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Abstract
Blended films comprising poly(butyl acrylate) (PBA)-grafted cellulose nanocrystals (CNCs) and
poly(3-hexylthiophene) (P3HT), exhibited more intense photoluminescence (PL) and longer PL
emission lifetimes compared to pristine P3HT films. Optical absorption and photoluminescence
spectra indicated reduced torsional disorder i.e. enhanced backbone planarity in the
P3HT@CNC blended composites compared to the bare P3HT. Such molecule-level geometrical
modification resulted in both smaller interchain and higher intrachain exciton bandwidth in the
blended composites compared to the bare P3HT, because of reduced interchain interactions and
enhanced intrachain order. These results indicate a potential switch of the aggregation behavior
from dominant H-aggregates to J-aggregates, supported by Raman spectroscopy. The
reorganization of micromolecular structure and concomitant macroscopic aggregation of the
conjugated polymer chains resulted in a longer conjugation length for the PRAHT@CNC blended
composites compared to the bare P3HT. Additionally, this nanoscale morphological change
produced a reduction in the highest occupied molecular orbital (HOMO)-lowest unoccupied
molecular orbital (LUMO) energy gap of the blends, evidenced from optical absorption spectra.
Classical molecular dynamics simulation studies predicted the probability of enhanced planarity
in the polymer backbone following interactions with CNC surfaces. Theoretical results from
density functional theory calculations corroborate the experimentally observed reduction of
optical bandgap in the blends compared to bare P3HT. The blended composite outperformed the
bare P3HT in nitro-group PL sensing tests with a pronounced difference in the reaction kinetics.
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While the PL quenching dynamics for bare P3HT followed Stern—Volmer kinetics, the
P3HT@CNC blended composite exhibited a drastic deviation from the same. This work shows
the potential of a functionalized rod-like biopolymer in tuning the optoelectronic properties of a
technologically important polymeric organic semiconductor through control of the nanoscale

morphology.

Supplementary material for this article is available online

Keywords: conducting polymers, nanocrystalline cellulose, organic photovoltaics, optoelectronic

devices, luminescence sensing

(Some figures may appear in colour only in the online journal)

1. Introduction

The solid-state microstructure controls the morphology of
conjugated polymers and in turn has a profound influence on
their optical and electronic properties [1, 2]. Tuning the phy-
sical properties of semiconducting conjugated polymers has a
significant impact on the performance of organic optoelec-
tronic devices where these polymers are used as active com-
ponents. The electronic quality of conjugated polymers in
general, and poly(3-hexylthiophene) P3HT films in particular,
is highly sensitive to structural disorder, which results in
electronic localization and the concomitant creation of trap
states that inhibit charge transport and promote non-radiative
recombination [3]. For instance, directionally crystallized
P3HT thin films show an order of magnitude anisotropy in
charge transport and a polarization-dependent photoresponse
[4, 5]. Consequently, achieving the highest performance in a
given organic optoelectronic device depends not merely on
tailoring the molecular structure but also on optimizing the
polymer chain packing and co-facial 7-stacking, improving the
fraction of ordered regions and enhancing their inter-
connectedness during the film formation process [6, 7].

On the other hand, there has been considerable excite-
ment in recent years in studying the nanocomposites of cel-
lulose nanocrystals (CNCs) with structural polymers for
mechanical reinforcement [8—11], and in exploiting the chiral
nematic phase of CNCs to form iridescent films and com-
posites with suitable polymers [12, 13]. In comparison, there
has been considerably less work on studying electronic
composites containing CNCs and the few existing reports
have tended to focus on conducting polymers such as poly-
pyrrole, polyaniline and poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS) [14-16], and semi-
conducting polymers such as zinc phthalocyanine (ZnPc) and
P3HT [17-20]. The spontaneous orientation of CNCs in
isotropic polymer melts [21] and their self-ordering [22, 23]
motivated us to examine the ordering and aggregation effects
that can potentially occur in the blends with semiconducting
polymers that are used as the active layer in organic electronic
devices such as, organic light emitting diodes (OLEDs),
organic thin film transistors (OTFTs) and organic photo-
voltaics (OPVs). The characterization of CNC-polymer
nanocomposites presents a significant challenge and data
obtained through photoluminescence and electrical char-
acterization of conjugated polymer-CNC blends can be used

to infer insights into the behavior of nanocomposites con-
taining CNCs blended with non-electroactive polymers as
well [17, 24].

