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ABSTRACT: Light scattering structural studies of poly(vinylidene difluoride) (PVDF) solutions in acetone have
been carried out. They reveal the pronounced peaks in the wide-angle scattering profiles at polymer weight
concentrations from 0.5% to 20%. The angular positions of the peaks are found to depend substantially on polymer
concentration: the greater is the concentration, the larger the scattering angle corresponding to the peak maximum.
These observations point to the fact that ordered polymer microstructures arise in the solutions investigated. A
theoretical analysis of the experimental data suggests that the structure of PVDF-acetone solutions can be
represented by a set of randomly oriented domains consisting of ordered bunches of the fiberlike constituents.
Correlations of the temperature and concentration behavior of the light scattering peaks with the dimension
characteristics of the structural domains are analyzed.

1. Introduction

The poly(vinylidene difluoride) is widely utilized in the
fabrication of porous, ultrafiltration membranes used in numer-
ous applications such as water treatment, medical purification,
food concentration, dairy filtration, ion exchange, and gas
separation. The membranes are usually prepared by exposure
of homogeneous polymer solutions to an excess of a precipitator
and their resulting structural characteristicsspore size distribu-
tion, texture, etc.sare rather sensible to the origin of phase
separation as well as casting conditions.1-6 The fibrillar
organization is a common attribute of the PVDF membranes.7,8

This type of structure has been observed in films cast from the
PVDF-acetone solutions with polymer concentrations ranging
between 4 and 10 wt %.9 Furthermore, the wide-angle X-ray
scattering from the membranes reveals periodic fluctuations,
which were interpreted as an alternation of the crystalline and
the amorphous regions.10-11

These observations indicate that morphology of PVDF
membrane is defined by a set of successive self-organization
processes. One could expect a priory that these structural
formations may arise in the solute state. Nevertheless, current
studies disregarded this point while it may be important in
development of membrane morphology. At the same time,
preliminary investigation of light scattering from PVDF solu-
tions in acetone showed the presence of single peaks within
the scattering profiles.12 This effect prompts occurrence of
organized microstructures prior to the film casting and stimulates
their investigation. Under the more general aspects, this research
might illuminate peculiarities of hierarchical self-organization
in polymer solutions, in particular, of perfluorinated polymers.

In the present work, the systematic structural studies of
PVDF-acetone solutions are carried out. The main attention is
focused on revealing characteristics of solution morphology by
means of structural model providing the same optical effects.

The paper is organized as follows. The materials data and
the experimental technique are presented in the next section.

The experimental results including wide- and small-angle light
scattering data for PVDF-acetone solutions at different con-
centrations and temperatures are reviewed in section 3 along
with an electron microscope observation of the cast films. A
theoretical study of the scattering effects, in terms of a
representative structural model, is developed in section 4. The
comparative analysis of experimental and theoretical results is
detailed in section 5.

2. Materials and Methods

2.1. Materials.Elf Atochem (ATOFINA) has supplied the pellets
of poly(vinylidene difluoride) labeled as KYNAR 740. The PVDF
chemical composition consists of linear sequence of monomers
-CH2-CF2-. This polymer was shown to contain alternation
defects of CH2 and CF2 groups that may lead to aggregation of
PVDF chains resulting in creation of physical microgels.15,16In our
experiments, KYNAR 740 has been purified by precipitation in
methanol or heptane from the hot acetone or isophorone solutions.
The dust particles were removed from the pure solvent with
Dynaguard 0.45µm filters of Microgon Inc.

Examination of molecular characteristics of KYNAR 740 was
made at room temperature in dilute solutions of acetone andN,N-
dimethylformamide (DMF) by means of static (SLS) and dynamic
(DLS) light scattering. The second virial coefficients of PVDF
measured by SLS are aboutA2 ) -5 × 10-5 mL‚mol‚g-2 for
acetone andA2 ) 1.7 × 10-7 mL‚mol‚g-2 for DMF, respectively.
These values indicate that acetone is a poor solvent while DMF is
a good solvent, which are in close proximity to the theta point. At
the same time SLS was unable to provide accurate dimensions of
PVDF in the dilute solutions because of violation the Guinier range
condition near the smallest scattering angle available. These
characteristics were measured by the dynamic light scattering. The
analysis of the obtained autocorrelation functiong(2)(q,t) of the light
scattering intensity (see below) revealed sharp single-peaked
distributions of relaxation times. This is relevant to presence of
the well-defined monodisperse inclusions in both of solvents. Their
hydrodynamic radii were found to equal toRH ) 270 nm in acetone
andRH ) 330 nm in DMF, respectively. These dimensions indicate
that PVDF units are more compact in acetone than in DMF, which
correlates with the obtained second virial coefficients.

