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Absolute intensitieAi(q) of small-angle x-ray scatterinBAXS) and ultra-small-angle x-ray scattering
(USAXS) were measured in a wide range of scattering veqtérom 2x10°* to 0.5 A~ for transparent
(VI-P) and translucengVI-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 sorall
veniently by desmearing the combined data measured by SAXS and USAXS. The mofg)f? versus
log;oq showed a peak at 2.5<log;pq<—1.0. By assuming a two-phase model with the high-density phase
(phase 1 composed of only cellulose and with the low-density phgsease 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 determinef\agy)q?dq. 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 A for VI-P and 80 A 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 numbdss): 61.10.Eq, 82.70.Gg, 81.05.Lg

[. INTRODUCTION The USAXS measurement and the data analysis are hin-
dered by the low scattering intensity and the smearing effect.
The small-angle x-ray scatterit§AXS) method is one of  In order to overcome this problem, we used a convenient
the most useful techniques for studying the nanostructure afesmearing technique and determined the scattering function
materials. However, in order to study samples with long-5t < 0.02 A~ using the intense SAXS intensity.
range higher-order structures such as polymer solids quanti- \yo analyzed the SAXS and USAXS data in a very wide

trztrzvgy\’lvizérme[rf&'n;ir)]z:tnyaﬂ:‘;‘a :i}??ﬁﬁg%ﬁhg ;’g:ﬁ range in the following two ways. First, we used the absolute
ge, ﬂ 4 9 scattering intensity to determine the invari@t 2], which

tering vector,\ is the wavelength of the incident x ray, and )
20is the scattering angle. Thus, the conventional Kratky typ as been used also fddry) rggenerated ceIIqusg fibers
SAXS apparatus is not sufficient for the structure analysis o 3-5]. FfO'T‘ Q. we can determine th_e volume fractions and
such samples, since it usually gives us reliable scatteringoncentrations of cellulose assuming a two-phase model.
intensity only in the range of 0.84q< 0.5 A~ ! without us- ec_ond, we used t_he angular_dlstrlbutlon of relatlv_e scatter-
ing special equipment such as synchrotron radiation. To and?d intensity to estimate the size of component units by as-
lyze the structure of such samples, the ultra-small-angléuming that the gel sample is a particulate system and by
x-ray scatterindUSAXS) apparatus, with which we can usu- fitting the profile with the theoretical particle scattering func-
ally measure the scattering intensity for down to 8 tions. We compared the results obtained by the SAXS and
x 10 °A~1 corresponding up to &m in real space, is very USAXS analyses with the wide-angle x-ray-diffraction
useful. In this study, we applied these two techniques fofWAXD) measurement and with the observation by scanning
regenerated cellulose hydrogels prepared by Saga and Sajtobe microscopySPM). Furthermore, we discussed the ef-
[1]. fect of acetone which was added for the gelation of the trans-
parent sample in the coagulation and regeneration agent. Fi-
nally, we compared the amorphous structure of our samples
* Author to whom correspondence should be addressed. with that reported for fiber materials. Since our samples are
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regarded as precursors of dry elongated materials, such as a D. SAXS and USAXS
film and fiber, the investigation of the structure is important 1. SAXS apparatus

for improvement of regenerated cellulose materials. _ ] )
A Kratky u-slit camergRigaku Co) was employed in the

SAXS measurements with a rotating anode x-ray generator
(Rotaflex RU-300, Rigaku Co., 50 kV-280 mA)
=1.54 A, Cu Ka) and with a position-sensitive proportional
A. Samples counter(1024 channeglas a detector. For measurements of
In this study, we used transparent and translucent cellyfne two wet samples, we used a 1-mm-thick flat cell with
Kapton windows in a vacuum-tight holder. We measured the

lose hydrogels, VI-P and VI-L, respectively, for which de- . - i Sintensity from the two wet samples in the cell and
tails appear elsewhefé]. The sample VI-P was obtained as 9 Y . P o i
from the dry sample in vacuum, and “blank” intensity from

follows; after a 1-mm-thick viscosgellulose concentration: the cell filled with water for the wet sample and from the
9.5 wt. %9 cast on a glass plate was coagulated and regeney:

