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ABSTRACT: The site-specific surface modification of colloidal substrates, yielding “patchy” nanoparticles, is a rapidly expanding
area of research as a result of the new complex structural hierarchies that are becoming accessible to chemists and materials
scientists through colloidal self-assembly. The inherent directionality of cellulose chains, which feature a non-reducing and a
reducing end, within individual cellulose nanocrystals (CNCs) renders them an interesting experimental platform for the synthesis
of asymmetric nanorods with end-tethered polymer chains. Here, we present water-tolerant reaction pathways toward patchy and
uniformly modified CNC hybrids based on atom transfer radical polymerization (ATRP) and initiators that were linked to the
CNCs with carbodiimide-mediated coupling and Fischer esterification, respectively. Various monomers, including N-
isopropylacrylamide (NIPAM), [2-(methacryloyloxy)ethyl]trimethylammonium chloride (METAC), and sodium 4-
vinylbenzenesulfonate (4-SS) were polymerized from both types of initiator-modified CNCs, yielding chemically patchy and
uniform CNC hybrids, via surface-initiated ATRP (SI-ATRP). Interestingly, the stereochemistry of tethered PNIPAM was affected
by the precise location of ATRP initiating sites, as evidenced by *H NMR and circular dichroism (CD) spectroscopy. This effect
may be related to the inherent right-handed chirality of CNCs. CNC/PMETAC hybrids were labeled with gold nanoparticles
(AuNPs) in order to visualize the precise location of polymer tethers via cryo-electron microscopy. In some instances, the AUNPs
were indeed concentrated at the end groups of the patchy CNC hybrids.

The site-specific surface modification of colloidal substrates,
yielding “patchy” (nano)particles, is receiving rapidly
expanding interest, as a result of the new complex structural
hierarchies that are becoming accessible to chemists and
materials scientists through colloidal self-assembly.! Such
patchy particles include Janus colloids,? genetically engineered
bacteriophages,®* cylindrical block copolymer micelles,®> and
polymer-tethered nanorods.® Particle shape anisotropy provides
additional building block parameters, which can broaden the
complexity of their assemblies.” The lyotropic liquid crystal
formation capability of rod-shaped colloidal building blocks is
an excellent example of such a self-assembly process.® In
special cases, these liquid crystal (LC) phases exhibit long-
range chirality, displaying so-called cholesteric or chiral
nematic arrangements, which are not only fundamentally
intriguing for condensed matter investigations,® but also useful
as chiral building blocks for the creation of advanced functional
materials.'® Relatively few anisotropic colloids that exhibit such
chiral phases are known; they include filamentous viruses,*!
collagen,*? chitin,*® and cellulose nanocrystals (CNCs).** CNCs
are a unique class of colloidal liquid crystals in that their
cholesteric LC phases are preserved upon evaporation-induced
self-assembly (EISA), which together with their easy
accessibility makes them very useful as templates for long-
range chiral order in solid-state materials.’® One drawback is
that the stability of CNC LC phases is sensitive to additives and
mostly limited to aqueous media. Polymer grafting at the
surface of CNCs has been utilized to make their LC phases more

robust;'®1” however there are few investigations of the EISA
process of such hybrid CNC materials. It can also be argued that
uniform surface functionalization of CNCs with tethered
polymers disturbs their packing density.?® In this context,
confining polymer tethers to the ends of the CNCs may present
an interesting alternative. The inherent directionality of
cellulose chains, i.e. non-reducing end vs. reducing end, within
individual CNCs'® makes them an interesting experimental
platform for the synthesis and assembly of nanorods with end-
tethered polymer chains, especially those with tethers at only
one end.?’ Moreover, surface-initiated controlled radical
polymerization (SI-CRP) techniques allow precise control of
molecular weight and dispersity of tethered polymers, so that
the nanorod:tether length ratio can be easily manipulated.?* To
this end, new synthetic protocols are required that allow
attachment of CRP initiators to reducing end groups of CNCs
for subsequent SI-CRP and comparisons to uniformly modified
CNCs.