The obtained characteristics are coherent with SLS data extracted
from the Guinier plot. The average gyration radius of PVDF
formations in dilute acetone solutions is aboutRG ) 228 nm. The
ratio of this size to the corresponding hydrodynamic radius is about
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F ) RG/RH = 0.84, which is rather close to the hard sphere value
of 0.78.

2.2. Static Light Scattering.The wide- and the small-angle static
light scattering experiments were carried out. The wide-angle
scattering intensity was measured by the in-house apparatus13

equipped with (i) a red He-Ne laser of wavelengthλ0 ) 632.8
nm in a vacuum, (ii) a discrete-angle goniometer acting within the
range from 20° to 155°, (iii) a Hamamatzu type photomultiplier as
detector, (iv) a photocounting device, and (v) a toluene matching
bath. The vertical polarization of the incident beam with respect to
the scattering plane has been used. The analyzer, arranged between
the measuring cell and the photomultiplier, could assume both the
vertical and the horizontal orientations. The first position allows
measurement of the isotropic VV scattering while the second was
applied in the study of the depolarized HV scattering.14 The excess
of light scattering intensityI(q) ) Isolution - Isolvent was measured
as a function of scattering vectorq ) (4πn/λ0)sin θ/2 with an
accuracy of 1% (θ is the scattering angle). The values of scattering
intensityI(q) were obtained through the calibration with a benzene
standard. The acetone refractive index and the average refractive
index increment of PVDF relative to acetone are equal ton ) 1.359
and dn/dc ) 0.064 mL/g, respectively.

The small-angle light scattering patterns were recorded using
an Ikegami ICD42E analogical camera. The obtained HV scattering
images were analyzed and digitalized through the meteor-Matrox
card implemented by the in-house software.

2.3. Dynamic light scatteringmeasurements were made on the
ALV/DLS/SLS-5020F (ALV-Laser Vertriebsgesellshaft mbH, Lan-
gen, Germany) consisting (i) a He-Ne laser (λ0 ) 632.8 nm), (ii)
ALV/CGS-8 goniometer system working in the range from 22° to
145°, and (iii) ALV-5000 autocorrelator. The normalized autocor-
relation function18 g(2)(q,t) ) 1 + [∫P(τ) exp(-t/τ) dτ]2 was
analyzed by means of the CONTIN program19 integrated into ALV
software (P(τ) is the distribution function of relaxation timeτ).
The apparent hydrodynamic radiiRH of polymer formations in the
dilute solutions were estimated from the Stokes-Einstein relation-
shipτ(q) ) 6πηsRH/q2kBT under assumption that scattering elements
are of spherical shapes.

2.4. Electronic Microscopy. The morphologies of the cast PVDF
films were visualized using a Philips CM12 transmission electronic
microscope operating at 120 kV. The microscope was used in the
image mode with the refracted beam focused on the screen. The
dark patches of the image reveal the crystalline mats. The thickness
of the samples used was less than 1µm to obtain better images.
To achieve this limit, the water casting was carried out from the
dilute solutions, followed by the slow drying of the films deposited
on a carbon grid. The film morphology was observed directly on
a screen without the metal shadowing.

3. Experimental Results

3.1. Peculiarities of Static Light Scattering.PVDF-acetone
solutions are visually opalescent in the range of polymer
concentrationcp from 1% to 10%. A further increase in PVDF
concentration untilcp = 18% leads to a slight turbidity. This
upper limit corresponds to the point of physical gelation at the
room temperatureT ) 25°C. Above the threshold corresponding
to cp ∼ 30%, the crystallites grow thus elevating sample
turbidity.

Measurement of the wide-angle light scattering from the
solutions reveals distinct peaks at polymer concentrations from
0.5% to 20%. The peaks are found to appear within the range
of the scattering vector fromq = 4 × 10-3 to 1.8× 10-2 nm-1.
It is notable that the observed optical effect takes place at
polymer concentrations well below the referred characteristic
points.

Three examples of the VV scattering profiles corresponding
to cp ) 2%, 5%, and 10 wt % measured atT ) 42 °C are
illustrated in Figure 1. The scattering intensity is expressed here
in terms of reduced valueI(q)/(Kc) whereK ) Kbenzene(dn/dc)2

is the optical contrast calibrated with benzene standard. The
positions of the scattering peaks are seen to depend on polymer
concentration: the higher is the polymer concentration, the larger
the scattering vectorq*, corresponding to the maximum
intensity. The amplitude and the shape of the peaks are
correlated with PVDF concentration as well. In particular, an
increase in polymer concentration results in a decrease of the
peak. The shapes of the signals are seen to be rather regular
below the gelation point. They become irregular at concentra-
tions exceedingcp = 18%. This fact is demonstrated in the inset
of Figure 1 giving the scattering profile of the 20% solution.

