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Major Goals: Create one-component nanocomposites (OCNs) based on polymer-grafted cellulose nanocrystals
and investigate their properties,

Specifically:

Develop robust chemistries and procedures for the synthesis of Hairy NanoRods (HNRs) based on CNCs
Demonstrate that homopolymer-CNC based OCNs can overcome the limitations of conventional CNC
nanocomposites (aggregation, embrittlement)

Investigate structure-property relationship of polymer-functionalized OCNs. Demonstrate structure-specific
functions such as shape-memory behavior, toughening, selective transport, healing, adhesion.

Accomplishments: See uploaded PDF
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materials
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Section 1: Synthetic Methods to CNC-Hairy Nanorods and CNC-OCNs

Section 1: Synthetic Methods to CNC-Hairy Nanorods and CNC-OCNs

We have focused on two different routes to accessing hairy nanorods, which can then be processed in
to OCNs films and materials by standard solution or melt processing. That is the “grafting-to” and

“grafting-from” approaches (Figure 1a).

Grafting to

— i i! i i— Grafting from

Hairy NanoRod (HNR)

Networks

Figure 1. Schematic showing the three routes used by the Pls to access CNC one-component nanocomposites
(OCNSs). (a) The “grafting-to and -from” routes to access HNRs which can be processed into OCNs and (b) Reacting
a functionalized CNC with telechelic polymers to access OCN networks.

In the “grafting-from” approach, the CNCs are functionalized with an initiating group and the polymer is
grown from that site. Our initial investigation in this approach focused on attaching the photo-initiator
benzophenone onto the CNC surface via isocyanate chemistry, resulting in CNC-Bp (Figure 2a). While
this photo-initiated free radical polymerization provides little control over the resulting products, the
synthetic pathway is straightforward and high molecular weight grafts can be easily obtained. As the
utilization of this approach to access modified CNC-HNRs in scenarios where a high level of control is
not required. This basic approach was used to access materials outlined in sections 2 and 3 in PDF

attachment.

The “grafting-to” approach involves the synthesis of a polymer with a reactive chain-end followed by
coupling onto the CNC. Primarily for this approach we have synthesized amine-end capped polymers
using either RAFT or ATRP chemistries and carried out an amide coupling reaction to attach the
polymers onto carboxylic acid functionalized CNCs (Figure 2b), see section 4 in PDF attachment.



The different approach to OCNs is different from the above two routes in that the OCN is accessed
directly by reacting functionalized CNCs with telechelic polymers (Figure 1b). In this approach, the
functionalized CNCs are effectively used as a crosslinking moiety for the polymer and as such the OCN
has a network architecture. To do this we have particularly focused on exploring the use of either
dynamic covalent chemistry (section 5 in PDF attachment) or supramolecular chemistry (section 6 in
PDF attachment) to access the adaptive and responsive OCNs as the use of these chemistries allows
the melt (re)processing of the OCN films.
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Figure 2. The (a) grafting-from and (b) grafting-to approaches used to access CNC-HNRs.

Section 2. Comparison of the Mechanical Properties of one and two-component

CNC composites

In initial steps towards the development of novel one-component nanocomposites (OCNSs) poly(hexyl
methacrylate), a non-crystallizing, low-Tg4 polymer, and glassy poly(methyl methacrylate) were grafted
from CNCs via surface-initiated free radical polymerization from an immobilized benzophenone
photoinitiator (Figure 2a), to yield CNC-PHMA and CNC-PMMA, respectively. The amount of CNC in
the hairy nanorods was controlled to be 10 or 20% w/w via the monomer concentration during the
grafting-from step. The M, of the grafted polymers on the CNC using this approach was ca. 200,000
g/mol (for the PMMA-OCN with 10 wt% CNC). All OCNs formed transparent, self-supporting films
(Figure 3 a,b). Their mechanical properties were investigated and compared to those of the
corresponding two-component composites, which were prepared by solvent casting. Shown in Figure
3¢ are dynamic mechanical analyes traces that show the storage modulus (E”) of the CNC-PMMA-
OCNs, two-component nanocomposites, and the neat PMMA. Neat PMMA displayed the typical
behavior of high E” in the glassy state before reaching a T4 of ca. 100 °C, followed by a rapid decrease
in E” upon increasing temperature. The two-component nanocomposites containing 10 and 20 wt%
CNCs exhibited similar behavior, albeit with a slightly higher E’, especially in the rubbery region. By
contrast, both PMMA-OCNSs -showed a marked increase in Ty of >20 °C, and a significantly higher E” in
the temperature range of 80-200 °C, arguably on account of pronounced chain entanglements between
the CNC-grafted macromolecules. These effects are even more pronounced in the case of the PMHA-
OCNs, where the OCN structure leads to a new rubbery plateau that extends from ca. 40 to 160 °C
(Figure 3c). Significant changes were also observed in tensile tests (Figure 3d), which for PHMA-OCNs
containing 10 and 20 wt% CNCs show an increase of the tensile strength by a factor of 4 and 6,