In this communication, we present a water-tolerant reaction
pathway toward nanorods with polymer chains tethered to the
ends of commercially available CNCs by taking advantage of
the precise location of reducing end groups.'®?22 To the best of
our knowledge, there is only one report on polymer grafting
confined to the reducing end groups of CNCs, in which a variety
of polymers were either grafted to phenylcarboxylate-
functionalized reducing ends or grafted by free radical



polymerization (FRP) from reducing ends that had been
modified with azo initiators.?*
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Scheme 1. (A) Synthetic protocols for conducting SI-ATRP from reducing end groups of CNCs%# and (B) for conducting SI-
ATRP from CNC hydroxyl groups via water tolerant initiator immobilization based on Fischer esterification. 2

Building on this work, we sought to establish a versatile and
water-tolerant protocol to graft polymers from CNC reducing
ends through controlled polymerization techniques, as
exemplarily summarized in Scheme 1A. At first, CNC reducing
end groups were oxidized and modified with ethylenediamine
(EDA), followed by attachment of 2-bromoisobutanoic acid N-
hydroxysuccinimide ester (NHS-BiB).2 For comparison
purposes, a CNC sample was prepared in which the surface
hydroxy! groups were uniformly modified via p-toluenesulfonic
acid-catalyzed esterification of 2-bromopropionic acid under
reflux conditions that were inspired by previous works (Scheme
1B).%62"  Subsequently, various monomers, including N-
isopropylacrylamide (NIPAM), [2-(methacryloyloxy)ethyl]tri-
methylammonium chloride (METAC) and sodium 4-
vinylbenzenesulfonate (4-SS) were polymerized from both
types of initiator-modified CNCs, i.e. chemically “patchy” vs.
uniform CNCs, via surface-initiated atom transfer radical
polymerization (SI-ATRP).

Wood pulp-derived CNCs obtained from the USDA Forest
Products Laboratory (FPL) (supplied by the University of
Maine) were first fully characterized in terms of average aspect
ratio, surface charge density, and specific surface area. The
dimensions of CNCs as received were determined to be 150 +
26 nm in length and 5.6 + 2.3 nm in width by AFM, resulting in
an average aspect ratio of 27. The surface charge density was
found to be 0.208 + 0.009 mmol/g from a series of
conductometric titrations. To ensure full protonation of the
CNC’s surface sulfate half-ester groups, they were passed
through a strong acid cation exchange resin prior to
conductometric titration experiments.?? Considering the
specific surface area of 258 m?/g determined from Congo red
dye adsorption experiments? (see Supporting Information), the
surface charge density was calculated to be 0.485 e/nm?. The

surface chemical properties and morphology of the CNCs fell
within the range of values recently reported by Reid et al.*® The
authors also reported that CNCs produced by the FPL contain
nearly equal amounts of cellulose I and cellulose Il polymorphs.
Since cellulose Il crystals contain, in addition to parallel
arrangements, also anti-parallel chains, reducing end groups
may be present on either one or both ends of CNCs.*°

Following the immobilization of ATRP initiators, either
uniformly (2BPA-CNCs) or at the reducing end groups of the
CNCs only (NHSBIiB-CNCs), purification by dialysis and
lyophilization, the samples were subjected to transmission
FTIR and XPS analysis. Figure S3 shows the FTIR spectra of
unmodified CNCs in comparison to 2BPA-CNCs and NHSBIiB-
CNCs. IR spectra of the uniformly modified CNCs display the
characteristic ester stretch at 1732 cm™, whereas the
corresponding NHSBiB-CNCs spectrum is similar to that of
unmodified CNCs. Due to the small expected number of amide
bonds generated by initiator attachment to reducing ends of
CNCs, this result is unsurprising. The results of XPS
experiments also confirmed the higher surface concentration of
initiators on 2BPA-CNCs versus NHSBiB-CNCs, as indicated
by the higher bromine content shown in Table 1. A decrease in
sulfur content was also observed, which was likely a result of
hydrolytic desulfation of sulfate half-ester groups under acidic
conditions.®* As a first case study, PNIPAM was grafted from
both types of initiator-modified CNCs under identical
polymerization conditions (experimental details can be found in
Supporting Information). Successful grafting of PNIPAM from
2BPA-CNCs and NHSBiB-CNCs was confirmed by TGA and
XPS. Shown in Figure 1 are 1% derivative thermogram (DTG)
curves of CNC/PNIPAM hybrids along with the traces of
unmodified and initiator-modified CNCs. Unmodified CNCs



showed the characteristic peak of thermal degradation at about
300 °C.