. . ~empty camera for the dry sample.
ated in a solution of 85 wt. % acetone and 0.5 N hydrochloric Py y P
acid in water without elongation, it was desulfurized, 2. USAXS apparatus

bleached, and washed with water. The sample VI-L was ob- he details of h b q ibed
tained using the hydrochloric acid solution without acetone. The details of our USAXS apparatus have been describe

The two samples were never allowed to dry. After substitut-elseWherds]' It is composed of a Bonse-Ha@H) camera

ing water by ethanol, and then kybutanol in VI-P, the [9] (Rigaku Co) equipped with grooved single crystals of

sample DVI-P was obtained by freeze-drving so as to mini_silicon and the same x-ray generator as used in the SAXS
‘mp 4 arying setup. The conditions of measurements for all the samples
mize structural changes during the drying process.

h iaht fracti £ th il 4 q and blanks were the same as in the SAXS measurements. As
The weig 't fractions of the cellulose in V"P, and VI-L e incident x-ray intensity, the intensity \; transmitted
were determined to be 0.39 and 0.19, respectively, by dry,ogh a nickel filter with 0.2-mm thickness was measured,

weight. The volume fraction of the total cellulosge in pefore and after the USAXS measurements, and the average
each sample was 0.28 for VI-P and 0.12 for VI-L. They wereyg|ye was taken.

determined from the weight fractions and the reported den-

sity value for crystalline cellulose Hq (1.610 g/cri) [6] 3. Desmearing

for convenience sake. The volume fraction of the cellulose in

DVI-P was 0.56, Wh'Ch was determined by dry weight from bined to the USAXS data, in order to obtain conveniently

the yolume[(areaX(th|cknes$] of the dry sample and the desmeared excess reduced scattering intensitigé2 4) as

density of cellulose. a function of the true scattering anglé &t very small angles

from measuredsmearegl excess reduced scattering intensi-

ties ATr(26) as a function of an apparent scattering angle
We observed the surface of DVI-P by SPM. Nano Scope§ [10]. ATg(26) is given experimentally by

[lla Dimension 3000(Digital Instruments Inc., Santa Bar-

Il. EXPERIMENTAL SECTION

Here, we show data analyses using the SAXS data com-

B. SPM

bara, CA was employed in tapping mode with a probe of ATR(26) ZTR,samp|<£2~9) —TR,b|ank(279) (1)
silicon cantilever(125 um) at a drive amplitude of 1 V and
scanning frequency of 1 Hz per line. with
C. WAXD -~ 126
. . . . Iri(20)= (i=sample or blank (2
The WAXD intensity was measured with a goniometer ‘ Tilonii

(CN2173C3, Rigaku Corporation, Tokyo, Jajpasnd an ~ 5 ~ 5

x-ray generatofCN4037B3, Rigaku Co., 50 kV-40 mA, wherelgnnd26) andl,,,(26) are smeared scattering in-
wavelengthh=1.54A, Cu Ka) by a reflection method. tensities from the sample and blank, respectivedyi sample
Scattering from a standard amorphous sample prepared B@nd lgnipank @re incident x-ray intensities transmitted
saponification of cellulose triacetate was also measured. TH&rough a 0.2-mm nickel filter in the measurements for the
data were corrected for the background intensity includings@mple and blank, respectively, aiid;mpie and Tpjani are
that from water in the wet samples, for Lorentz factor, fortransmittances for the sample and blank, respectively.
absorption, and for polarization. The rafig,;of the weight ~The~ relationships between the two scattering intensities
of crystallite to the weight of the total cellulose in the sampleAIr(26) andAlg(26) for the USAXS apparatueBH cam-
was estimated from the peak area due to the0(11110), erg and the SAXS apparaty&ratky cameraare written as
and (200 diffractions from crystalline cellulose Il and that [11]

from the amorphous part, whose scattering profile was as- ~ ~

sumed to be the same as that of the standard sample. Lateral Algpn(20)=[Z Alr(26)dy ©)
crystallite sizes were calculated via the Scherrer equgfihn

after the diffraction profiles without correction for the Lor- with

entz factor were separated into the corresponding three peaks

with the Lorentz function. 20= \/(2@)2+y2 (for BH camera (4)
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FIG. 1. logoATg gy(26) of VI-P with the SAXS and USAXS FIG. 2. The SPM image of the surface of DVI-P.
apparatuses;—, the modified SAXS data), the raw USAXS
data. Alx(26) in the 29 range smaller than 0.25° by desmearing
the combined data composed of the modified data
and kxATg g(26) measured with the SAXS apparatus in the

~ ~ o o range of #=0.3° and the raw data | gy(260) measured

AlrK(20) =K S Zoof Zo:Wa k() Wy, k(Y) Al r(26)dx dy with the USAXS apparatus in the range o#20.3°, where
(5) kg is determined in such a way that the data obtained in the
above way connect smoothly. By this method, we can effi-

ciently obtain x-ray scattering data in a very wideange.

