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Pls: Seong H. Kim & Zoubeida Ounaies (Pennsylvania State University)
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Program: Low density materials

Synopsis
This research project focused on cellulose crystals as building blocks for the design and

development of new low-density functional polymer composites. Although the piezoelectricity of
cellulose has been predicted from its noncentrosymmetric crystal structure, it has not been measured
accurately nor has cellulose been properly exploited as a piezoelectric material. If it is proven, it could
enable novel low-density electroactive materials capable of surpassing the performance of the best
synthetic piezoelectric polymer such as polyvinylidene difluoride (PVDF). To fulfill this objective, a
systematic study was required to judiciously manipulate dipoles of individual cellulose nanocrystals to
produce polar ordering at the macroscale and accurately characterize the nano-to-mesoscale structural
ordering and electromechanical properties of the produced materials.

Based on its noncentrosymmetric crystal structure, nanocrystalline cellulose has been assumed to
be piezoelectric; but it has not been properly or convincingly characterized in the literature. The key
obstacle is that nanoscale piezoelectric properties of individual crystals cancel each other when cellulose
crystals are dispersed randomly or when they are assembled into simple uniaxial structures in which most
cellulose particles are packed in the antiparallel fashion in average. Overcoming this obstacle could
accelerate the realization of cellulose-based piezoelectric materials and related applications. With this
premise, our team with multidisciplinary experimental backgrounds explored various ways of inducing
polar ordering (i.e., parallel packing) of nanocrystalline cellulose domains. The methods tested included
(i) chemical derivatizations followed by Langmuir-Blodgett (LB) film deposition, (ii) electric field (both
DC and AC) induced orientation of cellulose dipoles, and (iii) magnetic field induced orientation using
the diamagnetic property of cellulose. With the unique capability of spectroscopically determining the
degree of polar ordering of cellulose in the sample using vibrational sum frequency generation (SFG)
spectroscopy and other complementary techniques, we found that none of these methods, which were
previously used and reported for preparation of cellulose-containing piezoelectric materials in the

literature, really produces any polar ordering. Thus, what was reported as a piezoelectric response of
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cellulose in the literature cannot be attributed to piezoelectricity; we found that what was reported falls
under electromechanical coupling originating from other mechanisms that are not intrinsic to the
noncentrosymmetric cellulose crystal structure. Those mechanisms were found to originate from extrinsic
factors such as electrochemical or interfacial polarization within the composite samples containing
cellulose nanocrystals. Thus, the question regarding the intrinsic piezoelectricity of cellulose remains to
be answered; the intrinsic piezoelectric coefficient of cellulose appears to be very small, although we
could not determine the absolute value in this study. While exploring the directional alignment of cellulose,
we have demonstrated that (a) SFG is indeed a quantitative tool to determine the polar ordering of
molecular functional groups in the sample, (b) in the LB trough, cellulose nanoparticles can
topographically corrugate liquid/surfactant/air interface, (c) the capillary flow of the fluid phase during
the LB transfer can improve the uniaxial alignment of anisotropic nanoparticles onto a substrate, and (d)
magnetic-field induced ordering of cellulose suspended in liquids is a function of dielectric constant, ion
conductivity, and viscosity of the suspension solution. These research findings further expand potential
applications of cellulose nanoparticles in various engineering applications.

In terms of dissemination, this project resulted in 7 published and submitted (or ready to submit)
journal papers, one conference proceedings paper and 10 conference presentations from which 6 were

invited presentations.

Participants
In addition to the PIs Kim and Ounaies, four

dedicated researchers have been involved in this project.
Inseok Chae is a PhD student in the Department of Chemical
Engineering at Penn State. He joined our team in January

2016 after he had obtained his master’s degree at University

of Alberta in Canada. Dr. Amira B. Meddeb, an associate
research professor in the Department of Mechanical | Researchers who contributed to this project are
) ] ) ) ) pictured here. From left to right: Dr. A.
Engineering at Penn State, has worked on this project since | weddeb, Dr. N. D’Souza, Ms. N. Rome, and

November 2017. Prior to that, Dr. Hassene Ben Atitallah | ™! Che

(currently at Seagate) and Dr. Noel D’Souza (currently at Intel) had worked in our team for 7 months and

13 months, respectively. Additionally, Amy Tomasko (an undergraduate student in chemical engineering
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at Penn State) and Natalie Rome (an undergraduate student from University of Louisiana, Lafayette, NSF-

funded REU program) have contributed to this research as well.

Task Accomplishments

The five main objectives (OBJ) of this project are as follows:

OBJ #1: critical review of electromechanical coupling responses of cellulose in literature

OBJ #2: selective detection of polar domains of cellulose using vibrational SFG spectroscopy

OBJ #3: dispersion of individual cellulose nanocrystals (CNCs) in organic solvents and polymer matrix

OBJ #4: understanding translational and rotational behaviors of CNCs under external fields/forces

OBJ #5: construction of nano-building blocks of CNCs with uniaxial alignment using LB method and

investigation of their optical and frictional anisotropic properties

Table 1 summarizes the detailed methods and achievements on each objective. There are tasks

already completed (blue) and abandoned due to the technical limits (red).

Table 1. Summary of achievements

individual CNCs in
organic solvents and
polymer matrix

water to organic
solvents, then embed in
a polymer matrix

achieved using ethanol, NMF,
DMF and PVAC

OBJ | Tasks Methods Results Conclusion/Plan
#1 critical review of literature review elucidated non-piezoelectric completed, published!
electromechanical responses which can affect
coupling responses of piezoelectric measurements of
cellulose in literature cellulose
#2 selective detection of proof of concept: in-situ | successful quantification of polar | completed, published?
polar domains of SFG measurement of ordering of piezoelectric polymer,
cellulose using PVDF upon poling PVDF
vibrational SFG TD-DFT calculation of | obtained theoretical and completed, published?®
spectroscopy SFG spectra of experimental SFG feature of
cellulose parallel and anti-parallel cellulose
SFG and dielectric identified non-polar ordering and | completed, to be
measurement of EAPap | extrinsic electromechanical included in the PhD
responses of EAPap thesis of Inseok Chae
#3 dispersion of solvent exchange from | individual dispersions were completed, to be

included in the PhD
thesis of Inseok Chae

coating cationic or non-
ionic surfactants on
CNCs

Caused aggregation of CNCs in
water and toluene

abandoned
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solvent exchange to
non-polar organic
solvents

Caused aggregation of CNCs in
THF and toluene

abandoned

#4 understanding apply compression or uniaxial, but anti-parallel completed, submitted*
translational and stretching on CNCs alignment of CNCs was achieved
rotational behaviors of | apply AC or DC AC: non-homogeneous completed, to be
CNCs under external electric field on CNCs alignments of CNCs included in the PhD
fields/forces DC: translation due to surface thesis of Inseok Chae
charge >> rotation due to dipole
interaction
apply magnetic field on | enhanced chiral nematic phase of | completed,
CNCs CNCs, but in anti-parallel fashion | submitted/preparation®®
#5 construction of compression- and flow- | developed an effective method to | completed, submitted’

nanobuilding blocks of
CNCs with uniaxial

induced alignment of
CNCs in LB deposition

prepare uniaxially aligned CNCs.
optical and frictional anisotropic

properties of CNCs were
obtained.

alignment using LB
method and
investigation of their
optical and frictional
anisotropic properties

