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ABSTRACT: Drawing experiments have been performed to point out the fibrillar nature of Nafion membranes.
The structure evolution upon drawing was monitored by small-angle X-ray scattering and small-angle neutron
scattering (SAXS and SANS). The spectra were analyzed within theq-range 0.02-0.5 Å-1 corresponding to a
length scale larger than the fibril diameter, which is in the order of 4 nm. Thisq-range includes the so-called
ionomer peak, analyzed as the peak of the structure factor and correlated to the average distance between the
polymer fibrils. A basic deformation model of a fibrillar system is proposed to simulate the peak evolution. The
other scattering feature treated in this paper is the power law of the scattering curve at lowq analyzed considering
a cylinder form factor, which is consistent with a fibrillar structure.

1. Introduction

Nafion is a widely used membrane for fuel cell applications
due to its good chemical, mechanical, and proton-transporting
properties. Since its commercialization in the 1960s, much
research has been carried out to understand its structure. For
an overview of experimental results and models, see references
1-4 for examples. Experiments in the very diluted regime, with
volume fraction of polymerφp < 10%, show the existence of
elongated aggregates of Nafion polymer with the ionic groups
at the surface.5 In the concentrated regime,φp > 70%, water
pools containing the ionic groups within a polytetrafluorethylene
matrix were proposed by Gierke.6 Although the transition
between the concentrated and diluted regimes7 is not yet well
understood, recent works propose the existence of elongated
polymeric aggregates in the concentrated region which matches
the results between both regimes.8-10 Those aggregates result
in a strong attractive interaction between the fluorinated
backbones for which the extension of a crystalline organization
is limited by the pendant chains11 and the dipolar interaction
between sulfonated groups. SANS, employing the contrast
variation method, was used to resolve the shape of the
aggregates, which were found to be cylinder-like on first
approximation with an averaged diameter of about 4 nm. At a
larger length scale, a local orientational order of the elongated
aggregates into bundles with a correlation length of the order
of 50-100 nm10,12 is proposed to explain the modulation
detected by atomic force microscopy13,14 as well as the low-q
scattering upturn observed on SAXS curves.10,15 This later
excess of scattering signal limits the range of theq-1 power
law10,16,17characteristic of a cylinder form factor and prevents
the determination of the full length of the elongated aggregates.
In this paper, we propose an analysis of SAXS and SANS results
measured on drawn Nafion membranes, using a basic structural
model which depicts the local orientation between elongated
polymeric aggregates.

Partial orientation of the structure is possible upon drawing,
resulting in new film properties.18,19Numerous experiments on
drawn Nafion have been performed in order to study the effect
of deformation on the distribution of the aqueous domains within

the polymer matrix and to investigate the water sorption and
mechanical properties.20-23 Plastic and elastic deformation were
quantified as a function of preparation process and pretreatment
history, with the aim of demonstrating how mechanical con-
straints can impact fuel cell performance.6,22-26 Dynamical
mechanical experiments permitted the assignment of theR and
â relaxations to long-range chain mobility and segmental
motion, respectively, which are both dependent on the ionic
interactions.27-30 The contribution of the main chain and the
pendant chains to the relaxation, as a function of temperature,
can be deconvoluted and related, respectively, to the interaction
of the backbones and to the electrostatic interactions. Measure-
ments of proton conductivity on stretched membranes show that
conductivity decreases perpendicularly to the drawing axis and
increases along this axis.23,31,32 However, the conductivity
evolves after deformation due to polymer creep.32,33This latter
feature was studied using the birefringence property of
Nafion.33-35 The authors show that the birefringence data
analyzed considering bundles of elongated, connected, and
entangled polymeric aggregates were in agreement with the
nanometer scale morphology probed with scattering techniques.