respectively (which is ca. 3 and 4 times higher than in the case of the conventional PHMA/CNC
composites), while the strain at break remains appreciable (Figure 3d). Thus, these results demonstrate
strikingly that OCNs offer much improved mechanical properties in comparison to classical
nanocomposites, arguably, because do not suffer from mixing and phase separation problems that
common to two-component composites systems. In addition, the stress-transfer mechanisms in these

materials appear to differ significantly.
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Figure 3. Pictures of (a) PMMA-OCNs and (b) PHMA-OCNs containing 10 and 20 wt% CNCs. (c) Storage modulus
vs. temperature and (d) stress-strain curves of the neat PMMA (left) and PHMA (right), conventional two-component
nanocomposites based on these polymers and unmodified CNCs, and the corresponding OCNs.

Section 3. Investigating Polymer Grafting-to Chemistry with CNCs

We have investigated different methods to graft polymers to CNCs. Using DIC/NHS as the coupling
reagents we investigated the attachment of amine endcapped polystyrene (8K) onto carboxylic acid
functionalized MxG-CNCs (Figure 4a) which were either directly dispersed in DMF or dispersed using a
solvent exchange procedure (water then DMF). The results were strikingly different, 2% and 10% of
carboxylic acid groups were reacted respective, which resulting in material with 12 and 40wt.% of PS in
grafted CNC, respectively (as determined by TGA). It is proposed that the solvent exchange method
allows for better dispersing CNC, which increases the available surface of CNC and thus increases the
grafting density. As such all grafting to experiments used CNC using the solvent exchange method.
Using DIC/HOBt, EDC/NHS, and DMTMMBF3 as coupling reagents, 17%, 7.4%, 34% of carboxylic acid
groups were reacted with PS, (resulting in materials with 52%, 32%, 68% weight percentage of PS in
the grafted CNC, respectively). Among all the coupling reagents, DMTMMBF4 shows the highest

efficiency in the CNC grafting reaction in DMF. FITR spectra show that comparing to the starting material



CNC and PS (8 k PS), the CNC-graft-PS shows a new peak at 1650 cm is for the amide groups formed
between amine group on PS and carboxylic acid groups on CNC. DSC results (Figure 4b) also
conformed the PS was grafted onto CNC surface. Free PS has a glass transition temperature peak at
96.3 °C, for PS and CNC mixture (which has similar PS to CNC ratio as PS-grafted-CNC) is 99.3 °C,
PS grafted CNC has the highest Tq among them, 104.1 °C. AFM images (Figure 4c) of MxG-CNC and
PS-grafted-CNC show the height and width of MxG-CNC (3.3 nm and 8.5 nm) is increased to 5.2 nm
and 16 nm after grafting. Films prepared from PS-grafted-CNC and PS/CNC two component composite
(at a similar PS to CNC ratio as PS-grafted-CNC) show that the film of PS-grafted-CNC do not show
phase separation. In addition, the cross section of the PS-grafted-CNC film show they have uniform
periodic layered structures. Two more PS with different molecular weight (5k and 30k) were investigated
in the coupling reaction with DMTMMBF4 Results showed that 38% and 26% of carboxylic acid groups
were reacted with PS (c.f. 34% for 8k PS), to yield materials with 60% and 86wt.% of PS, respectively
(c.f. 68% for 8k PS). The results show that the percentage of carboxylic acid groups engaged in the
coupling reaction will decrease with increasing the molecular weight of polymer, presumably due to the
increasing of steric hindrance but that the overall wt.% can be increased through the use of longer

polystyerene grafts.
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Figure 4. (a) synthetic approach used to graft polystyrene to the cellulose nanocrystals. (b) DSC heating curves for
free PS, PS-grafted-CNC and PS-CNC mixture. (c) AFM images of MxG-CNC, and PS-grafted-CNC and (d) SEM
images of PS/CNC mixture film, PS-grafted-CNC OCN film, and cross section of the PS-grafted-CNC OCN film.



