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Copper indium sulfide quantum dots (CIS QDs) and their core—
shell analogues (CIS@ZnS QDs) were functionalized with pyrene
chromophores via a dihydrolipoamide bifunctional binding moiety:
UV excitation of the pyrene chromophores resulted in sensitized
emission of the CIS core because of an efficient energy transfer
process; the core—shell hybrid system exhibits a 50% increased
brightness when excited at 345 nm.

Introduction

Copper indium sulfide quantum dots (CIS QDs) are a valid
alternative to conventional quantum dots based on cadmium
or lead due to their non-toxicity and good optical properties.
Indeed, CIS QDs exhibit high molar absorption coefficients
over the entire visible spectral region (10*-10° M™' cm™), elev-
ated photoluminescence quantum yields (up to 70%) and long
emission lifetimes (hundreds of nanoseconds)."> The
quantum dot properties can be varied by functionalizing its
surface with molecules that can provide new features, e.g. col-
loidal stability in a different solvent. For CIS QDs this
functionalization can be performed via ligand exchange, there-
fore substituting the original capping molecules used to stabil-
ize the nanoparticle during its synthesis with other ones pos-
sessing an appropriate anchoring group, namely thiols.* By
this approach, fluorophores can be conveniently used for the
functionalization of CIS QDs to ameliorate the optical pro-
perties of the nanoparticle. In this context, nanoparticles can
be decorated with a large number of chromophores that
efficiently absorb the incoming light and then channel it to
the quantum dot, which can emit at higher wavelengths, as
assessed by our previous results on silicon quantum dots.>”
Such systems are called light-harvesting antennae.'® More in
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general, light-harvesting antennae are organized multi-com-
ponent systems in which many suitably organized chromo-
phores absorb the incident light and then channel the exci-
tation energy to a common acceptor component.'"’ Many
examples of such systems are also reported in nature, e.g. the
green plant antenna system, where the light is absorbed by
chlorophylls and the energy funnelled in the reaction center.
In the case of emissive structures, light-harvesting antennae
are characterized by a superior brightnessi if compared to the
isolated chromophores. This approach is rather unexplored in
the case of CIS QDs. The only example we found in the litera-
ture is that of a mixture of core-shell CIS@ZnS QDs with an
organic fluorophore (POPOP) acting as white-light-emitting
(WLE) hybrid composite: the authors evidenced a possible
energy transfer from the fluorophore to the nanoparticles with
limited efficiency (<30%).""

In the present work, we describe the functionalization of CIS
QDs with a ligand containing a UV-absorbing chromophore,
namely pyrene. The ligand possesses a dihydrolipoamide
moiety, therefore two thiol anchoring moieties that allow an
efficient replacement of the original single thiol-containing
ligand.” 1t is worth noting that dihydrolipoic acid derivatives
have been widely used for the functionalization of cadmium-
containing quantum dots,">™"” but some examples are also
reported for CIS-based nanoparticles.'®° The pyrene-functiona-
lized nanoparticles are characterized by a superior absorption
below 350 nm and a sensitized emission of the CIS QD upon
pyrene excitation due to energy transfer from the organic
chromophore towards the quantum dot. This represents the first
example of a light-harvesting antenna based on copper indium
sulfide quantum dots with enhanced brightness compared to
the pristine sample without pyrene chromophores at the surface.

Results and discussion

Synthesis

Copper indium sulfide (CIS) QDs with or without a ZnS shell
(hereafter named CIS@ZnS QDs and CIS QDs, respectively)
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were synthesized according to a heating-up procedure adapted
from literature.”® The produced nanoparticles were stabilized
and coated with an organic shell composed of 1-octanethiol,
which allows a good dispersibility in non-polar solvents like
chloroform. Afterwards, a partial ligand exchange with 6,8-
dimercapto-N-( pyren-1-ylmethyl)octanamide (compound 2)
was performed. This molecule was chosen since it contains a
dihydrolipoic acid-derivative moiety and therefore possesses
two thiol groups that reinforce the interaction with the surface
of the nanoparticle and therefore allows a more efficient re-
placement with the native mono-thiol ligand.® This was
obtained firstly by amide coupling between lipoic acid and
1-pyrenemethylamine, followed by reduction of the sulfur-
sulfur bond. The overall synthetical procedure is represented
in Fig. 1. Ligand exchange was accomplished on both shelled
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and pristine quantum dots, yielding the samples named
CIS@ZnS-py QDs and CIS-py QDs, respectively.

