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ABSTRACT: Octacarboxylated cobalt phthalocyanine (CoPc) was cova-
lently conjugated to cellulose nanocrystals (CNCs) by employing an
esterification protocol. Solid-state NMR, X-ray photoelectron spectroscopy
(XPS), Raman, and infrared spectra were used to verify and study the nature
of covalent attachment responsible for the immobilization of CoPc on the
CNC surface. The covalent attachment was investigated from a theoretical
simulation perspective using dispersion-corrected density functional theory
(DFT) calculations, which verified the stable bond formation between CNC
and CoPc. CoPc is an organic semiconductor with a high exciton binding
energy, and CNCs are known to be insulating. Yet, Kelvin probe force
microscopy (KPFM) indicated charge carrier generation and long-lived
charge separation in the CNC—CoPc conjugate compared to pristine CoPc
under visible light illumination. Such behavior is more typical of a
semiconductor nanocomposite. The CNC—CoPc conjugate exhibited superior performance in the visible-light-driven surface
photocatalytic reduction of 4-nitrobenzenethiol (4-NBT) to p,p’-dimercaptoazobenzene (DMAB) and photodegradation of
rhodamine B.

1. INTRODUCTION structure renders it important properties such as biodegrad-
ability, chirality, hydrophilicity, and wide chemical functional
ability due to the presence of reactive —OH groups.'
Cellulose nanocrystals (CNCs) derived from cellulose nano-
fibrils, following an acid hydrolysis treatment for isolating the
crystalline part, are biomacromolecules that form the
fundamental building block of a vast number of naturally
occurring fiberlike materials in the biosphere.'” CNCs occupy
a leading position in the search for environmentally benign,
renewable, biodegradable, biocompatible, and nontoxic raw
technological materials. CNCs have a very high elastic
modulus, a high aspect ratio, and a low thermal expansion
coefficient, which render them suitable for the formation of
nanocomposites for reinforcement. CNCs have been used in
various technological disciplines, such as food science,
pharmaceutical science, energy harvesting, nanomedicine, and

Efficient photogenerated charge carrier separation in semi-
conductor-based photocatalytic systems enhances the perform-
ance of solar energy harvesting devices. While this goal has
been primarily achieved by constructing semiconductor
heterojunctions having appropriate band energetics," achieving
such an outcome in semiconductor—insulator heterojunctions
is extremely rare.” In this work, we report robust photo-
generation of charge and unusual long-lived charge separation
in a heterosystem comprising semiconducting cobalt phthalo-
cyanine (CoPc) and insulating cellulose nanocrystals (CNCs).
Metallophthalocyanine structures with high chemical stability
and structural tunability have shown impressive activity in
electrocatalytic and photocatalytic reduction reactions either as
a standalone catalyst or as a heterosystem coupled with other
catalysts.”™® Metallophthalocyanines, which have primary
applications in the dyeing and printing industry as pigments,
are 7-conjugated heterocyclic aromatic compounds that have Received: May 21, 2022
18 7-electrons delocalized over the molecule.” In addition to Revised:  August 24, 2022
the applications mentioned above, phthalocyanines have been

used as light absorbers and hole transport layers in organic and

hybrid photovoltaic devices.* '® On the other hand, cellulose

is a linear-chain carbohydrate polymer, whose molecular
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Figure 1. High resolution X-ray photoelectron spectroscopy (HR-XPS) core-level spectra of anodized CoPc (a) in the C 1s region, (b) in the N 1s

region, (c) in the O Is region, and (d) in the Co 2p region.

photonics.'”'> CNCs have been studied as inactive support

matrices or scaffolds for catalysts such as ZnO nanoparticles,
mesoporous TiO,, Fe;O,, and Au and Pd nanoparticles.""*
Recently a nanohybrid comprising ZnO nanocrystals on
melamine formaldehyde-coated CNCs demonstrated a 4-fold
increase in photocatalytic activity in the realization of an
excellent UV filter."” Cellulose nanocrystals have also been
employed as morphology modifiers in blended films with
conjugated polymers to enhance electrical conductivity and
carrier mobility.'*™"

There are quite a few porphyrin- and phthalocyanine-based
catalysts reported in the current literature, but a cellulose-
supported system, which has the potential to increase the
effective surface area of the catalyst by reducing the different
aggregation states, is surprisingly scarce.”’”? Copper—
tetrasulfonate phthalocyanine-grafted CNC was reported as a
heterogeneous catalyst for the selective aerobic oxidation of
alcohols and alkyl arenes,” where the grafting protocol did not
involve covalent attachment but rather employed a more
common route, namely, magnetic stirring. Tetraamino cobalt
phthalocyanine was conjugated with cellulose through
aldehyde groups created on the cellulose surface.””** Covalent
immobilization of cobalt phthalocyanine (CoPc) onto cellulose
was reported by Shaabani et al. by introducing a slightly
modified route, where cellulose tosylate was prepared as an
intermediate product prior to the covalent attachment.”’ Here,
we synthesized octacarboxylated CoPc-conjugated CNC by
avoiding any further modification of CNC surface chemistry,
instead of taking advantage of the abundant surface —OH
groups directly. The novel conjugation protocol involved ester
bond formation between CoPc and CNC. Recently, we
reported such covalent attachment between octacarboxylated
ZnPc and CNC, which demonstrated superior performance in

sensing applications through higher photoluminescence (PL)
quenching capabilities compared to standalone ZnPc.**
Additionally, this novel CNC—ZnPc conjugate demonstrated
promising electrical bistability, which could be exploited in
memory applications.” In this work, we tested the synthesized
pristine octacarboxylated CoPc and CNC—CoPc conjugates
for the photocatalytic transformation of 4-NBT to pp’-
dimercaptoazobenzene (DMAB) and rhodamine B (RhB)
degradation. While the first application was realized by
attaching lab-grown Ag nanoparticles, the latter application
involved pristine CoPc and the conjugate without Ag. The
hybrid systems comprising semiconductors and plasmonic
metals are promising in solar energy harvesting applications, as
they have complementary optical attributes. In semiconduc-
tors, excitons are generated, which are bound electron—hole
pairs that evolve following transitions between valence and
conduction band energy levels, while on the metal surface,
plasmons or collective oscillations of conduction band
electrons are the fundamental optical excitations.”**” Semi-
conductors are capable of generating long-lived charge carriers,
whereas plasmonic systems can be utilized for generating
short-lived hot carriers and concentrating electromagnetic
energy through local field amplification.”® Hence, a synergistic
enhancement of photocatalytic performance can be realized in
the exciton—plasmon-coupled systems. Experimental and
theoretical findings indicated remarkable modification of
electronic properties in the CNC—CoPc conjugate with
respect to bare CoPc, conducive for optoelectronic applica-
tions. Both of these novel conjugates, CNC—ZnPc in our
recently reported works”**> and CNC—CoPc in the present
work, showed promising technological applications in diverse
fields such as chemical sensing, electrical memory, and
photocatalytic solar energy harvesting. Thus, such success is
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Figure 2. HR-XPS core-level spectra of (a) CNCs in the C 1s region, (b) CNC—CoPc in the C 1s region, (c) CNC in the O Is region, (d) CNC—
CoPc in the O 1s region, (¢) CNC—CoPc in the Co 2p region, and (f) CNC—CoPc in the N 1s region.

inevitably expected to promote this novel attachment protocol
of cellulose nanocrystals with other phthalocyanines and
porphyrins in future scientific endeavors. Moreover, this
concept can be easily upscaled. Phthalocyanines are popular
textile dyes that are produced in industrial quantities every
year. Cellulose nanocrystals are a product of the hydrolysis of
wood pulp, hemp, and other biomaterials and are also available
in relatively large quantities. In addition, the esterification
chemistry used to covalently bind the cellulose nanocrystals to
phthalocyanines is widely used in industrial organic synthesis.