The majority of experiments on stretched Nafion membranes
were performed with the aim of understanding the morphology.
For example, Elliott et al.25 discussed SAXS patterns in terms
of the spherical nature of the clusters and suggested, when the
Nafion film is stretched, an increase and a decrease in coherence
of the intercluster spacings perpendicular and parallel to the
draw direction, respectively. The possibility of deformation of
the spherical clusters is thus rejected on the basis of their
analysis. Alternatively, Londono et al.22 concluded from their
scattering data that water domains in stretched Nafion consist
of coalesced water pools, which form cylindrical or lamellar
aqueous domains. In previous works,12,31,33,34 the scattering
spectra of Nafion under stretching as well as the Hermann factor
variation as a function of the drawing ratio were explained in
terms of the orientation of elongated polymeric aggregates.

In this paper, small-angle X-ray and neutron scattering were
used to monitor the evolution of the morphology upon deforma-
tion, for scattering vector,q, ranging from 0.02 to 0.5 Å-1. This
q-range includes the well-known ionomer peak analyzed as the
first-order peak of a structure factor and at smaller angles a
power-law characteristic of a form factor of elongated scattering
objects.
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2. Experimental Section

Sample Preparation. Nafion 117 and 125 films were used
(Aldrich); the membranes are characterized by their respective
equivalent weights (EW) 1100 and 1200 g equiv-1 and their
respective thicknesses, 175 and 125µm. The standard procedure
was applied for membrane preparation in terms of cleaning; the
membranes were soaked twice in HNO3 (1 M) for 2 h, then washed
for 1 h in deionized water. The acid form was used for X-ray
experiments. However, for neutron experiments, the tetramethy-
lammonium (TMA+) neutralized form was used. The neutralized
form was obtained by soaking the membranes in a saturated TMA
chloride solution for 2 days. The membranes were then rinsed in
pure water in order to remove the excess of salt. Nafion membranes
were cut in a rectangular shape, 5× 15 mm2, and fixed between
two clamps along their length in a homemade drawing cell. With
the use of two coupled endless screws, a single membrane was
stretched, keeping the symmetry center of the deformation at the
beam position. In this paper, membrane deformation is quantified
by λdef, defined asλdef ) (L - L0)/L0, whereL0 is the initial distance
between the clamps andL the distance during the deformation.λdef

is expressed in percentage. To highlight some of the stretching
features, the Nafion 125 membrane was dry-stretched. The treatment
consists of taking a water-swollen membrane tightened between
two clamps and then dried in an oven at 100°C for a couple of
hours in order to quench the oriented structure at ambient
temperature. The sample used in the micro-SAXS experiment is
made by cutting a squared piece 1× 1 mm2 out of the central part
of the stretched and quenched membrane, keeping track of the
stretching direction (SD).

SANS Experiments.2D SANS spectra were recorded on the
D22 beam line at ILL-Grenoble. The neutron wavelength was 10
Å, and the detector was off centered and located 3 m from the
sample position.q is defined as the norm of the scattering vector,
q ) 4π/λ sin(θscatt/2), whereθscatt is the scattering angle. Spectra
were recorded before and after a 120% deformation of membranes
swollen in H2O and D2O. Membranes were wrapped in aluminum
foil to ensure that they remain fully hydrated during the measure-
ments. The scattering patterns for the nonstretched membrane were
integrated over all directions (isotropic scattering pattern) to obtain
1D scattering curves, representative of the scattering features. For
the stretched membranes, the integration was performed along the
parallel and perpendicular directions to the SD, to analyze the
orthogonal structural effects of the stretching within the membrane.

SAXS Experiments.SAXS patterns were recorded on the ID2
beamline at the ESRF.36 The wavelength,λ, of the X-ray beam
was 1 Å. The detector, located at 1.5 and 8 m from the sample,
was an image intensified FReLoN CCD system. Data treatment
followed the standard procedures for transmission, flat field, and
distortion corrections.

The spectra are extracted from the 2D scattering pattern
regrouped by sector and centered to different azymuthal angles, in
order to analyze the anisotropy of the structure under stretching.
The relative intensity of the scattering is preserved, since the spectra
are normalized by the membrane thickness at all deformation
extents. For more details about the experimental setup refer to ref
12. Micro-SAXS patterns were recorded on the ID13 beamline at
the ESRF. The wavelength of the micro X-ray beam was 0.975 Å,
and its dimension was about 10µm. The detector was located at
49.1 cm from the sample and had a pixel dimensions of 64.45×
64.45 µm2. For SAXS and SANS experiments, the scattering
geometry corresponded to a beam perpendicular to the membrane
surface and probing the polymeric structure in the meridian plane,
MP1 as depicted in Figure 1a. For Micro-SAXS studies, the sample
was prepared and mounted in order to probe both the meridian
plane, MP2, and the equatorial plane, EP.

