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ABSTRACT: In recent years, responsive polymer-based nT
structures have been studied extensively due to their unique \

ability to alter their physical properties upon exposure to ’:’/v__/
external stimuli. Despite this, the nanoscale Q-resolved /
dynamic properties of these materials have barely been

explored, which is limiting the development and applications Incident beam 4,%\)\* ..................

of these materials. To address this issue, we used inelastic X- s

ray scattering (IXS) and found evidence for van der Waals ca’fered 5
mediated molecular vibration-responsive rattling dynamics in : N
bulk poly(isoprene-block-styrene) (SI) and poly(styrene- 50nm

block-ethylene oxide) (SO) stacked thin film block copoly-

mers. Their cylinder-forming hexagonally arranged static Q

structures were characterized using small-angle X-ray scatter-

ing (SAXS) and grazing incidence small-angle X-ray scattering (GISAXS), complemented by scanning electron microscopy
(SEM). Specifically, we observed that the longitudinal vibrational mode in bulk SI experiences a strong phonon attenuation as
temperature increases from 30 to 90 °C, while the transverse phonon excitations are nonexistent in the measured Q-range due
to anharmonicity-mediated symmetry breaking in phonon interactions. Furthermore, the emergent transverse acoustic phonon
modes in both the bulk SI and SO thin films exhibited a nondispersive behavior with a nearly zero slope in the hydrodynamic
limit (Q — 0), mimicking optical phonon excitations (i.e., standing waves). In summary, these findings point to the use of
polymeric materials for Q-resolved nanoacoustic sensing, and the visualization of THz phonons.

KEYWORDS: block copolymers, Q-resolved polymer dynamics, emergent transverse phonons, phonon Q-gap,
Q-resolved nanoacoustic polymer sensing

B INTRODUCTION produced macromolecular structures precisely engineered at the
molecular level,**~*® which have the potential to revolutionize
this field of study and enable the search for emerging
functionalities at the nanoscale.

Heat transfer and energy conversion in soft materials are
mainly governed by thermal conduction, where phonon
(quantized elastic waves) propagation plays a key role.”’ " In
this regard, sound waves and phonon propagation in polymer-
based materials represent a rapidly developmg ﬁeld to be
explored at different time and length scales.”'™*° Weak
interchain van der Waals and strong intrachain covalent bonds

The use of complementary experimental techniques with
nanoscale precision has grown dramatically in the study of soft
complex and hybrid materials.'~ Interest in understanding the
dynamic and static properties of such materials is steadily
increasing due to their potential applications as smart materials
for sensing and bioinspired applications.'’”"> Currently,
polymer-based stimuli-responsive materials are at the leading
edge of materials science research due to their ablhty to alter
their functionalities as a result of external stimuli.'°™"® For
example, they can control ion, molecule, and heat transfer;
convert biochemical signals into optical, electrical, thermal, and

mechanical signals; and play a major role in drug delivery, tissue Received: June 28, 2018
engineering, biosensors, actuators, smart textiles, and fi- Accepted: September 4, 2018
bers."”™>* Recent developments in polymer synthesis have Published: September 4, 2018
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Figure 1. Schematic illustrating block copolymer film fabrication. The SI bulk sample most likely consists of “grains” with random orientation of
hexagonally arranged cylinders between different grains. The X-ray probes many different orientations of the cylinders at the same time. In the case of
SO thin films, cylinders are aligned along the film normal with solvent annealing; hence, both structure and phonon dynamics of SO samples were

studied in the plane orthogonal to hexagonally arranged cylinders.

represent two important types of molecular interactions in
polymers. For example, the intrachain collective vibrations get
activated at relatively high energies (200—300 meV) due to
bending, rocking, symmetric and asymmetric stretching,
wagging, and twisting experienced by the C—H and C-C
bonds in the backbone polymer chains.”’ The existence of
transverse phonon excitations in polymer-based materials has
previously been observed at GHz frequencies,’” including the
recent discovery of shear bands at Hz frequencies.é3 However, it
is not clear whether or not these materials are capable of
propagating shear elastic waves at sub- and THz-frequencies
(sub- and meV—energies).é4 Despite numerous attempts, the
low-energy Q-resolved (momentum-resolved) van der Waals
mediated phonon dynamics (1—8 meV) in polymeric materials
have not been studied at the nanoscale, with the exception of a
single longitudinal phonon mode.®* Importantly, experimental
evidence for the acoustic transverse van der Waals mediated
collective excitations remains elusive, and is thought to limit the
further development of polymer-based materials operating at
nanometer—THz scales.

