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ABSTRACT: Cellulose nanocrystals (CNCs) were functionalized with aryl bromides moieties and subsequently grafted
with a semiconducting polyfluorene. A straightforward Yamamoto type cross coupling polymerization was employed to
graft chains of poly (9,9-dihexylfluorene) from surface bound aryl halides. These composite materials, g-PFCNC, exhibit
polyfluorene graft lengths with average Mw ~ 4000 Da. Organic light emitting diodes (OLEDs) were fabricated on ITO/glass
substrates using g-PFCNC as the active emissive layer. These devices have a turn on voltage (Von) of ~ 4.5 V and emit in the
blue frequency characteristic of homopolyfluorene. The active layer is non-uniform, contains upwards of 85 wt% cellulose,
and is fabricated, in large part, outside of an inert atmosphere. The results of this work push forward a new family of

sustainable cellulose-based devices.

Advancements in sustainability have been made across a
myriad of technologies, especially in the sectors of
renewable energy, energy storage, and electronics™*. Solar
cells have been increasing in efficiency for decades while
the associated library of useful materials has grown
extensively>8. Organic field effect transistors have seen
marked improvements® accompanied by movements
toward paper-based systems3. The field of organic light
emitting diodes has seen some push toward sustainability,
namely in utilizing cellulosic substrates for flexible
OLEDs%'. A unique opportunity that has been less
explored is the incorporation of renewable materials in the
actual active layers of organic electronicsB. Based off
previous works which have explored grafting of polymers
from nanocellulose thru ring opening and ATRP72,
composite materials may combine the mechanical
properties of a cellulosic substrate material>>?5 with the
electrical conductivity and emissive properties of
polyfluorene active materials263°. Furthermore, the use of
cellulose materials paves the way for more sustainable and
environmentally friendly device fabrication. Such
breakthroughs will result in future concepts such as an all
paper OFETs and OLEDs. However, efforts in this area
have been stymied by a lack of exploration in novel
composite materials. Few researchers33°3738 have explored
the necessary grafting chemistries for cellulose-conjugated
polymer synthesis.

Herein we describe the synthesis and fabrication of an
electronically active composite layer containing cellulose
nanocrystals (CNCs), a material well-known as a
sustainable strengthening additive, and conjugated
poly(9,9-dihexyl fluorene), a well-known blue emitter.
Grafted cellulose nanocrystal-polyfluorene composites (g-

PFCNCs) were synthesized through a series of processing
steps starting with a solvent exchange of CNC into toluene,
followed by a surface modification with an aryl bromide
(Figure 1a) , and ending with a Yamamoto cross coupling
graft polymerization (Figure 1b).
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Figure 1. General synthesis pathways for a) CNC surface aryl

halide functionalization thru acid chloride esterification and b)

Yamamoto graft polymerization of polyfluorenes from modified
CNCs.

Solvent exchange was performed through a series of
centrifugation and redispersion steps starting by dripping
an aqueous dispersion of CNCs in water (11.8 wt%) into
acetone. After centrifugation for 30 minutes at 4500 RPM,
the acetone was poured off, fresh acetone was added and
the CNCs re-dispersed via sonication and mechanical
agitation. This process was repeated 3 times through
acetone, toluene, and finally anhydrous toluene. NMR
analysis of the final toluene solution showed
approximately 1% of water after all solvent exchange was
complete. Subsequently, a surface modification with 4-
bromobenzoyl acid chloride was performed3®37, yielding
CNC with ester bonded surface aromatic bromine groups
(s-BRCNC). Polymer grafts were grown from the surface
halides via Yamamoto cross coupling methods using a



fluorene monomer. S-BRCNC in toluene was grafted with
2,7-dibromo-9,9-dihexyl fluorene wusing stoichiometric
amounts of (CoD),Ni(o) and bipyridine as the cross
coupling agents. Reactions were carried out under inert
atmosphere at 50 °C overnight. Side products were washed
out through successive rinsing and centrifugation steps.

Resulting g-PFCNC materials exhibited graft lengths
well above the effective conjugation length (n > 10) of
polyfluorene, signaling an expected consistency in grafted
polymer properties. Any grafts shorter than the effective
conjugation length could have a range of properties
including blue shifted UV absorption maximum and
lowered emissive capabilities. Due to the inherent
insolubility of the final CNC product, the PF grafts were
cleaved from the CNC by acid hydrolysis of the ester
linkage. The PF was separated from the CNC and
characterized via MALDI-ToF spectroscopy and UV-Vis.
Homopolymer side product and the grafted products
showed comparable molecular weights and absorbance
maxima (Figure 2). When compared with literature
values?®3235, the absorbance maxima observed aligned with
those seen in polymeric chains of polyfluorene, saturating
around 385 nm. Additionally, when compared to a our first
reported Sonogashira grafting study® using poly (2-
ethynyl-g9,9-dihexyl fluorene) which showed grafts of M,
~1000 - 2000 Da and absorbance at 350 nm, Yamamoto
grafting yields polymers (My, ~ 4000 Da) that are up to 4x
longer and absorb at normalized maximum of 366 nm with
a leading shoulder above 370nm.
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Figure 2. Maldi-ToF spectrum of g-PFCNC (Left) and normalized
UV-Vis (Right) of g-PFCNC (black) and PF (red).

