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The study of factors controlling nanocrystal (NC) growth is essential for uncovering and understanding
nanomaterial formation, which typically involves a complex sequence of precursor reactions, nucleation,
and growth processes. Herein, as part of the continuous development of the self-supporting
organometallic approach for the preparation of quantum-sized colloidal zinc oxide (ZnO) NCs, we
selected a series of [EtZn(X)]-type carboxylate precursors, where X = methoxyacetate, 2-(2-
methoxyethoxy)acetate, or 2-[2-(2-methoxyethoxy)ethoxylacetate, as model self-supporting systems
with varying carboxylate tail lengths. The controlled exposure of a [EtZn(X)]-type precursor solution to air
afforded colloidal ZnO NCs with a narrow unimodal size distribution and coated with strongly anchored
X-type ligands. Employing optical spectroscopy techniques, we investigate how the growth dynamics of
NCs depend on the length of the carboxylate tail. Moreover, leveraging analytical ultracentrifugation
(AUC), we meticulously examined the behavior of NCs in solution under centrifugal forces to gain

R 411t N ber 2024 valuable insights into their stability and aggregation tendencies. This study not only enhances
eceive th November . . e , . .
Accepted 11th March 2025 understanding of the underlying ‘living growth’ of organometallic-derived nanostructures that leads to

the formation of thermodynamically stable and monodispersed ZnO NCs but also significantly
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Introduction

Colloidal zinc oxide nanocrystals (ZnO NCs) are of widespread
importance for their unique combination of physicochemical
properties and their wide spectrum of technological
applications.'” Unquestionably, in the recent three decades, the
wet inorganic sol-gel technique has been a ubiquitous method
for the preparation of ZnO NCs.**” A typical sol-gel process
involves the conversion of a pre-heated alcoholic zinc salt
solution into a transparent sol, followed by the addition of
alkali metal hydroxide. While this simple process affords
diverse nanostructured materials,*™® it has several serious
limitations. Notably, multi-stage transformations take place at
the early stages of the process (¢ < 5 min),>***> and the resulting

“Faculty of Chemistry, Warsaw University of Technology, Noakowskiego 3, 00-664
Warsaw, Poland. E-mail: malgorzata.pietkiewicz@pw.edu.pl; janusz.lewinski@pw.
edu.pl

*International Institute of Molecular and Cell Biology, Ks. Trojdena Street 4, 02-109
Warsaw, Poland

“Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224
Warsaw, Poland

DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4na00933a

(ES)

© 2025 The Author(s). Published by the Royal Society of Chemistry

contributes to the ongoing development of more effective methods for synthesizing colloidal ZnO NCs,
thereby advancing the field of materials science.

NCs in the quantum confinement regime (d < 10 nm) exhibit
a high density of core-type and surface-type defects (including
inherently incorporated alkali metal ions"), that manifest
themselves mainly via inorganic-organic interface instability*
with a strong tendency to asymmetrical growth and aggregation
over time. The addition of a surfactant is usually required to
achieve the long-term stability of the resulting dispersions.
Imperfections, such as a highly defective surface, instability of
the interface, and the lack of accurate control and reproduc-
ibility over the synthesis, preclude using sol-gel-derived ZnO
NCs for large-scale applications.

An advantageous alternative to the omnipresent inorganic
sol-gel methods are wet-organometallic approaches. Chaudret
and co-workers developed a low-temperature surfactant-
assisted organometallic procedure based on a homoleptic
organozinc precursor affording colloidal ZnO NCs coated with
neutral L-type ligands,"” and recently this type of approach
was developed further by our group towards ligand-free and
easily dispersible bare quantum-sized crystals.'®* Another
breakthrough in the preparation of high-quality ZnO NCs has
been achieved through the development of a general one-pot
self-supporting organometallic (OSSOM) method involving the
controlled exposition of a [EtZn(X)]-type precursor solution to
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air at ambient temperature (X = monoanionic organic ligand,
i.e., carboxylate,”>* phosphinate,” phosphate,*
alcoholate*® and benzamidinate®), which leads to an exquisite
variety of quantum-sized ZnO crystals coated with anchored X-
type ligands. Systematic studies demonstrated that the char-
acter of the supporting ligand X is a dominant factor controlling
the size, morphology and surface chemistry of the resulting NCs
exhibiting a narrow unimodal size distribution. For example,
the application of a series of organozinc complexes incorpo-
rating aminoalkoxide ligands provided NCs with sizes in the
range of 1.4 nm to 8 nm determined only by changing the
skeleton of the supporting ligand.”®*® The superiority of the
OSSOM derived ZnO NCs over those prepared by the sol-gel
process was nicely demonstrated by advanced comparative
studies through dynamic nuclear polarization (DNP-Jenhanced
solid-state nuclear magnetic resonance.'* Moreover, the OSSOM
provides bio-friendly ZnO NCs well-protected by a densely-
packed ‘impermeable’ organic shell,>*** which is prone to
further processability.>* The unprecedented high-quality of the
resulting NCs is also well-documented by the observed ultra-
long-lived electron-hole separation (up to 2.2 ps)* and the
negligible nano-specific toxicity,”>** which likely results from
the unique NC-ligand interface.