Abbreviations: cellulose nanocrystal (CNC), tetrahydrofuran (THF), dimethylformamide (DMF), N-methylformamide
(NMF), polyvinyl acetate (PVAC), Langmuir-Blodgett (LB), sum frequency generation (SFG), polyvinylidene fluoride
(PVDF), piezoelectric force microscopy (PFM), electro active paper (EAPap), time-dependent density functional theory
(TD-DFT)

Publications

Chae, I.; Jeong, C. K.; Ounaies, Z.; Kim, S. H., Review on Electromechanical Coupling Properties of Biomaterials.
ACS Applied Bio Materials 2018, 1 (4), 936-953. doi: 10.1021/acsabm.8b00309

Chae, I.; Ahmed, S.; Atitallah, H. B.; Luo, J.; Wang, Q.; Ounaies, Z.; Kim, S. H., Vibrational Sum Frequency
Generation (SFG) Analysis of Ferroelectric Response of Pvdf-Based Copolymer and Terpolymer. Macromolecules
2017, 50 (7), 2838-2844. doi: 10.1021/acs.macromol.7b00188

Lee, C. M.; Chen, X.; Weiss, P. A.; Jensen, L.; Kim, S. H., Quantum Mechanical Calculations of Vibrational Sum-
Frequency-Generation (SFG) Spectra of Cellulose: Dependence of the Ch and Oh Peak Intensity on the Polarity
of Cellulose Chains within the SFG Coherence Domain. J. Phys. Chem. Lett. 2017, 8 (1), 55-60. doi:
10.1021/acs.jpclett.60b02624

Chae, I.; Ngo, D.; Makarem, M.; Ounaies, Z.; Kim, S. H., Compression-Induced Topographic Corrugation of
Air/Surfactant/Water Interface: Effect of Nanoparticles Adsorbed beneath the Interface. In revision, J. Phys. Chem.
C.

Meddeb, A. B.; Chae, I.; Aijie, H.; Kim, S. H.; Ounaies, Z., Solvent Properties, Particle Content and Magnetic
Field Effects on Cellulose Nanocrystals Packing in Suspensions. Submitted to ACS Applied Bio Materials.
Meddeb, A. B.; Chae, I.; Kim, S. H.; Ounaies, Z., Enhanced Antiparallel Packing of Cellulose Nanocrystals by
Magnetic Field Application. Manuscript in preparation.

Chae, I.; Ngo, D.; Chen, Z.; Meddeb, A. B.; Kwansa, A.; Podraza, N. J.; Yingling, Y. G.; Ounaies, Z.; Kim, S. H.,
Structuring of Rod-Shaped Nanoparticles in Langmuir-Blodgett Film: Effect of Uniaxial Alignment of Optical and
Frictional Anisotropy. Submitted to ACS Applied Materials & Interfaces.

Conferences

1. American Chemical Society (ACS) National Meeting in Orlando, 2019
Presentation: Piezoelectricity of Cellulose: Myths and Facts, by Seong H. Kim
2. American Society of Mechanical Engineering-SMASIS in San Antonio, 2018
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https://doi.org/10.1021/acsabm.8b00309
https://doi.org/10.1021/acs.macromol.7b00188
https://doi.org/10.1021/acs.jpclett.6b02624

10.

Proceeding: Chae, |.; Meddeb, A.B.; Ounaies, Z.; Kim, S. H.; Tailoring and Characterization of the Liquid
Crystalline Structure of Cellulose Nanocrystals for Opto-Electro-Mechanical Multifunctional Applications.
SMASIS2018-8016. doi: 10.1115/SMASIS2018-8016

Presentation: Tailoring and Characterization of the Liquid Crystalline Structure of Cellulose Nanocrystals for
Opto-Electro-Mechanical Multifuntional Applications, by Inseok Chae

ACS National Meeting in Boston, 2018

Presentation: Critical Discussion of Electromechanical Coupling Properties of Cellulose, by Inseok Chae
ACS colloid & Surface Science Symposium, University Park, 2018

Presentation: Phase and Orientation Control of Cellulose Nanocrystals by Langmuir-Blodgett Assembly, by
Inseok Chae

Department of Mechanical Engineering Seminar Series, Florida State University, Tallahassee, FL, "Multi-
field processing of anisotropic nanoparticles for multifunctional applications,” Invited. (April 25, 2018), by
Z. Ounaies.

Korean Aerospace University (KAU), Goyang, South Korea, "Active polymer composites: Structure-
processing-processing triad," Invited. (April 3, 2018). by Z. Ounaies.

Sungkyunkwan University (SKKU), Suwon, Korea, "Responsive polymer-based materials: Processing,
characterization and oppurtunities,” Invited. (April 2, 2018). by Z. Ounaies.

Inha University, Incheon, Korea, "Multi-field processing of anisotropic nanoparticles for multifunctional
applications,” Invited. (March 29, 2018). By Ounaies, Z.

Air Force Office of Scientific Research (AFOSR) Student Research Day in Arlington, 2017

Presentation: Design of New Piezoelectric Composites Using Nanocellulose, by Inseok Chae

Materials day at Penn State, University Park, 2016-2017

Presentation (2016): Understanding the Structure, Interface Interactions and Piezoelectric Properties of
Cellulose Using Nonlinear Spectroscopy, by Inseok Chae

Presentation (2017): Understanding the Native Assembly, Interface Interactions and Piezoelectric Properties
of Cellulose Using SFG Vibrational Spectroscopy, by Inseok Chae

1.

Critical review of electromechanical coupling responses of cellulose in literature

Electromechanical coupling is a phenomenon where an electrical charge is produced when

mechanical force is applied to a material or mechanical strain is generated under electric field. The most

well-known mechanism is piezoelectricity. The piezoelectricity of cellulose has been reported since 1950s

with many potential applications such as biocompatible sensors and actuators, and ecofriendly energy

harvesters; however, the accurate values of piezoelectric properties has not been identified, yet. Without

identifying the exact values, it is not possible to practically use the piezoelectricity of cellulose. Fig. 1

shows the selected piezoelectric coefficients of cellulose from literatures. Different from well-defined

piezoelectricity of PZT and PVDF, the piezoelectric coefficients of cellulose in the literature scatter over

several orders of magnitude. The fact that the values scatter over an extremely wide range raises the

question of whether these reported values are truly intrinsic piezoelectric properties of cellulose or whether

they are obscured with other electromechanical coupling processes.
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Figure 1. (a) Longitudinal, (b) transverse and (c) shear piezoelectric coefficients of cellulose-based
biomaterials reported in literature.l 838 The piezoelectric coefficients of PZT and PVDF were included
for comparisons. Blue arrows in the schematics represent the applied stress.