The depolarized HV scattering is shown in Figure 2 for the
2% and 5% PVDF-acetone solutions. This plot reveals surges
of the scattering intensity as it was demonstrated before. The
positions of the HV scattering peaks coincide with those of the
VV peaks at the same polymer concentrations. Thus, the increase
in PVDF content leads to a shift of HV peaks toward larger
scattering vectors. Nevertheless, contrary to the VV scattering,
the magnitudes of the HV peaks increase with the increasing of
polymer concentration. The existence of the depolarized scat-
tering reveals the optical anisotropy of scattering units.

The dependence of the VV and HV scattering profiles on
temperature is displayed in Figures 3 and 4 at the concentration
cp ) 2%. The temperatures studied are in the range 25 to 91°C.
The upper limit exceeds the boiling point of acetone. To make
measurements under these conditions, a special pressure cell
equipped with a window for the scattered light was designed.
Figures 3 and 4 indicate that temperature has no influence on
the peak position. However, raising the temperature results in

Figure 1. Normalized VV scattering intensity profiles of PVDF-
acetone solutions measured atT ) 42 °C for different polymer
concentrations: (9) 2%; (2) 5%; (b) 10%. The inset corresponds to
the 20% PVDF-acetone solution.

Figure 2. Normalized HV scattering intensity profiles of PVDF-
acetone solutions measured atT ) 42 °C for different polymer
concentrations: (9) 2%; (2) 5%.
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an increase in the peak height both for isotropic and depolarized
light scattering. The observed behavior of VV and HV scattering
profiles indicates that dimensions of scattering elements rather
than their optical anisotropy control the peak amplitude.

It is worth noting that valueq* of scattering vector corre-
sponding to the peak maximum is a power function of polymer
concentration,q* ∼ cp

0.33. This is shown in Figure 5 demon-
strating linear dependence of log(q*) on log(cp) in a broad range
of polymer concentrations. This sort of dependence implies that
structure of PVDF-acetone solutions may be represented as a
close packing of ordered scattering domains.

3.2. Spherulite Signature.The spherulite structure has been
found in 20% PVDF gels immersed in a poor binary solvent
(DMF + octanol) by means of DSC and small-angle light
scattering.5 However, at lower polymer concentrations these

measurements become difficult because of the low level of the
depolarized scattering intensity. Nevertheless, we were able to
obtain HV scattering patterns with a red He-Ne laser and a
CCD camera as a detector. Figure 6 shows an example of the
pattern corresponding to the 10% PVDF-acetone solution at
room temperature. A low level of scattering intensity is caused
by either small density or low optical anisotropy of the scattering
elements. The fuzzy four-leaf clover image indicating preexis-
tence of spherulites is observed. However, in contrast to the
perfect spherulite light scattering pattern, the nonzero intensity
could be observed near the center of this picture. It may be
understood as an interference of light scattered both from
spherulite-like formations and randomly orientated domains of
microfibers.

An average size of these elements may be roughly estimated
using the familiar expressionRs ) 4/qmax for spherulites20 where
qmax is the average magnitude of the scattering vector corre-
sponding to maximum intensity at the scattering pattern (see
Figure 6). Taking into account that the average scattering angle
at these points isθmax = 5°, the average size of the scattering
elements isRs = 3.5 µm.

3.3. Structure of Cast PVDF Films. Figure 7 gives the
electron microscopy image of the film cast from a 5% PVDF-
acetone solution on a water surface. It reveals a two-phase
structure, which is represented by thin fibrous ligaments
containing inclusions of a brighter contrast. The average size
of these inclusions is of the same order as hydrodynamic length
of PVDF formations measured by the dynamic light scattering
(see section 2.3). Below we will assume that the weblike fibrous
formations are the basic constituent of structure of PVDF-
acetone solutions.

4. Theoretical Analysis

4.1. Structural Model. The foregoing experiments suggest
the development of ordered microstructures in PVDF-acetone
solutions at polymer concentrations in the range from 0.5% to
20%. Specifically, the small angle light scattering suggests an
existence of the large-scale spherulite-like domains, while the
wide-angle scattering peaks hint at a spatial ordering within the
formations. To reveal structural peculiarities of the solutions,
an appropriate model providing the same optical effects should
be constructed.

Figure 3. Temperature dependence of normalized VV scattering profiles
of 2% PVDF-acetone solutions: (0) 25 °C; (+) 50 °C; (9) 76 °C;
(2) 91 °C.

