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ABSTRACT: Polymer-grafted nanoparticle (PGN) films were
prepared from polystyrene (PS) grafted to rodlike cellulose
nanocrystals (MxG-CNC-g-PS) with a controllable grafting density
(0.03—0.25 chains/nm?®) and molecular weight (5—60 kg/mol).
These nanorod-based PGNs are solution- and melt-processible,
permitting access to one-component composite films with high
nanofiller loadings (with up to 55 wt %). The impact of both grafted
polymer density and molecular weight on the mechanical properties
of the films was investigated and related to the polymer brush
conformation: concentrated polymer brush (CPB), semidilute
polymer brush (SDPB), or CPB core with SDPB corona (CPB/
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SDPB). The rubbery regime storage modulus (above T,) showed 2 orders of magnitude increase, maximizing at a low degree of
polymerization (N) and low grafting density (o). Fracture toughness was maximized in samples with the grafted polymer in the
SDPB or CPD/SDPB (higher N and relatively low o) regime and showed enhancement relative to PS of molecular weight similar to
the graft. In line with prior computation predictions, optimizing for both rubbery modulus and fracture toughness in such nanorod-
based PGN films requires the polymers in the SDPB regime and CNC loading levels (ca. S0—60 wt %) that are difficult to attain in

more traditional two-component CNC composites.

B INTRODUCTION

Nanocomposites, in which a nanofiller is embedded in a
polymer matrix, are used in a wide array of applications”” in
which an 1mprovement in the polymer’s material properties, for
example, mechanical,”™> electronic,””® water transport/purifi-
cation,”'® and so forth, is required. The properties are often
controlled by the ratio of polymer to nanofiller; however, such
two-component nanocomposites often suffer from demixing/
phase separation of the matrix and filler, which can lead to a
reduction in the material properties, restrict possible
processing techniques, and ultimately limit the loading of the
nanofiller material. One way to address these issues is to
covalently bond the polymer matrix to the nanoparticle filler,
creating polymer-grafted nanoparticles (PGNs)'" which can be
processed into films solely consisting of PGNs, also known as
one-component nanocomposites (OCNG). ' Such OCNs can
allow access to materials that exhibit enhanced toughness and
modulus when compared to two-component nanocomposites
of similar composition.'”'* Furthermore, on account of the
covalent bond between the polymer and nanofiller, these
materials do not suffer from demixing, permitting melt
processing and much higher loadings of nanoparticles beyond
that of traditional nanocomposites.

The mechanical structure—property relationships of nano-
sphere-based OCNs have been studied in detail and are
controlled by the graft polymer conformation."*~" In line with
the traditional brush literature on planar surfaces,'”'® radius of
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gyration (Rg) and polymer grafting density control the polymer
brush conformation of OCNs based on spherical nanoparticles
(Figure 1a), in which the polymer brush conformation falls
into three regimes: mushroom, semidilute polymer brush
(SDPB), and concentrated polymer brush (CPB) (Figure
1b)."* The mushroom regime, where the grafted polymer exists
in a loose coil conformation with little interactions between
grafted chains, occurs when the polymer grafting density is less
than Rg_z. At slightly higher grafting densities (and/or higher
molecular weights), the polymer brushes move into the SDPB
regime in which the polymer chain conformations are still
generally relaxed but now there are soft inter-graft interactions
and chain penetration. PGNs in which the polymer is in the
CPB regime, on the other hand, are more akin to hard
particles. On account of curvature of the nanoparticle, an inner
corona of CPB with an outer layer of SDPB, termed CPB/
SDPB, is generally formed if the molecular weight of the
polymer graft is large enough. Previous work'*™'® has
confirmed densely packed brushes on spherical PGNs
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Figure 1. Schematic of (a) a spherical PGN, (b) a representation of
the various polymer brush conformations on a curved surface upon
increasing polymer grafting density (mushroom, SDPB, CPB/SDPB,
and CPB), and (c) a rodlike PGN.

transition from CPB to CPB/SDPB at critical polymer lengths
and grafting densities following predictions by Daoud—Cotton
models applied to nanoparticles."”~>" Additionally, the
mechanical properties of spherical PGNs show increasing
stiffness (elastic modulus) with the increase in molecular
weight and increasing toughening behavior (via crazing) when
polymer grafts reside in the CPB/SDPB regime with sufficient
molecular weight to entangle.n"15 Thus, the mechanical
properties of OCNs are determined by the graft polymer
conformation, which in turn is controlled by the polymer
grafting density and radius of gyration. However, while much
work has been done on nanosphere-based OCNs, much less
work has investigated nanorod geometries (Figure 1c).

Cellulose nanocrystals (CNCs) are organic, biorenewable
nanorods with a high degree of crystallinity and -easily
functionalizable surfaces and have been investigated as green
nanofillers.”” > CNCs are commonly prepared by acid
hydrolysis, such as hydrochloric acid (HCI), hydrobromic
acid, sulfuric acid, and phosphoric acid, of natural cellulose at
elevated temperatures.””>* The width of the CNCs is between
3 and 20 nm, and their length can be 100—1000 nm depending
on both the bioresource, for example, wood, cotton, tunicate,
or Miscanthus x. Giganteus (MxG), and isolation proce-
dures.”**° In addition to being bioavailable, CNCs offer a
number of advantages, that include low coefficient of thermal
expansion, high elastic modulus, and biocompatibility,”>*”"
making them attractive nanoparticles for composite materials.
Indeed, while there are only a few reported studies on OCN
films of polymer-grafted CNCs, there are a number of
examples in the literature of polymer-grafted CNCs, whether
for study in solution or for integration into nanocomposites for
enhancing mechanical properties.””>*