Table 1. Elemental compositions (%) and elemental ratios of CNCs and hybrid samples determined by XPS.

Sample C1ls O 1s N 1s Nals S2p Cl2p Br3d O/C S/O N/O Cellulose
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
unmodified CNC 57.03 40.77 0.41 1.18 0.47 0.05 0.09 0.71 \ 1.2 1.0 -
2BPA-CNC 56.49 | 42.68 0.46 - 0.15 - 0.23 0.76 | 0.35 1.1 -
NHSBiB-CNC 55.49 | 43.43 0.27 0.47 0.32 0.02 0.01 0.78 \ 0.74 | 0.62 -
CNC-g-PNIPAM 7291 | 16.02 | 10.60 0.33 0.07 - 0.06 0.22 | 0.44 66 25
CNC-RE-g-PNIPAM 69.30 | 21.82 8.55 - 0.29 - 0.05 0.31 \ 1.3 39 62
CNC-g-PMETAC 66.88 | 26.20 4.20 0.06 0.25 2.37 0.04 0.39 @ 0.95 16 66
CNC-RE-g-PMETAC  60.42 @ 36.12 1.98 0.38 0.45 0.66 - 060 1.2 5.5 75
CNC-g-PSS 67.28 | 24.86 1.45 0.55 5.79 - 0.07 0.37 23 5.8 11
CNC-RE-g-PSS 55.90 @ 41.77 0.88 0.03 1.40 - 0.03 075 34 2.1 69

By contrast, the DTG trace of 2BPA-CNCs shows two peaks
that indicate two different decomposition events. The lower
onset temperature is interpreted to result from in-situ acid
formation that catalyzes thermal degradation. NHSBiB-CNCs
show the same onset temperature, however with a single peak.
In the case of the CNCs uniformly decorated with PNIPAM
(CNC-g-PNIPAM), the thermal stability is increased to around
350 °C, as a result of the covalently-attached polymer coating.
Moreover, the typical peak associated with the degradation of
PNIPAM at 400 °C can be observed.®? By contrast, the DTG
trace of patchy CNC/PNIPAM hybrids (CNC-RE-g-PNIPAM)
displays two separate peaks, similar to what one might expect
with a blend of the two components. The elemental composition
derived from XPS (Table 1) reveals a higher nitrogen content
for uniform CNC/PNIPAM hybrids and less than half the
overall cellulose content compared to the patchy CNC hybrids.
All of the above suggested that the surface concentration
PNIPAM grafts were indeed affected by the different initiator
immobilization chemistries used, however direct visualization
was necessary to establish polymer growth confinement to CNC
reducing end groups (vide infra).

In addition to PNIPAM, cationic PMETAC and anionic PSS
were grafted from both types of initiator-modified CNCs. The
surface elemental compositions of these products are also
compiled in Table 1. As for the CNC/PNIPAM hybrids,
CNC/PMETAC hybrids show a similar trend in nitrogen
content, albeit with overall lower quantities of polymer grafts.
This can be explained by the higher rate of propagation of
acrylamides compared to methacrylates, as well as the
differences in activity of bpy compared to PMDETA ligands.®
The XPS results were further correlated with elemental
analysis, shown in Table S1. Regarding CNC/PSS hybrids, a
stark contrast can be observed between patchy and uniformly
grafted materials. Specifically, uniform CNC/PSS hybrids
featured an overall cellulose content of just 11%, whereas the
patchy hybrids contained still nearly 70% cellulose, as
determined by XPS. The presence of PSS on the patchy hybrids
was indeed confirmed by FTIR spectroscopy, shown in Figure
S4. This difference is interpreted as a result of electrostatic
repulsion between NHSBIB-CNCs and 4-SS during
polymerization, an effect that is less pronounced for 2BPA-
CNCs, according to the trends in sulfur content, i.e. sulfate half-
esters, as shown in Table 1. The DTG curves of CNC/PSS and
CNC/PMETAC hybrids are shown in Figure S5 and S6,
respectively.
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Figure 1. 1% derivative thermogram (DTG) curves of
unmodified CNCs (black), 2BPA-CNCs (red), NHSBiB-CNCs
(blue), uniform (magenta) and patchy (green) CNC/PNIPAM
hybrids.