S _ 212 Figure 1 shows that the two |Q@\TR'BH’S obtained with the
20=N(26=x)7+y"  (for Kratky camers, © SAXS and USAXS apparatuses are consistent in the range of

- 7 v ~ - 0.25°<26<0.4°. (The data shown in Fig. 1 are for the
where Alg gy4(26) and Al «(26) are smeared excess re sample VI-P)

duced scattering intensities for the BH and Kratky cameras;
respectivelyky is an apparatus constant including the differ-
ence in the optical systems between the BH and Kratky cam-
eras, andW, (x) and W, x(y) are the slit-width and slit- Next, we will evaluate the absolute intensity(q) [14],
length weighting functions which can be obtained from thewhich is independent of the apparatus, frarhy(qg), which
measured incident beam profile on the detector plane in thédepends on the optical system. Usifg(q), we can calcu-
Kratky camera and the widths of detector slits. In B), we  late theinvariant Q [2] which corresponds to the mean-
assumed that the x-ray beam profifeeighting functiongin square fluctuation of electron density?), namely the scat-
the USAXS apparatus is of infinite height and zero width.tering power, of a sample by the equation

Solely from ATg «(26) in the range of 0.2£20=<9° mea- .

sured with the SAXS apparatus Al z(26) can be obtained Q=/5Ai(q)g’dg=(7?). ()

in the range of 2>0.25° by the method of LakgL2] and

Schmidt and Hight13] using Eq.(5) and the measured For the two-phase system;?) is written in the form

weighting functions(Here, we note that the angular ranges 5 5

given above and below hold only in the present case for the (7°)=¢1(1—¢1)(Ap)7, (8

cellulose hydrogels, and they can vary depending on the . ) )

scattering profile for the sample and also the accuracy of th&here ¢, is the volume fraction of phase 1 anp is the

scattering intensity required. electron density difference between phases 1 and=2(
On the other hand, in order to obtailz(26) in the  —p2). Ai(q) is experimentally obtained by the equation

range of =<0.25°, we need the USAXS data. In the deter-

mination of Al g(26) from ATg g(26) using Eq.(3) by the Ai(q)= EAIR(q), 9)
method of Guinier and Fourngt 1], AT g(26) at 26 rang- I

ing from 26 to infinity is needed in principle. If we measure .
~ ~ . wherek is the apparatus constant for the BH camera system
Alg gr(26) only by the USAXS apparatus, it would take a and| is the thickness of the sample.

long time because of I.OW intensitieg especially at '?fge k was determined using measured SAXS and USAXS in-
angles. However, there is an altemative course 1o eSt'matt%nsitiesAlR(q) from colloidal silica particles, Cataloid SI-

ATg g(20) in the range of 2=0.3°, sincekgAlg(26) has g4 (avera e .
, 4 . | ge radiuR=500A, Catalyst & Chemicals Co.,
been obtained at the corresponding angles with the SAX td., Tokyo, Japanin an aqueous dispersion containing

apparatus; becausgATg g(20) can be derived by using 10-3M sodium chloride as a standard, by EG&—(9) with
Eq.(3) fromkkAlg(26), we do not need to measure actually | determined to be 1.28 mm from the transmittance of the x
the USAXS intensity in this 2 range. We can obtain ray through the dispersior);=0.0249 by dry weight using

with

4. Absolute intensity
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FIG. 3. WAXD of VI-P; O, the VI-P data;—, the amorphous
data. Lattice planes of the crystal of cellulose Il are indicated by
Miller indices.

2.2 glent as the density of silica, and the electron densities
p1=1.10mol/cni for the silica andp,=0.554 mol/cr for
the dispersant.

