scale [25].
The CM-lyocell sample, which has almost full conformational
disorder, exhibits H-T1r relaxation times of only 3 ms compared
to 7 ms for the original fibre. This lower value may represent
the intrinsic character of a fully-disordered phase within a
semi-crystalline two-phase texture, in the absence of spin-
diffusion averaging. However, the steric disruption caused by
the carboxylate groups could possibly lead to an enhanced

Table 2

Proton rotating frame relaxation times for main Carbon-13 peaks of different

cellulosic fibre materials

Sample H-T1r (ms)

C1 C4

(90e87 ppm)

C4

(86e82 ppm)

C2,3,5 C6

(90e87 ppm)

As-received viscose 6.1 6.7 5.6 5.9 6.0

Viscoseþ 30% water 8.1 9.1 7.2 7.8 7.8

As-received lyocell 7.3 8.1 6.3 6.8 6.8

Lyocellþ 20% water 9.5 10.4 8.4 8.9 8.8

Lyocellþ 30% water 11.2 12.1 9.8 10.9 10.1

Lyocell after 60 min

ball-milling

6.5 7.1 5.7 6.2 6.3

Carboxymethylated

lyocell

3.1 e 2.9 3.1 3.1

Fig. 8. The effect of wetting and re-drying on the Carbon-13 C4 shifts of vis-

cose fibre, via CPMAS acquisition: (a) initial dried fibre, (b) fibre with 30%

added water by weight, (c) fibre re-dried at ambient temperature.
plasticising action, lowering the H-T1r relaxation times further
than experienced by a non-derivatised polymer.

From Table 2, it is seen that viscose has slightly lower H-
T1r relaxation times than lyocell, which is consistent with
the lower crystalline content of the fibre. If the intrinsic crys-
talline and non-crystalline relaxation times are assumed to be
constant, then from simple statistics the existence of spin-dif-
fusion would lead to a lower weighted values measured at both
shift positions. The action of ball-milling also appears to cause
a reduction of H-T1r relaxation times for lyocell, which is con-
sistent with the observed reduction in crystalline content due
to mechanical action, again leading to a lowering of the pop-
ulation weighted averages.

The action of wetting brings about a small but consistent
lengthening of all proton H-T1r relaxation times, shown in
Table 2, for both crystalline and non-crystalline C4 shift
positions. This is seen for both viscose and lyocell, from the
lyocell data the increase appears to correlate with the amount
of added water. The action of water is not believed to seriously
disturb the efficiency of the CPMAS experiment, with previ-
ous studies of Carbon-13 T1 relaxation suggesting that the
polymer carbons and directly attached protons still have
solid-like properties, as required for polarisation transfer [8].
Relaxation of magnetization in the rotating frame requires mo-
tional processes at the B1 frequency, with softening by plasti-
cization or decrystallisation increasing relaxation efficiency
and reducing H-T1r times. This is the effect seen after ball-
milling or chemical derivatisation. Conversely, the rising H-
T1r times suggests a reduction in relaxation efficiency, which
maybe due to the motional decoupling of cellulose hydroxyl
groups by fast exchange with added water. This would there-
fore reduce the total number of protons available as a relaxa-
tion sink.

Additional delayed contact CPMAS measurements were
carried out on wetted viscose using either a 0 or 8 ms H-T1r re-
laxation delay, for spectral editing purposes. Slower relaxing
polymer material is relatively enhanced at longer delay times,
which is displayed in the absence of faster relaxing polymer
after subtraction, as shown in Fig. 9. Crystalline peaks are
seen at 89.5 and 88.3 ppm in the difference spectrum of vis-
cose, with disordered intensity at 84 ppm almost absent. Resid-
ual intensity in the difference spectrum at around 85e87 ppm
is consistent with the shift position of polymer sites with partial
conformational order, assigned in the spectra of the hydrolysed
samples. These environments must have rigid character, which
supports the interpretation that they are associated with crystal
defects or interfaces, but do not have full crystalline registra-
tion. Viscose is expected to have a low intensity from partially-
ordered polymer, given the low overall crystallinity of this
fibre. The proportion of partially-ordered intensity relative
to crystalline intensity may provide information concerning
crystal size and perfection, as will be discussed.

4. Discussion

The range of chemical shifts associated with the C4
region of regenerated cellulosic materials suggests a quite
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complicated phase texture, consisting of polymer in a spread
of conformational environments. Some of these environments
have been assigned with a high degree of confidence, particu-
larly those relating to full crystalline order. Both acid hydroly-
sis and H-T1r editing techniques lead to enhanced intensity at
recognized peak positions [9,18] with shifts referenced in this
work at 89.5 and 88.3 ppm, as illustrated for lyocell in Fig. 2.