2. RESULTS AND DISCUSSION

2.1. Structural and Physicochemical Properties. The
details of the esterification protocol used to covalently
conjugate CoPc molecules to the surface of CNCs are
provided in the synthesis part of the Supporting Information.
Sulfuric acid-hydrolyzed CNCs were obtained from Alberta
Innovates/Innotech. Note that sulfuric acid-hydrolyzed CNC
surfaces have some sulfate groups in addition to the abundance

of —OH groups.”® Figure S1 in the Supporting Information
schematically presents the formation of the ester bond between
CoPc and CNC involving the —OH groups on the CNC
surface. As mentioned in the Supporting Information, we
intended to covalently attach a certain amount of CoPc onto
the CNC surface (20 wt %) prior to the start of the relevant
chemical reactions. However, we pursued atomic absorption
spectroscopy (AAS) to determine the actual weight ratio of
CoPc and CNC in the CNC—CoPc blend. First, we obtained
Co concentration values from known prepared aqueous CoPc
and CNC—CoPc solutions, where the concentration was kept
the same. Note that, due to the presence of —~COOH groups in
the former and both —OH and —COOH groups in the latter,
both bare octacarboxylated CoPc and the CNC—CoPc
conjugate have moderate water solubility. The obtained Co
concentration values using the calibration carves were 15.03
and 3.61 ppm for bare CoPc and CNC—CoPc samples,
respectively. Thus, the weight percentage of CoPc in the
conjugate is 19.37%, which is very close to the intended
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amount mentioned earlier. The oxidation state, nature of the
chemical species, and their binding energies (BEs) were
determined using X-ray photoelectron spectroscopy (XPS)
(Figures 1, 2, and S2 in the Supporting Information). An XPS
elemental survey scan of CoPc displayed peaks corresponding
to C 1s, N 1s, O 1s, and Co 2p indicating the presence of all of
the constituent elements, while a survey scan of CNC and
CNC—-CoPc showed the presence of C 1s and O 1s peaks
composing the framework of CNCs. Additional peaks
corresponding to cobalt (Co 2p and Co 3s) in CNC—CoPc
and sulfur (S 2p) on the surface of CNCs were observed in the
survey scan. Sulfur was introduced into CNCs during the acid
hydrolysis process using sulfuric acid (Figure S2, Supporting
Information).

Core-level high-resolution XPS spectra of CoPc in the C 1s
region were deconvoluted into two peak components located
at BE ~ 284.02 and 287.8 eV, corresponding to sp> hybridized
carbons in the conjugated system of phthalocyanine with
COOH groups at the periphery. The calculated ratio of
contributions from sp* hybridized carbons and COOH carbons
was ~2.33:1, which was slightly lower than the theoretical ratio
of sp> and COOH carbons in octacarboxyphthalocyanine (4:1)
and demonstrates a contribution from adventitious carbon to
the COOH component (Figure 1a). Deconvoluted HR-XPS
spectra in the N 1s region displaying two peak components
centered at 398.8 and 400.4 eV were assigned to ring nitrogens
(Nring) connecting pyrrole moieties and nitrogen atoms
composing pyrrole rings (prrmhc), respectively.”” ™" The
ratio of Ny, t0 Npioric (Ning/Npyroric) Was 50.56/40.44
(~1:1), which matched well with the phthalocyanine skeleton,
again signifying the successful synthesis of the phthalocyanine
framework (Figure 1b). Two peak components of approx-
imately equal contributions in the O 1s region at binding
energies of 531.8 and 533.2 eV originated due to —OH- and
C=0-type oxygens of COOH in octacarboxyphthalocyanine,
respectively (Figure 1c).32 HR-XPS in the Co 2p region gave
two peak components at binding energies of 781.5 and 796.35
eV, assigned to Co 2p;/, and Co 2p,/, peak components of the
Co®* state, respectively, confirming that Co was present in 2+
oxidation state (Figure 1d).*>**

After deconvolution, the HR-XPS spectra of CNCs in the C
1s region gave four peak components centered at BE ~ 284.8,
285.8, 286.7, and 287.5 eV, which were assigned to C—H/C—
C, C—OH/C—-0-C, C=O0, and O-C=0 carbons present in
cellulose polymer, respectively, which is composed of D-
glucose units connected with f§ 1—4 glycosidic linkage (Figure
2a).>>™*’ Subsequent to chemical immobilization of CoPc on
CNCs via ester bond (—COO—) formation between —OH
groups on CNCs and activated acyl chloride (COCI) on
phthalocyanine, the contribution from the —OH/COC peak at
BE = 285.6 eV was reduced significantly, demonstrating that
—OH groups were consumed in ester linkage formation
(Figure 2b). Additionally, the peak intensity at 286.9 and 288.1
eV due to C=0 and O-C=0 increased, which confirmed the
successful grafting of CoPc on CNCs via ester bond formation.
HR-XPS spectra of CNCs in the O Is region showed three
peak components for C=0, O—C=0, and —OH oxygens at
BE =~ 531.4, 532.3, and 532.9 €V, respectively (Figure 2c).32
After immobilization of CoPc, the peak component corre-
sponding to C=0 was increased, while the peak component
related to —OH was decreased, which demonstrates that —OH
groups were used in ester bond formation (Figure 2d). HR-
XPS spectra of CNC—CoPc in the Co 2p region gave two peak

components centered at 784.3 and 792.5 eV, confirming the
presence of Co*'-containing phthalocyanine (Figure 2e).
However, the Co 2p peaks were shifted slightly which was
attributed to partial charge transfer from OH groups to Co**
via weak coordination and monolayer coverage.‘?’8 Further, the
peak related to N 1s was absent in CNC, showing the absence
of nitrogen atoms, while HR-XPS of CNC—CoPc yielded very
poor signals which might be due to lower concentration of
CoPc and suppression of some signals (Figure 2f). Addition-
ally, S 2p XPS spectra of both CNC and CNC—CoPc peak
components assigned to S 2p;/, and S 2p, /, at 168.2 and 169.5
eV, respectively, revealed the presence of sulfur in the form of
sulfate groups (Figure S2¢,d, Supporting Information).

