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anocomposites are a class of mate-

rials, the importance of which for

a broad variety of industrial appli-
cations cannot be overestimated. Com-
monly, they are characterized by irregular
structure, and clustering of dispersed filler
particles may significantly deteriorate their
properties. Up to now, their physics is not
satisfactorily understood, and their design
on the mesoscopic or even molecular scale
is still challenging. However, it would be an
intriguing perspective to design nanocom-
posites that exhibit specific functions re-
lated to tailored structural anisotropy or to
likewise tailored, well-defined periodicity.
Ultimately, such advanced nanocomposites
would show smart behavior or stimuli-
responsive properties. Whereas tailoring of
the mechanical properties and the electric
conductivity of nanocomposites has re-
ceived much attention, the lack of control
over their morphology has prevented the
systematic tuning of their phononic
properties.

Sound can propagate through solids as
longitudinal wave with a longitudinal sound
velocity ¢ or as a transverse wave having a
transverse sound velocity ¢;. In general, me-
dia through which sound waves propagate
can be classified according to their elastic
impedance Z = pc, where p denotes the
mass density of the medium and c is the
sound velocity in the medium. In periodic
composite media consisting of components
having different elastic impedances, the pe-
riodic structure strongly influences sound
propagation on condition that sound wave-
length and periodicity of the medium are
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ABSTRACT Anodic aluminum oxide (AAO) containing arrays of aligned cylindrical nanopores infiltrated with
polymers is a well-defined model system for the study of hypersound propagation in polymer nanocomposites.
Hypersonic phononic properties of AAO/polymer nanocomposites such as phonon localization and anisotropic
sound propagation can be tailored by adjusting elastic contrast and density contrast between the components.
Changes in density and elastic properties of the component located in the nanopores induced by phase transitions
allow reversible modification of the phononic band structure and mode switching. As example in case, the
arystallization and melting of poly(vinylidene difluoride) inside AAO was investigated.

KEYWORDS: nanocomposites - mechanical properties -
relations - Brillouin light scattering

phononic dispersion

commensurate. The phononic band struc-
ture of periodic composite media depends
on differences in mass densities, sound ve-
locities and elastic impedances between the
components, the volume fractions of the
components, and the symmetry and mor-
phology of the lattice they constitute.

Up to now, predominantly phononic
composite systems with characteristic fea-
ture sizes on the micrometer scale and
above have been employed to manipulate
the propagation of sound' ¢ and to gener-
ate phononic band gaps prohibiting sound
propagation for specific wavelengths.”~1°
Hence, efforts to engineer the band gap fre-
quency region and the flow of elastic en-
ergy outside the band gap have been fo-
cused on the sonic and ultrasonic frequency
range,>~*'" and research has predomi-
nantly aimed at the search of absolute band
gaps in solid structures with lattice con-
stants in the millimeter range.''2 Whereas
only few attempts to adapt concepts for
functional phononic bandgap structures to
the GHz frequency range have been
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TABLE 1. Bulk Sound Velocities and Bulk Densities of the
Materials Used, as Well as the Elastic Impedance Contrasts
of the Corresponding Nanocomposites

material ¢ (m/s) ¢ (m/s) p (kg/m®) AZ
AAO 73007 37507 2880 + 355

PDMS 1050 = 20° 974¢ 19.6
PEG 1900° 1040 9.64
PVDF melt 1220¢ 1490 10.6
a-PVDF 2480 775 1900 3.46

Reference 25. “Measured by BLS at room temperature (20 °C). ‘Measured by BLS
at 180 °C. “Determined by gravimetry. ¢Density of PDMS with a viscosity-average
molecular weight of 105 g/mol was determined using two pycnometers at 20 °C.2®
Density of hydroxyl-terminated PEG with a molecular weight of 300 g/mol was de-
termined at 30 °C.% “Density of PVDF with a molecular weight of 197 000 g/mol
was determined at 180 °C.*° "Density was determined for ce-phase of PVDF at room
temperature.’’ The transverse sound velocity was determined by ultrasonic mea-
surement at room temperature.*2

reported,’ 6 despite the potential of such systems for
a plethora of applications,'” predictive understanding of
the properties of hypersonic systems and of principles
for their rational engineering is still premature. Nano-
composites characterized by periodic elastic impedance
contrast variations on nanoscopic length scales could
be the starting point for the design of highly efficient
heat management and phonon management systems
operated in the hypersonic frequency range.
Self-ordered nanoporous anodic aluminum oxide
(AAO) obtained by mild anodization' 2 contains ar-
rays of aligned nanopores having narrow pore diam-
eter distributions. The nanopores, which are uniform in
diameter along their entire depth, are arranged in hex-
agonal arrays characterized by grains extending 10—20
lattice constants. Whereas the fabrication of one-
dimensional nanostructures using disordered and self-
ordered AAO as a shape-defining mold is well
established,? =23 only little effort has been made to ex-
plore self-ordered AAO as a rigid, inorganic scaffold in
model nanocomposites.?>~26 This is astounding since
organic/inorganic hybrid systems based on self-ordered
AAO combine, in contrast to disordered filler/matrix
systems, well-defined morphology and likewise well-
defined anisotropy. Using the longitudinal sound veloc-
ity of AAO, ¢, ano, as well as the bulk density pr and the
bulk longitudinal sound velocity ¢ of a fluid infiltrated
into AAO, the contrast AZ in the elastic impedances of
AAO and an infiltrated fluid can be calculated as follows:

_ PaaoCiano
PeCs

AZ =1 (1)
The mass density of AAO paao = 2880 = 355 kg/
m?3, as gravimetrically determined, is typically two to
three times larger than that of infiltrated soft materials
(cf. Table 1). Moreover, the exceptionally high longitudi-
nal (¢ aa0 = 7300 m/s) and transverse (¢, aa0 = 3750
m/s) sound velocities of AAO? significantly exceed
those of air (¢, = 340 m/s) or soft materials deposited
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into the nanopores (cf. Table 1). Hence, nanocompos-
ites consisting of AAO and an infiltrated fluid typically
have pronounced elastic impedance contrasts. As a re-
sult, even localization of hypersonic modes can occur.?
AAO-based membrane configurations are ideal model
systems for the investigation of hypersound propaga-
tion, because their periodicity in elastic impedance con-
trast imposed by the morphology of the AAO matches
the length scales required to manipulate hypersound in
the GHz frequency range. Sound waves propagating
perpendicular to the long axes of the nanopores in the
AAO scaffold (in-plane) experience elastic impedance
contrast, whereas sound waves propagating along a di-
rection parallel to the nanopore axes (out-of-plane) ex-
perience predominantly a homogeneous medium.
Therefore, AAO-based nanocomposites should also be
promising model systems to realize directed sound
propagation along the nanopores.

Since AAO is transparent to UV light and visible
light, Brillouin light scattering spectroscopy (BLS),'*?” a
nondestructive optical technique to probe the phonon
dispersion relation that utilizes scattering of the inci-
dent laser light by random thermal phonons, can be ap-
plied. The scattering vector q = k; — k; is defined by
the wavevectors of the scattered (k) and incident (k;)
photons, as illustrated in Scheme 1. Scattering vectors
q. representing in-plane phonon propagation are ori-
ented perpendicular to the pore axes. Their magnitudes
g, = (4w/\) sin (6/2) depend on the scattering angle 6
and the wavelength of the incident laser light, but are
independent of the refractive index of the medium. The
scattering vectors q representing out-of-plane phonon
propagation are oriented parallel to the pore axes.
Their magnitudes g, = (4wn/\) sin (6/2) depend on the
effective refractive index of the medium.

Here we present an in-depth study of the phononic
properties of AAO-based impedance-contrast nano-
composites. In all experiments reported below, we used
self-ordered AAO with a lattice constant a =~ 100 nm
and a pore diameter d = 60 nm (Figure 1), which was
prepared according to Masuda'’s two-step anodization
process,'® followed by isotropic etching with oxalic acid
to widen the nanopores. Liquid poly(dimethyl silox-
ane) (PDMS), liquid polyethylene glycol (PEG), liquid
poly(vinylidene difluoride) (PVDF), and semicrystalline
PVDF were selected as soft model components (Table
1). PDMS has a low mass density and a low bulk sound
velocity so that AAO/PDMS nanocomposites exhibit a
high AZ value of 19.6 (Table 1). Liquid PEG has a signifi-
cantly higher longitudinal bulk sound velocity than lig-
uid PDMS, whereas both liquids have similar densities
so that AAO/PEG nanocomposites have a lower elastic
impedance contrast than AAO/PDMS nanocomposites.
PVDF melts have a significantly higher bulk density than
PDMS, whereas the bulk longitudinal sound velocities
are comparable so that the elastic impedance contrast
in AAO/PDMS nanocomposites is again higher than in
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Scheme 1. BLS spectroscopy setup. The phonon wave vector q for a scattering angle 0 (twice the incidence angle ) can be

oriented either perpendicular or parallel to the long axes of the nanopores in the AAO scaffold. Perpendicular orientation of

phonon wavevector q, corresponds to transmission geometry (panel a), and parallel orientation of phonon wavevector q
corresponds to reflection geometry (panel b). BLS spectra for different wavevectors q, or q are accessible by appropriate po-
sitioning of the AAO membrane (adjustment of incident angle ) and the detector (adjustment of scattering angle ). In-
plane hypersound propagation perpendicular to the long axes of the AAO nanopores can be probed by measurements in
transmission geometry (panel a); out-of-plane hypersound propagation parallel to the long axes or the AAO nanpores can

be probed by measurements in reflection geometry (panel b).

AAO/molten PVDF nanocomposites; molten PVDF has
a higher bulk density, a comparable elastic impedance
contrast, and a lower bulk sound velocity than PEG.
Therefore, these three model soft components allow
systematically elucidating the influence of the bulk
sound velocity and the bulk density of the infiltrated
material in AAO nanocomposites on their hypersonic
properties.

Up to now, elastic impedance contrast nanocom-
posites have been considered as static phononic sys-
tems. Using PVDF as a semicrystalline model polymer,
we finally demonstrate that the exploitation of first or-
der phase transitions such as melting and crystallization
allows modifying the elastic properties and densities
of materials residing in the nanopores. In turn, the
phononic band structure, the density of states and ulti-
mately the hypersonic acoustic properties of AAO-
based impedance-contrast nanocomposites can be
switched.

RESULTS AND DISCUSSION

AAO/PDMS: A Model System with High Elastic Contrast. Stud-
ies of nanocomposites consisting of PDMS matrices
filled with silica nanoparticles based on NMR
spectroscopy,®*3* dielectric relaxation spectroscopy,®
and dynamic mechanical analyses®® revealed that the
filler particles are surrounded by several PDMS layers
characterized by restricted segmental mobility. In these
rigid amorphous layers, glass transitions at higher tem-
peratures or lower frequencies than in the bulk oc-
curred. Direct evidence for modified dynamics in the
GHz and THz range characterized by reduced segmen-
tal mobility was obtained by quasielastic neutron scat-
tering.3” The overall thickness of the PDMS interphase,
as determined by various methods for a broad range of
molecular weights, was reported to range from 1 to 5
nm 3336738 Molten PDMS with a molecular weight of
~3700 g/mol (~50 repeat units) located between two
molecularly smooth mica surfaces formed layered struc-
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tures near the solid interfaces.?® In films with thick-
nesses below <5 nm, entropic repulsion attributed to
conformational restrictions of the PDMS molecules was
an oscillatory function of film thickness with a repeat
spacing corresponding to the width of the polymer
molecule. The oscillatory force ranged 7—8 chain
widths (about 5 nm), whereas dynamic force measure-
ments revealed a hydrodynamic thickness of the immo-
bilized layer of 2—3 nm.3° Evmenenko et al. evidenced
molecular layering for films thinner than 9 nm consist-
ing of low molecular weight PDMS (M < 1000 g/mol)
deposited onto a smooth Si wafer by X-ray reflectivity.*
In thick films of PDMS with molecular weights of 3780
g/mol and above, no layered structure was found to be
stable for entropic reasons, but interphases with a thick-
ness of a few nm appeared.® Moreover, NMR investiga-
tions revealed that thin films of PDMS with molecular
weights of the order of 10 000 g/mol deposited from di-
luted solutions onto the pore walls of AAO are ar-
ranged in discrete layers characterized by stepwise in-
crease in motional freedom.*42