Figure 4. Temperature dependence of the normalized HV scattering
profiles of 2% PVDF-acetone solutions: (0) 25 °C; (+) 50 °C; (9)
76 °C; (2) 91 °C.

Figure 5. Dependence of maximum positionsq* of V V scattering peaks
on PVDF concentration. The power-like dependenceq* ∼ cp

0.33

indicates the 3D dense packing of the ordered domains in the solutions.

Figure 6. CCD image of the anisotropic HV light scattering by 10%
PVDF-acetone solution. This picture indicates an occurrence of
fiberlike structure with random orientation.
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Toward this end, we suppose that the structure of PVDF-
acetone solutions possesses some quality inherent to the dry
films cast from the solutions. Particularly, we assume that the
structure of the solution is represented by a set of randomly
oriented domains consisting of ordered fiberlike formations. The
thin ligaments in Figure 7 could presumably represent some of
these microfibers. The structure may be formed due to the self-
association of PVDF chains caused by the alternation defects
of CH2 and CF2 groups mentioned in section 2.1. An increase
in temperature would result in disintegration of physical bonds
between the neighboring macromolecules followed by shrinkage
of the microfibers, thus reducing their lengths. In turn, an
increase in polymer concentration would lead to a more dense
structure involving a reduction of the average distance between
the microfibers.

The schematic representation of this kind of domains is given
in Figure 8, illustrated as a bunch ofNr ordered rods. This model
is supposed to be a representative structural element of PVDF-
acetone solutions. For the sake of simplicity, the microfibers
constituting the domain are taken of the same average lengthL
and radiusR; their centers are assumed to form a 2D hexagonal
lattice in the domain cross-section with average distancedh
between the nearest rods.

Running a few steps forward, we note that neither spherical
nor disklike formations arranged in any periodical 3D structure
could provide similar scattering peaks as were observed in our
experiments.

4.2. Light Scattering from Parallel Rod Domains.The light
scattering from a single rod has been treated theoretically a long
time ago. An isotropic cylinder or anisotropic infinitely thin
rods were considered in most of the papers.21 The comprehen-
sive solutions for the optically anisotropic cylinder of arbitrary
sizes and orientation were obtained by van Aartsen.22 The results
as applied to the wide-angle scattering are presented in Appendix
I.

The measurements were performed in a horizontal plane
including the incident beam and the wave vectork′ of the
scattering light. The wave vectork0 and the polarization of the
ray are considered to orient respectively along thex- andz-axes
of the laboratory coordinate frame as illustrated in Figure 9.
Thus, the scattering vectorq ) k0 - k′ ) qs is located in the
(x,y)-plane keeping the azimuthal angleµ ) 90°.

In line with general theory,23 the scattering intensity from a
set ofNr parallel rods may be represented as

whereI1(q,L,R,R,Ω) is the scattering intensity from a single rod
(see Appendix I);R andΩ are the polar and azimuthal angles
with respect to the reference system (x′,y′,z′) which is associated
with the vectorq (see Figure 14);dmn is the distance between
the mth andnth rods. The inner productqdmn equals to

The anglesψmn and φ characterize orientation of vectordmn

and the hexagonal lattice relative to the rod’s coordinate system
(x′′,y′′,z′′).

The relative scattering intensity from randomly orientated
domains corresponds to the averaging of eq 1 over the angles
R, Ω, andφ:

Figure 7. Electronic microscope image of a 5% PVDF-acetone
solution poured on a water surface. The magnification is 22 000×.

Figure 8. Structural model of the ordered fibrous domain.

Figure 9. Scheme of wide-angle light scattering experiment.

Idomain(q,L,R,R,Ω,φ,d,Nr) )

I1(q,L,R,R,Ω){Nr + ∑ ∑
m*n

Nr

exp(iqdmn)} (1)

qdmn ) qdmncos(φ + ψmn) sin R (2)

Ihdomain(q,L,R,d,Nr) )
1

(2π)2∫0

π∫0

2π∫0

π
Idomain(q,L,R,R,Ω,φ,d,Nr) sin R dR dΩ dφ

(3)
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Substituting eq 1 into eq 3 and accounting for the defini-
tion of the zero-order Bessel function,J0(qdmnsin R) )
(1/π)∫0

π exp(iqdmn) dφ, we obtain the following result:

This equation generalizes the well-known Debye formula23

derived for the X-ray scattering from a crystalline powder. But
contrary to this case the rod form-factor is dependent on the
orientation. Indeed, depending on the analyzer position the
functionsI1(q,L,R,R,Ω) andIh1(q,L,R) are given by eqs AI.7 and
AI.8 and eqs AI.10 and AI.11, respectively. The angular brackets
in eq 4 denote an averaging over the anglesR andΩ. The sums
in eq 4 are estimated in Appendix II forNr ) 7 and 22 under
the assumption that the most probable distribution of centers
of parallel rods within the domain matches the hexagonal lattice.

