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ABSTRACT: Simultaneous small- and wide-angle X-ray scattering was used to follow
changes in the microstructure of native cellulose (cellulose I) fibers during conversion
to sodium cellulose I (Na-cellulose I) by aqueous sodium hydroxide. Wide-angle X-ray
scattering was used to monitor the extent of conversion, while small-angle X-ray
scattering was used to explore what occurs at the higher structural levels of the
elementary fibrils, microfibrils, and interfibrillar voids. Native cellulose fibers, swollen
in either water or aqueous sodium hydroxide, exhibited an increase in the void volume
fraction and a decrease in the void cross-section size, as the swelling agent separated
elementary fibrils, opening up the structure, and creating many small voids. After
conversion of swollen native cellulose to sodium cellulose I, the void volume fraction and
average void cross-section dimensions both increased. During conversion from dry
cellulose I fibers to swollen Na-cellulose I fibers, the void cross-section dimensions went
through a minimum, suggesting that the void structure may go via an intermediate
similar to the water swollen structure of cellulose I. © 2002 John Wiley & Sons, Inc. J Appl
Polym Sci 83: 1209–1218, 2002
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INTRODUCTION

When native cellulose is swollen in aqueous so-
dium hydroxide, washed in water, and dried, the
crystal structure is transformed from cellulose I
to cellulose II. In this process, referred to as “mer-
cerization,” the crystal structure transformation
occurs in the solid state, and goes via a number of
semicrystalline sodium cellulose intermediates.

Okano and Sarko1 used wide-angle X-ray scatter-
ing, WAXS, to characterize the sodium cellulose
intermediates formed, and defined the first so-
dium cellulose structure as Na-cellulose I.

Chains in cellulose I are parallel packed.2 How-
ever, some authors argue that cellulose II has an
antiparallel packed structure.3–5 The Na-cellu-
lose I intermediate is also argued to be antipar-
allel packed1 and so the transformation from cel-
lulose I to Na-cellulose I may be regarded as a
transformation from a parallel to an antiparallel
structure. Because mercerization occurs in the
solid state, there is limited scope for polymer
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chain rearrangement during transformation, and
such a transformation is regarded as somewhat
surprising. Sarko and coworkers6–8 proposed a
mechanism for the transformation of cellulose I to
Na-cellulose I in which the original cellulose I is
composed of parallel packed crystals in two pop-
ulations pointing both up and down the fiber.
During mercerization the chains reorganize into
antiparallel crystals without the need for com-
plete rotation of any given chain. They argue that
small crystals and uncrystallized chains are rap-
idly converted first, followed by slower conversion
of larger crystals.

Some authors question this mechanism on the
basis that the chain rearrangements required are
still too large to be feasible.9 Other authors pro-
pose that the packing in cellulose II (and Na-
cellulose I) is actually parallel, removing the need
for large-scale chain rearrangement.10,11

In addition to the crystal structure, the larger
scale fibrous structure of native cellulose12–14 will
also be affected by the interconversion, although
the details of the effects are unknown. The fiber is
composed of bundles of microfibrils, approxi-
mately 35–100 Å thick and 100–350 Å wide. The
microfibrils are themselves composed of bundles
of elementary fibrils, consisting of elementary
crystallites, approximately 35 3 35 Å in cross
section, separated by less ordered amorphous re-
gions along the fiber axis direction. Each cellulose
chain may pass through several elementary crys-
tallites and amorphous regions, thus providing
the elementary fibril with internal cohesion.
Elongated voids, approximately 20 to 300 Å wide,
occur between some of the fibrillar elements, at
both the elementary fibrillar and microfibrillar
structural levels.

Recently, the time dependence of the conver-
sion of cellulose to alkali cellulose has been stud-
ied, by using synchrotron radiation to obtain
WAXS patterns in real time during the reaction.15

The work reported here uses synchrotron radi-
ation to make simultaneous SAXS and WAXS
observations of native cellulose fibers as they
were swollen in aqueous sodium hydroxide,
NaOH(aq). The aim was to use WAXS to monitor
the progress of the transformation from cellulose
I to Na-cellulose I, while SAXS simultaneously
provided information on changes at the higher
structural levels of the elementary fibrils, micro-
fibrils, and interfibrillar voids.

