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Carbon nanohorns have been non-covalently functionalized with two different benzothiadiazoloquinoxa-
lines prepared via Stille cross-coupling reactions under solvent-free conditions and microwave irradiation.
The close interactions between these organic molecules and the nanostructures resulted in a prominent
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Raman enhancement, which makes them attractive candidates for multiple applications. A complete
experimental physico-chemical characterization has been combined with in silico studies to understand
these phenomena. The processability of the hybrids was exploited to prepare homogeneous films on sub-
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Introduction

The unexpected Raman intensity of pyridine adsorbed on
silver reported 50 years ago by Fleischman et al. set the foun-
dation for the Surface Enhanced Raman Spectroscopy (SERS)
field." This is a very active multidisciplinary field that com-
prises fundamental studies, including in silico, to understand
this enhancement, the synthesis of high-performing materials,
and their development of SERS-based technologies for real-life
applications.> The narrow spectral bands of Raman spec-
troscopy, along with its high sensitivity and spatial resolution,
are the key advantages for exploiting SERS in sensing and bio-
medicine.® The design and synthesis of SERS tags is funda-
mental for developing such technologies. These materials
must be both high performing, robust and biocompatible and,
ideally, should be produced following environmentally friendly
methodologies. Most SERS tags are made from nanostructured
particles (coated or not) functionalized with small organic
molecules used as Raman reporters and eventually with a
specific targeting moiety (e.g. an antibody).” The evolution of
nanochemistry has resulted in the synthesis of multiple
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Raman probes with encouraging results.® For instance,
Aberasturi et al. synthesized star-shaped Au nanoparticles
functionalized with several thiolated Raman reporters and
coated with an amphiphilic polymer that provided the nano-
particles with long-term stability.” The high electromagnetic
field localized at the tips of the nanostars produces a large
enhancement, which was exploited for cell discrimination in a
multiplexed type assay.

Multiplexing is one of the main assets of Raman imaging.
This is a major advantage when compared with fluorescence-
based techniques, which depends on fluorescent probes with
broad emission bands. Given the narrowness of Raman spec-
tral bands, multi-colored images can easily be recorded by
monitoring the intensity of two or more vibrations simul-
taneously. The pallet of colors available using metallic nano-
particles is steading increasing given the numerous research
efforts in that field. For instance, Eremina et al. sandwiched
several small molecules within gold-core silica shell nano-
particles to produce up to 26 different colors.® Subsequent bio-
conjugation of the nanoparticles with different targeting moi-
eties allowed the acquisition multi-colored Raman images
in vivo and in vitro. In contrast, the development of multi-
colored Raman imaging using carbon nanomaterials is not
straightforward. Except for single-walled carbon nanotubes
(highly insoluble) and single-layer graphene (only available in
substrates and not suitable for imaging), the other known
carbon nanoforms (ie. multi-walled carbon nanotubes, gra-
phene oxide, reduced graphene oxide, carbon nanoonions,
carbon nanocones and carbon nanohorns) present a very
similar Raman fingerprint with two broad bands at ca.
1330 cm™" (D-band) and ca. 1590 cm™ (G-band). Therefore, it
is challenging to achieve multicolor Raman images even by

This journal is © The Royal Society of Chemistry 2023
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combining several carbon nanostructures. For instance, Liu
et al. were able to acquire three-colored Raman images by
tracking the spectral band of three types of SWCNTs with
different isotope compositions.” These Raman reporters were
synthesized by chemical vapor deposition using *C-methane,
thus highlighting the need for the development of more acces-
sible methodologies to prepare carbon-based multicolor
nanotags.

Our group has dedicated intensive research to understand-
ing the Raman enhancement of several oligothiophenes when
either adsorbed or covalently grafted to single-walled carbon
nanohorns (CNHs).>® CNHs are short single-walled carbon
nanotubes that aggregate into spherical particles with a dia-
meter of approximately 100 nm. The properties of CNHs make
them very interesting for numerous applications.'® For
example, as they are p-type semiconductors,"’ their large
surface area has been exploited for the electrocatalytic pro-
duction of hydrogen peroxide.'” In addition, the nanoporosity
of N-doped CNHs has been used to encapsulate sulfur to
prepare lithium-sulfur batteries with high-performance,'® and
their homogeneous size distribution, absence of metallic par-
ticles and low toxicity makes them very interesting in biomedi-
cine." For instance, the photoacoustic effect (i.e. emission of
sound upon light irradiation) of CNHs has been exploited to
image tumors in mice with promising results for image-guided
surgery.'® However, examples of Raman images using CNHs
are still scarce, and the access to functionalized carbon nano-
materials for multiplexing is still limited.