The distribution of the shortest distanced between the rods
is supposed to represent the log-normal function

characterized by the average valuedh and its dispersionσd. Thus,
the light scattering intensity from a set of noncorrelated domains
is given by the following integral

4.3. Light Scattering by Ensemble of Domains.An increase
in polymer concentration would lead to an increase in the
number of the ordered domains, thus decreasing the distance
between them. In turn, this would be expected to result in
interference of light scattered by different domains. The relative
scattering intensity from the ensemble ofNd domains may be
described by the following expression:

wherehkl is the distance between the centers ofk-th and l-th
domains. Averaging eq 7 over orientations ofhkl, we obtain
the following result:

This expression is identical to the Debye formula23 with the
exception that a molecular form-factor is replaced by the average
scattering intensity of noncorrelated domains.

5. Discussion

A correlation of the structural characteristics of PVDF-
acetone solutions with the observed optical properties is
discussed in this section. The structural parameters can be
defined through comparison of the obtained experimental data
with results of theoretical modeling of light scattering from the
ordered domains. First, the average optical anisotropyδ of the
fiberlike elements of the domains is estimated. This may be

done through an evaluation of the ratio of small-angle HV to
VV scattering intensities,a ) IHV/IVV. According to our
measurements this value varies from 0.005 to 0.001 for the 2%
PVDF-acetone solutions (cf. Figures 1 and 2). For definiteness
we will considera = 0.002. Comparing this ratio with the
theoretical one developed from eqs AI.10 and AI.11, we obtain
the following equation for the unknown parameterδ:

whereD1, D2, andD3 are defined by eq AI.12. The second-
order term with respect toq is neglected here because of the
low value of the concerned scattering angle. A subsequent
numerical analysis of eq 9 shows that the optical anisotropyδ
is restricted between 0.17 and 0.23 for a broad range of
microfiber dimensions, i.e.,L ) (1 ÷ 10)λ andR ) (0.01 ÷
1)λ. This implies that the ratio of the longitudinal to the
transversal polarizability of polymer microfibers in the PVDF-
acetone solutions should lie in the range 1.2-1.3. The average
valueR|/R⊥ ) 1.25 corresponding toδ ) 0.2 will be considered
below.

As it follows from eq 6, the light scattering intensity by a set
of randomly orientated domains of ordered microfibers is
dependent on five structural parameters: the longitudinal and
transversal sizes,L and 2R, of the microfibers, the average inter-
fiber distancedh, the dispersionσd of the distance, and the
average numberNr of microfibers per domain. We are going to
find correlation of these parameters with angular position and
amplitude of the scattering peak.

Theoretical VV and HV scattering curves based on the model
approximation of the structure of PVDF-acetone solutions are
represented in Figures 10 and 11. During this modeling we used
an intuitive assumption that an increase in PVDF concentration
should be followed by a decrease in dispersionσd due to an
ordering of the solution structure. This resulted in scattered
peaks, which are similar to those observed in the experiments
(see Figures 1 and 2). This implies that the proposed model of
the scattering domain retains characteristic features of the
solution structure being thus appropriate for a quantitative
analysis of scattering profiles.

With the exception of the small-angle scattering, limited by
the rangeq ) 0 ÷ 4 × 10-3 nm-1, the observed scattering
profiles (Figures 1-4) may be treated as a superposition of the

Figure 10. Theoretical VV scattering profiles for three types of
randomly oriented domains composed ofNr ) 22 rods withL ) 6λ
andR ) 0.3λ: (1) d ) 1.7λ, σd ) 0.022 logλ; (2) d ) 1.35λ, σd )
0.015 logλ; (3) d ) 1.1λ, σd ) 0.01 logλ. The inset corresponds to
the VV scattering from the ensemble ofNd ) 27 domains (dh ) 0.9λ σd

) 0.004λ) with h ) 8λ.