Structural and morphological characterization

The STEM-HAADF image of the sample CIS@ZnS QDs are
reported in Fig. 2a. The distribution of the particles dimension
is quite heterogenous with values from 2.5 nm up to 4 nm.
The morphological characterization shows a triangular shape,
particularly evident for some of the nanoparticles (see e.g., the
one indicated by the red arrow in Fig. 2a), consistent with the
tetrahedral shape previously reported in literature.>' The chal-
copyrite crystalline phase was determined by Selected Area
Electron Diffraction (SAED) indexing (Fig. 2b). The table in
Fig. 2b displays all the measured d-spacings and the typical
d-spacings of a chalcopyrite phase (CulnS,). High resolution
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Fig. 1 Schematic representation of the adopted strategy to functionalize copper indium sulfide QDs with pyrene. (a) The synthesis of the ligand
involves firstly an amide coupling between (+)-a-lipoic acid and 1-pyrenemethylamine hydrochloride, yielding compound 1, followed by the
reduction of the S—S bond, producing compound 2 (reaction conditions: i — HBTU, EDC, DIPEA, in DMF, 1 day; ii — NaBH,4 in DMF/water, 4 hours). (b)
Ligand exchange to 1-octanethiol passivated CIS QDs or CIS@QZnS QDs (iii — chloroform, overnight) For simplicity purposes, few ligands per nano-

crystal have been drawn.

Measured d-spacing (A)

Chalcopyrite (amcsd 0013005)
3.20

1.96

Fig. 2

(a) High magnification STEM micrographs, selected area electron diffraction (SAED) and (c) high resolution (HR) TEM image of CIS@ZnS QDs.

The FFT (fast Fourier transform) in the inset refers to the zone highlighted with the white square.
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micrograph (Fig. 2¢) confirms the crystalline character of the
nanoparticles (indicated by the red circles). The lattice spacing
of 0.32 nm reported in the FFT inset (relative to the particle in
the white square in Fig. 2c) is compatible with a tetragonal
chalcopyrite phase. The same analyses were performed on the
shell-free sample and are reported in Fig. S1a and S1b of the
ESL¥

"H-NMR spectroscopy was used to verify the presence of
pyrene attached onto CIS QDs surface. Fig. 3 shows the overlap
between the spectrum of compound 1 (green line) and
CIS@ZnS-py QDs (red line) in CDCl;. The main peaks are high-
lighted and associated to the protons of the molecule rep-
resented in the inset. The chemical shifts of the aromatic
protons occur at around 7.7-8.3 ppm; signals at 3.0-3.5 ppm
are due to the hydrogens in alpha position with respect to the
sulfur atoms, at 2.0-2.2 ppm the band related to the protons
linked to the carbon in proximity of the carboxylic group,
while at about 1.2-1.4 ppm, the signals of the alkyl thiol chain
are predominant, indication of a non-complete replacement of
the native ligand. It is worth noting that the signals related to
the hydrogens of the ligand attached to the quantum dot
appear broadened due to the restricted motions that cause an
enhancement of the relaxation times, as we also observed in
previous works.>® For comparison purposes, the NMR spec-
trum of the physical mixture compound 2 - CIS@ZnS QDs is
reported in the ESI (Fig. S27).
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Photophysical properties

The absorption spectra of all the investigated sample of CIS
QDs (Fig. 4) show the characteristic shoulder at ¢a.530 nm,
which corresponds to the band gap transition. To better deter-
mine the corresponding wavelength, the local minimum of the
second derivative of the spectra in the range 400-600 nm was
evaluated, according to a procedure reported in literature (see
Fig. S3 and S4 of the ESIf for further details).”” In every case,
the electronic transition occurs at 530 nm, corresponding to
an energy gap of about 2.3 eV.

In the case of the pyrene-functionalized samples (blue
lines), the typical absorption features of CIS QDs are over-
lapped to those of pyrene, clearly visible at 300-350 nm (black
dashed lines). Since each component maintains its own
absorption properties, no significant interaction occurs
between the organic chromophore and the inorganic nano-
particle in the ground-state.

The average number of chromophores per nanocrystal can
be estimated from the absorption spectra and the molar
absorption coefficients (¢) of the present species. The molar
absorption coefficient of the pyrene-based ligand is 4 x 10"
M~ em™ at 345 nm. For CIS QDs, we relied on the work from
Booth et al.>* who correlated the photophysical properties of
copper indium sulfide quantum dots to their size. From their
formula, it was possible to estimate the diameter of the CIS

N | [ — | my {
[ | | M AV
1/, \ ‘ |
|~V Jo ) P M N A
I
| | *
lJ ‘ "At ‘\ 1. | I I |v|.
Pk ! o T - S /\ ot L WAL VL L
9.0 85 8.0 725 70 65 6.0 55 50 45 40 35 30 25 20 1.5 1.0 0.5

