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ABSTRACT: To date the scrolled morphology of γ-phase
poly(vinylidene fluoride) (PVDF) has been witnessed via high
temperature melt crystallization of crystalline thin films and
through imaging of chemical etched PVDF bulk films. Here we
show the first growth and characterization of free-standing γ-
phase PVDF scrolls via solution crystallization. Scanning
electron microscopy, transmission electron microscopy, and
atomic force microscopy have been used to characterize and to
further understand the fundamental preferred crystalline habit
of the γ-phase of PVDF.

Over the years there has been much debate surrounding
the origin of various polymer lamellar morphologies.

While incommensurate with translational symmetry, nonflat
twisting, bending, and scrolling crystals are often observed in
semicrystalline polymers. The twisted polymer crystal alone
highlights a few decades of research.1 Compared with lamellar
twisting, lamellar scrolling behavior occurs less frequently;
reported scrolling polymer crystal systems including iPBu-1 in
its Form III,2 polyamides 6,6,3 branched alkanes,4 the γ-phase
polymorph of poly(vinylidene fluoride)(PVDF),5 and copoly-
mers.6

Among the previously mentioned scrolling systems, the γ-
phase of PVDF has been shown to be of great interest because
of its potential applications as a functional polymer, inherent
complex polymorphism, and its demonstrated transition from a
lamellar twisting state (α-phase) to a lamellar scrolling state (γ-
phase).7 The γ-phase of PVDF, along with PVDF as a whole,
has been studied extensively.8 This γ-phase adopts a
T3G+T3G− molecular conformation, which can be considered
as an α- and β-phase conformational intermediate, and
possesses a monoclinic unit cell structure with dimensions of
a = 4.96 Å, b = 9.67 Å, c = 9.20 Å, and β = 93°, as
demonstrated by Takahashi and Tadokoro using X-ray fiber
diffraction and Lovinger using selected area electron diffraction
(SAED), settling many years of crystallographic structural
debate.7b,9

The first documented acknowledgment of γ-PVDF adopting
a scrolling morphology was presented by Vaughn,5a while a
follow-up assessment and a detailed proposal on the formation
mechanism of this scrolling was produced by Lotz et al.1a,5b

Through both accounts, the scrolling habit of γ-PVDF had
solely been visualized as a product of high temperature melt
crystallization. Figure 1 is a reproduced atomic force
microscopy (AFM) image of an etched γ-PVDF spherulite
surface from unpublished work of Ivanov.1a The unusual
continuous bending of the lamellae led the authors to conclude
that the crystals must be scrolling, as shown in the schematics

in Figure 1b, reproduced from Vaughan.5a It was further
pointed out that the scroll axis is the crystallographic b-axis and
the scroll diameter varies from submicron to 1−2 μm.1a As it
can be seen in Figure 1, these crystals were viewed from the
scroll axis, therefore much of the scroll structure is unclear,
particularly the interior regions of the scroll.
Contrarily, solution crystallization typically leads to more

well-defined, “clean” polymer single crystals (PSCs).10

Compared with bulk crystallization, the use of a dilute solution
helps to avoid a complex, secondary habit of crystals clustering
into dendrites or spherulites that could obscure the primary
single crystal growth process. Recent advancements have
demonstrated that well-controlled PSCs can find broad
applications in nanoparticle synthesis,11 nanoparticle patter-
ning,11h,12 carbon nanotube functionalization,13 nanomotors,14

surface enhanced Raman spectroscopy,15 catalyst supports,16

drug delivery and microphage imaging,17 Janus sheets and
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Figure 1. (a) Atomic force microscopy image of γ-phase PVDF as
seen down the scroll axis from previous reports.1a (b) Original
schematic representation of nonhollow PVDF scroll by Vaughan.5a
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brush synthesis.18 Crystallization-induced block copolymer
assembly has also been intensively pursued.19 While solution
crystallized PVDF was investigated as early as the 1960s,20

scrolling had not been observed. It is the intention of this work
to pursue clean scrolling PVDF single crystals and reveal the
detailed growth habits. We envisage that this work would
contribute to the broad field of nonflat polymer crystals.
PVDF used in this study was Kynar 740 (Mw = 156000 Da),

supplied by Arkema. For a typical experimental procedure,
samples were isothermally crystallized from a 9:1 monochlor-
obenzene and N, N-dimethylformamide solvent mixture at 110
°C and allowed to crystallize for 10 h. To avoid the
incorporation of overgrowth of free polymer, isothermal
filtration was conducted at the crystallization temperature at
the conclusion of the crystallization time. PVDF single crystals
were obtained at 0.01 wt % polymer concentration. The
resulting structures are shown in Figure 2a, where two primary