The assignment of C4 features due to conformationally dis-
ordered polymer can also be performed with some confidence.
The effect of ball-milling, or chemical randomisation, or var-
iation in fibre manufacturing all lead to the enhancement of
a broad peak centred at around 83e84 ppm, as illustrated in
Fig. 3. This polymer material represents a state where a range
of conformations are present, rather than the fixed conforma-
tions demanded by crystalline order. The hydroxymethyl
C5eC6 bonds (c angle) and the glycocidic C1eO1eC4 bonds
(f and j angles) are all expected to be variable.

Intensity at intermediate C4 shift positions represents poly-
mer with partial conformational order (or disorder). From the
spectra of the hydrolysed fibres it is reasonable to assign
a large proportion of residual non-crystalline intensity to
material at crystal interfaces, as in Fig. 5, where the pendant
cellulose hydroxymethyl group has additional freedom. Such
characteristic C4 shifts are therefore probably a result of var-
iations of only the C5eC6 bond conformations with the C1e
O1eC4 bonds retaining crystalline conformational positions
[10,26,27]. This interfacial contribution is prevalent in lyocell,
reflecting the fibrillar character of the fibre [28,29]. Wetting
disturbs the solid hydrogen-bonding network of cellulose,
leading to improved conformational freedom within the acces-
sible regions of the structure. This is also noticed particularly
with lyocell, where further recrystallisation is permanent fol-
lowing drying. The new resolved shifts in wetted lyocell are
likely to be caused by a redistribution of C5eC6 bond angles
towards more favourable energies. However, plasticization is
likely to allow exchange between more than one rotameric

Fig. 9. C4 region of Carbon-13 CPMAS spectra of viscose fibre with: (a) no

H-T1r relaxation delay, (b) 8 ms delay, (c) difference showing components

with longer relaxation times from more rigid material.
minimum, leading to an environment described by an
weighted average [24].

An appreciation of the proportions of polymer chains with
different conformational states would allow changes in supra-
molecular structure to be followed due to fibre processing or
manufacturing history. Such analysis may be achieved by care-
ful spectral simulation, provided that constraints applied to the
fitting exercise are consistent with the underlying polymer or-
ganisation. A curve fitting exercise has therefore been carried
out using the Solver non-linear error minimization tool (Excel,
Microsoft Inc.), in an attempt to describe the full C4 spectral
envelope as a combination of intensities from four separate
peaks, representing different degrees of conformational order.
This should provide the simplest and most robust simulation
solution, underpinned by the qualitative assignments dis-
cussed. Two sharp peaks of equal intensities with established
shifts at 89.5 and 88.3 ppm have been selected to account
for crystalline (ordered) polymer, with fixed f, j and c angles.
A third broader peak with a shift at 86.8 ppm has been selected
to account for polymer at interfaces and defects (partially-
ordered), where the glycocidic f, j angles are fixed at the
crystalline positions but the C5eC6 c angle is variable. The
additional width of this peak is designed to account for the sta-
tistical spread of conformational positions associated with the
C5eC6 bond. The shift maximum for the peak is based partly
on the position of the residual non-crystalline intensity in the
H-T1r edited sub-spectrum, in Fig. 9, and also on the spectra of
the microcrystalline products, in Figs. 5 and 6. Lastly, an even
broader peak is selected at 83.2 ppm, to account for polymer
(fully-disordered) where c, f and j angles are all variables.
The increased width assumed for this peak follows the greater
range of possible conformational arrangements and the in-
creased statistical spread of chemical shifts. The value of the
shift maximum is taken from extrapolation of the experimental
disordered peak positions with reducing crystallinity for the fi-
bre series, Fig. 3 and Table 1.

Gaussian shapes have been assumed throughout and the po-
sitions and widths for the fitted peaks have been fixed during
the fitting exercise. Improved simulated spectra could no doubt
be achieved by removal of constraints, but at the expense of
the physical meaning attached to the peak assignments. The
crystalline peaks may in reality have some Lorenzian charac-
ter, which would resolve them better and account for addi-
tional wing intensity, however, this would add another
unwanted variable parameter. Peak shape effects due to chem-
ical shift anisotropy are considered negligible for all cellulose
carbon sites with MAS spinning at 4 kHz [30], with no addi-
tional narrowing achieved by spinning at higher speeds. A
single large peak was set at 75.5 ppm to account for the neigh-
bouring C2,3,5 envelope, of adjustable height but fixed width
and position, as summarised in Table 1.