The nature of chemical bonding in CoPc, CNC, and CNC—
CoPc was studied by solid-state nuclear magnetic resonance
(NMR) spectroscopy using the cross-polarization magic-angle
spinning (CPMAS) technique (Figure S3a in the Supporting
Information). The *C CPMAS NMR spectra of CoPc
exhibited a broad peak in the 125—150 ppm region, attributed
to the aromatic carbons of the four isoindole units linked
together with N atoms in the aromatic phthalocyanine
structure, and a peak at 170 ppm that was assigned to
peripheral carboxylic carbons of octacarboxyphthalocyanine
units (bottom panel of Figure S3a in the Supporting
Information). The *C CPMAS NMR spectrum of pristine
CNC displayed the characteristic resonances for the
corresponding C1 (~10S5 ppm), C4 (89—85 ppm), C2,3,5
(75—73 ppm), and C6 (~66 ppm) due to the presence of
unique carbons in the D-glucose monomer units linked
together with #(1 — 4)-glycosidic linkage (middle panel of
Figure S3a in the Supporting Information) and being
consistent with cellulose L>"~* After chemical functionaliza-
tion of CNC with CoPc, the *C NMR signal of CNC (top
panel of Figure S3a in the Supporting Information) did not
change significantly, with only minor changes in the intensity
that can be attributed to CP efficiency and crystallinity, which
is consistent with the X-ray diffraction (XRD) results (Figure
S3b in the Supporting Information). This further confirms that
the bulk nanostructured CNC remains unchanged during the
functionalization treatment applied here. Unfortunately, due to
the low loading of CoPc and Bc being 1.1% abundant, we
cannot detect the aromatic or carboxylic acid resonances of the
functionalized CNC. Finally, the low-intensity residual 3¢
resonances at 165 ppm and between 35 and 40 ppm are
attributed to the residual intercalated dimethylformamide
(DMF) used for the synthesis of the CNC—CoPc conjugate.

The XRD patterns of pristine CoPc, pristine CNC, and
CoPc-grafted CNC are displayed in Figure S3b in the
Supporting Information. The diffraction peaks at 15.2, 16.7,
22.6, and 34.7° (middle panel of Figure S3b in the Supporting
Information) are the manifestations of reflections from (110),
(110), (200), and (040) planes of cellulose I, respectively.">**
All of these peaks are found in the CNC—CoPc conjugate as
well, with almost unchanged features (top panel of Figure S3b
in the Supporting Information). An intensity increase was
found for the (040) plane. The X-ray diffractogram for bare
CoPc showed high crystallinity, specifically at 26 values of 31.7
and 45.5°. Thus, octacarboxylated CoPc is characterized by its
polycrystalline nature, unlike amorphous CoPc.”> The two
most intense peaks at 7.3 and 25.9° of CoPc are present in the
CNC—CoPc conjugate, albeit with lower intensities, probably
due to the presence of a few layers of stacked CoPc on the
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100 nm

Figure 3. (a) TEM image of an agglomeration of CoPc-conjugated CNCs. (b) HRTEM image of CNC—CoPc. (c), (d) Selected magnified regions
of (b) showing lattice planes of CoPc attached on the CNC surface. (e) Dark-field STEM-EDX image of a cluster of CoPc-conjugated CNCs.
STEM-EDX elemental mapping images for (f) C, (g) O, (h) S, (i) Co, and (j) N.

CNC surface. The XRD results confirmed the successful
grafting of CoPc on the CNC surface.

Fine structural features were determined from high-
resolution transmission electron microscopy (HRTEM)
images. Figure 3a shows a low-magnification TEM image,
showing a bundle of CoPc-conjugated CNCs. HRTEM images
of a few CNC—CoPc nanorods can be seen in Figure 3b—d,
where panels (c) and (d) are selected magnified regions of
panel (b). The lattice fringes (d-spacings) were found to be
0.20 nm and 0.28 nm, respectively, corresponding to XRD
peaks at 26 values of 45.5 and 31.7° for CoPc (Figure S3b in
the Supporting Information). These figures indicate complete
wrapping of CoPc around CNC nanorods. In other words, the
conjugated CNC—CoPc nanorods seem to have core—shell
morphology with a CNC core and a shell of aggregated CoPc
molecules. Thus, the amount of CoPc covalently grafted onto
the CNC surface has a limit. However, in this case, there was a
good agreement between our intended CoPc amount and the
AAS revealed amount discussed earlier. It would be interesting
to investigate such a limit, which is beyond the scope of this
current work. The elemental maps collected in scanning
transmission electron microscopy (STEM) mode based on
energy-dispersive X-ray (EDX) imaging are shown in Figure
3e—j. These figures show the presence of constituent elements

from CNC and CoPc and attest to the successful conjugation
between CNC and CoPc.

The vibrational properties were studied by Raman and
Fourier transform infrared (FTIR) spectroscopy for pristine
CNC, pristine CoPc, and CNC—CoPc. Raman spectra show a
characteristic fingerprint peak for CNC at 1098 cm™ (middle
panel of Figure S4a in the Supporting Information) that arises
due to the C—O—C stretching modes in cellulose.***” This
vibrational signature is present in the CoPc-conjugated CNC
as well, demonstrating the successful attachment between the
two systems (top panel of Figure S4a in the Supporting
Information). Figure S4a (bottom panel, Supporting Informa-
tion) shows the Raman spectra of bare CoPc. Metal
phthalocyanine vibrations are broadly categorized into low-
and high-frequency bands. Lower-frequency vibrations are
mainly vibrations of macrocycles and metal—nitrogen bonds,
while higher-frequency vibrations involve macrocycle-modified
motion of isoindole rings."® All of the fingerprint peaks of
metallophthalocyanine rings in both the low- and high-
frequency regions are present (Figure S4a, bottom panel,
Supporting Information).”*™>* The Raman peaks at 673 and
743 cm™' are the two most sharp and narrow vibrational
signatures in the low-frequency range that correspond to
coupled macrocycle-pyrrolic modes and out-of-phase deforma-
tion of the isoindole groups, respectively.”*>”>* A reduction in
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Figure 4. (a) UV—vis spectra of CoPc and CNC—CoPc. (b) Soret band emission spectra of CoPc and CNC—CoPc at 340 nm excitation
wavelength. All of the absorption and photoluminescence data were collected in DMF. Kelvin probe force microscopy (KPFM) surface potential
distribution in the dark and under illumination conditions (LED 635 nm) for (c) pristine CoPc and (d) CNC—CoPc.

the intensity of the peak at 673 cm™ in the CNC—CoPc
compared to that for pristine CoPc implies a structure that is
slightly distorted from a square-planar configuration, as a result
of binding of CoPc on the CNC surface through covalent
attachment.*® In the high-frequency region, peaks at 1321 and
1532 cm™ represent symmetric vibrations of Co—N coupled
with indole and benzene ring deformations and out-of-phase
stretching of C—N—C bridges due to a symmetric motion of
four isoindole groups, respectively."”>”>* No noticeable
reduction in the intensity was observed for these two CoPc
Raman peaks upon conjugation with CNC. However, there is a
significant attenuation of the peak at 1438 cm™' in the CNC—
CoPc, which corresponds to deformation of the isoindole ring
system.”® A significant opposite behavior is observed for the
vibration at 1209 cm™ that involves isoindole ring stretch.
This peak, which is pronounced in the conjugate, corresponds
to the vibration of phthalocyanine, characterized by a
displacement directly along C—C bonds, and consequently
affects the macrocycle in an asymmetric fashion.** Thus, the
strongly modified vibrational features in both lower- and
higher-frequency regions for the CNC—CoPc system confirm
the successful conjugation.