Chemical functionalization of the hydrophilic CNC surface
is needed to produce CNC-hydrophobic polymer composites.
Risteen et al recently compared blended composites of P3HT
with polystyrene, P3HT and poly(N-isopropylacrylamide)-
grafted CNCs [19]. This work explored the aggregation
mechanism, including kinetics of aggregate growth and surface
free energy analysis. Additionally, this work also reported a
great improvement of charge carrier mobility in the P3HT films
that contain polymer-grafted CNCs. Direct grafting of P3HT
onto CNC surfaces through oxidative polymerization has also
been reported in two recent studies [18, 20]. None of these
above-mentioned works focused on exploring nanoscale
morphology, manifested by evolution of molecular geometry of
the P3HT chains, following interactions with CNCs, nor did
those works report the interesting optical and electronic prop-
erties of these new composites. In this work, we have per-
formed extensive characterization to unravel these aspects.
Another difference between the earlier works and this present
work lies in the functionalization of CNCs, where we used poly
(butyl acrylate)-grafted cellulose nanocrystals. The major
experimental findings herein have been supported by invoking
theory-driven simulations, for the first time. The blended
P3HT@CNC composite has been tested for a device applica-
tion (sensing molecules containing a nitro-group), where it
outperformed the bare P3HT. Cellulose and its derivatives have
garnered huge attention for their sustainability and biodegrad-
ability; tuning nanoscale morphology and consequently
optoelectronic properties of a technologically important con-
jugated polymer such as P3HT is paramount for future use. By
combining P3HT with widely available and ‘green’ cellulosic
nanomaterials, this work brings us one step closer to the rea-
lization of fully biodegradable electronic and optoelectronic
devices.

2. Results and discussion

The details of experimental methods and theoretical calcula-
tions have been described in the supporting information.
Figure 1(a) shows the DRS optical absorption spectra of bare
P3HT and seven blends of P3HT and CNCs of different
weight ratios, described in experimental section (supporting
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Figure 1. (a) DRS absorption spectra of bare P3HT, bare unfunctionalized CNC, bare PBA-grafted CNC and the PAHT @CNC blends. Steady
state photoluminescence spectra of bare P3HT, bare unfunctionalized CNC, bare PBA-grafted CNC and the PAHT@CNC blends for (b)
Solid thin films and (c) Solutions in chlorobenzene. (d) Normalized time resolved photoluminescence spectra of bare P3HT and the selected

P3HT@CNC blend.

information). Absorption plots of solid films for unfunctio-
nalized CNCs and PBA-grafted CNCs, which have very low
intensity are also shown in figure 1. As expected, both CNCs
showed absorption in the UV-region only. A gradual increase
in the absorption is visible in these plots for the blended
composites, with respect to bare P3HT. This is expected
because of two reasons; (a) the amount of P3HT in both bare
and blended samples was kept constant within the exper-
imental probe-volume, mentioned in the methodology
section, (b) CNCs exhibit a small absorption in the exper-
imental wavelength window [16]. The interchain and intra-
chain excitonic coupling (H- and J-aggregate respectively)
types are identifiable from their spectroscopic signature peaks
[25, 26]. The origin (0—0) and the first two sidebands (0—1
and 0—2) vibronic transitions are located at ~599, 553 and
515 nm respectively (figure 1(a)). In H-aggregates, quantum
mechanics prohibits the transitions from ground state to the
lowest energy vibronic excited state (0—O transition), due to
symmetry constraints [26]. In polymers, both interchain (H-
aggregate) and intrachain (J-aggregate) charge transport and
exciton diffusion can take place, but the structural order,
molecular weight, crystal size etc determine the dominant
component. The normalized DRS plot is shown in figure S1
(supporting information). The DRS plots show that there is a

clear increase in the relative intensity of the (0—0) vibronic
transition for the PBHT@CNC blends compared to the bare
P3HT. This is indicative of increasing J-type aggregation in
the blends. Within the H-aggregate model, the interchain
exciton bandwidth which is a measure of the strength of
excitonic coupling between neighboring chains, can be
determined from the ratio of the (0-0) and (0-1) absorbance
peak (figure 1(a)) through equation (1) [2, 26, 27]

