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Abstract We present a small angle X-ray scattering

(SAXS) study of the colloidal structure of regenerated

cellulose fibers, air-gap spun from an ionic liquid

solution. Based on the data, and a different interpre-

tation of the anisotropic SAXS pattern, we propose a

slightly different colloidal structure of the fibers, than

what is commonly assumed for regenerated cellulose

fibers. Fibers with two different degrees of orientation,

as produced by different draw ratios, DR = 2 and 15,

respectively, are analyzed. The 2D SAXS pattern is

highly anisotropic with striking cross-like pattern,

having scattering predominantly perpendicular and

parallel to the fiber axis. This cross-like pattern

suggest a colloidal structure with oriented crystalline

lamellae of ca. 10 nm thickness, embedded within a

continuous matrix of amorphous cellulose. The lamel-

lae are oriented with their normal parallel with the

fiber axis. Complementary wide angle X-ray diffrac-

tion data confirm that the lamellae normal direction

corresponds to the cellulose chain direction (c-direc-

tion) in the monoclinic cellulose crystal (Cellulose II).
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Introduction

Cellulose is the most abundant biopolymer on Earth,

and hence an important and renewable raw material.

Regenerated cellulose continues to receive increasing

attention, as the overall awareness of the need to

replace both cotton and petroleum based materials

with more environmentally friendly alternatives (Qi

2017; Wang et al. 2016). Textile fibers represent one

very important application of regenerated cellulose

(Woodings 2001, 1995; Sixta et al. 2015), where the

challenge lies in developing new cost efficient,

sustainable and environment friendly alternatives to

cotton and polyesters.

Regenerated cellulose fibers are spun from solu-

tions, that are extruded, drawn, and then coagulated in

an anti-solvent. This coagulation typically involves

cellulose crystallization. Polymer crystallization is in

fact a complicated molecular process (Keller 1968;

Muthukumar 2007), and the effectively final steady

state fiber microstructure is not an equilibrium prop-

erty, but depends e.g. on the dissolution state of

cellulose and on process details. As the microstructure

in turn dictates the fibers’ material properties, it is

desired to have a good characterization of the fiber

microstructure and knowledge of how it can be tuned

by choosing properly the process parameters.

Combined small and wide angle X-ray scattering,

SAXS/WAXS, is a useful technique for studying

crystalline colloids and semi crystalline materials

(Glatter and Kratky 1982; Borsali and Pecora 2008).

While SAXS probes the colloidal structure, typically

on the 1–100 nm length scale, WAXS gives structural

information on the shorter subnanometer length scale

where e.g. crystal structure and crystal orientation can

be obtained. From extensive SAXS andWAXS studies

over the years (French and Langan 2014; Langan et al.

2001; Statton 1956; Schurz and Lenz 1994; Northolt

et al. 2001; Crawshaw and Cameron 2000; Vickers

et al. 2001; Jiang et al 2012; Chen et al. 2007), the

following (generally accepted) picture of the regener-

ated cellulose fiber structure has emerged. (i) The

fibers are semi-crystalline, consisting of both crys-

talline and amorphous domains, as is typical for

crystalline polymers (De Rosa and Auriemma 2014).

The crystalline allomorph is the so-called cellulose II,

having a monoclinic lattice (Langan et al. 2001). (ii)

Due to the extrusion and drawing in the spinning

process, the crystalline domains are typically oriented

with the chain direction, corresponding to the [00 l]

crystal direction, parallel to the fiber axis. Here we

have adopted the same convention as in e.g. (Langan

et al. 2001), that the cellulose chain direction corre-

sponds to the crystalline c-axis and that the length of

the a-axis is smaller than the b-axis. See also French

(2014). The degree of orientation depends on the

details of the processing. (iii) The fibers are hierar-

chically made up of elementary fibrils having alter-

nating crystalline and amorphous domains (Schurz
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and Lenz 1994; Crawshaw and Cameron 2000). (iv)

The crystallites are more extended in the direction of

the cellulose chains compared to the perpendicular

directions. (v) Dry fibers contain cylindrical voids,

typically oriented parallel to the fiber direction. These

voids are responsible for the often observed equatorial

small angle scattering (Statton 1956; Jiang et al. 2012;

Chen et al. 2007).

