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a b s t r a c t

Regenerated cellulosic fibres and comparative materials were studied in the hydrated state by low-
resolution proton NMR. Experiments at variable pH and temperatures have shown that the shortened T2

relaxation times of water within fully swollen cellulosic fibres are dominated by proton exchange with
accessible cellulose hydroxyl groups. Proton exchange is accelerated by both acid and base catalysis, with
relaxation data used to estimate rate constants for acid, base and neutral mechanisms. Complementary
deuterium exchange measurements suggest that accessible cellulose regions below the immediate water
interface may not contribute effectively to the proton exchange relaxation mechanism, with two-site
relaxation models sensitive only to the direct pore surface area. Differences between surface-relaxing
water and deuterium-exchanging water can therefore be used to determine an apparent depth of the
accessible cellulose, which is greater for viscose and modal compared to lyocell. However, from relax-
ation data lyocell has a higher pore surface area. This work also confirmed that water interacting with
accessible cellulose experiences motional restriction, allowing an intra-molecular dipolar contribution to
relaxation. However, in the fully swollen state water molecules are diffusing rapidly between all internal
fibre environments and there is no evidence of specific binding.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Regenerated cellulosic fibres are a class of materials manufac-
tured from wood pulp or other natural sources of cellulose. During
production the constituent cellulose polymer is dispersed into
solution at the molecular level, either by temporary derivatisation,
by complex formation or by direct dissolution [1,2]. The viscous
polymer solution is then extruded through spinnerets and regen-
erated or precipitated into filaments, which are then washed, dried
and further processed for different applications. The end uses of
cellulosic fibres are many and varied, including applications in
apparel or technical textiles, or non-woven textiles such as wipes
and filters, or non-textile technical materials, including health-care
and medical products.

Many aspects of the performance of cellulosic fibres are con-
cerned with their response towards liquid or atmospheric water.
Their mechanical properties are highly moisture sensitive, offering
the opportunity to control modulus and yield response during pro-
cessing, for example during ironing or pressing. The uptake of water
fax: þ44 (0)161 3064153.
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vapour and liquid water by garments plays an important role in the
experience of clothing comfort [3,4], which is associated with the
transmission of perspiration away from the body. Comfort is also
associated with the interaction of water with cellulose at the
molecular level [5], which induces a strong exothermic sorption
response, with an equivalent endothermic response induced as
water is evaporated [6,7]. The nanoscale textures created in cellulosic
fibres during regeneration have a high liquid holding capacity, as
pore spaces are opened between cellulose polymer domains [8–10].
The rapid uptake of water into the fibre internal volume is ideal for
technical applications where high absorbency is required [11]. In
addition, the chemical processing of cellulosic fibres is often carried
out by treatment in aqueous solutions, as in dyeing or cross-linking
[12]. Agents are delivered into the expanded pore structure of the
fibres, which then react at cellulose sites at the internal surfaces,
forming physical or covalent bonds [13,14]. An understanding of the
interaction of water with cellulose at the molecular level is therefore
essential for the interpretation and prediction of fibre performance
in use [5,15]. Such molecular interactions will depend on the struc-
ture and chemistry of the internal cellulose surfaces, which will be
sensitive to the effects of different processing technologies [16,17].

NMR techniques are well-placed to provide information about
water at the molecular level, as the resonance phenomenon is
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uniquely sensitive to both local chemical and dynamic effects. In
addition, the selectivity of the technique means that it can be used
to observe only species concerned with the relevant water envi-
ronments, by selection through dynamic means or tuning to
particular nuclei [18,19]. Cellulosic fibres are not amenable to
conventional high-resolution solution NMR methods, as the
chemical shift information is degraded by solid-state nuclear
interactions and heterogeneities. However, carbon-13 solid-state
magic angle spinning (MAS) techniques have been widely used for
the study of cellulose supramolecular structure and by inference
the interactions between the cellulose polymer phase and water
[20,21]. Alternatively, low-resolution proton relaxation time tech-
niques offer a direct method for studying water behaviour in
cellulosic materials, applicable to any state of hydration from
ambient to saturated and beyond. Early work by Carles and Scallan
demonstrated that a simple two-site model could be used for the
interpretation of T2 (transverse) relaxation times in cellulosic
materials, where water molecules were in fast diffusive exchange
between interacting and non-interacting environments [22]. This
model has been successfully applied for characterisation of natural
[23] and chemically modified cellulose materials [24], with a single
relaxation parameter defining all water–polymer interactions. A
more comprehensive diffusion-relaxation model was developed by
Brownstein and Tarr, which includes the effects of intermediate or
slow diffusive exchange of water within hydrated void structures,
leading to multi-exponential T2 behaviour [25]. Later work by Hills
on other biopolymers and synthetic analogues has shown that the
essential interactions with water are influenced by both molecular
diffusive and proton chemical exchange [26,27]. These studies
made use of the earlier theory of Swift and Connick, which
describes the NMR relaxation of water undergoing chemical
exchange between different solution environments [28]. In a more
recent variable temperature study, McConville and Pope considered
that interactions between water and hydroxy functional polymer
gels could be due to a combination of proton chemical exchange
and restriction of water molecular tumbling, which in a fast diffu-
sive regime would lead to a single averaged T2 relaxation time [29].
Overall there is still uncertainty over the local mechanisms gov-
erning water T2 relaxation in regenerated cellulose materials,
without which it is impossible to select the most appropriate of the
available theoretical models or to establish a realistic morpholog-
ical framework for water–cellulose interactions. The current study
represents a further investigation of this important topic, with the
aim of exploring and contrasting the models described above as
tools for characterisation of cellulosic materials. To this end water
proton T2 measurements have been carried out at variable moisture
contents, at variable pH and temperatures, using lyocell regen-
erated fibre and also comparative regenerated and natural cellulose
products. Selected measurements have also been carried out
substituting water for deuterium oxide, in an attempt to elucidate
relaxation mechanisms and the populations of protons involved in
different interactions.