Apo (1 —024W/Ep Y
Ao_1 1 +0.073W/Ep )’

ey

where Ag_o and Ay, are the (0—0) and (0—1) vibronic
transition peak intensities, W is the interchain exciton band-
width and Ep is the separation energy between these two
transitions. Table S1 (supporting information) shows the
calculated W values for the bare P3HT and the blends. The
blending of CNCs with P3HT results in increased (0—0) and
(0—1) peak intensity ratio and consequently decreased W. The
lower interchain exciton bandwidths of the composite films
indicate reduced interchain coupling [26, 27], higher intra-
chain order (lower torsional disorder or enhanced backbone
planarity), and consequently higher intrachain coherence
length and longer conjugation length [26, 28, 29]. The
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extension of the absorption tail to longer wavelengths for the
blends (figure 1(a)) indicates a reduction of optical bandgap
for the blends compared to that of bare P3HT, as a result of
reduced torsional order within the polymer backbone [30].
The steady state photoluminescence (PL) spectra of bare
P3HT and the blended films (figure 1(b)) show the char-
acteristic emission bands with two-dimensional coupling
consisting of both intrachain and interchain interactions
[2, 26, 27]. PL spectra of solid films for unfunctionalized
CNCs and PBA-grafted CNCs did not show any photo-
luminescence (figure 1(b)). A gradual increase in the photo-
luminescence is found in these plots for the composites, with
respect to bare P3HT. Photoluminescence from the amor-
phous phase of P3HT (\.x ~605 nm) is absent in both bare
P3HT film and composite films which indicates the presence
of the crystalline regioregular phase of P3HT. Figure 1(b)
shows that the blended films are much more luminescent than
neat P3HT film. Interchain interactions, intersystem crossing
and the parasitic quenching of single excitons by hole
polarons are used to explain the low photoluminescence
quantum yield of P3HT in the solid state (®p;. ~0.5%—1.6%)
[31, 32]. During the sulfuric acid hydrolysis process (which is
used to isolate them), CNC surfaces become negatively
charged via sulfate half-ester group [33]. Thus, a decrease in
the exciton-polaron quenching process due to fewer hole
polarons might be a plausible explanation for the higher PL
quantum yields in blended films because of the possibility of
transfer of positive mobile charge to the CNCs [34]. Poly(3-
(2,5-dioctylphenyl)-thiophene) [PDOPT] is a P3HT analog
which exhibits a solid-state PL. quantum yield as high as 16%
in thin films due to weaker interchain interactions induced by
the steric hindrance created by the bulky dioctylphenyl pen-
dant groups [35]. Reduced interchain interactions also lowers
the polaron formation [36]. Hence, it is strongly intuitive that
weaker interactions between adjacent P3HT chains (co-facial
m-stacking) in the blended films due to the reduced torsional
disorder discussed in the last section, might play a major role
for the enhanced PL. The PL plots exhibit the vibronic fea-
tures which appeared in the DRS plots (figure 1(a)). The (0
—0), (0—1) and (0—2) vibronic transitions are prominently
seen in figure 1(b) at ~670, 710 and 740 nm respectively. The
normalized steady state photoluminescence plot is shown in
figure S1 (supporting information). Compared to the bare
P3HT, the blends show a noticeable enhancement of the (0
—0) transition with respect to (0—1) transition, and a slight
decrease of the (0—2) transition with respect to (0—1) trans-
ition (figure 1(b)). Table S2 (supporting information) shows
the calculated values of the PL peak intensity ratios Iy_o/Io_
and Ip,/ly.; obtained from steady state PL spectra
(figure 1(b)). This is a signature of decreasing torsional dis-
order i.e. increasing planarity of the P3HT chain backbone,
indicating an increased intrachain exciton bandwidth in the
blends which is characteristic of J-aggregates [1, 2, 36]. The
intense high energy peaks (0—0) in the blends compared to
the low energy peak (0—1) indicate reduced contribution from
interchain component and enhanced contribution from the
intrachain counterpart [36]. The higher values of Iy /Iy,
thus reveal decreased interchain couplings and longer

