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Absolute intensitiesD i (q) of small-angle x-ray scattering~SAXS! and ultra-small-angle x-ray scattering
~USAXS! were measured in a wide range of scattering vectorq from 231024 to 0.5 Å21 for transparent
~VI-P! and translucent~VI-L ! cellulose hydrogels prepared by coagulation and regeneration of viscose in acid
solutions with and without acetone, respectively. We obtained the scattering intensities at very smallq con-
veniently by desmearing the combined data measured by SAXS and USAXS. The plot ofD i (q)q2 versus
log10 q showed a peak at22.5, log10 q,21.0. By assuming a two-phase model with the high-density phase
~phase 1! composed of only cellulose and with the low-density phase~phase 2! composed of cellulose dis-
persed in water, volume fractions of phase 1 in VI-P and VI-L were determined to be 0.18 and 0.09, respec-
tively, from the mean-square fluctuation of electron density determined as*D i (q)q2dq. By fitting the ob-
served scattering profile with the theoretical particle scattering functions of spheres, the average diameter of the
high-density region including crystallite was determined to be 120 Å for VI-P and 80 Å for VI-L. Similar
analyses were applied also to freeze-dried VI-P. These results were consistent with those obtained by the
wide-angle x-ray-diffraction measurement and also with the observation by scanning probe microscopy.

PACS number~s!: 61.10.Eq, 82.70.Gg, 81.05.Lg
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I. INTRODUCTION

The small-angle x-ray scattering~SAXS! method is one of
the most useful techniques for studying the nanostructur
materials. However, in order to study samples with lon
range higher-order structures such as polymer solids qu
tatively, scattering intensity must be measured in a widq
range, whereq @5(4p/l)sinu# is the magnitude of the sca
tering vector,l is the wavelength of the incident x ray, an
2u is the scattering angle. Thus, the conventional Kratky ty
SAXS apparatus is not sufficient for the structure analysis
such samples, since it usually gives us reliable scatte
intensity only in the range of 0.01,q,0.5 Å21 without us-
ing special equipment such as synchrotron radiation. To a
lyze the structure of such samples, the ultra-small-an
x-ray scattering~USAXS! apparatus, with which we can usu
ally measure the scattering intensity forq down to 8
31025 Å 21 corresponding up to 8mm in real space, is very
useful. In this study, we applied these two techniques
regenerated cellulose hydrogels prepared by Saga and
@1#.

*Author to whom correspondence should be addressed.
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The USAXS measurement and the data analysis are
dered by the low scattering intensity and the smearing eff
In order to overcome this problem, we used a conveni
desmearing technique and determined the scattering func
at q,0.02 Å21 using the intense SAXS intensity.

We analyzed the SAXS and USAXS data in a very wideq
range in the following two ways. First, we used the absol
scattering intensity to determine the invariantQ @2#, which
has been used also for~dry! regenerated cellulose fiber
@3–5#. From Q, we can determine the volume fractions a
concentrations of cellulose assuming a two-phase mo
Second, we used the angular distribution of relative scat
ing intensity to estimate the size of component units by
suming that the gel sample is a particulate system and
fitting the profile with the theoretical particle scattering fun
tions. We compared the results obtained by the SAXS
USAXS analyses with the wide-angle x-ray-diffractio
~WAXD ! measurement and with the observation by scann
probe microscopy~SPM!. Furthermore, we discussed the e
fect of acetone which was added for the gelation of the tra
parent sample in the coagulation and regeneration agent
nally, we compared the amorphous structure of our sam
with that reported for fiber materials. Since our samples
727 ©2000 The American Physical Society
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728 PRE 62HITOSHI ANDO AND TOSHIKI KONISHI
regarded as precursors of dry elongated materials, such
film and fiber, the investigation of the structure is importa
for improvement of regenerated cellulose materials.

II. EXPERIMENTAL SECTION

A. Samples

In this study, we used transparent and translucent ce
lose hydrogels, VI-P and VI-L, respectively, for which d
tails appear elsewhere@1#. The sample VI-P was obtained a
follows; after a 1-mm-thick viscose~cellulose concentration
9.5 wt. %! cast on a glass plate was coagulated and rege
ated in a solution of 85 wt. % acetone and 0.5 N hydrochlo
acid in water without elongation, it was desulfurize
bleached, and washed with water. The sample VI-L was
tained using the hydrochloric acid solution without aceto
The two samples were never allowed to dry. After substit
ing water by ethanol, and then byt-butanol in VI-P, the
sample DVI-P was obtained by freeze-drying so as to m
mize structural changes during the drying process.