In this work, we have synthesized two new nanohybrids
comprising pristine CNHs and two different benzothiadiazolo-
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Fig. 1 UV-Vis (black line) and fluorescence spectra (blue line) of TDQ-1
(a) and TDQ-2 (b) acquired in CHCls (10~ M). The inset illustrates the
structure of the molecules and their solution in CHClz. The dotted lines
indicate the wavelength of the laser used for the Raman characteriz-
ation: green (532 nm), red (633 nm), and grey (785 nm).
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quinoxalines (TDQs) previously reported by some of us (see
Fig. 1). Functionalization relies on the non-covalent interaction
between the flat aromatic molecules and the large graphitic
surface of CNHs. Positions 6 and 7 of the TDQ unit were sub-
stituted with either -CH; or -H groups to understand the
importance of CH-x interactions. Note that CH-r interaction,
a special sort of hydrogen bonds, can effectively help to estab-
lish distinctive self-assembly patterns in organic molecules,
thus modulating their resulting photophysical and electronic
properties.’®® The supramolecular interaction occurs within
one hour and requires only straightforward purification with
the production of minimal waste. The strong interaction
between CNHs and the organic molecules results in the emer-
gence of several Raman bands with potential application in
multiplexed Raman imaging. A thorough in silico study of the
hybrids was carried out to understand this phenomenon.
Exploiting the processability of the hybrids, we have prepared
homogeneous and continuous sprayed-coated films on
different substrates.

Results and discussion

The benzothiadiazole (BTD) core has been extensively used for
fluorescence bioimaging,® and most recently also for Raman
imaging.”" Oxidation of the BTD core in fuming nitric acid
and subsequent iron-catalyzed reduction provides two aro-
matic amines that are able to react with a dialdehyde to form
TDQ units, which have been successfully used for Raman
imaging. Qi et al. reported an all-in-one organic molecule that
can be used for fluorescence, photoacoustic and Raman
imaging.?* These authors exploited the versatility of the mole-
cules encapsulated in polymeric nanoparticles to perform
image-guided surgery with encouraging results. The probe con-
sists of a sandwiched donor-acceptor-donor structure, where
the donor group is a triphenylamine group and the acceptor is
a TDQ core. The TDQ derivative modified with phenyl-alkyne-
phenyl units displays an intense Raman band in the cell-silent
region at 2215 cm™'. The Raman reporters TDQ-1 and TDQ-2
synthesized here represent a minimalist approach with a TDQ
core disubstituted with ethynylbenzene groups in positions 4
and 9, respectively (Fig. 1).>*> These groups were added to the
TDQ core via Stille cross-coupling reactions under solvent-free
conditions and microwave irradiation. Further details for the
synthesis can be found in the ESL.f The UV-Vis and fluo-
rescence spectra for TDQ-1 and TDQ-2 are similar, with both
molecules displaying a large absorption band in the visible
region centered at 543 and 527 nm for TDQ-1 and TDQ-2,
respectively, and an intense red fluorescence emission (633
and 613 nm for TDQ-1 and TDQ-2, respectively). Density func-
tional theory (DFT) calculations showed that the optimized
structures present a planar geometry with a HOMO-LUMO gap
of 526 and 5.36 eV for TDQ-1 and TDQ-2, respectively
(Fig. S1t). According to TD-DFT calculations, the lowest energy
absorption band is attributed to a one-electron excitation from
the HOMO (delocalized over the whole n-conjugated backbone)
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to the LUMO (mainly localized over the central TDQ unit),
thus displaying an intramolecular charge-transfer (ICT) charac-
ter (Fig. S1 and S2%). The FT-Raman spectra (dexe = 1064 nm)
for TDQ-1 and TDQ-2 as solid powders were recorded
(Fig. S31). Given the good agreement found between the
experimental and theoretical Raman spectra, the most relevant
Raman features were assigned (Fig. S4 and S57). The strongest
Raman bands, which are collected in the 1600-1200 cm™'
region, arise from the strongly mixed CC/CN stretching modes
and CH bending vibrations of the whole n-conjugated back-
bone (see the eigenvectors representation of the involved
normal modes in Fig. S6 and S77).

