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Although an extraordinary amount of research into the chemistry of nanoscale zinc oxide (ZnO) has
been conducted over the past three decades, application-driven design and reproducible fabrication of
colloidal ZnO quantum dots (QDs) remain a great challenge. The application of low-molecular-weight,
non-interfering protecting ligands may be potentially beneficial for the design of quantum-sized ZnO
crystals, simultaneously providing colloidal stabilization and long-term functionality. Herein, we pursue
the idea of ‘less is more’ and continue our systematic investigations on a non-external-surfactant-
assisted organometallic approach for the preparation of colloidal ZnO QDs via direct injection of Et,Zn
to ligand-like solvent followed by exposition towards atmospheric air as well as we introduce a novel
approach toward ZnO QDs through the transformation of sulfoxide-modulated Et,Zn-based precursors
in a THF solution. The application of sulfoxides as L-type protectors contributes to the formation of
uniform ZnO QDs with average diameters of 5.4 to 8.2 nm, depending of the character of applied
sulfoxide, and the low surface grafting density of the coating ligand without impeding their colloidal as
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well as solid-state stability. The reported QDs exhibit almost identical absorption parameters and show
particularly long, multiexponential PL decays reaching recombination times up to 2.3-2.8 ps. In turn,
preliminary control experiments involving photodegradation of methylene blue demonstrate dramatically
different photocatalytic performance of QDs derived from the neat ligand-like solvent synthesis and the
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Introduction

According to the standard definition, colloidal quantum dots
(QDs) are solution-processable semiconductor nanocrystals
(NCs) coated with a monolayer of surface ligands. Over three
decades ago, Louis E. Brus - one of the pioneers of nanochem-
istry and colloidal QDs - stated that “‘an ideal synthesis would
prepare pure isolated clusters, monodisperse at the atomic level,
with the surface independently derivatized.(...) The enormity of
this project is obvious, yet an encouraging start has been made”."
Until now, the research is constantly moving forward; however,
the field of nanocrystal synthesis ‘‘is not yet mature” and can
evolve in “unexpected directions”.> The latter statement nicely
accentuates the field of colloidal zinc oxide quantum dots (ZnO
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new approach based on the finetuning of precursors’ reactivity by Lewis-base chemical additives.

QDs). Due to its unique physicochemical properties, nanocrys-
talline ZnO is widely used and highly prospective for various
applications spanning from cosmetics, ceramics, sensors to
solar cells and advanced electronic devices.>* The most com-
monly used wet-chemical procedure for the preparation of
colloidal ZnO QDs is the inorganic sol-gel route, involving zinc
acetate (and, to a lesser extent, other zinc salts) as the precursor
in an alcoholic solution.””® This fast, effective, yet uncontrol-
lable process does not meet the expectations in terms of
batch-to-batch reproducibility as well as the uniformity of the
resulting quantum-sized nanostructures. Moreover, the sol-gel
procedure affords ZnO QDs with a high density of core-type and
surface-type defects, which manifest themselves via electron
paramagnetic resonance (EPR) activity,”'® the inherently ill-
passivated and unstable surface and a heterogenous coating
shell composed of the pristine acetate ligand, alcohol molecules
and additional stabilizing surfactant molecules (Scheme 1a)”**™*3
that undergoes a time-dependent evolution.'*** The instability of
the inorganic-organic interface might be exceptionally disadvanta-
geous in terms of a wide range of QDs-based applications, and a
prolonged (even weeks) post-synthetic treatment is often required

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Overview of wet-chemical synthetic routes for the preparation of ZnO QDs; (a) classical sol-gel procedure, and organometallic approaches
including (b) hydrolysis of organometallic precursors with L-type ligands developed by Kahn and Chaudret, (c) OSSOM method, (d) one-step
non-surfactant assisted method and (e) low-molecular-weight L-type protector-assisted synthesis.

to achieve their targeted stable performance and properties.**¢

Strikingly, the standard sol-gel procedure does not inherently
allow receiving ‘Teady-to-use’ and easily redispersible organic
ligand-free ZnO QDs.

Nowadays, new possibilities have been provided by the
development of wet-organometallic approaches, employing
homo-"*2" or heteroleptic'»****>' zinc alkyl precursors,
affording high-quality monodisperse, quantum-sized ZnO
nanocrystals. For instance, Kahn and Chaudret have developed
a room-temperature organometallic one-pot preparation of
hydrophobic ZnO QDs through the hydrolysis of a dicyclohexyl
zinc precursor in the presence of long-chain amines (often
applied in great excess) as L-type stabilizing ligands
(Scheme 1b).2%2132735 Alternatively, a one-pot self-supporting
organometallic (OSSOM) procedure involving heteroleptic
[RZn-X]-type precursors (where R = Et and X = monoanionic
organic ligand, e.g carboxylate,>” aminoalkoxide®* or

This journal is © The Royal Society of Chemistry 2023

phosphinate®®), leads to the reproducible formation of essen-
tially bio-safe,*>*! colloidally stable, intrinsic defect-less EPR-
silent>® ZnO QDs with ‘impermeable’, well-passivated organic
shell composed from the X-type ligands (Scheme 1c) and prone
to the effective post-synthetic modification with copper-
catalysed ‘click’ chemistry;'*® note that a mechanochemical
variation of the OSSOM approach has also been developed.®”*®
Moreover, organometallic methods provide luminescent ZnO
QDs with exceptionally long PL lifetimes (up to us,>®*%3%3°
contrary to sol-gel-derived QDs with lifetimes in the range of
ns>*%). Nevertheless, there are some potential disadvantages of
using X-type protecting ligands. These ligands, covalently
bound to the NC surface, can constitute difficult to remove
insulating organic shell or restrict access to the surface of the
NC which may often disqualify them from the use in many

41-43

devices requiring, for example, efficient charge transfer as

well as surface-dependent applications like catalysis. Thus, the
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challenge of the preparation of colloidally and functionally
stable, insulating ligand-free nanomaterials urged us to ‘think
outside the box’, and only recently we reported a non-external-
surfactant-assisted organometallic procedure via the controlled
transformation of commercially available Et,Zn in neat
dimethyl sulfoxide (DMSO) upon atmospheric air at ambient
temperature.**™*” An ink of these colloidal DMSO-capped ZnO
QDs (hereafter denoted as ZnO-DMSO) have been applied for
the fabrication of thin film based on organic ligand-less ZnO
QDs as an electron transport layer (ETL) in perovskite solar cells
(PSCs).*® Remarkably, the introduction of organometallic
approach-derived ETL with uniform surface morphology and
reduced surface defects led to excellent electron extraction
ability. The champion device achieved state-of-the-art perfor-
mance among reported dopant-free ZnO ETL-based PSCs with a
power conversion efficiency of over 20%.® In turn, our earlier
work demonstrated that the controlled hydrolysis of Et,Zn in
neat tetrahydrofuran (THF) as a aprotic coordinating solvent
afforded a turbid suspension of luminescent ZnO QDs of
average size 5.8 £ 1.2 nm.*® Then these as-prepared QDs were
successfully applied as nanocrystalline synthons in the subse-
quent post-synthetic modification of their interfaces with an
ethylene glycol oligomer bearing the carboxylate anchoring
group. The resulting novel water-soluble ZnO QDs exhibited
ultra-long-lived photo-induced charge separation®® and a high
propensity for further surface modification and successful
application in a hybrid nanosystem for efficient hydrogen
evolution*® and the semiconductor-assisted light modulation
of supramolecular assemblies.*’