Recently, Weder and co-workers reported CNC-based
OCNs with high molecular polymer grafts (100—400 kg/
mol) and moderate grafting density (0.04—0.15 chains/nm?)
and demonstrated toughness and elastic modulus enhance-
ment consistent with previous spherical nanofiller-based
OCNs.*” OCNs containing up to 20 wt % CNC with grafted

high glass transition temperature (T,) poly(methyl methacry-
late) display enhanced toughening while retaining a similar
elastic modulus to the two-component nanocomposite of
similar composition. Additionally, OCNs consisting of low T,
poly(hexyl methacrylate) show similar toughness but higher
modulus as compared to a mixed two-component nano-
composite. More recently, PGN films consisting of CNCs
grafted with poly(2-phenylethyl methacrylate) imbibed with
ionic liquid were prepared and their mechanical properties and
ion conductivity were measured.”” These imbibed PGN films
(30 wt % ionic liquid) exhibited an increase in both tensile
strength and ionic conductivity relative to the mixed CNC,
polymer, and ionic liquid nanocomposites. These materials
probed relatively low molecular weights (6—20 kg/mol) and
moderate to high grafting densities (0.10—0.43), and the
grafted polymers were predicted to reside in the CPB or CPB/
SDPB regimes. In neither of these studies was the effect of
molecular weight nor grafting density explored. Interestingly,
Lettow et al. showed that both degree of polymerization and
grafting density affect the ion conductivity of hydrated PGN
films of polyelectrolyte-grafted CNCs with a relatively high
density of short polymer chains resulting in the highest
conductivity, although no detailed mechanical studies were
performed on these thin films.*'

Recently, theoretical and computational work has been
applied to CNC-based OCNs, permitting better polymer
regime and mechanical property predictions. Specifically,
computational work by Keten and co-workers using coarse-
grained and molecular dynamics approaches, when combined
with metamodels, have probed various design parameters
(polymer chain length, grafting density, polymer—nanoparticle
interaction strength, and the nanoparticle edge length) and
their effects on the poly(methyl methacrylate) polymer
brushes.”” Based on the simulations, predictions were made
on the polymer conformation transition point from CPB to
CPB/SDPB as a function of polymer length and grafting
density, which was extended in further work to a wide array of
polymers including polystyrene (PS).* Additionally, modeling
indicated that the modulus is maximized at a low grafting
density and degree of polymerization (i.e., higher volume
fractions of CNCs), while toughness is maximized at a
relatively low grafting density but high degree of polymer-
ization. The computational studies suggested that in order
have both modulus and toughness maximized, the grafted
polymer should be in the SDPB regime and the OCN should
have a CNC content of ~60 wt %. While the initial
experimental work on CNC-based OCNs discussed above
have shown that they can exhibit interesting properties, to date
no work has been done to explore the effects that degree of
polymerization and polymer chain density have on mechanical
properties in support of these computational studies. To this
end, reported herein are studies with the goal of synthesizing
and studying PS-grafted CNC-based OCNss in order to probe
experimentally the impacts that polymer grafting density and
degree of polymerization have on the grafted polymer
conformation and mechanical properties of their films.

B EXPERIMENTAL SECTION

Materials. Miscanthus x. Giganteus were donated by Aloterra
Energy LLC, Conneaut, Ohio, and ground before use. Styrene was
purchased from Sigma-Aldrich and passed through a basic alumina
column immediately before use. HCI and sodium hydroxide (NaOH)
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were purchased from Fisher Scientific. All other reagents were
purchased from Sigma-Aldrich and used as received.

Nuclear Magnetic Resonance Spectroscopy. The 'H NMR
and *C NMR spectra were recorded on a Bruker Ascend ADVANCE
II+ 500 MHz spectrometer at 25 °C using CDCIj as solvent, and the
NMR data were processed using MestReNova software.

Gel Permeation Chromatography—Multiangle Light Scat-
tering and UV-Vis Spectrometry. Polymer molecular weight,
dispersity, and UV—Vis spectra were recorded by gel permeation
chromatography—multiangle light scattering (GPC—MALS) with in-
line UV—Vis spectrometry using PL gel Mixed-D columns. The
GPC—MALS was performed using a Shimadzu Prominence LC
system equipped with a Wyatt Dawn Heleos MALS (658 nm laser)
detector, a Wyatt Optilab T-rEX refractive index detector, and a
Shimadzu SPD-M30A Photodiode Array detector (200—800 nm).
High-performance liquid chromatography grade tetrahydrofuran
(THF) was used as the eluent (1 mL/min) at 25 °C. The data
were processed by Wyatt Astra software.

Conductometric Titration. The amount of surface carboxylic
acid groups on the CNCs was determined by conductometric
titrations using a Accumet XL benchtop pH/conductivity meter
(Fisher Scientific). In a typical run, 25 mg of CNCs was dispersed in
deionized (DI) water (80 mL) via sonication, and 15 uL of HCI (33
wt %) was added to adjust the pH to around 3. 0.01 M NaOH was
then titrated into the CNC dispersion, and the conductivity was
measured until the pH was around about 11.

Thermal Gravimetric Analysis. Thermal gravimetric analysis
(TGA) experiments were carried out on a thermogravimetric analyzer
(TA Instrument Discovery). The samples were heated from 30 to 650
°C under a nitrogen atmosphere with a heating rate of 10 °C/min.

Synthesis of a-Phthalimidomethyl-w-
butyltrithiocarbonatepoly(styrene) by RAFT. Phthalimidometh-
yl butyl trithiocarbonate (0.12 g) and styrene (16.6 g) were
transferred to a 150 mL flask. The mixture underwent three
freeze—pump—thaw cycles before being heated at 110 °C for 24 h.
The mixture was then rapidly quenched to room temperature, diluted
with THF (~S mL), and the resulting polymer was precipitated into
methanol (100 mL), collected by filtration, and dried in a vacuum
oven at 40 °C for 24 h. Two further precipitations from THF to
methanol were used to remove the unreacted monomer yield and the
desired a-phthalimidomethyl-w-butyltrithiocarbonatepoly(styrene)
(PS-x, where x denotes the molecular weight in kg/mol, as
determined by GPC—MALS) after drying (in ca. 70% yield) 'H
NMR (500 MHz, CDCly); § ppm: 7.8 (2H, ArH, phthalimide), 7.7
(2H, ArH, phthalimide), 7.2—6.3 (br PS) 3.4 (2H, N-CH,-), 3.3
(2H, S—CH,-), 2.2—1.2 (br PS), 1.0 (3H, —CHj;) (Figure S1).
GPC—MALS (THF) PS-x series were measured (M, = S, 8, 12, 27,
34, 60 kg/mol, B < 1.1) (Figure S2). UV—Vis (THF) A,,,, = 310 nm
(trithiocarbonate end group) (Figure S3).