1.1. Models

A simple two-site model, as first explored for cellulose by Carles
and Scallan [22], assumes fast interchange on the NMR experiment
timescale between populations of water at cellulose pore surfaces
(S) and free water within pore interiors (N�S), according to Eq. (1).
The total gravimetric water content is N. The intrinsic T2 relaxation
times for the surface and interior environments are (Ts) and (Tf)
respectively, which are assumed to be constant at all sample water
contents. The interior pore water is assumed to have the properties
of bulk water, with a T2 relaxation time around 2–3 s. The average
observed relaxation time (Tobs) is therefore a simple function of the
proportions of the two populations and can be used as a measure of
internal hydrated surface area. The interaction of water molecules
with the cellulose surfaces reduces (Ts) by several orders of
magnitude below (Tf), so an approximate Eq. (2) is sufficient for
practical use. In the past a value for Ts has been determined by
extrapolation to low water content [22], or by freezing of the
interior water [23], or from molecular correlation time analysis
[24].

N
Tobs

¼ ðN � SÞ
Tf

þ S
Ts

(1)

N
Tobs

¼ S
Ts

(2)

A specific form of this site-averaging model is described for
a hydrated polymer where interaction with water is by chemical
proton exchange with polymer hydroxyl groups. This is accounted
for by the theoretical treatment of Swift and Connick [28], which
may be applicable to cellulose. If the hydroxyl groups at the inner
pore surfaces of cellulose are assumed to have rigid character then
their intrinsic 1H-T2 relaxation times will be of the order of a few
microseconds. In this scenerio the water protons exchanging with
these groups will loose their magnetisation completely within the
NMR experiment timescale, due to the strength of the dipolar
interactions with neighbouring polymer protons. This limiting case
of the Swift–Connick model is set out in Eq. (3), where the observed
water T2 relaxation (Tobs) is dependent almost entirely on the rate
constant for chemical exchange. This is similar to the original
Carles–Scallan two-site model for hydrated cellulose, where N is
the water content as defined before and E is the population of
exchangeable hydroxyl protons. As before, the non-interacting
water protons are assumed to have a relaxation time equivalent to
bulk water (Tf). A further relaxation time is defined for the rigid
cellulose polymer (Te), with a single water-hydroxyl proton
exchange rate constant defined as k. From this equation it follows
that a faster exchange of protons leads directly to a faster loss of
magnetisation and a shorter observed relaxation time.

ðN þ EÞ
Tobs

¼ N
Tf
þ E
½Te þ ð1=kÞ� (3)

A further treatment applicable to hydroxyl functional polymers has
been proposed by McConville and Pope [29], which combines the
features of both the Swift–Connick and Carles–Scallan models. This
is set out as Eq. (4), where a relaxation parameter (Ts) is reintro-
duced to describe an additional population of physically interacting
water molecules (S), which is restricted by the rigid hydrated
polymer molecules. The terms E and k are defined as before in the
water-hydroxyl exchange term of the Swift–Connick model. This
now represents a three-site model, with water in fast diffusive
exchange on the NMR timescale between non-interacting,
mobility-restricted and rigid polymer hydroxyl environments. The
model has been successfully applied to explain the single observed
relaxation time behaviour of highly cross-linked hydrogels and may
have similar merit for application to hydrated cellulose.

ðN þ EÞ
Tobs

¼ ðN � SÞ
Tf

þ S
Ts
þ E
½Te þ 1=k� (4)

2. Experimental

Samples of three types of regenerated cellulose fibres were
available from Lenzing AG, Austria. The lyocell fibre type is made by
direct dissolution from an organic solvent, with the samples used
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Fig. 1. Water 1H-T2 relaxation time analysis of lyocell fibre at different water contents,
at 23 MHz, 25 �C: (A) single exponential behaviour, (-, :) bi-exponential behaviour.
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in this work produced by the TENCEL� process, from the solvent
N-methyl-morpholine-N-oxide. (Lyocell type fibres can be made
from other solvents, e.g. ionic liquids.) Viscose and modal fibres are
both made using the xanthate derivatisation route. All manufac-
tured fibres examined in this study were of 1.3 dtex grade, appli-
cable for general textile end-uses, provided without spin-finish
(lubricant). A sample of cotton was also selected, of American
Upland grade, which was given mild neutral pH washing to remove
gross contamination. The wax cuticle of this fibre resulted in
a slower uptake of water but did not influence the total water
capacity. A selection of wood pulp and cotton linter samples were
also studied, processed under conditions to give differences in
water capacity (saturated water content).

Samples of fibres were dosed with controlled amounts of
distilled water on a microbalance. Wetted samples were rando-
mised by hand (using latex gloves to avoid grease pickup) and were
then packed into 10 mm pre-weighed glass NMR tubes. Other
samples were retained at natural (atmospheric) moisture regain, to
provide data at low water content. Tubes were sealed and
reweighed and then equilibrated at 22 �C overnight before
measurements. Following measurement the tubes were opened
and placed in a vacuum oven at 100 �C overnight, to allow the
samples to dry fully. The tubes were removed from the oven,
resealed to allow them to cool, and finally reweighed. Sample water
contents were calculated by difference and expressed on a dry
weight basis.

Further samples were prepared at their fully saturated liquor
contents. Portions of the fibres or other cellulose materials were
immersed in excess water or in different pH buffer solutions for
30 min, and then transferred onto wire mesh supports within open
ended centrifuge tubes. The centrifuge tubes were spun at 1600 g
for 5 min to remove liquor external to the cellulose material,
following which the samples were quickly weighed and then sealed
within pre-weighed NMR tubes for equilibration. After measure-
ments the tubes and samples were dried in a vacuum oven as
before, prior to reweighing for determination of liquor contents.