3. Results

Micro-SAXS in Meridian and Equatorial Planes. A micro
X-ray beam of about 10µm2 was used to measure the scattering
patterns through the thickness of a Nafion 125 membrane. A

spectrum measured in the meridian plane, MP2, through the
thickness is shown in Figure 1b; this spectrum is strongly
anisotropic, similarly to those typically observed through the
membrane plane, MP1, for stretched Nafion membranes.12,22-26,31

On the other hand, the spectrum measured in the equatorial
plane, EP, remains isotropic after deformation (see Figure 1c).
Londono et al. have already reported a similar result using a
stack of drawn Nafion membranes.22 This observation is
evidence of the uniaxiality of the deformation process of the
Nafion membrane, which was already observed by birefringence
measurements for moderate elongation extent.34 Then the
response measured by birefringence becomes biaxial for large
elongation extent.

SANS and Contrast Variation Experiment. Contrast varia-
tion small angle neutron scattering experiments were performed
to determine the shape of the scattering objects in drawn and
swollen membranes. The procedure to treat SANS data was
already used for undrawn Nafion in previous papers,8,10,31

assuming that in a narrowq-range around the ionomer peak,
the scattering intensity can be depicted by a product of a
structure and a form factor.8,10 Then, dividing the spectra
measured on a membrane swollen in D2O by the one measured
on the same membrane swollen in H2O leads to the cancelation
of the structure factor, which is not dependent on the solvent
scattering length density. The result is then a ratio of two form
factors, which was possible to simulate with a simple model
based on cylindrical scattering objects. For more details on the
division procedure refer to the articles of refs 8 and 10. The
experimental division curves normalized by the mean intensity
value measured along the SD are presented in Figure 2a.

The general shape of the division curve determined along
the SD perpendicular direction after deformation is similar to
the one measured before deformation. The minimum at 0.14
Å-1 visible on those two curves reveals that the scattering length
density profile of the scattering object remains the same, i.e.,

Figure 1. (a) Geometry used to describe the membrane deformation.
SD is the stretching direction. EP is the equatorial plane relative to the
SD. MP1 and MP2 are two major meridian planes. (b and c) Micro-
SAXS 2D scattering patterns measured through the thickness of the
membrane in the meridian plane MP2 (b), the incident beam being
perpendicular to SD and in the equatorial plane EP (c), and the incident
beam being parallel to SD.

9456 Rubatat and Diat Macromolecules, Vol. 40, No. 26, 2007



the size of those objects remains the same before and after
drawing. On the other hand, along the SD direction the minimum
at 0.14 Å-1 has disappeared, which reveals that after deformation
there is no longer variation of the scattering length density along
the drawing axis.

SAXS in Meridian Plane. Parts a and b of Figure 3 present
the scattering curves from the meridian plane, MP1, for various
deformations after regrouping the 2D data along both major
directions: parallel and perpendicular to the SD. The scattering
in the two directions evolve in an opposite manners. The
intensity and theq-position of the ionomer peak decrease with
the deformation in the direction parallel to the SD (a) and
increase with deformation along the perpendicular direction (b).
At smaller angles, theq-position of the so-called matrix knee,
related to the scattering length density variation between
crystalline and amorphous domains in the material,6,10,31evolves
like the ionomer peak. However, an accurate evaluation of its
position and intensity is not easy since the power-law underneath
evolves dramatically with the deformation. As shown in Figure
3b, this power-law remains close toq-1, in average, before and
after the drawing process along the SD perpendicular direction.
However, whereas along the parallel direction the power-law
drops; the slope at small angle tends to scale with aq-2 regime
for large deformation. This trend is more obvious in Figure 4
where the spectra are collected on a Nafion membrane swollen
in methanol. The advantage of this treatment is the attenuation
of the matrix knee which leads to a more accurate observation
of the power-law. The other advantage is that the membrane
also tolerates a larger deformation extent before rupture, up to
200%.