Here, we report on the interchain van der Waals mediated
nanoscale collective dynamics in bulk SI and SO stacked thin
film block copolymers probed by Q-resolved high-spectral
contrast inelastic X-ray scattering (IXS) in the frequency range
0.24—1.93 THz. The two polymer samples [poly(isoprene-
block-styrene) (SI) and poly(styrene-block-ethylene oxide)
(SO)] were chosen because of their different chemical and
physical nature regarding the cylinder phase. While both
cylinder-forming block copolymers have a polystyrene matrix
that is in its glassy state at room temperature, they differ in the
block that forms the one-dimensional cylinder. The SI cylinders
are made of the “squishy” polyisoprene, while the SO cylinders
are made of the semicrystalline poly(ethylene oxide). The red
matrix (see Figure 1) in both samples is polystyrene (PS or
simply “S”), which has a glass transition temperature, T, around
100 °C. However, in block copolymers, the glass transition of
polystyrene is often suppressed to around 95—100 °C, in
particular when blocked with low-T, materials, like polyiso-
prene. In the case of SI, the blue cylinders (see Figure 1) are
polyisoprene (PI or simply “I”) with a glass transition
temperature around —60 °C. For SO, the blue cylinders are
poly(ethylene oxide) (PEO or simply “O”) with a glass
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transition of about —50 °C and a melting point of around 40
°C. Furthermore, in the case of the SO thin films, we were able to
obtain aligned cylinders along the film normal with solvent
annealing, which we believe may contain interesting anisotropic
effects affecting their acoustic properties, something that we will
explore in the future.

The static structures of both samples were characterized
through SAXS and grazing incidence SAXS (GISAXS) measure-
ments, respectively, and complemented with SEM images. The
SI bulk sample most likely consists of “grains” with random
orientation of the hexagonally arranged cylinders between
different grains. Overall, in the SI bulk film X-rays probe the
different orientations of the cylinders simultaneously. In the case
of the SO thin films, both structure and phonon dynamics of
these polymer samples have been studied in the plane
orthogonal to the hexagonally arranged cylinders, see Figure 1.
Specifically, we observed a significant change in the phonon
landscape of the SI bulk sample with temperature increase. The
longitudinal vibrational mode experienced a strong phonon
attenuation when the temperature was raised from 30 to 90 °C.
At the same time, the transverse mode became fully overdamped
at 90 °C as a result of anharmonicity-mediated symmetry
breaking in phonon interactions. Finally, the transverse acoustic
modes in both bulk SI and SO thin films exhibited nondispersive
phonon features upon approaching the hydrodynamic limit (Q
— 0) resembling the so-called breathing modes in the form of
standing waves. Finally, the importance of further Q-resolved
phonon dynamics studies of polymer-based materials is also
discussed.

B RESULTS AND DISCUSSION

It is possible that one day thermally conductive polymer-based
materials can be used to substitute conventional plastics,
ceramics, and even metals, as heat-transfer materials. Currently,
however, bulk polymers usually have low thermal conductivity
due to the presence of defects such as polymer chain ends,
entanglement, random orientation, voids, and impurities.
Impurities act as stress concentrators affecting phonon
propagation and, as a result, heat transfer. Incorporating a
second polymer that is covalently tethered to the first (a polymer
matrix) enhances the material’s thermal conductivity due to
thermal resistance between the two polymers.”” As a result, the
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study of phonon dynamics in block copolymers is thought to be
a promising path of research.