Ill. RESULTS AND DISCUSSION 24

A. SPM

Figure 2 shows the SPM image of the surface of DVI-P. B
DVI-P is observed to be an assembly of particles, whose log,, (¢/A")
sizes are in the order of & as has been reported for re-  FIG. 4. (a) Ai(q) g against logyq of VI-P, VI-L, and DVI-P;
generated cellulose membranes from cuprammonium hy© and @, VI-P; A and A, VI-L; [0 and B, DVI-P. Unfilled and
droxide solution 16], although the size of the particle in the filled symbols denote the data obtained with and without the US-

-35 -30 25 20 -15 -1.0 -05

membranes was larger than that in our sample. AXS data, respectively. Two different scales are used for the verti-
cal axis; the scale on the left-hand side is for VI-P and VI-L, that on
B. WAXD the right-hand side for DVI-P(b) log,q Ai(q) against log,q of

VI-P, VI-L, and DVI-P shifted vertically bys values shown in this
The WAXD profile of VI-P resembled that of crystalline figure; the symbols have the same meanings as thosa);irthe
cellulose Il as shown in Fig. 3. Other samples showed anset triangle denotes the slope ef4. Solid curves denote the
similar profile. x¢ysiS of VI-P, VI-L, and DVI-P were 0.3, particle scattering functions of spheres calculated from (&8)
0.5, and 0.3, respectively. Lateral crystallite sizes calculatedith the size distributions shown in Fig. 5.

via the Scherrer equation from Tﬂ)l, (110, and (020 re-

flections were 50 +30) A for all samples. of qat —3.0<log,;q< — 0.8. First, the tail of the upturn does
not affect the intensity for logg> — 3.0 very much, because
C. SAXS and USAXS the value ofAig? at logq=—3.0 for all the samples is

In F|g A(a), A|q2 for the three Samp'es were p|0tted SuffiCiently low Compared with the peak Vallﬂé’lere is a
against logq. The profile has two features. First, the profile minimum at logqq=— 3.0 in the profile for VI-L and DVI-
shows a peak at lggg=—2.0 for VI-P and DVI-P, and at P). Furthermore, in the double logarithmic plgtig. 4(b)]
log;.g=—1.5 for VI-L. Second, the profile at lggg< for all the samples, the slope at Iqg—0.8 is almost—4,
—3.0 for VI-L shows a distinct upturn, i.e., a steep increasethough leveling-off(larger slope than-4), which may be
in intensity with decreasing lggy, and that for DVI-P  due to fine structures such as local cellulose chain structure
shows a weak upturn, while this is not the case for VI-P. and lattice structure of cellulose I, was observed at higher

The appearance of the upturn, which is generally due t@t log,q=—0.8. From these observations, it is reasonable,
structures of larger dimension than a micron in the system, i# the analyses of structures with 10—1000 A, to assume that
consistent with the fact that VI-L is less transparent for vis-the value ofAig? for log;gq<—3.0 is zero and that the
ible radiation than VI-P for which upturn was hardly ob- intensity for logoq>—0.8 follows Porod’'s law[Ai(q)
served. The upturn for VI-L might have been caused by a<q~*] [17].
scattering from pores which were actually observed to be The absolute scattering intensity(q) was used to obtain
about 2 um by scanning electron microscopy for a crossthe invariantQ which corresponds to the mean-square fluc-
section of a freeze-dried sample of VIflL]. The slight up- tuation of electron densityz?) in the system. The value of
turn observed for DVI-P may be attributed to a certain long-Q was determined by Ed7) to be 0.010 for VI-P, 0.007 for
range inhomogeneity other than porese below, because VI-L, and 0.10 mot/cm® for DVI-P. We note that the data in
pores were not observed. the very smallg range obtained with the USAXS apparatus

The first feature invites some comments for the structurashown by open symbols in Fig(& enabled us to evaluat@
analyses using E@7) from the data obtained at a finite range correctly.
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TABLE I. Cellulose concentration and volume fraction obtained through the analysis of the absolute intensities of USAXS and SAXS.

Sample CceIIa (] Cm_3) d)la ¢2a Vcrystb Vamc Vdispa
VI-P 0.2 0.18 0.82 (0.09 0.09 0.10
VI-L 0.06 0.09 0.91 (0.0 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.
‘Determined from the USAXS, SAXS, and WAXD data.