[-3aD0 + 2(2 - a)D1 +

(4 - 3a)D2]δ
2 + 8a[(D0 + D1)δ - D0] ) 0 (9)

Ihdomain(q,L,R,d,Nr) )

NrIh1(q,L,R) + 〈I1(q,L,R,R,Ω)∑∑
m*n

Nr

J0(qdmnsin R)〉R,Ω (4)

f(d) ) 1

dσdx2π
exp[-

(ln d - ln dh)2

2σd
2 ] (5)

〈Idomain(q,L,R,dh,σd,Nr)〉 ) ∫0

∞
f(d)Ihdomain(q,L,R,d,Nr) dd (6)

Iensemble) 〈Idomain(q,L,R,dh,σd,Nr)〉{1 +
1

Nd
∑∑

k*l

Nd

exp(iqhkl)}
(7)

Ihensemble(q,L,R,dh,σd,hh,Nr,Nd) )

〈Idomain(q,L,R,dh,σd,Nr)〉{1 +
1

Nd
∑∑

k*l

Nd sin (qhkl)

qhkl
} (8)
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Bragg peaks contributed by different domains with a fixed
average distance between the microfibers. Actually, it is found
that an increase in the average number of rodsNr per domain
leads to the appearance of high-order peaks accompanied by
growing and narrowing of the main peak, which remains in the
same position. The numerical analysis shows that variation of
rod sizes,L andR, does not influence the position of the main
peak as well. On the other hand, a decrease in radii of
microfibers results in growing of the secondary peaks. This
effect is more pronounced for HV scattering, which is found to
be more sensitive to the transversal sizeR than VV scattering.
However, ifR is large enough, the secondary peaks in the HV

scattering profile become smoother or completely disappear. In
the latter case, theoretical VV scattering curves contain just a
single peak that is in agreement with experimental observations
(cf. Figures 2 and 4). This regularity could be used to estimate
the low boundary of the transversal dimension of polymer
microfibers, which is found to matchR= 0.3λ. It is worth noting
that the obtained value is compatible with the cross-section of
polymer ligaments of the PVDF film as it is seen in electron
microscopy (Figure 7).

The numerical analysis suggests that the average inter-fiber
distancedh and the lengthL of microfibers are the most relevant
parameters influencing angular position and magnitude of the
scattering peak. Figures 10 and 11 demonstrate the role ofdh in
VV and HV scattering. It is seen that a decrease in the average
distance between the neighboring microfibers in domains leads
to a shift of the main peak toward the larger scattering vectors.
This result is in line with the general diffraction theory. On the
other hand, a change in the microfiber length results in
significant alteration in magnitude of the scattering peak: the
smaller theL, the higher the peak. At the same time, variation
of L does not affect the angular position of the peak and does
not give rise to secondary peaks (cf. Figures 12 and 13).

A comparison of the experimental VV and HV scattering data
(Figures 1 and 2) and the corresponding to theoretical profiles
(Figures 10 and 11) indicates that the average distancedh between
microfibers correlates with polymer concentration. Indeed, the
VV scattering curves, measured in 2%, 5%, and 10% PVDF-
acetone solutions (see Figure 1), can be adequately described
within the proposed model if the average inter-fiber distancedh
is equal to 1.7λ, 1.35λ, and 1.1λ respectively. In other words,
an increase in polymer concentration leads to reduction of the
average inter-fiber distance. Moreover, it is easy to check that
the value of the scattering vectorq* corresponding to the
position of the maximum peak intensity is a decreasing function
of dh. This dependence is in agreement with the previously
mentioned behavior ofq* as a function of polymer concentration
(see section 3.1 and Figure 5). The above analysis therefore

suggests that the structure of the PVDF-acetone solutions
studied comprises a close packing of ordered domains of
polymer microfibers.

Figures 10 and 11 indicate that the above theoretical model
describes equally as well the opposite behavior of the VV and
HV scattering intensities with variation of average inter-fiber
distance i.e., the smaller the value ofdh, the smaller the
magnitude of VV, while the larger the HV peak (cf. Figures 1
and 2). This observation reveals the effect of redistribution of
scattering intensity among nonpolarized and depolarized light.

The observed behavior of scattering peaks with temperature
shows that the amplitude grows while the angular position
remains fixed for both VV and HV (see Figures 3 and 4). In
addition, there is no evidence of appearance of secondary peaks
with increase in temperature. This demonstrates that neither
average inter-fiber distance nor transversal sizes of the fibers
are sensitive to temperature. Otherwise, the main peak would
be shifted and secondary peaks may come into sight. The
increase in the peak amplitude with temperature can be
explained either by increasing in numberNr of microfibers per
scattering domain or by decreasing in average fiber lengthL.
We suppose that the latter assumption is more reasonable.
Actually, the elevation of temperature could result in the
destruction of physical bonds between neighboring PVDF chains
leading to softening of microfibers. In turn, this may give rise
to an increase in flexibility of the microfibers, thus shortening
the effective fiber length for each domain. This effect is
demonstrated in Figures 12 and 13 by the example of VV and
HV light scattering. On the other hand, an increase inNr would
inevitably be followed by a decrease in the cross-sectional size

Figure 11. Theoretical HV scattering profiles for two types of domains
composed ofNr ) 22 rods withL ) 6λ andR ) 0.3λ: (1) d ) 1.7λ,
σd ) 0.022 logλ; (2) d ) 1.35λ, σd ) 0.015 logλ.