MATERIALS AND METHODS

The experimental apparatus incorporated a two-
dimensional detector for both the SAXS and the
WAXS on station 8.2 at the Daresbury Laborato-
ry.16 Time-resolved data were collected as ramie
native cellulose fibers were swollen in water, 1.5
M NaOH(aq), 4 M NaOH(aq), 5 M NaOH(aq), and
6 M NaOH(aq). Data were collected for 25 min, in
15-s frames for the first 5 min, and 60 s frames for
the remaining 20 min.

The water, or aqueous sodium hydroxide, was
added to the fibers in the sample cell using an
automatic syringe driver. A slow driver speed al-
lowed the fibers exposed to the beam to remain
dry until after the 1-min beam interlock proce-
dure was completed and the X-ray shutter
opened. In this way, we could collect data first
from dry fibers, and then as they were swollen in
the chosen medium.

The syringe driver was switched off after 5 min
to prevent liquid overflowing the sample cell.
Data collection was resumed after second inter-
lock procedure resulting in a gap in the time
resolved data, which was noted and included on
the time axis of plots.

Data Analysis

In keeping with convention, the direction parallel
to the fiber axis will be referred to as the “merid-
ian,” and the perpendicular direction will be re-
ferred to as the “equator.”

The two-dimensional SAXS and WAXS data
were corrected for variations in the incident beam
intensity and nonuniformity of the detector re-
sponse. A normalized background contribution of
scattering from an empty sample cell was sub-
tracted from normalized sample data. Where nec-
essary, the images were rotated. The scattering
angle was calibrated in both the meridional and
equatorial directions using wet rat tail collagen
for SAXS, and high-density polyethylene for
WAXS.

WAXS Data Analysis

After the preliminary treatment, the WAXS data
were reduced to one-dimensional equatorial
curves of scattering angle vs. intensity. The posi-
tions of the equatorial WAXS peaks were esti-
mated using the Daresbury software “Fit”17 to fit
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curves to the crystalline peaks and noncrystalline
scatter.

SAXS Data Analysis

In a simple model, cellulose fibers may be treated
as a two-phase system of void and crystalline
cellulose, with the elementary fibrils being
treated as strings of cellulose crystallites. This is
valid because the noncrystalline regions of the
fibrils are also highly oriented and, therefore, to a
first approximation may be treated as crystalline.
The degree of crystallinity for cellulose fibers is
generally high, and was found from laboratory-
based WAXS measurements to be typically ;70%
for the ramie fibers used in these experiments.
SAXS patterns collected from dry native cellulose
fibers appeared as a diamond-shaped streak elon-
gated on the equator. SAXS patterns from hy-
drated fibers were also centered on the equator,
but extended further out on the meridian in
places, giving the pattern a lobed shape. Further-
more, the hydrated fiber SAXS extended further
out on the equator than in the dry fiber case. In
both cases the elongation of the SAXS on the
equator indicates long thin scattering particles
oriented approximately parallel to the fiber axis
(the meridian).

The SAXS patterns were integrated along the
meridian (qz) at fixed equatorial positions (qx) to
give an integrated equatorial intensity,

Ĩ~qx! 5 E
2`

`

I~q!dqz (1)

In all cases, the integrated equatorial intensity,
Ĩ(qx), was extrapolated to low qx using the Guinier
method with a qx range of 0.01 Å21 , qx , 0.015
Å21. None of the equatorial data went to suffi-
ciently high qx to reach the point at which the
SAXS fell to a background level, or for Porod’s law
to be applied for a high qx extrapolation.

The low qx extrapolated integrated equatorial
intensity was used to estimate calculate the scat-
tering power, Q (in arbitrary units), mean void
cross-section length, L2, mean radius of gyration
of the void cross section, R3, and the mean void
cross section area, S3, after the method of Shioya
and Takaku.18 This is described in more detail in
an earlier article.19 For a two-phase system con-
sisting of cellulose and a dilute phase of voids,
independent particle scattering may be assumed,

and so the volume fraction of voids is given by the
scattering power, Q, and electron density differ-
ence, r, between the voids and cellulose:20

n }
Q
r2 (2)

where,

Q 5 E
0

`

Ĩ~qx!qxdqx (3)

When the voids are not dilute, independent par-
ticle scattering is not obtained and the void vol-
ume fraction is given by:

n~1 2 n! }
Q
r2 (4)

In dry fibers the voids form a dilute phase and eq.
(2) may be applied. However, for fibers swollen in
water or NaOH(aq) the voids cannot be consid-
ered to form a dilute system, and eq. (4) must be
used. Absolute intensities were not available;
therefore, the proportionalities shown in (2) and
(4) were used to track the direction of changes in
the void fraction on swelling.