In the present paper we challenge some of these

conclusions and propose a new interpretation of SAXS

data, and a new model for the structure of a regener-

ated cellulose fiber. We present a SAXS and WAXS

study of regenerated cellulose fibers, Ioncell-F (Sixta

et al. 2015; Asaadi et al. 2018), air-gap spun from an

ionic liquid solvent. The structure and the mechanical

properties of these fibers were recently characterized

(Asaadi et al. 2018). Here we revisit the question of the

colloidal structure of regenerated cellulose fibers,

basing our discussion on a detailed quantitative

analysis of the anisotropic scattering data.

Experimental section

Materials and methods

Enocell birch pre-hydrolyzed kraft pulp (of intrinsic

viscosity [g] = 476 cm3 g-1, Mw = 274.3 kg/mol,

Mn = 68.2 kg/mol, polydispersity index PDI = 4)

from Stora Enso, Finland was used as a cellulose

solute. 1,5-Diazabicyclo[4.3.0]non-5-enium acetate,

[DBNH]OAc, ionic liquid was synthesized at Aalto

University laboratory and used as solvent. A cellulose

solution of 13 wt.% was used for the spinning. The

dissolved pulp was spun by dry jet wet spinning. For

more details of the spinning process see Asaadi et al.

(2018). In short, the cellulose solution was extruded

into a water bath through a 36-hole spineret, each hole

with a capillary diameter of 100 lm, through an air

gap of 10 mm in length. Fibres with two different

tensile draw ratios (DR), 2 and 15 were spun,

collected, washed and dried.

SAXS measurements and data reduction

All measurements were performed on the Ganesha

SAXSlab instrument from JJ X-ray. The instrument

had a 300 k Pilatus detector and a Genix 3D X-Ray

Source. The X-ray wavelength k was 1.54 Å. Bundles

of parallel fibers (of ca. 50 fibers each) were mounted

on the holder using tape, and the holder was inserted in

the vacuum chamber. Acquisition times were of

3600 s for all the samples for the q-range

0.06\ q\ 1.8 nm-1, (q = 4p sin(h/2)/k where h is

the scattering angle). Dark current subtraction and

azimuthal integration were performed using the soft-

ware Saxsgui (Saxsgui v2.13.02, Rigaku Innovative

Technologies, Inc., and JJ X-ray System Aps). The

patterns were integrated in an angle range of 20 (or 2)

degrees over the meridional and equatorial directions.

Results and discussion

In Fig. 1 we compare the two dimensional scattering

patterns, both SAXS and WAXS, from fibers prepared

with draw ratios DR = 2 and DR = 15, respectively,

where the draw ratio is the ratio between the rate of

fiber collection and the rate of extrusion. The vertical

orientation of the fibers, and definition of the labora-

tory frame is illustrated on the right-hand side of

Fig. 1. Starting with the WAXS data, we see sharp

diffraction spots in the case of DR = 15, demonstrat-

ing the presence of crystalline domains that are highly

orientationally ordered. For DR = 2 the diffraction

peaks show a higher azimuthal broadening compared

to DR = 15. The diffraction pattern can be indexed to

Cellulose II (Langan et al. 2001), with the crystal

c-direction, corresponding to the cellulose chain

direction, parallel with the fiber axis.

Also the SAXS data show a significant anisotropy,

in particular for DR = 15, with scattering predomi-

nantly in the parallel and perpendicular directions to

the fiber axis. The small angle scattering from

cellulose fibers is often assumed to arise from voids

inside the fibers. Here, we argue that the data rather

suggest a different origin. The highly anisotropic

pattern is likely a superposition of scattering from (at

least) two different ‘‘objects’’. The equatorial scatter-

ing is associated with objects that have a finite size in

the perpendicular direction, but are much larger than

1/qmin = 14 nm in the fiber direction. qmin-
= 0.07 nm-1 is the lower end of the experimental q-

range. The meridional scattering, on the other hand,

results from electron density variations in direction of

the fiber axis and hence must be associated with the

internal structure of the fibers. The highly oriented

scattering suggests that it results from domains that
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have a finite size in the fiber direction while being

large,[ [ 1/qmin, in the perpendicular direction.