Fourier transform infrared (FTIR) spectroscopy was
employed to characterize the vibrational features of pristine
CoPc, pristine CNC, and the conjugate (Figure S4b in
Supporting Information). The spectrum for CoPc (bottom
panel of Figure S4b in the Supporting Information) shows all
of the signature peaks associated with phthalocyanine skeletal
vibrations, metal—ligand vibrations, and symmetric (or
asymmetric) stretches of metallophthalocyanine.”*™>° The
peaks at 721, 1065, and 1134 cm™! were not visible in the

CNC—CoPc conjugate, while peaks at 1254, 1392, and 1518
cm™! appeared in the spectrum of the conjugate (top panel of
Figure S4b in the Supporting Information). The signature peak
of octacarboxylated CoPc appeared at 1685 cm™', correspond-
ing to the —C=0 of the —COOH group.>® This peak shifted
to a lower frequency (1655 cm™) in the conjugate as a
consequence of binding with CNC through an esterification
protocol (see the Methodology section in the Supporting
Information). Figure S4b (middle panel, Supporting Informa-
tion) shows the FTIR spectrum of the bare CNC. The
characteristic vibrational features of CNC were in complete
agreement with the literature.”® The most noticeable
observation from these FTIR plots is the change in the
3000—3500 cm™" spectral range (yellow shaded area in Figure
S4b in the Supporting Information). This region represents the
—OH stretching vibrations that appear due to an abundance of
hydroxyl groups on the CNC surface. The peaks at 3282 and
3331 cm™" (Figure S4b in the Supporting Information) arise
due to intermolecular hydrogen bonding and two more peaks
of smaller amplitude at slightly higher frequencies (not shown
here as they are barely discernible) represent intramolecular
hydrogen bonding.”” The main, broad —OH stretching peak
has a significantly reduced intensity in the conjugate compared
to that for pristine CNC, indicating a reduction of —OH
groups in the former. As mentioned before, the covalent
attachment of CoPc with CNC was performed through ester
bond formation, which involved the reaction of —OH groups
from the CNC surface with the —COOH groups from
octacarboxylated CoPc, and therefore, this intensity reduction
is expected in CNC—CoPc.”” Thus, FTIR spectroscopy
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confirms the successful conjugation of carboxylated CoPc on
the CNC surface.

The photophysical properties of bare CoPc and CNC—
CoPc in a DMF solvent were studied by UV—vis absorption
and steady-state photoluminescence (PL) spectroscopy
(Figure 4). The two characteristic bands, known as the B or
Soret band and the Q band of metallophthalocyanines,
originate from HOMO (7)—LUMO (z*) transitions and are
evident in the 300—400 nm and 600—800 nm spectral regions,
respectively.sg_61 Generally, the higher-energy excited states
(Soret band) involve deeper 7 levels and the degree of mixture
between these states precludes a traditional one-electron
transition picture.sg’é0 In addition, the Soret band is associated
with an n—7* transition as well.” In the CNC—CoPc system,
the lower energy peak of the Q doublet is attenuated to ~50%,
while a moderate increase in the absorption peak is observed in
the rest of the spectra (Figure 4a). Both peaks in the Q doublet
undergo a minor blue shift as a result of the reduced
aggregation since aggregation results in a red shift of the
spectrum.”’ Indeed, the covalent attachment-induced con-
jugation is expected to suppress cofacial aggregation of bare
CoPc. The significant increase in the absorption for the
conjugate in the 400—600 nm spectral range (where
phthalocyanines generally do not absorb photons) suggests
the possibility of an enhanced intramolecular charge-transfer
transition or an imgurity level-mediated transition or a
combination thereof.”’ Absorption near the lower-energy
side of this spectral range also includes n—n*-type transitions,
involving aza-nitrogen lone pair orbitals.”” Photoluminescence
spectra of the pristine CoPc and CNC—CoPc were collected
from dilute solutions in DMF. Figure 4b (also Figure SSa,b in
the Supporting Information) shows the Soret band emission
spectra for bare CoPc and the conjugate, respectively. Both
systems showed the highest emission intensity at 340 nm
excitation, which is also the Soret band absorption maximum
(Figure 4a) for both materials. As expected, there is a minor
blue shift for the PL peaks of the CNC—CoPc conjugate
relative to pristine CoPc because of slightly reduced
aggregation in the former as mentioned earlier. The PL plots
also reveal that the intensity is decreased in the conjugate
compared to that for bare CoPc at all of the excitation
wavelengths (Figure SSab in the Supporting Information)
used for this experiment. It is important to note that at all of
the excitation wavelengths used, the conjugate has higher
absorption than CoPc. This indicates suppressed radiative
recombination due to enhanced charge separation (discussed
later in detail) in the CNC—CoPc conjugate, which is
beneficial for photocatalytic activity. A common trend in
excitation-dependent PL peaks is found for both systems; that
is, following 340 nm excitation, a reduction in peak intensity
occurs with a concomitant red shift. Such excitation-dependent
emission properties can be exploited in multicolor imaging. In
this work, we did not investigate the details of the origin of this
excitation wavelength-dependent emission spectral shift and
the attenuation in PL intensity. However, the simultaneous
presence of different types of aggregates (such as H and J) can
incorporate multiple discrete electronic states and result in
excitation-dependent emission modulation in organic sys-
tems.”*