conjugation and coherence lengths in the P3HT chains of the
blends [2]. Therefore, the results obtained from both
absorption and steady state PL are in complete harmony and
supplement each other. Figure 1(c) shows the liquid state PL.
for the samples. The emission in the liquid state is blue shifted
with respect to that acquired for the solid films, consistent
with earlier reports [36]. Interestingly, we did not observe a
noticeable change in the (0—0) and (0—1) peak intensity ratio
for the liquid state PL spectra despite the fact that PL intensity
has indeed increased for the blends compared to the bare
P3HT (figure 1(c)), albeit less dramatically than for the solid
film samples (figure 1(b)). As expected, PL spectra of liquid
unfunctionalized CNCs and PBA-grafted CNCs did not show
any photoluminescence (figure 1(c)). The normalized PL
spectra for the liquid state are shown in figure S1 (supporting
information). Similar unchanged vibronic peak intensity ratio
was also found in the liquid state absorption (not shown here).
Among all the blends, PBHT@CNC (6), which contains 40
wt% CNCs, has the lowest interchain exciton bandwidth
(table S1, supporting information), highest Iy_o/Ip_; and
lowest Io /I, values (table S2, supporting information).
Hence, we have chosen it as the representative blend for
further characterization and this has been denoted simply as
‘blend’ in the remaining discussion.

TRPL spectra shown in figure 1(d) were fitted to a
biexponential decay function of the form:

1) = Aje™/T + Ase /™, 2)

where A; and A, represent normalized percentage of each
decay components and 7; and 7, are the lifetimes of each
decay component respectively. The presence of two decay
components is in good agreement with previously reported
works on P3HT [29, 37]. The average lifetime has been
determined using the following equation:

Tave = (A2 + A0 /(AT + An) . 3)

The fits yielded average lifetimes for bare P3HT and the
selected PBHT@CNC blend to be 0.24 ns and 0.45 ns
respectively (table S3, supporting information). These life-
time values for P3HT solid films are comparable to the lit-
erature values, which have been argued to originate in the
singlet state emission [29, 36]. PL lifetimes are longer when
the measurement is performed in the liquid state [37]. Our
finding of torsional planarization induced PL lifetime
enhancement is in accord with one earlier work on P3HT [2].
Decreased concentration quenching in the blend is expected
to result in reduced non-radiative recombination. An increase
in the radiative decay rate which is characteristic of a
J-aggregate is generally masked by a significant decrease in
the non-radiative rate constant, leading to an overall lifetime
increase [1, 38].

Solid films of P3HT are semi-crystalline, containing a
mixture of amorphous and crystalline phases. P3HT crystal-
lites have three crystallographically important directions (i)
stacking along the hexyl sidechains (a-axis), (ii) along the co-
facial 7-stacking of the main chains (b-axis) and (iii) along
the polymer backbone (c-axis) with monomer repeat units
[26, 39]. X-ray diffractograms of bare P3HT, PBA-grafted
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Figure 2. (a) X-ray diffractograms of bare P3HT (red), PBA-grafted CNCs (green) and the selected PBHT@CNC blend (blue). FESEM

images of (b) PBA-grafted CNCs and (c) the selected PBHT @CNC blend. The inset of (b) shows the featureless image of bare P3HT at the
same magnification. (d), (e) and (f) are HRTEM images showing different crystal planes of bare P3HT. (g) Particle size distribution of PBA-
grafted CNCs (green) and the selected P3BHT@CNC blends (orange and blue) in chlorobenzene measured by DLS. (h) Raman spectra of bare

P3HT (red) and the selected P3BHT@CNC blend (blue).

CNCs and the selected P3BHT@CNC blend are shown in
figure 2(a). In agreement with the scientific literature, the bare
RR-P3HT film used in this study exhibits a strong preferential
(100) texture (figure 2(a), bottom panel), indicative of the a-
axis normal to the substrate (‘edge-on’ crystallites) together
with an observable amount of P3HT oriented with its b-axis
normal to the substrate (‘face-on’ crystallites) as indicated by
the (010) reflection [4, 40]. The other P3HT peaks (200) and
(300) are visible with smaller intensity. Thus, the XRD pat-
tern of P3HT confirms the presence of regioregular phase as
opposed to regiorandom phase which does not show these
peaks [40]. A similar conclusion was also drawn from the
steady state PL spectra discussed earlier. The (200) reflection
of cellulose I (3 phase) crystals at 22.5°, and the (110), (110)
doublet crystals at 14.8° and 16.4° respectively are visible in
the case of the PBA-grafted CNCs alone (figure 2(a), middle