4. Discussion

4.1. SANS Contrast Variation Experiment.SANS results
show that the intraparticle correlation is lost along the SD, in
theq-range 0.08-0.3 Å-1 (Figure 2a). In contrast, perpendicular
to the SD this intraparticle correlation remains similar to those
determined from the nondrawn curves. As it was demonstrated
previously, the position of the minimum in these division curves
is related to the cross-section of the scattering objects,10,31which
means that the scattering objects are not deformed during the
drawing process. Those observations are fully consistent with

an orientation of elongated objects along the deformation axis
and do not support a deformation of spherical micelles into
oblate ellipsoid micelles. To support this assertion, theoretical
division curves have been calculated assuming perfectly oriented
cylinder-like scattering objects. Such a perfect orientation is
nevertheless not the case experimentally, but this is a simple
way to give an insight. Figure 2b presents the calculated curves
using a core-shell cylinder form factor (see Appendix A). The
cylinder length is 500 Å, the core radius is 20 Å with a
polydispersity of 30%, and the shell thickness is 5 Å.10,31 The
scattering length density (SLD) of the fluorinated polymeric core
is 4.9× 1010 cm-2.10,31The hydrated ionic shell and surrounding
solvent SLD are, respectively,-0.61 and-0.53× 1010 cm-2

when solvent is H2O and 4 and 6.39× 1010 cm-2 when D2O is
used.10,31The curves are normalized by the mean intensity value
calculated along the SD. The theoretical calculation shows the
same trend as the experimental data. After a perfect alignment,
the correlation is lost along the SD, while the curve calculated
along the SD perpendicular axis is identical to the one of the
unaligned system. The slope observed on the experimental data
along the SD is most probably the result of poor neutron
statistics and the difficulty in a perfect background subtraction,
which are due to difficult experimental conditions. We have
indeed used aluminum foil to maintain the hydration around
the membranes under stretching, and the thickness of the
membranes packing was not well controlled.

4.2. Ionomer Peak and Structure Factor. As already
mentioned, theq-position of the ionomer peak,qpeak, is related
to d, the mean distance between the polymeric aggregates.9 At
first approximation, the Bragg relationship,d ≈ 2π/qmax can be
used. The intensity of the peak,Ipeak(q) is related to the number
of the scattering objects that contributes to the scattering signal
in the detector plane.

Deformation Model. To analyze the evolution of the ionomer
peak during the stretching process, a basic deformation model
is proposed. This structural model is based on the fibrillar Nafion
morphology proposed previously. To simplify the approach, the
polymeric and elongated aggregates are considered cylindrical
and at a larger length scale the bundles are represented by virtual
rectangular boxes, inside which the cylinders remain parallel
to each other, cf. parts a and b of Figure 5. This is a crude
approach since we consider an orientational order of the
polymeric aggregates, but this representation allows us to
develop a simplified deformation model. It is important to point
out that the model does not take into account relaxation or creep
processes, which probably occur in the material under a load.

The box containing parallel cylinders mimics the aggregate
bundle picture and indeed defines the local orientation order
between the aggregates. The number of cylinders per box and
the size of the boxes are not parameters of the model. During
the entire stretching process, the boxes are deformed according
to an affine deformation, keeping their volume constant. The
boxes evolve from a cube of dimensionsa0 ) b0 ) c0 to
rectangular boxes of dimensionsa ) b * c. The rectangular
boxes present square cross-sections due to the uniaxiality of
the deformation, and the long axisc is along the SD. Throughout
the box deformation, the cylinders are tilted preferably toward
the SD but remain ordered and parallel to one side of the box.
Before deformation, in each box, the cylinders are organized
into a square lattice of dimensiond0, cf. Figure 5c. After
deformation, the cylinders are localized on a rectangular lattice
of dimensionsdeq anddme, corresponding, respectively, to the
dimensions in the equatorial and meridian sections, as shown
in Figure 5d. The intensity and theq-position of the first-order