crystal morphologies, the faceted flat lamellar crystal and the
cylindrical tubes, are identifiable. The tubular objects in Figure
2a are of particular interest. It appears that they have a
relatively narrow size distribution (see later discussion) and are
free-standing. Figure 2b shows the enlarged SEM micrograph
of Figure 2a. Four tubes with submicron diameter seemingly
aggregate together, where three tubes are parallel to each other
and one is orientated in a nearly orthogonal direction. The
opening of the tips are faceted, suggesting the crystalline nature
of the objects. These two types of morphologies are also shown
with AFM experiments, seen in Figure 2c,d. The surface of the
flat faceted crystals is rough, covered with multiple decorated
small lamellae. The three-dimensional features of the tubular
structure are clearly seen under AFM. These tubular structures
are similar to the reported scrolls seen in the γ-form PVDF
spherulite (Figure 1), while they seem to have tubular instead
of scrolling shape. In our observation, we did occasionally
observe curved scrolling objects, as shown in Figure 2e. This

led us to conclude that the tubes in Figure 2 are simply
enclosed scrolls, morphologically similar to the scroll crystals
previously reported. To adopt a common nomenclature
consistent with previous reports, we shall further refer to the
cylindrical tubes as scrolls.
To identify the phase structure of these two crystalline

morphologies, TEM SAED was used, and the results are shown
in Figure 3, while a lower magnification TEM micrograph is

shown in Figure 4a. TEM micrographs of the flat faceted
crystals (Figure 3a) show that their surface is decorated with
numerous small overgrown lamellar crystals, consistent with
AFM observation (Figure 2c). A strong SAED pattern was
recorded (Figure 3b) with correct orientation with Figure 3a.
The diffraction pattern indicates that these faceted crystals are
from PVDF α-phase. However, the diffraction from the scroll
crystals is much weaker whereby only a pair of faint arcs are
observed. This diffraction pair can be assigned as (020) based
on the γ-phase PVDF crystalline structure. The weak and arc-
shaped diffraction can be attributed to the continuous curving
nature of the crystal and the small corresponding geometric
area (much smaller than the selected area) of lamellar planes
contributing to the diffraction signal. This is in drastic contrast
to the diffraction pattern from the flat α-phase PVDF crystal
(Figure 3b), where strong and sharp diffraction spots can be
easily identified because the entire selected area contributes to
the diffraction pattern. Similar behaviors have been observed in
helical crystals and most recently in polymer crystalsomes.21

Our observed orientation of the (020) also suggests that the
scroll axis is along the [020] direction of the lattice, consistent
with previous literature.1a

Compared with previously observed γ-form PVDF scroll
crystals, the present work shows for the first time isolated,
individual PVDF nanoscrolls. A few key characteristics can be
concluded by comparing Figures 1 and 2: (1) the scrolls are of
hollow nature, contrary to previous schematic representations
shown in Figure 1, (2) the PVDF scrolls possess a uniform size
distribution. Figure 4a is a low magnification TEM image of
the nanoscrolls, and Figure 4b shows the histogram of the
scroll diameter and length based on Figure 4a. All the scrolls
are ∼310−520 nm in diameter, and ∼1 μm in length, much
more uniform compared with the melt crystallized samples. (3)

Figure 2. Morphology of PVDF single crystals grown at 0.01 wt %
polymer concentration. (a) SEM micrographs of PVDF flat single
crystals and nanoscrolls and (b) higher magnification of (a), where
the scale bar represents 1 μm. (c, d) AFM micrographs PVDF flat and
scroll single crystals. The scale bars for (c) and (d) represent 3 and 1
μm, respectively. (e) TEM micrograph show two PVDF nanoscrolls.
Note that the upper one is half closed. The scale bar represents 500
nm.

Figure 3. (a) TEM image and (b) corresponding SAED of PVDF
faceted PVDF flat crystals. (c) TEM image and (d) corresponding
SAED of PVDF nanoscrolls.
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SEM and TEM observations suggest that scrolls tend to form
clusters, and also have an affinity for the edges and central
regions of the flat α phase crystals (Figure 2).
The more isolated structures and uniform size of the

nanoscrolls observed in this work may be a product of the
dilute solution system used, minimizing the polymer diffusion
effect in previous bulk cases. As it relates to the affinity that α-
and γ-PVDF appear to have for another, as well as γ-PVDF to
itself, one of the more intriguing observations pertains to the
resulting orientation of these clustered crystals. As it can be
seen in Figures 2b,c and 3c, the scrolls have a tendency to grow
in such an orientation where the b-axis is perpendicular to the
lamellar surface of the α-phase and both parallel and
perpendicular to the b-axis of other scrolls. The orthogonal
orientation of the adjacent scrolls seen in Figures 2b and 3c
can be attributed to the small lattice mismatching (Δ) between
(020) γ/(100) γ (Δ ∼ 2.4%). The overgrowth of the γ-scroll
on the flat α-crystals is perhaps due to the close lattice
matching between (010) γ/(001) γ (Δ ∼ 5%), and between
(010) α/(010) γ (Δ ∼ 0.3%). Such close lattice parameters
between the two phases, and between the a- and b-axis of each
phase brings about the possibility of observed overgrowth.
The mechanism of PVDF scrolling has been proposed by