The degree of crystal orientation can be obtained

from an azimuthal plot of a suitable Bragg peak

intensity. In Fig. 2 we show such plots, from v = 0� to
360�, for DR = 2 and 15, respectively, in the q-band

0.80 Å-1\ q\ 0.95 Å-1.v is the azimuthal angle.

The peaks at 0 and 180� appear to be superposition of a
narrow and broad component. The narrow component

is clearly from the highly ordered crystalline domains.

The broad component, we interpret as coming from

the amorphous parts of the fibers. To analyze this

quantitatively, a model function, consisting of a sum

of two Gaussian functions,

I vð Þ ¼ A Ace
� v�v0ð Þ2=2r2c þ Aae

� v�v0ð Þ2=2r2a
� �

þ B

ð1Þ

centered at v0 = 0 and 180�, was calculated and

compared to the data. Here, index i = c and a refer to

crystal and amorphous domains, respectively, having

relative weights Ai and standard deviation ri. A is the

total amplitude and B is a small background term.

Calculated curves I(v) are shown as solid lines. As

can be seen, the azimuthal dependence is well

described by the sum of two Gaussians. The values

of Ai and ri are presented in Table 1. The degree of

orientation is higher, for the higher draw ratio, as

expected. This holds both for the crystalline and the

amorphous domains.

The degree of crystal orientation is often quantified

in terms of a second rank (Legendre polynomial) order

parameter, sometimes referred to as Hermans’ orien-

tation parameter

P2 ¼
1

2
3 cos2 #� 1 ð2Þ

Fig. 1 2D SAXS andWAXS patterns obtained for two different

draw ratios. a SAXS for DR = 2. b SAXS for DR = 15.

c WAXS for DR = 2. d WAXS for DR = 15 together with an

assignment, Miller indices (h,k,l), of some of the reflections. To

the right is shown an illustration of the fiber orientation and the

laboratory coordinate system. Here, z is the meridional direction

and the equatorial scattering is recorded in the x-direction
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For the crystalline domains, # is the angle between

the crystal lamellae normal and the fiber axis. For the

amorphous domains, we can identify # as the angle

between the local chain orientation and the fiber

axis.\[ refers to an ensemble average. We can

calculate P2 from the Gaussian distribution functions

according to

P2 ¼
3

2

rd#exp #=2r2
� �

sin#cos2#

rd#exp #=2r2f gsin# � 1

2
ð3Þ

Calculated order parameters for the crystalline and

amorphous domains, respectively, are presented in

Table 1. The crystalline order parameters, P2c, derived

for both samples, are close to unity, which essentially

can be inferred directly from the 2D diffraction

patters, showing sharp diffraction spots. Also the

amorphous domains show a significant degree of chain

orientation, with P2a = 0.26 and 0.46 for DR = 2 and

15, respectively. The P2c values reported here are

much higher than what has been reported previously

for the same fibers (Asaadi et al. 2018). However, the

values in that paper were obtained from direct

integration of the azimuthal traces and thus contain

contributions from both crystal and amorphous

domains. Also, a different q-range, 1.3–1.6 Å-1, was

used and the background, although small, was not

taken into account. The approach used here, should

more accurately account for the different

contributions.

The average orientational chain order parameter

(total orientation),\S[ , was measured by birefrin-

gence in Asaadi et al. (2018). For DR = 2\S[ =

0.66 was obtained while for DR = 15,\ S[ =

0.70. Assuming that S ¼ /cP2c þ 1� /cð ÞP2a,

where /c is the volume fraction of crystalline

domains, we obtain /c = 0.59 at DR = 2 and /c

= 0.46 at DR = 15.

In Fig. 3 we have plotted the SAXS data from the

meridional, I(qz), and equatorial, I(qx), directions

respectively. Data from DR = 2 are shown in Fig. 3a,

while data from DR = 15 are presented in Fig. 3b. As

can be seen, the scattering patterns are significantly

different in the two directions. The intensity is higher

in the equatorial direction, and also the shapes of the

scattering curves are different. On the other hand, the

scattering profiles for DR = 2 and DR = 15 are

qualitatively similar.

The equatorial scattering shows a q-4 power law

over a major part of the q-range, leveling off to a

constant at high q. The q-4 decay can be interpreted as

the final slope in a Porod regime (Porod 1982). As we

observe this Porod regime all the way down to the

lowest q-value, qmin = 0.07 nm-1, without reaching a

Guinier regime, we may conclude that the objects

responsible for the observed scattering have a dimen-

sion in the perpendicular direction that is larger than

100 nm.