amino-
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Although the study of NC growth is essential to uncovering
and understanding the mechanism of nanomaterial formation,
itis also a challenging issue.**** Noticeably, several studies have
investigated the growth kinetics of isotropic ZnO NCs using
conventional sol-gel procedures.”'>** In turn, the solution
organometallic approach has been investigated only in the
context of anisotropic growth systems®***” mediated by long-
chain amines as L-type ligands, e.g., primary amines promote
zinc-amido oligomer formation, leading to the growth of ZnO
nanorods, while secondary amines, due to steric hindrance,
limit this process. Thus, differences in the morphology arise
from ligand dynamics at the NC surface.*® Kahn et al. also
demonstrated that ZnO NC growth follows an oriented attach-
ment process, strongly influenced by the water concentration,
hydrolysis rate, mixing time, and the coating ligand chain
length.*” Recently, we provided an in-depth understanding of
the mechanisms of ZnO NPLs' formation featuring the unique
bimodal X-type/L-type ligand coordination shell which was
derived from an Et,Zn/benzamine precursor system.*® The
above-mentioned systems are rather incompatible with our self-
supporting [EtZn(X)]-type (X = monoanionic organic ligand)
organometallic precursor system and so far, there is no clear
picture of the nucleation and growth of ZnO NCs in this
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(a) Fabrication of ligand-coated ZnO NCs via the OSSOM approach; (b) the growth dynamics of the ZnO NCs over time.
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procedure. The standard OSSOM procedure involves initially
two competing reactions, oxygenation®**** and hydrolysis** and
elucidating the growth mechanism in the system with two
competing sources of oxygen, ie., O, and H,O from air, is
particularly a challenging and demanding task. Although some
well-structurally defined zinc oxo and hydroxide clusters were
isolated from molecular scale transformations of organozinc
compounds,**™* these aggregates provide limited insight into
the factors controlling the growth process.

To date, we have conducted extensive studies on a library of
carboxylic acid proligands, such as standard mono-***' and
bifunctional carboxylic acids,?” including liquid-crystalline-type
proligands* and alkoxyacetic acids**** as miniPEG prototypes.
In general, alkylzinc carboxylates,**” due to their high solu-
bility and stability in most aprotic and dry organic solvents,
align well with the requirements of the OSSOM protocol,
thereby enhancing the overall efficiency and effectiveness of the
ZnO NC fabrication process, yielding mean particle sizes
ranging from 2.8 nm to 5.2 nm. For example, these investiga-
tions demonstrated that carboxylate-coated NCs exhibit
minimal cytotoxicity at concentrations up to 10 ug ml~*, and
strikingly higher concentrations of NCs with shorter or longer
ether tails significantly reduce cell viability.>*** Moreover, the
tail length not only influences cytotoxicity but also plays
a crucial role in determining the core size of NCs, with shorter
ligands typically promoting the formation of larger cores,
whereas longer ligands tend to stabilize smaller core struc-
tures.”* Despite extensive research on the OSSOM procedure,
the nucleation and growth of monodisperse ZnO NCs remains
not fully understood. Here, to investigate how the growth
dynamics of ZnO NCs depend on the length of the carboxylate
tail, we monitor the average diameter of the growing NCs over
time at ambient temperature, starting from a series of [EtZn(X)]-
type carboxylate precursors, specifically incorporating methox-
yacetate (MAA), 2-(2-methoxyethoxy)acetate (MEAA), and 2-[2-(2-
methoxyethoxy)ethoxylacetate (MEEAA) ligands. These precur-
sors serve as model self-supporting systems within the OSSOM
synthetic procedure (Fig. 1a). In addition, we applied sedi-
mentation velocity analytical ultracentrifugation (SV-AUC)
measurements as a stability-indicating method for the charac-
terization of the resulting carboxylate-coated ZnO NCs.

Results and discussion
The continuous growth of ZnO NCs

To gain a deeper understanding of the growth of ZnO NCs
prepared using the OSSOM synthetic procedure in relation to
the ligand structure, we collected electronic absorption and
photoluminescence (PL) emission spectra over the growth
period. In general, the organometallic self-supporting [EtZn(X)]-
type precursors were transformed into ZnO NCs at ambient
temperature (approximately 22-26 °C) under significantly
restricted air access and at a fixed precursor concentration. The
slower aeration, in contrast to the standard OSSOM procedure,*
notably extended the transformation time. Using optical spec-
troscopies, we could follow the discrete changes in optical
spectra during the transformation of organometallic precursors