TDQ-1 and TDQ-2 were hybridized with pristine CNHs to
obtain CNH-1 and CNH-2. Further details can be found in the
ESIL.t Briefly, a solution of the corresponding TDQ was mixed
with a dispersion of CNHs (1 mg ml™" in chloroform) and
stirred for one hour. A straightforward purification was
required to eliminate the unbound material, which was con-
firmed by recording the UV-Vis spectra of the washings
(Fig. S87). In contrast to other carbon nanoforms, a brief ultra-
sonication of CNHs in the appropriate solvent is sufficient to
stabilize the suspensions for weeks (Fig. S9t). The quality of
these suspensions is key to maximizing the interaction
between the dyes and CNHs. Notably, the protocol is sustain-
able since it requires a minimal energy input, and we were
able to recover all the unbound molecules (Fig. S107).

As seen in Fig. 2, the Raman analysis of all hybrids syn-
thesized display the signals of CNHs (i.e. D-, and G-band) and
several bands attributed to the organic molecules (see Fig. S11
and S127 for a comparison between the Raman spectra for the
hybrids and those of the organic molecules). A comparison of
the spectra of TDQ-1 and TDQ-2 with those for CNH-1 and
CNH-2, clearly shows that the interaction of both dyes with the
nanostructure gives rise to a prominent SERS effect, which is
stronger for TDQ-2.

This suggests an important contribution of the methyl
groups in TDQ-2 compared to TDQ-1, which most likely form a
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Fig. 2 Raman spectra comparison of the hybrids (CNH-1 and CNH-2)
and the pristine CNH. The reported spectra are the average of more
than 200 data points acquired after irradiation at 532 nm. The bands
highlighted with dotted circles are attributed to the organic molecules
(see Fig. S4 and S57 for the vibrational assignment).
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greater number of CH-rn interactions with the CNH walls. The
featureless spectra of TDQ-1 and TDQ-2 when irradiated at
532 nm, 633 nm and 785 nm did not allow the enhancement
to be quantified (Fig. S13t). The SERS effect can be attributed
to electromagnetic enhancement (EE) and chemical enhance-
ment (CE). In addition to EE and CE, the quenching of fluo-
rescence, the energy of the laser, and the interaction of the
selected molecule with the substrate play an important role in
the process. In this sense, it is very interesting to highlight
that the most enhanced Raman bands recorded at around
~850, 1234 and 2190 cm™' corresponds to SN, CC/CN and
C=C stretching modes, respectively, thus reflecting the impor-
tance of the interaction between the TDQ core and acetylene
groups with the graphitic surface of CNH (see Fig. 2, Fig. S11
and S121). A complete Raman analysis and fluorescence spec-
troscopy and in silico studies have been carried out to under-
stand this enhancement.

The first indication of a CNH-dye interaction was the
quenching of fluorescence during the Raman analysis. The
fluorescence titration of TDQ-1 and TDQ-2 with pristine CNHs
revealed a strong quenching of fluorescence for both mole-
cules (Fig. S14f). This is in line with other examples of non-
covalent functionalization of nanocarbons with fluorescent
molecules.”>* It is well known that Raman efficiency depends
largely on the energy of the incident light (ie. Raman
efficiency « 4™*). CNH-1 and CNH-2 were irradiated with three
different lasers: green (532 nm), red (633 nm), and infrared
(785 nm) at different intensities (Fig. S151). As expected, the
green laser afforded the highest resolution. This laser is in
resonance with the lowest energy transition, which corres-
ponds to a HOMO-LUMO one-electron excitation that exhibits
ICT character in TDQ-1 and TDQ-2 (Fig. 1), which usually
increases the efficiency by between two and six orders of
magnitude.

In general, the Raman intensity increases gradually with
the intensity of the incident light until it reaches a maximum,
after which higher intensities would damage the samples.
This is not the case for CNH-1 and CNH-2 for any of the lasers
tested (Fig. S157). We observed that the signals attributed to
the molecular vibrations reach a maximum at 0.1 mW and
0.05 mW for the lasers at 532 and 633 nm, respectively. At
higher intensities, the signals of the molecules are hidden by
the signal for CNHs. This is due to the asymmetric intensifica-
tion of the Raman efficiency of the molecule and the nanocar-
bons upon increasing the intensity of the laser.