Table 1 Degree of orientation of crystalline and amorphous

domains

Draw ratio rc
a P2c

b ra
c P2a

d Ac
e Aa

f

DR = 2 8� 0.94 40� 0.26 0.8 0.2

DR = 15 5� 0.98 30� 0.46 0.9 0.1

aStandard deviation of crystal orientation distribution as

defined in Eq. (1) in degrees
bOrder parameter for crystal orientation, as defined by Eq. (2)
cStandard deviation of cellulose chain orientation distribution

in the amorphous domains, as defined in Eq. (1) in degrees
dOrder parameter for cellulose chain orientation in the

amorphous domains orientation, as defined by Eq. (1)
eRelative weight of crystal diffraction, as defined by Eq. (1)
fRelative weight of amorphous domain scattering, as defined by

Eq. (1)

Fig. 2 Azimuthal plots of the intensity in the q-band
0.80 Å-1\ q\ 0.95 Å-1. Open blue circles are data from

DR = 2, while open red squares correspond to DR = 15. The

solid lines are calculated curves according to Eq. (1). Parameter

values are presented in Table 1
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The small angle scattering from cellulose fiber is

often considered to result from voids in the fiber

matrix (Statton 1956; Jiang et al. 2012; Chen et al.

2007). In particular in the case of an anisotropic

pattern, with a predominant equatorial scattering, this

has been suggested to arise from needle-like voids

oriented parallel with the fiber axis. As discussed

above, the cylindrical objects oriented parallel to the

fiber axis, that give rise to the equatorial scattering

must have a radius that is significantly larger than

100 nm. Now, since the DR = 15 fiber radius is ca.

6 lm (Asaadi et al. 2018), it seems more reasonable

that the equatorial SAXS pattern is the scattering from

the overall fibers themselves. The q-4 decay also

implies that the fiber interface is sharp (on the length

scale of q-1).

The meridional scattering looks both qualitatively

and quantitatively different. The intensity is lower

compared to the equatorial scattering, and decays

rather as q-2 at lower q-values. Above q&0.2 nm-1

there is a crossover to a steeper, q-4 decay. The highly

directional scattering, resulting from highly direc-

tional electron density variations, suggests the pres-

ence of domains or particles that have a relatively

small dimension in the fiber direction and much larger

dimensions ([[ 1/qmin) in the plane perpendicular to

that. As will be discussed in further detail below, we

propose that this scattering is associated with disc-like

crystalline lamellae embedded in a continuous matrix

of amorphous cellulose, as schematically illustrated in

Fig. 3d. Polymers are in fact known to crystalize in a

lamellar structure with a 10–20 nm thickness (Keller

1979;Welch andMuthukumar 2001;Wang 2007), and

it is therefore reasonable to assume that the lamellar

particles giving rise to the meridional scattering

indeed are the crystallites. That the amorphous part

Fig. 3 a SAXS patterns recorded along the equatorial (blue

circles) and meridional direction (red triangles) for DR = 2. The

solid lines are model calculations (see text). b Same as in a but

for DR = 15. c Illustration of the fiber orientation distribution

with respect to the laboratory frame. We assume a Gaussian

distribution of the azimuthal angle, h, between the fiber normal

N̂ and the laboratory z-axis, while there is a completely

homogeneous distribution in the polar angle. d A schematic

illustration of the proposed fiber structure. Crystalline lamellae,

for simplicity described as circular discs of radius r and

thickness t. The lamellae are embedded in an amorphous matrix

and are highly oriented. Their layer normal n̂ is on the average

parallel with the fiber axis N̂, with a Gaussian distribution in the
azimuthal angle
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forms a continuous matrix seems also to be consistent

with water swelling experiments (Asaadi et al. 2018).

Immersing the fibers in water resulted in a homoge-

neous swelling of the fiber radius. We expect mainly

the amorphous domains to swell. If the crystalline part

would be continuous, with amorphous inclusions, we

would not have expected any significant swelling.

For a more quantitative analysis, we consider the

form factors of the fibers and the crystallites. We can

derive model scattering functions in the two directions

on the same relative intensity scale so that they can be

compared and analyzed together. Using the equatorial

fiber scattering intensity as a reference, we can

evaluate the parallel scattering more quantitatively.