In general, polymer grafts covalently attached to cellulose via
ester bonds can be cleaved by alkaline hydrolysis.?! Thus, we
attempted to cleave both PNIPAM and PMETAC grafts from
uniform and patchy CNC hybrids by treatment with 2% NaOH
for 48 h at room temperature.® We suspected the rate of
hydrolysis would be different between uniform and patchy
hybrids due to the difference in the polymer tether linkages, i.e.
ester vs. amide, respectively. Regardless, we expected to obtain
sufficient amounts of cleaved polymer for patchy PNIPAM and
PMETAC hybrids based on the results of XPS (Table 1). To
address concerns regarding the potential hydrolysis of METAC
side chains, the 'H NMR spectra of patchy CNC/PMETAC
hybrids were compared to those of PMETAC cleaved from
uniform hybrids via alkaline hydrolysis. Gratifyingly, the
comparison (Figure S7) confirms the stability of the METAC
side chains. The CNC/PSS hybrids were instead subjected to
concentrated H2SO4 at 60 °C for 3 h in order to completely
hydrolyze CNCs and collect cleaved PSS grafts. Figure S8
shows the *H NMR spectra of CNC/PSS hybrids and PSS
cleaved from uniform hybrids via H2SO. hydrolysis. The PSS
side chains appeared unaffected by the cleaving conditions,
however very low signal intensities for patchy CNC/PSS
hybrids were observed.

The inherent right-handed chirality of CNCs*-% led us to
question whether this specific particle propensity would have
an effect on the tacticity of surface-grown polymers, especially



when initiated from the reducing ends. Previous investigations
have demonstrated the chain-growth polymerization of
stereoregular PNIPAM® and poly(methyl methacrylate)
(PMMA)®® brushes with coordinating Lewis acids.*® Moreover,
optically active (isotactic) poly(methacrylic acid) (PMAA) was
synthesized using chitosan as a chiral template.®® The analysis
of the tacticity of PSS and PMETAC based on *H NMR spectra
is non-trivial, however the stereoregularity of PNIPAM is more
easily determined.®” Figure 2 shows 'H NMR spectra of
PNIPAM cleaved from both wuniform and patchy
CNC/PNIPAM hybrids and free PNIPAM synthesized via
solution ATRP, either in the presence or absence of unmodified
CNCs. The signals observed at chemical shifts between 1.25
and 2.0 ppm are associated with the -CHz- groups in the
polymer backbone and were used to determine the ratio of
meso- to racemo-diads (m/r) and thus tacticity.” Free PNIPAM
synthesized in the absence of unmodified CNCs had an m/r =
49/51, and thus an atactic structure. PNIPAM cleaved from
uniform CNC/PNIPAM hybrids showed a similar lack of
stereoregularity. By contrast, PNIPAM cleaved from patchy
CNC/PNIPAM hybrids showed a different pattern in chemical
shift, giving m/r = 74/26. In order to determine if this
observation was related to a templating effect similar to what
has been observed using chitosan,”® free PNIPAM was
synthesized in the presence of unmodified CNCs. This also
displayed an upfield chemical shift of the -CH- group, but
nevertheless indicated atactic PNIPAM. In order to determine
if PNIPAM grown from NHSBIiB-CNCs indeed had a higher
m/r ratio than PNIPAM grown from 2BPA-CNCs, the hybrids
were analyzed by circular dichroism (CD) spectroscopy (Figure
S9). In contrast to the other samples, the CD spectrum of patchy
CNC/PNIPAM hybrids shows a broad absorption of right-
handed circularly polarized light in the range of 325-500 nm,
which suggests a certain degree of optical activity due to an
isotactic (helical) conformation. On the other hand, unmodified
CNCs absorb left-handed circularly polarized light in the 200-
400 nm region, likely as a result of left-handed chiral nematic
arrangements.**** The lower critical solution temperature
(LCST) of tethered PNIPAM also depended on tether location
(Figure S10). Overall, the results of 'H NMR and CD
spectroscopy provided evidence to suggest that the location of
ATRP initiator sites on CNCs had an effect on the
stereochemistry of surface-grown PNIPAM.
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Figure 2. 'H NMR spectra of PNIPAM cleaved from both
uniform (red) and patchy (blue) CNC/PNIPAM hybrids and
free PNIPAM synthesized via solution ATRP, either in the
absence (black) or presence (magenta) of unmodified CNCs, in
CDCls.