NMR measurements were carried out on a Bruker Avance
Instrument at 300 MHz proton frequency, using 10 mm tubes, or
a Resonance Instruments Maran system operating at 23 MHz
proton frequency, using either 10 or 18 mm probes. Temperature
control for both instruments was available to an accuracy of
þ/0.1 �C The multiple echo CPMG (Carr–Purcell–Mieboom–Gill)
sequence was used for water proton T2 (transverse) relaxation time
measurements of saturated and intermediate samples (90x-tau-
[180y-tau]n-acquire) [30] at 25 �C. Unless otherwise stated a 50 ms
tau delay was used with a 3 s recycle delay. On the Maran instru-
ment it was possible to collect intensity data points consecutively
after each refocusing echo, in order to acquire a complete one-shot
decay profile. On the Bruker instrument FIDs (free induction
decays) were collected sequentially at incremented cycle numbers
(n) and were transformed to extract peak intensities. A solid-echo
experiment (90x-tau-90y-acquire) was carried on various wet and
dry lyocell samples at 23 MHz, at 25 �C, with 1 ms dwell time, a tau
inter-pulse delay of 20 ms, a 13 ms pulse recovery delay following
the second pulse, and a 3 s recycle delay. Simple pulse-acquire FID
measurements were also used to determine the proton T2 relaxa-
tion times of water in lyocell fibre at low moisture content, which
could be differentiated easily as a longer decay component
compared to the solid. CPMG relaxation profiles were fitted to
functions describing either single or double (parallel) exponential
decays, using Resonance Instruments WinFit non-linear least-
squares fitting software, following automatic input of estimates. FID
data was processed and analysed using commercial spreadsheet
software.

Additional variable temperature CPMG measurements were
carried out on lyocell fibre at 23 MHz, on a pH 7 buffer saturated
sample of lyocell fibre. Relaxation profiles were collected after
sample temperature stabilisation at 15, 25, 35, 45, 55 and 65 �C.
Checks were made to confirm that the sample water content and
probe tuning remained constant for all measurements.

Further fibre, cotton and pulp samples each weighing approxi-
mately 0.5 g were packed carefully into pre-weighed 18 mm NMR
tubes, positioned to ensure that all material would be held within
the zone of the transmitter/receiver coil. This was to ensure that the
NMR response would be proportional to the amount of sample
present. Before measurement the tubes and samples were dried in
a vacuum oven at 100 �C overnight, to remove all physically held
water. The tubes were capped, cooled and reweighed as before, for
determination of sample dry weight. Following this, 4 ml of high
purity deuterium oxide were quickly pipetted into each tube,
ensuring all liquor would be within the coil zone, and tubes were
then recapped tightly and allowed to equilibrate for 2 h at 22 �C.
FID measurements of the sealed tubes were collected at 25 �C,
under quantitative conditions, using constant receiver gain and
number of scans for all samples, with a recycle delay of 10 s to
ensure full spin-lattice relaxation of HDO protons. The FIDs of
selected dried samples were collected before addition of deuterium
oxide, and also of a blank sample of 2 ml of deuterium oxide. In all
quantitative studies the probe tuning was checked and adjusted at
each measurement.

A selection of the samples equilibrated in deuterium oxide were
prepared at saturated liquor content by centrifugation at 1600 g,
which were then reweighed and repacked into NMR tubes for
measurement of their residual proton T2 relaxation times, using the
CPMG experiment, at 25 �C. After measurement the samples were
dried and reweighed to determine their liquor contents, as previ-
ously described. The same centrifuge preparations and CPMG
measurements were also carried out on a set of lyocell fibre
samples equilibrated in a range of liquors which had been formu-
lated volumetrically from 100% D2O/0% H2O in increments down to
0% D2O/100% H2O.

3. Results and interpretation

3.1. Relaxation

Fig. 1 shows the 1H-T2 relaxation time data for lyocell fibre
samples prepared at a range of water contents, measured at
23 MHz at 25 �C. Single exponential relaxation behaviour was
observed below the fibre saturation point, from water within the
fibre, which became multi-exponential above saturation. Two
exponential components were the minimum required to success-
fully describe the data above saturation, as characterised by non-
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Fig. 3. variation in water 1H-T2 relaxation time of lyocell fibre, at 300 MHz, 25 �C,
prepared at saturated liquor content from buffer solutions at differing pH.
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linear fitting, which indicated the presence of two separated water
populations. The constancy of the relaxation time for the faster
component above saturation suggested it was due to the internal
water environment, with the slower component assigned to water
external to the fibres. The proportion of the faster component
varied slightly with total water content, indicating partial diffusive
exchange with the external environments. Below saturation the
single exponential T2 values followed an approximately linear
relationship with the fibre water content, which could be extrap-
olated successfully to zero intercept. This is consistent with the
Carles–Scallan and Swift–Connick two-site average models, within
the fast diffuse exchange regime, although these clearly break
down as the new external water population develops [31,32].
Similar linear trends below saturation were found in this study for
a range of both natural and regenerated materials. Typical data is
shown for modal fibre in Fig. 2, at 300 MHz, which gave a best-fit
linear extrapolation to the origin with R2¼ 0.987. From Fig. 1, the
experimental water T2 relaxation time becomes very short at low
water contents, around the natural atmospheric regain [19]. In this
regime the population of interior pore water does not exist and the
two-site-averaging model is also inappropriate [33]. Atmospheric
adsorbed water will be tightly physically constrained, with a short
value for Tobs of around 300 ms seen for this sample at 8% moisture,
as measured directly from the FID.