The fibers we model as homogeneous cylinders of

scattering length density q. For a given orientation, the
form factor is given by (Pedersen 1997)

Pf qð Þ ¼ 2J1 q R sinað Þ
qR sina

sin qL cosa=2ð Þ
q L cosa=2

� �2
ð4Þ

where J1(x) is the first order Bessel function, L is the

length, R the radius of the cylinder and a is the angle

between the cylinder axis and the q-vector. In the

experiments, the fibers have been oriented vertically,

i.e. parallel to the z-axis. However, there is a

distribution of orientations that, although being nar-

row, influences the scattering and needs to be taken

into account. The orientation of the fiber axis N̂ can be

described by the polar angle h, i.e. the angle between

N̂ and the z-axis, and the azimuthal angle, u, in the xy
plane. We assume here a homogeneous distribution of

u and a narrow Gaussian distribution of h,

ff hð Þ ¼ exp �h2=2r2h
� �

, with a standard deviation

rh. In the equatorial direction, the total scattered

intensity can then be defined as

I qxð Þ ¼ Nfq2R
fR Rð Þ

RR
ff hð Þdhdu

� 	
dR

Z
fR Rð ÞV2

f

ZZ
ff hð ÞPf R; qxð Þdhdu


 �
dR

ð5Þ

where Nf is the number of fibers and Vf = pR2L is the

fiber volume. While Nf enters as a trivial proportion-

ality constant in both I(qx) and I(qz), and could have

been ignored, we still keep it in the equations as a

formality. In fact, one may consider an experiment

where Nf is controlled and the intensity is recorded on

an absolute scale. The fiber length, L, here we have set

to the length exposed to the X-ray beam and hence

corresponds to the effective beam dimension in the z-

direction. In the calculations we have fixed L to

0.25 mm. We also take into account a polydispersity

in the fiber radius, assuming a Gaussian distribution,

fR Rð Þ ¼ exp � R� Rð Þ2=2r2R
n o

, around the average

value\R[ , with a standard deviation rR.
The internal fiber structure we model as crystalline

discs embedded in a continuous amorphous matrix.

For the crystalline discs we use the same cylinder form

factor (Eq. (4)), although now L\ \R. We change

the notation, however, and, instead of L, denote the

disc thickness t, and the disc radius r. Thus, we write

Pc qð Þ ¼ 2J1 q r sinað Þ
q r sina

sin q t cosa=2ð Þ
q t cosa=2

� �2
ð6Þ

for the crystallite form factor. As for the fiber radius

above, we also include a polydispersity in the thick-

ness, t, assuming a Gaussian distribution,

ft tð Þ ¼ exp � t � tð Þ2=2r2t
n o

, around the average

value\ t[ , with a standard deviation rt. While the

disc radius is most likely also polydisperse, we can

neglect this here as the sizes seem to be larger than 1/

qmin. The crystalline discs are highly oriented in the

fibers with their normal, n̂, essentially parallel to the

fiber axis, N̂, although with some distribution in

orientation. We take this distribution into account by

again assuming a homogeneous distribution with

respect to the azimuthal angle, here denoted w, and a

Gaussian distribution of the polar angle, # (the angle

between n̂ and N̂), fc #ð Þ ¼ exp �#2=2r2#
� �

with a

standard deviation rc. In the calculation of I(qz) we

thus need in principle to average over 4 angles, two

describing the fiber orientation with respect to the

laboratory frame, and two describing the crystallite

orientation with respect to the fiber axis. However,

since the distribution in fiber orientation can essen-

tially be neglected, r# � rh&0, we have in the

numerical calculations assumed rh = 0. In this case

we can write

I qzð Þ ¼ /cDq
2NfR

fR Rð Þ
R
ft tð Þ

RR
d#dwfc #ð Þ

� 	
dt

� 	
dR

Z
fR Rð ÞVf

Z
ftðtÞVc

ZZ
fc #ÞPcðt; qzð Þd#dw


 �
dt


 �
dR

ð7Þ
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Here, /c is the volume fraction of crystalline domains

within the fiber, Vc = pr2t is the crystallite volume,

and Dq is the scattering length difference between the

crystalline and amorphous domains.