In dry fibers it is assumed that the voids are
filled with air, while after swelling is complete it
is assumed that the voids are filled with liquid of
the appropriate electron density. This assump-
tion has been justified in neutron scattering ex-
periments described in an earlier article.21 The
density of cellulose is assumed to be constant
throughout the experiment. The electron density
differences between cellulose and the media used
in this study are as follows: air, 850 NA; water,
294 NA; 1.5 M NaOH (aq), 264 NA; 4 M NaOH(aq),
220 NA; 5 M NaOH(aq), 200 NA; 6 M NaOH(aq),
186 NA.

L2, R3, and S3 characterize the voids in the
cross-section perpendicular to the fiber axis. The
Guinier plot, used to calculate R3 and S3, will be
a curve rather than a straight line, if there is a
wide distribution of void sizes, or if the void cross-
section shape is highly anisotropic, or both. The
curve is the result of superposition of straight
lines, each with a different gradient and inter-
cept, each representing a different void size or
shape. Two ranges of qx were used to estimate the
distribution of void sizes: 0.01 Å21 # qx , 0.015
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Å21, which gives a measure of the size of larger
voids in the structure, and a high qx range, 0.015
Å21 , qx , 0.06 Å21, which gives a measure of the
size of smaller voids. Finally, a rectangular void
cross section was assumed, and the average
lengths of the sides of the voids X and Y calcu-
lated from the parameters R3 and S3. Such an
analysis is not ideal, because the method is only
truly valid if the Guinier plot is a straight line.
However, this approach, applied consistently
across the data, gives some measure of the
changes in void size during the experiment.

Qualitative Assessment of the Accuracy of the
SAXS Parameters

The swollen fiber equatorial SAXS data did not
reach a background level, and they could not be
extrapolated to high qx because they were cut off
part of the way through the interference peak.
Therefore, the upper limit of the integrals used in
calculating L2, Q, and S3 did not include the full

qx range of equatorial scattering. However, as the
high qx limit of the data was the same for all the
data from a particular experiment, the inaccuracy
introduced into the calculation of L2, S3, and Q
was largely systematic. Therefore, although ac-
tual magnitudes of the void parameters cannot be
accurately deduced, trends may be regarded as
valid. As the dry fiber data reached a background
level within the available qx range, this source of
systematic error does not apply for the dry fiber
case.

Shioya and Takaku’s18 method for calculating
void sizes from SAXS from oriented voids within
uniaxially aligned fibers was derived assuming
independent particle scattering from dilute
packed voids. For dry cellulose fiber SAXS, this
analysis is valid because of the low-volume frac-
tion of voids.22 However, closer packing of the
voids in water or NaOH(aq) swollen cellulose fi-
bers gives rise to interparticle interference. This
changes the shape of the SAXS curve introducing
a systematic error in the calculation of the void
parameters. Hence, again general trends in
changes of the void parameters will be regarded
as valid, but magnitudes cannot be accurately
deduced.

RESULTS AND DISCUSSION

Preliminary Observations on SAXS Data

Dry native cellulose fiber SAXS produced a dia-
mond-shaped equatorial streak originating from
long thin oriented voids. When all types of native
cellulose fiber studied were swollen in either wa-
ter or aqueous sodium hydroxide, the SAXS pat-
tern broadened in the meridional direction be-
coming lobe shaped. This meridional broadening
is consistent with two processes; the voids becom-
ing misoriented with respect to the fiber axis, and

Figure 1 A comparison between equatorial WAXS
from dry ramie and the same sample after swelling in
5 M NaOH(aq). The plot for each individual frame has
been offset by adding a fixed displacement to the inten-
sity.