Block Copolymer Bulk Measurements. Synthesis of
Poly(isoprene-block-styrene) (SI) Polymerization. Benzene
solvent was first distilled into a reactor placed in a glovebox,
and the anionic initiator, sec-butyllithium (Sigma-Aldrich), was
added to the reactor with a syringe. Isoprene was distilled over n-
butyllithium (Sigma-Aldrich), added to the reactor, and allowed
to polymerize. After 8 h, styrene distilled over di-n-
butylmagnesium (Sigma-Aldrich) was also added to the reactor.
The styrene was polymerized onto the polyisoprene block
overnight, and polymerization was terminated using degassed
methanol. The final block copolymer was dissolved in
chloroform and precipitated into methanol. Polymer properties
are listed in Table 1, where M, is the number-average molecular

Table 1. SI Bulk and SO Thin Film Block Copolymer Physical
Properties

polymer M, (kg/mol) fp (vol %) fps (vol %) fpgo (vol %)  PDI
SI 74 24 76 1.04
SO 229 83 17 1.10

weight, fp; (vol %) is the volume fraction of poly(isoprene), fpg
(vol %) is the volume fraction of poly(styrene), fppo (vol %) is
the volume fraction of poly(ethylene oxide), and PDI is the
polydispersity index (measure of the polymer’s molecular weight
polydispersity).

Sample Preparation. In Figure 1 we demonstrate the scheme
illustration for block copolymer film fabrication. The bulk SI
sample was prepared through evaporation-induced self-
assembly (EISA). A S wt % SI solution in tetrahydrofuran
(THF) was added into a small Teflon beaker and heated on a hot
plate to 50 °C until the solvent was dried of. A glass dome was
used to cover the Teflon beaker to ensure a solvent saturated
atmosphere throughout the drying process.

Characterization. Molar mass, composition, and polydisper-
sity of the block copolymer were determined by a combination
of gel permeation chromatography (GPC) and 'H nuclear
magnetic resonance ("H NMR) spectroscopy. SEM images were
acquired using a Tescan LM Mira3 FE-SEM instrument with an
in-lens detector (see Figure 2). For SAXS measurements, a small

Figure 2. SEM images: (a) cross-section and (b) magnified images of
bulk SI samples. Sample was about 200 ym thick.

piece of bulk SI sample was placed in the hole of a metal washer
that was covered on one side with Kapton tape. Transmission
SAXS data were obtained at the G1 station of the Cornell High
Energy Synchrotron Source (CHESS), with a sample-to-
detector distance of 2.02 m and an incident photon energy of
9.90 keV. Two-dimensional scattering patterns were recorded
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on an Eiger 1 M pixel array detector (Dectris, Inc.) and radially
integrated (see Figure 3). The spectra corresponded to a

| q* =0.2242 nm™*
d*=28.0 nm
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Figure 3. Radially integrated spectrum of the transmission SAXS
pattern from the bulk SI sample. Peaks were indexed according to (q/
q*)2 =1,3,4,7,9, and 12, consistent with a hexagonal lattice and also
visible in the SEM image (see Figure 2b).

hexagonal lattice. To probe the Q-resolved phonon dynamics of
the block copolymer we ran inelastic X-ray scattering measure-
ments at the 10-ID beamline located at the National
Synchrotron Light Source II (NSLS II), Brookhaven National
Laboratory. The energy resolution function was nearly Gaussian
in profile with a full width at half-maximum of ~2 meV. These
data were key in identifying the various phonon modes. IXS
measurements were carried out at an incident photon energy of
9.13 keV. A 10 X 10 ym* X-ray beam having a flux ~2 x 10°
photons/s impinged onto the sample. IXS energy scans were
collected with Q-values between 1.5 and 5.5 nm™, in 1 nm™
increments. A single IXS scan included 151 energy points with
an acquisition time of 90 s per point. The scattering intensity was
recorded in the horizontal plane within a 30 meV range; hence,
only the van der Waals mediated phonon dynamics were probed,
with the lateral planes of the polymer samples placed parallel to
the scattering plane. The sample was translated across the beam
at each scan to minimize beam damage.