Since Q has been experimentally obtained, the producintensity on the scattering angler q), while we did not use
d1(1— ¢1)(Ap)? can be determined from E@B) if we as- it in the previous analysis fro® but we used only the sum
sume a two-phase model. From the analysis u§ndder-  (fAig?dq). Here, we fit the measured scattering profile for
manset al.[3] showed the existence of air-filled voids in the —2.5<log,;,q< — 0.8 with the theoretical particle scattering
fiber assuming a three-phase model consisting of crystallinfunction[18] P(qR) of a sphere with radiuR taking its size
regions, amorphous regions, and the voids, and Kratky andistribution into consideratiofl9], where the existence of
Miholic [4] studied a cluster of fibrils in the air-swollen fiber crystallites by WAXD and also the SPM observation may
assuming a two-phase model consisting of fibrils and airsupport the assumption of the particulate model. The theo-
filled voids. One of the features of the gel samples used imetical value forAi(q) is written by the equation
this work compared with these fibers is that the dope of
viscose is not elongated during sample preparation. There-
fore, we expect that all cellulose molecules are not aggre-
gated as fibrils. We assumed cellulose molecules except near
crystalline regions dispersed uniformly all over the systemwhere p(R)dR is the volume fraction of the particles with
Thus, we employ the two-phase model, for conveniencesadii betweerR andR+dR in the total volume of particles.
where phase 1 is a high-density phase composed of onlyhe size distribution function was evaluated by using the
cellulose, which is crystalline and/or amorphous, and phase grogramcnom written by Svergun and Semeny{&0]. The
is a low-density phase composed of water for the wekcattering profiles were reproduced by the theoretical values
samples(or empty space for the dry sampland cellulose [solid curves in Fig. %)] calculated with the size distribu-
dispersed in it. Then, we can obtain some structural paramions shown in Fig. 5. The weight-average particle diameter
eters such as the weight fraction of the cellulose in the lowyas determined to be 120 for VI-P, 80 for VI-L, and 240 A
density phasé [=(weight of cellulose in phase)/2weight  for DVI-P. The lateral crystallite sizéabout 50 A obtained
of total cellulose in the gg] from ¢;(1—¢1)(Ap)? and the  from the WAXD data implies that the cellulose crystallite
volume fraction of the total cellulose e, obtained by (the region with the highest densjtis included in the par-

Ai(a)=[5P(aRR’p(RIAR, (12)

gravimetry. ticle assumed here and that the particles correspond to the
According to the two-phase model, the electron densityhigh-density phaséhase 1in the present two-phase model.
differenceAp(f) is given by We note that, in the above analysis, we did not consider
the effect of the interparticle interference, because this effect
Ap(F)= ot~ PeeiVeell L+ pwa( 1~ Veen) on the observed scattering profile is apparently smeared out
Veelf L + (1= veen) except at very low angles when the size distribution of the
particles is wide[21,22] as was shown for our systems in
(for wet sample, (109 Fig. 5[23].
_ PeellVeelf L 0.04 ' :
AT =pee Veenf L+ (1= veen) VI-L
(for dry sample, (10b) 003 VI-P 1
wherep. andp,,, are the electron densities of cellulose and e
water, respectively, and were calculated to be 0.854 and — o0l |
0.554 mol/cm, respectively.¢,(f,) is given by =
d1(fL)=vea(1—1F). (11)
Then, the value of _ was determined fron® by Egs.(7), 0.01r DVIP i
(8), (10), and(11) to be 0.36 for VI-P, 0.25 for VI-L, and
0.27 for DVI-P. By usingf_, we calculated the cellulose 0.00 ; ;
concentrationc in phase 2(the low-density phageby 0 100 200
Ceel= (deetnveenf L)/ (L + veenf L = veen).  The  values  of R (A)
Ceell» ¢1 Calculated by Eq(11), and ¢, (=1— ¢;) are given FIG. 5. Plots of the size distribution of the particle volup(eR)
in Table I. of VI-P, VI-L, and DVI-P obtained by fitting the SAXS and US-

Next, we tried to estimate the dimension of structures inAXS data with the particle scattering functions of spheres shown in
the system by using the dependence of relative scatteringig. 4. O, VI-P; A, VI-L; O, DVI-P.
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(c) DVI-P e ”i R —]

N\ ayfnprs3;
. e e * 2 .
appn
0
100A
. . . S— FIG. 7. A schematic picture of DVI-P based on the results of
200A USAXS, SAXS, WAXD, and SPM——, cellulose chain; dark
shadowed area, crystalline region; light shadowed area, high-
density phase;--, particle observed by SPM; — —, high-density