Synthesis of a-Aminomethyl-poly(styrene). a-Aminomethyl-
poly(styrene) was synthesized following literature precedent.* a-
Phthalimidomethyl-w-butyltrithiocarbonatepoly(styrene) (1 g) was
placed in a 150 mL beaker, and the polymer was heated at 250 °C
under vacuum for 4 h. The polymer was dissolved in THF and
precipitated into methanol three times, collected by filtration, and
then dried in a vacuum oven at 40 °C for 24 h to yield 0.9 g (90%
yield). "H NMR and UV-Vis confirmed the removal of the
trithiocarbonate end group via reduction of peaks at 1.0 and 3.3
ppm and 310 nm, respectively (Figures S1 and S3). A peak in 'H
NMR at 6.0 ppm is indicative of the double bond formation at the PS
end group. Additionally, TGA of low molecular weight PS confirmed
end group removal by comparing weight loss (Figure S4). The
resulting a-phthalimidomethyl-poly(styrene) was dissolved in THF
(50 mL) and then hydrazine hydrate (S mL) was added. The mixture
was refluxed for 2 h, cooled to room temperature, and left overnight
for precipitation. The liquid phase was then precipitated by pouring
into methanol, collected by filtration, and dried in a vacuum oven at
40 °C for 24 h. Deprotection to form a-aminomethyl poly(styrene)
(PS—NH,-x, where x denotes the molecular weight in kg/mol as
determined by GPC—MALS) was confirmed using a Kaiser test,

GPC—MALS, and 'H NMR. GPC—MALS (THF) confirms similar
molecular weight after thermolysis, with all PS-NH,-x samples shown
in Figure SS (S, 8, 12, 27, 34, and 60 kg/mol, B < 1.1). 'TH NMR (500
MHz, CDCly) § ppm: 7.2—6.3 (br PS), 6.0 (1H, C=C-H), 3.4 (2H,
N—CH,—), 2.2—1.2 (br PS) (Figures S1 and S6). UV—Vis (THF)
shows full reduction of the 310 nm peak (Figure S3)

Preparation of MxG-CNCs. MxG-CNCs were isolated from
ground Miscanthus x. Giganteus stalks using HCI hydrolysis and were
oxidized to yield MxG-CNC-COOH by TEMPO oxidation following
published procedures.®® Conductivity titration was performed to
determine surface charge density, with MxG-CNC-COOH having
surface charge density of ca. 1000 mmol/kg. TGA, wide-angle X-ray
scattering (WAXS), and atomic force microscopy (AFM) confirm
thermal decomposition, crystallinity index, and size, respectively
(Figures S7—S59).

Preparation of a CNC/DMF Suspension by Solvent
Exchange. MxG-CNC-COOH (2.5 wt %) was dispersed in 40 mL
of water using ultrasonication. 1 mL of saturated NaCl was added, and
the resulting gel was collected by centrifugation (S min, 8000 rpm).
The remaining gel was resoaked in 40 mL of methanol for 2 h with
constant shaking before being separated by centrifugation. This
procedure was repeated two more times with methanol and then two
times with dimethylformamide (DMF). The concentration of the
resulting MxG-CNC-COOH/DMF suspension (as determined by
TGA) was ca. 0.25 wt %.

Electrospray Mass Spectroscopy. Electrospray mass spectros-
copy (ESI-MS) experiments were conducted using an Agilent 6135
quadrupole LC/MS system equipped with a 50 X 4.6 mm Poroshell
120 EC-C18 column (Agilent). A gradient elution of 10—100%
acetonitrile in H,O (+0.1% TFA) was conducted over 10 min and
then held at 100% acetonitrile for 2.5 min, and the absorbance was
measured at 220 nm.

Preparation of DMTMMBF,. To prepare DMTMMBE,, n-
methylmorpholine (2.4 mL) was added dropwise to a vigorously
stirred solution of 2-chloro-4,6-dimethoxy-1,3,5-triazine (3.68 g in 40
mL H,0) and kept stirring at 20 °C for 0.5 h. Then, a 30 mL sodium
tetrafluoroborate (10 mmol) solution was added and stirred for
another 2 h. The precipitate was collected by filtration and dried at
room temperature to yield DMTMMBF, in 75%. 'H NMR (500
MHz, DMSO-dy) § ppm: 3.47 (s, 3H), 3.78 (m, 2H), 3.89, (m, 2H),
4,02 (m, 2H), 4.12 (s, 6H), 4.36 (m, 2H), *C NMR (125 MHz,
DMSO-dy); § ppm: 53.1, 55.7, 57.2, 60.0, 61.8, 63.9, 170.6, 173.8, and
ESI-MS (241, [M] + H-BF,), agreeing well with the literature
(Scheme S1, Figures S10 and S11).*

Example Synthesis of MxG-CNC-g-PS-5-45. DMTMMBF,
(0.28 g) was added to a 40 mL suspension of MxG-CNC-COOH
in DMF (0.25 wt %, 100 mg), obtained using the solvent exchange
process, and the suspension was stirred at room temperature for 10
min. PS-NH,-5 (0.5 g for S kg/mol polymer) was dissolved in 10 mL
of DMF and then added to the CNC suspension, and the reaction
mixture was continuously stirred at room temperature for 24 h. The
mole ratio of DMTMMBEF,: PS-NH,-5: —COOH on CNCs was kept
at 1:1:1. The resulting mixture was precipitated into methanol to yield
a white precipitate. To remove any unreacted polymer, the precipitate
was collected by centrifugation and redispersed in acetone by
sonication, followed by further centrifugation to separate the
precipitant and the supernatant. This was repeated three times or
until a negative Kaiser test on the supernatant was obtained. MxG-
CNC-g-PS was characterized with TGA and were shown to yield
MxG-CNC-g-PS-5-45, where S refers to the molecular weight (5 kg/
mol) and 4S refers to the weight percent of grafted PS.