Systematic CPMG measurements were carried at 300 MHz at
25 �C, on a series of saturated lyocell fibre prepared following
immersion in a range of pH buffer solutions. The gravimetric
analysis confirmed that all samples had very similar liquor
contents, so it could be assumed that the individual population
weightings described in the site-averaged models would be
constant. The graph in Fig. 3 reveals a striking reduction in the
single exponential relaxation time (Tobs), at both low and high pH,
which cannot be due to a change in total pore volume or to any
alteration of the lyocell fibre morphology. Proton chemical
exchange is known to be highly pH dependent and it is therefore
most likely that this leads to the variations in relaxation behaviour,
as elucidated by the theory of Swift and Connick. As discussed, one
useful limiting condition of their model may be applicable to
cellulose, set out in Eq. (3), where the exchangeable polymer
groups have a very short T2 relaxation due to the dominance of
static nuclear dipolar interactions [27]. In order to test this
assumption, the solid-echo relaxation profiles for lyocell fibre were
measured at different moisture contents at 23 MHz, as shown in
Fig. 4, where the rapidly decaying intensity from the cellulose
polymer protons is distinct from the underlying response of water
(extrapolated to back short times as dashed lines). The overlying
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Fig. 2. Water 1H-T2 relaxation time analysis of modal fibre at different water contents
below saturation, at 300 MHz, 25 �C. Linear best fit is shown extrapolated to zero
intercept (R2¼ 0.987).
fast polymer decay remains at constant magnitude for both dry
(non-exchanging) and wet (exchanging) samples, so must account
for both the carbon bonded protons and the hydroxyl protons of
cellulose. The cellulose hydroxyl protons in their associated
(bonded) state must therefore be considered as part of the solid,
with their intrinsic T2 relaxation defined by a Gaussian decay
constant, which is typical for most rigid materials around 10–20 ms.
As another test of the limiting assumption of the Swift–Connick
model, the water T2 relaxation times were measured over a wide
range of CPMG inter-pulse (tau) spacings at 23 MHz and also at
300 MHz, at 25 �C, as plotted in Fig. 5. The lack of any dispersion,
following the work of Hills et al. [27] is further a indication of the
short relaxation time of the exchangeable polymer hydroxyl
protons, causing them to loose magnetisation fully within the
interval of the shortest tau time of 50 ms. In the absence of other
relaxation mechanisms, the total observed relaxation time of water
should therefore depend only on the rate of exchange between
water and cellulose hydroxyl groups. However, as will be discussed,
the differences in absolute 1H-T2 relaxation times between 23 and
300 MHz may be an indication that a motionally restricted envi-
ronment of water does exist at cellulose surfaces, undergoing
diffusional interchange with non-interacting environments within
the tau period.

3.2. Chemical exchange

The usefulness of the Swift–Connick Eq. (3) for characterising
hydrated cellulose can be further investigated by considering
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Fig. 4. Solid-echo 1H free induction decay profiles of lyocell fibre at different water
contents. (a) Oven dried, (b) approximately 20% water, (c) approximately 60% water.
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significance of the parameters for the proton exchange rate
constant (k) and also the population of exchanging protons (E). In
principle this second parameter can be found directly from
a classical deuterium oxide exchange experiment, which in the
past has been used to provide information about cellulose crys-
tallinity and accessibility [34]. The FID of a fully dried cellulose
sample exhibits no slow decay from adsorbed water, as shown in
Fig. 6, at 23 MHz, with all cellulose hydroxyl protons contributing
to the fast solid decay. The introduction of a large excess of
deuterium oxide will liberate the accessible hydroxyl protons from
the cellulose by chemical exchange, which will partition
predominantly in the liquid and so be observed as a separate slow
decay. From an attempted Gaussian fitting in Fig. 6 it is seen that
the total intensity at zero time is apparently unchanged and that
protons have merely been exchanged from solid to mobile envi-
ronments. The classical cellulose accessibility (a) can be calculated
from the magnitude of the slower decay using Eq. (5) and the
moles of exchanging protons can be expressed on a water basis
from Eq. (6) (where 2 mol of protons¼ 1 mol of water). This is
referred to as E0 to denote its independent determination. The
moles of observed mobile protons (L) were determined in this
work by simple extrapolation to the intensity axis, with reference
to a pure water calibration sample. The total moles of cellulose
hydroxyl groups (W) are known from the dry sample weight,
where (D) is the total number of moles of deuterons added to the
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Fig. 6. 1H FID decay of (a) oven dried lyocell and (b) same sample saturated with D2O.
Linear extrapolation of slow decay gives intensity of visible exchanging hydroxyl
protons, with (c) intensity level for blank D2O sample.
sample. The accessibilities determined in this way for the different
cellulose samples are summarised in Table 1.

a ¼ LD
WðD� LÞ (5)

E0 ¼ aW
2

(6)

With an independently derived value for E0, it is possible to rework
Eq. (3) to calculate the water-hydroxyl exchange rate constant (k)
from the Tobs relaxation times. This assumes that the cellulose
accessibility is independent of pH, which should be valid provided
that extreme conditions are avoided where cellulose degradation
or swelling occurs. With E0 for lyocell taken as 0.116 g/g from Table
1, the calculated exchange rate constants for the saturated fibre in
the different pH buffer solutions are plotted as data points in Fig. 7.
As expected the rate shows a distinct minimum under neutral
conditions, rising at both low and high pH. Furthermore, from
studies of proteins [35–37] and polysaccharides [38] it is known
that mechanisms exist for both acid and base catalysed proton
chemical exchange, according to the equilibria in Eqs. (7)–(9)

Cell—OHþ *HOH #
k1

k�1

Cell—OH* þ HOH (7)

Cell—OHþH3Oþ#
k2

k�2

Cell—OHþ2 þ H2O (8)