In the works discussed above, predominantly disor-
dered PDMS nanocomposite systems that do not allow
systematically probing phononic properties were con-
sidered. We have previously studied AAO with a lattice
constant a of 100 nm, a pore depth of 20 wm, and pore
diameters d ranging from 35 to 85 nm infiltrated with

Figure 1. Scanning electron microscopy (SEM) images of self-ordered
AAO obtained with oxalic acid as electrolyte solution: (a) top view and
(b) cross sectional image.
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Figure 2. Experimental dispersion diagram showing in-plane
(q.) and out-of-plane (q) longitudinal phononic branches
1—3 and 5 in PDMS-filled AAO scaffolds (d = 60 nm; a = 100
nm). The black and red solid lines represent the effective
sound velocities along the in-plane directions perpendicu-
lar to the pore axes (data points in the unshaded area) and
along the out-of-plane direction parallel to the pore axes
(data points in the light gray area). The bending of acoustic
effective medium branch 1 at high g, values is related to in-
teraction with a flat band confined to the fluid PDMS inside
the nanopores and, therefore, indicative of mode localiza-
tion. Branch 2 is probably related to the presence of a rigid
PDMS interphase in the vicinity of the pore walls. The large
mechanical anisotropy of the PDMS/AAO nanocomposites is
apparent from the different slopes of the red (5) and black
(1) lines. Branch 3 represents a phonon predominantly local-
ized in the PDMS inside the nanopores and is, therefore, in-
dicative of directed sound propagation.

trimethylsilane-terminated oligomeric PDMS with a mo-
lecular weight of 1350 g/mol.% Figure 2 shows exem-
plary dispersion relations w(q) in PDMS-filled AAO with
d =60nm,a = 100 nm and a porosity p = wd*/(2\/3a?
= 32% for in-plane phonon propagation perpendicu-
lar to the pore axes (denoted by wavevector q,) and for
out-of-plane phonon propagation parallel to the pore
axes (denoted by wavevector q)). The characteristic fea-
tures of the dispersion relations w(q) displayed in Fig-
ure 2 can be summarized as follows.

(i) The acoustic (o =~ q) out-of-plane phonon repre-
sented by branch 5 and the acoustic in-plane phonon
represented by branch 1 recognize PDMS-filled AAO as
effective medium at low wave vectors and hence long
wavelengths. However, the AAO/PDMS nanocompos-
ites exhibit different effective medium sound velocities
parallel (branch 5) and perpendicular (branch 1) to the
nanopores. According to simulations, the out-of-plane
branch (5) propagates mainly through the AAO scaffold
with a sound velocity of 6930 m/s, whereas its counter-
part, the in-plane branch (1), propagates through both
the AAO scaffold and the polymer located in the nanop-
ores with a slower sound velocity of 4520 m/s. Hence,
the longitudinal moduli (pc?) along the two directions
correspond to an anisotropy ratio of 2.3.

(i) The group velocity belonging to acoustic in-
plane branch 1 at high g values becomes almost zero.
As revealed by simulations, the bending is caused by
the interaction of branch 1 with a flat band f; =~ 8.5 GHz
corresponding to a confined mode inside the PDMS cyl-
inders. The frequency fi depends on the pore diameter
and the nature of the material in the nanopores.

) VOL. 4 = NO.6 = SATO ET AL.

(iii) Out-of-plane phonon guiding represented by
branch 3 is realized when the nanopores are filled with
PDMS, thus opening a new channel for the directed
flow of the elastic energy. As obvious from simulations,
the acoustic branch 3 propagates through nanopores
containing PDMS with a sound velocity of 980 m/s,
which is slower than the sound velocity in bulk PDMS
(cppms = 1050 £ 20 m/s). This channel of phonon
propagation becomes inactive in AAO with air pores.

(iv) A flat in-plane branch 2, which does not occur
in simulations assuming a homogeneous liquid PDMS
phase inside the AAO nanopores, might be related to a
solid-like PDMS interphase on the pore walls. Consis-
tent with these findings, the experimentally observed
flat branch 2 with frequency f; seen in Figure 2 could be
reproduced in simulations of the hypersonic disper-
sion in AAO/PDMS nanocomposites by using models in-
volving a solid-like PDMS interphase on the pore walls.
Branch 2 is, first and foremost, sensitive to the trans-
verse sound velocity ¢; and to the assumed thickness
of the PDMS interphase at the pore walls; f; increases ei-
ther by increasing c; or by decreasing the thickness.
The displacement of the elastic field is essentially con-
fined to the PDMS interphase on the walls of the nan-
opores and polarized parallel to the nanopore axes.