The same procedure using reduced equivalents of polymer enabled
access to PGNs with a lower amount percent of grafted polymer.
Specifically, 0.25 equiv of PS-NH,-34 yielded MxG-CNC-g-PS-34-80
and PS-NH,-60 yielded MxG-CNC-g-PS-60-90, while 0.04 equiv of
PS-NH,-34 was used to access MxG-CNC-g-PS-34-55.

Film Formation. The MxG-CNC-g-PS samples were dissolved in
THF and sonicated in a Branson CPX sonication bath before being
cast into Teflon dishes. The solvent was allowed to evaporate at RT
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for 2 days, followed by 1 day at 140 °C in a vacuum oven. After
casting, films were melt-pressed at 140 °C for 30 min under 70 MPa.

Wide-Angle X-ray Scattering. The degree of crystallinity was
determined by Synchrotron WAXS experiments performed at the
DND-CAT S-ID-D beamline of the Advanced Photon S3 Source
(Argonne National Laboratory, Argonne, IL) using a triple detector
system for simultaneous data collection SAXS and WAXS regimes.
Two-dimensional data were collected on Rayonix CCD area detectors
using an exposure time of ca. 0.1 s. Gaussian deconvolution and
crystallinity index analysis followed literature precedent.®'

Fourier Transform Infrared Spectroscopy. Fourier transform
infrared spectroscopy (FTIR) spectra were recorded on a Shimadzu
FTIR instrument. Solid samples were placed directly on the ATR
crystal, and then, the spectra were recorded from 550 to 4000 cm™"
(and averaged over 46 scans) with a resolution of 4 cm™.

Atomic Force Microscopy. The dimensions of MxG-CNC-
COOH and MxG-CNC-g-PS were investigated by Asylum Research
Oxford Instruments Cypher ES AFM. A drop of the CNC suspension
(0.01 wt %) was placed on a freshly cleaved mica surface which was
pretreated with poly-I-lysine solution and then rinsed off after 5 min.
The images were acquired using the AC Tapping mode. The sizes of
nanoparticles were analyzed by Gwyddion software.

Scanning Electron Microscopy. Scanning electron microscopy
(SEM) images of the cast films were taken with the Carl Zeiss—
Merlin field emission scanning electron microscope. The acceleration
voltage was 1.0 kV with a working distance of 2—3 mm using an in-
lens detector. Two nanometers of Pt/Pd was sputtered onto the
surface of the device using the Cressington 108 Auto Sputter Coater
to reduce electron beam charging and improve the image quality.

Differential Scanning Calorimetry Analysis. Differential
scanning calorimetry (DSC) experiments were performed on a TA
Instruments Discovery DSC 2500. Samples (5—10 mg) were
hermetically crimped in Tzero aluminum pans. Sequential heating,
cooling, and reheating ramps were conducted from —50 to 200 °C at
a rate of 10 °C min™".

Dynamic Mechanical Analysis. Dynamic mechanical analysis
(DMA) experiments were conducted in the tension mode at a fixed
frequency of 1 Hz using an RSA-G2 solid analyzer (TA Instruments).
The CNC films were cut into a rectangular shape with about 4 mm in
width and 10 mm in length. The temperature scan was performed
between 20 and 200 °C with a heating rate of 3 °C/min.

Nanoindentation. Nanoindentation experiments were performed
on a Hysitron Triboindenter using a Berkovich indenter. Samples
were indented using displacement control to 1000 nm at a rate of 200
nm/s. AFM images of indentations were acquired using the same
instrument.

Shear Rheology. Rheology was performed using the TA
Instruments RSA-G2 ARES with a Forced Convection oven (20—
200 °C) running TA Trios Software with a heating rate of 3 °C/min.
An 8 mm parallel plate was used for all tests.

B RESULTS AND DISCUSSION

In order to synthesize poly(styrene)-grafted CNCs, amide
chemistry was utilized to graft amine-capped poly(styrene)
(PS—NH,) to carboxylic acid CNCs (MxG-CNC-COOH).
RAFT polymerization of styrene with phthalimidomethyl butyl
trithiocarbonate™* as the chain transfer agent (CTA) was used
to produce the CTA-end-capped PS, which after thermal
removal of the trithiocarbonate end group and subsequent
deprotection of the amine yielded the targeted PS-NH,
(Scheme 1). A series of different molecular weight PS-NH,
(S, 8, 12, 27, 34, and 60 kg/mol, dispersity, B < 1.1, termed
PS-NH,-x, where x is the molecular weight in kg/mol) was
prepared to range from 0.5 to 6 times the PS entanglement
molecular weight (~10 kg/mol) by simply varying the
monomer-to-CTA ratio. The polymers were characterized by
gel permeation chromatography multiangle light scattering
(GPC—MALS), nuclear magnetic resonance spectroscopy ('H

Scheme 1. Synthesis of PS-Grafted CNCs (MxG-CNC-g-PS-
x-y), Where «x Is the Molecular Weight (in kg/mol) and y Is
the Percent Weight Fraction of the Grafted Polymer”
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“The amine-end-capped poly(styrene) (PS—NH,-x) was prepared via
RAFT polymerization and grafted to carboxylic acid-functionalized
CNCs (MxG-CNC-COOH) via peptide coupling chemistry before
being cast into films via evaporation and pressed at 140 °C for 30 min
under 70 MPa.