The effect of probe concentration on the hybrids was tested.
CNH-1 and CNH-2 were synthesized by varying the concen-
tration of the probe from 10~ to 107® M and the optimized
conditions (532 nm, 0.1 mW, 4 s) were used to assess this
effect. Fig. 3 shows the Raman mappings of the whole set of
samples. These data confirm the homogeneity of the enhance-
ment across the samples, which is present in all tested
materials. This enhancement decreases gradually with the con-
centration of the probe. Multiple studies on SERS of graphene
and related materials have demonstrated that the enhance-
ment observed is mainly due to the interaction of the first

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Raman maps of CNH-1 (a—c) and CNH-2 (d—f) showing the intensity at 1227 and 1234 cm™, respectively. The number on top of each image

correspond to the average value with the corresponding standard deviation.

layer of molecules with the substrate.”>>® The fact that the
reported enhancement is larger at high probe concentrations
suggests that all conditions tested drive the adsorption of the
molecule in a monolayer fashion. This is possible thanks to
the large surface area of pristine CNHs (ca. 500 m> g~').>” In
addition, the unique petal-like structure might be also respon-
sible for this excellent enhancement since it might possess
electromagnetic hot spots for the Raman enhancement as also
found in other external petal-like shell structures.*® Indeed,
the effect of similar nano morphologies has also been
exploited with gold-based Raman reporters.*>>®

At this point, we have performed a complete in silico study
to gain a better understanding of the reported SERS effect and
to identify the most favorable configurations of the CNH-dye
hybrid and the interactions of TDQ-1 and TDQ-2 towards the
walls of the CNHs. To this end, eight different adsorption posi-
tions of TDQ derivatives on the CNH surface were tested and
their total adsorption energies (E,qs) were calculated (Fig. S16—
S18 and Table S17). The most favorable CNH-dye arrangements
correspond to dispositions f~# with E,q4s ranging from —1.80 to
—2.09 eV (see Fig. S17, S18 and Table S17). As seen in Fig. 4 for
the most stable disposition & taken as a representative
example, both TDQ derivatives tend to adapt their molecular
structure to maximize the interaction with CNHs via non-
covalent forces. In fact, combined CH-r and n-r interactions
efficiently tether TDQ derivatives to the CNH surface, as we
will discuss in detail below. Interestingly, the initial planar
TDQ derivatives bend upon adsorption on the CNH surface
with a curvature angle of up to 31° (Table S27).

A careful analysis of the results shows that TDQ-2 presents
a stronger E,qs than TDQ-1. This can be explained based on
the number of CH-r and n-n interactions between the TDQ
molecules and the carbon nanohorn: the higher the number

This journal is © The Royal Society of Chemistry 2023

Fig. 4 DFT-optimized (0B97XD/6-31G**) structures of CNH-1 and
CNH-2 hybrids in h disposition (Fig. S17 and S18% show all different
CNH-TDQ dispositions that have been studied). Dotted lines represent
the CH-x interactions between the hydrogens of the TDQ unit and the
nanohorn in CNH-1 and CNH-2, measured between the corresponding
TDQ hydrogens and the shortest neighboring carbon atom of the nano-
horn. Distances are given in Angstroms.

of short-distance interactions (i.e., less than 3.3 A), the stron-
ger the expected adsorption energy. Indeed, the methyl-susbti-
tuted TDQ-2 possesses more and stronger CH-n interactions
with the CNH when compared to the unsubstituted TDQ-1
(Fig. S19 and Table S37). Particularly short CH-x interactions
(approx. 2.8 A) are obtained between the hydrogens of the
methyl groups in TDQ-2 and the nanohorn, which might favor
the adsorption of derivative TDQ-2 towards the CNH surface
(Fig. 4). This fact might be related with the highest Raman
enhancement observed in CNH-2 when compared to CNH-1.
On the other hand, similar HOMO and LUMO topologies,
both mainly delocalized over the CNH surface, together with
similar HOMO-LUMO gaps were found in the eight confor-
mations of each nanohydrid (Fig. S20 to $22%). This is in con-
sonance with the calculated Miilliken atomic charge distri-
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butions (Table S47) that indicate an absence of charge-transfer
character in the ground state of CNH-TDQ hybrids. Although a
more detailed inspection of the charge-transfer transitions in
the hybrid might be required, the absence of charge-transfer
in the ground state suggest that the chemical enhancement
could arise from non-resonant changes in the molecular polar-
izability that might occur upon the dye-CNH hybrid
formation.**™*