Cell—OHþ OH�#
k3

k�3

Cell—O� þ H2O (9)

y ¼ k1½H2O�½cell—OH� þ k2
�
H3Oþ

�
½cell—OH�

þ k3
�
OH�

�
½cell—OH� (10)

k ¼ k1½H2O� þ k2
�
H3Oþ

�
þ k3

�
OH�

�
(11)

The rate constants for the forward and backward catalysis reactions
have fixed proportionality, resulting from their linkage via the
reaction equilibrium constant (e.g. K1¼ k1/k�1). If the rate of each
reaction is proportional to its forward rate constant multiplied by
the reactant concentrations, then the combined rate (y) for all three
reactions is given by Eq. (10). The total first-order rate constant for
proton exchange (k) is defined with respect to cellulose reactant
concentration, which is then related to the acid, base and water
concentrations by Eq. (11). All relevant concentrations can be
calculated from the pH value, so this equation can be used to fit the
experimental exchange rate constants determined from the Tobs

data. For the buffered lyocell samples the most successful fit is
shown in Fig. 7, with k1¼2.1�101 s�1, k2¼1.0�106 s�1 and
k3¼ 2.0�108 s�1 at 25 �C. Similar fitted curves with values of
k1¼1.4�103 s�1, k2¼ 3�107 s�1 and k3¼ 6�109 s�1 have been
established for glucose in water from dispersion analysis [38], with
k1¼1–5�102 s�1 for synthetic hydrogels at 28 �C [29]. No doubt
the lower values found in the current study can be ascribed to the
lower degree of freedom at the cellulose–water interface compared
to the solution or gel state. Use of the Swift–Connick model for
prediction of pH dependent kinetics is further evidence of the
importance of chemical exchange in explaining water proton T2



Table 1
Water 1H-T2 relaxation data at 300 MHz, 25 �C, and corresponding deuterium exchange data for regenerated fibre and pulp materials

Sample N (ml/g)
water
saturation
capacity
(SD¼ 0.01)

a

Deuterium
oxide
accessibility
(SD¼ 0.015)

E0 (ml/g)
total
deuterium-
exchanging
water

Texp (ms)
(300 MHz)
(sat pH 7)
(25 �C)
(SD¼ 0.05)

E (ml/g)
k¼ 1.24 ms�1;
Te¼ 18 ms
surface
exchanging
water
(Eq. (3))

f
correction
factor for k

S
(Eq. (4), using E0)
(ml/g)
k¼ 0.81 ms�1;
Te¼ 18 ms;
Ts¼ 2.38 ms surface
interacting water

S
(Eq. (1)) (ml/g)
Ts¼ 0.96 ms
surface
interacting
water

d
(d ¼ 0.57/f)
(nm)
cellulose
accessible layer
thickness

Lyocell 0.69 0.70 0.116 5.5 0.116 1.00 0.116 0.116 0.57
Viscose 0.90 0.80 0.132 9.0 0.090 0.72 0.020 0.096 0.79
Modal 0.62 0.74 0.122 5.8 0.102 0.86 0.066 0.102 0.66
Cotton 0.44 0.43 0.070 5.9 0.071 1.00 0.066 0.072 0.57
Paper pulp 0.88 0.68 0.113 9.4 0.084 0.77 0.033 0.090 0.74
Dissolving pulp (1) 0.68 0.57 0.094 6.9 0.092 0.98 0.080 0.095 0.58
Dissolving pulp (2) 0.68 0.60 0.099 7.2 0.088 0.89 0.063 0.091 0.64
Cotton linters (1) 0.47 0.47 0.078 5.9 0.076 0.98 0.066 0.076 0.63
Cotton linters (2) 0.52 0.43 0.071 6.7 0.073 1.02 0.068 0.075 0.57
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relaxation in cellulose. The fit in Fig. 9 is quite respectable apart
from an apparent underestimation of exchange rate at high and low
pH limits, which may be evidence of a diffusion limit in exchange
rate regardless of the effectiveness of acid or base catalysis.

The applicability of an independently determined value for E0 in
the Swift–Connick model can be investigated if the total water–
cellulose proton exchange rate constant (k) is considered to be
invariant. This would be the case at controlled (neutral) pH and
temperature, meaning that the entire exchange related term in Eq.
(3) should therefore also be constant [Teþ 1/k]. It could then be
argued that this term should be a constant for any saturated
cellulose material, so Eq. (3) can then be used to back-calculate
a value for (E) simply from a determination of the Tobs relaxation
time and the total water content (N). A value for k of 1.24 ms�1 is
taken from the fitted lyocell data at pH 7, at 300 MHz, in Fig. 7, and
Te¼ 0.018 ms for the solid cellulose relaxation time, which of
course returns a value of 0.116 ml/g for lyocell by this circular
argument. However, once k and Te are standardised this procedure
will provide meaningful comparative values for E for the other
cellulose materials (without subscript to denote its determination
from relaxation data). Any deviations between E0 and E may point
to an oversimplification of the Swift–Connick model but more
importantly may provide additional morphological information
concerning the cellulose hydrated state. Indeed, although this
comparison in Fig. 8 does suggests a loose agreement between (E)
and (E0) for the different classes of cellulose materials, the poor
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Fig. 7. Exchange rate constants (k) at 25 �C, derived from water 1H-T2 relaxation times
in saturated lyocell fibre, (A) using Eq. (3). Continuous line is fit to Eq. (10) with
k1¼2.1�101 s�1, k2¼1.0� 106 s�1 and k3¼ 2.0�108 s�1.
correlation seen for the regenerated fibres suggests that there may
be non-exchange contributions to T2 relaxation, or else the effective
proton exchange rate (k) varies between different morphologies.