Taking into account that a key strategy for tailoring proper-
ties of QDs is to modulate surface ligands,’®>> herein we
continue the challenge to obtain solution-processable small-
molecule ligand-coated QDs and report further systematic
investigations of L-type protector-assisted synthesis of ZnO
QDs (Scheme 1e). The mentioned successful initial elaboration
with DMSO*” prompted us to extend the investigations using
other low-molecular organic molecules such as dimethylforma-
mide (DMF), i.e., an aprotic coordinating solvent widely used
for the preparation of various hybrid inorganic-organic func-
tional materials, and an array of aliphatic and aromatic sulf-
oxides (Scheme 1e). More extended investigations concerning
the one-pot synthesis in commercially available neat sulfoxides
are limited because most of these compounds are solids.
Consequently, we use sulfoxides as Lewis base additives to
modulate the Et,Zn-based-precursor’s reactivity in a THF
solution and explore the possibility of achieving a new quality
in controlled transformations to sulfoxide-coated ZnO
QDs. Surprisingly, the finetuning of precursors’ reactivity by
Lewis-base chemical additives has been rarely encountered in
preparing semiconductor nanocrystals.>®>>* Moreover, while
DMSO and DMF have been demonstrated to be very useful
solvents in the preparation of various nanoparticles,” >’
including heterogeneously-protected ZnO nanostructures
derived from sol-gel procedure®® and other zinc salts-based
hydrolytic techniques,*>°" this cannot be said about organo-
sulfoxides.

15018 | J Mater. Chem. C, 2023, 11,15016-15029
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Experimental
Characterization techniques

Fourier transformation infrared (FTIR) data for purified ZnO
QDs and corresponding pure ligands were collected on Bruker
Vertex 800V. Measurements were conducted with ATR attach-
ment. '"H and *C NMR spectra were acquired on Varian
Mercury 400 MHz spectrometer at 303 K. The size and shape
of the ZnO QDs were examined using JEOL JEM 2100 Trans-
mission Electron Microscope (Department of Materials and
Semiconductor Structures Research, Institute of Electron Tech-
nology, Warsaw, Poland) operating at 200 kV with a resolution
point of 0.45 nm. QDs’ sample (dispersed in DMF, THF or
DMSO) was drop-cast onto carbon-coated copper grids. The size
distributions of ZnO QDs were obtained by measuring 100
separated nanocrystals using the Image] program. The average
diameters and standard deviations were calculated with statis-
tical tools in OriginPro software. Powder X-ray diffraction
(PXRD) data were collected on an Empyrean diffractometer
(PANalytical). Measurements employed Ni-filtered Cu Ka radia-
tion of a copper sealed tube charged with 40 kV voltage and 40
mA current and Bragg-Brentano geometry with a beam diver-
gence of 1° in the scattering plane. Diffraction patterns were
scanned using a step scan mode (step size 0.017°) and mea-
sured in the range of 20-80°. The average diameters and
standard deviations were calculated with statistical tools in
OriginPro software. Solvodynamic diameters of ZnO QDs were
determined by Dynamic Light Scattering (DLS) performed on
Malvern Zetasizer Nano Z. The ZnO QDs’ solutions were pre-
pared by dispersing 5 mg of sample powder in 5 mL of DMF or
DMSO to obtain solutions at a concentration of 1 mg mL™".
Subsequently, as-prepared dispersions were sonicated for
15 minutes. The solutions of ZnO QDs were filtered before
the analysis through a 0.45-micron filter to remove dust parti-
cles and larger aggregates. The measurements were performed
in 3.5 mL quartz cells (Hellma) of path length 10 mm, trans-
parent on all four sides. Thermogravimetric analysis (TGA) was
performed using a TA Instruments Q600 under a flow of
synthetic air, to a maximum of 650 °C, at a heating rate of
5 °C min~! (flow rate of 100 mL min~'). Open 5 mm diameter
alumina crucibles were used. Optical absorption (UV-Vis) spec-
tra for ZnO QDs colloidal solution in DMSO were collected on
the Hitachi U-2910 spectrophotometer. A standard 3.5 mL
quartz cell (Hellma) with a 10 mm path length and transparent
on all four sides was used. The photoluminescence (PL) mea-
surements were carried out HITACHI Fluorescence Spectro-
photometer F-7000. The photoluminescence quantum yields
(PLQY) for the solid samples were determined with Quantaurus-
QY spectrometer (C11347, Hamamatsu Photonics). The photo-
luminescence (PL) decays for the solid samples were recorded
using Quantaurus-Tau fluorescence lifetime measurement system
(C11367, Hamamatsu Photonics) equipped with the LED light
source and photon counting measurement system. The sam-
ples were excited at 340 nm and PL decays were collected at
wavelengths corresponding to emission collected on the instru-
ment. The spectra were collected with 10000 counts at the

This journal is © The Royal Society of Chemistry 2023
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peak. The data were analysed by a least squares reconvolution
procedure using the software package provided by Hamamatsu.
The goodness of fit (fitting order) was determined by > value
and residuals distribution. When lower than 1.3, the 3> values
were taken as appropriate for fitting.

General remarks

All manipulations involving organozinc compounds were con-
ducted under a dry, oxygen-free, inert gas atmosphere using
standard Schlenk techniques (CAUTION!: Volatile dialkylzinc
compounds are moisture sensitive and can spontaneously inflame
in air and these reagents should be kept under an inert atmosphere
and handled with caution). The reagents were purchased from
commercial vendors: Et,Zn, 95% (abcr), DMSO and DMF
(POCh), dibutyl sulfoxide (DBSO), diphenyl sulfoxide (DPSO)
and tetramethylene sulfoxide (TMSO) (TCI), methyl phenyl
sulfoxide (MPSO) and di-p-tolyl sulfoxide (DTSO) (Sigma
Aldrich), and used as received. THF and hexane were purified
with MBraun SPS-800 solvent purification system.

Preparation of ZnO QDs in neat DMF

An appropriate amount of Et,Zn (0.44 mL, 2.25 M in hexane,
1 mmol) was injected into DMF (10 mL) with the tip of the
needle submerged in the solution. Then, the reaction mixture
was stirred vigorously up to 3 days under ambient air condi-
tions at the surrounding temperature (ca. 22-33 °C). After this
time, turbid dispersion was obtained. ZnO-DMF: IR (ATR): v =
3426 (w), 2928 (w), 2859 (w), 2361 (W), 2160 (w), 2028 (W), 1979
(vw), 1668 (s), 1505 (w), 1435 (w), 1386 (m), 1255 (w), 1153 (vw),
1093 (w), 1063 (W), 904 (vw), 865 (vw), 844 (vw), 658 (vw), 616
(vw), 424 (vs) ecm~'. Elemental analysis found (%): C 2.87 =+
0.09, H 0.89 £ 0.05, N 0.61 £ 0.02, O 21.68 £ 0.09.

Preparation of ZnO QDs in neat DBSO

An appropriate amount of Et,Zn (0.22 mL, 2.25 M in hexane,
0.5 mmol) was injected into DBSO (4 mL) with the tip of the
needle submerged in the solution. Then, the reaction mixture
was stirred vigorously for 24 h under ambient air. After this
time, turbid dispersion was obtained. ZnO nanocrystallites
were precipitated with acetone and centrifuged (10 min at
12500 rpm). The supernatant was discarded, and the procedure
of dispersion in hexane and centrifugation was repeated. ZnO-
DBSO: IR (ATR): v = 3438 (vw), 2960 (vw), 2863 (vw), 1586 (w),
1464 (vw), 1420 (vw), 1382 (vw), 1358 (vw), 1246 (vw), 1206 (vw),
1158 (vw), 1041 (vw), 973 (vw), 870 (vw), 782 (vw), 734 (vw), 719
(vw), 661 (vw), 626 (vw), 412 (vs) cm™". Elemental analysis found
(%): C 4.35 £ 0.07, H1.36 £ 0.08, S 0.15 £ 0.04, O 24.71 + 0.27.