Examples of the fitting exercise applied to viscose, lyocell,
CM-lyocell and MC-lyocell are shown in Figs. 10e13. The fit-
ted parameters for the individual fitted peaks are presented in
Table 1. As is shown, the combination of different intensities
of the separate partially-ordered and fully-disordered peaks
leads to variations in the maximum position of the resulting
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simulated envelope, reproducing the experimental effect seen
with the fibre series in Fig. 3. In almost all cases respectable
fits were achieved by adjustment of only individual peak inten-
sities with no manipulation of line-width or shift positions,
even for the microcrystalline samples. Although clearly a sim-
plification, this approach does support the concept of polymer
units in families of similar conformational states. The fitted in-
tensities provide quantitative information about the distribu-
tion of order within the cellulosic material, with assignments
based on controlled modifications to the physical polymer
morphology.

From Table 1, the ratio of partially-ordered to crystalline-
ordered intensity is higher for lyocell, cupro and polynosic
fibres than the others in the series. This maybe related to the
fibrillar character of these fibre morphologies and the narrow
widths of the crystalline regions [28]. The fortisan high-perfor-
mance fibre has a large amount of ordered polymer, as shown

Fig. 10. Result of fitting exercise for C4 region of as-received lyocell fibre.

Simulation with gaussian peaks of adjustable intensity, with constant shift and

width (dashed line). Experimental spectrum y-shifted for clarity (bold line).

Fig. 11. Result of fitting exercise for C4 region of as-received viscose fibre.

Simulation with gaussian peaks of adjustable intensity with constant shift

and width (dashed line). Experimental spectrum y-shifted for clarity (bold

line).
also in Fig. 3, and a lower partially-ordered to crystalline-
ordered ratio, and may therefore have wider crystalline do-
mains. The action of acid hydrolysis is shown to increase the
proportion of crystalline order of both lyocell and viscose,
which is at the expense of both the partially-ordered and
fully-disordered environments. Recrystallisation may therefore
affect sites with both hydroxymethyl and glycocidic bond disor-
ders, which suggests that both these kinds of environments
maybe found at crystal interfaces or defects, closely associated
with crystalline domains. The recrystallisation process is also
shown to reduce the partially-ordered to crystalline-ordered in-
tensity ratio, which is consistent with an improvement in crystal
width [31]. A similar but less exaggerated effect is achieved fol-
lowing wetting and re-drying of lyocell. The CM-lyocell sample
has a small residual amount of crystalline order and also appar-
ently a small degree of partial order. The respective intensity
ratio also suggests the presence of very thin crystalline regions.

Fig. 12. Result of fitting exercise for C4 region of CM-lyocell fibre. Simulation

(dashed line) with gaussian peaks of adjustable intensity with constant shift

(fully-disordered peak at 83.5 ppm) and width. Experimental spectrum (bold

line) y-shifted for clarity.

Fig. 13. Result of fitting exercise for C4 region of hydrolysed lyocell fibre.

Simulation with gaussian peaks of adjustable intensities with constant shift

and width (dashed line). Experimental spectrum y-shifted for clarity (bold

line).
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From chemical shifts alone it is not possible to say whether
the C4 peak accounting for fully-disordered polymer is due to
conformational environments associated with individual sites
or an assembly within a separate morphological phase. It is
likely that defects leading to glycocidic conformational free-
dom will have an impact on at least the next-neighbour chains,
but this maybe a local influence rather than evidence of a true
amorphous phase. However, the observation of small differ-
ences in H-T1r behaviour for the different C4 shifts is evidence
of a domain structure extending over 2e3 nm, equivalent to
maybe 5e6 polymer chain widths. The resolution of different
H-T1r relaxation times may partly be explained by the pres-
ence of distinct crystallite entities within the supramolecular
structure, accounting for the crystallographic splitting of the
89.5 and 88.3 ppm peaks. The partially-ordered C4 shift posi-
tion shares a common H-T1r relaxation time with the crystal-
line-ordered shift, suggesting that this polymer is intimately
associated with the crystallite entities, potentially as part of
the same phase. However, the separately resolved H-T1r

time measured at the fully-disordered C4 shift position
suggests that such conformationally disordered sites are not
incorporated within the crystalline phase or at the crystallite
interfaces, otherwise a single averaged H-T1r value would be
found across the C4 entire envelope.