Figure 12. Dependence of theoretical VV scattering profiles of
randomly oriented domains (Nr ) 22, R ) 0.3λ, d ) 1.7λ, andσd )
0.022 logλ) on the rods length: (1)L ) 3λ; (2) L ) 4λ; (3) L ) 5λ;
(4) L ) 7λ.

Figure 13. Dependence of theoretical HV scattering profiles of
randomly oriented domains (Nr ) 22, R ) 0.3λ, d ) 1.7λ, andσd )
0.022 logλ) on the rods length: (1)L ) 3λ; (2) L ) 4λ; (3) L ) 5λ;
(4) L ) 7λ.
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of the microfibers leading to the appearance of secondary
scattering peaks, which are not the case for PVDF-acetone
solutions below the gel point (see Figures 3 and 4).

If the PVDF concentration exceeds 10%, strong modulations
of scattering peaks could be observed. An example correspond-
ing to a 20% PVDF-acetone solution is given in the inset of
Figure 1. The model of randomly orientated domains discussed
above does not explain this type of scattering profile. To clarify
this phenomenon, the interference of light scattered by an
ensembleofNd domains has to be taken into account as it is
suggested in section 4.3. The corresponding result is depicted
in the inset of Figure 10. The obtained scattering profile was
calculated from eq 8. For the sake of simplicity, the centers of
the domains were arranged in nodes of a simple cubic lattice.
The intensity modulations within the peak are clearly observed
in the inset. However, the interference of scattered light does
not cause a shift in the angular position of the main peak.

Multiple scattering is an additional issue, which should be
discussed in this paper. Normally, it contributes to the VV

scattering and affects the accuracy of measured sizes of
scattering elements:24,25 the larger the polymer concentration,
the more the influence of multiple scattering. Nevertheless, it
is hardly to expect that multiple scattering sways the HV

scattering. The simultaneous observation of similar peaks at VV

and HV scattering permits to conclude that the studied optical
phenomenon is not affected by the multiple scattering and arises
due to interference of light scattered by the ordered domains.
Moreover, the studied PVDF solutions are transparent showing
just a small opalescence within the range of polymer concentra-
tion between 1% and 10%. This allows claiming that the
multiple scattering does not visibly alter the obtained average
dimensions and distance between the microfibers. It is clear that
at higher polymer concentration, especially above physical
gelation point, the contribution of multiple scattering may
embarrass calculation of solution structural parameters. Nev-
ertheless, the proposed approach explains the existence of
scattering peak as well as its oscillating nature even for 20%
PVDF solutions.

6. Conclusion
The wide-angle light scattering from PVDF-acetone solu-

tions reveals scattering peaks for both VV and HV scattering.
The angular position of the peak is found to be very sensitive
to the concentration of the polymer: the higher the concentra-
tion, the larger the scattering angle corresponding to the peak
position. An increase in temperature leads to a growth in the
amplitude of the scattering peak without shift of the peak
position. Comparison of these data with the proposed theoretical
model suggests that the morphology of the PVDF-acetone
solution may be represented as a close packing of ordered
fibrillar domains. It is found that (i) an increase in PVDF
concentration results in a decrease in the average distance
between the neighboring microfibers and (ii) an increase in
temperature causes a decrease in the average length of the
microfibers.

The obtained results demonstrate that PVDF-acetone solu-
tions belong to an important class of polymer systems whose
morphology is represented by hierarchy of self-organized
structures consisting of microfibers grouped into the ordered
domains. This type of structures is found to appear at rather
low polymer concentration. Several questions follow from our
study. What is the physical origin of the observed many-scale
hierarchy? What types of polymer solutions could provide
similar structural organization? The investigation of these
problems seems of high importance.
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Appendix I. Depolarized Light Scattering from a Single
Rod

The light scattering intensity from a single rod of arbitrary
orientation is given by the following expression:

Since our measurements were done in the horizontal (x,y)-plane,
the unit vectors along the scattering vector is

The vectorM denotes the dipole moment induced in a single
rod by the incident light with electric fieldE0 ) E0k:

r is the polarizability tensor of the rod relative to the solvent.
In the case of uniaxial optical anisotropy, this tensor is
characterized by the longitudinalR| and transversalR⊥ polar-
izabilities in its principal coordinate system (see Figure 14).
The anisotropy degree of the rod is thus defined asδ ) 1 -
R⊥/R|.