NMR), and UV—Vis spectroscopy. 'H NMR confirmed end
group removal (both trithiocarbonate and phthalimide)
(Figures S1 and S6). GPC—MALS measured the molecular
weights and confirmed similar values before and after
thermolytic cleavage of the trithiocarbonate moiety (Figures
S2 and SS and Table S1). UV-Vis showed reduction in the 310
nm peak corresponding to the trithiocarbonate moiety (Figure
3). TGA confirmed the thermal removal of the trithiocar-
bonate moiety when held at 250 °C for 4 h (Figure SS).

Coupling of the PS-NH, to the CNCs via amide chemistry
requires the use of the carboxylic acid-functionalized CNCs,
which were obtained from Miscanthus x. Giganteus (via HCI
hydrolysis and TEMPO-mediated oxidation) using literature
procedures.’” The resulting MxG-CNC-COOHs have a
crystallinity index of 85% (determined by WAXS, Figure S8)
and a carboxylic acid density of ca. 1000 mmol/kg, as
determined via conductometric titration. The dimensions of
the MxG-CNC-COOHs agree with the literature (from AFM,
height = 2.2 + 0.5 nm, length = 290 + 60 nm for MxG-CNC-
COOH, respectively (n = 20), Figure S9). The MxG-CNC-
COOHs were dispersed in water using ultrasonication,
followed by solvent exchange into methanol from the aqueous
dispersion and subsequent solvent exchange into DMF. DMF
was chosen as the solvent for the coupling reaction as it readily
dissolves the polymer and disperses the CNCs. Various amide
coupling reagents (DIC/NHS, DIC/HOBT, EDC/NHS) and
reaction conditions (with direct mixing of CNCs in DMF or
with CNCs in DMF prepared by solvent exchange) were
explored (Schemes S1 and S2), and 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium tetrafluoroborate
(DMTMMBF,)* with CNCs dispersed using a solvent
exchange process (Figures S10 and S11) was found to yield
the highest grafting efficiency (Figure S12 and Table S2).
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Thus, DMTMMBF, was used to attach the different
molecular weight (5—60 kg/mol) amine-end-capped PS-
NH,-x (x = 5, 8, 12, 27, 34, 60) onto the surface carboxylic
acid groups of MxG-CNC-COOH. After purifying the samples
to remove the ungrafted polymer via three cycles of
centrifugation, decanting, and redispersion using acetone, the
final samples were subjected to a Kaiser test to confirm that
most of the free (ungrafted) polymer had been removed
following previously published literature procedures.”’ An
identical purification method was also shown eflicacious in
removing free, ungrafted polymer."' The sensitivity of the
Kaiser test allows confirmation that the 60 kg/mol grafted
samples contain less than 6 wt % free polymer, while the 12
and S kg/mol grafted samples have less than 1.2 and 0.5 wt %
of ungrafted, free polymer, respectively. FTIR was used to
confirm the presence of the new —CONH-— bond (at 1650
cm™') in these PGNs (Figure S13).

AFM height images (Figure 2a,b) and the height profile
(Figure 2c) of the MxG-CNC-COOHs and the MxG-CNC-g-
PS-8-y PGN (grafted with PS-NH,-8) show a height increase
from 2.2 + 0.5 to 4.5 + 0.4 nm upon attachment of the
polymer to the CNCs. See Figures S14 and 15 for AFM images

—— MxG-CNC-COOH
—— MxG-CNC-g-PS-8-49

d) Distance (nm)
100 =
80
__ 60
g g
5 40 — §
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Figure 2. AFM height images of (a) MxG-CNC-COOH and (b)
MxG-CNC-g-PS-8-49 and (c) the AFM height profiles obtained from
these images. (d) TGA of PS-NH,-8, MxG-CNC-COOH, and MxG-
CNC-g-PS-8-49.

of all the MxG-CNC-g-PS materials prepared. TGA was used
to calculate the weight percent of the grafted polymer in the
PGN. In the TGA, the PGNs (Figure 1d for MxG-CNC-g-PS-
8-y) show two clear regimes that correspond to the
degradation of the CNC and PS. Comparing the mass loss
from 220 to 360 °C (predominantly CNC degradation) to that
of 360—450 °C (predominantly PS degradation) the weight
percent of the grafted polymer can be estimated. After
determining the weight percent of the polymer, MxG-CNC-
g-PS-8-y is now termed MxG-CNC-g-PS-8-49, where the 8 is
the molecular weight of the grafted polymer in kg/mol and the
49 is the weight percentage of polymer. Table 1 shows the data

Table 1. Sample Information of PS-Grafted Cellulose
Nanocrystals with Associated Symbols Used in Subsequent
Figures

Molecular

MxG- Weight  Weight % Graft Density
CNC-g-PSx-y (kg/mol)* Polymer® (Chains/nm?)°®
X-5,y-45x 5 45 0.15
x-8,y-49u 8 49 0.11
x-8,y-57v 8 57 0.15
x-12,y-61¢ 12 61 0.11
x-12,y-69 - 12 69 0.17
x-27,y-88 ¢ 27 88 0.25
x-34,y-557 34 55 0.03
x-34,y-80 " 34 80 0.11
X-60,y-90 a 60 90 0.13

“From GPC—MALS. “From TGA. “See Supporting Information and
ref 41 for details of the calculation.

on all the MxG-CNC-g-PS materials prepared along with their
calculated grafting density (obtained from the polymer
molecular weight and wt.%) following the literature procedure
(see the Supporting Information for more details on page
$13)."