Stoichiometric reactions of Et,Zn with DMF and selected
sulfoxides

To a THF solution of selected low-molecular-weight donor
ligand (1 mmol), an appropriate amount of Et,Zn (0.46 mL of
a 2.19 M solution in hexane, 1 mmol) was added dropwise at
—78 °C under nitrogen atmosphere. Then the reaction mixture
was allowed to warm gradually to room temperature and the
volatiles were removed under reduced pressure. The reaction

This journal is © The Royal Society of Chemistry 2023
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afforded oily colourless products, which were characterized by
NMR and FTIR spectroscopy. The corresponding spectra are
shown in the ESIL.{

The general synthetic protocol for ZnO-L QDs

The preparation of sulfoxide-protected ZnO QDs involves a two-
step procedure performed in a one-pot manner. Et,Zn (0.5 mL
of 2 M solution in hexane, 1 mmol) was added dropwise to a
solution of the corresponding sulfoxide (1 mmol) in THF
(10 mL) at —78 °C. The solution was allowed to warm gradually
to room temperature, and then the solution was exposed to
ambient air and moisture to initiate slow (5-8 days) transfor-
mation to ZnO QDs. The resulting ZnO QDs were precipitated
from THF as a white solid intended for further purification.

Isolation and purification of ZnO-L QDs

The resulting crude suspensions of sulfoxide-protected ZnO
QDs were centrifuged for 10 min at 12500 rpm. The super-
natant was discarded and the precipitate was dispersed in 5 mL
of hexane and centrifuged again for 10 min at 12500 rpm.
Again, the supernatant was discarded and the procedure of
dispersion in hexane and centrifugation was repeated. Finally,
the supernatant was discarded and the resulting precipitate
was dried under vacuum. ZnO QDs were collected as the final
white solid.

ZnO-DMF’. "H NMR (DMSO-dg): 6 = 1.22 (s), 1.61 (t), 1.93 (s),
2.11 (t), 2.48 (s, DMSO-dy), 2.82 (t), 2.97 (s), 3.28 (s, HDO), 3.37
(d), 4.34 (s), 8.16 (s) ppm. IR (ATR): v = 3353 (W), 2948 (W), 2873
(w), 2360 (vw), 2161 (vw), 2033 (vw), 1977 (vw), 1558 (m), 1417
(w), 1220 (vw), 1057 (w), 1026 (W), 917 (vw), 835 (vw), 673 (vw),
667 (vw), 617 (vw), 435 (vs) cm ™ '. Elemental analysis found (%):
C 33.54 £ 0.36, H 5.064 £ 0.06, N 0.20 £+ 0.00, O 40.01 + 0.26.

ZnO-DMSO’. 'H NMR (DMSO-de): 6 = 2.07 (s), 2.48 (s, DMSO-
de) 2.52 (s, DMSO), 2.97 (s), 3.28 (s, HDO), 3.37 (s), 4.34 (s) ppm.
IR (ATR): v = 3387 (vw), 3026 (w), 3018 (w), 2933 (vw), 2881 (vw),
1614 (vw), 1426 (W), 1405 (w), 1335 (w), 1285 (s), 1131 (vs), 1045
(m), 1036 (vs), 1025 (m), 955 (w), 931 (vs), 899 (w), 802 (vw), 761
(m), 698 (w), 666 (vw), 537 (w), 496 (vs), 451 (vs) cm .
Elemental analysis found (%): C 5.25 £ 0.06, H 1.26 + 0.03, S
1.11 £ 0.03, O 25.256 £ 0.21.

ZnO-DBSO’. "H NMR (DMSO-dg): & = 0.89 (t), 1.35-1.42 (m),
1.57-1.65 (m), 2.07 (s), 2.10 (t), 2.48 (s, DMSO-dg), 2.52 (s,
DMSO), 3.28 (s, HDO), 3.36 (d), 4.35 (s) ppm. IR (ATR): v =
3375 (vw), 3296 (vw), 2958 (m), 2930 (m), 2905 (w), 2872 (w),
2807 (vw), 2726 (vw), 1596 (vw), 1464 (w), 1409 (vw), 1381 (w),
1342 (vw), 1294 (vw), 1272 (vw), 1228 (vw), 1182 (vw), 1131 (vw),
1099 (w), 1078 (w), 1050 (m), 1027 (vs), 972 (W), 949 (W), 918 (w),
885 (w), 807 (vw), 784 (vw), 730 (w), 700 (vw), 634 (w), 606 (W),
510 (s), 454 (m) cm ™. Elemental analysis found (%): C 6.97 +
0.05, H 1.82 £ 0.24, S 0.80 £ 0.41, O 27.52 + 0.59.

ZnO-TMSO'. "H NMR (DMSO-dg): § = 1.22 (s), 1.61 (t), 1.93
(s), 2.05 (s), 2.10 (t), 2.19 (s), 2.48 (s, DMSO-dg), 2.78-2.84 (m),
2.97 (s), 3.28 (s, HDO) 3.36 (d), 4.34 (s) ppm. IR (ATR): v = 3384
(w), 2951 (vw), 2875 (vw), 1769 (vw), 1713 (vw), 1664 (vw), 1567
(m), 1445 (w), 1410 (w), 1350 (vw), 1298 (s), 1277 (m), 1267 (m),
1145 (m), 1107 (m), 1058 (w), 1033 (m), 1009 (m), 991 (m),
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904 (m), 800 (w), 762 (w), 733 (m), 671 (m), 566 (m), 451 (vs),
433 (vs) cm™'. Elemental analysis found (%): C 6.99 + 0.07,
H 1.58 £ 0.05, S 1.33 = 0.03, O 26.24 + 0.82.

ZnO-MPSO’. 'H NMR (DMSO-dg): 6 = 1.23 (s), 1.62 (t), 1.80
(s), 2.48 (s, DMSO-dy), 3.28 (s, HDO), 3.37 (s), 4.38 (s), 7.31 (d),
6.42 (d), 7.55 (d), 7.67 (d), 7.92 (d), 8.24 (s) ppm. IR (ATR): v =
3348 (w), 2953 (w), 2877 (w), 1765 (vw), 1555 (m), 1443 (m), 1411
(m), 1347 (w), 1302 (m), 1190 (w), 1149 (m), 1120 (w), 1063 (m),
1034 (m), 995 (w), 956 (m), 925 (m), 887 (m), 855 (w), 784 (W),
745 (w), 688 (w), 401 (vs) cm™". Elemental analysis found (%): C
5.27 £ 0.09, H 1.07 £+ 0.03, S 0.46 + 0.33, O 25.33 £ 0.95.