Piezoelectricity is not the only electromechanical coupling phenomenon; there are other
mechanisms which convert mechanical energy to electrical energy or vice versa such as electrostriction
and flexoelectricity as shown in Fig. 2. Also, extrinsic factors including electrochemical and electrostatic
effects can contribute to electromechanical signals. In some cases, these non-piezoelectric couplings are
misconstrued as inherent piezoelectric responses, depending on a sample preparation or experimental set
up. Without filtering out these non-piezoelectric couplings, it is difficult to obtain quantitative values of

piezoelectric properties.
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Electromechanical coupling

— Intrinsic processes — ~ Extrinsic processes —

Piezoelectricity Electrochemical effect
(ferroelectricity) (ion migration)

Electrostriction Electrostatic effect

Flexoelectricity

Figure 2. Diagram of electromechanical coupling phenomena with the intrinsic and extrinsic processes.*

In order to elucidate the true piezoelectricity of biomaterials, the relationship between polar
domains and piezoelectric properties should be identified since the arrangement of polar domains govern
the piezoelectricity. Fig. 3 shows the schematics of this relationship. The piezoelectricity can be
maximized in the geometry where polar domains (arrows) are arranged in a parallel manner; however, it
can be minimized or cancelled due to the symmetry cancellation when the polar domains are arranged in
random or anti-parallel. Even though individual CNCs are predicted to have the piezoelectric properties,
the piezoelectric behavior cannot be seen in a macroscopic scale if they are arranged in random or anti-

parallel. Therefore, an effective method to align the CNCs in parallel is required to identify their

piezoelectricity. Itis a challenging task since random or anti-parallel arrangements are entropically more

favorable than the ordered geometry. Also, many land plants have been studied to have anti-parllel or

random arrangement; no clear evidence of parallel arrangement of cellulose crystals in natural samples or

engineered composites have not been reported, yet.*

(a) (b) (c)
1ttt . Z7Ve 1t}
1111 OO I 1 E

parallel random anti-parallel
polarity (+) polarity (+0)
Piezoelectricity (+) Piezoelectricity (+0)

Figure 3. Relationship between polar ordering and net piezoelectricity. The ping arrows represent
orientations of individual polar domains. (a) A net piezoelectricity can exist when the polarity is added
from parallel arrangements. In the (b) random and (c) anti-parallel arrangements of the polar domains, the
polarity as well as piezoelectricity become zero due to symmetric cancellations.t
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We published the review article reporting these issues in previous literature, covering not only
cellulose, but also other biomaterials such as structural proteins.! Possible mechanisms, molecular origins
and suggestions for a proper investigation of piezoelectricity of the biomaterials are covered. The review
article will provide technical guidelines for future studies of piezoelectric composite materials with

biologically-derived components.

2. Selective detection of polar domains of cellulose using vibrational SFG spectroscopy

In order to identify the relationship between polarity and piezoelectricity of CNCs, a clear evidence
of polar ordering is required. Even though it is one of the most important parameters for investigating
piezoelectric properties, the physical evidence of polar ordering has been missing in previous literature. It
is mainly because polarization of biomaterials is typically weak and obstacle exists for conventional
techniques due to surrounding components. In order to overcome these obstacles, we employed vibrational
SFG spectroscopy, and proved its capability of selectively characterizing polar ordering of CNCs.

SFG is a nonlinear optical process, which uses two photons with different frequencies - typically
one visible and one IR - and detects the sum frequency of two. The SFG intensity (Iskc) is proportional to
the square of second order susceptibility (x®), intensity of visible (lvis) and IR (lir).

Isrg o |x@P? - g - Ivis 1) P=e0 (YWE + yPE? + ...) 2
The @ relates the polarization of material (P) and electric field (E) as shown in eq 2. It is a third rank
tensor and it is non zero only in non-centrosymmetric media; it is zero for all centrosymmetric or random

media. This nature of ¥® makes SFG such a strong technique to detect polar domains.

2.1. Probing polarization of piezoelectric P(VDF-TrFE) using SFG

As a proof-of-concept, we first identified the ability of SFG to quantify the polarization of
ferroelectric polymer, P(VDF-TrFE). In this study, we proved that the SFG intensity is proportional to the
polarization of P(VDF-TrFE) upon poling.2 All ferroelectric materials are also piezoelectric, and they have
a spontaneous electric polarization which can be reversed by applying electric field.*® In p-phase
crystalline P(VDF-TrFE) (all-trans), the parallel alignment of PVDF chains adds up polarity of unit cells
originated from a strong dipole (-CF2-), and this makes it ferroelectric.*® Before poling, the direction of
polarization among neighboring domains is random; thus, the P(VDF-TrFE) film does not have a net
polarization, piezoelectricity nor SFG signal. Upon poling, the -CF»- dipoles rotate along the electric field,

and it produces non-zero polarization.** This also gives rise to the SFG signal as -CHa- groups are aligned.

8
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Fig. 4d plots the SFG spectra of the PVDF-TrFE film measured in situ while the applied electric field
varies continuously at 10 mHz rate. Fig. 4c shows the total SFG peak area versus electric field plot (IsFc-
E) and the polarization hysteresis (P-E) curve. It can be clearly seen that Iskc is proportional to the square
of polarization. This result shows that SFG can quantitatively probe the polar ordering of piezoelectric

polymers by tracing the intensity of certain dipole transitions.?

(a) (€) I¢pg  [Polarization]? (d)
oH [** |[o® : —
) )
oF oo =
ecC oo %0 B ® |
A I VA
P(VDF-TrFE) £ 5 L 3 E-field (MV/m)
8 ‘_tE ‘ é./’/ 1\-100 -
(b) e ® g s
SFG IR R R JE R 22 z
g ¢ E e | —— P S§E s A T &
) 3 . Ly B E
W WA FE-field o N PEL @ o
NANARARA? o 15E%s e
Wl X 0 2% 50 2
AN c j -
INAAANANAY 2
) . 8 26
E-field polling 5
ferroelectric domains S sl i : : ] oO—nv
100 -50 0 50 100 2900 2950 3000 3050 3100
E field (MV/m) Wavenumber (cm’™)

Figure 4. Schematic illustrations of (a) P(VDF-TrFE) repeating units and (b) in-situ SFG measurement
of the electric field-induced polling process of P(VDF-TrFE). (c) SFG intensity (Isrc)—E and polarization
(P)—E hysteresis curves obtained during the poling process. (d) SFG spectra measured at selected electric
fields. Two peaks at 2973 and 3016 cm™ are assigned to the stretch modes, d* and d~ of the CH2 group,
respectively.? In Iseg—E plot, Isec (Symbol) is obtained from the total area of both symmetric (d*, 2973
cm™) and asymmetric (d”, 3016 cm™) SFG signals. In P—E plot, the P>—E curve is shown for the
comparison with Isrg—E curve. The poling and depoling cycles are shown in red and blue colors,
respectively.

It is important to note that cellulose has much more complicated structure compared to PVDF.
PVDF is a linear straight-chain of (C2H2-C2F2) monomers and cellulose is a linear chain of B-linked D-
glucose with ring-form units (CsH100s). In the B-phase PVDF crystals, the strong net dipole is formed
from (-CF2-) aligned along one direction, but in cellulose I crystals, the dipoles of hydroxyl groups are
aligned in multiple directions. More importantly, cellulose is not ferroelectric, which means that the
orientation of dipoles cannot be switched or reversed by applying electric field.! Thus, more systematical
approach for the SFG-polar ordering analysis is required for CNCs.