Using the molecular weight determined by GPC—MALS
and the calculated grafting density of the polymer on the CNC,
the graft polymer conformation can be determined by
comparing with the simulation data of poly(styrene)-grafted
CNCs by Keten and co-workers.*”*’ As a note, the cross
sections of CNCs are dependent on cellulose source and
processing but generally are more parallelogram-like.””*"
However, as the polymer radius of gyration is similar to or
greater than the MxG-CNC dimensions, the surface will be
considered to be effectively curved for the following
calculations. For curved surfaces the polymer conformation
can be predicted to be in either a mushroom regime, with no
interaction between surface polymer grafts, or in a polymer
brush regime. This transition can be estimated to occur at

o= (nRy)" M

where ¢ is the grafting density of the material in chains/nm?
and the radius of gyration of the grafted polymer is R; ~ NS,
with N being the degree of polymerization. When the grafting
density is above this critical value, the polymer brush can be
further subdivided into SDPB and CPB. For brushes on
particles (as opposed to flat surfaces), the curved nature of the
particles can result in polymer grafts which have an inner core
of CPB and an outer corona of SDPB, termed CPB/SDPB.
From Keten and coworkers,*”* the critical degree of
polymerization (N,) as a function of grafting density for the
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polymer to transition between CPB and CPB/SDPB can be
estimated by the following equation

21, —3/4 _%3/4,3/2
I\rcr = l1/2 (1’0 0o b - 1)
3a0;" "Iy, )

where ry is the radius of the CNC, a and b are fitting
parameters from the computational modeling, [, is the contour
monomer length, and o is a dimensionless grafting density
given by

w_ S

Co = oLl

2, (3)

where f is the number of polymer grafts, ¢ is the grafting
density calculated in chains/nm? and L is the average length of
the nanorod, 300 nm.*> MxG-CNCs are known to have a
ribbon-like cross section with height ca. 2.8 nm and width 8.5
nm, so a radius of 2.75 nm was used for r, to approximate the
cross-sectional area (Figure S16). The fitting parameters (a = 2
and b = 35.34 A*®) and contour length (I,, = 2.57) are from
Hansoge and Keten.*’ The intersection of the mushroom
transition line (eq 1) and the CPB to SDPB transition line (eq
2) provides a critical grafting density below which the brush
conformation is either mushroom at low molecular weight (or
degree of polymerization) or SDPB at high molecular weights.
Using this, the data from Table 1 can be converted into a phase
diagram (Figure 3a) which defines the various grafted polymer
conformation regimes.
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Figure 3. (a) Phase space mapping the MxG-CNC-g-PS sample
molecular weight, grafting density, and polymer brush conformation
consisting of CPB, CPB with SDPB corona (CPB/SDPB), and SDPB
and (b) brush height, R, of MxG-CNC-g-PS samples plotted against
the product of degree of polymerization and grafting density, with
error from standard deviation of N = 10 and lines provided to guide
the eye. See Table 1 for symbol designation.

The grafted polymer confirmations shown in the phase
diagram in Figure 3a are based on the simulations and not
experiments. However, Keten and co-workers*>* do provide
relationships between degree of polymerization, grafting
density, and predicted brush height that changes with
conformation regime and can be experimentally examined.
Specifically, they define the brush height, R, as

k- O.Iableza[ N ]

0.5
o I\Icr

(4)

where N is the degree of polymerization for the given polymer
graft, x = 1 in the CPB regime or 0.5 in the CPB/SDPB
regime, and N, being defined by eq 2. The measured height of
the PGNs on mica (Hpgy) by AFM (Figures S14 and S15)
consists of two layers of grafted polymer (top and bottom)
plus the CNC height (Hcyc), allowing the experimental
determination of the brush height, R [= (Hpgy—Hcnc)/2]-
Plotting this experimentally determined brush height versus
No, it is possible to determine the transition between brush
conformations. Plotting R as shown in Figure 3b, a straight line
can be drawn through the samples with a No of less than 20. If
these PGNs are in the CPB regime, then x = 1, and the slope
will equal 0.1abLl,*/r,"°N,, where N, is fixed at 120, the
average value of N for the MxG-CNC-g-PS samples in the
CPB regime (calculated from eq 2). The slope of the line
obtained from the experimental data is 0.172 + 0.035 (Figure
S17), which compares to 0.256 + 0.091 based on the
simulation work.*’ Tt is worthwhile noting that the simulation
data involve polymer—polymer and polymer—CNC interac-
tions, while the measured height from AFM involves polymer—
air interactions, which presumably results in a more condensed
PS brush (something that has been shown in literature for the
AFM of other PGNs).*® Figure 3b also clearly shows that
above No of 20, there is a significant change in the slope
consistent with a change in the polymer conformation (from
CPB to SDPB/CPB) above this value.

SEM image of the as cast and melt-pressed (at 140 °C for 30
min under 70 MPa) films offers some insights into the
morphology of these MxG-CNC-g-PS materials. Specifically,
Figure 4 shows individualized nanoparticles in as-cast samples
up to graft molecular weights of ca. 34 kg/mol. Melt-pressing
of these samples results in more continuous films unless the
molecular weight of the graft is low, ca 5 kg/mol. After melt-
pressing, both MxG-CNC-g-PS-5-45 and MxG-CNC-g-PS-60-
90 show similarly low levels of porosity (Table S3). The
difference in morphology can been seen in the optical images
of the films, with the films consisting of individualized
nanoparticles being opaque and the continuous films being
more optically transparent. Interestingly, all the PGNs, even
those that have very high weight percentage (55 wt %) of
CNCs, form mechanically robust, processable materials.