The weight fractions of the cellulose in VI-P and VI-
were determined to be 0.39 and 0.19, respectively, by
weight. The volume fraction of the total cellulosencell in
each sample was 0.28 for VI-P and 0.12 for VI-L. They we
determined from the weight fractions and the reported d
sity value for crystalline cellulose IIdcell-II (1.610 g/cm3) @6#
for convenience sake. The volume fraction of the cellulose
DVI-P was 0.56, which was determined by dry weight fro
the volume@~area!3~thickness!# of the dry sample and the
density of cellulose.

B. SPM

We observed the surface of DVI-P by SPM. Nano Sco
IIIa Dimension 3000~Digital Instruments Inc., Santa Bar
bara, CA! was employed in tapping mode with a probe
silicon cantilever~125 mm! at a drive amplitude of 1 V and
scanning frequency of 1 Hz per line.

C. WAXD

The WAXD intensity was measured with a goniome
~CN2173C3, Rigaku Corporation, Tokyo, Japan! and an
x-ray generator~CN4037B3, Rigaku Co., 50 kV–40 mA
wavelengthl51.54 Å, Cu Ka) by a reflection method
Scattering from a standard amorphous sample prepare
saponification of cellulose triacetate was also measured.
data were corrected for the background intensity includ
that from water in the wet samples, for Lorentz factor,
absorption, and for polarization. The ratioxcryst of the weight
of crystallite to the weight of the total cellulose in the samp
was estimated from the peak area due to the (110̄), ~110!,
and ~200! diffractions from crystalline cellulose II and tha
from the amorphous part, whose scattering profile was
sumed to be the same as that of the standard sample. La
crystallite sizes were calculated via the Scherrer equation@7#,
after the diffraction profiles without correction for the Lo
entz factor were separated into the corresponding three p
with the Lorentz function.
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D. SAXS and USAXS

1. SAXS apparatus

A Kratky u-slit camera~Rigaku Co.! was employed in the
SAXS measurements with a rotating anode x-ray gener
~Rotaflex RU-300, Rigaku Co., 50 kV–280 mA,l
51.54 Å, Cu Ka) and with a position-sensitive proportiona
counter~1024 channel! as a detector. For measurements
the two wet samples, we used a 1-mm-thick flat cell w
Kapton windows in a vacuum-tight holder. We measured
scattering intensity from the two wet samples in the cell a
from the dry sample in vacuum, and ‘‘blank’’ intensity from
the cell filled with water for the wet sample and from th
empty camera for the dry sample.

2. USAXS apparatus

The details of our USAXS apparatus have been descri
elsewhere@8#. It is composed of a Bonse-Hart~BH! camera
@9# ~Rigaku Co.! equipped with grooved single crystals o
silicon and the same x-ray generator as used in the SA
setup. The conditions of measurements for all the sam
and blanks were the same as in the SAXS measurements
the incident x-ray intensity, the intensityI 0,Ni transmitted
through a nickel filter with 0.2-mm thickness was measur
before and after the USAXS measurements, and the ave
value was taken.

3. Desmearing

Here, we show data analyses using the SAXS data c
bined to the USAXS data, in order to obtain convenien
desmeared excess reduced scattering intensitiesDI R(2u) as
a function of the true scattering angle 2u at very small angles
from measured~smeared! excess reduced scattering inten
ties D Ĩ R(2ũ) as a function of an apparent scattering an
2ũ @10#. D Ĩ R(2ũ) is given experimentally by

D Ĩ R~2ũ !5 Ĩ R,sample~2ũ !2 Ĩ R,blank~2ũ ! ~1!

with

Ĩ R,i~2ũ !5
Ĩ i~2ũ !

TiI 0,Ni,i
~ i 5sample or blank!, ~2!

where Ĩ sample(2ũ) and Ĩ blank(2ũ) are smeared scattering in
tensities from the sample and blank, respectively,I 0,Ni,sample
and I 0,Ni,blank are incident x-ray intensities transmitte
through a 0.2-mm nickel filter in the measurements for
sample and blank, respectively, andTsample and Tblank are
transmittances for the sample and blank, respectively.