After establishing the procedure for synthesizing g-
PFCNC, we confirmed its electroluminescent properties by
fabricating OLED devices. Top contact OLEDs were made
using conductive  ITO/glass substrates, PEDOT:PSS
electron transport layer, g-PFCNC active layer, poly (4-n-
hexyl-triphenyl)amine (HTPA) electron blocking hole
transport layer, and Ca/Al contacts (Figure 3). ITO
substrates were first sonicated in 2-propanol for 10
minutes, dried under a stream of N,, then cleaned under
UV/Ozone exposure. A PEDOT:PSS solution (45 pL) was
spin coated on the ITO surface at 4000 RPM for 30 seconds
then baked at 120 °C for 10 minutes. Subsequently, 30 pL
g-PF-CNC (smg/mL) in CHCl; was spin coated at 3000
RPM for 30 seconds and allowed to dry, followed by 30 pL
of HTPA with the same spin coating procedures. The
HTPA coated substrate was heated for 30 minutes at 8o °C.
Polyfluorene based OLEDs were also prepared as standards
to compare against the g-PFCNC devices. These standard
devices were made with the same overall structure

substituting polyfluorene homopolymer as the active layer
and not using the HTPA layer.
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Figure 3. Composite material OLED device structure.

The I-V curves for the devices are shown in Figure 4.
Both polyfluorene and g-PFCNC OLED devices operate in
a comparable fashion. The composite g-PFCNC OLEDs
exhibit diode-like transfer characteristics with no current
flow under reverse bias and a noticeable increase in current
at Von ~ +4.5 V in forward bias. The G-PFCNC OLEDs gave
an emission profile comparable to standard polyfluorene
devices (Figure 5). Both emit blue colors, and most
remarkably the presence of CNCs in the active layer does
not tremendously alter the emissive properties of
polyfluorene. Lowered emission intensities can be
attributed to a difference in polyfluorene content.
Emission peaks are realized at similar wavelengths in both
the composite and standard material. Peaks at 422, 484,
and 516 nm correspond to violet, blue, and cyan emissions
in both devices and only one peak at 444 nm in the PF
standard is less pronounced in the gPFCNC composite.
Once again, this may be attributed to a lowered PF content
in the composite material device. As both OLEDs are
fabricated largely in air, except for thermal evaporation of
metal electrodes, green shifted emissions may be the result
of excimer formation or oxidation of the g position on
fluorene units imparting a fluorenone group instead of the
expected dialkyl chains®3°.
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Figure 4. I-V curve sweep of polyfluorene standard (blue),
polyfluorene with HTPA above (cyan), gPFCNC with HTPA above
(black).

Based on the nonuniformity and thickness of the
composite active layer, conventional wisdom would deem
these devices as non-functional. In fact, a device fabricated
with the most basic structure, glass/ITO/PEDOT:PSS/g-
PFCNC/Ca/Al, does not operate. This could lead one to
believe that the grafted composite material is not an
effective semiconductor. Interestingly, emission only
occurs when the HTPA electron blocking hole transport
layer is present and layered above the composite active



layer. Without this hole transporting layer, the devices fail
via short circuiting. When the HTPA encapsulation layer
is employed, blue light is emitted beyond V... We
hypothesize that the HTPA layer provides two benefits.
The first is the filling of holes in the active layer that come
about because of the intrinsically non-uniform film casting
nature of gPFCNC. Being an insoluble material suspended
in organic solvent, there is no observed self-assembly
characteristic of pristine CNC films casted from water.
Second, the HTPA aides in blocking electrons while
transporting holes, reducing short circuiting phenomena
that are seen in the absence of HTPA in these devices.

1.5 T T T
—PF
— gPFCNC
3
S 1.0
2
‘@
c
i)
£
E
S 054
=z
0.0 T T T
400 500 600 700

Wavelength (nm)

Figure 5. Normalized emission spectra of PF (black) and
gPFCNC (red) shown over the visible wavelengths 380 — 700 nm.

In conclusion, we have synthesized a novel, emissive
material using polyfluorene grafted from cellulose
nanocrystals. Grafted chains were determined to be above
the necessary effective conjugation length (n ~ 10) of poly
(9,9-dihexylfuorene). Compared to previously reported
grafting procedures, an increase of about 4x chain length
was observed when utilizing Yamamoto-type Ni(o)
mediated coupling chemistry. OLED devices were
fabricated and demonstrated blue wavelength emission,
characteristic of polyfluorene emitters. This work marks
the beginnings of a future in emissive cellulosic
composites. Along with paper substrate electronics, these
emissive materials will aide researchers in the quest for
more sustainably built, advanced electronic devices.
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