AAO/PEG: A Model System with Low Elastic Contrast. Like
PDMS, low-molecular-weight PEG is an isotropic liquid
at room temperature. However, the longitudinal sound
velocity of PEG is significantly higher than that of PDMS.
Therefore, AAO/PEG nanocomposites have a signifi-
cantly smaller elastic impedance contrast AZ than AAO/
PDMS nanocomposites; AZ drops from 19.6 in the sys-
tem AAO/PDMS to 9.64 in the system AAO/PEG (Table
1). The comparison of PEG-filled AAO and PDMS-filled
AAO allows an elucidation of whether high elastic con-
trast is required to realize mode localization as well as
directional flow of elastic energy, and whether high
elastic contrast is a prerequisite for the occurrence of
interphase-sensitive branches. It is reasonable to as-
sume that lower elastic contrast between AAO and a
soft component residing in its nanopores affects the ex-
tent of phonon localization, which is represented by
the bending of the acoustic branch 1 in Figure 2.

To verify these predictions, we studied the in-plane
(q.) sound propagation in AAO (d =~ 60 nm and a =~
100 nm) filled with hydroxyl-terminated liquid PEG.
Three modes are resolved in the exemplary BLS spec-
trum, as indicated by the Lorentzian contributions (Fig-
ure 3a). The peak denoted “PEG” with a frequency fpeg
~ 5GHz (at g, = 0.0167 nm™") is attributed to a bulk
PEG layer on top of the AAO surface used as an inter-
nal reference, since at fpeg homogeneous acoustic be-
havior with a sound velocity ¢, pec (= 27fpec/q L) = 1850
*+ 30 m/s is apparent. Within experimental error, this
value corresponds to the longitudinal sound velocity of
bulk PEG. For comparison, a BLS spectrum of a PDMS/
AAO nanocomposite using AAO with the same specifi-
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Figure 3. Comparison of the systems AAO/PEG and AAO/PDMS using AAO with d = 60 nm and a = 100 nm. (a,b) BLS spec-
traat g, = 0.0167 nm~' representing in-plane phonon propagation (a) in PEG-filled AAO and (b) in PDMS-filled AAO. The red
solid lines are the sums of up to three Lorentzian lines. (c) Experimental in-plane dispersion relations of the longitudinal
acoustic branch 1 (black open circles) and the weak flat branch 2 (black open triangles) in PEG-filled AAO. The slope of branch
1 fitted by the black solid line is representative of the effective velocity of in-plane sound propagation in AAO/PEG nanocom-
posites. Experimental dispersion relations of in-plane branches 1 (red open circles) and 2 (red open triangles) of the sys-
tem AAO/PDMS are shown for comparison. (d) Simulated phononic dispersion relations of longitudinal mode 1 for PEG-
filled AAO (black solid line) and PDMS-filled AAO (red solid line). The black and red dots represent transverse modes for PEG-

filled AAO and PDMS-filled AAO, respectively.

cations (d ~ 60 nm and a ~ 100 nm) and recorded at
the same q, (0.0167 nm™") is shown in Figure 3b, which
contains peaks belonging to the acoustic branch 1

and the interphase-sensitive branch 2.

The experimental dispersion diagrams for in-plane
phonon propagation in PEG-filled AAO and, for com-
parison, in PDMS-filled AAO are depicted in Figure 3c.
The linear dispersion of the acoustic in-plane branch 1
indicated by the straight solid line in Figure 3c repre-
sents longitudinal phonon propagation at long wave-
lengths probing a homogeneous medium, and its slope
is representative of the corresponding longitudinal
sound velocity. Consistent with the fact that PEG has a
higher longitudinal sound velocity than PDMS (Table 1),
the effective longitudinal sound velocity in the AAO/
PEG nanocomposites (¢, = 5040 m/s) is higher than that
in AAO/PDMS nanocomposites (¢, = 4520 m/s). The
clear bending of the acoustic branch 1 at fi = 8.5 GHz,
which is related to the interaction with a flat band, is a
characteristic feature of the dispersion in AAO/PDMS
nanocomposites and indicates the presence of a mode
confined to the PDMS cylinders (Figure 3c). However, in
the corresponding frequency range, acoustic branch 1
in the dispersion diagrams of the system AAO/PEG
shows only subtle deviation from linear dispersion be-
havior starting at a frequency of about 15 GHz; bending
of branch 1 is not observed within the experimentally
covered g, range (Figure 3¢).

Computations of the in-plane dispersion curves of
AAO/PEG and AAO/PDMS nanocomposites along the
symmetry direction I'J (assuming that the AAO exhib-
its a “single crystalline” degree of order) suggest that
the substitution of PDMS by PEG shifts the bending of
branch 1 to a higher q, value of 0.024 nm~" and to a
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higher frequency f, = 17.5 GHz (Figure 3d). This out-
come can be interpreted as the signature of signifi-
cantly less pronounced phonon localization in AAO/
PEG nanocomposites as compared to AAO/PDMS
nanocomposites. Since the densities of PDMS and PEG
are similar, the halving of AZ (Table 1) related to the
higher longitudinal sound velocity in PEG remains as a
possible origin of this difference.

A second characteristic feature seen in the disper-
sion diagrams of AAO/PDMS nanocomposites is a
strong, interphase-sensitive flat in-plane branch 2 (Fig-
ure 3b) in the frequency range from about 3.5 to 5 GHz
(Figure 3c). Its counterpart in the dispersion diagrams
of the system AAO/PEG, however, is a very weak flat
branch 2 (Figure 3a) appearing at higher frequencies
around 10.5 GHz (Figure 3c). In the BLS spectra of the
AAO/PEG nanocomposites, the intensity ratios of peak
2 belonging to branch 2 and peak 1 belonging to
branch 1, 5, /., amounts to ~0.45 and is by a factor
of ~3 smaller than I,/ in the BLS spectra of AAO/
PDMS nanocomposites (cf. Figure 3a,b). This outcome
corroborates the notion that flat branch 2 is related to
the presence of an interphase of the infiltrated liquid at
the pore walls, which is characterized by more solidlike
properties than in the center of the pores. It is difficult
to precisely capture the frequency of branch 2 in theo-
retical computations since values for both ¢; and the
thickness of the interphase layer have to be assumed.
Nevertheless, it is reasonable to assume the presence of
a PEG interphase because the hydroxyl end groups of
the PEG, and possibly the oxygen atoms in the PEG
backbone, form hydrogen bonds with the pore walls.
However, as compared to the system AAO/PDMS, the
relatively small elastic impedance contrast and the high
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Figure 4. (a) In-plane BLS spectra of PVDF-filled AAO (d = 60
nm; a = 100 nm) measured at 293 K (PVDF is semicrystalline)
and at 453 K (PVDF is liquid) for g, = 0.0167 nm™". (b) Experi-
mental and simulated dispersion relations of in-plane (q )
acoustic modes in AAO containing semicrystalline PVDF at
293 K and AAO containing liquid PVDF at 453 K as indicated