Table I Comparison of the Void Parameters and of Dry, Water Swollen,
and 1.5 M NaOH (aq) Swollen Ramie Native Cellulose Fibers

Ramie Fibers R3 (Å) L2 (Å) S3 (Å2)
Q
r2 31013 NA

2

Dry 30–135 115 2000–30,000 5
Water swollen 15–70 45 1400–3000 95
1.5M NaOH(aq) swollen 10–85 45 1500–2500 100

Smaller values (calculated from the higher q range) of R3 and S3 are seriously affected by the
interference peak in water and 1.5 M NaOH(aq) swollen fibers.
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shorter in that direction. The lobes became more
rounded as the molarity of NaOH(aq) was in-
creased, indicating increased misorientation
and/or shortening of the voids.

As dry fibers were hydrated, the equatorial
scatter extended to higher q. Moreover, when the
cellulose I had been converted to Na-cellulose I,
the equatorial scatter extended to still higher q.
The equatorial scatter extends to higher q as the
scattering particles narrow in the perpendicular
direction (meridian). Therefore, the voids are wid-
est in dry cellulose I , become narrower in hy-
drated cellulose I, and narrower still after conver-
sion to Na-cellulose I.

Preliminary Observations WAXS Data

Dry fiber, and water or 1.5 M NaOH(aq) swollen
fiber WAXS patterns, showed two clear peaks: a
low broad peak centred at 2u > 14°, which corre-
sponds to an interplanar spacing of d > 3.9 Å (l
5 1.54 Å), and a higher sharper peak centred at
2u > 14°, which corresponds to an interplanar
spacing of d > 6.3 Å (l 5 1.54 Å). The higher peak
probably corresponds to the (002) peak in cellu-

lose I, and the lower broader peak probably cor-
responds to the superposition of the (101# and
(101) peaks in cellulose I.2

Ramie, which had been steeped in NaOH(aq) of
4 M or above, exhibited a single crystalline peak
at 2u > 20°. This corresponds to an interplanar
spacing of d > 4.4 Å (l 5 1.54 Å), and may be
identified as the (200) peak of Na-cellulose I.20 As
an example, Figure 1 compares equatorial WAXS
from dry and 5 M NaOH(aq) swollen ramie.

The peaks were quite broad, partly as a result
of parallax due to the interaction depth of the
detector. The parallax broadening causes mis-
shaped peaks. Other causes of the broad crystal-
line peaks are the finite sizes of the cellulose
crystallites and imperfections in the crystals. In
addition, the superposition of peaks in the case of
the measured peak at 2u > 14° will add to the
broadening.

The Structure of Dry, Water-Swollen, and 1.5 M
NaOH(aq)-Swollen Ramie Fibers

The WAXS results indicate that the cellulose
crystal structure in dry, water-swollen, and 1.5 M

Figure 2 Time-resolved equatorial WAXS for ramie
native cellulose fibers as they are swollen in 5 M
NaOH(aq). The plot for each individual frame has been
offset by adding a fixed displacement to the intensity.

Figure 3 Time-resolved integrated equatorial SAXS
for ramie cellulose I fibers swelling in 5 M NaOH(aq).
The plot for each individual frame has been offset by
adding a fixed displacement to the intensity.
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NaOH(aq)-swollen ramie fibers was the cellulose
I allomorph. Hence, in these samples, no crystal-
line transformation occurred during swelling. The
void parameters, Q/r2, L2, R3, and S3, calculated
from the corresponding SAXS patterns for dry
ramie fibers, are listed in Table I.

The fiber cross-section void parameters are
larger in dry fibers than in swollen fibers, and
there is a greater difference between the two val-
ues of radius of gyration calculated. The void vol-
ume fraction, proportional to Q/r2, is approxi-
mately 20 times lower in dry fibers. This indicates
that dry ramie native cellulose fibers contain few
voids, and those that are present, appear in a
wide range of cross-section sizes. Upon swelling,
the void volume fraction increases dramatically,
and the mean cross-section sizes are lower and
have a narrower size range than in dry fibers.
These trends are similar to those reported else-
where,18 although exact values may differ be-
cause of the chosen q-range and lack of high q
extrapolation.

The void parameters for ramie fibers swollen in
1.5 M NaOH(aq) were broadly the same as those
for water-swollen fibers, within the accuracy
of the data, suggesting that water and 1.5 M
NaOH(aq) are very similar swelling agents for
cellulose I.