ZnO-DPSO’. 'H NMR (DMSO-de): 6 = 1.22 (s), 1.57-1.65 (m),
1.78 (s), 2.09 (t), 2.48 (s, DMSO-d¢), 2.52 (s, DMSO), 3.28 (s,
HDO), 3.36 (d), 4.35 (s), 7.29 (d), 7.51 (d), 7.70 (d), 8.17 (s) ppm.
IR (ATR): v = 3366 (vw), 3054 (vw), 3034 (vw), 2969 (vw), 2902
(vw), 2880 (vw), 2117 (vw), 2081 (vw), 1868 (vw), 1844 (vw), 1831
(vw), 1807 (vw), 1772 (vw), 1748 (vw), 1733 (vw), 1717 (vw), 1700
(vw), 1684 (vw), 1669 (vw), 1646 (vw), 1602 (vw), 1577 (W), 1559
(m), 1543 (w), 1507 (vw), 1475 (w), 1442 (m), 1409 (w), 1336 (vw),
1315 (w), 1307 (w), 1296 (W), 1259 (vw), 1228 (vw), 1180 (vw),
1155 (w), 1106 (w), 1088 (m), 1071 (w), 1041 (m), 1021 (m), 996
(m), 985 (w), 923 (w), 911 (w), 844 (vw), 802 (vw), 753 (m), 733
(m), 728 (m), 690 (s), 682 (s), 615 (W), 587 (m), 563 (m), 529 (s),
501 (m), 473 (vs), 442 (vs), 423 (vs) cm™'. Elemental analysis
found (%): C 7.16 £+ 0.1, H 1.50 + 0.11, S 0.40 £ 0.03, O 26.84
+ 1.63.

ZnO-DTSO’. 'H NMR (DMSO-de): 6 = 1.22 (s), 1.58-1.64 (m),
1.78 (s), 2.09 (t), 2.48 (s, DMSO-dg), 2.52 (s, DMSO), 3.28 (s,
HDO), 3.36 (d), 4.35 (s), 7.31 (d), 7.53 (d), 8.18 (s) ppm. IR (ATR):
v =3616 (vw), 3521 (vw), 3445 (w), 3371 (w), 1572 (w), 1422 (vw),
1353 (vw), 1315 (vw), 1256 (vw), 1210 (w), 1153 (vw), 1015 (m),
966 (vw), 913 (vw), 826 (w), 793 (m), 742 (m), 663 (m), 641 (m),
625 (m), 593 (m), 582 (m), 555 (s), 496 (s), 479 (vs), 447 (vs), 419
(vs), 407 (vs) cm ™', Elemental analysis found (%): C 7.55 + 0.23,
H 1.56 £ 0.14, S 0.32 + 0.05, O 26.10 £ 0.26.

Photocatalytic degradation of methylene blue (MB) by ZnO QDs

ZnO QDs (2 mg) were dispersed in 9.5 mL of deionised water
and then 500 pL of a MB solution (50 mg L") was added (final
QDs’ concentration of 200 pg mL™'). The suspension was
stirred in the dark for approx. 5 min at room temperature
(approx. 22 °C) to obtain a good dispersion. The concentration
of MB was monitored by collecting 2 mL aliquots of the
suspension into a quartz cuvette and measuring at 10-minute
intervals. After 30 minutes, the suspension was irradiated with
UV light source (6 W, 365 nm) and measurements were con-
tinued with 10-minute intervals for 90 minutes (total measure-
ment time: 120 minutes). MB photodegradation was monitored
by measuring the absorbance at the characteristic band at
664 nm, using a UV-vis spectrophotometer (Hitachi U-2910)
over the wavelength range 280-800 nm. The percentage of MB
degradation was calculated as follows: Y%npdegradation = [(Ao = As)/
Ag] x 100%, where A, is the initial absorbance, A; is the
absorbance after irradiation at various time intervals. The
photodegradation of MB was fitted as a pseudo-first-order
kinetics reaction (In(C,/C) = kt), where C, is the initial MB
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concentration, C is MB concentration after irradiation at var-
ious time intervals, and k is the reaction rate constant.

Results and discussion

For systematic investigations of L-type protector-assisted synth-
esis of ZnO QDs, we selected liquid organic molecules like
DMF, an aprotic coordinating solvent widely used for the
preparation of various hybrid inorganic-organic functional
materials,*>®> and DBSO as a commercially available di-n-
alkyl sulfoxide. In this case, DMF or DBSO can serve as both
the solvent and a stabilizing ligand, and the one-pot synthesis
of QDs can be performed via the direct injection of Et,Zn into a
ligand-like solvent under ambient air conditions (where both
H,0 and O, act as oxygen sources). In turn, in separate
experiments, we employ DMSO, DBSO and an array of other
solid aliphatic and aromatic sulfoxides (see Scheme 1e) as
Lewis bases additives in order to potentially modulate the
Et,Zn-based-precursor’s reactivity in a THF solution under
exposition towards the air to induce slow transformation to
ZnO QDs. Below, we present various one-pot organometallic
approaches, ie., synthesis in neat ligand-like solvents and
L-type protector-assisted organometallic synthesis, allowing
comparative investigation on the preparation and characteriza-
tion of ZnO QDs. In addition, preliminary control experiments
of photocatalytic activity have been carried out to establish the
synthesis-property-relationship of the selected ZnO QDs.

One-pot synthesis of ZnO QDs in neat ligand-like solvents

Neat DMF-processed ZnO QDs. Our investigations were
commenced with the previously reported one-pot, one-step
procedure®*” using DMF (Fig. 1). Briefly, Et,Zn was injected
directly into neat DMF (via a needle submerged in the solvent)
under ambient air conditions at vigorous magnetic stirring.
Then, the resulting reaction mixture was stirred for ca. 48 h at
room temperature in a vessel open to the air, which led to the
formation of turbid and luminescent (1, = 337 nm, Aey =
534 nm, see Fig. S1, ESIf) suspension of wurtzite-type ZnO
nanocrystallites (from now on termed ZnO-DMF, Fig. 1a) with
the mean diameter of 5.4 + 1.2 nm (Fig. 1b and Fig. S2, ESIt);
the QDs’ size calculated from the Scherrer’s formula is equal to
4.3 £ 0.8 nm (Fig. 1a). The emission in the visible light range is
likely attributed to a combination of surface defects appearing
in the quantum size regime.®*°® The dynamic light scattering
(DLS) measurements (Fig. S3, ESIT) suggest a significant aggre-
gation of ZnO-DMF in the parent solvent (considering intensity
size distribution), and substantiated by a Z-average diameter of
71.5 nm and PdI equal to 0.488 (number-based distribution
reveals the presence of slightly smaller associates of 20 nm in
diameter). We also noticed the significant time-dependent
luminescence quenching of the resulting ZnO QDs. The PL
intensity in the green emission band decreased by ca. 80%
during five days of storage under ambient air conditions
in DMF (Fig. 1c). The PL spectra became dominated by the
near-band-edge UV emission peak, which is characteristic of

This journal is © The Royal Society of Chemistry 2023
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Fig.1 (a) Schematic representation of the organometallic synthesis
of ZnO-DMF; (b) HR TEM images of ZnO-DMF, (c) and (d) PL spectra
representing the suppresion of PL emission indicating the time-
dependent stability of the resulting QDs upon storage in DMF and DMSO,
respectively.

bulk ZnO.®® Thus, it seems reasonable to assume that the
core-core aggregations of the QDs occurred in the solution,
which substantiates the increase of the average core diameter
even up to 19.2 £ 3.6 nm (as calculated from PXRD, Fig. 1a,
right). Remarkably, the consequence of the core-core aggrega-
tion is the lack of redispersibility of ZnO-DMF in the parent
solvent. All these undesirable features. i.e., luminescence
quenching along with both progressive aggregation and non-
redispersibility of ZnO-DMF, are in contrary to what was
observed for the previously reported ZnO-DMSO, which
retained their physicochemical properties over time (even up
to months).*”