The charge carrier dynamics of CoPc and CNC—CoPc were
studied using Kelvin probe force microscopy (KPEM).®%° In
this experiment, the surface potential was measured, which is
defined as the difference between the contact potentials of the

atomic force microscopy (AFM) tip and the substrate surface.
A change in surface potential was observed when switching the
measurement conditions between dark and illumination. A 635
nm LED was used as a light source, which enables high
absorption (Q_ band) of incident photons for the samples
studied. In the dark, the surface potential for the CoPc sample
demonstrated a peak at ~950 mV, while the CNC—CoPc
conjugate showed this peak at ~700 mV (Figure 4c,d). Figure
S6a,b in the Supporting Information shows the AFM height
and phase images of CNC—CoPc substrates on FTO prior to
the KPFM measurements, respectively. It is reasonable to
assume that CoPc molecules terminate the surface for both
samples and determine the surface charge, which ought to
result in a similar surface potential value under dark conditions.
However, the observed difference in surface potential in the
dark between pristine CoPc films and CNC—CoPc films
implies a difference in aggregation states and molecular
orientations of CoPc in these two samples. Upon illumination
with a 635 nm LED, the surface potential values for both
systems showed a negative shift. This shift occurs as a
consequence of shifting of the quasi-Fermi levels (thus shifting
of work functions of the CoPc and CNC—CoPc substrates) in
the irradiation condition. The sign of the shift indicates a
further accumulation of electrons in both types of samples
under illumination. However, the magnitudes of the observed
surface potential shifts are vastly different. Bare CoPc samples
experience a relatively small ~50—75 mV shift in the surface
potential (Figure 4c), while the CNC—CoPc samples show a
dramatic shift of ~1050 mV (Figure 4d). Since the charge
generation capabilities of both types of samples are relatively
similar at 630 nm, the enormously high negative shift of the
surface potential for the CNC—CoPc system compared to that
for bare CoPc indicates long-lived charge separation upon
illumination. Furthermore, the CoPc chromophore appears to
retain photogenerated electrons and transfer photogenerated
holes to CNCs, which is quite unusual. Keep in mind that in
photovoltaic devices comprised of bulk heterojunctions of
metallophthalocyanines (MPcs) and methanofullerenes (or
other electron acceptors), dissociation of the photogenerated
exciton MPc involves transfer of the photogenerated electron
to Cgo (or PCBM), while the photogenerated hole is retained
in the MPc molecule.””** We surmise that photogenerated
holes transferred to CNC from CoPc in CoPc—CNC might
protonate sulfate and bound water on the surface of the CNCs,
with subsequent stabilization of the protons through a network
of hydrogen bonds. Thus, the well-known phenomenon of
interfacial hydrogen bonding in CNCs® might also be
responsible for the observed long-lived charge separation in
CoPc—CNC conjugates.

Cyclic voltammetry measurements in aqueous solvents were
pursued to investigate the redox properties of bare
octacarboxylated CoPc and the CNC—CoPc conjugate. As
mentioned before, both of these materials are soluble in water
owing to the presence of —COOH and —OH groups on the
surface. Figure S7 (Supporting Information) shows the cyclic
voltammograms for bare CoPc and the conjugate. In
comparison to the earlier reports on CoPc in organicm_72
and aqueous solvents,”” the redox peak couples appeared at
around —0.9 V (vs Ag/AgCl) can be attributed to the
phthalocyanine ring reduction process, while the redox peak
couples at around —0.61 V (vs Ag/AgCl) can be associated to
phthalocyanine central metal-based electron transfer [Co(III)/
Co(1I)]. The other middle peak that was attributed to metal-
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Figure S. Surface catalytic conversion of 4-nitrobenzenethiol (4-NBT) to p,p’-dimercaptoazobenzene (DMAB) monitored by Raman spectroscopy.
(a) Performance comparison for Ag nanoparticles and CoPc—Ag and CNC—CoPc—Ag systems at 1 mW laser power. Laser power-dependent
spectral evolution of the reactant (4-NBT) and product (DMAB) for different systems: (b) Ag nanoparticles, (c) CoPc—Ag, and (d) CNC—
CoPc—Ag. Raman spectra were accumulated for S X 15 s exposure time in air at room temperature (excitation wavelength 532 nm).

based electron transfer [Co(II)/Co(1)]”*”" appeared almost
flattened out at around 0.3 V (vs Ag/AgCl). In the case for the
CNC-CoPc conjugate, the ligand-based peak shifted to —0.7
V, while the metal-based peak remained almost unchanged.
This is expected since, in the conjugate, the CNCs are
covalently attached to the ring.

2.2. Photocatalytic Activities. 2.2.1. Surface Photo-
catalytic Transformation of 4-NBT to DMAB. The photo-
reduction of 4-NBT to DMAB requires large kinetic energy to
overcome the potential barrier and involves four electrons. The
chemical structures of 4-NBT and DMAB are shown in Figure
Sa (top and bottom insets, respectively). This photoreduction
has been observed on plasmonic metal surfaces such as Au, Ag,
and Cu.”” When a plasmonic system comes in proximity to a
semiconductor, it constitutes a hybrid that can act as an
exciton—plasmon-coupled system or plexcitonic system.”’
There are a few reports in the current literature on hybrid

systems, such as MoS,—Ag,’* TiO,—Ag,”> graphene oxide
(GO)—Ag,® and nitrogen-doped graphene—Ag’” systems, that
exploited the synergistic exciton—plasmon codriven photo-
catalytic efficacy. Here, we have explored the surface
photocatalytic activities of the plasmonic system bare Ag
nanoparticles and the exciton—plasmon-coupled CoPc—Ag
and CNC—CoPc—Ag systems. As mentioned in the Method-
ology section (Supporting Information), lab-grown Ag nano-
particles were drop-cast onto CoPc and CNC-CoPc
substrates followed by thermal annealing prior to the
photocatalytic test experiments. Figure S8a,b (Supporting
Information) shows field-emission scanning electron micros-
copy (FESEM) images of a submonolayer of Ag nanoparticles
on bare CoPc and CNC—CoPc substrates, respectively. Such
dense arrangements of plasmonic Ag nanoparticles on
semiconducting substrates are expected to enhance the local
electromagnetic field under light illumination. These Ag
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nanoparticles have cubical geometries with curved corners
(Figure S8e, Supporting Information). HRTEM images
(Figure S8c,d, Supporting Information) show the fine
structural features of these nanocubes. The obtained lattice
spacing (d-spacing) for Ag nanocubes is 0.20 nm (Figure S8d,
Supporting Information). This observation is consistent with
the dominant lattice plane (111) of the Ag nanocubes found in
the X-ray diffractometry pattern (Figure S8g, Supporting
Information), where all of the peaks were associated with face-
centered cubic silver.”® Elemental analysis results collected in
STEM mode are presented in Figure S8efh (Supporting
Information). These lab-grown Ag nanocubes have a negligible
amount of oxygen, which indicates a desirable compositional
attribute for plasmonic applications, either standalone or in a
heterojunction with a semiconductor.

