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ARTICLE INFO ABSTRACT

Keywords: Poly(vinylidene fluoride) (PVDF) and its copolymers are electrically active materials that have the ability to
PVDF harvest mechanical energy through mechanical vibrations and structural flexing. Due to the inherent nanoscale
Ghain orientation dependency of the molecular structure of PVDF copolymer, efficient methods for investigating the effects of
f::z‘i’;:gzmleculm vibration chaiu' orientatioy on its localized nanomechanical properties a're very linTited. In this manuscript, we ’use infrared
Localized mechanical property atomic force microscope .(IR-AFM),.contact-l‘esonance atomic force microscopy (CR-AFM), scanning .elecu‘on
microscopy (SEM), and high resolution transmission electron microscopy (TEM), to reveal the correlations be-
tween localized molecular vibration, anisotropy, and the corresponding dynamic nanomechanical properties. IR-
AFM is able to probe the chain orientation of the PVDF copolymer and CR-AFM is able to resolve the in-plane
anisotropy along the axis of the polymer chain. The combination of these techniques can provide a quick,
effective, nondestructive method to reveal the formation mechanisms, which could lead to optimization of the

electroactive polymer organization.

1. Introduction

Poly (vinylidene fluoride) (PVDF), a well-recognized electroactive
polymer, has been studied extensively in the past [1]. Discovery of the
switchable ferroelectric polarization in ultrathin films of copolymers of
PVDF with trifluoroethylene P(VDF-TrFE) has generated great interest
for applications in organic electronics, biocompatible tissue engineer-
ing, and memory devices [2,3]. Such electroactive polymers derive their
macroscale electromechanical response from the material organization
at the atomic, nano-, and micro-scales. However, current material design
does not fully exploit the opportunity to enhance macroscale perfor-
mance through optimization of the polymer organization because of the
limited availability of quantitative methods to quantify nanoscale me-
chanical properties. For ferroelectric P(VDF-TrFE) copolymers, the in-
fluence of the nanoscale structure on mechanical response is still not
well understood.

Recently, we have discovered that the electromechanical response of
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P(VDF-TrFE) copolymers can be greatly enhanced with applied forces
that affect the nanoscale organization [4-7]. This result is enabled by
the deep understanding that has accumulated in recent years into the
mechanisms and kinetics of self-assembly of plastic crystals at the
nanoscale [8-10]. Recent literature reported how nanostructure
manipulation, from nanoimprinting and induced self-assembly ensem-
bles, can enhance the piezoelectric properties found in electroactive
polymers [11,12]. Lee et al. showed the effect of nanoconfinement on
preferential orientation and crystallization with reduced structural de-
fects [13], which can result in an increase of the piezoelectric coefficient
dss3, exceeding the values ds; and ds, by 30% and greater [14,15]. This
anisotropy in the crystal structure is related to the mechanical proper-
ties. Efforts to control the mechanical properties of P(VDE-TrFE) co-
polymers are needed, but investigations to do so require a better
understanding of the molecular structure, chain orientation, in-plane
anisotropy mechanisms and kinetics for piezoelectric polymers, which
can be influenced by the nanostructure in the film [16,17].
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The infrared atomic force microscope (IR-AFM) is a rapidly emerging
instrument that provides chemical analysis and compositional mapping
with spatial resolution that is far beyond conventional optical diffraction
limits [18,19]. IR-AFM works by using the tip of an AFM contact probe
to detect the local thermal expansion in a sample resulting from ab-
sorption of infrared radiation. Therefore, it can provide nanoscale
spatial resolution, which is effectively limited only by the AFM tip
contact area [20,21]. Recently, the IR-AFM has been shown to be a
unique, high-sensitivity instrument to study the molecular orientation of
polymers through polarized IR laser in order to induce a signal
enhancement from the bands oriented along the polarization direction
[22,23]. Therefore, it is ideally suited to study the molecular orientation
of P(VDF-TrFE) copolymer via probing both in-plane and out-of-plane
vibration components.