3.3. Exchange and mobility

The presence of non-exchange contributions to Tobs in cellulosic
materials can be investigated by the substitution of proteo- for
deutero-water, in order to separate inter-molecular from intra-
molecular relaxation mechanisms [39,40]. Firstly, the proton T2

relaxation times of residual HDO protons in the D2O saturated
cellulose fibres are compared with the equivalent data for relaxa-
tion in H2O, at 23 MHz at 25 �C, in Table 2. Deuterium is very much
less efficient as a source of relaxation than hydrogen [40], so the
absence of protons in the water phase of these samples might be
expected to lead to a severe lengthening of the measured T2 times,
resulting from the lack of proton-proton intra-molecular interac-
tions. However, the results in Table 2 show that relaxation is still
highly efficient, which is confirmation of a strong inter-molecular
interaction between the water protons and the cellulose internal
surfaces. The ranking between the fibres remains very similar to
that in H2O, which is further evidence that inter-molecular relax-
ation is influenced by fibre morphological factors.

Proton chemical exchange must contribute significantly to the
inter-molecular surface relaxation mechanism, but this could also
be supplemented by a further physical contribution simply due to
motional restrictions at the interface, which would also result in
inter-molecular relaxation through static dipolar interaction with
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Table 2
1H-T2 CPMG relaxation data at 23 MHz, 25 �C for different regenerated fibres

Fibre H2O-T2 (ms) (23 MHz)
(sat pH 7) (25 �C)
(SD¼ 0.05)

N (ml/g) (for
23 MHz data)
(SD¼ 0.01)

HDO-T2 (ms) (in
unbuffered D2O)
(SD¼ 0.1)

S (ml/g)
Eq. (1)
Ts¼ 1.24 ms

Lyocell 7.6 0.71 35 0.116
Viscose 12.3 0.92 45 0.093
Modal 7.2 0.60 30 0.103
Cotton 8.9 0.41 29 0.057
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Fig. 10. Arrhenius plot in the temperature range of 15–65 �C for relaxation rate (R2) of
pH 7 buffer saturated lyocell. (A) Experimental relaxation data, (line) fit using proton
exchange rate and water correlation time from McConville–Pope model.
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cellulose protons [41]. In addition, a separate intra-molecular
dipolar relaxation pathway might also be possible for water at
cellulose surfaces, due to static dipolar interaction between proton
pairs on the same molecule. However, this would be effective only
in proteo-water and not for the residual unpaired protons of deu-
tero-water. Thus it can be argued that proton relaxation in H2O
might be enhanced by a contribution that is absent from that in
residual HDO, so the differing relaxation behaviour in H2O and D2O
offers some means by which motional restriction and exchange
effects can be separated. The data in Fig. 9, at 23 MHz, shows how
the proton relaxation rate (robs¼ 1/Tobs) for saturated lyocell is
dependent on the extent of deuteration, which should follow
a relationship governed by the balance of relaxation contributions.
Firstly, it is assumed that water relaxation away from the cellulose
surface is of negligible significance. Then it can be assumed that
a purely intra-molecular contribution to the relaxation rate will
follow the probability of proton pairing on the same water mole-
cule, calculated from the extent of deuteration. As shown in Fig. 9,
this will tend in a non-linear manner to a very low value as the
chance of finding two protons on a water molecule approaches
zero. On the other hand, a purely inter-molecular contribution to
the relaxation rate will follow a simple linear probabilistic rela-
tionship as 3 in 10 of the protons on a cellulose unit are progres-
sively substituted for deuterons, also as shown in Fig. 9. Most
importantly, this second relationship would apply to both motional
restriction or exchange contributions, as in either case the substi-
tution of protons for deuterons would reduce the effective dipolar
relaxation strength of the cellulose interface. This would apply
regardless of whether the protons were simply in close proximity to
the cellulose polymer or were actually exchanged onto hydroxyl
groups. The observed relaxation rate (robs) follows neither of these
predicted relationships instead taking an intermediate path. This is
strong indication that both intra-molecular (motional) and inter-
molecular (motional or exchange) mechanisms are active, so
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Fig. 9. Water 1H-T2 relaxation rate (robs) for lyocell fibre saturated at different D2O/H2O
ratios. (A) Experimental data, (—) prediction for intra-molecular mechanism only
(motional), (– – –) prediction for inter-molecular mechanism only (motional or
exchange).
indeed a separate population of motionally restricted water can be
invoked to fully describe relaxation behaviour.

The viscosity of D2O is around 25% greater than H2O and will
have an influence on relaxation as the liquid composition is
changed. The experimental relaxation rates in Fig. 9 have been
corrected accordingly, with the values reduced in line with the
fraction of deuterons present, up to a maximum of 25% in the fully
D2O substituted liquor. Also, deuterium chemical exchange rates
are slower than proton exchange rates, referred to as a primary
isotope effect [38]. However, since we are considering only proton
behaviour it could be argued that this additional influence on the
exchange contribution to relaxation can be ignored.

The composite model set out by McConville and Pope may
provide a more complete description of water relaxation in cellu-
losic materials, where contributions are included from both proton
exchange and from motional restriction [29]. Their methodology is
underpinned by measurements of Tobs at a range of temperatures,
followed by Arrhenius analysis, which is a technique that can also be
applied to samples of hydrated cellulose [42]. Water T2 measure-
ments were carried out on lyocell fibre saturated at pH 7, at 23 MHz,
spanning an accessible range of temperatures (15–65 �C), in order to
generate an Arrhenius plot based on the generic Eq. (12). As usual, r
is a rate constant (in this case the observed relaxation rate, robs¼ 1/
Tobs), B is a thermal activation energy in kJ/mol, R is the gas constant,
T is the temperature in Kelvin units and A is an Arrhenius pre-
exponential parameter. This plot, in Fig.10, shows marked curvature,
providing evidence of two thermally activated processes, for the
separate proton exchange and water mobility contributions to
relaxation

r ¼ Ae�B=RT (12)