Thus, our theoretical calculations provide the following
findings: (i) a combination of CH-r and n—= interactions drives
the favorable formation of CNH-1 and CNH-2 nanohybrids, (ii)
the largest and shortest number of CH-n interactions between
the hydrogens of the methyl groups in the TDQ unit and the
nanohorn in CNH-2 seems to be crucial for the selective
enhancement of the Raman bands. In summary, the SERS
effect probably reflects a complex interplay of both electromag-
netic and chemical enhancement mechanisms.*'* Although
the electromagnetic mechanism might be the dominant con-
tributor to the observed SERS signal enhancement due to the
amplification of the electromagnetic fields near the conical-
end of CNHs® which is also favored by their petal-like struc-
tures,”® the chemical enhancement might also play a role as a
result of the short-range dye-CNH interactions.

We have prepared homogeneous and continuous sprayed-
coated films on different substrates by exploiting the processa-
bility of the hybrids. Numerous applications require the inte-
gration of a given functionalized nanomaterial onto substrates
of different natures. Here, we exploited the high processability
of the synthesized hybrids in organic solvents to prepare
homogeneous and continuous films of CNH-2 by spray-coating
(Fig. 5 and Fig. S23t). These films were sprayed on rigid and
non-porous materials (i.e. glass and Si/SiO,) and porous and
flexible substrates (i.e. paper). We also demonstrated that we
can create the ad hoc designs required for the application by
using the proper masks. Subsequently, we confirmed that the
SERS effect is preserved after the spray-coating process
(Fig. S24%). The electrical characterization of the glass and

Fig. 5 SEM characterization of a CNH-2 substrate deposited on paper.
The inset pictures show the optical photograph of the substrates and
the SEM images at higher magnifications.
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paper substrates with a four-point probe provided sheet resis-
tance values of 297 kQ sq™* and 2.96 MQ sq ", respectively.
Although such high electrical sheet resistances were expected
considering the low electrical conductivity of CNHs, they
nevertheless indicate that the prepared films are continuous,
and that percolation was achieved. These observations were
confirmed by SEM (Fig. 5). SEM imaging coupled to an EDS
detector confirmed that the hybrids are mainly composed of C
(99.8%) with a residual amount of S (0.2%, very close to the
limit of detection of the instrument; Fig. S251). We were not
able to detect N atoms using this technique. In addition, the
thermogravimetric characterization shows very similar thermo-
grams for pristine CNHs, CNH-1 and CNH-2 (Fig. S267). These
finding indicate that the amount of dye adsorbed on the
hybrids is rather small, thereby reinforcing the high perform-
ance of the SERS effect reported.

Conclusions

We have synthesized two novel hybrid materials combining
two ad hoc designed TDQs with single-walled carbon nano-
horns. A complete physico-chemical characterization including
in silico studies revealed that a favorable combination of CH-x
and n-7 drives the formation of the TDQ-CNH nanohybrids.
DFT calculations revealed that TDQ molecules bend slightly
from their original flat structure to adapt to the curved conical
nanomorphology of CNHs. The close interactions between the
TDQ and CNH nanostructure result in a significant Raman
enhancement of several vibrations related to the SN, CC/CN
and C=C stretching modes of the TDQ core and the acetylene
groups. A more prominent SERS signal enhancement is
observed when compared unsubstituted CNH-1 with methyl-
substituted CNH-2 that seems to be closely related to the large
number of CH-x interactions in the latter. In addition, we pre-
pared homogeneous CNH-2 films on a variety of substrates,
thereby demonstrating the applicability of the hybrids. The
present work represents an important step towards the utiliz-
ation of functionalized carbon nanomaterials in Raman-based
applications. We do hope our findings will inspire other
researchers to design carbon-based Raman reporters, which
will expand the palette of Raman colors for multiplexed
Raman imaging techniques.
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