Ag nanoparticle drop-cast CoPc and CNC—CoPc samples
were tested in the surface photocatalytic transformation of 4-
NBT to DMAB through SERS (surface-enhanced Raman
spectroscopy) experiments. Figure Sa shows the Raman spectra
of 4-NBT and DMAB (top and bottom panels, respectively).
The 4-NBT Raman peaks at 1101, 1332, and 1576 cm™" have
been assigned to a S—C stretching vibration, a NO, vibration,
and a C=C stretching vibration of the benzyl rings,
respectively, while DMAB Raman peaks at 1142 cm™" originate
from a C=N stretching vibration and peaks at 1392 and 1439
cm™! are attributed to N=N stretching vibrations (ag;s and
ag,, vibrational modes, respectively).””””™*" To study the
comparative surface photocatalytic performances of pristine
Ag, CoPc—Ag, and CNC—CoPc—Ag systems, we deposited an
ultradilute 4-NBT solution on a submonolayer of Ag on bare
glass, CoPc, and the CNC—CoPc substrates. We have
conducted performance tests for surface photoreduction by
varying the laser power from 0.1 to 10 mW. Figure Sb—d
shows the gradual decrease of the main 4-NBT peak (1332
cm™") and a simultaneous gradual increase of the DMAB peaks
for pristine Ag, CoPc—Ag, and CNC—CoPc—Ag systems,
respectively, with a gradual laser power increase. These plots
also indicate that the exciton—plasmon-coupled systems (CoPc
and CNC—CoPc) are more efficient in this photocatalytic
reaction than plasmonic Ag nanoparticles. Between the two
former systems, CNC—CoPc is more efficient in photo-
reducing 4-NBT to DMAB. While it required a small laser of
only 1 mW to completely convert the reactant to the product
for the CNC—CoPc—Ag system (Figure Sb), a weak 4-NBT
peak remains in the spectrum of CoPc—Ag at high laser power
(10 mW) (Figure Sc). Relative to these exciton—plasmon-
coupled systems, the bare plasmonic system Ag demonstrated
the weakest activity in this photocatalysis. A dominant 4-NBT
peak was detected at laser powers as high as 10 mW (Figure
5d). Figure Sa shows the comparative photoreduction
efficiency of these three systems, which manifests in the
following order: CNC—CoPc—Ag > CoPc—Ag > Ag. It is
worth noting that a Raman peak at 1532 cm™' (Figure S4a,
Supporting Information) which originates due to out-of-phase
stretching of C-N-C bridges resulting from a symmetric
motion of four isoindole groups, was observed in this
experiment for CoPc—Ag samples (Figure Sc). This peak
was absent in CNC—CoPc—Ag (Figure 5d), probably due to a
small loading of CoPc in the conjugate. This peak shifted to a
higher wavenumber, 1547 cm™, probably as a result of the
interaction of CoPc with Ag nanoparticles.

Plasmons are collective oscillations of conduction electrons,
analogous to quantum harmonic oscillators composed of

alternating regions of high and low electron densities.”” In the
case of pure plasmonic Ag nanoparticles, surface plasmon
decay by nonradiative Landau damping, generated hot
electrons in plasmonic metals are injected into 4-NBT with
high kinetic energy, and are responsible for performing the
photoreduction reaction.””’® The other possible route of
photoreduction by these Ag nanoparticles would involve direct
chemical interface damping, where 4-NBT molecules are in
direct physical contact with Ag nanoparticles and Landau
damping of plasmon-generated hot electrons is not neces-
sary.”” On the other hand, in exciton—plasmon-coupled
systems, a simultaneous increase in the plasmon to electron
conversion efliciency and the hot electron lifetime has been
reported.””’>** These dual effects resulted in superior
photocatalytic performance in the CNC—CoPc—Ag and
CoPc—Ag plexcitonic systems compared to that of standalone
plasmonic Ag. Exciton—plasmon coupling can take place by
different routes, such as plasmon-induced far-field scattering or
trapping of light in a semiconductor, hot electron and hot hole
generation and injection into a semiconductor following
Landau damping of plasmons, and plasmon-induced resonant
energy transfer, which occurs due to dipole—dipole coupling in
the near-field.*>™®" The remarkable improvement of surface
photoreduction capability of CoPc upon covalent attachment
with CNC can be rationalized from a few observations. Figure
4a shows the enhanced optical absorption in the conjugate
compared to bare CoPc at the Raman excitation wavelength
(532 nm), desirable for photocatalysis. A suppressed radiative
recombination in the CNC—CoPc conjugate was observed
from steady-state photoluminescence (Figures 4b and SS).
Because of the above-mentioned phenomena, KPFM demon-
strated a much larger shift of the surface potential for CNC—
CoPc compared to that for bare CoPc (Figure 4), which
indicated an enhancement of charge carriers in the conjugate
system. A noteworthy result that emerged from KPFM
measurements is the unusual direction of charge transfer. A
more fundamental and supportive explanation for this
enhanced charge carriers that resulted in improved photo-
reduction performance of the conjugate is presented with the
results obtained from density functional theory (DFT)
calculations later in this report.