The contact-resonance atomic force microscopy (CR-AFM) technique
is a dynamic contact mode based on the determination of the resonance
frequencies and quality factors Q, of an AFM cantilever in free space and
in contact with a sample surface [24,25]. The mechanical properties are
calculated from the measured f, and Q, via analytical representations of
the cantilever dynamics and tip-sample contact mechanics [25].
Recently this technique has been extended to quantify viscoelastic
property measurements, such as storage modulus, loss modulus, and loss
tangent at the nanoscale [26,27]. The vertical (out-of-plane) and lateral
(in-plane) spectrum can be recorded simultaneously to reveal the dis-
tribution of the polymer chain axis, the polar anisotropy and azimuthal
variations in the signal of the lateral vibration modes which can be
attributed to the local in-plane stiffness [28].

In this article, we report the use of complementary nanoscale char-
acterization techniques by integrating IR-AFM, CR-AFM, high resolution
transmission electron microscopy (TEM), and scanning electron micro-
scopy (SEM) to investigate the localized morphology, crystalline struc-
ture, chain orientation, in-plane anisotropy, Young’s modulus E, and
shear modulus G of a ferroelectric P(VDF-TrFE) copolymer. The exper-
imental demonstration of anisotropy within nanostructures will provide
new insight into the polymer organization. We believe this approach
would eventually aid in the understanding of formation mechanisms to
regulate the size, morphology, and distribution of nanostructures, and to
achieve high crystallinity and orientation with optimized mechanical
properties. To the best of our knowledge, the localized mechanical
properties and in-plane anisotropy for PVDF based copolymers have not
been examined previously.

2. Experimental section
2.1. PVDF thin film and nanostructures preparation

The P(VDF-TrFE) (70:30 mol%) ferroelectric polymer powder, pur-
chased from Solvene 250, was first dissolved in methyl ethyl ketone
(MEK) with a concentration of 3 wt%. Then, the P(VDE-TrFE) films were
prepared by spin coating on top of a SiO5/Si substrate at 2000 rpm. After
that, the P(VDF-TrFE) films were annealed at 135 °C for 1 h for the
purpose of improving their crystallinity. For TEM analysis, samples were
prepared by dissolving the P(VDF-TtFE) ferroelectric polymer powder in
MEK as described above, then dispersed the solution on Lacey carbon/
thin film copper grid (400 Mesh), then finally annealed at 135 °C for 1 h.

Nanoimprint lithography was carried out with a SPECAC hydraulic
press system. First, the polydimethylsiloxane (PDMS) soft-mold was
prepared from a blue-ray DVD disc. The pattern of the PDMS mold was
about 300 nm in width, 100 nm in height, and had a period of 600 nm in
a rectangular array. Then, the same P(VDF-TrFE) powder was dissolved
in dimethylsulfoxide with a concentration of 5 wt%. Next, 5 monolayers
of thin film were deposited on a Si substrate by using the horizontal
Langmuir-Blodgett (LB) method. Next, the PDMS mold was placed face-
down on the polymer-coated substrate, with a pressure ranging from 2.6
bar to 3.0 bar, and heated to 135 °C for 1 h. The sample was then cooled
down to room temperature for 90 min and the mold was separated after
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the pressure was released.
2.2. Morphology, structural and mechanical property measurement

The morphology and chain orientation of PVDF copolymer thin films
were observed using a field-emission scanning electron microscope
(FESEM, FEI Helios Nanolab 660), and an atomic force microscope
(Asylum 3D MFP bio AFM). TEM analysis data was performed on an FEI
TECNAI Osiris TEM operated at 200 kV with an attached Gatan Imaging
Filter (GIF). The largest condenser aperture (150 pm) and objective
aperture were selected for low energy loss measurements. All images
and spectra were processed with Gatan’s Digital Micrograph software
package and were recorded using a GIF CCD camera at a resolution of
512x512 pixels. The energy-filtered images utilize a broad electron
beam and parallel acquisition, offering rapid data accumulation on the
order of minutes or less. The intrinsic lattice structure of the PVDF
copolymer was examined at an accelerating voltage of 200 kV and
confirmed that single grains include well-crystallized regions and
partially crystallized regions. In order to obtain the best signal-to-noise
ratio, some additional optimization steps were achieved by adjusting the
window width and position with respect to the energy-loss. X-ray
diffraction (XRD) pattern measurements for phase identification were
performed in the 26 range of 10°-30° using a Rigaku Ultima IV XRD
system with graphite monochromatized Cu Ko radiation (A = 1.54187
10\). The localized mechanical properties (elastic modulus) at the nano-
scale were measured with an atomic force microscope (AFM) by per-
forming quasi-static force-displacement curves on the sample surface.
For comparison with the mechanical properties at the microscale, a se-
ries of quasi-static nanoindentation measurements for the bulk film were
performed using a Hysitron TI 950 Triboindenter.