9
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2.2. Characterization of polarity of cellulose using SFG

The polar ordering of cellulose can be identified by analyzing SFG peaks of C-H and O-H
stretching modes. Lee et al. obtained the TD-DFT calculations of SFG signal dependence on parallel
versus anti-parallel cellulose packing as shown in Fig. 5.42 Fig. 5a shows the schematic of truncated
cellulose IB dimeric units used in the TD-DFT calculations. Glucose dimers represent a single crystalline
domain, and two crystallites were stacked along a-axis for the parallel case. For the anti-parallel case, one
of the two crystallites is rotated around the Z-axis as shown in Fig. 5b. The simulated SFG spectrum for
the parallel case shows that the O-H peaks are much stronger than the C-H peaks as shown in Fig. 5¢c. On
the other hand, the anti-parallel case shows that the overall SFG intensity is much smaller than the parallel
case, and the C-H peaks are stronger than the O-H peaks as shown in Fig. 5d. These differences are
attributed to the symmetry cancellation of O-H vibrational modes within the SFG coherence length. The
dipole transitions of the O-H group are much more sensitive to the polarity of cellulose compared with
the C-H groups. In the anti-parallel case, the O-H dipoles point the opposite directions between two
neighboring chains such that ¥ of O-H components are substantially cancelled within the coherence
length. The experimental SFG measurement accords with the simulated results as the cellulose Ip (parallel

chain packing) appears much higher O-H/C-H peak ratios than cellulose 11 (anti-parallel packing).*®
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Figure 5. Computational models and simulated SFG spectra of cellulose If achieved by TD-DFT
calculations. (a) Top view of the single crystalline domain modeled with truncated dimers (b) Side-view
of the two domains stacked in parallel and anti-parallel manner. Simulated SFG spectra at the ssp
polarization combination (s-polarized SFG, s-polarized 800 nm laser, p-polarized IR) for crystallites
packed in (c) parallel and (d) anti-parallel manner, respectively. In the laboratory frame, the laser incident
plane lies in the XZ plane; the p-polarization has electric fields in the X and Z directions, while the s-
polarization has an electric field in the Y direction which is parallel to the b-axis.*?

2.3. Investigation of polar ordering and dielectric properties of EAPap

EAPap, which was invented by Jaehwan Kim’s group, has been reported to have strong
electromechanical responses in the literature.!* 16 445 Among cellulose-based materials, the reported
piezoelectric coefficients of EAPap have been the highest in the previous literature.®® In this project, we
investigated the polarity and dielectric properties of EAPap in order to the address its origin of such a
strong electromechanical responses.

EAPap is composed of cellulose Il crystallites, which have the anti-parallel arrangement of
cellulose chains.* 164446 As e discussed, due to the anti-parallel arrangement in the cellulose I crysatl,*
the piezoelectricity and polarity should be very small or almost zero. Fig. 6a shows the evidence of
negligible net polarity from hydroxyl (O-H) groups in the anti-parallel arrangement of cellulose chains in
EAPap. The arrangement of hydroxyl groups is actually very important to explain piezoelectricity because
they are the most probable origin of piezoelectricity of cellulose.*” The SFG spectrum of Avicel with
cellulose IP crystals (parallel arrangement) is included for the comparison. In cellulose If crystals, the
chains are arranged in parallel such that the SFG signal from hydroxyl groups (3200 — 3500 cm™) is almost
comparable to the signal from CH/CH: groups (2800 — 3000 cm™). On the other hand, the SFG signal
from hydroxyl groups of EAPap is zero (below the noise level of the background) because they are aligned
in anti-parallel fashion within the SFG coherence length. This SFG result shows that there is no net polar
ordering from hydroxyl groups in both cellulose Il crystals and non-crystalline domains of EAPap. Given
the anti-parallel arrangement of domains, the piezoelectricity should be reduced, and thus we expect that
the piezoelectricity of EAPap is extremely small, if not zero.

Fig. 6b shows the dielectric loss as a function of frequency. Although the behavior of the dielectric
loss at higher frequencies is typical, at the lower frequencies (f < 1 Hz), there is a marked increase in the
loss, which shows a clear dependence on f %, indicating ionic conduction. EAPap samples still have
residual ions even after rigorous rinsing and drying processes. Even small quantities of ionic residues in

EAPap can generate a large deformation under electric field because of ion migration, and it could have a
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large contribution in the converse piezoelectric measurements. The presence of ions can also affect the
direct piezoelectric measurement as mechanical bending can induce migration of ions from the
compressed regions to expanded regions.*® Therefore, without ruling out the response of ions in EAPap,

the observed electromechanical coupling effects cannot be attributed to piezoelectricity.
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Figure 6. (a) Normalized spp-SFG spectrum of Avicel (cellulose If) and EAPap (cellulose Il + non-
crystalline cellulose). (b) Dielectric loss of EAPap as a function of frequency. The same data in log scale
with the linear fitting is included as the inset.

Reviewing previous literatures and investigating the most well-known piezoelectric composite
(EAPap), we concluded that the piezoelectric values in the literature should be not solely from true
piezoelectricity, but mostly from other intrinsic and extrinsic electromechanical couplings. In order to
investigate further, whether structural orderings can induce the polar ordering of CNCs, we first tested the
dispersion of CNCs in organic solvents and polymer matrix (section 3), and then identified their

translational and rotational behaviors under external fields/forces (section 4).

3. Dispersion of individual CNCs in an organic solvent and polymer matrix

It is important to disperse individual CNCs in an organic solvent to test electric-field induced polar
ordering as well as make a uniform CNC-polymer composite. Aggregated CNCs disturb a control of their
polar ordering under external field/force and make characterization steps very difficult. In order to resolve
the aggregation issue, we tested the dispersion of CNCs in polar and non-polar organic solvents.

The dynamic light scattering (DLS) results show that CNCs are aggregated in non-polar organic
solvents such as THF and toluene (Fig. 7a). On the other hand, CNCs are well-dispersed in water and

polar organic solvents such as DMF, ethanol and NMF; this was supported by the fact that the
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hydrodynamic particle size of individual CNCs does not change significantly in these solvents
(hydrodynamic diameter peaks of 40-80 nm). In pure ethanol, CNCs were measured to have a bit bigger
size distribution (peak at 80 nm); however, we confirmed that most crystals are individually dispersed,
from atomic force microscopy (AFM) images of the CNCs deposited on a solid substrate. With a small
amount of the water content (5 wt%), most of the CNCs are also individually dispersed in DMF. It is also
confirmed that CNCs are dispersed well in NMF. The main reason for this difference in particle size
distributions of CNCs in polar and non-polar organic solvents is due to the lack of electrostatic repulsion
between CNCs in non-polar solvents.

Additionally, we attempted the coating of cationic dimethyldioctadecylammonium bromide
(DODA) and sorbitan monostearate (SorM) surfactants on CNCs to evaluate how the adsorbed surfactants
can assist the dispersion of CNCs in non-polar solvents. Fig. 7b and Fig. 7c show the results of particle
size analysis after coating the surfactants on CNCs in water (polar) and toluene (non-polar). For the case
of SorM coated CNCs in water, huge aggregations occurred that we could not even measure the size of
particles with the DLS technique. As shown in Fig. 7b, coating the cationic surfactant (DODA) onto CNCs
causes partial aggregation at a low concentration (0.001 wt%) of DODA, and severe aggregation at a
higher concentration (0.003 wt%) of DODA. Also, coating DODA and non-ionic surfactant (SorM) on
CNCs in toluene causes the aggregation of CNCs as shown in Fig 7c. Heux et al reported a good dispersion
of CNCs in non-polar solvents by coating with certain surfactants*®-%; however, they showed only optical
images and turbidity of the solutions, which just provide an evidence of macroscopic dispersions of CNCs.

Through these tests, we concluded that cationic and non-ionic surfactants can make CNCs still aggregate
in water and toluene.