The relationships between the two scattering intensi
D Ĩ R(2ũ) andDI R(2u) for the USAXS apparatus~BH cam-
era! and the SAXS apparatus~Kratky camera! are written as
@11#

D Ĩ R,BH~2ũ !5*2`
` DI R~2u!dy ~3!

with

2u5A~2ũ !21y2 ~ for BH camera! ~4!
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and

D Ĩ R,K~2ũ !5kK*2`
` *2`

` Wx,K~x!Wy,K~y!DI R~2u!dx dy
~5!

with

2u5A~2ũ2x!21y2 ~ for Kratky camera!, ~6!

where D Ĩ R,BH(2ũ) and D Ĩ R,K(2ũ) are smeared excess r
duced scattering intensities for the BH and Kratky came
respectively,kK is an apparatus constant including the diffe
ence in the optical systems between the BH and Kratky c
eras, andWx,K(x) and Wy,K(y) are the slit-width and slit-
length weighting functions which can be obtained from t
measured incident beam profile on the detector plane in
Kratky camera and the widths of detector slits. In Eq.~3!, we
assumed that the x-ray beam profile~weighting functions! in
the USAXS apparatus is of infinite height and zero wid
Solely fromD Ĩ R,K(2ũ) in the range of 0.2°&2u&9° mea-
sured with the SAXS apparatus,kKDI R(2u) can be obtained
in the range of 2u.0.25° by the method of Lake@12# and
Schmidt and Hight@13# using Eq. ~5! and the measured
weighting functions.~Here, we note that the angular rang
given above and below hold only in the present case for
cellulose hydrogels, and they can vary depending on
scattering profile for the sample and also the accuracy of
scattering intensity required.!

On the other hand, in order to obtainDI R(2u) in the
range of 2u&0.25°, we need the USAXS data. In the dete
mination ofDI R(2u) from D Ĩ R,BH(2ũ) using Eq.~3! by the
method of Guinier and Fournet@11#, D Ĩ R,BH(2ũ) at 2ũ rang-
ing from 2u to infinity is needed in principle. If we measur
D Ĩ R,BH(2ũ) only by the USAXS apparatus, it would take
long time because of low intensities especially at la
angles. However, there is an alternative course to estim
D Ĩ R,BH(2ũ) in the range of 2u*0.3°, sincekKDI R(2u) has
been obtained at the corresponding angles with the SA
apparatus; becausekKD Ĩ R,BH(2ũ) can be derived by using
Eq. ~3! from kKDI R(2u), we do not need to measure actua
the USAXS intensity in this 2ũ range. We can obtain

FIG. 1. log10 D Ĩ R,BH(2ũ) of VI-P with the SAXS and USAXS
apparatuses; , the modified SAXS data;s, the raw USAXS
data.
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DI R(2u) in the 2u range smaller than 0.25° by desmeari
the combined data composed of the modified d
kKD Ĩ R,BH(2ũ) measured with the SAXS apparatus in t
range of 2u*0.3° and the raw dataD Ĩ R,BH(2ũ) measured
with the USAXS apparatus in the range of 2u&0.3°, where
kK is determined in such a way that the data obtained in
above way connect smoothly. By this method, we can e
ciently obtain x-ray scattering data in a very wideq range.
Figure 1 shows that the two log10D Ĩ R,BH’s obtained with the
SAXS and USAXS apparatuses are consistent in the rang
0.25°,2ũ,0.4°. ~The data shown in Fig. 1 are for th
sample VI-P.!

4. Absolute intensity

Next, we will evaluate the absolute intensityD i (q) @14#,
which is independent of the apparatus, fromDI R(q), which
depends on the optical system. UsingD i (q), we can calcu-
late the invariant Q @2# which corresponds to the mean
square fluctuation of electron density^h2&, namely the scat-
tering power, of a sample by the equation

Q[*0
`D i ~q!q2dq5^h2&. ~7!

For the two-phase systems,^h2& is written in the form

^h2&5f1~12f1!~Dr!2, ~8!

wheref1 is the volume fraction of phase 1 andDr is the
electron density difference between phases 1 and 2 (5r1
2r2). D i (q) is experimentally obtained by the equation

D i ~q!5
k

l
DI R~q!, ~9!

wherek is the apparatus constant for the BH camera sys
and l is the thickness of the sample.

k was determined using measured SAXS and USAXS
tensitiesDI R(q) from colloidal silica particles, Cataloid SI
80P ~average radiusR̄5500 Å, Catalyst & Chemicals Co.
Ltd., Tokyo, Japan! in an aqueous dispersion containin
1023 M sodium chloride as a standard, by Eqs.~7!–~9! with
l determined to be 1.28 mm from the transmittance of th
ray through the dispersion,f150.0249 by dry weight using

FIG. 2. The SPM image of the surface of DVI-P.
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730 PRE 62HITOSHI ANDO AND TOSHIKI KONISHI
2.2 g/cm3 as the density of silica, and the electron densit
r151.10 mol/cm3 for the silica andr250.554 mol/cm3 for
the dispersant.