2.3. Localized nanolR spectrum and chemical mapping

A commercial nano-IR2 atomic force microscope (Anasys In-
struments, Inc.) supplemented with a tunable infrared quantum cascade
laser, QCL (Daylight Solutions MIRcat), was used to measure both
topography images and localized nano-IR spectra, as well as to create
chemical IR maps at a constant wavenumber. Contact mode nIR2 probes
(Model: PR-EX-nIR2, Anasys Instruments) with resonance frequency of
13 4+ 4 kHz and spring constant of 0.07-0.4 N/m were used. The AFM-IR
technique was accomplished by coupling a pulsed tunable IR source
with an AFM, which has a pulse length of ~10 ns and can cover a broad
range of the mid-IR region. The light from the IR laser was focused onto
the surface region near the tip-sample contact area. When the sample
absorbed the light, a rapid heating/expansion of the sample occurred,
creating an impulsive load onto the AFM cantilever tip, which induced
an oscillation. The amplitude of cantilever oscillation was proportional
to the sample IR absorption coefficient. Spectra were acquired with two
perpendicular directions of infrared laser light. Vector normalization
was applied to all spectra in order to visualize and compare spectral
shape/peak ratios of spectrum.

2.4. CR-AFM measurement

All CR-AFM spectra were recorded on the Anasys afm+ (Anasys In-
struments, Santa Barbara, CA) with a Thermalever™ probe model AN2-
300, which has a first free vibrational resonance frequency in the range
of 20-35 kHz and spring constant k. ~0.35 N/m. The measured free-
space resonance frequencies were respectively 23.5 kHz and 151.6
kHz for the first and the second bending modes. The contact-resonance
spectra were measured in the frequency ranges 110-120 kHz (first
mode) and 350-400 kHz (second mode). Taking into account that the
tip-sample contact stiffness increased with the applied static load, we
assumed a spherical tip geometry (n = 3/2). In each set of experiments, a
reference measurement was performed both before and after each
measurement on a thin-film sample. Such a procedure allowed us to
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Fig. 1. (a) High resolution AFM topography image of PVDF copolymer thin film with a scan area of 270 nm x 270 nm; (b) High resolution SEM image showing the
orientation of polymer chain; (¢) Low magnification TEM image; (d) High magnification TEM image showing the crystalline structure within one grain; (e) XRD
pattern from PVDF copolymer thin film; (f) Localized nanoscale IR spectra on a single rice grain.

account for tip wear. The probe tip radius was approximately 35 nm. The
static load force applied in experiments varied from 20 nN to 100 nN.
Therefore, the influence of the substrate on the measured elastic prop-
erties of the film can be estimated by a comparison of the deformations
occurring at the film surface and film-substrate interface. The drive
amplitude was set as low as possible to ensure linear tip-sample contact.
For PVDF copolymer nanostripes, the amplitude ranged from 0.50-2.10
for the 1st symmetric mode and 0.15-0.60 for the lateral mode; For
polycarbonate, the amplitude varied from 0.90-1.20 for the 1st sym-
metric mode and 0.30-0.35 for the lateral mode.

3. Results and discussion

Fig. 1a shows an AFM topography image of a PVDF copolymer thin
film with a scan area of 270 nm x 270 nm. Fig. 1b shows an SEM image
of the typical “rice-grain” morphology of the PVDF copolymer thin films.
Both the AFM and SEM images are consistent, clearly showing that
polymer chains have specific orientations after the fine annealing pro-
cess [9]. The dimension of each rice grain is around 100-200 nm. Due to
the limited resolution of 5 nm-10 nm for SEM and AFM, we acquired
high-magnification TEM images to probe the crystalline structure within