2.2.2. Photocatalytic Degradation of Rhodamine B. In
addition to the Raman surface photocatalytic performance of
the plasmon-coupled CNC—CoPc described above, the as-
synthesized conjugate without any attached plasmonic nano-
particle has been tested for RhB dye degradation. There are a
few reports in the literature that attempted to explore this
aspect of CoPc. While phthalocyanines such as CoPc are often
used to sensitize the other active photocatalyst to enhance RhB
degradation,®® standalone CoPc has not been reported to
perform this reaction under visible light without any added
oxidant. H,O, has been added to allow an efficient oxidation
reaction using CoPc attached to cellulose fiber.””***” Addition
of an oxidant has also been found effective in benzyl alcohol
degradation by CoPc.”’ Biopolymer chitosan has been
attached with CoPc to degrade RhB under UV light.”" Bare
tetracarboxylated CoPc did not adsorb nor did it show any
activity toward degradation of RhB, according to the reported
work by Marinescu et al.”> In this work, we report that the
coupled octacarboxylated CoPc and CNC system can at least
perform this reaction to some degree, without any added
oxidant under visible light.
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Figures S9 and S10 (Supporting Information) show an RhB
degradation performance test for bare octacarboxylated CoPc
and CNC—CoPc conjugated systems under AM1.5G one sun
simulated sunlight, where 10 mg of photocatalysts has been
used. Bare CoPc adsorbed RhB in the initial 30 min dark cycle
period and did not show any photocatalytic activity at all since
the remaining ~10% dye (after dwelling time of 60 min in the
dark) did not undergo any concentration decrease even after
80 min illumination, evidenced by the flat line in the
concentration vs time plot (Figure S9a). This result shows
that octacarboxylated CoPc can be used for high RhB
adsorption applications. Even the addition of only S mg of
bare CoPc to the RhB solution resulted in the disappearance of
the majority of the RhB in the first 30 min of the dark cycle
(Figure S11, Supporting Information). On the other hand, the
CNC—CoPc conjugate also showed some adsorption behavior
(Figures S9 and S10, Supporting Information), but addition-
ally, it showed some photocatalytic performance, evidenced by
the decreasing concentration of the dye with respect to
illumination time. Notice that the slow decrease of dye
concentration when the CNC—CoPc conjugate is added to the
solution can be a result of slow adsorption in this system and
may not be a consequence of photocatalytic degradation. To
test the scenario, we have added 10 mg of CNC-CoPc
conjugate in two different RhB solutions, followed by keeping
one of them in the continuous dark and the other one in
illumination conditions (Figures S9b and S10, Supporting
Information). In the conjugate, the weight percentage of CoPc
is only ~20%; thus, this 10 mg of material contains only 2 mg
of CoPc. From these figures, it is clearly visible that even
though RhB keeps adsorbing on CNC—CoPc at a very slow
rate, it goes through photocatalytic degradation, as the
illumination curve has a steeper slope compared to the dark
slope (Figure S9b). Thus, CoPc when covalently attached to
the CNC surface does demonstrate its ability to degrade RhB
in light. According to one previous work, tetracarboxylated
CoPc does not adsorb nor degrade RhB.”” The RhB dye can
be degraded once molecular structure deformation occurs.
This can be realized by two major routes, namely,
chromophore cleavage (RhB ring attack) or cycloreversion
and N-deethylation””* (Figure S9b, inset). The first route
involves photogenerated electrons in the conduction band of a
semiconductor for the generation of strong oxidative reactants,
such as superoxide radicals (O°”), hydroperoxyl radicals
(HO,*), and hydroxyl radicals (OH®). The photoelectrons
need to possess high reduction potential for the generation of
O°~ from molecular oxygen. HO,* and OH® can be generated
from these superoxide radicals as a result of a reaction with
protons (H*) and e™. The oxidative reactants, O*~, HO,*, and
OH® have the ability to degrade RhB by a chromophore
cleavage mechanism.”* The required H* for the generation of
HO,®* and OH® from O°  can be achieved from water
oxidation.”> The hydroxyl radical (OH®) can be generated
from another route, that is, from H,O by photogenerated holes
(h*) in the valence band of a semiconductor, which requires a
very high oxidation potential.” In the second route, namely,
N-deethylation, a dye cation radical is formed through
oxidation of the dye in the presence of a strong electron
acceptor. The photogenerated holes in the semiconductor
valence band react with such an RhB cation radical by
eliminating one alkyl group in this N-deethylation mecha-
nism.”*”® To get more insight into the RhB degradation
mechanisms, we performed a scavenger test. Figures S9a and

S10d,e (Supporting Information) show the scavenger test
results with electron and hole scavengers AgNO; and
ethylenediaminetetraacetic acid (EDTA), respectively. When
EDTA is added, the hole is removed, which can diminish the
latter route but simultaneously enhance the former pathway. A
suppressed activity confirms that electrons do not play any role
here. On the other hand, when AgNO; is added, the
degradation pathway shifts predominantly toward the N-
deethylation route, as only the hole is the active carrier. In this
case, we see a gradual peak shift toward a lower wavelength
during illumination conditions (Figure S10d, Supporting
Information), consistent with an earlier report that showed
the correlation between reaction pathways and time evolution
of the peak position, where such a hypsochromic shift has been
associated with the N-deethylation mechanism.”” The RhB
degradation results discussed above have been summarized in
Table S1 (Supporting Information). Figure S12 (Supporting
Information) shows the steady-state photoluminescence
spectra of bare RhB, bare CoPc immersed in the aqueous
RhB solution, and the CNC—CoPc conjugate immersed in the
aqueous RhB solution. As expected, the CoPc-containing RhB
solution did not show any RhB emission peak due to the dye
adsorption property of bare octacarboxylated CoPc, as
discussed earlier. On the other hand, the CNC—CoPc-
containing RhB solution did show the RhB emission peak.
2.3. Theoretical Modeling and Computational Re-
sults. The stability of the CoPc-conjugated CNC has been
theoretically investigated by employing a detailed study of the
covalent attachment using periodic self-consistent DFT
calculations. For physiosorbed or chemisorbed systems,
generally, the binding energy calculation of the adsorbate to
the substrate surface is a standard quantitative approach to
determine the stability of coupled systems. This binding energy
can be calculated by subtracting the total energy of the
composite system from the sum of individual total energies of
the adsorbate and the substrate, albeit considering their
respective geometry-optimized structures.”® Unfortunately, in
the present system, this approach is not applicable since, for
the requirement of ester bond formation, octacarboxylated
CoPc has to lose OH from a —COOH group and CNC has to
lose H from a surface hydroxyl group (—OH) in the CNC—
CoPc conjugate system. Therefore, the conjugated system will
have a smaller number of atoms than the total number of
atoms of the individual systems. This scenario prompted us to
study the binding between CoPc and CNC in a rather more
qualitative fashion. We have analyzed the bonding between
CNC and CoPc by the projected density of states (PDOS),
which can be obtained by projecting the total wave function
onto the orthogonalized atomic wave functions, and by
electron density difference plots. The binding strength between
CNC and CoPc has been investigated by the observation of
PDOS overlap between the bonding atoms, which are oxygen
atoms from the CNC surface hydroxyl group and carbon atoms
from the carboxyl group of CoPc. Overlap analysis of PDOS
can serve as an indicator of the strength of covalent
attachment,” an alternate to some other methods such as
density overlap region indicator analysis.”” Figure S14
(Supporting Information) shows the PDOS of the oxygen
(CNC) and carbon (CoPc) atoms. The phthalocyanine rings
are oriented vertically (Figure Sl4ab) on the hydrophilic
(110) and hydrophobic (200) planes,'” while Figure S14c,d
shows the horizontal configuration, respectively. The electronic
states in both the occupied and unoccupied regions are
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Figure 6. Spatial distributions of molecular orbitals for (a) pristine CoPc and (b)—(e) CNC—CoPc conjugated systems. Metallophthalocyanine
rings oriented vertically to the CNC surface for (b) hydrophilic plane (110) and (c) hydrophobic plane (200). Metallophthalocyanine rings
oriented horizontally to the CNC surface for (d) hydrophilic plane (110) and (e) hydrophobic plane (200). HOMO and LUMO orbitals are
represented by red and blue surfaces, respectively. The colors for C, O, H, S, N, and Co atoms are cyan, orange, white, yellow, gray, and brown,

respectively.

overlapped in terms of energy of states, while intensity
distributions are dissimilar. Oxygen atoms have more states in
occupied regions than carbon atoms, while PDOS intensities of
carbon atoms are much higher than those of oxygen atoms in
the unoccupied region. Figure S15 (Supporting Information)
shows the electron density difference isosurfaces of all of the
conjugated systems shown in Figure S14. The pink and tan
surfaces represent negative and positive isosurfaces corre-
sponding to charge depletion and accumulation regions,
respectively. Thus, the electron density difference results are
in complete harmony with the PDOS intensity differences
between O and C atoms in the occupied and unoccupied
regions near the Fermi level.