in panel a. The solid and dashed dark yellow lines are simu-
lated dispersion relations for the longitudinal mode and the
transverse mode at 293 K, respectively. The dark yellow open
circles and squares are the corresponding experimental disper-
sion relations. The solid red lines are simulated dispersion rela-
tions for the longitudinal mode at 453 K. The red open circles
are the corresponding experimental dispersion relations.
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longitudinal sound velocity in PEG result in less pro-
nounced interphase-related features in the phononic
dispersion diagrams of the system AAO/PEG.

Switching Phononic Properties of the System AAO/PVDF by
Crystallization and Melting of PVDF. External stimuli, for ex-
ample temperature changes, may induce transitions
such as crystallization, gelation, magnetization, or the
formation of mesophases in the soft component resid-
ing in nanopores of the AAO scaffold. Correspondingly,
phononic properties and phononic band structures of
the nanocomposites, as well as their acousto-optical in-
teractions, are modified. From a fundamental point of
view, solidification or softening of infiltrated materials
may allow further elucidation of the origin of observed
phononic branches in the band diagrams. For a simple
proof of concept, we investigated the modification of
the dispersion for both in-plane and out-of-plane sound
propagation associated with crystallization and melt-
ing of PVDF infiltrated into AAQO. PVDF is representa-
tive of the important class of vinylidene-based fluo-
ropolymers, which may exhibit, depending on the
crystal modification, ferroelectric properties.** PVDF
was selected as a model component because its crystal-
lization inside the nanopores of AAO, which yields the
monoclinic « polymorph,* was intensively studied by
wide-angle X-ray scattering and differential scanning
calorimetry.*>#® Martin et al. studied the dynamics of the
amorphous regions in semicrystalline PVDF confined
to AAO.*” Moreover, semicrystalline a-PVDF has a sig-
nificantly higher bulk density and likewise a signifi-
cantly higher bulk sound velocity than molten PVDF
(Table 1) so that the transition between both states
should be accompanied by pronounced changes in
the phononic band structure. The PVDF in the nanop-
ores of the AAO melted at ~437 K (Supporting Informa-
tion, Figure S1). Therefore, BLS spectra of the system
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AAO/solid PVDF could be obtained at 293 K and BLS
spectra of the system AAO/liquid PVDF at 453 K.

BLS spectra measured at g, = 0.0167 nm~" repre-
sentative of in-plane sound propagation are shown in
Figure 4a. For AAO containing semicrystalline PVDF, the
BLS spectrum displays only a single doublet associated
with a longitudinal phonon 1. However, although the
BLS spectrum of AAO containing liquid PVDF also dis-
plays a single doublet at almost the same frequency,
the peaks became broader and slightly shifted to lower
frequencies. The occurrence of broad peaks supports
the notion that at high temperatures relaxation pro-
cesses in liquid PVDF lead to phonon damping. The ex-
perimental dispersion relations superposed on the
theoretical dispersion relations of both semicrystalline
and liquid PVDF-filled AAO are shown in Figure 4b. Only
simulated branches captured experimentally are dis-
played, while the complete set of simulated dispersion
curves is shown in Figure S2. In the case of the system
AAO/liquid PVDF, only the longitudinal acoustic in-
plane branch 1 was experimentally captured (red open
circles, experimental values; red solid lines, computed
curves). Similar to the behavior of in-plane branch 1 in
the systems AAO/PDMS and AAO/PEG, its interaction of
with a flat band attributed to a mode localized in the
liquid-PVDF cylinders leads the bending of the acous-
tic part of branch 1. As a result, a narrow band gap
opens at frequencies near 12 GHz.

In the case of the system AAO/solid PVDF, BLS mea-
surements were consistent with simulations and re-
vealed the occurrence of an acoustic transverse branch
(experimental values, dark yellow open squares; com-
puted curve, dark yellow dashed line) and an acoustic
longitudinal branch (experimental values, dark yellow
open circles; computed curve, dark yellow solid line).
The longitudinal phonon 1 shows linear dispersion but
no bending up to g, ~ 0.02 nm™". At a temperature of
453 K, the in-plane acoustic branch 1 propagates
through both the AAO scaffold and the liquid PVDF lo-
cated in the nanopores with an effective medium sound
velocity ¢, = 5370 m/s, which increases only by about
4% in the system AAO/solid PVDF at a temperature of
293 K (Table 2).