Having confirmed the grafted polymer conformation and
accessed robust PGN films, the mechanical properties of PGN
materials were then investigated. To this end, it was decided to
explore the modulus and toughness of the melt-pressed MxG-
CNC-g-PS films which gave more reproducible results
compared to the as-cast samples. Keten and co-workers
predicted that low grafting density (¢) and low degree of
polymerization (N) maximize modulus, while low grafting
densi?f and high degree of polymerization maximize tough-
ness.*” Figure Sa shows the storage modulus versus temper-
ature from tensile DMA of the various MxG-CNC-g-PS$ films
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MxG-CNC-g-PS-5-45 MxG-CNC-g-PS-12-61

Pressed

MxG-

1.g-PS-6-45 MxG-CNC-g-PS-12-61 MxG-CNC-g-PS-34-55

MxG-CNC-g-PS-34-55  MxG-CNC-g-PS-60-90

MxG-CNC-g-PS-60-90

Figure 4. SEM images (scale bar 2 ym) and optical images of MxG-CNC-g-PS-5-45,MxG-CNC-g-PS-12-61,MxG-CNC-g-PS-34-55, and MxG-
CNC-g-PS-60-90 showing both as-cast and after melt-pressing at 140 °C for 30 min under 70 MPa.

with similar grafting densities (0.11 chains/nm?) but different
graft degrees of polymerization. As expected, the data show
that with the increase in molecular weight (8—60 kg mol™")
and therefore lower weight fraction of the CNC (51—10%) in
the PGNs, there is a reduction in the modulus above glass
transition temperature (Tg). For context, the melt-pressed PS-
NH,-60 film and a mixed, two-component nanocomposite
consisting of MxG-CNC-COOH with 90 wt % PS-NH,-12 are
shown as controls. Relative to PS-NH,-60 the PGNs show a
significant enhancement in modulus above Ty while the mixed,
two-component nanocomposite shows a similar modulus to
that of the MxG-CNC-g-PS-60-90 film. The main advantage of
the PGN architecture when it comes to modulus is the ability
to access homogeneous films with significantly higher nano-
filler loading and therefore reinforcement. It is worthwhile
noting that it was not possible to access homogeneous two-
component films using solution-based (DMF) processing
conditions with higher CNC loadings (beyond 10 wt %)
similar to that accessed by the PGN films, consistent with the
literature.””

Figure Sb shows the rubbery and glassy moduli (at T, +20
°C) plotted (from the tensile DMA data) versus No for all the
films. The data show that in the glassy state (T < Tg), the
samples have only a slight dependence on No with average
modulus values of 2.0 GPa, while above T, higher moduli
tracks with a higher weight percent loading of CNC (or lower
No) from 13 MPa to 1.37 GPa (Figure S18). This behavior is
consistent with what is observed in other CNC-based
nanocomposites,*”** where little reinforcement is seen in the
glassy regime as the reinforcing CNC is of similar modulus to
the glassy polymer while showing significant reinforcement in
the rubbery regime with the increase in nanofiller content.””*’

The glass transition temperature (T,) of the PGN system
does show a remarkable increase compared to the PS
homopolymer, particularly with the lower molecular weight
grafts. Figure Sc shows the T, of the MxG-CNC-g-PS films and
corresponding PS-NH, as a function of the PS (homopolymer
or graft) molecular weight. While T, was obtained from the
peak of tan(delta) for all the materials, tensile DMA was used
for the PGNs and oscillatory shear rheological measurements
were used for the homopolymers (Figures S19 and S20). The
T, of the PS-NH,-60 film obtained by both shear rheology and
tensile DMA was the same (Figure S21). The lowest molecular

10600

weight-grafted PGN films (S kg/mol) have a T, value 20 °C
above the corresponding homopolymer. This difference
decreases as the molecular weight increases such that at
higher molecular weights, the PGN films have a T, ~ 1 °C
above the corresponding polymer. The impact of grafted
polymer and nanocomposite interfaces on the T, has been
widely studied and largely shows higher T, in nanocomposites
and PGN-grafted systems, on account of (1) loss of chain end
mobility and free volume, (2) confinement of the polymer
system, and (3) polymer—substrate interactions.”’>* Even so,
while a 20 °C increase in T is not without precedent in model
confined polymer interface systems,”" it is among the higher in
literature reported values observed in PGNs. It is also
worthwhile noting that in the polymer-grafted CNCs that
have similar molecular weight grafts at different densities, there
does appear to be a slight increase (1-3 °C) in T, in the
higher grafting density materials, as can be seen in Figure Sc
with the 8 and 12 kg/mol grafted samples.

Nanoindentation of the MxG-CNC-g-PS films was used to
analyze the material properties and fracture toughness of the
films. Figure 6a shows characteristic load—displacement curves
of PGN films with a similar grafting density. By analyzing and
fitting the unloading curves, the modulus (E) and hardness
(H) can be obtained (Figure S22). The modulus follows
similar trends as the glassy modulus of the PGN films shown in
Figure Sb, while the hardness varies between 0.1 and 0.4 MPa.
Upon indentation, the residual impression (and any cracks
formed) can be used to determine the fracture toughness.
MxG-CNC-g-PS films with 5, 8 kg/mol, and higher grafting
density 12 kg/mol (MxG-CNC-g-PS-12-69) polymer did not
leave a distinct trigonal indentation and instead displayed
major crack formation in the material, characteristic of a low
fracture toughness material. All these easily fractured films
comprise PGNs with CPB grafts. By contrast, a majority of the
SDPB or CPB/SDPB MxG-CNC-g-PS films show a trigonal
indentation (expected due to the Berkovich tip) with cracks
extending from the corners of the indentation that are on the
order of or less than the size of the Berkovich tip center to
corner length (Figure S23). Analyzing the indentation and
crack formation via AFM (Figures 6b and S23), the fracture
toughness, K,, can be quantified by
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Figure S. (a) Tensile DMA of select MxG-CNC-g-PS samples of
similar grafting density (0.11 chains/nm?), (b) storage moduli in the
glassy regime (20 °C below T,) and in the rubbery plateau (20 °C
above T,) plotted vs product of degree of polymerization and grafting
density, with error from standard deviation of N = 3, and (c) T,
plotted vs molecular weight of both the PGN system and PS
homopolymer, as determined by shear rheology for the homopolymer
and from tensile DMA for the PGN system, with error from standard
deviation of N = 3. See Table 1 for symbol designation.
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where X, is an empirically fit constant, ¢ is the distance from
the center to the Berkovich corner, I is the length of the
emanating crack, ¢ is the total crack length, and P, is the
maximum load.*® In order to examine how both graft density
(o) and degree of polymerization (N) impact the fracture
toughness of these films, Figure 6¢ plots the measured K, of
the MxG-CNC-g-PS films against N/o.