True crystalline material must be definition be present as
domains with repeating chain environments extending over
several unit cell distances. In addition, in a well-oriented fibril-
lar cellulosic fibre, such as lyocell, the presence of a significant
proportion of fully-disordered C4 intensity could be evidence
of other domains exhibiting the so-called paracrystallinity,
with atoms dislocated from crystal positions, but still associ-
ated with areas of true crystalline order [32]. A more hetero-
geneous model may therefore be appropriate to describe this
and other regenerated cellulosic fibres, including a crystalline
interfacial region that maybe extending over several chain
widths, each layer tending towards greater conformational dis-
order and experiencing greater dynamic freedom. A diffuse,
extended interfacial region would contain sites exhibiting
both partial order and full conformational disorder, with ac-
companying crystalline-ordered domains possibly containing
defect sites exhibiting partial order. Both partially and fully-
disordered sites in the interface would experience recrystalli-
sation during acid hydrolysis, leading to an apparent increase
in crystal widths. The presence of both crystalline regions and
diffuse interfacial regions would account for the partial sepa-
ration of H-T1r relaxation times, with a greater thickness of
the diffuse interfacial zone leading to a reduction in the mea-
sured H-T1r relaxation for both crystalline and non-crystalline
C4 positions, as a result of spin-diffusion. The fitted data in
Table 1 represent a simplification of the real sample heteroge-
neity but allow a quantitative measure of the material texture
and the way in this depends on sample history or processing.

An analysis of the rotameric populations accounting for the
full C4 envelope is beyond the scope of this paper. The influ-
ence of the conformation (c angle) of the carbon or oxygen
atoms’ three bonds removed from the observed site (gamma)
has been used empirically to rationalise chemical shift
behaviour in saccharides and polymers [12,13]. A change
from transþ gauche (tg) or gaucheþ trans (gt) to a gau-
cheþ gauche (gg) arrangement around the C5eC6 bond is be-
lieved to be responsible for a �3 ppm Carbon-13 shift [10].
Fixed tg and/or gt conformations are assumed to exist in the
rigid cellulose II crystal form, which must become more vari-
able due to defects and disorder [26,33]. An increase in gg
arrangements seems reasonable, although it is difficult to
imagine a uniform and constant bond angle for all such non-
crystalline sites. A distribution of angles around a mean would
account for the apparent broadening of non-crystalline peaks.
In addition, the C2 gamma atom across the glycocidic bond
may also influence the chemical shift of the C4 site, by virtue
of rotation about the O1eC1 bond (f angle). This is in a
partially eclipsed position in the crystalline arrangement, as
a result of the constraints of the ordered hydrogen-bonding
network [4]. Disruption of hydrogen bonding would permit
more staggered glycocidic conformations, possibly allowing
the partial population of gauche C2eC1eO4eC4 arrange-
ments. Without such conformational mobility it would not
be possible for the cellulose chains to adopt more random
paths, ultimately leading to the semi-flexible behaviour of
the polymer in solution [34]. The increase in gauche arrange-
ments would be expected to cause further negative shifts and
broadening of the C4 resonance.

5. Conclusions

Studies of a range of regenerated cellulosic fibres have re-
vealed systematic changes in chemical shifts of the Carbon-13
C4 spectral envelope, which can be related to the influence of
chemical or physical modification of the polymer supramolec-
ular structure. A full understanding of cellulosic fibre architec-
ture will enable better prediction of the effects of commercial
processing on fibre and textile performance. This work has
developed existing concepts, where the C4 envelope is consid-
ered to be the sum of contributions from polymer in differing
polymer conformational states, associated with differing de-
grees of order or disorder. Peaks in the C4 region have been
previously assigned due to the fully ordered crystalline cellu-
lose II allomorph, which are seen to a greater or lesser extent
in all samples, representing polymer units with no conforma-
tional variability. The remaining intensity within the C4 enve-
lope has been separated into two other broader peaks using
a constrained curve fitting procedure. One broad peak is
assigned to polymer units with intermediate order, where the
hydroxymethyl group exhibits conformational variability. A
further broader peak is assigned to fully-disordered polymer,
where variability affects both the hydroxymethyl group and
the glycocidic bond. The curve fitting exercise has been ap-
plied with success to a range of regenerated cellulosic mate-
rials, with the balance between ordered, partially-ordered
and disordered intensities accounting for observed C4 fea-
tures. In the majority of cases no adjustment of shifts or
line-widths is necessary in the fitting exercise. The quantifica-
tion of polymer units within different conformational group-
ings will provide additional insights concerning the size and
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form of differing morphological regions in these cellulosic
materials. A model is proposed where crystalline domains
are bounded by a diffuse, non-crystalline interface, where
polymer chains exhibit increasing disorder at greater distance
from the crystal surface. The description of a heterogeneous
structure is supported by data from proton rotating frame
relaxation measurements. This work also supports the view
that empirical gamma-gauche effect is likely to provide the
best rationalization for the relationship between C4 shifts
and conformational order. The broadness of the disordered
C4 spectra features maybe accounted for by an increased sta-
tistical spread of rotameric positions of both the hydroxy-
methyl and glycocidic bonds.
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