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry C

The FTIR spectra of the parent DMF ligand-like solvent and
ZnO QDs are shown in Fig. S4 (ESI{). The FTIR spectrum of ZnO
QDs’ precipitate exhibits a strong band at 1668 cm ™', charac-
teristic for the C=O0 stretching frequency of free DMF mole-
cules and likely results from residual species of DMF
molecules. In turn, two bands of relatively weak intensity at
2928 and 2859 cm ™" are assigned to the N-H vibrational modes
of unwashed DMF molecules. This suggests a relatively weak
binding affinity of DMF molecule to QD’s surface. The TGA
profile exhibits multistep decomposition pathways with max-
imum decomposition rates at 101 °C, 194 °C, 282 °C, and 363 °C
(Fig. S5, ESIf). Likely, the first two steps well-match to the
boiling points of water and DMF, respectively, and could be
associated with the removal of these molecules from the
sample along with their thermal decomposition that is obser-
vable up to ca. 400 °C with a total weight loss of ca. 12%.

Dispersion of the ZnO-DMF precipitate in DMSO prevents
them from irreversible aggregation, as it is noticeable in case of
further storage in a DMF solution (Fig. 1d) or in the solid state.
Based on the results mentioned above, we can thus suggest that
the simple one-step ligand exchange reaction occurred in this
system and affords DMSO-protected ZnO QDs. These observa-
tions indicate that DMF turns out to be an insufficient L-type
QD’s surface protector, unable to preserve the primary nanos-
tructure properties (e.g. size, colloidal stability).®”*® The differ-
ences between binding affinity to a metal centre of DMSO and
DMF arise directly from the chemical character of these mole-
cules, which is reflected in Gutmann number (donor number,
DN) as a quantitative measure of Lewis basicity. For DMSO and
DMF, the DN equals to 30.0 and 26.5, respectively,® thus it is
reasonable to expect higher binding affinity of DMSO than DMF
molecules to the surface Zn sites. The adverse effect of DMF on
QD’s stability may arise from both a weak biding affinity to the
QDs’ surface and restricted abilities to the formation of a
‘swollen’ solvating shell composed of DMF and water mole-
cules, driven by non-covalent interactions, as it was observed
for ZnO-DMSO" (note that ligand-ligand and ligand-water
interactions regarding DMSO and DMF have been a subject of
numerous spectroscopic and computational studies over the
recent years®”°®7%),

Neat DBSO-processed ZnO QDs. Very successful investiga-
tions involving DMSO**™*” allowed us to deliberate on sulfox-
ides as a favourable group of L-type and easily removable
organic protectors for the stabilization and processing of ZnO
QDs and encouraged us to pursue the investigation of other
available sulfoxides. The injection of Et,Zn into another ligand-
like solvent (short-chain homologue of DMSO), dibutyl sulfox-
ide (DBSO) (Fig. 2a) under ambient air conditions resulted after
48 h in a turbid suspension containing essentially monodis-
persed ZnO QDs (from now on termed ZnO-DBSO) with bright
yellow luminescence (4, = 337 nm, Aey, = 545 nm, Fig. S6, ESIt)
and an absolute photoluminescence quantum yield (PLQY) of
9.1% (Fig. 2c). DBSO-coated QDs exhibit relatively long PL
charge recombination with four lifetime components (fitted
with multiexponential function) (Table S5, ESIT). The major
contribution is a fast component with a decay time of about
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Fig. 2 (a) Schematic representation of the organometallic synthesis of

ZnO-DBSO; (b) HR TEM images of ZnO-DBSO QDs; (c) chromaticity
diagram for ZnO-DBSO and ZnO-DMF excited at 350 nm; (b) photolumi-
nescence decays taken for ZnO-DBSO (blue dots) and ZnO-DMF (grey
dots) in the solid state; (d) FTIR spectra of pure DBSO (black line) and with
the marked shifts assigned to sulfoxide coordination to QDs’ surface.

28.5 ns (78.1%) with second and third components of 114.5 ns
(12.3%) and 925.6 ns (7.6%), and fourth, longest component of
3.2 us (2.0%). For comparison, the PL lifetime of ZnO-DMF is
significantly shorter than of ZnO-DBSO (only up to 791.1 ns, see
Fig. 2d and Table S5, ESIf) and PLQY reaches 5.6%. The
HRTEM images of ZnO-DBSO reveal nearly spherically-shaped
particles with a narrow size distribution (note that the average
core size is equal to 5.3 & 0.7 nm, Fig. 2b and Fig. S7, ESI}). The
PXRD analysis confirmed the formation of wurtzite-type ZnO
nanocrystallites (the calculated QDs’ size is 5.0 £ 0.6 nmy;
Fig. S8, ESIt), which corroborates well TEM data. Thus, the
size parameters of ZnO-DBSO are very similar to that observed
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for ZnO-DMSO." Intensity-based DLS studies indicate a partial
aggregation of QDs in solution (Z-average - 68.8 nm), likely
forming soft-type aggregates driven by non-covalent DBSO-
DBSO and DBSO-H,O interactions in the same vein as it was
observed for the ZnO-DMSO system.”” The number-derived
distribution data clearly shows the predominance of well-
dispersed QDs (with a solvodynamic diameter of ca. 13.4 nm)
(Fig. S9, ESIt). The FTIR spectrum of ZnO-DBSO (Fig. 2e)
revealed a distinctive band at 1041 ecm™', characteristic for
S=0O stretching vibration. Moreover, the observed slight shift
of the abovementioned stretching frequency (Av = 22 cm™*
compared to the spectrum of pure DBSO) indicates that the
DBSO molecules interact with the ZnO surface through an
oxygen atom (analogically to DMSO molecules).®" The broad
and diffuse band centred at around 3500 cm™ ' and the pro-
nounced one at 1586 cm ™ are likely attributed to the stretching
vibration modes of residual and surface-attached water mole-
cules. It seems reasonable to assume a complex organic-
inorganic interface and a swollen-type shell where water mole-
cules interact with both the surface-associated DBSO molecules
and coordinatively unsaturated Zn sites. In the TGA profile,
three main decomposition steps are present with a maximum
decomposition rate at 119 °C, 240 °C and 402 °C, and a total
weight loss of ca. 13% (Fig. S10, ESIt). Notably, the observed
10% of weight loss occurring under 250 °C implies the con-
tinuous thermal desorption of the solvating shell composed of
water (weight loss ca. 3.7% with maximum decomposition rate
at 119 °C) and DBSO molecules (maximum decomposition rate
at 240 °C), completed by the degradation of the residual
surface-O-bound DBSO molecules at ca. 400 °C (the remaining
3% of weight loss). Moreover, the resulting QDs can be easily re-
dispersed in DMSO after the purification process (i.e., precipi-
tation with ‘anti-solvent’, e.g. acetone), which does not affect
their optical properties (Fig. S6, ESIT). The presented character-
istics allow us to conclude that both DMSO- and DBSO-
protected ZnO QDs (previously reported DMSO" as well as
DBSO presented herein) obtained in our one-pot one-step
organometallic procedure, hold similar physical properties,
thereby neat sulfoxides can play a dual role as effective L-type
protectors and solvents for the fabrication of colloidal,
quantum-sized ZnO nanocrystals.