Results of Time-Resolved Observations of
Mercerization of Ramie in 5 M NaOH(aq)

Figure 2 shows a set of time-resolved equatorial
WAXS scattering plots for ramie native cellulose
fibers during swelling in 5 M NaOH(aq). The first
five frames were for dry ramie, the first (43 s) and
fifth (103 s) frames are shown, and the equatorial
WAXS peak positions correspond to those for the
cellulose I crystal structure. After the fifth frame,
the 5 M NaOH(aq) reached the fibers within the
beam, which started to swell. That swelling
started at this stage was also evident from the
two-dimensional SAXS data, which started to
broaden in the meridional direction. The conver-

Figure 4 Changes in the mean void parameters as ramie fibers swell in 5 M NaOH:
(a) mean void cross section length, L2; (b) scattering power, Q; (c) smaller value (from
the high q range) value of the radius of gyration of the void cross section, R3; (d) larger
value (from the low q range) value of the radius of gyration of the void cross section, R3;
(e) smaller value (from the high q range) value of the void cross-section area, S3; (f)
larger value (from the low q range) value of the void cross section area, S3; (g) smaller
value (from the high q range) values of rectangular void cross section dimensions, X and
Y; and (h) larger value (from the low q range) values of rectangular void cross-section
dimensions, X and Y.
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sion to Na-cellulose I started immediately as the
fibers began to swell; this was shown by the ap-
pearance of the Na-cellulose I peak at 2u 5 20°
alongside the cellulose I peaks in the sixth frame,
recorded after 118 s. From the seventh frame,
recorded after 133 s, the cellulose I peaks could
not be clearly distinguished, indicating that a
high proportion of the cellulose I crystallites had
been converted to Na-cellulose I. Therefore, it ap-
pears that in 5 M NaOH(aq) the majority of cel-
lulose I was rapidly converted to Na-cellulose I,
within approximately 30 s, between the fifth and
seventh frames. This is consistent with the find-
ings of Fink et al.15 from WAXS measurement,
which also suggested that conversion proceeds
rapidly.

Figure 3 shows the simultaneously collected
time resolved integrated equatorial SAXS for
ramie cellulose fibers after swelling in 5 M
NaOH(aq). The integrated equatorial SAXS data
show a decrease in low-angle intensity as the dry
ramie cellulose I was swollen in 5 M NaOH(aq),
and partially converted to Na-cellulose I, between
the fifth and sixth frames, recorded after 103 s
and 118 s. The void parameters, L2, Q, R3, S3, and
X, Y, calculated from the integrated equatorial
SAXS, all show variation over approximately the
first 12 frames recorded up to 208 s. These void

parameters are plotted as a function of time in
Figure 4(a)–(f). No clear SAXS interference peak
was observed in the NaOH(aq) swollen fibers,
which underwent conversion. This suggests that
smaller values (i.e., those calculated from the
high q range) of R3 and S3 will be more reliable for
these samples, than for the wet samples where a
peak was observed.

Overall, L2 and the larger value (from the low
q range) cross-section void parameters R3, S3, X,
and Y, all decreased as the ramie fibers were
swollen in 5 M NaOH(aq). The smaller value
(from the high q range) void parameters stayed
constant, or increased, thus narrowing the range
of void cross-section sizes in 5 M NaOH(aq) swol-
len fibers compared with dry or water-swollen
fibers. These changes in the cross-section void
parameters were accompanied by an approximate
doubling of the scattering power, Q. When the
relative estimated electron density differences be-
tween air filled voids and 5 M NaOH(aq) filled
voids are taken into account, this increase implies
a much larger increase in the void volume frac-
tion.

The smaller value (from the high q range) of R3
exhibited a dip when the 5 M NaOH(aq) was first
added to the fibers. This dip is rather small to be
considered significant within the accuracy of the

Figure 4 (Continued from the previous page)
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data. However, it also appeared for the other con-
centrations of NaOH used, and is likely to be real.
Small dips are also seen in L2, X, andY, and which
again, although noisy, are almost certainly real.

The Effect of Aqueous Sodium Hydroxide
Concentration

The changes in L2, Q, R3, S3, and X, Y as fibers
were swollen, and cellulose I was converted to
Na-cellulose I, followed the same pattern when
swollen in 4 M and 6 M NaOH(aq). The changes
occurred more quickly the higher the molarity
with the 4 M sample, displaying a mixed WAXS
pattern for nearly 200 s. Figure 5(a)–(f) show
histograms of the void parameters calculated for

dry, water-swollen, and NaOH(aq)-swollen fibers.
The values displayed are the means of values for
frames at the start and end of data collection over
which no change in the equatorial SAXS and
WAXS was evident.