Fig. 3 'H-NMR (400 MHz, CDCls) spectra of compound 1 (green line) and CIS@ZnS-py (red line), which is schematized in the inset. The principal
signals are highlighted to show the broadening of the peaks related to the attached molecules.
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Fig. 4 Absorption spectra of (a) CIS QDs (dark red line) and CIS-py QDs (dark blue line) and (b) CIS@ZnS QDs (red line) and CIS@ZnS-py QDs (blue
line) in chloroform, compared to the absorption spectrum of pyrene (black dashed line).

core for the samples, which is 3.6 nm and 2.7 nm for the shell-
free and the ZnS-coated samples, respectively,§ which is in
good accordance with the data obtained by TEM analysis.
Moreover, the molar absorption coefficient computed at
530 nm (i.e. the first electronic transition), using the formula
reported, is:

£(530 nm) = 830 x d*7

where d is the diameter in nanometers and the result is
expressed in M™' cm™'. Consequently, at 530 nm, where
pyrene does not absorb, the molar absorption coefficients for
CIS QDs and CIS@ZnS QDs are 9.5 x 10 M~' em™ and 3.3 x
10" M~ em™’, respectively. From these data the average
number of pyrene moieties per nanocrystals is estimated to be
about 20 for CIS-py QDs and 3 for CIS@ZnS-py QDs.q In our
opinion, this discrepancy can be due to a different surface
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reactivity towards the dihydrolipoamide either because of the
different composition exposed (CulnS, or ZnS), or because of
the different dimensions of the nanoparticles.**

Upon selective excitation of the nanocrystal core at 450 nm,
the emission spectrum features a bell-shaped band centered at
710 nm for the shell-free quantum dots and 650 nm for the
ZnS-coated ones (Fig. 5 and Table 1). This blue-shift is well-
known for such core-shell QDs and is associated to an inter-
diffusion of zinc ions into the CIS core*® and an etching of the
core material.”! As expected,”**' the emission quantum yield
remarkably increases upon coating the nanocrystals with a
ZnS shell.

If we now consider the effect of ligand exchange on the
emission quantum yield upon selective excitation of the nano-
crystal at 450 nm, two opposite behaviors are observed. For the
pristine nanoparticles, the emission quantum yield decreases
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Fig. 5 Emission spectra with intensity proportional to the corresponding emission quantum yields of (a) CIS QDs (dark red line) and CIS-py QDs
(dark blue line) and (b) CIS@ZnS QDs (red line) and CIS@ZnS-py QDs (blue line) in chloroform; 1., = 450 nm. The relative intensities in each panel

reflect the corresponding emission quantum yields.
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Table 1 Main photophysical properties of the studied quantum dots in
air-equilibrated chloroform suspension

Pyrene emission Quantum dot emission

Jem Jem 2 PLQY®
(nm) 7% (ns) (nm) (ns) (%)
CIS QDs —_ —_ 710 70 1.9
CIS-py QDs 395 1.4 (0.08) 710 50 1.2
20 (0.02)
CIS@ZnS QDs — — 650 350 28
CIS@ZnS-py QDs 395 1.0 (0.04) 650 260 30
20 (0.01)

“Excitation at 340 nm, emission at 390 nm (pre-exponential factor
between brackets). ” Weighted average lifetime, excitation at 405 nm,
emission at the corresponding maximum. ¢ Excitation at 450 nm.

(from 1.9% to 1.2%, Table 1), a phenomenon associated to the
introduction of surface defects.>>*® On the other hand, the
quantum yield of the shelled sample slightly increased (from
28% to 30%, Table 1).

Exciting at 345 nm, where the 44% and 68% of light is also
absorbed by pyrene, for the core-shell and the shell-free
samples, respectively, the emission spectra feature two
additional bands (Fig. 6): a structured band with maximum at
395 nm, due to the emission of pyrene monomer, and a broad
band peaked at 480 nm, correlated to the emission of pyrene
excimer (characterized by a lifetime of 30 ns). For a solution of
free pyrene chromophores, excimer emission is observed only
at concentration higher than 10™* M.?’ In the present case, the
sample concentration is lower than 5 x 107> M and the pres-
ence of excimer is related to pyrene close proximity at the
nanocrystal surface, as also reported for other pyrene-functio-
nalized quantum dots.>?®

The pyrene monomer emission at 395 nm is strongly
quenched for both samples. This is confirmed by the lifetime
measurements reported in Table 1. For both pyrene-containing
samples, the emission decay at 395 nm (upon excitation at
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340 nm) can be fitted by a bi-exponential function: the shorter
component (ca. 1 ns) corresponds to the quenched pyrene
chromophores attached at the nanocrystal surface and the
long component (20 ns) is equal to that of the free pyrene
ligand (compound 2 in air-equilibrated chloroform). The
quenching efficiency is ca. 95% for both the samples. The
kinetic rate constants for the quenching process are 6.6 x 10°
st and 9.5 x 10® s7' for the shell-free and the core-shell
system, respectively, as estimated by the comparison of the
emission lifetimes (see ESIf for more details).