Figure 2. (a) Experimental division curves obtained by dividing the
scattering spectra measured from a membrane swollen in D2O by that
measured from the same membrane swollen in H2O. Theb correspond
to the undrawn membrane,0 and 3 markers represent the data
measured parallel and perpendicular to the SD in the MP1, respectively,
after a 120% deformation. (b) Theoretical division curves where theb
correspond to randomly oriented cylinder,0 and3 markers represent
calculated curves along the directions parallel and perpendicular,
respectively, to the cylinder axis.0 and3 marker curves collapse on
this graph.
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peak of the structure factor, respectively,Ipeak and qpeak, are
calculated fromdeq anddme. Ipeakandqpeakare functions of the
angleâ on the detector plane and the deformation parameterε,
cf. Figure 6.ε is defined as the ratio between the box dimension
along the deformation axis before and after stretching,

If the boxes and the whole material are deformed identically
thenε andλdef are related by

Details of the model and calculations are developed in
Appendix B. The SAXS 2D spectra measured on a membrane
drawn at 0, 2, 7, 10, 50, and 70% are presented in Figure 7.
The intensity follows a gray scale, where lighter gray corre-
sponds to lower intensity and darker gray to higher intensity.
The large and dark corona represents the experimental ionomer
peak position.Ipeakandqpeakare calculated through expression
2 usingε calculated from the real membranes’ deformation. The
theoretical results are added on top of the experimental spectra.
The calculation leads toε values of, respectively, 1, 0.98, 0.935,
0.909, 0.666, and 0.588. The position of the solid line corre-
sponds to the ionomer peak position, and the size and the
darkness of it are related to the intensity. The larger and the
darker is the line, the larger is the intensity. It is important to
point out that the only adjustable parameter of our model is the
initial q value which is set on the nondrawn membrane spectrum
and remains constant for all deformations.

As shown in Figure 8a,b, there is a good agreement between
experiment and simulation but the consistency in intensity is
only qualitative. Our basic model can predict the general
evolution of the intensity for all azimuthal angles as a function
of the deformation extent. Note that the experimental curve
measured on a nonstretched membrane presents a relatively low
anisotropy due to membrane processing by extrusion. The fact
that the predicted intensity atâ ) 0 is much higher than the
experimental data means that the model overevaluates the
number of cylinders oriented perpendicular to the SD. This point
will be discussed later as a limit of our model. On the other
hand, the scaling inq-position is excellent for deformations
smaller than 40%, then reduces at large deformations, especially
along the SD perpendicular direction. Figure 9 points out this
deviation between the experimental points corresponding to the
q-position of the ionomer peak versus the theoretical prediction.
There is an excellent scaling along the deformation axis between
experimental and theoretical results, using expression 2. The
drift at large deformation can be explained by the fact that the
model does not take into account the steric repulsion of the
cylinders and their limited deformation in the nonswollen state.
The intensity scattered in the perpendicular direction arises
mainly from cylinders oriented along the SD. During the
deformation, those cylinders get closer to each other until contact
is reached, then another regime than the one predicted should
be observed. Figure 9 shows this other regime along the
perpendicular direction, starting at point A, where experimental
data diverge from the predicted curve. Theq-position of this
divergence (point A) corresponds in the direct space to 30 Å,
which is approximately the value of the cylinder diameter.9

Between points A and B, as deformation keeps increasing, the
correlation distance between cylinders decreases, until rupture
of the membrane on point B. After breaking, the membrane
relaxes to aq value close to the one at point A. A reasonable
explanation for this behavior is that (i) at point A, the cylinders
are in contact, (ii) between points A and B, the cylinder diameter
is deformed elastically by less than 7%, (iii) at point B, after
membrane rupture, the system can relax and return to a state
where the cylinders are in contact but are not deformed. The
cylinder radius deformation measured here is limited to less
than 7% which is considerably smaller than the membrane
deformation, 120%. Furthermore, contrary to the SANS experi-
ment performed on swollen membranes, the membranes here
are under ambient conditions. It is reasonable to consider that
the presence of water between the cylinders delays the cylinder
deformation to a large drawing ratio. There are less points
measured along the SD’s parallel direction because the ionomer

Figure 3. SAXS spectra in the meridian plane, MP1, parallel to the SD (a) and perpendicular to the SD (b), as a function of the membrane
deformation. Four different drawing ratios are presented 0% (b), 7% ((), 20% (9), and 120% (2). Black arrows show the ionomer peak evolution
with increasing elongation. On both graphics, the dotted lines representq-1 andq-2 slopes and are guides for the eyes.