Interpretation of Time-Resolved Simultaneous
SAXS and WAXS Observations of Dry, Water, and
NaOH(aq)-Swollen Ramie Fibers

The reduction in void cross-section size observed
when dry ramie fibers were swollen in water or
aqueous sodium hydroxide can be explained by
the swelling agent separating elementary fibrils,
or groups of elementary fibrils, thereby opening
up the structure, and creating many small voids.
This accounts for the increase in void volume
fraction on swelling, as smaller voids, which were
collapsed in the dry fibers, open up on filling liq-
uid. On swelling, the large voids in the dry fibers
disappear as crystallites, interspersed by small
voids, move into the large void space. Figure 6 is
a schematic illustration of the changes, described
above, in the arrangement of voids and crystal-
lites in the ramie cellulose fibers as they are swol-
len.

Comparison between water, or 1.5 M NaOH(aq),
swollen ramie native cellulose fibers, and 5 M
NaOH(aq) swollen fibers composed of Na-cellu-
lose I crystallites, indicated that both void volume
fraction and cross-section size are larger for the
fibers swollen in the 5 M NaOH(aq). It is signifi-
cant that water and 1.5 M NaOH(aq) swollen
fibers have almost identical void parameters. In
both cases the crystal structure remains entirely
cellulose I; therefore, changes observed are due to
the fibers swelling in a polar liquid. When the
ramie native cellulose fibers are swollen in the 5
M NaOH(aq), the swelling is accompanied by a
change of crystal structure from cellulose I to
Na-cellulose I. Figure 6 is a schematic comparison
between water and 5 M NaOH(aq) swollen ramie
fiberes.

The dips seen in L2 and the smaller values
(calculated from the high q range) of R3 on swell-
ing in 5 M NaOH(aq) suggest that the structure
may go via an intermediate, similar to the water-
swollen structure, before conversion to the fiber
structure containing Na-cellulose I. Such a struc-
ture might be associated with the first stage of
Sarko and coworkers’ model6,8 in which small
crystals and aligned amorphous chains rearrange
and transform, and which might be expected to

Figure 5 Mean void parametrs of dry, water-swollen,
and NaOH-swollen ramie fibers: (a) mean void cross
section length, L2; (b) void fraction product, Q/r2; (c)
larger value (from the low q range) and smaller value
(from the high q range) values of the radius of gyration
of the void cross section, R3; (d) larger value (from the
low q range) and smaller value (from the high q range)
values of the void cross section area, S3; (e) smaller
value (from the high q range) values of rectangular void
cross-section dimensions, X and Y; and (f) larger value
(from the low q range) values of rectangular void cross-
section dimensions, X and Y.
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give a more finely divided pore structure. Equally,
it could be associated with a preliminary swelling
stage, before bulk conversion takes place, and
need not be associated with the large-scale chain
rearrangements of Sarko et al.’s model. The data
could, therefore, be consistent with a transforma-
tion from a parallel to antiparallel structure on
mercerization, but does not provide any evidence
for or against this.

The molarity of aqueous sodium hydroxide in
the range 4 to 6 molar appears to have little effect
on the final swollen fiber cross-section void sizes
and the void volume fraction, but the changes are
faster the higher the molarity.

CONCLUSIONS

SAXS results demonstrated that dry native cellu-
lose ramie fibers contain a small number of rela-

tively large voids (;100 Å wide). The overall
shape of the SAXS is due to the voids being long,
thin, and oriented, with their long axis approxi-
mately parallel to the fiber axis.

When the ramie native cellulose fibers were
swollen in water or NaOH(aq), the void volume
fraction increased and the void cross-section size
decreased as the swelling agent separated ele-
mentary fibrils, or groups of elementary fibrils,
opening up the structure, and creating many
small voids.

Both the void volume fraction and the average
void cross-section size were found to be greater
after conversion to Na-cellulose I. During conver-
sion some of the cross section void parameters
passed through minima, suggesting that the void
structure may go via an intermediate similar to
the water-swollen structure.

The authors are grateful to Courtaulds Corporate Tech-
nology (now part of the Akzo Nobel group) for financial
support, and to the EPSRC for funding. The X-ray
experiments were performed on station 8.2 at the
Daresbury laboratory.
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