The BLS spectra representing the out-of-plane
phonon propagation measured at gy = 0.0368 nm™"
change drastically upon the melting of PVDF (Figure
5a,b). Mode 4 occurring at a frequency of ~20 GHz in
the spectrum of the system AAO/solid PVDF disap-
pears. Instead, a weak and broad peak at about 6 GHz,
the width of which indicates that an almost over-
damped branch 3 propagates through the nanopores
containing liquid PVDF, is observed in the spectrum of
AAO/liquid PVDF. However, the longitudinal effective
medium mode 5 occurring in the spectra of the system
AAO/solid PVDF is conserved in the system AAO/liquid
PVDF. The experimental dispersion curves representing
out-of-plane hypersound propagation, which are super-
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TABLE 2. Experimental and Computed Sound Velocities in AAO/Polymer Nanocomposites and Bending Frequencies of

Mode 1

system ¢ (m/s)® f1% (GHz)
PDMS/AAO 4520/4740 (—4%) ~8.5¢
PEG/AAO 5040/5125 (—2%) ~17.5
PVDF)/AAQ® 5370/5200 (—3%) ~12f
PVDF ;)/AAO° 5550/5400 (3%)

¢ (m/s)° ¢ (m/s)"
6910/6780 (2%) 870/950 (—8%)
6550/6690 (—2%) 1830/1890 (—3%)
6810/7060 (—4%) 1060/1270 (—18%)

(

717076950 (3%)

“Experimental/simulation (deviation %). Measured at 453 K. ‘Measured at 293 K. “Frequency at which bending of acoustic in-plane mode 1 occurs. ¢According to the ex-

perimental dispersion relation at 293 °C. “According to simulations.

posed onto the simulated dispersion relations, are dis-
played in Figure 5c. The sound velocity of mode 5 does
not change significantly when PVDF residing in the na-
nopores transforms from semicrystalline (7170 m/s) to
liquid (6810 m/s). Mode 4 of the system AAO/solid PVDF
and mode 3 of the system AAO/liquid PVDF have very
different theoretical dispersion relations. As in the sys-
tem AAO/PDMS, mode 3 is mainly confined to the fluid
inside the nanopores and has a longitudinal character.
However, mode 4 experimentally detected in AAO/solid
PVDF is apparently related to the transverse branch ap-
pearing in the computed dispersion diagram. Within
the experimentally covered q; range, mode 4 interacts
smoothly with an almost flat branch at 16 GHz. The me-
chanical anisotropies of the systems AAO/liquid PVDF
and AAO/solid PVDF, represented by the ratio of the
squares of the sound velocities ¢s and ¢; of effective me-
dium out-of-plane mode 5 and effective medium in-
plane mode 1, ¢s%/c4?, are quite similar and amount to
about 1.6. This value is significantly smaller than that
(2.3) of the system AAO/PDMS (Table 2).

The amplitudes of the three components U,, U,,
and U, of the acoustic field belonging to point A on
mode 4 (g = 0.0368 nm™'; f = 19.4 GHz as indicated
in Figure 5¢), are sketched in Figure 6. The longitudinal
component U, is oriented parallel, and the transverse
components U, and U, are oriented perpendicular to
the long axes of the semicrystalline PVDF cylinders lo-
cated in the nanopores of the AAO scaffold, with com-
ponent U, being parallel to the I'J direction of the Bril-
louin zone. The transverse components U, and U, of the
displacement field are spread over the whole unit cell
(Figure 6a), although their magnitude is higher in the
semicrystalline PVDF cylinders. However, the longitudi-
nal component U, is clearly confined inside the semi-
crystalline cylinders and practically vanishes in the AAO
scaffold.

Three major effects in the hypersonic band dia-
grams of AAO/PVDF nanocomposites are associated
with the crystallization of PVDF inside the nanopores
of AAO. (i) The BLS peaks belonging to in-plane acous-
tic mode 1 become significantly narrower due to the
lower elastic energy dissipation, and the correspond-
ing sound velocity derived from the in-plane dispersion
diagram becomes marginally faster. (ii) Out-of-plane
dispersion is characterized by the appearance of a new
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nonacoustic mode 4 at ~20 GHz in place of acoustic
mode 3 at ~6 GHz. (iii) The sound velocity of the longi-
tudinal effective medium mode 5 does not change sig-
nificantly when the PVDF residing in the nanopores
transforms from liquid to semicrystalline.

Comparison of the Systems AAO/Liquid PVDF, AAO/PEG, and
AAO/PDMS. The comparison of the systems AAO/liquid
PVDF, AAO/PEG, and AAO/PDMS allows elucidating the
dependence of the phononic properties of the AAO/
polymer nanocomposites on the nature of the poly-
meric components. AAO/liquid PVDF and AAO/PEG
possess similar AZ values, which amount to about half
the AZ value of the system AAO/PDMS. However, in
contrast to PEG, which is characterized by high longitu-
dinal sound velocity and relatively low density, PVDF
melts combine high bulk density and relatively low lon-
gitudinal sound velocity (Table 1). Therefore, the sys-
tem AAO/liquid PVDF complements the comparison of
the systems AAO/PDMS and AAO/PEG. Table 2 summa-
rizes the experimental and computed values of the
sound phase velocities in the AAO/polymer nanocom-
posites and the frequency f; of the flat band interacting
with mode 1.

(@) 3 [q=00368 nm™" 23K (€)' Tsoiapvor-iea no
A 4 A transverse mode
2 40 v longitudinal mode 5
g 5 —_ Liquid PVDF-filed AAO i
= ¥ A longitudinal mode 7’5
o 304V 7
-40 -30 -20 20 30 40 P 7 A A
(b)~ [ 75 ! 453K| & 204 K4 NO|
S =]
G 3 g 7
g% o104 3
£ Z
| T T/} T 0 T
12 -9 -6 6 9 12 0.00 0.02, 0.04
Frequency (GHz) q, (hm”)