The presence of free pyrene ligand is expected: the binding
of the ligand at the nanocrystal surface is dynamic, as pre-
viously reported for typical quantum dots,>** and an equili-
brium between free and attached chromophores is contem-
plated. From the pre-exponential factors of the two lifetimes,
we can estimate that the free pyrene ligand is around 20% for
both samples (see ESIT for more details).

The above-discussed quenching process of the pyrene emis-
sion is related to energy transfer from the pyrene chromophore
to the CIS core, as demonstrated by the excitation spectra per-
formed at an emission wavelength of 700 nm. Fig. 7 displays
the excitation spectra of the pyrene-functionalized samples
(blue lines) compared to the chromophore-free samples (red
lines) and their absorption spectra (green lines).

The pyrene-functionalized samples show the characteristic
pyrene absorption peaks in the range 300-350 nm, demon-
strating that the emission of the inner CIS QD is sensitized by
pyrene: excitation of the organic chromophore at wavelengths
lower than 350 nm results in an energy transfer to the nano-
particle, which emits at ca. 700 nm (a schematic representa-
tion of the energy level diagram and the energy transfer
process is reported in Fig. S5t). This is, to the best of our
knowledge, the first case of an efficient light-harvesting
antenna based on copper indium sulfide quantum dots.

The brightness of the shell-free sample did not receive
benefits by the enhanced absorption, because of the concomi-
tant strong decrease of the intrinsic emission quantum yield
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Fig. 6 Emission spectra of equimolar suspensions of (a) CIS QDs (dark red line) and CIS-py QDs (dark blue line) and (b) CIS@ZnS QDs (red line) and
CIS@ZnS-py QDs (blue line) in chloroform, exciting at 345 nm. The emission spectra in (a) are magnified by a 16 factor for comparison purposes.
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Fig. 7 Excitation spectra of (a) CIS QDs (dark red line) and CIS-py QDs (dark blue line) compared to the absorption spectrum of CIS-py QDs (green
line) and (b) CIS@ZnS QDs (red line) and CIS@ZnS-py QDs (blue line) with the absorption profile of CIS@RZnS-py QDs in chloroform. iem, = 700 nm.

of the nanoparticle upon ligand exchange, as previously dis-
cussed. On the contrary, for the core-shell sample, the bright-
ness (relative to the emission at 700 nm upon excitation at
345 nm) increases of 50% for CIS@ZnS-py QDs compared to
CIS@ZnS QDs. This result highlights the importance of
coating the quantum dot with a ZnS layer to optimize their
luminescence performance.

It is interesting to notice that CIS@ZnS QDs enhance their
emissive properties after ligand exchange: most of the litera-
ture examples report an opposite trend because ligand
exchange causes the introduction of defective states.** In our
opinion, this was possible due to (i) a partial exchange of the
native alkyl thiol ligands, (ii) the linkage with an efficient
chromophore and (iii) the presence of a protective ZnS shell.

The introduction of a higher amount of pyrene chromo-
phore was also attempted: the reaction with a 4-times higher
concentration of compound 2 yielded CIS@ZnS QDs functio-
nalized with 13 pyrene units, demonstrating that the amount
of the linked chromophore can be tuned on purpose. However,
the signal of the pyrene excimer emission was predominant,
due to the high amount of chromophore. Therefore, also the
energy transfer efficiency was compromised (see ESI and
Fig. S6+ for more details).

Conclusions

We have successfully functionalized copper indium sulfide
quantum dots and their core-shell analogues, namely CIS@ZnS
QDs, with a dihydrolipoamide derivative bearing a pyrene
moiety. The resulting systems act as light-harvesting antennae:
pyrene increases the absorption properties and sensitizes the
emission of the quantum dot at 700 nm. In particular, for the
ZnS coated sample, we observed a substantial improvement of
the photoluminescence properties of the quantum dot, with an
increase of the brightness up to 50% when exciting at 345 nm.
We believe that this is particularly advantageous for water-sus-
pendable systems, since PLQY of quantum dots usually
decreases when transferred in polar solvents."'*?*® The

3018 | Nanoscale, 2022, 14, 3013-3019

enhanced absorption, along with the energy transfer process to
the quantum dot can compensate this effect.

Functionalization with chromophores absorbing in the
visible range and with a more stable binding are ongoing in
our laboratories.
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1 Brightness is defined as the product between the molar absorption coefficient
at the excitation wavelength and the sensitized emission quantum yield of the
system.

§The formula used to compute the diameter core d from the emission
maximum wavelength X in nm is: d = 68.952 — 0.2136 1 + 1.717 x 10~ 2%

§The reported values have been corrected for the pyrene chromophores not
attached at the nanocrystal surface, as evaluated by the analysis of emission
lifetimes.
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