III. RESULTS AND DISCUSSION

A. SPM

Figure 2 shows the SPM image of the surface of DVI
DVI-P is observed to be an assembly of particles, wh
sizes are in the order of 102 Å as has been reported for re
generated cellulose membranes from cuprammonium
droxide solution@16#, although the size of the particle in th
membranes was larger than that in our sample.

B. WAXD

The WAXD profile of VI-P resembled that of crystallin
cellulose II as shown in Fig. 3. Other samples showe
similar profile.xcryst’s of VI-P, VI-L, and DVI-P were 0.3,
0.5, and 0.3, respectively. Lateral crystallite sizes calcula
via the Scherrer equation from (110̄), ~110!, and ~020! re-
flections were 50~630! Å for all samples.

C. SAXS and USAXS

In Fig. 4~a!, D iq2 for the three samples were plotte
against log10q. The profile has two features. First, the profi
shows a peak at log10q.22.0 for VI-P and DVI-P, and at
log10q.21.5 for VI-L. Second, the profile at log10q,
23.0 for VI-L shows a distinct upturn, i.e., a steep increa
in intensity with decreasing log10q, and that for DVI-P
shows a weak upturn, while this is not the case for VI-P.

The appearance of the upturn, which is generally due
structures of larger dimension than a micron in the system
consistent with the fact that VI-L is less transparent for v
ible radiation than VI-P for which upturn was hardly o
served. The upturn for VI-L might have been caused b
scattering from pores which were actually observed to
about 2 mm by scanning electron microscopy for a cro
section of a freeze-dried sample of VI-L@1#. The slight up-
turn observed for DVI-P may be attributed to a certain lon
range inhomogeneity other than pores~see below!, because
pores were not observed.

The first feature invites some comments for the structu
analyses using Eq.~7! from the data obtained at a finite rang

FIG. 3. WAXD of VI-P; s, the VI-P data; , the amorphous
data. Lattice planes of the crystal of cellulose II are indicated
Miller indices.
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of q at 23.0, log10q,20.8. First, the tail of the upturn doe
not affect the intensity for log10q.23.0 very much, becaus
the value ofD iq2 at log10q.23.0 for all the samples is
sufficiently low compared with the peak value~there is a
minimum at log10q.23.0 in the profile for VI-L and DVI-
P!. Furthermore, in the double logarithmic plot@Fig. 4~b!#
for all the samples, the slope at logq.20.8 is almost24,
though leveling-off~larger slope than24!, which may be
due to fine structures such as local cellulose chain struc
and lattice structure of cellulose II, was observed at higheq
at log10q*20.8. From these observations, it is reasonab
in the analyses of structures with 10–1000 Å, to assume
the value ofD iq2 for log10q,23.0 is zero and that the
intensity for log10q.20.8 follows Porod’s law @D i (q)
}q24# @17#.

The absolute scattering intensityD i (q) was used to obtain
the invariantQ which corresponds to the mean-square flu
tuation of electron densitŷh2& in the system. The value o
Q was determined by Eq.~7! to be 0.010 for VI-P, 0.007 for
VI-L, and 0.10 mol2/cm6 for DVI-P. We note that the data in
the very smallq range obtained with the USAXS apparat
shown by open symbols in Fig. 4~a! enabled us to evaluateQ
correctly.