Section 4. Synthesis of Patchy Polymer Functionalized CNCs

During the course of this project, the Pls’ discovered a simple water-tolerant synthetic approach toward
asymmetric, i.e. end-group modified, hairy CNCs shown in Figure 5. The inherent directionality of
cellulose chains, which feature a non-reducing and a reducing end, within individual cellulose
nanocrystals (CNCs) renders such site-selective end group functionalization. At first, CNC reducing end
groups were oxidized and modified with ethylenediamine, followed by attachment of 2-bromoisobutanoic
acid N-hydroxysuccinimide ester. Subsequently, various monomers were polymerized from initiator-
modified CNCs via surface-initiated atom transfer radical polymerization. In order to directly visualize
reducing end group-selective chemical modification of CNCs, sub-5 nm Au nanoparticles stabilized by
anionic surface charges were synthesized and electrostatically adsorbed to patchy CNC-cationic
polymer hybrids. Shown in the right of Figure 5 is a typical cryo-electron micrograph of AuNP-labeled
patchy CNC/PMETAC hybrids. The image reveals slightly aggregated CNC hybrid structures in which
the AuNPs appear to be concentrated at the end groups. In comparison to CNCs uniformly modified
with tethered polymers, such end-modified CNCs may allow the formation of solid-state anisotropic
phases, maintain CNC inherent mechanical strength, thus a novel platform for OCNs based on “patchy”

nanorods.
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Figure 5. Synthetic protocols for conducting SI-ATRP from reducing end groups of CNCs (left) and cryo-EM
micrograph of patchy CNC/PMETAC hybrids (CNC-RE-g-PMETAC) labeled with AuNPs (right).

A thermally “switchable” liquid-crystalline (LC) phase was observed in aqueous suspensions of CNCs
featuring patchy grafts of the thermoresponsive polymer poly(N-isopropylacrylamide) (PNIPAM).
“Patchy” polymer decoration of the CNCs was achieved by preferential attachment of an ATRP initiator
to the ends of the rods and subsequent surface-initiated atom transfer radical polymerization (SI-ATRP).
The patchy PNIPAM-grafted CNCs display a higher colloidal stability above the lower critical solution
temperature (LCST) of PNIPAM than CNCs that are decorated with PNIPAM in a brush-like manner. A
10 wt% aqueous suspension of the “patchy” PNIPAM-modified CNCs displays birefringence at room
temperature, indicating the presence of a LC phase. When heated above the LCST of PNIPAM (~32
°C), the birefringence disappears, indicating the transition to an isotropic phase. This switching process

is fully reversible and appears to be driven by the collapse of the PNIPAM chains above the LCST,



causing a reduction of the rods’ packing density and thus an increase in translational and rotational
freedom. Aqueous suspensions of the “brush” PNIPAM-modified CNCs display a very different behavior.
In this case, heating above the LCST causes phase separation while the mesophase is maintained,
likely because the chain collapse renders the particles more hydrophobic. The thermal switching
observed for the “patchy” PNIPAM-modified CNCs is unprecedented and possibly useful for sensing

and smart packaging applications.
Section 5. Moisture-responsive nanocomposites

Further research has been focused on the synthesis of OCNs in which poly(vinyl alcohol) was grafted
from the CNC surfaces (CNC-g-PVA). This was accomplished by grafting poly(vinyl acetate) from CNC
surface (using again surface-initiated free radical polymerization from an immobilized benzophenone
photoinitiator, Figures 6) followed by controlled hydrolysis of acetyl groups to alcohols. The main
challenge in the polymerization of vinyl acetate is the high radical, which promotes fast termination of
growing chains and makes the control of the polymerization reaction very difficult. By using the
benzophenone-functionalized CNCs in the presence of methyl(ethoxycarbonothioyl) sulfanyl acetate,
CNC-g-PVAc was obtained via xanthate mediated reversible addition fragmentation polymerization with
33 wt% of grafted polymer. By contrast, the synthesis of a similar OCN via surface-initiated free radical
polymerization using benzophenone-functionalized CNC, resulted only in ca. 10 wt% of grafted polymer

on the surface. The investigation of the mechanical properties of these materials are in progress.
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Figure 6. Synthetic protocols for grafting PVA on CNC surface via (a) xanthate mediated reversible addition
fragmentation polymerization and (b) surface-initiated free radical polymerization. (¢) FT-IR spectra of modified
CNCs.