Figure 4 shows IXS spectra and phonon dispersions of the
bulk SI block copolymer at T = 30 °C. Apart from the
observation of compression waves in the form of longitudinal
phonons (blue line), we observed, for the first time, emergent
shear elastic waves in the form of the transverse phonon mode
(red line, see Figure 4b). A nearly Gaussian profile and the high-
spectral contrast of the resolution function were key factors in
identifying both acoustic phonon modes in the framework of the
damped harmonic oscillator (DHO) model.” The estimated
longitudinal speed of sound in the bulk SI block copolymer is
1896 m/s, a value that is lower than the speed of sound in
lamellar ordered styrene-b-(ethylene-alt-propylene) (SEP) di-
block copolymers, i.e.,, 2040 m/ 5.5 Moreover, the transverse
phonon mode (see Figure 4b) barely disperses implying that it
exists as a standing wave (breathing mode). In general, in soft
materials, atoms/molecules within a unit cell can move with
opposite phase to that of their neighbors. Such collective out-of-
phase movements of atoms and molecules in opposite directions
are called standing waves and show no dispersion near the long
wavelength limit. The sound velocity of standing waves is nearly
zero in the long wavelength implying that they simply do not
propagate. Importantly, these standing waves can couple with
light at corresponding energies/frequencies.

Figure 5 shows IXS spectra and phonon excitations in the bulk
block copolymer at T = 90 °C, near its glass transition. At
elevated temperatures, anharmonicity effects significantly affect
the propagation of the elastic waves. The longitudinal phonon

DOI: 10.1021/acsanm.8b01087
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Figure 4. Q-resolved phonon dynamics in bulk SI block copolymer at T =30 °C: (a) IXS spectra of the bulk block copolymer sample. The experimental
data are denoted by black squares, together with error bars, the resolution function (black dotted line), and the best least-squares fit (red solid curves)
to the data. Low- and high-frequency damped harmonic oscillator (DHO) modes are denoted by the olive and purple solid curves with the filled areas,
respectively. (b) Longitudinal acoustic (LA) and transverse acoustic (TA) phonon dispersion curves.
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Figure 5. Q-resolved phonon dynamics in the bulk SI block copolymer at T = 90 °C: (a) IXS spectra of the bulk block copolymer sample. The notation
is the same as in Figure 4. (b) The LA phonon branch is only observed. The TA mode became entirely extinct at 90 °C.

mode experiences a strong phonon attenuation, and the speed of
sound drops down to 1365 m/s. Shear restoring forces at T = 90
°C become negligibly weak resulting in the disappearance of
low-energy transverse phonon excitations (Figure Sb). The

mechanism that is responsible for overdamping the transverse
phonon modes is linked to anharmonicity effects due to the

symmetry breaking in phonon interactions, which we elaborate

DOI: 10.1021/acsanm.8b01087
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Anharmonicity-Mediated Symmetry Breaking Mechanism
in Nanoscale Phonon Interactions. To understand the
disappearance of the transverse phonon mode at T = 90 °C
(see Figure 5) we will consider the following Hamiltonian:®°

_ 1 arya 20N @ 4 a4 0 a6
Hy=~ D [an_q +HQ Q% = 11 + —1Ql
0<w,<wp
(1)
where a)z is the phonon dispersion relation, g is a multi-index

{q9v 9 3}, @ = (1, 2, 3), wp is the Debye frequency, and
u, 0,0 R’ Q
\/mzN iL(i)y i and II7 are collective canonical
coordlnates, where x] is the space coordinate of an atom in a
lattice sitting on a vertex labeled by the multi-index j = (jy, j,, j3),
whose components span j; € (1, N;). The total number of atoms
is N = N;N,Nj, i is the imaginary unit (i* = —1), and m is the
mass of an atom in the lattice. The first term in eq 1 is the kinetic
energy, and the remaining terms correspond to the potential
energy which describes the interaction of phonons in reciprocal
space. By varying the potential energy and considering the
exc1tat10ns of the phonon field around the ground state Qf as Qf