panel) [41]. In the PBHT@CNC blend, the CNC peaks are
present, while only (100) and (200) reflections of P3HT are
visible, since the (300) and (010) peaks of P3HT are masked
by the CNC peaks (figure 2(a), top panel) in the blend. Thus
XRD data show no significant changes in the crystalline
structure of either of these materials in the blend. Figures 2(b)
and (c) show the field emission scanning electron microscopy
(FESEM) images of PBA-grafted CNCs and the selected
P3HT@CNC blend respectively. The morphology of the
CNC film shows long, rod-like fibrillar aggregates
(figure 2(b)) which form a scaffolding that is retained in the
blended films (figure 2(c)). The CNC film without P3HT
shows the presence of a large number of deep voids in
between the rod-like fibrils. The inset of (b) shows the SEM
image of bare P3HT at the same magnification, which is
featureless. The cross-sectional SEM images for the bare
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P3HT and the P3HT@CNC blend films revealed the
approximate film thickness to be 150 nm (figure S2, sup-
porting information). A slight increase in the roughness is
expected following the addition of CNCs. High resolution
transmission electron microscopy (HRTEM) images of RR-
P3HT are demonstrated in figures 2(d)—(f). These images
show lattice spacings that are consistent with the XRD data.

Dynamic light scattering (DLS) measurements were
performed on the PBA-grafted CNCs and the two
P3HT@CNC blends to extract morphological information in
suspension. An increase in the ‘apparent” CNC size (which is
not strictly a hydrodynamic radius because the nanoparticles
are rod-shaped) was found for the blends compared to the size
of CNCs without P3HT (figure 2(g)). These results suggest
the formation of a stable shell of P3HT around CNCs and
importantly, are all monomodal with similar distribution
breadths. Note that the apparent size is lower in the blend
which contains more CNCs because there is less P3HT on
each CNC due to higher available surface area for wrapping.
Thus, DLS (despite being a relative measurement when
dealing with high aspect ratio particles) supports the SEM
images in terms of the morphological evolution of PBA-
grafted CNCs following the blending protocol.

Resonant Raman spectroscopy (excitation wavelength
532 nm) was used to determine the molecular order of P3HT
polymer. Figure 2(h) shows the Raman spectra of PBA-
grafted CNCs and the selected PBHT@CNC blend. The
Raman bands at 1381 and 1451 cm™ ' are assigned to the
Cs—Cp stretching vibrations and C,=Cj skeletal stretching
of the thiophene ring, respectively [42-44]. The band at
600 cm ' arises due to in-plane thiophene ring deformation,
while the bands at 676 and 728 cm ™' are the symmetric and
antisymmetric C,—S—C,, bending deformation vibrations in
the thiophene ring respectively [43]. The band at 883 cm ™" is
attributed to C—H out-of-plane deformation [43]. The other
peaks at 1005, 1090, 1183, 1210 and 1517 cm ! are assigned
to Cs—Cauy stretching mode, C-H bending mode, C,—C,
symmetric stretching mode, the inter-ring C—C stretch mode
and C,=C antisymmetric stretch mode [42, 44]. Of all these
Raman modes, the bands at 1381 and 1451 cm ™! have been
extensively studied for the determination of molecular order
and size of conjugation segment in different phases of P3HT
and its blends [42]. For simplicity we denote these modes as
C—C and C=C respectively. Notice that all the P3HT Raman
bands are present in the blended films (figure 2(h)). However,
none of the Raman bands of CNC are present in the blends,
likely due to much weaker vibrational features compared to
P3HT vibrational modes. The C—C and C=C peak intensity
ratio (Ic_c/Ic—c) is a quantitative tool for molecular order
[42]. These values have increased for the blend compared to
that of P3HT since they are 0.28 and 0.25 respectively. The
C=C mode position in the blend has slightly shifted towards a
lower wavenumber compared to bare P3HT with an accom-
panying reduction in full-width-at-half-maximum (FWHM)
(figure S3, supplementary section). Further this C=C mode
shifting towards lower wavenumber and the reduction of
FWHM indicates a higher degree of molecular order [42].
Density functional theory calculations showed that for

molecules containing longer conjugation segments, C=C
mode shifts to lower wavenumber and the C-C and C=C
peak intensity ratio Ic_c/Ic—c increases [42]. The same study
also showed that the two above-mentioned changes are
accompanied by a more planar molecular structure with
smaller dihedral angles between thiophene rings [42]. Thus,
Raman spectroscopy indeed shows improvement in the
molecular order and increase of conjugation length of P3HT
in the blend, consistent with optical absorption and photo-
luminescence data, discussed earlier.