Figure 4. SAXS spectra measured in the meridian plane, MP1, on a
membrane swollen in methanol before deformation (b) and after a
200% deformation along the SD perpendicular (9) and parallel (2)
directions. The dotted lines representq-1 andq-2 slopes, as indicated.

ε ) c0/c (1)

λdef ) ε
-1 - 1 (2)

9458 Rubatat and Diat Macromolecules, Vol. 40, No. 26, 2007



peak disappears in that direction and does not come back after
the membrane rupture.

4.3. Power-Law and Form Factor. Calculation of Oriented
Cylinders Form Factor. The evolution of the scattering curve
at low q underneath the matrix knee can be simulated qualita-
tively considering an assembly of elongated cylinder-like objects
and neglecting any effect of a structure factor in thisq-range.
The scattering form factor of cylinders is known and can be
calculated for different angle distribution profiles, which depend
on the deformation of the material.

The intensity scattered by noninteracting cylinders can be
expressed as

whereF(q, γ) is the regular expression of the cylinder form
factor, given by eq 6 in Appendix A. The previous relation can
be rewritten introducing the anglesθ, φ, andâ (Figure 6):37

wherep(θ) is the orientational distribution of the cylinders (see
Figure 6) andγ is expressed as

Figure 10 shows the intensities scattered by cylinders along
the SD’s parallel direction,â ) 0, for three different orienta-
tional distributions of the cylinders. The intensities scattered
along the perpendicular direction,â ) π/2, have been calculated
but are not presented on the graphic; they are similar for both
orientational distribution to the scattering curve calculated with
the flat profile. The cylinders are 30 Å in diameter and a large
arbitrary value is chosen for the length,L ) 5000 Å, in order
to avoid oscillations of the curves in theq-range of interest,
which would be due to a finite cylinder length value. As a
reference we use a spectrum calculated from a uniform
orientation distribution, which corresponds to a nondeformed
system. In that case, the spectra are identical in the parallel and
perpendicular direction. The second orientational distribution
used is extracted from the previous deformation model, with
p(θ) ) n(θ), and ε ) 0.333 corresponding to a 200%
deformation. The spectrum in the perpendicular direction is
similar to the previous spectra, whereas along the parallel
direction, the intensity and the slope at lowq of the spectrum
decrease. The third angular profile used is empirical and close
to the second one but drops down to 0 faster asθ increases,
p(θ) ) exp(A cos2 θ), with A ) 10. In that case, the main
characteristics of the spectra are identical to the second one but
more pronounced. Along the parallel direction, at smallq the
spectrum presents a power-law close toq-2 which is observed
experimentally on highly drawn membranes, as shown in Figure
4. Again, the results lead to the conclusion that our deformation
model overevaluates the number of cylinders oriented perpen-
dicular to the SD. In refs 12, 33, and 34, the authors have shown
that the deformation of the Nafion membrane involves two
mechanisms: (i) rotation of the cylinder bundles at small draw
ratios and (ii) orientation of the cylinders within the bundles,
which is predominant at large draw ratios. The model that we
propose in this paper depicts only the cylinder tilting, consider-
ing an affine deformation of the bundles. Adding an extra
parameter describing the bundle tilting, involving the cylinder
boxes tilting, should definitely improve the prediction.