In the numerical model calculations of I(qx) and

I(qz), the polydispersity in R and t were taken into

account by summing over 11 different values homo-

geneously distributed in the range from - 2 to 2

standard deviations, each with the correct weight. In

order to account for the orientational distribution, for

each value of R and t, there was also a weighted

summation over 40 different values of h and #,

respectively, equally spaced in the range from 0 to 2

standard deviations. Finally, for each value of h and #,
there was a summation over 100 distributed values of

the azimuthal angle, equally spaced in the range from

0 to 2p, and all having the same weight.

Calculated scattered intensities are shown as solid

lines in Fig. 3a, b, with parameter values summarized

in Table 2. For the crystallite-amorphous contrast we

have assumed that the amorphous part has a mass

density being 91% of the crystalline density (Fink and

Walenta 1994). The average fiber radius,\R[ , has

been determined previously (Asaadi et al. 2018) and

rt is fixed from the azimuthal analysis (Table 1).

L = 0.25 mm was the estimated beam diameter, and

was not varied. r = 300 nm was chosen mainly as a

size[ 1/qmin, and was also not varied.

This quantitative analysis of SAXS data is based on

the assumption that the equatorial small angle scat-

tering corresponds the overall Porod (interfacial)

scattering from the fibers, allowing us to use this as

a kind of internal calibration of the scattered intensity.

While the analysis performed involves a large number

of parameters, several of them are fixed in the

calculations. The adjustable parameters were the

polydispersity parameters rR and rt, the (low)

standard deviation of fiber orientation distribution

that we fix to rh = 0.1�, the lamellae thickness, t, and

the crystal volume fraction,/c. We note that the model

scattering curves in Fig. 3a, b are calculations and not

least squares fits. It is difficult to determine the

uncertainty in the different parameter values. How-

ever, we conclude that the parameter values given in

Table 2 are all reasonable. As supplementary material

we present calculations where we compare model

curves with some different values of t and rt.
In the analysis above, we have neglected possible

contributions to the scattering coming from interpar-

ticle correlations, assuming that the meridional struc-

ture factor S(qz)&1. This does not seem consistent

with the fact that the crystallinity appears to be high, of

the order of 50%. From repulsive excluded volume

interactions we would expect a lowering of the

intensity at lower q-values, due to S(0)\ 1, and

possibly also a structure factor peak if the stacking of

lamellae have a significant periodicity. A well defined

stacking periodicity is for example observed when

polyethylene is crystallized from o-xylene. (Wang

2007). A meridional peak, although weak, has also

been reported for regenerated cellulose fibers (Statton

1956). The fact that we do not observe a meridional

correlation peak in the present fibers is somewhat

striking, considering also the high degree of orienta-

tional order. A high polydispersity in t is expected to

make the periodicity less well defined. Another

possible explanation could be that the distribution of

crystallites is not homogeneous, but rather heteroge-

neous with domains of low and high concentration

respectively also contributing to a wide distribution in

interparticle spacing. The uncertainty regarding S(qz),

adds an uncertainty to the deduced parameters in the

analysis. In particular to the volume fraction of

Table 2 Parameter values in model calculations of I(qx) and I(qz)

L/mma \R[ /lmb rR/lm \ t[ /nm Rt/nm r/nm q/cm-2 Dq/cm-2 c rh r#
d /c

DR = 2 0.25 16 3.2 10 4.5 300 1.35 9 1011 1.2 1010 0.1� 8� 0.15

DR = 15 0.25 5.6 1.1 10 4.5 300 1.35 9 w1011 1.2 1010 0.1� 5� 0.28

aEstimated from the primary beam diameter. This parameter scales the intensity equally in the meridional and equatorial directions
bAverage value measured in Asaadi et al. (2018)
cAssuming that the amorphous domains have a mass density that is 91% of that of crystalline domains (Fink and Walenta 1994)
dValues taken from Table 1
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crystallites that in the model is proportional to the

overall scattered intensity.

The scattering curves in both the equatorial and

meridional directions level off to a constant at high

q. At these high q-values the scattered intensity now

reports on electron density fluctuations and hence the

structure on the molecular length scale. We are also

approaching the q-regime where we obtain Bragg

reflections from the crystalline domain. The constant

intensity here is ca. 4 times higher in the equatorial

compared to the meridional direction. This difference

we can understand from the fact that the cellulose

chains are strongly oriented parallel to the fiber axis.