The results of XPS, TGA and 'H NMR spectroscopy
provided only indirect evidence of the desired patchy CNC
hybrid structures in comparison to uniformly modified CNCs.
In order to directly visualize reducing end group-selective
chemical modification of CNCs, sub-5 nm Au nanoparticles
(AuUNPs) stabilized by anionic surface charges were synthesized
and electrostatically adsorbed to patchy CNC/PMETAC
hybrids. Shown in Figure 3 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
containing tethered PMETAC chains. In some cases, both ends
of CNCs appear to be functionalized, likely because the source
CNCs also contained some portion of cellulose Il crystals with
antiparallel chain arrangements (vide supra).3® Since NHS-
active esters could have also potentially reacted with CNC
hydroxyl groups, although at a significantly lower rate, some
degree of functionalization along the principal CNC axis was
unavoidable. This will be remedied in our future work by ester
group selective hydrolysis, which will preserve polymers
tethered via amide bonds intact, i.e. at the reducing end groups.
We also observed some CNCs that appeared either
unfunctionalized with polymer tethers or unlabeled with
AuNPs. It will be therefore critical in future work to optimize
the reaction conditions, such that reducing end group
functionalization is maximized to produce homogeneous
samples. Nevertheless, Figure 3 clearly demonstrates the proof-
of-concept for the synthesis of “patchy” CNC hybrids. We
further attempted to analyze AuNP-labeled uniform
CNC/PMETAC hybrids, but the TEM images show only very
few bound AuNPs (Figure S11), probably because of the low
overall PMETAC content, as shown in Table 1.

In summary, we presented water tolerant reaction pathways
toward both uniform and “patchy” CNC hybrids with a variety
of tethered polymers via SI-ATRP. The stereochemistry of
PNIPAM appeared to be affected by the precise location of
ATRP initiating sites, perhaps related to the inherent right-
handed chirality of CNCs.%*% Moving forward, our objectives
will be to optimize the reaction conditions such that reducing
end group modification is maximized, graft hydrophobic
polymers to create amphiphilic CNC hybrids and investigate the
self-assembly of a library of patchy CNC hybrids in a variety of
solvents. We anticipate the present work is the starting point for
the development of both symmetric and asymmetric CNCs with
end-tethered polymer chains as an experimental platform to
study the self-assembly of end-functionalized anisotropic
nanohybrids.> 72



Figure 3. Cryo-EM micrograph of patchy CNC/PMETAC
hybrids (CNC-RE-g-PMETAC) labeled with AuNPs.
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ABBREVIATIONS

AuNPs  gold nanoparticles
2BPA  2-bromopropionic acid

CNCs  cellulose nanocrystals

EDA ethylenediamine

EDC-HCI N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride

EISA  evaporation-induced self-assembly

FRP free radical polymerization

LC liquid crystal

LCST  lower critical solution temperature

METAC [2-(methacryloyloxy)ethyl]trimethylammonium chloride

NHS-BIiB 2-bromoisobutanoic acid N-hydroxysuccinimide ester

NIPAM N-isopropylacrylamide

PMDETA N,N,N',N",N"-pentamethyldiethylenetriamine

PMAA poly(methacrylic acid)

PMMA poly(methyl methacrylate)

RE reducing end groups

SI-ATRP surface-initiated atom transfer radical polymerization

SI-CRP surface-initiated controlled radical polymerization

4-SS sodium 4-vinylbenzenesulfonate
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