5. Conclusion

The structure of Nafion membranes under deformation is
studied by SAXS and SANS techniques. Microbeam SAXS
experiments demonstrate the uniaxiality of the deformation at
moderate elongation extent. SANS experiments using the
contrast variation method show that the scattering objects are
oriented without significant deformation, which is consistent
with the elongated polymeric aggregates model and an alignment
of the aggregates along the stretching direction. Theq-position
and intensity of the ionomer peak as a function of the drawing
extent were simulated through a basic model based on the

Figure 5. (a and b) Cylinder boxes observed from two different perspectives. (c and d)Cross-sections in the plane perpendicular to the cylinder
axis before (c) and after deformation (d).deq is the distance between cylinders in the equatorial plane,dme is the distance in the meridian plane in
which the cylinders are included. The dotted lines in parts c and d representd(æ) which is the distance to the first neighbor considering a liquidlike
order.

Figure 6. Cylinder in a Cartesian coordinate system (ux, uy, uz) and
in a polar coordinate system (R, θ, uc), The scattering vector,uq is
included in the detector plane (uy, uz) and can be defined by the angles
â or γ.

I(q) ∝ (F2(q, γ))γ (3)

I(q) ∝ ∫0

2π
dR ∫0

2π
sin θ dθp(θ)[F2(q, γ+ + F2(q, γ-)] (4)

cosγ( ) sin θ cosR cosâ ( cosθ sin â (5)
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orientation of cylinders, with good agreement to the experi-
mental data. The lowq power-law was simulated using a
cylinder form factor, considering an angular profile distribution

of the cylinders. All the analysis of our experimental data over
a broad range of scattering vectors are consistent with a structure
based on fibrils having, at the first order, 35 Å mean diameter.
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6. Appendix A

In this appendix we develop the calculation of the core-
shell cylinder form factor taking orientational order into account.
The regular expression of cylinder form factor,F, is written as

whereL andRare half the length and the radius of the cylinder,
respectively.q is the norm of the scattering vector,γ is the
angle between the cylinder axisuc and the scattering vectoruq

(cf. Figure 6), and∆F andV are the scattering contrast and the
cylinder volume, respectively.

The core shell cylinder form factor,Fcs is

with V(r) the volume of a cylinder with radiusr and length 2L,
∆F1 ) Fshell - Fsolvent and∆F2 ) Fcore - Fshell.

The isotropic intensity corresponding to the membrane before
deformation is calculated integratingFcs over all γ, 〈Fcs

2 (q,
γ)〉γ. The intensity scattered by a cylinder along the parallel
and perpendicular directions of its axis is given respectively by
Fcs

2 (q, γ ) 0) andFcs
2 (q, γ ) π/2).

7. Appendix B

Here we develop the details of the deformation model. The
boxes are depicted by stacks of framed sections containing
ordered cylinders, as shown in Figure 5a,b. Those sections are
all meridian sections in regards to the deformation axis. During
deformation, the sections are deformed from a square frame of
dimensionsb0 and c0 to a rectangular frame of dimensionsb
andc. In the equatorial plane, the distance between the parallel
framed sections evolves fromd0 to deq. In this model, the
cylinders are fixed on the frame, which leads to their tilting
during the deformation.

First, the main axis and planes of system shall be introduced,
all defined by the vectorsux, uy, uz, uc, anduq (see Figure 6).
uz corresponds to the stretching axis;ux defines the beam axis;
the plane defined by the vectorsux anduy is the equatorial plane;
the plane defined by the vectorsuz anduc corresponds to the
framed section.uq is included in the detector plane defined by
the vectorsuy anduz.

The direction of the cylinders in each box is given by the
unit vector,uc, which is defined by the anglesθ andR, as shown
in Figure 6.θ corresponds to the angle between the cylinders
and the deformation axis in the meridian sections.R is the angle
between the framed sections and the beam axis in the equatorial
plane. Note that during the stretching process,R is constant
within a box. The vectoruc is defined as

Assuming an affine deformation of the boxes with a constant
box volume a0b0c0 ) abc leads to trivial relations of the
deformation parameterε to the boxes’ dimensions: by definition
ε ) c0/c anda/a0 ) b/b0 ) ε-1/2.