Spatial distributions of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of pristine CoPc and CNC—CoPc conjugated
systems calculated by DFT are shown in Figure 6. Molecular
orbitals (both HOMO and LUMO) of bare CoPc (Figure 6a)
are closely spaced and delocalized over the entire molecule
including the Co atom. An earlier study based on a
quasirelativistic approach that used the Vosko—Wilk—Nusair

(VWN) local spin-density potential plus Becke’s gradient
correction for exchange and Perdew’s gradient correction for
correlation also reported that HOMO localization occurs on
metal atoms for Co, Fe, and Cu phthalocyanine, unlike Zn and
Ni, where HOMO localization occurs only on the
phthalocyanine ring.'”’ We considered two geometries for
covalent conjugation of CoPc on the CNC surface. In the case
when metallophthalocyanine rings orient vertically to the CNC
surface for the hydrophilic (110) and hydrophobic (200)
planes, the HOMO is entirely localized on the central Co atom
(Figure 6b,c). This spatial separation of molecular orbitals is
relatively less in other configurations, when the metal-
lophthalocyanine rings orient horizontally to the CNC surface,
for the (110) and (200) planes (Figure 6d,e). Therefore, our
DFT calculations revealed an overall pronounced spatial
separation of HOMO and LUMO, which facilitates exciton
dissociation and prolongs exciton lifetime.'”> The previously
discussed large surface potential shift in the conjugate, as a
consequence of the increased photoinduced charge accumu-
lation, also aligns with these theoretical findings. This spatial
separation of molecular orbitals is expected to promote a
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photoinduced intramolecular charge-transfer transition.'*’

Unlike closed shell structures such as ZnPc or MgPc,
metallophthalocyanines with open shells, such as CoPc,
promote intramolecular charge-transfer transitions.”’  Thus,
our earlier discussion on the enhanced absorption in the
spectral range of 400—600 nm in CNC—CoPc compared to
that in bare CoPc, mediated by an intramolecular charge-
transfer transition, is in complete harmony with the DFT-
computed molecular orbital localization results. On the other
hand, for CoPc, intramolecular relaxation is a much faster
process than energy transfer to the surface plasmons generated
by Ag.'”* The enhanced spatial separation of molecular orbitals
in the conjugate is expected to suppress the faster intra-
molecular relaxation (since it facilitates exciton dissociation)
and strengthen the interaction with surface plasmons
(exciton—plasmon coupling) through different possible mech-
anisms in the plexcitonic systems mentioned earlier.

Figure S16 (Supporting Information) shows the total
density of states (DOS) and the projected density of states
(PDOS) of the Co atom (d-orbital only) for the pristine CoPc
and the CNC—CoPc conjugated systems. Three important
observations are found from these plots. First, in the
conjugates, more states appear corresponding to more energy
levels, both in the occupied and unoccupied regions near the
Fermi level. Second, the HOMO—LUMO gap shrinks in the
conjugates in comparison to that in pristine CoPc. The
HOMO-LUMO gaps for the systems are 1.52, 1.26, 1.30,
1.46, and 1.41 eV for bare CoPc, CoPc oriented vertically to
the CNC hydrophilic plane (110) and hydrophobic plane
(200), and CoPc oriented horizontally to the CNC hydrophilic
plane (110) and hydrophobic plane (200), respectively. Note
that, in all configurations of the conjugate, the HOMO—
LUMO gap is reduced specifically in the vertical geometries.
Third, in CNC—CoPc conjugates, the d-orbital energy states
have less intensity near the HOMO in the occupied region
compared to bare CoPc (Figure S16, Supporting Information).
Open shell metallophthalocyanines, such as CoPc, are known
for promoting faster excited-state dynamics compared to
metal-free phthalocyanine due to the presence of a metal
atom.'”® The above observation implies less contribution from
3d orbitals to the occupied orbitals in the vicinity of the
HOMO. CoPc are known to have several 3d-like orbitals near
the HOMO,"" so there will be less coupling between Co atom
3d-electrons and z-orbitals of the phthalocyanine framework,
which implies that faster excited-state relaxation is sup-
pressed;105 in other words, the exciton lifetime is increased
in the conjugated systems compared to that in standalone
CoPc. Coupling between m-orbitals and d-electrons creates
additional energy relaxation channels.'”>'% Thus, enhanced
charge separation is expected in the conjugates through
prolonged excited-state lifetimes. In summary, theoretical
calculations revealed two major phenomena in CNC—CoPc
conjugates compared to bare CoPc, (a) enhanced HOMO—
LUMO spatial separation, which facilitates exciton dissocia-
tion, and (b) the reduced intensity of 3d-like states in the
vicinity of HOMO, which results in longer exciton lifetimes.
Both these effects are conducive to stronger exciton—plasmon
coupling and can potentially accelerate photocatalytic reac-
tions, as evidenced by Raman surface photocatalytic trans-
formation of 4-NBT to DMAB and RhB photodegradation test
results.

3. CONCLUSIONS

We have successfully synthesized octacarboxylated cobalt
phthalocyanine conjugated cellulose nanocrystals by ester
bond formation between them. Several routine and advanced
characterization techniques were used to investigate the
properties of the covalently bonded system. Experimental
results from XPS, solid-state NMR, XRD, HRTEM, STEM-
EDX elemental mapping, Raman spectroscopy, FTIR spec-
troscopy, UV—vis absorption, and steady-state PL spectrosco-
py confirm the successful conjugation and indicate reduced
aggregation of CoPc on the surface of CNC. The covalent
attachment of CoPc on the CNC surface was analyzed by DFT
calculations through the projected density of states onto the
bond-forming atoms and electron density difference plots,
which indicated a stable conjugated system. KPFM results
indicated an enhanced charge carrier generation and long-lived
charge separation upon illumination in the CNC-CoPc
conjugate compared to standalone CoPc with photogenerated
holes remaining on CoPc and photogenerated electrons
transferred to CNCs. The synthesized pristine CoPc and the
conjugate were tested as catalysts for the photocatalytic
transformation of 4-NBT to DMAB and also for RhB
photodegradation. In both experiments, the CNC—CoPc
system demonstrated superior photocatalytic activities com-
pared to pristine CoPc. Upon conjugation to the CNC surface,
CoPc molecules undergo a change in aggregation state, which
results in an increased surface area. Molecular orbital and
density of states results from DFT calculations implied
enhanced exciton dissociation and prolonged exciton lifetime
in the conjugate; both are expected to increase the exciton—
plasmon coupling strength that resulted in improved photo-
catalytic performance for the 4-NBT to DMAB transformation.
Such results also align well with the RhB degradation data and
explain the superior photocatalytic activity observed in spite of
the large exciton binding energy of CoPc. This work
demonstrates the potential for cellulose nanocrystals to
function not merely as a support template to increase the
effective area but also as an integral element to tune the
electronic properties of the active material in a desirable
fashion for functional optoelectronic device applications.
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