rC ¼
Q
3

"
3sC þ

5sC

1þ u2
os2

C

þ 2sC

1þ 4u2
os2

C

#
(13)

A fitting exercise was carried out on the lyocell relaxation data,
using Eq. (4), with the aid of Microsoft Excel Solver�, to establish
the Arrhenius parameters for water–cellulose exchange (Bex, Aex)
and water mobility (Bs, As). In Eq. (4) the extent of motional
restriction of water is accounted for by the relaxation parameter
(Ts) which is itself assumed to be dependent on a single water
rotational correlation time (ss), according to the BPP theory of
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relaxation [29], from Eq. (13). Here Q is a constant appropriate for
water intra-molecular dipolar relaxation (Q¼ 5.33�109 s�2), and
u0 is the spectrometer frequency. Actually it is the correlation time
(ss) for water tumbling which has Arrhenius temperature depen-
dent behaviour, which exerts a corresponding influence on the
NMR relaxation rate. Fitting was simplified by eliminating the bulk
water term (Tf) and by using the independently determined values
for N and E0. As can be seen from Fig. 10, the curvature of the
experimental data can be modelled successfully, with the model
parameters summarised in Table 3.

However, as might be anticipated from the Pope–McConville
Eq. (4) it is not possible to separate the Ts and S parameters in the
fitting exercise, as it is their ratio which influences the magnitude of
the water motional contribution to relaxation. The knowledge of
the ratio does at least allow an independent estimation of the
weighting of the total contribution due to motional restriction
of water, which is around 30% of the total relaxation rate over
a wide range of values of S. This implies a reduction in the chemical
exchange rate constant (k) predicted from the data in Fig. 7, from
1.24 ms�1 at 300 MHz, 25 �C and pH 7, without the mobility
contribution, to 0.81 ms�1 with its inclusion. This purely physical
contribution might be lower than that suggested from the deuter-
ation data in Fig. 9, where the experimental data points are roughly
halfway between the two predicted lines. Previous workers have
suggested a cyclic mechanism for exchange under neutral condi-
tions [38], which would involve both deuterons and protons in
a partially deuterated liquor. The rate of proton exchange detected
by NMR might therefore be retarded by the heavier deuterons at
other positions around the cycle.
4. Discussion

An objective for the current work was to provide interpreta-
tional tools to account for the morphological influences on the
water relaxation in cellulose. One approach might therefore be to
fix a value for the surface relaxation parameter (Ts), and to use the
McConville–Pope Eq. (4) with the aid of the separately determined
E0 and (N) to calculate a value for S. This term (S) would act as
a measure of the population of motionally interacting water at
cellulose interfaces, relating to inner surface area. Using lyocell as
a reference, the required constant for the surface relaxation
parameter (Ts) could be established by setting E0 ¼ S¼ 0.116 ml/g,
which may be physically valid if the cellulose interface for lyocell
consists of only a single cellulose layer [43]. This makes the argu-
ment that every accessible glucan unit will contribute three protons
or 1.5 water molecules by chemical exchange, so these protons will
be manifested in their water associated state as the physically
interacting water population (S). This leads to value for Ts of 2.38 ms
at 25 �C from Eq. (4), at 300 MHz, which implies that the physical
restriction of the interfacial water is quite weak. Other workers
have suggested that the interactions in proteins may be much
stronger but involving many fewer water molecules, which may
relate to specific binding centres [39,40]. The concept of chemical
or stereochemical binding is not however felt to be appropriate to
cellulose where the internal interface will most likely consist of an
array of hydroxyl groups all in very similar environments [20]. The
Table 3
Arrhenius parameters from variable temperature CPMG 1H-T2 measurements of
pH 7 buffer saturated lyocell at 23 MHz

Eq. (4)

Bex (kJ/mol) 10.9
Bc (kJ/mol) 13.0
Aex (s�1) 1.9� 107

Ac (s�1) 3.5� 1013
values for S for the other cellulosic materials are summarised in
Table 1, calculated from Eq. (4) for the 300 MHz data, with
Ts¼ 2.38 ms, Te¼ 18 ms, and k¼ 0.81 ms�1, at 25 �C and pH 7.

The equivalence between the population of surface interacting
water molecules (S) and exchangeable hydroxyl protons (E0) may
be reasonable for lyocell, where it is believed that the accessible
hydroxyl groups are concentrated at the immediate cellulose–
water interface [20]. However, a high value for E0 means that
relaxation predicted by the McConville–Pope Eq. (4) is biased in
favour of the exchange contribution, which therefore becomes
dominant over the contribution from motional restriction.
According to the data in Table 1 this leads to unacceptably low
values for S for the samples with high deuterium oxide accessi-
bility such as viscose fibre and the paper pulp. From other tech-
niques these materials are known to have high internal surface
areas [14], suggesting a large population of surface interacting
water.

The alternative Swift–Connick Eq. (4) can be used to gain useful
morphological insights by considering the reduction in the effec-
tive exchange rate constant (k) required to bring the value of E into
line with the separately determined value for E0 from deuterium
exchange. This reduction would be valid if the accessible cellulose
were organised as a thicker accessible interface, or indeed in
separate accessible polymer domains, so hydroxyl groups beneath
the immediate interface had slower exchange rates with water.
These reduction factors (f), in Table 1, do appear to follow antici-
pated structural differences between the various materials, with
the cotton fibres and linter samples, along with lyocell, requiring
the least correction. As discussed, the accessible fraction in lyocell
and also cotton is considered to exist as a single molecular layer
[34]. In comparison, viscose may contain accessible polymer in
a fringe-micelle morphology, and in the case of the paper pulp
a proportion of the hydroxyl accessibility may be due to its high
hemicellulose content (around 18% by weight) The dissolving
pulps represent an intermediate case where refinement has
removed some accessible disordered polymer, either through
extraction of hemicellulose or recrystallisation. From simple
diffusion arguments, the exchange rate reduction factor (f) may be
considered to be inversely proportional to the thickness of the
accessible polymer region at the interface, where the value of f¼ 1
represents a single polymer chain thickness, which is around
0.57 nm [44]. The apparent thicknesses of the exchangeable
cellulose component then follow from this reference dimension,
also listed in Table 1.