Interestingly, all measured samples show higher fracture
toughness (K,) than a 60 kg/mol PS film (60 kg/mol being the
highest molecular weight graft used in this study), irrespective
of grafting density and degree of polymerization. The mixed
nanocomposite sample (MxG-CNC-COOH with 90 wt % PS-
NH,-12) shows a lower fracture toughness (1.3 + 0.3 MPa-
m®®) relative to the PGN films, and akin to that of the
homopolymer PS-NH,-60 (1.7 + 0.7 MPa-m®®). The PGNs
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Figure 6. (a) Load—displacement curves obtained by nano-
indentation for MxG-CNC-g-PS films with a constant polymer
grafting density (o) but different degrees of polymerization (N) of the
graft, (b) AFM of MxG-CNC-g-PS-34-80 post-indentation with a
schematic of an indentation created using a Berkovich tip where ¢ is
the total crack length measured from the center of contact to the end
of crack at the sample surface, t is the distance from the center of
contact to the corner, and [ is the length of the cracks emanating from
the corners. (c) Fracture toughness of the MxG-CNC-g-PS film vs
divisor of degree of polymerization and grafting density with a
measured toughness of 60 k reference PS sample and MxG-CNC-
COOH with 90 wt % PS-NH,-12 from N = 10.

with similar grafting density (0.11 chains/ nmz) , MxG-CNC-g-
PS-12-61, MxG-CNC-g-PS-34-80, and MxG-CNC-g-PS-60-
90 all show increasing fracture toughness (from 3.5 + 1.0
MPa-m® to 6.4 + 1.0 MPa-m®°) with the increase in the
degree of polymerization. The PGNs with similar molecular
weight (ca. 30 kg/mol) and thus degree of polymerization,
MxG-CNC-g-PS-27-88, MxG-CNC-g-PS-34-80, and MxG-
CNC-g-PS-34-55, all show increasing fracture toughness with
the decrease in the grafting density, from 2.4 + 0.6 MPa-m®® to
6.0 + 1.1 MPa-m®°. These data broadly support the
predictions of Keten and co-workers,"”” confirming that
increasing fracture toughness is obtained with a relatively
lower grafting density of higher degree of polymerization
polymers.

In seeking to demonstrate the overall mechanical effects of
the MxG-CNC-g-PS PGN films, along with homopolymer and
a two-component composite, the rubbery modulus was plotted
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against the fracture toughness (Figure 7) and color being used
to highlight the polymer conformation of the PGNs. While
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Figure 7. Rubbery modulus as determined by tensile DMA plotted
against the fracture toughness as determined by nanoindentation for a
variety of PGN, two-component nanocomposite, and homopolymer
samples. PGN samples are labeled according to their grafted polymer
brush regime. Samples whose fracture toughness could not be
calculated are to the far left.

PGNs in the CPB regime form films of high modulus on
account of their large nanofiller loading, as high as 55 wt %
CNC, their fracture toughness is low. PGNs in the CPB/SDPB
regime generally show an enhancement in fracture toughness,
the significant quantity of polymer needed to access that
regime limits the nanofiller loading and thus the modulus. By
accessing a material with both high polymer degree of
polymerization and relatively low grafting density, which
permits both SDPB conformation and entanglement alongside
a high nanofiller loading, it is possible to optimize both the
modulus and fracture toughness.

B CONCLUSIONS

MxG-CNC-g-PS samples were synthesized with a controlled
grafted polymer degree of polymerization and density. AFM
studies were used to determine the grafted polymer
conformation as a function of both degree of polymerization
and grafting density, and it was shown that the mechanical
properties of these OCNs strongly depend upon the grafted
polymer conformation and the total amount of polymer.
Specifically, modulus measured by tensile DMA showed that
trends of the materials below T, (glassy) was relatively

8
invariant with composition, while above T, (rubbery), there is

a dramatic improvement in the modulus \irith the decrease in
molecular weight and decreasing grafting density ranging from
13 MPa to 1.37 GPa, which is related to the amount of the
CNC in the PGN. The PGN architecture allows access to
homogeneous films with as much as 55 wt % CNC, resulting in
films with a GPa modulus above T,. In measuring the T,
PGNs in the CPB regime displayed T, values 20 °C higher
than comparable ungrafted homopolymer, with the difference
in T, decreasing with the increase in molecular weight.
Fracture toughness measured by the nanoindentation of the
PGN films showed a significant improvement in their fracture
toughness relative to the PS homopolymer of similar degree of
polymerization (1.7 + 0.7 MPa-m®®), with the greatest
improvement in fracture toughness with the increase in degree
of polymerization and decreasing grafting density (up to 6.4 +
1.0 MPa-m®®). Ultimately, the PGN films enabled large
loadings of nanorod filler (up to SS wt %) with excellent

mechanical properties and provide stronger understanding of
the structure property relations of this new class of materials.
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PS, polystyrene; MxG, Miscanthus x. Giganteus; CNC, cellulose
nanocrystal; PNGs, polymer-grafted nanoparticles; OCN, one-
component nanocomposite; IL, ionic liquid; ESI-MS, electro-
spray mass spectroscopy; LC/MS, liquid chromatography/
mass spectroscopy; GPC—MALS, gel permeation chromatog-
raphy—multiangle light scattering; DI, deionized; RAFT,
reversible addition fragmentation chain transfer; CTA, chain
transfer agent; NMR, nuclear magnetic resonance; AIBN,
azobisisobutyronitrile; THF, tetrahydrofuran; WAXS, wide
angle X-ray scattering; AFM, atomic force microscopy; SEM,
scanning electron microscopy; FTIR, Fourier transform
infrared spectroscopy; TGA, thermal gravimetric analysis;
RH, relative humidity; CPB, concentrated polymer brush;
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