FIG. 6. Schematic structures of the two-phase particulate syster‘?nhase in VI-P.

for (@) VI-P, (b) VI-L, and (c) DVI-P through the analysis of the
absolute intensities of SAXS and USAX®, high-density particle  pv|-P at log,qq< —3.0 in Fig. 4a) may be attributed to a

with weight-average diameter; all the samples have the SaMfyng-range inhomogeneity formed by shrinkage due to dry-
amount of cellulose; the gradation of the shade reflects the ceIIqusi?]g

concentration. Finally, in order to compare the amorphous structure of

our dry sample DVI-P with that reported for fiber materials,
From the structural parameters obtained above througRig. 7 was obtained by modification of Fig(d to include
the analysis usin@ and the particle size analysis, schematiccellulose chains by taking the results of SPM and WAXD
structures of the two-phase particulate system are shown iinto consideration. In drawing Fig. 7, we considered the val-
Figs. Ga) for VI-P, (b) for VI-L, and (c) for DVI-P. Only the ~ ues of the volume fractions of cellulose in the crystalline
particles with the weight-average diameter are shown. Eacffgion veys (= VeenXerys), in the amorphous regiom,y,
picture for all the samples was drawn so as to include thé= vceil(1—fL— Xxcrys) ] in phase 1, and in the disperse region
same amount of cellulose and the gradation of shade reflectaisp (= VceifL) in phase 2. In Table |, these values are
the cellulose concentrations. shown with those for VI-P and VI-L. The structure of the
Here, we consider the effect of acetone at the gelation b¢rystalline region has been investigated in detail, and the
comparing the two cases in its presence and absence in t tice structure .and lattice constants thoroughly determlr)ed
regeneration solution, namely VI{Fig. 6@] and VI-L [Fig. [6], but the studies of the structure of the' amorphous region
6(b)]. The cellulose concentration is higher, and the size of? regenerated cellulose materials are stil developizfy-

the high-density particle is larger in VI-P than in VI-L. These 27]. Schurz and Leng25] inferred that there were, in the

. fiber, an amorphous region which connected successive crys-
results may be attributed to the presence of acetone at th ; Lo o .

clation. Since acetone is expected to have less affinity fo dllites lengthwise in elementary fibrils and another kind of
geiation. | IS exp . v Inity .rregion which connected laterally adjacent elementary fibrils.
cellulose than water, acetone may increase the concentrati

f th Il in the d I h il lecul ese regions are expected to have different characteristics;
of the cellulose in the dope to allow the cellulose molecu ese.g., the orientation and density of the cellulose in the former

to aggregate more efficiently. This effect may reduce theg higher than that in the latter. In our case, we concluded
long-range inhomogeneity in the resultant gel to make thgnat the cellulose in our regenerated cellulose hydrogel, ex-
VI-P sample transparent. cept for that in the crystalline region, was divided into two

Next, we note the effect of drying from the comparison of regions, i.e., the high-density amorphous region near the
Figs. 6a) and Gc). Considering that the total volume of crystalline region and the low-density phase where local cel-
phase 1(or ¢, /vee) for VI-P did not significantly change by lulose segments were dispersed in water as shown in Fig. 7.
drying, the difference in the average diameter may be ex€onsidering that our samples were not elongated, the high-
plained by aggregation of a few particles in VI-P into a big-density phase in our gel may serve as a precursor of the
ger one in DVI-P. This size and the number density of theelementary fibril in the elongated fiber and the amorphous
particles in DVI-P after the drying as shown in Figcpare region in the high-density phase in our gel may correspond
not inconsistent with the SPM imagEig. 2). It is also noted to the amorphous region inside the elementary fibril in the
that the slight upturn observed in the USAXS profile for sample of Schurz and Leri25].



PRE 62 STRUCTURE ANALYSIS OF REGENERATED CELLULOS. .. 733

ACKNOWLEDGMENTS Hiroshi Saga and Hidenao Saito, Fukui Research Laboratory,
for the preparation of the samples and helpful discussions,
The authors would like to express their sincere thanks tand to Dr. Dmitri I. Svergun, European Molecular Biology
Dr. Norio Ise, Director, Central Laboratory, for valuable dis- Laboratory and Russian Academy of Sciences, forakewm
cussions and for his help in preparing the manuscript, tsoftware.