The vectorO of eq AI.1 is a unit vector along the transmission
direction of the analyzer.14 At the vertical position of the
analyzer, this vector is given byOV ) k, while at the horizontal
positionOH ) -i sin θ + j cosθ (at µ ) 90°). Note thati, j ,
andk are the basis vectors of the laboratory coordinate system
directed along thex-, y-, andz-axes, respectively.

The orientation of the rod axes is conveniently fixed relative
the reference framework by associating the axes with the
scattering vectorq. For thez′-axis alongq, the rod orientation
is defined by the polar,R, and azimuth,Ω, angles depicted in
Figure 14. In this case the productsMOH andMOV take the
following forms:

Figure 14. Position of scattering element in the (x′, y′, z′) coordinate
frame attached to the scattering vectorq. (x′′, y′′, z′′) is the local
coordinate system of the rod.

I1 ) (MO )2{∫V
exp[k(rs)] dr}2 (AI.1)

s ) i sin
θ
2

- j cos
θ
2

(AI.2)

M ) RE0 ) E0Rk (AI.3)
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The form factor of the cylindrical rod of lengthL and radius
of cross-sectionR is3

Jn(x) is a Bessel function of thenth order. Substituting eqs AI.4-
AI.6 into eq AI.1, we obtain VV and HV scattering intensities
from a single rod at the fixed orientation:

Equation AI.1 averaged over all orientations gives the intensity
of light scattered by a set of noncorrelated and randomly oriented
rods:

Substitution of eqs AI.6-AI.8 into eq AI.9 leads to the following
solutions:

The valuesDn are given by integrals

which depend on rod sizes and value of the scattering vector.

Appendix II. Evaluation for Sums

To estimate sumsSNr ) ∑∑m*n
NrJ0(qdmn sin R) in eq 4, we

assume that the centers of parallel rods are arranged in a
hexagonal lattice in a framework of the model under consid-
eration. In the case of domains containing 7 and 22 rods, the

following expressions for the sums are obtained:

Supporting Information Available: Text discussing dynamic
light scattering, static light scattering, and the Guinier plot, with a
table showing the dependence ofDZ, RH, andF on scattering angles
and concentrations, and figures showing the normalized intensity
correlation function, solutions for hydrodynamic radii,D vs c at
scattering angle 30°, a Berry plot for PVDF-acetone, Guinier plots
for four dilute PVDF-acetone solutions, and comparison of ln-
(Kc/IVV) vs q2 dependences for PVDF-acetone solutions. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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MOV ) E0R|(δsin 2Rsin 2Ω + 1) (AI.4)

MOH ) -E0R|δ sin R sin Ω

(sin R cosΩ sin
θ
2

+ cosR cos
θ
2) (AI.5)

F(q,L,R,R) ) ∫V
exp[k(rs)] dr )

2V
sin (qL cosR/2)

qL cosR/2

J1(qRsin R)

qRsin R
(AI.6)

I1,VV(q,L,R,R,Ω) ) E0
2R|

2F2(q,L,R,R)[δ sin2 R sin2 Ω + 1]2

(AI.7)

I1,HV(q,L,R,R,Ω) ) E0
2R|

2F2(q,L,R,R)δ2 sin2 R sin2 Ω

(sin R cosΩ sin
θ
2

+ cosR cos
θ
2)2

(AI.8)

Ih1(q,L,R) ) 1
4π∫0

π∫0

2π
I1(q,L,R,R,Ω) sin R dR dΩ (AI.9)

Ih1,VV(q,L,R) ) 1
8
E0

2R|
2{δ2(3D0 + 2D1 + 3D2) - 8δ(D0 +

D1) + 8D0} (AI.10)

Ih1,HV(q,L,R) )
1
8
E0

2R|
2δ2{4(D1 - D2) + sin 2θ

2
[5D2 - 6D1 + D0]} (AI.11)

Dn(q,L,R) )

2∫0

π [sin(qL cosR/2)
qL cosR/2

J1(qRsin R)

qRsin R ]2

cos2n R sin R dR

(n ) 0, 1, 2) (AI.12)

S7 ) 6[4J0(qdsin R) + J0(2qdsin R) + 2J0(qdx3sinR)]
(AII.1)

S22 ) 2[49J0(qdsin R) + 30J0(2qdsin R) +

19J0(3qdsin R) + 6J0(4qdsin R) + 37J0(qdx3sinR) +

16J0(2qdx3sinR) + 46J0(qdx7sinR) +

22J0(qdx13sinR) + 6J0(qdx19sinR) + 2J0(qdx21sinR)]
(AII.2)
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