Fourier transform infrared spectroscopy (FTIR) was
employed to investigate the interaction between PBA-grafted
CNCs and P3HT. Figure S4 (supporting information) shows
the FTIR plots for bare P3HT, PBA-grafted CNCs and the
selected the P3BHT @CNC blend. For bare P3HT, the peaks at
821 cm ™' represents the bending vibration of aromatic C—-H
bond (figure S4(a), supporting information) [45, 46]. The
peak at 725 cm ™' is associated with S-atom adsorption on
polythiophene ring [45]. The peaks at 1452 cm ™' and 1510
cm ' (figure S4(a), supporting information) have been
assigned to symmetric and asymmetric vibrations of C=C of
thiophene rings [47]. The peaks between 2855-2958 cm '
and the peak at 3056 cm ' (figure S4(b), supporting infor-
mation) appear due to the stretching vibration of aliphatic
C-H bond and for C=CH respectively [45, 46]. All these
peaks reappeared in the P3BHT@CNC blend (figures S4(a)-
(b), supporting information). The FTIR spectrum for PBA-
grafted CNC contains a peak at 1728 cm™' representative of
the stretching vibration of carbonyl bond (C=O), which
confirms the presence of PBA [48]. In the P3HT@CNC
blend, this peak is present along with all other peaks typically
observed for CNCs.

Figure 3(a) shows the results of steady state DC photo-
conductivity measurements of bare P3HT and the selected
P3HT@CNC blend, conducted both in the dark and under
illumination (AM1.5 G illumination at 100 mW cm )
employing a two-terminal configuration along the transverse
direction of the thin film samples. Electrical transport will
involve both the interchain (across 7-orbital coupled neigh-
boring polymer chains) and intrachain (along the polymer
backbone) components. Disorder in either directions is det-
rimental to charge transfer as it can potentially disrupt the
required delocalization of the wavefunctions through poor
spatial overlap of molecular orbitals [49]. The minor increase
in the dark current for the blend compared to bare P3HT is
consistent with the fact that torsional order does not have any
significant effect on the charge transport [30]. It is reasonable
to assume that in the blend, reduced interchain interaction due
reduced torsional disorder decreases conductivity along the
co-facial m-stacking of the main chains, but potentially
increases conductivity along the polymer backbone. Thus,
backbone planarization would not affect the overall charge
transport in the dark. The significantly higher photo-
conductivity in bare P3HT compared to the blend is clearly
due to higher recombination of carriers in the latter, evidenced
from the high steady state photoluminescence discussed
earlier.
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Figure 3. (a) Steady state conductivity of bare P3HT and the selected P3BHT @CNC blend both in the dark and under AM1.5 G illumination at
100 mW cm 2. Evolution of photoluminescence spectra on addition of different amounts of nitrobenzene in chlorobenzene solution for (b)
bare P3HT and (c) the selected P3BHT@CNC blend. The green arrows in (b) and (c) show the direction of gradual increase of added
nitrobenzene. (d) Photoluminescence intensity ratios of bare fluorophores (bare P3HT and the selected PBHT @CNC blend) and fluorophores
with the photoluminescence quencher (nitrobenzene) versus concentration of the quencher.

Photoluminescence quenching experiments with nitro-
benzene quencher were pursued to test the bare P3HT and the
blend in nitro-group sensing application. Nitroaromatic
compounds and nitroalkenes are known for their explosive
nature, mutagenicity and carcinogenicity. Thus, a low cost
and simple technique such as PL quenching provides a viable
means of sensing them [50]. The PL fluorophore and the
quencher molecule undergo diffusion-controlled reactions
usually mediated by charge transfer, which generally follow
Stern—Volmer kinetics [37, 50]. Figures 4(b) and (c) show the
gradual decrease of steady state PL intensity of bare P3HT
and the blend respectively, with respect to higher concentra-
tion of added nitrobenzene. Figure 4(d) shows the PL inten-
sity ratios of bare fluorophores (bare P3HT and the selected
P3HT@CNC blend) and fluorophores with the photo-
luminescence quencher (nitrobenzene) versus concentration
of the quencher. While the PL quenching dynamics for the
bare P3HT follows the Stern—Volmer Kinetics, characterized
by a linear behaviour, there is a clear deviation from this trend
for the blend (figure 4(d)). Note that the blend shows superior
performance in sensing compared to the bare P3HT for all
tested concentrations of nitrobenzene. The upward bending
curve, in other words a positive deviation from the Stern—