FIG. 4. ~a! D i (q) q2 against log10 q of VI-P, VI-L, and DVI-P;
s and d, VI-P; n and m, VI-L; h and j, DVI-P. Unfilled and
filled symbols denote the data obtained with and without the U
AXS data, respectively. Two different scales are used for the ve
cal axis; the scale on the left-hand side is for VI-P and VI-L, that
the right-hand side for DVI-P.~b! log10 D i (q) against log10 q of
VI-P, VI-L, and DVI-P shifted vertically byd values shown in this
figure; the symbols have the same meanings as those in~a!; the
inset triangle denotes the slope of24. Solid curves denote the
particle scattering functions of spheres calculated from Eq.~12!
with the size distributions shown in Fig. 5.

y
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TABLE I. Cellulose concentration and volume fraction obtained through the analysis of the absolute intensities of USAXS and

Sample ccell
a ~g cm23! f1

a f2
a ncryst

b nam
c ndisp

a

VI-P 0.2 0.18 0.82 ~0.09! 0.09 0.10
VI-L 0.06 0.09 0.91 ~0.06! 0.03 0.03

DVI-P 0.4 0.41 0.59 ~0.16! 0.25 0.15

aDetermined from the USAXS and SAXS data.
bDetermined from the WAXD data.
cDetermined from the USAXS, SAXS, and WAXD data.
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Since Q has been experimentally obtained, the prod
f1(12f1)(Dr)2 can be determined from Eq.~8! if we as-
sume a two-phase model. From the analysis usingQ, Her-
manset al. @3# showed the existence of air-filled voids in th
fiber assuming a three-phase model consisting of crysta
regions, amorphous regions, and the voids, and Kratky
Miholic @4# studied a cluster of fibrils in the air-swollen fibe
assuming a two-phase model consisting of fibrils and
filled voids. One of the features of the gel samples used
this work compared with these fibers is that the dope
viscose is not elongated during sample preparation. Th
fore, we expect that all cellulose molecules are not agg
gated as fibrils. We assumed cellulose molecules except
crystalline regions dispersed uniformly all over the syste
Thus, we employ the two-phase model, for convenien
where phase 1 is a high-density phase composed of
cellulose, which is crystalline and/or amorphous, and pha
is a low-density phase composed of water for the w
samples~or empty space for the dry sample! and cellulose
dispersed in it. Then, we can obtain some structural par
eters such as the weight fraction of the cellulose in the lo
density phasef L @5~weight of cellulose in phase 2!/~weight
of total cellulose in the gel!# from f1(12f1)(Dr)2 and the
volume fraction of the total cellulosencell obtained by
gravimetry.

According to the two-phase model, the electron dens
differenceDr( f L) is given by

Dr~ f L!5rcell2
rcellncellf L1rwa~12ncell!

ncellf L1~12ncell!

~ for wet sample!, ~10a!

Dr~ f L!5rcell2
rcellncellf L

ncellf L1~12ncell!

~ for dry sample!, ~10b!
wherercell andrwa are the electron densities of cellulose a
water, respectively, and were calculated to be 0.854
0.554 mol/cm3, respectively.f1( f L) is given by

f1~ f L!5ncell~12 f L!. ~11!
Then, the value off L was determined fromQ by Eqs.~7!,
~8!, ~10!, and ~11! to be 0.36 for VI-P, 0.25 for VI-L, and
0.27 for DVI-P. By usingf L , we calculated the cellulos
concentrationccell in phase 2~the low-density phase! by
ccell5(dcell-IIncellf L)/(11ncellf L2ncell). The values of
ccell ,f1 calculated by Eq.~11!, andf2 (512f1) are given
in Table I.

Next, we tried to estimate the dimension of structures
the system by using the dependence of relative scatte
t
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intensity on the scattering angle~or q!, while we did not use
it in the previous analysis fromQ but we used only the sum
(*D iq2dq). Here, we fit the measured scattering profile f
22.5, log10q,20.8 with the theoretical particle scatterin
function @18# P(qR) of a sphere with radiusR taking its size
distribution into consideration@19#, where the existence o
crystallites by WAXD and also the SPM observation m
support the assumption of the particulate model. The th
retical value forD i (q) is written by the equation

D i ~q!}*0
`P~qR!R3p~R!dR, ~12!

wherep(R)dR is the volume fraction of the particles wit
radii betweenR andR1dR in the total volume of particles
The size distribution function was evaluated by using
programGNOM written by Svergun and Semenyuk@20#. The
scattering profiles were reproduced by the theoretical va
@solid curves in Fig. 4~b!# calculated with the size distribu
tions shown in Fig. 5. The weight-average particle diame
was determined to be 120 for VI-P, 80 for VI-L, and 240
for DVI-P. The lateral crystallite size~about 50 Å! obtained
from the WAXD data implies that the cellulose crystalli
~the region with the highest density! is included in the par-
ticle assumed here and that the particles correspond to
high-density phase~phase 1! in the present two-phase mode

We note that, in the above analysis, we did not consi
the effect of the interparticle interference, because this ef
on the observed scattering profile is apparently smeared
except at very low angles when the size distribution of
particles is wide@21,22# as was shown for our systems
Fig. 5 @23#.