Calculation of deq and dme. deq can be calculated considering
the homothetic relationa/a0 ) deq/d0. Then,

dme can be determined from the initial conditions and the
deformation parameter, usingθ0, the angle between the cylinders
and the stretching axis before deformation. Considering the
homothetic and the regular angular relations in the meridian
section leads to

Both expressions ofdme can be combined, obtaining

Equations 9 and 10 are inserted in 11, leading to

Simplify the approach, a liquidlike order is considered to
determine the position of the first neighbor cylinders, which is
represented by the vectord as shown in Figure 5c,d. The first
neighbor cylinders are preferably located on a circle of radius
d0 before stretching and on an ellipse of radiideq anddme after
stretching. The ellipse radiusd(æ) is the distance between
cylinders as a function ofæ, the angle betweendeq andd in the
ellipse section (orthogonal to the cylinders).d(æ) can be then
expressed as

The scattering vectorq resulting from the correlation distance,
represented by the vectord, can be approximated using the
Bragg relation

Note that|q| corresponds toqpeak, which is theq-position of
the first-order peak of the structure factor.q is in the ellipse
section then orthogonal touc. Furthermore,q has to be in the
detector plane in order to be measured. Souq, the unit vector
collinear to the scattering vectorq, is expressed as

In the detector plane defined by both vectorsuy and uz, the
vectoruq has a simpler expression

whereâ is the angle between the vectorq and the SD on the
detector plane (see Figure 6). The combination of eqs 15 and
16 leads to a relation between the anglesθ, â, andR

F(q, γ) ) ∆FVP(q, γ, R) )

∆FV
sin (qL cosγ)

qL cosγ
2J1(qRsin γ)

qRsin γ
(6)

Fcs(q, γ) ) P(q, γ, R + s) +
∆F2

∆F1

V(R)

V(R + s)
P(q, γ, R) (7)

uc ) |sin θ cosR
sin θ sin R
cosθ

(8)

deq ) d0ε
-1/2 (9)

dme ) d0
a
a0

cosθ
cosθ0

) d0
c
c0

sin θ
sin θ0

(10)

θ0 ) arctan[ε-3/2 tanθ] (11)

dme ) d0ε
-1/2 cosθ

cos[arctan[ε-3/2tanθ]]
(12)

d(æ) )
dmedeq

[dme
2 cos2 æ + deq

2[1 - cos2 æ]] 1/2
(13)

q ≈ 2π
d2

d (14)

uq ) [cos2 θ + sin2 θ sin2 R]-1/2|0-cosθ
sin θ sin R

(15)

uq ) |0sin â
cosâ

(16)

θ ) arctan[ -1
tanâ sin R] (17)
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Considering the scalar product ofuq andueq, with ueq the unit
vector parallel todeq leads to

since

The combination of the relationships in eqs 13 and 14 leads to
an approximation of theqpeak (q-position of the first order of
the structure factor)

Inserting expressions in eqs 9, 12, 17, and 18 in the previous
expression leads to an approximation ofqpeak(ε, R, â) dependent
only on variablesε, R, andâ.

The distribution of cylinders as a function of their orientation
θ can be expressed as

Introducing eq 17 in the previous relation leads to the distribu-
tion n(ε, R, â) only as a function of the three variables. Finally,
integratingqpeak(ε, R, â) andn(ε, R, â) over sin(R) dR, for R
between 0 and 2π, leads to the expressions ofqpeak(ε, â) and
Ipeak(ε, â), which are theq-position and the relative intensity of
the first-order peak scattered by many cylinder boxes presenting
various initial orientations:

and
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cosæ ) cosR cosâ
[cos2 θ + sin2 θ sin2 R]1/2

(18)

ueq ) |sin R
-cosR
0

(19)

qpeak≈ 2π
[dme

2 cos2 æ + deq
2[1 - cos2 æ]] 1/2

dmedeq
(20)

n(θ) ∝
dθ0

dθ
) [ε3/2[cos2 θ + sin2 θ

ε
3 ]]-1

(21)

qpeak(ε, â) ≈
∫0

2π
n(ε, R, â)qpeak(ε, R, â)sin R dR

∫0

2π
n(ε, R, â)sin R dR

(22)

Ipeak(ε, â) ∝ ∫0

2π
n(ε, R, â)sin R dR (23)
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