(a) 40'CNC in (b) 40 CNC(0.1wt%)+DODA(0.001wi%) in water (C) 50 CNC(0.1wt%) +DODA(0.05wt%) in Toluene
' —'—g’}"‘"'f {55"":0;"' waler) CNC(0.1wt%)+DODA(0.003w1%) in water CNC(0.1wi%) + SorM(0.05 wt%) in Toluene
~ 30} T oeowth waten ~ 30| CNC(0.1Wt%)+DODA(0.01wt%) in water .40
3“:‘}“ —s—Ethanol é &
o | —=—Water o Py 30
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3 | N 3 320
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Figure 7. Particle size analysis of CNCs in various solvents by using DLS. (a) Hydrodynamic diameter
of bare CNCs in water, polar organic solvents (DMF, ethanol, NMF) and non-polar organic solvents (THF,

toluene). (b) CNCs with various concentrations of DODA in water. (¢) CNCs coated with DODA and
SorM in toluene.
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After the solvent exchange from water to DMF+PVAC followed by evaporation of DMF and
curing PVAC, we successfully processed a composite in which isolated CNCs are embedded in the PVAC
matrix as shown in Fig. 8. There are other polymers commercially available which can be dissolved in
polar organic solvents such as polyurethane and polyacrylonitrile. Through the solvent exchange and
curing process, individual CNCs would be embedded in such polymers, too. Aligned CNCs inside a fluidic
state can be fixed by solidifying the polymer matrix. The main challenge here is to find optimal conditions

of external forces to align CNCs in parallel in a liquid medium.

CNCs in PVAC (10 wt%) | —

Figure 8. Scanning electron microscopy (SEM) image of embedded CNCs in PVAC. The scale bar is 100
nm.

4, Understanding translational and rotational behaviors of CNCs under external
fields/forces

4.1. Translational and rotational behavior of CNCs under electric field

CNCs have a net dipole and anisotropic polarizability that they have been expected to be aligned
along the applied electric field.** 53 We tested the efficacy of the electric field-induced alignments of
CNCs using the method which was introduced earlier by Csoka et al as shown in Fig. 9a.1% ! The bottom
fused quartz is coated with a cationic polyethylenimine in order to deposit negatively charged CNCs. To
avoid electrolysis on the electrodes, ethanol was used as a liquid medium instead of water. A small drop
of the ethanol solution containing CNCs is placed between a tilted glass slide and a fused quartz with
coated electrodes. The tilted glass slide is dragged at a constant speed while the electric field is applied.
This method deposits CNCs between the electrodes as a thin layer (around 50 nm). The orientation of
CNCs under electric field is expected to be fixed as the solvent evaporates.

Under an AC electric field, locally aligned but inhomogeneous patches of CNCs appeared as
shown in Fig. 9b. Some regions showed the aligned CNCs along the AC field, but other regions showed
the aligned CNCs along the glass sliding direction (perpendicular to the electric field). A dragging force
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from the glass sliding could align the long axis of CNCs along the sliding axis. It was reported in literature
that cellulose IB crystals have a strong polarizability that they can be aligned along the AC electric field.>!
The rotational torque from glass sliding (mechanical) and AC electric field (electrical) are acting on CNCs
at the same time, and locally different orientations of CNCs are appeared. Habibi et al theoretically
calculated the optimal AC field condition to align CNCs, and showed experimental results of aligned
CNCs along the field.>> > Csoka et al reported the increased piezoelectric properties of CNCs aligned
under AC fields.! However, they did not provide any evidence of polar ordering in prepared samples,
which makes it difficult to believe that the applied AC field indeed induces the parallel alignment (one
direction) of CNCs. With only AFM or SEM images, it is not possible or conclusive to tell if the aligned
CNC:s are parallel or anti-parallel since they have a symmetric appearance. Under DC electric field (50%
duration pulse), negatively charged CNCs are mostly moved toward the positive electrode as shown in
Fig. 9c. Other conditions of DC field: 5 /250 um at 1 MHz, 10 /250 pum at 100 Hz were tried, and they
also showed the translation of CNCs toward the positive electrode. These results show that the

electrophoretic translation is much more dominant over the electric rotation of CNCs.

(a) Glass sliding (()WXoW . % . 1location
Voltage supply | Syringe CNCs aI?"g E-flelcl
DC or AC // k\,z Ll I,
L [ /
Al electrode

Fused quartz

Figure 9. (a) The glass sliding method for testing AC and DC electric field induced alignments of CNCs.
CNCs in ethanol (1wt%) is dropped on the fused quartz with coated Al electrodes. The flat glass is dragged
along the long axis of electrodes at a constant rate while AC or DC electric field is applied. (b) AFM
images of locally aligned CNCs along the applied AC (20 V/500 um, 2 kHz) electric field and along the
glass sliding axis. (c) AFM images of CNCs around 20 pum from the positive and ground electrodes after
DC pulse (+10 V/250 um, 10 Hz, 50% duration) is applied. White arrows in (b) and (c) represent the
direction of glass sliding. The white scale bars are 1 um.
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In order to test the polar ordering of CNCs under a DC electric field, electrophoretic deposition
(EPD) method was employed as shown in Fig 10a. In this method, a DC electric field is applied on CNCs
in DMF using two electrodes, which translate negatively-charged CNCs onto the positive electrode. Fig.
10b shows the cross-polarized microscopy (CPLM) images of CNCs deposited on the ITO electrode at
various DC field conditions. Without applying the DC field, no birefringence appeared. Increasing the
field magnitude and time, clear birefringence appeared, which originates from the lateral packing (Fig.
10c) of CNCs. The translated CNCs under DC filed are laterally packed on the positive electrode due to
the high aspect ratio (~19) of CNCs. We initially expected that EPD-CNC films have some degree of
parallel alignment along the short axes of CNCs due to their net dipole moment; however, the SFG
investigation showed that the laterally packed CNCs have an anti-parallel arrangement in overall (Fig.
10d). The SFG ratio of OH/CH of the EPD-CNC is much less than that of the randomly arranged CNCs.
This means that the polarity of hydroxyl groups in the EPD-CNC is much less than the randomly arranged

case because the CNCs are arranged in anti-parallel manner.
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Figure 10. (a) Schematics of EPD for CNCs under DC electric field. (b) CPLM images of the EPD-CNC
films on ITO substrates under the given DC electric field conditions. The white scale bars are 50 um. Non-
polarized optical images are included as insets on the bottom left. The red scale bars are 3 mm. (c) AFM
images of the EPD-CNC film in two different locations. The white scale bars are 1 um. (d) SFG spectrum
of EPD-CNC IB film with the anti-parallel packing and randomly oriented CNC I pellet.>®

The investigation of translational and rotational behaviors of CNCs under electric field concludes
that the effect of surface charge is dominant over the effect of net dipole in a liquid medium where CNCs
can freely rotate. Therefore, it is critical to decrease the surface effect in order to see the polar ordering.
The electrophoretic translation can be induced by the surface charge whereas the electric rotation can be
induced by the permanent dipole moment. CNCs have a negative surface charge (zeta potential: -52 mV)
from the sulfuric acid-hydrolysis reactions. This surface charge induces the electrophoretic translation
under DC field.>® The surface charge is actually required to maintain a good dispersion stability in a liquid
media; otherwise, they would aggregate. There is an alternative hydrolysis process which uses HCI,
instead of H2SOs; but, CNCs extracted in this method have very poor dispersion stability and they
aggregate easily that further processing becomes very difficult. Bruno et al reported that CNC If, which
was used in our study, has a strong permanent dipole moment with which CNCs can rotate under electric
field.>® However, our investigation proved that the rotational torque of the dipole of CNC bulk under

electric field is much smaller than the electrophoretic translational force due to the surface charge.