i + @5, where @ is the scalar field, for a chosen vacuum Qq =
6 |Q1| we obtain the effective Hamiltonian:*®
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where ﬂgt't and gof{’t are canonical coordinates, and ! and ¢ stand
for the longitudinal and transverse phonon polarizations,
respectively. The second term in eq 2 implies that longitudinal
phonon excitations survive over the course of elevated
anharmonic effects (0 < wl” < wp). In contrast, the transverse
vibrations get overdamped due to anharmonicity-mediated®’
(potential energy in eq 1) symmetry breaking taking place in the
nanoscale nonlinear phonon 1nteract10ns, resulting in the
extinction of the low-energy phonons®® (see eq 2 and Figure
S). This implies that the @g,, defines the minimal energy/
frequency value for transverse phonons below which they do not
get excited. However, the precise experimental determination of
the wg,, and Qy,, through IXS will require experiments with finer
Q-value steps that what was done presently. Additionally, the
disappearance of transverse phonon excitations due to an
anharmonicity-mediated mechanism, with increasing temper-
ature, has been observed in soft and biological materials such as
liquids,*””° liquid crystals,*"*" lipid membranes,” and now in
block copolymers. Recently, the emergence of the phonon gap in
gel and liquid phospholipid membranes has been observed by
D’Angelo et al., while stressmg the role of the anharmonicity-
mediated mechanism.”’ In soft materials, increasing temper-
ature results in longitudinal modes experiencing phonon
attenuation, while transverse phonons do not e erlence this,
even at supercritical thermodynamic conditions.*”

Block Polymer Thin Film Measurements. Synthesis of
Poly(styrene-block-ethylene oxide) (SO) Polymerization.
Benzene solvent was first distilled into a reactor situated in a
glovebox, and the anionic initiator, sec-butyllithium (Sigma-
Aldrich), was added to the reactor using a syringe. Styrene was
distilled over di-n-butylmagnesium (Sigma-Aldrich), added to
the reactor, and allowed to polymerize overnight. Then, 10X
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moles of diphenylethylene (DPE, Sigma-Aldrich), relative to sec-
butyllithium, was then added to the reactor. Benzene was
subsequently removed, and a similar amount of THF was
distilled directly into the reactor. Ethylene oxide (EO) was kept
between —20 and —10 °C, and distilled over n-butyllithium.
Distilled EO was added into the reactor and stirred overnight.
Equal moles of phosphazene base P,--Bu and sec-butyllithium
were then added to the reactor the next day. The reactor was
subsequently heated up to 50 °C for 4 days, enabling EO to
polymerize. Polymerization was stopped using degassed
methanolic HCL. The block copolymer was dissolved in
chloroform, washed against water 3 times, and precipitated
into methanol.

Sample Preparation. First, a S wt % SI solution in THF was
prepared and spin-coated on silicon substrates at a speed of S00
rpm for 1 min, as illustrated in Figure 1. The as-spun thin film
has a thickness around 1 pm, as shown in Figure 6c. The thin

Figure 6. SEM characterization: (a) top surface, (b) film—wafer
interface, and (c) cross-section of SO thin films prior to stacking. (d)
Photo of SO thin films stacked to a thickness greater than 50 ym and
sandwiched between two polystyrene (PS) slides.

film was then solvent annealed (see the Methods section and the
Supporting Information in ref 72). At the beginning, the flow
rates of the dry and wet lines were set to 1.5 scfh (wet) and 0.1
scth (dry) to solvent anneal the block copolymer thin film. After
10 min, the flow rates were readjusted to 0 scth (wet) and 0.1
scth (dry) to slowly deswell the thin films to their original
thickness. SO thin films were then peeled oft the Si wafer using a
water bath. These free-standing thin films were then stacked
(over 50 layers) and sandwiched between two polystyrene
slides, as shown in Figure 6d. The polystyrene slides were then
glued together at both ends with epoxy.