One-pot L-type protector-assisted synthesis of ZnO QDs

As mentioned above, the organometallic precursor’s character
can play a significant role in the nucleation, growth and quality
of the final QDs.”"”> Diorganozinc compounds have been
known to easily form the Lewis-acid adducts with low-
molecular-weight neutral donors’*”” and the adduct formation
strongly affects the reactivity of zinc alkyls towards water’® and
dioxygen.”® Thus, we were curious to what extent DMF and
sulfoxides as Lewis bases could be suitable candidates for
tuning the reactivity of dialkylzinc compounds as auxiliary
ligands. For this purpose we selected six commercially available
low-molecular-weight sulfoxides as potential L-type NC’s sur-
face protectors, namely: DMSO and DBSO previously applied
for the synthesis in neat L-type ligand-like solvents (vide supra),

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Schematic representation of the L-type-protector-assisted syn-
thetic protocol for the preparation of ZnO QDs with the photographs of
the material in the solid state and MeOH solution.

and additionally tetramethylene sulfoxide (TMSO), methyl
phenyl sulfoxide (MPSO), diphenyl sulfoxide (DPSO) and
p-tolyl sulfoxide (DTSO) (Fig. 3). In control experiments, we
carried out the equimolar reactions between Et,Zn and the
selected additive in THF. The as-prepared Et,Zn-based precur-
sors were characterized by liquid-state NMR spectroscopy
(Fig. S11-S17, ESIt). The presence of signals distinct for the
Et-Zn and the organic additive protons revealed the formation
of Lewis acid-base adducts between Et,Zn and the corres-
ponding L-type protector with the general formula [Et,Zn(L),]
(where L is an L-type protector). [Et,Zn(L)]-type adducts were
further used as precursors for the fabrication of nanocrystalline
ZnO. In the next step, we performed the synthesis of ZnO QDs
starting from in situ preparation of an additive-modulated
Et,Zn-based precursor in THF followed by the controlled expo-
sition towards air to induce slow transformation to L-type
additive-capped ZnO QDs (further denoted as ZnO-L QDs).
All of the QDs underwent precisely the same purification cycles
involving centrifugation and washing with hexane (the isola-
tion procedure is fully described in Experimental section, see
Isolation and Purification of ZnO-L QDs), leading to fine
powders of ZnO-L QDs. (designated as ZnO-DMF’) or the
respective sulfoxide-type ligand shell (designated as ZnO-
DMSO’, ZnO-DBSO’, ZnO-TMSO’, ZnO-MPSO’, ZnO-DPSO’,
ZnO-DTSO/, respectively). The resulting solids exhibit bright
yellow luminescence under UV (41 = 365 nm) irradiation (the
representative sample of ZnO-DMSO’ is shown in Fig. 3). It is
also worth noting that the sulfoxide-protected ZnO-L QDs are
easily dispersible in common solvents independently of the
solvent polarity (e.gz DMSO, water, methanol, chloroform,

This journal is © The Royal Society of Chemistry 2023
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toluene) regardless of long-time storage (over several weeks)
of pure powder samples under ambient air conditions. Note
that common procedures leading to ligand-free NCs usually
require multistep post-synthetic treatment,'>'*”® which signifi-
cantly decreases their solubility,”® or even causes irreversible
aggregation, preventing further redispersion and processability."”

Characterization of sulfoxide-protected ZnO QDs

Size and morphology determination. Representative HRTEM
micrographs of ZnO-L QDs are presented in Fig. 4. The result-
ing QDs are almost spherical (see 2D shape analysis®® for
DMSO’ and DPSO’ QDs, Fig. S24, ESIT) with average calculated
diameters of 5.4 4+ 1.3 nm, 7.2 + 1.0 nm, 5.9 + 1.1 nm, 7.6 +
1.1 nm, 7.8 + 1.1 nm, 7.1 £+ 1.3 nm and 8.2 £+ 1.2 nm for ZnO-
DMF’, ZnO-DMSO’, ZnO-DBSO’, ZnO-TMSO’, ZnO-MPSO’, ZnO-
DPSO’, ZnO-DTSO’, respectively. The PXRD patterns of all of
the ZnO QDs (Fig. S20 and S21, ESIt) were consistent with a
model pattern of the hexagonal wurtzite-type ZnO phase, and
the broadening of the peaks confirmed that the samples were
nanocrystalline. The average sizes of QDs were calculated using
the Scherrer formula are 3.6 + 0.7 nm, 7.6 + 0.6 nm, 6.3 +
0.5 nm, 7.4 + 0.5 nm, 6.3 = 0.6 nm, 6.8 + 0.7 nm and 8.2 +
0.5 nm for ZnO-DMF’/, ZnO-DMSO’, ZnO-DBSO’, ZnO-TMSO/,
ZnO-MPSO’, ZnO-DPSO’, ZnO-DTSO’, respectively. PXRD and
HRTEM analyses display remarkable uniformity of the as-
prepared sulfoxide-protected QDs (Fig. S22 and S23, ESIY).
Interestingly, we observed that reducing the quantity of the
sulfoxide promotes the growth of larger nanocrystals compared
to ZnO QDs synthesized in ligand-like solvents. For example,
ZnO-DMSO’ core size is ca. 40% greater than for corresponding
ZnO-DMSO. This phenomenon does not occur upon using DMF
as a solvent or L-type protector, and the average core diameters
of both ZnO-DMF and ZnO-DMF’ remain similar (3-4 nm). Due
to limited data, we can only assume that the observed phenom-
enon arises primarily from the precursors’ reactivity, i.e. the
susceptibility to hydrolysis and oxygenation, in a specific
chemical environment. In turn, the observed phenomenon
nicely demonstrates that there is both a lot of uncertainty about
factors controlling nucleation and growth on NCs and plenty of
room for further exciting investigations.

The DLS studies for freshly prepared suspensions of ZnO-
DMSO’, ZnO-DBSO’, ZnO-TMSO’, ZnO-MPSO’, ZnO-DPSO’,
ZnO-DTSO’ indicate the presence of higher-order soft-type
QDs’ associates of 50-80 nm in diameter, appearing in the
intensity distribution. In the case of number-based DLS analy-
sis, the results suggest the domination of more separated or
individual QDs (solvodynamic diameters within a range of
9-20 nm) in DMSO, confirming their satisfactory colloidal
stability. When considering intensity-derived DLS data, the
QDs stabilized by aromatic sulfoxides (i.e., ZnO-MPSO’, ZnO-
DPSO’ and ZnO-DTSO’) display slightly greater solvodynamic
diameters (along with decreasing polydispersity index), which
express their propensity to form more stable and higher orga-
nized associates (for details, see Fig. S25, ESIt), arising from
feasible additional effects involving non-covalent interactions-
induced self-assembly."® The DLS-derived data for ZnO-DMF’
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their size distributions and average diameters (calculated from at least 100 individual measurements for each sample).
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QDs clearly indicate strong aggregation of QDs in solution
(with the average solvodynamic diameter of ca. 1 pm, see
Fig. S24, ESIt). Despite multiple filtrations, the agglome-
rate size of ZnO-DMF’ does not decrease, and the solvo-
dynamic diameter remains considerably higher, independent
of the distribution type (solvodynamic diameter for number-
based distribution equals 254.9 nm). The results may explain
the subsequent visible aggregation of ZnO-DMF’ in the
solution.