[1] H. Saga and H. Saito, US Patent No. 5,962,00999; H. [17] G. Porod, Kolloid-Z.124, 83 (1951).

Saga and H. Saitéunpublished [18] L. Rayleigh, Proc. R. Soc. London, Ser.84, 25 (1911J).
[2] G. Porod, inSmall Angle X-ray Scatteringdited by O. Glatter  [19] Since the shape of the cellulose crystallite, for example in the
and O. Kratky(Academic, London, 1992 elongated fiber, is reportedly not spherical but rather rodlike, it
[3] P. H. Hermans, D. Heikens, and A. Weidinger, J. Polym. Sci. may be more precise to fit the data by theoretical values for
35, 145(1959. rods or ellipsoids. However, the particles in our gel systems
[4] O. Kratky and G. Miholic, J. Polym. Sci., Part C: Polym. are expected to be less rodlike, because our s_amples_ were not
Symp.2, 449 (1963. elongated in the preparation, and we thought it not highly re-

alistic to do such a detailed analysis with the rod model at this
stage of study because the real system may be composed of
particles with a very wide size distribution and with wide dis-
tribution of electron density. Thus, we just discussed the size

[5] J. Schurz, J. Lenz, and E. Wrentschur, Angew. Makromol.
Chem.229, 175(1995.

[6] F. J. Kolpak and J. Blackwell, Macromolecul@s273(1976.

[7] P. Scherrer, Gitinger Nachrichterg, 98 (1918. distribution in terms of equivalent spheres.

[8]T. clj(onlshl,hN. Ise, H.hMatsuoka, H. Yimlagogka, . S. Sogami, [20] D. I. Svergun, A. V. Semenyuk, and L. A. Feigin, Acta Crys-
and T. Yoshiyama, Phys. Rev. #, 3914(1995. tallogr. 44, 244(1988; D. I. Svergun, J. Appl. Crystalloge4,

[9] U. Bonse and M. Hart, Z. Phy4.89 151 (1966. 485 (1991).

[10] The apparent scattering angl® & the angle between central [21] P. van Beurten and A. Vrij, J. Chem. Phyi, 2744(1981).
lines of the incident beam and the scattered x-ray beam de[-zz] G. G. Long, S. Kraueger, P. R. Jemian, D. R. Black, H. E.

tected. Burdette, J. P. Cline, and R. A. Gerhardt, J. Appl. Crystallogr.
[11] A. Guinier and G. FourneSmall Angle Scattering of X-Rays 23, 535(1990.

(Wiley, New York, 1955. [23] In fact, when we consider the interparticle structure function
[12] J. A. Lake, Acta Crystallogr3, 191 (1967). represented by a hard-sphere interaction potefRaf. [24])

[13] P. W. Schmidt and R. Hight, Acta Crystallodr3, 480(1960. with the value of¢; and the size distribution shown in Fig. 5,
[14] Strictly speaking, the absolute intensity defined here is differ- the weight average diameters are calculated to be 150, 80, and
ent from the generally employed(scattering intensity 400 A for VI-P, VI-L, and DVI-P, respectively. Though the
(incident intensity] (see O. Kratky, Ref.15]), and is the prod- values for VI-P and DVI-P are larger than those obtained with-
uct of the ratio with r2/(2w2|eVNi) with 1, being the out considering the interparticle interference, the discrepancy

Thomson factorr the distance between the sample and detec- does not affect the conclusions.
tor, V the scattering volume, and, the Avogadro number, for [24] A. Vrij, J. Chem. Phys71, 3267(1979.

convenience. [25] J. Schurz and J. Lenz, Macromol. Syn@3, 273(1994.
[15] O. Kratky, inSmall Angle X-ray Scatteringdited by O. Glat- [26] C. Yamane, M. Mori, M. Saito, and K. Okajima, Polym. J.
ter and O. Kratky(Academic, London, 1982 (Tokyo) 12, 1039(1996.

[16] H. lijima, M. lwata, M. Inamoto, and K. Kamide, Polym. J. [27] E. Togawa and T. Kondo, J. Polym. Sci., Part B: Polym. Phys.
(Tokyo) 29, 147 (1997. 37, 451(1999.