Figure 5. Out-of-plane BLS spectra of PVDF-filled AAO (d = 60 nm;
a = 100 nm) measured (a) at 293 K (PVDF is semicrystalline) and (b)
at 453 K (PVDF is liquid) for gj = 0.0368 nm~". The inset in panel b
shows the peak belonging to mode 5 at about 40 GHz. (c) Disper-
sion relations of the out-of-plane (q)) acoustic modes in the systems
AAO/solid PVDF at 293 K and AAO/liquid PVDF at 453 K, as indi-
cated in panels a and b. The solid and dashed dark yellow lines are
simulated dispersion relations for transverse mode 4 and longitudi-
nal mode 5 at 293 K, respectively. The dark yellow open triangles
pointing upward represent experimental transverse mode 4 and
the dark yellow open triangles pointing downward experimental
longitudinal mode 5 at 293 K. The solid and dashed red lines are
simulated dispersion relations for the longitudinal modes 3 and 5
at 453 K. The red open triangles pointing upward represent experi-
mental longitudinal mode 3 and the red open triangles pointing
downward experimental longitudinal mode 5 at 453 K.
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(@) (b) Ux

(c) Uy

Figure 6. Map of the amplitude of the acoustic field at point A indicated in Figure 5c¢ on transverse out-of-plane branch 4 of
the system AAO/solid PVDF: (a) schematic representation of the unit cell inside the hexagonal array; (b) transversal compo-
nent U,, which is oriented along the I'J direction of the Brillouin zone and perpendicular to the long axes of the nanopores in
the AAO; () transversal component U,, which is oriented perpendicular to the long axes of the nanopores in the AAO; and
(d) longitudinal component U,, which is oriented parallel to the long axes of the nanopores in the AAO scaffold.

Acoustic effective medium mode 1 is related to in-
plane phonon propagation. Its bending at high g,
(Table 2) is a peculiar feature appearing in the experi-
mental dispersion diagrams of the system AAO/PDMS
(Figure 2). At the bending frequency f;, a flat mode con-
fined to the PDMS inside the nanopores of the AAO in-
teracts with mode 1, the bending of which, therefore,
indicates mode localization in the PDMS cylinders. In
contrast to the system AAO/PDMS, bending of mode 1
does not appear in the experimental dispersion dia-
grams of the systems AAO/PEG (Figure 3c) and AAO/
liquid PVDF (Figure 4b). However, simulations revealed
that the flat band confined to the fluid cylinders causing
the bending of mode 1 in AAO/PEG is shifted to high
frequencies not covered experimentally. The flat band
responsible for the predicted bending of branch 1 in
the system AAO/liquid PVDF appears at fi =~ 12 GHz in
the computed in-plane band diagram seen in Figure 4b.
The absence of a signature of the bending in the experi-
mental dispersion relation (for g, > 0.017 nm™") is
probably related to the large width of the peaks belong-
ing to branch 1 in the BLS spectra (Figure 4a). Appar-
ently, higher longitudinal sound velocities and corre-
spondingly smaller elastic impedance contrasts of the
fluid infiltrated into the AAO (Table 1) shift the bend-
ing of acoustic in-plane mode 1 to higher frequencies
and reduce the extent of phonon localization inside the
fluid cylinders.

Directed phonon propagation along the nanopores
through the infiltrated fluid is represented by the much
softer (lower sound velocity) acoustic out-of-plane
mode 3. As summarized in Table 2, mode 3 is present
in all three systems so that directed phonon propaga-
tion along the nanopores can be regarded as a generic
feature of elastic impedance contrast nanocomposites
consisting of AAO and a fluid infiltrated into the nano-
pores. Strikingly, the experimentally determined and
the simulated longitudinal sound velocities along the
nanopores associated with mode 3 are in good agree-
ment with the bulk sound velocities of the correspond-
ing liquids (cf. Table 1 and Table 2). The experimental
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value of ¢, belonging to mode 3 in the system AAO/
liquid PVDF could not be determined with high accu-
racy because of the damping of mode 3, as discussed
above.

Interestingly the interphase-sensitive in-plane flat
band 2 is absent in the experimental in-plane band dia-
gram of AAO/liquid PVDF (Figure 4b). We speculate
that this outcome could have at least one of the follow-
ing origins. (i) Owing to the nonpolar nature of PVDF,
the absence of hydrogen bonds, and the high temper-
ature of 453 K at which the BLS spectra were taken, no
solidlike interphase is present. (ii) Only a thin, rudimen-
tary solidlike interphase is present so that branch 2 is
shifted to high frequencies outside the range consid-
ered here. (iii) Phonon damping reduces the conspicu-
ity of branch 2. (iv) Since liquid PVDF already has a high
density, the density contrast between the PVDF in the
vicinity of the pore walls and in the interior of the pores
might be negligible so that the strength of branch 2 is
significantly reduced.

As obvious from experimental dispersion diagrams
or the corresponding simulations, all three systems con-
sisting of AAO and an infiltrated fluid considered here,
AAO/PDMS, AAO/PEG, and AAO/liquid PVDF, show
bending of acoustic in-plane branch 1 indicative of in-
plane mode localization as well as directed sound
propagation along the nanopores through the fluid cyl-
inders represented by acoustic out-of-plane branch 3.
The absence of interphase-sensitive in-plane flat mode
2 in the dispersion diagrams of the system AAO/liquid
PVDF might be rationalized by the chemical nature of
the PVDF or the elevated temperatures at which BLS
measurements were carried out. However, it is remark-
able that all the generic features of AAO-based nano-
composites containing liquids in the nanopores vanish
when the liquid is solidified, as demonstrated by crystal-
lization of the PVDF inside the nanopores. However,
the highest acoustic out-of-plane branch 5 is virtually
not affected by the nature of the material residing in the
nanopores and is present not only in the dispersion dia-
grams of the systems AAO/PDMS, AAO/PEG, and AAO/
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liquid PVDF but also in that of the system AAO/solid
PVDF. Also, the longitudinal sound velocities belong-
ing to mode 5 lie in the range from 6800 to 7200 m/s
and are, therefore, similar to the longitudinal sound ve-
locity of AAO before infiltration (Table 1). As previously
demonstrated,?® mode 5 mode is essentially confined to
the AAO scaffold. Hence, the mechanical anisotropy
~cs2/c1? decreases with increasing AZ.