4.2. Chiral nematic phase formation of CNCs under magnetic field

We investigated the chiral nematic order of CNCs in DI H2O and a polar organic solvent, n-
methylformamide (NMF), with and without a H field (0.7 T). The effects of CNC content, solvent, and
H-field application were monitored, in situ, with small angle x-ray scattering (SAXS). Three contents
were prepared in DI H20 and, NMF: 6, 8 and 10 wt%. For the solvent exchange, a 100 g of 10 wt% CNC-
H>0 solution was diluted by adding 100 g NMF. The CNCs were then dispersed in the diluted solution
using high power sonication. The water was removed by distillation at 50 °C at reduced pressure, 50 mbar,
using a rotary evaporator. This procedure is used to ensure good dispersion of the CNC in the solvent at
all times and avoid agglomerations that can happen when centrifuging is used for solvent exchange. The
CNC content in the final solution in NMF was measured by drying small aliquots and measuring the
weights before and after drying. The average of the CNC-NMF contents ranged from 9.4 to 9.8 wt%,

indicating that traces of H.O remained in the solution. For the sake of simplicity, the resulting solutions
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of the solvent exchange experiment will be referred to as 10 wt% CNC-NMF. SAXS data were collected
using a XENOCS Xeuss 2.0 with a Cu Ka source (wavelength A=1.54189 A) with high-resolution
collimation. Prior to all runs, AgB samples were used to calibrate the sample-detector distance. Prior to
the SAXS runs, the CNC suspensions were sonicated and then injected into 1.5 mm capillary tubes. Epoxy
was used to seal the tubes to avoid evaporation while under vacuum in the chamber. For measurements
without magnetic field, three samples were placed in a multi-sample holder at a 2.5m distance from the
detector. For measurements under magnetic field, a setup was built using two NdFeB N52 1 inch-diameter
permanent magnets separated at a constant distance of 4 mm, generating a 0.7 T magnetic field. The
capillary tube was placed at the center of the gap to be subjected to the strongest generated magnetic field.

Fig 11. shows a schematic of the in-situ SAXS measurement under magnetic field.

Figure 11. Schematic of the in-situ SAXS measurement under magnetic field: CNC suspensions loaded
into a capillary (// z-axis) centered between permanent magnets. The X-ray beam (// y-axis) probes
orthogonal to the magnetic field direction (// x-axis). Anisotropic scattering is collected on an area detector
on xz-plane.

In the chiral nematic phase, the 2D scattering of CNCs takes an oval shape with the long axis close
to the horizontal direction, indicating that the CNCs are aligned mainly along the vertical direction,
parallel to the capillary tube length axis. This indicates that the overall direction of the CNCs is imposed
by the geometrical constraints imposed by the capillary tube on the CNC rods in suspension.>’~*® When
the magnetic field is applied, the CNCs tend to align with their long axis perpendicular to the magnetic
field due to their negative diamagnetic anisotropyz.>® In this work, the magnetic field is applied
perpendicular to the capillary tube, as shown in Fig. 11. Thus, it is expected that the magnetic field will

further enhance the alignment of the CNC long axis parallel to the capillary length. The CNC ordering
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was assessed by the anisotropic order parameter (S) computed by fitting the azimuthal profile I(y) at qo,
where Qo is the scattering variable for the first peak in Kratky plot, which corresponds to the interparticle
distance. Following the procedure detailed in the literature®, the azimuthal intensity at qo, is fitted to Eq
(3), C is ascaling constant, y is the angle that varies from 0 to /2, yo is the alignment direction, and 7 is
an ad hoc order parameter that varies from 0 (fully isotropic) and 1 (fully anisotropic).

C(1—n?)
(1 +n)? = 4ncos?(x — xo)

100 = (3)

And if the orientation distribution is known, the orientation order parameter S is computed using Eq (4):

T 3y _
[ D Ea S £ Lsiny'dy’
§= 77 — (4)
Jo "2 fGsiny'dx

where f(y) is the orientation distribution, the function I(y) listed in Eq (3), is a good representation of the
orientation distribution. The substitution y’= #/2-y is required because y is defined with respect to g axis,
while »’ is defined with respect to the gx axis. Following this definition, an isotropic distribution would
lead to S=0, while a perfect alignment parallel to the director would have S=1. Using the same definition,
S=-0.5 for a perfect antialignment, where all the CNC rods are perpendicular to the director, but they have
different orientations within the plane orthogonal to the director. Fig. 12 shows examples of 2D scattering
intensity and the corresponding azimuthal profiles with fitting curves. The 2D scatterings and the
azithumul profiles reveal a more well-defined anisotropy in H20 (S = -0.49) than in NMF (S = -0.20).

i CNC—NMF ‘ i 200 CNC-H,O
Exp $=-020 | - Be v §=-0.49.
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Figure 12. 2D SAXS scattering intensity under magnetic field and the azithumul profiles at qo with fitting
curves of 6wt% CNC-NMF and 6wt% CNC-H-O.

Fig. 13 shows the anisotropic order parameter (S) computed from the final sets of data collected

for all CNCs suspensions, with and without magnetic field. Overall, the CNC-H2O suspensions show
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higher degrees of anisotropic alignment (larger absolute values in S) than the CNC-NMF suspensions. In
the absence of the magnetic field, the magnitude of S for the CNC-H2O suspensions increases slightly
from 0.15 to 0.19 as the CNCs content increased from 6 to 8 wt% loading, then plateaus with 10 wt%
CNC loading. With NMF as the solvent, the magnitude of S increases from 0.03 to 0.13 when the CNCs
content increases from 6 to 8 wt%, then it decreases to 0.02 at 10 wt% CNC loading. The application of
the magnetic field (0.7 T) significantly enhances the degree of anisotropic alignment. In H.O suspensions,
the magnitude of S is the highest (0.497) with 6 wt% CNC loading. The order parameter then decreases
to 0.42 and 0.27 at 8 and 10 wt%, respectively. With NMF as the solvent, the order parameter has the
same non-monotonic trend observed without magnetic field. The maximum order is achieved at 8 wt%

CNC content (S =-0.26).
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Figure 13. Computed anisotropic order parameter S from the final sets of measurements (after ~20hrs),
with and without magnetic field for all the chiral nematic phases of the CNCs suspensions.

The CNCs chiral nematic contents in both solvents with the highest order achieved, 6.7 and 8 wt%
in H.O and NMF, respectively, were selected to be further investigated by transferring the order from the
liquid to the solid state by evaporating the solvent under a strong magnetic field, 4 T. The suspensions
were first sonicated, using a higher power sonication at 40% power, to disperse the CNCs. Control samples
were prepared by pouring the solutions in petri dishes, left at room temperature for 2 hours, then placed
in oven at 50°C for 16 hours. Films made with NMF required another 6 hours at 60 °C to dry. The films
dried under magnetic field were prepared as follows: Keep samples under 4 T for 2 hours at room
temperature, then apply 50 °C temperature while the magnetic field is kept on for 18 hours. All the samples,

control and H-dried, were placed under vacuum at 60 °C for 10 hours to remove any residual solvent.
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Fig. 14 shows scanning electron microscopy (SEM) images of the films cross-sections where an
enhancement of the CNCs alignment in films dried under magnetic field is visually confirmed. The SEMs
of control samples show some planar order as the CNCs formed layers of chiral nematic tactoids. The
planar configuration of the CNCs in the dried film is influenced by the geometrical constraints presented
by the sample dimensions, where the thickness is much smaller than its width and length, and the fact that
it was decreasing gradually as the solvent slowly evaporated.®® The 2-hour holding at room temperature
before drying the samples allowed the CNCs to self-assembly into an anisotropic phase. And the slow
drying at the relatively low temperature, 50 °C, kept the CNCs self-assembly stable as the solvent
gradually evaporated. The samples dried under 4 T have better defined layers as can be seen in Fig. 14,
indicating that the magnetic field enhanced the packing of CNCs, compared to the control samples.