FIG. 5. Plots of the size distribution of the particle volumep(R)
of VI-P, VI-L, and DVI-P obtained by fitting the SAXS and US
AXS data with the particle scattering functions of spheres show
Fig. 4~a!. s, VI-P; n, VI-L; h, DVI-P.
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From the structural parameters obtained above thro
the analysis usingQ and the particle size analysis, schema
structures of the two-phase particulate system are show
Figs. 6~a! for VI-P, ~b! for VI-L, and ~c! for DVI-P. Only the
particles with the weight-average diameter are shown. E
picture for all the samples was drawn so as to include
same amount of cellulose and the gradation of shade refl
the cellulose concentrations.

Here, we consider the effect of acetone at the gelation
comparing the two cases in its presence and absence in
regeneration solution, namely VI-P@Fig. 6~a!# and VI-L @Fig.
6~b!#. The cellulose concentration is higher, and the size
the high-density particle is larger in VI-P than in VI-L. Thes
results may be attributed to the presence of acetone a
gelation. Since acetone is expected to have less affinity
cellulose than water, acetone may increase the concentr
of the cellulose in the dope to allow the cellulose molecu
to aggregate more efficiently. This effect may reduce
long-range inhomogeneity in the resultant gel to make
VI-P sample transparent.

Next, we note the effect of drying from the comparison
Figs. 6~a! and 6~c!. Considering that the total volume o
phase 1~or f1 /ncell) for VI-P did not significantly change by
drying, the difference in the average diameter may be
plained by aggregation of a few particles in VI-P into a b
ger one in DVI-P. This size and the number density of
particles in DVI-P after the drying as shown in Fig. 6~c! are
not inconsistent with the SPM image~Fig. 2!. It is also noted
that the slight upturn observed in the USAXS profile f

FIG. 6. Schematic structures of the two-phase particulate sys
for ~a! VI-P, ~b! VI-L, and ~c! DVI-P through the analysis of the
absolute intensities of SAXS and USAXS;d, high-density particle
with weight-average diameter; all the samples have the s
amount of cellulose; the gradation of the shade reflects the cellu
concentration.
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DVI-P at log10q,23.0 in Fig. 4~a! may be attributed to a
long-range inhomogeneity formed by shrinkage due to d
ing.

Finally, in order to compare the amorphous structure
our dry sample DVI-P with that reported for fiber materia
Fig. 7 was obtained by modification of Fig. 6~c! to include
cellulose chains by taking the results of SPM and WAX
into consideration. In drawing Fig. 7, we considered the v
ues of the volume fractions of cellulose in the crystalli
region ncryst (5ncellxcryst), in the amorphous regionnam

@5ncell(12 f L2xcryst)# in phase 1, and in the disperse regio
ndisp (5ncellf L) in phase 2. In Table I, these values a
shown with those for VI-P and VI-L. The structure of th
crystalline region has been investigated in detail, and
lattice structure and lattice constants thoroughly determi
@6#, but the studies of the structure of the amorphous reg
in regenerated cellulose materials are still developing@25–
27#. Schurz and Lenz@25# inferred that there were, in the
fiber, an amorphous region which connected successive c
tallites lengthwise in elementary fibrils and another kind
region which connected laterally adjacent elementary fibr
These regions are expected to have different characteris
e.g., the orientation and density of the cellulose in the form
is higher than that in the latter. In our case, we conclud
that the cellulose in our regenerated cellulose hydrogel,
cept for that in the crystalline region, was divided into tw
regions, i.e., the high-density amorphous region near
crystalline region and the low-density phase where local c
lulose segments were dispersed in water as shown in Fig
Considering that our samples were not elongated, the h
density phase in our gel may serve as a precursor of
elementary fibril in the elongated fiber and the amorpho
region in the high-density phase in our gel may correspo
to the amorphous region inside the elementary fibril in
sample of Schurz and Lenz@25#.
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FIG. 7. A schematic picture of DVI-P based on the results
USAXS, SAXS, WAXD, and SPM. , cellulose chain; dark
shadowed area, crystalline region; light shadowed area, h
density phase;̄ , particle observed by SPM; , high-density
phase in VI-P.
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