Surface chemistry investigations. In previous research, we
successfully developed the one-step-one-pot wet-organometallic
strategy for the preparation of functionally stable ZnO QDs
featuring the apparently idealized surface and easily removable
L-type surface protector via the controlled transformation of
commercially available Et,Zn in a DMSO solution and the
presence of air."” We wondered how modifying the reaction
system via introducing Et,Zn(L) adducts would affect the
structure of the organic shell.

The liquid-phase NMR studies along with FTIR analysis and
TGA were performed to better understand the composition of
the stabilizing of the L-type protector’s coating around the
inorganic core. Although the process was conducted in THF
solution, all the isolated ZnO QDs are essentially coated only
with the corresponding L-type additive. Generally, the "H NMR
spectra of all ZnO-L QDs in DMSO-d¢ contain low-intensity
proton signals of the characteristic groups in the corresponding
sulfoxide ligands, confirming their residual presence on the
QDs’ surface (all NMR data is provided in the ESI,T Fig. S26-
S32). Moreover, the additional well-resolved singlet at 3.28
ppm, present in all cases, is likely associated with the
surface-attached water molecules and strongly supports the
concept of a swollen-type organic coating composed of both
applied sulfoxide ligands as well as bound and unbound water
molecules.”” The FTIR spectra of solid ZnO-L QDs along with
the corresponding RZn(L)-type precursors and neat L ligands
are shown in Fig. S34-S39 (ESIt). For neat sulfoxides, the bands
assigned to high-intensity S=—O vibration modes are centred
within the 1000-1100 cm ™" region) and they are blueshifted to
those of the respective sulfoxide-supported QDs (e.g. 4 =
31 em™" shift from 1019 ecm™" to 1050 em™ ' frequency for
ZnO-DBSO’). Notably, all spectra contain characteristic broad
bands around 3300-3500 cm™ ' and 1560-1620 cm ™" (e.g. 3340
and 1596 cm ™ for ZnO-DBSO’), designated to stretching vibra-
tions of residual water molecules. The FTIR spectrum of ZnO-
DMF'’ (Fig. S33, ESIf) reveals a medium-intensity band (at
1558 cm™ ') and a broad band around 3300 cm ™" characteristic
of the stretching vibrations of water molecules, and a weak
band at 1057 cm ™~ assigned to the protecting DMF molecules.

Furthermore, the TGA profiles of all sulfoxide-protected
ZnO-L QDs showed characteristic ‘crown-like’ derivative curves
(Fig. S41, ESIY), with the maximum decomposition rates in the
temperature range of 100-400 °C. These complex and multistep
decomposition pathways suggest the simultaneous occurrence
of various surface-related thermal processes involving the
physical desorption of water species and ligand molecules
and subsequent decomposition of the residual surface-bound

This journal is © The Royal Society of Chemistry 2023
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sulfoxide protectors. These results may imply that ZnO-L QDs
are solvated by a previously postulated swollen-like shell*”
incorporating dissociative water species and ligand molecules,
similar to the previously developed ZnO-DMSO."’ It is worth
mentioning that for all sulfoxide-supported QDs, the total
weight loss does not exceed 15%. For determination of the
packing density of organic ligands, the weight loss corres-
ponding to the water content from the TGA profile has been
subtracted from the value applied in the equation, showing
relatively low organic layer coverage of the QDs’ surface varying
from 2 to 5 molecules per nm” depending on the character of
coating ligand (Table S2, ESIf). For example, the packing
density for ZnO-DMSO’ and ZnO-DTSO’ is 2 and 5 molecules
per nm?, respectively. The difference in separation distances
between the sulfoxides can be attributed to the variability of
steric demands brought by the alkyl chains and aromatic rings,
and the ability of coating ligands to form a ‘swollen’ shell.
Despite relatively low grafting density of the organic coating,
the prepared QDs possess functionality like luminescence and
colloidal stability. Secondly, it seems reasonable that the low
grafting density of sulfoxide-coated ZnO QDs substantiates an
idealized surface passivation of the resulting QDs*” and corro-
borates with the presence of aforementioned surface water
molecules or hydroxyl groups, which possibly reduces the
number of Zn sites available for sulfoxide binding. Notably,
as expected, the packing density of sulfoxides is significantly
lower to the respective values observed for the OSSOM-derived
ZnO QDs with well-passivated organic shell composed of the
X-type ligands (e.g. QD coated by carboxylate®® ligands exhib-
ited the packing density of ca. 20 ligands per nm?). In turn, the
coating ligand grafting density is within the reported range for
sol-gel derived ZnO QDs coated with long-chain-ligand like
trioctylphosphine oxide (TOPO) and dodecylamine (DDA)
(reaching 2.9 TOPO per nm?*" and 1.0-3.5%2 up to 6.7%' DDA
per nm?). However, such a comparison can be highly mislead-
ing. In the case of organometallic-derived QDs the surface
is coated solely by an organic ligand and water/hydroxyl mole-
cules, which makes the grafting estimation relatively reliable.
In turn, the same cannot be said for ZnO QDs derived from
standard sol-gel procedure involving zinc acetate, various alkali
hydroxides and alcohols, were the resulting QDs future ZnO
QDs with inherently ill-passivated surface and blended coating
shell composed of acetate ligands, alcohol and water mole-
cules, and residual OH groups (we would like to emphasize for
the benefit of readers that the issue of heterogenous ligand
shell in the sol-gel derived QDs is usually neglected in
literature).

Optical properties. The absorption and photoluminescence
spectra of DMSO solutions of the ZnO-L QDs are depicted in
Fig. S18 (ESIt) (ZnO-DMF') and Fig. S20 (ESIt) (ZnO-DMSO/,
ZnO-DBSO’, ZnO-TMSO’, ZnO-MPSO’, ZnO-DPSO’, ZnO-DTSO’,
respectively). The resulting sulfoxide-protected ZnO QDs exhi-
bit almost identical absorption parameters with slight differ-
ences in the spectrum shape regardless of the character of the
applied sulfoxide ligand. A strong absorption band character-
istic for ZnO extends to the UV region with a local absorption
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Table 1 The essential physicochemical parameters for ZnO QDs prepared within presented study and the comparison with previously reported ZnO

QDs* (denoted as ZnO-DMSO)

Solvent-processed ZnO QDs

L-type-protected ZnO QDs

Property ZnO-DMSO* ZnO-DMF ZnO-DBSO ZnO-DMF' ZnO-DMSO’ ZnO-DBSO’ ZnO-TMSO’' ZnO-MPSO’ ZnO-DPSO’ ZnO-DTSO
Aap [NM] 330 337%/337 337 337 340 339 342 341 340 341

Jem [NM] 531 534%/541 545 525 540 542 544 544 534 532
FWHM [nm] 135 1129115 118 114 135 140 146 133 133 148°
PLQY [%)] ~10 5.6 9.1 1.7 7.8 2.8 5.1 4.7 5.2 6.2

dav (temy [NM] 4.7 £ 0.8 54+12 53+07 54+13 72+1.0 59+11 76+11 78+11 71+13 82+1.2
da (pxrp) [NM] 4.41 +0.43 43 +0.8 50+06 3.6+07 7.6+0.6 63+05 74+05 63+06 68+07 82+0.5

Absorption and emission spectra were collected for ZnO QDs’ solutions in DMSO (if not stated otherwise). 1,, — absorption maximum, Aepy-
emission maximum, FWHM - full width at half maximum of emission peak), PL%Y - absolute photoluminescence quantum yield performed in the

solid state (excitation wavelength: 350 nm).” Measurement performed in DMF.