CONCLUSIONS

The hypersonic properties of elastic impedance con-
trast nanocomposites containing self-ordered AAO as
inorganic model component, which exhibit well-
defined periodicity and anisotropy, were studied by Bril-
louin light scattering spectroscopy. The hypersonic dis-
persion relations of the AAO/polymer nanocomposites
can be tuned by adjusting elastic impedance contrast
and density contrast between the AAO and the soft ma-
terials located in the nanopores. Peculiar features of
AAO/polymer nanocomposites, such as phonon local-
ization and anisotropic sound propagation, are most
pronounced if both elastic impedance contrast and
density contrast are high. The systems AAO/PEG and
AAO/PDMS are characterized by the occurrence of an
interphase-sensitive in-plane mode 2 in their band dia-
grams. However, mode 2 could not be detected in the
case of the system AAO/liquid PVDF.

METHODS

Materials. PDMS with a weight-average molecular weight of
1350 g/mol and trimethylsilane end groups was synthesized by
anionic polymerization under vacuum. To this end, 20 g of tri-
methylcyclotrisiloxane monomer was dissolved in a mixture of
53 mL of tetrahydrofuran and 41 mL of cyclohexane. The sol-
vents were dried with a mixture of diphenylethene and an ex-
cess of butyllithium. The polymerization was initiated by adding
1.4 mol sec-butyllithium in hexane at room temperature and
then quenched by the addition of an excess of trimethylchlorosi-
lane after a reaction time of 4 h. PEG with a weight-average mo-
lecular weight of 400 g/mol and hydroxyl end groups was syn-
thesized by anionic polymerization under vacuum. sec-
Butyllithium was added to a solution of 20 g of ethylene oxide
in 200 g of THF. After a reaction time of 12 h, the polymerization
was quenched by methanol. Molecular weights were deter-
mined by gel permeation chromatography (GPC) against PEO
standards using dimethylformamide as solvent. PVDF with a
weight average molecular weight of 180 000 g/mol and a
number-average molecular weight of 71 000 g/mol was pur-
chased from Aldrich and used as received.

Preparation and Infiltration of Self-Ordered AAO. Self-ordered AAO
was prepared following Masuda’s two step anodization
process.'®' Briefly, ultrapure aluminum substrates (99.999%)
were electropolished in a 1:4 mixture of HCIO, and absolute eth-
anol before anodization in 0.3 M oxalic acid at 40 V. Thus, AAO
with a lattice constant of 100 nm, a pore diameter of 35 nm and
a pore depth of 20 um was obtained. To increase the porosi-
ties, the nanopores were widened to 60 nm by isotropic etch-
ing in 0.3 M oxalic acid at 30 °C. The underlying aluminum sub-
strate was etched with a mixture of 1.7 g of CuCl - 2H,0, 50 mL of
concentrated HCl and 50 mL of deionized water. PDMS and
PEG were then infiltrated into the AAO at room temperature.
Both the PDMS and the PEG used here had low molecular
weights far below the critical molecular weight for the occur-
rence of entanglements.** Because of their oligomeric rather
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AAO-based hypersonic systems are not only me-
chanically and thermally stable but also transparent
for visible light. Hence, in contrast to sonic crystals
with macroscopic feature sizes, nanostructured AAO-
based hypersonic systems enable well controlled
and energy-efficient induction of phase transitions
and other types of structural transformations to
modify hypersonic band structures. As example in
case, mode switching and modification of the
phononic band structure by melting and crystalliza-
tion of PVDF in AAO was demonstrated. Therefore,
AAO has great potential as a platform for the design
of tunable and switchable hypersonic phononic sys-
tems with engineered high-frequency acoustic prop-
erties. Recent progress in the fabrication of three-
dimensional AAO architectures*® might pave the way
for the design of phononic device configurations op-
erated in the GHz frequency range for mechanical fil-
tering, advanced heat management, acousto-optical
switching, and for unconventional sensor configura-
tions. The design of membrane-based phononic de-
vice components based on AAO is straightforward,
and the application of lithographic top-down tech-
niques might yield hierarchical hypersonic architec-
tures, which could be used as hypersonic
waveguides and mode coupling components.

than polymeric character, both materials readily infiltrated the
AAO, presumably according to the snap-off mechanism.?>>°
PVDF was infiltrated at 200 °C for 10 min. Depending on the ex-
perimental conditions, PVDF precursor films can wet the pore
walls of AAO, or PVDF can infiltrate AAO according to classical
capillarity.?® Here, the diameter of the pores in the AAO ap-
proached the characteristic dimensions of the macromolecules
so that, in any case, the pore volume was completely filled with
polymer. The AAO containing PVDF was cooled to room temper-
ature at a cooling rate of 1 K/min in the presence of a bulk PVDF
film on the surface of the AAO, which was removed prior to BLS
measurements. The Maxwell-Garnett theory was used to calcu-
late effective refractive indices of the nanocomposites thus
obtained as follows: (eeff — €alumina)/(Eeff + 2&€alumina) = f X
(epore — €alumina)/ (Epore + 2&alumina)- Eeffy Ealuminas AN Epore deNOte
the refractive indices of the effective medium, alumina, and the
material contained in the nanopores, respectively. Refractive in-
dices of 1.41, 1.45, and 1.42 were used for PDMS, PEG, and PVDF,
respectively, and a refractive index of 1.65°" was used for AAO.
BLS Spectroscopy. Brillouin light scattering measurements were
conducted with a Tandem Fabry—Perot Interferometer (JRS Sci-
entific Instruments). The BLS measurements on AAO/PEG
samples were carried out in the presence of a bulk PEG film on
the surface of the AAO. In the case of the AAO/PDMS samples
and the AAO/PVDF samples the PDMS and PVDF surface films
were removed with blades prior to the BLS measurements.
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