Volmer plot, often has been observed when the extent of
quenching is large. A ‘sphere-of-action’ model has been
applied for this phenomenon, where the quencher molecule is
capable of quenching without binding [37]. This result
implies that a reduction in the torsional disorder of thiophene
rings of the polymer backbone in the blend, might be
responsible for providing the spatially extended access to the
quencher molecule.

Apart from the photoluminescence-based sensing appli-
cation mentioned-above, the conformationally modified
P3HT chains may find other applications, such as in organic
photovoltaics. However, such an investigation while an
interesting research endeavour, is beyond the scope of the
present work. In a bulk heterojunction organic solar cell, an
organic donor polymer such as P3HT is mixed with an
appropriate acceptor such as Cgg and its derivatives [46, 51].
Here we have attempted to obtain some preliminary optical
spectroscopic information. DRS absorption spectra for the
solid films of bare P3HT, bare Cg, heterojunction of P3HT
with Cgp and the heterojunction of selected P3BHT@CNC
blend with Cgy are shown in figure S5(a) (supporting infor-
mation). The reduced absorption in the latter two samples
result from a reduced quantity of P3HT, but the slight red
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Figure 4. (a) A single regioregular P3HT chain comprising six thiophene rings, where the dihedral angle has been defined between
neighboring thiophene rings. (b) Molecular dynamics equilibrated snapshot for four 7—= stacked bare regioregular P3HT chains. C, S and H
atoms are in grey, yellow and white colours respectively. (c) Probability distribution of the dihedral angles between neighboring thiophene
rings for bare P3HT and P3HT chains having interactions with the hydrophobic plane (200) and hydrophilic plane (110) of CNC. (d) Density
functional theory calculated HOMO-LUMO energy gap for a single regioregular P3HT chain as a function of dihedral angle.

shift of the P3HT vibronic peaks indicate increased electron
delocalization along the polymer backbone [46]. Figure S5(b)
(supporting information) shows the photoluminescence of
bare P3HT, bare Cg, heterojunction of P3HT with Cgy and
the heterojunction of selected P3BHT@CNC blend with Cg.
The significant reduction in the PL intensity compared to the
reduction in the optical absorption for the two heterosystems
bears the signature of photoinduced charge carrier separation
which is desirable for photovoltaic application. Overall, the
optical spectroscopic data confirms no noticeable difference
between the two blended heterojunctions.

Theoretical calculations were performed to complement
experimental observations. According to DRS, photo-
luminescence and Raman spectroscopy, the conformational
modification in the form of reduced torsional disorder of
P3HT chains occurs due to the interactions with CNCs,
described earlier. Additionally, DRS plots indicated a
decrease of HOMO-LUMO energy gap in the blends com-
pared to the bare P3HT. Both classical molecular dynamics
and quantum chemical protocols were employed to investi-
gate the aforementioned aspects. For MD simulations, a large
CNC-segment consisting of cellulose nanofibrils of type I, 5
phase has been constructed using Materials Studio. Thirty-six