(a) CNC-H,0

L

(6) CNC-1L,0 ~{dy ENC-NMF

Figure 14. (a) SEM images and (b) sps-SFG spectrum of dried CNC films from NMF with and without
AT applied during the drying process.

The type of the CNC order, parallel vs. antiparallel, was investigated using SFG, which is a strong
tool to investigate the polar ordering.? A previous study established that the OH/CH ratio of the signal
collected by SFG can be used to distinguish between parallel and anti-parallel packing of CNCs. CH
vibrational modes are mostly normal to the cellulose sheet, whereas OH vibrational modes are mostly
within the cellulose sheets. Thus, OH vibrational modes are more sensitive to the parallel and antiparallel
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packing of CNCs. When the CNCs are arranged in an anti-parallel packing, the OH vibrations contribution
to the SFG signal would cancel out.%? In the SFG measurements, cross-section of the dried CNCs films
were placed on the sample stage in a way that IR polarization (s) is perpendicular to the applied 4 T as
shown in the schematic in Fig. 15a. The collected SFG spectra were normalized with respect to the peak
at 2944 cm, which is attributed to CH, asymmetric stretching mode of CNC, and they are shown in Fig.
15(c) and (d). The peak between 3250-3400 cm™, which corresponds to the OH/CH peak ratio, decreased
in the 4 T-dried samples compared to the control samples. Fig. 15b shows a comparison of the integrated-
intensity ratios of OH/CH stretching modes between the control and 4 T-dried samples. The decrease in
the OH/CH ratio in the aligned samples indicates a strong antiparallel packing of the CNCs when dried
under the magnetic field. The 4 T magnetic field orders the chiral nematic tactoids that form due to the

CNCs self-assembly in the samples at a local level, to achieve a global order in the resulting dried film.
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Figure 15. (a) Schematics of SFG (sps, s-polarized SFG, p-polarized 800 nm, s-polarized IR)
spectroscopic measurement on the chiral nematic CNC If films in a transmission mode. Total 4 CNC I8
films were measured: evaporated NMF with and without magnetic field (4T), and evaporated water with
and without magnetic field (4T). The films were placed as applied 4T during the evaporation of solvents
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is along the incidence plane (IP) and the SFG sample stage. (b) The integrated-intensity ratio of OH (3250-
3400 cm™) over CH (2850-3000 cm™) and (c, d) full SFG spectrum of 4 different CNC Ip films. The SFG
signals are averaged from 5-8 different locations (standard deviations with sky blue and pink bands) on
each film. The intensity of SFG (lsrc) is divided by the intensity of 800 nm (lsoonm) and IR (lir) beams,
and then normalized by the signal at 2944 cm*

4.3. Nematic phase (anti-parallel) formation of CNCs at the air/water interface

It is proven that structural ordering does not necessarily induce the polar ordering of CNCs in this
study. Compression-induced lateral packing of CNCs at the air/water interface was made using LB method,
and their polar ordering analysis was performed using in-situ SFG as shown in Fig. 16a. Since extracted
CNCs through a sulfuric acid hydrolysis has a negative surface charge on their surfaces, they are well-
dispersed in water. Cationic surfactants like DODA are necessary to attract CNCs to the air/water
interface.52-%3 The deposited CNCs on a fused quartz substrate showed 8-9 nm thickness, which proves a
monolayer formation of CNCs at the interface. Fig. 16d shows the deposited DODA/CNC on the fused
quartz substrates at different surface pressures (SPs). In the expanded region, randomly oriented CNCs
are appeared inhomogeneously on the substrate. Compressions to ImN/m and 10 mN/m make them more
uniformly covered on the substrates, but still randomly arranged. Further compressions to 30-50 mN/m

laterally pack CNCs.*
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Figure 16. (a) Schematic illustration of the in-situ psp-SFG measurement of CNC and DODA at the
air/water interface. Laser beams of 532 nm (VIS) and tunable infrared (IR) are overlapped on the sample
surface and the photon whose energy is the sum of two input photons (SFG) is detected. (b) Compression
isotherm profile (black line; right axis) and normalized SFG intensity (Isrc/ lvis - lir; left axis) of the
CH/CH; peak of CNC at 2944 cm™ (green) and the OH peak of CNC at 3338 cm™ (red) as a function of
projected MMA of DODA. (c) Schematic illustration of CNC packings at the expanded and compressed
states (top view, xy-plane). (d) AFM images of the CNCs deposited at gaseous phase (0.5 mN/m), liquid
phase (1, 10 mN/m) and solid phase (30, 50 mN/m). 2D-fast Fourier transform (FFT) of CNCs were
included as insets. The arrows represent pulling directions of the fused quartz substrates from LB trough
for the deposition. The white scale bars are 1 um.*

Through the in-situ psp-SFG measurement on the DODA/CNC at air/water interface, polar
ordering of CNCs was selectively monitored as shown in Fig. 16b; the psp-SFG measurement is sensitivity
to only chiral species.® SFG intensities at two specific wavenumbers (3338 cm™ for OH stretching mode
and 2944 cm™ for CH/CH, stretching mode) were measured. While the CH/CH. peak increases
monotonically during the compression, the OH peak at 3338 cm™ is increased until the SP reaches 40
mN/m, and then decreased by further compression.* In our previous SFG investigations, when CNCs are
uniaxially packed with statistically equal probabilities toward opposite directions, the OH modes increases,
and then decreases as the inter-particle distance from the value larger than SFG coherence length (30-40
nm in this case) to the value smaller than the coherence length.*>®® This is mainly due to the symmetry
cancellation of SFG signal from OH stretching modes between neighboring CNCs in the anti-parallel
arrangement.*? This symmetry cancellation effect does not appear for the CH/CH2 modes because there is
a rotational freedom during the compression. This result shows that lateral packing of CNCs can be made

under compression, but it cannot induce the polar ordering of CNCs.

4.4. Anti-parallel alignment of CNCs in a polymer matrix under mechanical stretching

In this study, we proved that a mechanical stretching also induces the anti-parallel alignment of
CNCs, which would decrease the net piezoelectric properties. Extracted I3 CNCs were embedded in
polyacrylonitrile (PAN) matrix as 20wt%, and mechanically stretched by gel spinning.®® The samples
were prepared in Prof. Satish Kumar’s group at Georgia Tech. Fig. 17a shows the schematic illustration.
Anti-parallel alignment of CNCs should be entropically more favorable than parallel alignment by
mechanical stretching of randomly oriented sample. This principle is proved by Wide-angle X-ray
diffraction (WAXD) and SFG results as shown in Fig. 17b and 17c. The WAXD measurement of the 20wt%
CNC in PAN film show isotropic ordering as full circles appear. On the other hand, the XRD feature of
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uniaxial arrangement is observed after the gel-spinning. Lower OH/CH peak ratios of SFG signal in Fig.
17c clearly shows that the polarity of hydroxyl groups in the uniaxial arrangement is much less than the
random arrangement. This decreased polarity of hydroxyl groups is induced by the anti-parallel
arrangement of CNCs; if they are arranged in parallel, the OH/CH peak ratio should increase (Fig. 5).42
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Figure 17. (a) Schematics of uniaxial, but anti-parallel arrangement (entropy increases, AS >0) of particles

by mechanical stretching. (b) WAXD patterns of PAN/CNC 20wt% film (random) and stretched fiber
(uniaxial). (c) SFG spectrum of the PAN/CNC film (random, blue) and stretched PAN/CNC fiber (anti-
parallel, red).