For this reason, we expect larger amplitude electron

(and mass) density variations perpendicular to the

chains, compared to the direction along the chains.

The lamellar thickness, t, can also be estimated

from e.g. the width of {002} reflection in the qz
direction using the Scherrer equation, that approxi-

mately can be written as t&6/Dq, where Dq is the peak
width at half height (Patterson 1939). The {00 k}

peaks are very weak, because of the strongly oriented

crystallites having\00k[ directions parallel with the

z-axis. At these wide angles, of the order of 20�, the
q vector makes a significant angle (& 10�) with the xz
plane and there are only a few crystallites that meet the

Bragg condition, q//\00k[ . Nevertheless, when

analyzing the width of the {002} reflection in the

parallel direction we obtain t & 15 nm.

In the equatorial plane, on the other hand, the Bragg

condition is well met at many places in the fibers and

strong {hk0} reflections are observed. In Fig. 4 we

have plotted the wide angle scattered (diffracted)

intensity in the perpendicular, x-direction, for several

draw ratios. The different diffraction curves have been

multiplied with a proportional constant to have the

same arbitrary intensity at qx = 20 nm-1. When doing

so, all curves strikingly fall onto one master curve,

showing that the peak widths are independent of the

draw ratio. For the {1–10} reflection at 8.7 nm-1 we

estimate Dq&1 nm-1. Applying the Scherrer equa-

tion this corresponds to a crystallite width of 6 nm in

the equatorial\ 1–10[ direction. The {110} and

{200} peaks at 14.1 and 15.6 nm-1, respectively,

appear to have similarDq. A crystallite with of 6 nm is

not consistent with our interpretation of the highly

directional meridional SAXS pattern above, in terms

of disc-like crystallites with diameters of several

hundred nm. However, a finite crystallite size is not the

only possible source of peak broadening. Another

potential source is defects in the crystal packing.

Polymer crystals typically involve folded chains

(Keller 1968) and a common dislocation defect could

be chain folding and chain ends within the crystalline

domains. However, considering the highly oriented

chains, in combination with that the persistence length

of cellulose is of the order of 10 nm (Kroon-Batenburg

et al. 1997; Martin-Bertelsen et al. 2020) (same order

of magnitude as t), the degree of chain folding may be

low. Nevertheless, the 6 nm length scale should in this

case be interpreted as a correlation length of the

periodic structure within the crystallites. More work is

needed in order to unravel the highly constant peak

shapes in Fig. 4.

Conclusions

We have analyzed the SAXS and WAXS patterns of a

regenerated cellulose fiber, produced with two differ-

ent draw ratios, DR = 2 and DR = 15, respectively.

Highly oriented wide angle diffraction patterns are

observed that can be indexed to Cellulose II, and

demonstrates that the crystallites are strongly oriented

with the c-axis parallel with the fiber axis. The degree

of orientation is higher for the larger draw ratio, and

was determined for both the crystallites and the chains

in the amorphous domains, respectively The most

striking observation is the highly anisotropic cross-

like SAXS pattern, with scattering essentially exclu-

sively in the perpendicular meridional and equatorial

directions, respectively. We conclude that the

Fig. 4 Diffraction in the perpendicular (equatorial) direction,

here denoted x, for different draw ratios DR = 0.5, 1, 2, 5, 10,

and 15, respectively
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equatorial scattering corresponds to the overall fiber

scattering in the direction perpendicular to the fiber

axis, while the meridional scattering reports on the

internal fiber structure. We show that the meridional

SAXS pattern is consistent with lamellar particles,

having thickness of ca. 10 nm, highly oriented with

their normal in the fiber direction. We propose that

these lamellae correspond to the crystalline domains,

that are embedded in an amorphous non-crystalline

continuous matrix. The cellulose chains in the amor-

phous matrix are also somewhat stretched and have a

preferred orientation in the fiber direction. We note

that cellulose regeneration is a polymer crystallization

process. The fact that polymers in general typically

crystallize into lamellae support the proposed struc-

ture. As a particular feature of the analysis, the

equatorial scattering intensity in the Porod regime was

used as a standard to calibrate intensity.
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