cellulose chains in a hexagonal arrangement where each chain
contains six repetitive D-glucose units, have been considered.
Such a system having thirty six microfibrils in the transverse
section represents a model system for computation and is also
comparable with the experimentally observed diameter in the
typical plant-derived CNCs [17, 52]. A single chain of head-
to-tail regioregular P3HT [53] with three monomers (six
thiophene rings) is shown in figure 4(a). The dihedral angle
between neighboring thiophene rings (figure 4(a)) represents
the degree of torsion in the chain [54]. Thus, for a perfectly
flat chain the dihedral angle between neighbouring head-to-
tail thiophenes is 180°. Molecular dynamics simulations have
been performed for four m—m stacked regioregular P3HT
chains without any CNCs (figure 4(b)) and four P3HT chains
having close contact with the hydrophobic (200) and hydro-
philic (110) planes of CNCs (figures S6-S9, supporting
information). Figure 4(c) shows the calculated probability
distribution of the dihedral angles between neighboring
thiophene rings for the above-mentioned three scenarios.
While two strong, sharp and symmetric peaks are observed
approximately around +142° for all the three systems, bare
P3HT demonstrated two additional peaks around +50°. The
latter two peaks are completely absent for PSHT @ CNC-200,
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while they appear for PAHT@CNC-110 system with a sig-
nificantly reduced intensity compared to that of bare P3HT.
These results indicate that increased intrachain order can be
achieved via enhancement of planarity in the backbone of
P3HT chains, when they are having interactions with CNC
planes. The evolution of the HOMO-LUMO energy gap as a
function of the degree of torsion of the P3HT chains was
investigated by DFT calculations. For this purpose, we per-
formed the computations using a single head-to-tail regiore-
gular P3HT chain comprising six repeating units (figure 4(a))
for thirty-five different twisting conformations (between
dihedral angle 110° and 180°). Previous studies showed that
this length of the P3HT polymer chain is sufficient for frontier
orbital stability [55, 56]. Prior to geometry optimization, we
kept the relevant C and S atoms in the thiophene rings frozen
for a specific dihedral angle and relaxed the remaining atoms.
The next step was to calculate the electronic properties of the
geometry-optimized systems. A clear decreasing trend for the
HOMO-LUMO energy gap was found with respect to
increased dihedral angle (figure 4(d)). This observation is
reminiscent of the DRS absorption plots, where a decreased
HOMO-LUMO energy gap was found (figure 1(a)) for the
blends. In an earlier report, it was found that the long-range
crystalline order has negligible effect on the HOMO-LUMO
gap, rather this gap reduction can be correlated to an
increasing order within the polymer backbone [30]. Thus,
both MD and DFT results coupled with DRS absorption,
steady state photoluminescence and Raman data, suggest that
P3HT backbones in the P3HT-CNC blends have indeed
modified conformational features, resulting in a higher degree
of structural planarity compared to bare P3HT.

3. Conclusions

We have successfully produced blends of a technologically
important semiconducting conjugated polymer, P3HT, with a
chemically-functionalized form of a naturally derived and
sustainable biopolymeric nanoparticle, CNCs. The bare P3HT
and the blend with hydrophobic poly(butyl acrylate)-grafted
CNCs have been characterized by DRS absorption, steady
state and time resolved photoluminescence, XRD, FESEM,
HRTEM, dynamic light scattering, Raman spectroscopy and
steady state photoconductivity. We showed that blending with
CNC:s offers intriguing potential to affect the microstructure
of solution-processed thin films of polymeric semiconductors.
Compared to the bare P3HT, a reduction of torsional disorder
of the regioregular P3HT chains was found in the
P3HT@CNC blends, which remarkably modified the elec-
tronic and optical properties. The enhanced backbone pla-
narity of the chains in the blends compared to the bare P3HT
was confirmed by diffuse reflectance, photoluminescence and
Raman spectroscopy. Results obtained from theoretical cal-
culations involving molecular dynamics and density func-
tional theory supported these experimental observations.
While bare P3HT chains have predominant interchain
attributes characteristic of H-aggregates, optical absorption
and photoluminescence spectroscopic results show that the

blending protocol with CNCs renders more intrachain fea-
tures characteristic of J-aggregates. Compared to bare P3HT,
the blended PBHT@CNC demonstrated smaller interchain
and higher intrachain exciton bandwidth, reduced interchain
interactions, higher intrachain order, longer conjugation
length and higher photoluminescence. These remarkable
features resulted from the enhanced planarity of the main
polymer chain backbones. While bare P3HT followed Stern—
Volmer kinetics in fluorescence quenching experiment in the
presence of nitrobenzene quencher molecules, the blend
demonstrated prominent positive deviation from this classical
behaviour. The blend outperformed the bare P3HT in the
luminescence sensing of nitro-groups. This work underscores
the potential of cellulose nanocrystals in controlling the
optoelectronic properties of technologically relevant long-
chain semiconducting conjugated polymers by modifying the
nanoscale morphology.
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