5. Construction of nano-building blocks of CNCs with uniaxial alignment using LB
deposition and investigation of their optical and frictional anisotropic properties

In this project, an effective method of structuring CNCs from a monolayer to multiple layers with
the uniaxial alignment was developed using the LB deposition. Using the uniaxially aligned CNCs film,
their optical and frictional anisotropic properties were also investigated. Two different orientations of
fused quartz substrates in the vertical deposition were compared as shown in Fig. 18. When cationic
DODA molecules are floating on the surface of water, negatively charged CNC are attracted to the
air/DODA/water interface due to the electrostatic attraction.®?% When the substrate is perpendicular to
the compressed barriers, the long axes of CNCs are aligned along the pulling direction (pink arrow) as
shown in Fig. 18a. On the other hand, non-homogeneous arrangement of CNCs was observed as shown
in Fig. 18b.
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Figure 18. Comparison of the alignment of CNCs in two different orientations of substrates with respect
to the barriers. The fused quartz substrate is (a) perpendicular and (b) parallel to the compressed barriers,
respectively. AFM images of the deposited DODA/CNC monolayer on the substrates at 60 mN/m in case
(a) and case (b). The pink arrows represent the pulling direction. The scale bars represent 1 um.’

This difference between case (a) and case (b) originates from the flow-induced alignment of CNCs
during the LB deposition. Before the pulling substrates, long axes of CNCs should be aligned along the
barriers on the water surface. During the vertical pulling of the substrate, the flow-induced alignment of
CNCs improves the compression-induced alignment in case (a) as the minimum drag force is applied
when long CNCs are along the pulling direction at the water meniscus on substrate. However, it decreases
in case (b) as a larger drag force is applied along the short axes of CNCs, which can reorient CNCs during
the pulling deposition. This method can be used to prepare multiple layers of uniaxial CNCs. A slight
decrease of anisotropic ordering was observed as the number of layers increases due to the topographic
roughness.

The optical and frictional anisotropic properties of CNCs were obtained from the uniaxially
aligned monolayer of DODA/CNC as shown in Fig. 19.” The spectroscopic ellipsometry results in Fig.
19b shows that the effective refractive index along the long axis of CNCs (nl) is higher than that of short

axis of CNCs (n.L1). The refractive index and birefringence of this this film is within the range previously
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reported for cellulose.®”®° This also proves that the uniaxial alignment of CNCs on the fused quartz
substrate has macroscopic homogeneity as the probing region of ellipsometric measurement is few-mm
scale. The uniaxial alignment of CNC in the LB monolayer induces an anisotropy in the friction test using
AFM as shown in Fig. 19c. The nanoscale friction measurement was performed using a blunt Si tip. The
result shows that the friction force along the short axis of CNCs (blue) is approximately 34% higher than
that of long axis of CNCs (red). This in-plane anisotropic property must come from topography of CNCs.
There are more up- and down-hills along the short axis, and this causes more up-and down-movement of
the Si tip and larger friction force. The findings of this study would be widely used for constructing

uniformly arranged nanoparticles in LB methods as well as quantitative measurements of the anisotropic

ordering.
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Figure 19. (a) Schematic illustration of the uniaxially aligned monolayer DODA/CNC on fused quartz.
(b) Effective refractive indices and (c) friction forces of the uniaxially aligned DODA/CNCs along the
long axis and short axis of the CNCs."”°

Conclusions

Through the literature review and characterizations of cellulose-based samples such as EAPap, we
found that the reported values in the previous literature are not solely from piezoelectricity. Non-
piezoelectric couplings can intrinsically and extrinsically affect the piezoelectric measurements. In other
words, they can contribute to the piezoelectric signals as artifacts; the measured piezoelectric signals could
be outweighed by the non-piezoelectric signals. In the previous literature, various piezoelectric
coefficients of cellulose-based materials over 6 orders of magnitudes have been reported. No direct
evidence of their polar ordering has been reported, which makes it difficult to confirm whether the reported

values are truly piezoelectric responses or not. Without knowing the origins and exact mechanisms, it is
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impossible to utilize the properties. Thus, we need to focus on accurately identifying and categorizing the
electromechanical properties of CNCs.

We initially hypothesized, based on the literature and our experimental work, that it is possible to
align extracted CNCs in parallel by applying electric or magnetic field. CNCs have a dipole moment and
diamagnetic susceptibility from the asymmetric arrangement of chains, which can react to the electric and
magnetic field, respectively.>® An important step is to find optimal field conditions to rotate them and fix
their orientations uniformly. We have tested various methods; however, the parallel alignment of CNCs
could not be achieved. We found that it is actually very challenging because random and anti-parallel
alignments are thermodynamically more favorable than the parallel alignment case, and individually
separated CNCs have net negative surface charges. In nanoscale particles, surface effects are usually
dominant over bulk effects. Other approaches like functionalization of CNC reducing ends with alkyl
chains and applying E-field during the curing CNCs-PDMS composite had been tried, but they were
abandoned because CNCs were aggregated during the chemical functionalization process.

Dispersions of individual CNCs in polar organic solvents including DMF and NMF, and a polymer
matrix (PVAC) are obtained. Also, rotational and translational behaviors of CNCs under external forces
are systematically studied. Under electric field, CNCs can rotate with their permanent dipole moment;
however, this bulk effect is difficult to observe due to the electrophoretic translation (surface effect).
Under magnetic field and high concentration in liquid, CNCs can form a chiral nematic phase. CNCs are
arranged as opposite to neighboring CNCs in average during this chiral nematic phase formation; i.e.,
reducing end to non-reducing end. Mechanical compression and stretching of randomly arranged CNCs
induce uniaxial, but anti-parallel arrangements. In addition, the unique ability of SFG to characterize the
polar ordering of PVDF and cellulose has been identified in our studies.> #* Finally, SFG microscopy
system was built in our lab, and we could analyze the orientations of CNCs in microscopic regions. This
system also allows the scanning SFG signals over microscopic areas with the translational stage. This
advanced technique will be further used for the characterization of polar ordering in not only cellulose,
but also other biomaterials such as chitin and collagen.

There are other tasks that we would like to perform with renewing this project. Our collaborator,
Dr. Ogawa found that Lamellibrachia Satsuma tubeworms living near hydrothermal vents at the sea floor
has naturally arranged B-chitin in parallel fashion.”* Due to the parallel arrangement of B-chitin (unipolar),
this sample is an ideal candidate to identify the relationship between piezoelectricity and polar ordering.

Chitin has similar crystalline structures to cellulose. We are currently testing this sample using nonlinear
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optical spectroscopy and piezo-response force microscopy (PFM). Using PFM, a small piezoelectric
signal such as few- or sub-pm/V can be detected. In addition, we are planning to try a rotating magnetic
field for the alignments of CNCs. It has been found that rotating magnetic field can un-roll chiral assembly
of CNCs.”? We plan to investigate this behavior of CNCs under rotating magnetic field as well as the polar
ordering of this un-rolled CNC films. On top of that, to induce the polar ordering of CNCs, more

approaches of chemically decorating reducing ends of CNCs would be made.
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