Characterization. SEM images were acquired using a
Tescan LM Mira3 FE-SEM instrument with an in-lens detector.
GISAXS patterns of SO thin films were collected prior to
stacking (see Figure 7). Figure 8 shows IXS spectra and phonon
dispersion curves of SO block copolymer films at T = 37 °C. The
estimated longitudinal speed of sound in the SO thin film sample

DOI: 10.1021/acsanm.8b01087
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Figure 7. GISAXS pattern and associated indexing for the SO thin film
prior to stacking. The indexing of the Bragg peaks is consistent with a
hexagonal structure.
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is 2275 m/s, which is consistent with a previously observed
value.”® This value, however, is higher than that in the bulk SI
sample (1896 m/s at T = 30 °C) and that in lamellar ordered
SEP diblock copolymers®* (2040 m/s at T = 30 °C). Another
common feature in the phonon spectra of soft materials, which
was also observed in the present work, is the mixing of phonon
polarizations due to anisotropic effects, which lead to nonlinear
behavior of longitudinal phonons in the low-Q regime (see
Figures 4b, Sb, and 8b). Such an effect is known as “positive
sound” dispersion’’ or “fast sound”.”' Furthermore, the
transverse phonon mode in SO thin films is equally non-
dispersive, as is the case of the bulk SI sample which shows
nearly zero slope toward the hydrodynamic limit (Q — 0) (see
Figure 8), implying that transverse phonons do not propagate

but exist in the form of standing waves, mimicking optical
phonons which are able to interact and couple with light at
corresponding energies/frequencies. Indeed, soft materials such
as liquids,”* DNA,” lipid membranes,”® and, importantly,
polymers,”” have been shown to absorb light in the 0.3—2.1 THz
(1.2—8.7 meV) range, as revealed by far-IR and THz time
domain spectroscopy (TDS).”® Moreover, recently IXS and
THz TDS experiments have revealed that acoustic and optical
phonon modes can coexist in nematic mesogens in a similar
energy range, i.e, ~1.5 meV.*° Here, we provided compelling
evidence for the existence of emergent transverse nonpropagat-
ing phonon modes (standing waves), both in bulk SI and SO
thin film block copolymers. However, their ability to interact and
possibly couple with THz light is yet to be directly observed, and
could be an important development toward future THz
optomechanical applications.

In this work, we studied Q-resolved nanoscale phonon
dynamics in bulk SI and SO thin film block copolymers. The Q-
range probed by IXS covers the first- and higher-order Brillouin
zones, revealing the net vibrational properties of polymeric
materials propagating over the PS matrix and PI/PO cylinder-
forming microphases. Their cylinder-forming hexagonally
arranged static structures were characterized using SAXS and
GISAXS, respectively, complemented by SEM measurements of
their surface topography. We demonstrated that employing a
cylinder-forming hexagonally arranged block copolymer struc-
ture is justified to study van der Waals mediated interchain Q-
resolved collective dynamics. Furthermore, an increase in
temperature (from T = 30 to 90 °C) in the bulk SI block
copolymer resulted in the disappearance of the shear interchain
vibrational mode as a result of anharmonicity-mediated
symmetry breaking in the nanoscale nonlinear phonon
interactions.””*® The same effect has previously been observed
experimentally in other soft materials.>** Importantly, interest
in the phonon dynamics of hexagonally arranged structures is
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Figure 8. Q-resolved phonon dynamics in SO block copolymer films at T = 37 °C: (a) IXS spectra of the block copolymer film sample. Low- and high-
frequency DHO modes are denoted by the magenta and blue solid curves with the filled areas, respectively. (b) LA and TA phonon excitations.
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rapidly growing due to the observation of unique dispersion
phenomena in the form of Dirac cones,”’ one-way edge
phononic modes with topologically driven band gaps,”’
topological boundary modes in isostatic lattices,®' chiral
phonons® at high-symmetry points,” helical edge states in
phononic topological insulators,** and topologically protected
Weyl points.”> Currently, it is challenging to study these
phenomena in bulk SI and SO thin film block copolymers with
IXS, due to the technique’s limited spectral resolution. However,
this obstacle may be overcome by reducing the size of the
cylinders, and spacing them at distances comparable to the
nanometer-wavelengths of THz phonons.

Finally, the detection of transverse phonon modes, both in
bulk SI and SO thin film block copolymers, is of particular
importance. As a proof of concept, we have demonstrated that
these polymer compounds are dynamically responsive to Q-
resolved vibrational modes existing at the molecular level.
Specifically, this type of polymeric material shows great promise
for sensing molecular vibrations with nanoscale precision,
especially at physiologically relevant conditions (T = 37 °C).
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