The suggestion that buried hydroxyl groups have lower
exchange rates implies that only the fastest proton exchange at the
immediate interface contributes to NMR T2 relaxation. This can be
illustrated in Fig. 11, where the internal exchange rate between
water and hydroxyl groups (ki) is lower than the interfacial rate (ks).
In this case water proton T2 relaxation will be sensitive only to
direct surface contact with the cellulose phase, regardless of the
total cellulose exchange capacity. Under conditions of strictly
controlled pH this justifies the use of the original Carles–Scallan
two-site Eq. (1), which requires no definition of the relaxation
mechanism at the cellulose surface. A value of S¼ 0.116 ml/g for
lyocell is applied again for standardisation, in order to derive
a surface relaxation parameter Ts¼ 0.96 ms, which should be
usable for the other cellulosic materials, at pH 7, at 25 �C, at
300 MHz, with values for S listed in Table 1.

The removal of the strict linkage between T2 relaxation and
deuterium exchange means that the respective parameters (S) and
(E0) can be considered as separate indicators of the material
morphology. The meaning of E0 is simply a measure of equilibrium
cellulose accessibility, and should correlate inversely with crystal-
linity and crystallite size [34]. As already suggested, the S parameter
in the Carles–Scallan model should correspond to the immediate
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surface area of the internal pores undergoing interaction with water
and therefore should correlate inversely with average pore size.

The determination of surface interacting water (S) from the
Carles–Scallan Eq. (1) suggests a lower surface area for the cotton
samples, and higher values for the pulps. The hemicellulose of the
paper pulp should only act by way of its immediate water interface,
so the S value should still be representative of the internal pore
area. The regenerated fibres have even higher amounts of surface
acting water, with lyocell the highest of all. Viscose still has a lower
value for S than the other fibres, despite its high total saturation
capacity, which is in contrast with data from size exclusion
measurements [14]. However, it must be remembered that 1H-T2

relaxation is directly responsive to the extent of water–cellulose
interfacial contact, whereas for size exclusion measurements the
surface area is calculated indirectly from pore volume, and may
therefore suffer from deviations caused by bottle-neck effects. Such
pore entry restrictions could result in a higher calculated surface
area for viscose, which has a less oriented pore structure than
lyocell [45]. The ranking of the regenerated fibres remains similar
when measurements are carried out at the lower field strength of
23 MHz although this requires a different value for Ts of 1.24 ms
under the same pH buffer and temperature conditions.
As described earlier, from Fig. 5, the field strength dependence of
1H-T2 relaxation is a further complexity, as there is no obvious
dispersion in the CPMG experiment. However, we have identified
the existence of a population of water experiencing physical
interaction with cellulose, which may exhibit a chemical shift
difference from non-interacting water via chemical or magnetic
susceptibility effects. This water apparently experiences only
a moderate increase in dipolar relaxation strength so will retain
partial magnetisation within the tau period. Diffusive interchange
with non-interacting water within the tau time will lead to
a contribution to relaxation through dephasing, which will become
much more significant at the much higher 300 MHz field strength.
From Fig. 5, the increase in water T2 relaxation time with decreasing
tau at 300 MHz is also consistent with the existence of a diffusional
interchange mechanism [27].

The McConville–Pope Eq. (4) may offer the best interpretation of
water behaviour in hydrated cellulosic fibres, which in principle can
account for morphological factors influencing both proton chemical
exchange and physical interactions of water at cellulose internal
surfaces. However, variable temperature experiments may be
necessary to attempt a separation of the different variable param-
eters, which may not be achieved fully without the use of more
sophisticated methodologies. This fruitful area of study will be
pursued further.

5. Conclusions

This work has shown that two-site models can be suitable for
the interpretation of proton T2 relaxation behaviour of water in
regenerated cellulosic fibres, provided that measurements are
carried out constant neutral pH. Single exponential relaxation
times are observed below the fibre saturation limit as water
interchanges rapidly on the NMR timescale between all separate
magnetic environments. Experiments at variable pH and variable
temperatures have shown that the shortened relaxation times of
water within saturated fibres are due largely to proton chemical
exchange with accessible cellulose hydroxyl groups at pore
surfaces. Proton exchange is accelerated by both base and acid
catalyses and relaxation data has been used to estimate the rate
constants for acid, base and neutral exchange mechanisms.
Comparisons using the deuterium oxide exchange technique have
shown that accessible regions beneath the immediate water–
cellulose internal interfaces may not contribute effectively to the
proton exchange relaxation mechanism. The amount of surface
interacting water determined from NMR data is therefore sensitive
only to the direct pore surface area. Differences between cellulose
interacting water from T2 relaxation and from deuterium exchange
can therefore provide an estimate of the apparent depth of the
accessible interfacial layer. These layer dimensions are greater for
viscose and modal regenerated fibres than for lyocell. NMR relax-
ation also suggests that lyocell has a higher pore surface area than
viscose or modal fibres, despite its higher crystallinity compared to
the other fibres. This work has also shown that water interacting
with the pore surfaces of hydrated cellulose materials experiences
a restriction of mobility, allowing an intra-molecular dipolar
contribution to relaxation, which can be accounted for using an
extended three-site model. All site-averaged models are effective in
the saturated fibre state as individual water molecules are diffusing
very quickly between all internal fibre environments and there is
no suggestion of long-lived binding interactions to specific cellu-
lose sites.
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