Lotz et al. The idea can be summarized as follows. The γ-
PVDF unit cell is polar with a specific chain orientation, which
directly leads to an odd number of carbon atoms in each fold.
Assuming nine backbone carbons per fold, this leads to the
“asymmetric folding” with a 4CH2/5CF2 and 5CH2/4CF2 on
the opposite sides of the γ-PVDF crystal. The relative
difference in volume (∼355 vs 345 Å3) was believed to

cause a ∼0.04° splaying angle per chain, resulting in a scrolled
crystal with a radius of ∼1−2 μm.1a,5b Note that in the
previous SEM and AFM reports, viewed from the spherulite
surface, the scroll morphology is less defined. In the present
case, the well-defined, isolated scroll morphology allows us to
conduct a more detailed calculation.
Starting from the average diameter of 400 nm, since the

scrolling axis is b, each layer of the PVDF chain along the

tangential direction splays θ∼Δ =
π
× a
r

360
2

, where a is the unit

cell a-axis of PVDF (0.495 nm), r is the scroll radius (200 nm).
Plugging the a and r values into the equation leads to a splay
angle of 0.14°, slightly higher than the previous value, which is
due to the smaller diameter of the scrolls observed in our case.
We can look into the origin of this splay in more detail as

shown in Figure 5c. Each chain in the crystal can be viewed as

three sections: those contributing to either the top or the
bottom fold surfaces, and one straight crystalline stem. We
assume the total thickness of the crystal is l, the inner fold
volume can be viewed as Vinner = a0 × b0 × c0, where a0, b0, and
c0 represent the dimension of the inner fold (inner crystal
surface in the scroll) along the crystallographic a, b, and c
directions. For the outer fold volume, since the scroll axis is b,
the b-dimension should be similar to b0, otherwise, biaxial
bending would occur. It is unclear if the c dimension changes,
and for the ease of calculation, we assume it does not. The
outer fold volume can therefore be expressed as Vouter = (a0 +
Δa) × b0 × c0, where Δa is the distortion of the lattice along a
direction, which eventually leads to scrolling. Consider l is 10
nm, for a scroll with r = 200 nm, Δa is ∼0.24 Å. This directly
led to the volume mismatch to be ∼Ṽ = Vouter/Vinner = 1.05.
Recalling that the nine-carbon folding leads to a volume
mismatch of ∼Ṽ = 355 Å3/345 Å3 = ∼1.03. Since there are two
stems involved in one fold, the true volume mismatch per stem
is therefore 1.015, which is slightly smaller than the calculated
1.05 based on the morphological observation.
The slight discrepancy could arise from (1) the true shape of

the fold volume might be anisotropic along the a- and b-axis;
(2) it might take less than nine carbon atoms to form a fold,
for example, assuming that seven carbon folds will lead to Ṽ ≈
1.04; (3) possible chain tilting in the crystal might affect the
scrolling behavior. It has been pointed out that in the melt
grown γ-PVDF single crystals that the chain tilts about 28.5°
toward the a-axis,5b leading to a (104) fold surface. Similar to
the case of polyethylene, this chain tilting could affect the chain

Figure 4. (a) Low magnification TEM micrograph of PVDF scrolls,
scroll clusters, and alpha crystals. (b) Histogram indicating the relative
scroll diameters and lengths.

Figure 5. PVDF scroll schematic indicating the scrolled crystals and
the chain folding. (a, b) PVDF scroll viewed from side (a) and scroll
axis (b) directions. (c) Schematics showing the imbalanced folding.
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splay since additional stress is introduced due to chain tilting.1a

Secondarily, it is worth noting that chain tilting was observed
in melt grown α-PVDF; while in the case of solution grown α-
PVDF, it has been shown that the polymer chain is orthogonal
to the lamellar surface.8b,20a It is unclear if additional chain
tilting occurs in the present scrolled crystals due to weak
SAED.
In summary, we have grown and characterized isolated free-

standing γ-PVDF nanoscrolls via solution crystallization. The
natural habit of this scrolled polymer is to form a hollow
tubular structure. The reported nanoscrolls are uniform in size,
∼310−520 nm in diameter, and ∼1 μm in length. SAED
confirms that the scroll axis is b. A 0.14° splay per molecular
layer along the scroll tangential direction (a) can be calculated.
Differences in basal surface fold volumes are considered as the
main reason for lamellar scrolling, similar to the behavior seen
in other previously mentioned scrolling systems. We anticipate
that the evolution of this polymer system will further validate
the rationale for the formation of scrolling of polymer
crystalline lamella.
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