peak at ca. 340 nm (for details, see Table 1, Fig. S19, ESIt) and
there are inconsiderable photoluminescence shifts in the emis-
sion spectra. A peak corresponding to the yellow emission band
reaches its maximum in the 532-544 nm range (see Table 1 and
Fig. S19, ESIY), clearly visible under standard 365 nm UV light
irradiation (see Fig. 3). Besides, the luminescence properties of
ZnO-DMSO’, ZnO-DBSO’, ZnO-TMSO’, ZnO-MPSO’, ZnO-
DPSO’, ZnO-DTSO’ remain unchanged despite purification
and re-dispersion processes and are satisfactory in the solid-
state sample as well as in colloidal solutions. For ZnO-DMF’
and ZnO-DBSO’, the absolute PLQYs are significantly lower
(almost 70%) than that of analogous neat solvent-processed
QDs and reach 1.7% and 2.8%, respectively (all PLQY data is
summarised in Table 1). In turn, the PLQY for ZnO-DMSO’ is
similar to that previously reported for ZnO-DMSO and reaches
7.8%, and for other ZnO-L QDs the PLQY values are in a range
of 4.7-6.2%. The observed differences between the PLQYs are
surprising and understanding the phenomena is one of the
goal of ongoing studies. Moreover, the reported L-type
protector-coated ZnO QDs exhibit particularly long, multiexpo-
nential PL decays (with four decay components) reaching
recombination times up to 2.3-2.8 ps (for details, see Tables
S5 and S6, ESIT). For all the prepared QDs, the contribution of
fastest components (mainly t;) is dominant, while for slower
components (i.e. the microsecond t,), becomes minor. The
assignment of PL lifetime component to a particular energy
transitions (recombination processes) is still ambiguous, and
the microsecond PL lifetime (i.e. time need for complete
emission deactivation) indicates the deep trap nature of the
defect states as well as their density and distribution.®
Sulfoxide-protected ZnO-DMSO’, ZnO-DBSO’, ZnO-TMSO’,
ZnO-MPSO’, ZnO-DPSO’, ZnO-DTSO’ exhibit similar decay pro-
files to that obtained previously for ZnO QDs stabilized by
X-type ligands,?®?%?! Strikingly, the dramatic difference is
observed for the PL lifetime of ZnO-DMF’ (Table S5, ESIY),
which exceeds the ns range (for ZnO-DMF) and reaches 1.5 us
and is comparable to those obtained for sulfoxide-protected
ZnO QDs. While the preparation methods of DMF-protected
QDs (through direct injection of Et,Zn or the DMF-Et,Zn based
precursor) have negligible effect on extrinsic properties of as-
prepared QDs (i.e. core size, vide supra), they however appear to
presumably affect the intrinsic properties, such as defects

15026 | J Mater. Chem. C, 2023, 11, 15016-15029

Gauss fitting.

distribution and ligands’ grafting density, resulting in slower
deactivation of PL for ZnO-DMF compared to ZnO-DMF’.

Photocatalytic activity of ZnO QDs derived from organometallic
synthesis in neat DMSO and DMSO-assisted method

At first glance, the developed one-pot organometallic appro-
aches for L-type protector-assisted synthesis of ZnO QDs, ie.
the previously reported synthesis in neat ligand-like solvents*’
and the new one based on the finetuning of precursors’
reactivity by Lewis-base chemical additives, appear very similar.
They even result in QDs with similar properties regarding the
size, optical parameters and solution-stability. However, our
control experiments revealed that the resulting QDs dramati-
cally differ in their photocatalytic performance.

It is well known that photocatalytic behaviour of nanostruc-
tures has been mainly attributed to their method of prepara-
tion, and the particle size and the character of surface area.®*
Thus, we performed a model study on the photodegradation of
common organic pollutant, methylene blue (MB), using ZnO
QDs as photocatalysts obtained through two different
approaches: direct injection of Et,Zn in neat DMSO (previously
reported ZnO- DMSO"’) or DMSO-assisted method (ZnO-
DMSO’). The absorption spectra of photodegraded MB dye
are presented in Fig. 5. ZnO-DMSO exhibits excellent photo-
catalytic activity, promoting almost complete degradation
(95%) of MB dye after 90 minutes of UV irradiation (lem, =
365 nm) (Fig. 5a). In turn, the photocatalytic ZnO-DMSO’
behaviour is almost negligible and does not exceed 6%. The
degradation rates of MB in the presence of ZnO-DMSO and
ZnO-DMSO’ were obtained to be 0.0314 and 0.000761 min *,
respectively (Fig. 5¢). The photocatalytic performance of ZnO-
DMSO is relatively high compared to examples found in litera-
ture, including nanostructured ZnO thin films®” calcined®® or
doped®® ZnO NCs (note that direct comparison of the results
may be misleading due to differences in applied both the
methodologies and the character of nanomaterials, e.g. the
preparation method, size of nanostructured ZnO, concen-
tration of reagents, light source and its intensity). Therefore,
on the basis of our comparison, we may conclude that the
applied synthetic procedure affects the both intrinsic and
extrinsic properties of the resulting nanomaterials and has
great significance in the preparation of QDs with unique

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The model photocatalytic degradation of MB under UV light involving (a) — previously reported?” ZnO-DMSO, (b) ZnO-DMSO’ QDs synthesized
within the present study, i.e. QDs through the transformation of sulfoxide-modulated Et,Zn-based precursor in THF. (c) First-order kinetics of MB dye

degradation under UV light using corresponding ZnO QDs.

characteristics. The above results emphasize the importance of
rational design and synthesis of tailored functional nano-
structures in terms of future applications.

Conclusions

The fabrication of colloidal ZnO quantum dots has been a long-
standing challenge in the world of modern nanomaterials
chemistry and nanoscience. In this perspective, we present a
systematic studies on the development of an organometallic
route to the preparation of colloidal ZnO QDs coated by small
molecules as L-type ligands. The study illustrates the univers-
ality of implementing neat liquid sulfoxides for the synthesis of
ZnO QDs, providing better stabilization than another type of
short-chain L-type ligand (DMF). Moreover, commercially avail-
able low-molecular-weight sulfoxides can be implemented as
auxiliary ligands (additives) in the in situ generation of Et,Zn-
based precursors for the controlled transformation into
sulfoxide-capped ZnO QDs under the controlled exposition
towards the air. The application of sulfoxides as L-type protec-
tors contributes to the formation of uniform ZnO QDs with low
surface grafting density without impeding their colloidal as
well as solid-state stability. Small-molecule-coated ZnO QDs
exhibit relatively long PL lifetimes (up to 3.2 ps). The study
highlights the importance of ligand selection and modulation
of precursor reactivity for the rational design of tailored nanos-
tructures. What is more, the established protocols involving
small-molecule ligands exclude strongly bonded, interfering
stabilizers and do not require multistage post-synthetic treat-
ment. Thus, our systematic studies contribute to the further
development of effective approaches to the preparation of
insulating ligand-free (and dopant-free) QDs, which do not
require multistep post-synthetic treatment and provide stable
colloids of QDs. Moreover, preliminary control experiments
revealed dramatic differences in the photocatalytic perfor-
mance of the selected ZnO QDs in the photodegradation of
methylene blue, emphasizing the significant impact of
the synthetic procedure on the final (intrinsic and extrinsic)
properties of the title nanomaterials. Further studies on the

This journal is © The Royal Society of Chemistry 2023

functionality and processability of as-prepared ZnO QD as well
as the possibility of all-solution device fabrication are in
progress.
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