a single “rice grain” (Fig. 1c—d). Fig. 1d confirms that single grains
include well-crystallized regions (indicated by the green circle) and
partially crystallized regions (indicated by the yellow circle). Compre-
hensive analysis of the high resolution AFM, SEM, and TEM images
allowed us to investigate the statistics of the chain orientation, crystal-
line structure and crystalline degree, which would enable us to optimize
the processing methods eventually to improve the polymer chain orga-
nization. To confirm that this bulk film is in the polar electroactive
B-phase, XRD analysis was performed (Fig. 1e). The reflection peak of 20
at 19.7° corresponded well with the (110) and (200) diffraction peaks of
the p-phase crystal structure [11]. The crystallinity degree can be
calculated by dividing the total area of crystalline peaks by the total area
under the diffraction curve (crystalline plus amorphous peaks). The
crystallinity degree improved up to 55% in comparison with a
non-annealed spun film [29-31]. Positioning the AFM probe tip to a
specific location, we could acquire the localized IR spectrum with
nanoscale resolution. The probe tip radius was approximately 50 nm,
which was far below the conventional optical diffraction limit [32]. As
shown in Fig. 1f, the C-C antisymmetric stretching, CF, antisymmetric
stretching, CH, wagging and CH;, bending stretch of all-trans (TT) chains
structure at 1076 cm ™}, 1184 cm ™}, 1401 em ™! and 1432 cm ™2, are the
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Fig. 2. (a) Schematic illustration of molecular vibration under different irradiated IR laser direction; (b) Localized nanoIR spectrum comparison between 0° and 90°
of laser direction; (c) AFM topography image of PVDF nanostripes in the scan area of 10 x 10 pm?; (d) enlarged area of 2 x 2 pm?; (e—f) Array of localized IR
spectrum of PVDF nanostripes comparison between 0° and 90° of laser direction.

fingerprint for the B-phase in the IR spectrum [33,34]. A small shift in
the wavenumbers of peak position was found due to instrument
variation.

The nanolR technique was used to identify the molecular orientation
of individual “rice grains” as revealed by the investigation of associated
changes of localized nanolR spectra when the input IR laser direction
was changed. The vibration direction of C-C anti symmetric stretching
(1076 em™ 1) was aligned with the C-C body chain. If the vibration di-
rection is parallel to the IR laser direction, the IR absorption will be
greatly enhanced. On the contrary, if the vibration direction is perpen-
dicular to the laser direction, the IR absorption will be limited [35,36].
In order to investigate the chain orientation, we changed the direction of
the IR laser by rotating the sample stage from 0° to 90° (Fig. 2a). The
localized spectrum shows a difference of peak intensity ratio of 1076
em /1401 cm ™Y, which is relatively high for 0° compared with 90°
(Fig. 2b). This result indicated that the C-C antisymmetric stretching
vibration at 1076 cm ' was very sensitive to irradiation direction.
Fig. 2c—d shows the AFM topography images of the nanoimprinted PVDF
copolymer nanostripes in a scan area of 10 x 10 um? (c) and an enlarged

area of 2 x 2 pm? (d), respectively. We recorded the localized IR spectra
at 0° and 90° on the same nanostripe using a total of 14 measurement
positions. Fig. 2e—f shows the averaged spectra with shaded error bar
which exhibit the same band profile but with different peak intensity
ratios for the 0° and 90° orientations, respectively. For 0°, the peak in-
tensity ratio of 1076 cm™'/1184 ecm ™! is 1.228 + 0.097; For 90°, the
peak intensity ratio of 1076 cm /1184 cm ! is lower (0.891 + 0.119).
The details of peak intensity for each spectrum are shown in Table S1
(supplementary information). Absorption bands of specific functional
groups become weaker which is related to the orientation of the group
towards the direction of the laser electromagnetic field. Thus, we hy-
pothesize that hydrocarbon chains are oriented perpendicular to the
substrate and thereby relatively parallel to the applied infrared laser
direction.

We also performed chemical IR mapping at a fixed wavenumber of
1076 cm ™!, using the same scan area (Fig. 3). One topography image
(Fig. 3a) was recorded with the laser direction at 90° and the other
topography image (Fig. 3c) was recorded with the laser direction at 5°.
The height profile for the images is nearly the same, but the chemical IR