© 2025 The Author(s). Published by the Royal Society of Chemistry
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into colloidal NCs and distinguish between an early nucleation
phase and a late growth phase as well as the subsequent final
stabilization in the solution. The absorbance and the PL spectra
were collected simultaneously for the same reaction solution for
each ZnO NC sample (see Fig. 2 showing the data recorded for
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Fig. 2 ZnO-MEAA NCs, (a) absorption and (b) fluorescence spectra
collected during in situ growth of particles in solution as a function of
wavelength and time. The difference in line density is due to a non-
uniform time between the represented measurements (for data for all
ZnO NCs see the ESI}); (c) band gaps from absorption measurements
versus the particle radius from the Brus formula; in graph (c) data for all
the systems studied in this work are presented.
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ZnO-MEAA NCs and the ESIf for the remaining ZnO-MAA and
ZnO-MEEAA NCs). According to the model introduced by Brus
et al.,”® the band gap in semiconductor NCs depends on the NC
radius R and this relationship can be mathematically described.
The E, and R values calculated using the Brus equation (for
details, see the Experimental section) for different ZnO NCs are
presented over time in Fig. 2¢ (and S2-S4+t). This relationship
exhibits a logarithmic shape and was fitted using the equation y
= aln(—bIn(x)) and according to the Bradley model. The
adjusted R* values indicate high fitting accuracy: 0.88 for ZnO-
MAA and 0.99 for ZnO-MEAA and ZnO-MEEAA NCs, respec-
tively (for more details, see the ESIt). Depending on the
carboxylate tail length, the slopes of the fitted curves vary along
the X-axis. The growth curves differ in nanostructure formation
dynamics, as evident from comparing the a parameter values.
The most intensive growth occurs in ZnO NCs coated with the
shortest carboxylate ligand (a = 1.59), whereas the slowest
growth is observed for NCs coated with carboxylates bearing the
longest tail (a = 1.02). This suggests that nanostructure growth
is regulated by the limited availability of oxygen sources, as long
ligands shield zinc centers, reducing oxygen access. Addition-
ally, the b parameter determines the shape and slope of the
curve and can be interpreted as the rate at which the growth
slows down. This highlights its crucial role in defining ZnO NC
growth kinetics and stabilization. Notably, the ZnO NCs coated
with carboxylates bearing the shortest tail exhibit the fastest
formation rate, likely due to the initially favorable growth
environment. However, over time, the system loses its homo-
geneity, leading to turbidity in the reaction mixture after 20
days, which significantly hindered further investigations. In
contrast, ZnO-MEEAA exhibits a completely different growth
dynamic: its initial growth phase is slower, but the lowest
b coefficient (—1.78) suggests the strong final stabilization of
the system.

Undoubtedly, the formation of NCs is governed by two
distinct factors: (i) the chemistry of organozinc precursors in the
early stage and (ii) interactions between growing nanoparticles
and organic ligands in the subsequent stabilization phase.
However, the detailed nucleation and growth mechanism of
monodisperse ZnO NCs in the OSSOM process remains unclear.
Based on our previous molecular-level investigations of interac-
tions of alkylzinc carboxylates and other organozincs with
dioxygen**** and water*** it is reasonable to assume that the
aeration of the in situ generated [EtZn(X)]-type precursor*® leads
to the formation of different intermediate clusters incorporating
oxide, oxo/alkoxide and oxo/hydroxide zinc species along with
higher organised clusters incorporating preorganised (ZnO),
cores (where x = 1),°*** including an alkylzinc cluster containing
a [an04]12+ supertetrahedron core®* among others® and
stabilized using organic ligands (see the area designated as I in
Fig. 1b). The latter complexes may act as nucleation sites that
facilitate further growth, serving as templates for subsequent
wurtzite-type core nanoparticle formation. At this stage, ZnO
NCs grow through the controlled addition of individual oxo-
based building blocks. Thus, after the first 6-7 days, ZnO sub-
NCs with characteristic surface-trap emission and D = 2R =
2.28,2.32,2.54 nm (E, = 4.13, 4.10, 3.95 eV) were found for ZnO-
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MAA, ZnO-MEAA, and ZnO-MEEAA NCs, respectively (see the
area designated as IT on Fig. 1b). Then, the UV-Vis and PL spectra
shifted towards longer wavelengths and the ZnO NC size was
steadily increasing up to D = 4.10, 3.96, 3.60 nm (E, = 3.53, 3.55,
3.55 eV; see the areas designated as III and IV in Fig. 1b).
Subsequently, a plateau is observed on the graph illustrating the
magnitude over time (see the area designated as IV in Fig. 1b),
which can be interpreted as a stage of NC stabilization in solu-
tion, i.e. producing the thermodynamically lowest energy crystal
structure determined by the character of the organic-inorganic
interface. Thus, we decided to terminate our study after 23, 38,
and 46 days for ZnO-MAA, ZnO-MEAA and ZnO-MEEAA NCs,
respectively (note that the calculated data at this NCs size stage
correlate well with data previously reported for these systems*').
To further verify reproducibility, we conducted PXRD and STEM
analyses (for details, see the Experimental section and ESIf}),
confirming consistency with previously studied NCs and
demonstrating the high reproducibility of the OSSOM method
(see Fig. S6 and S7, ESIt). Additionally, ZnO-MEAA NCs were
selected as a model system to assess stability in various organic
solvents and water (see Table S3 and Fig. S8 in the ESI}). These
tests demonstrated outstanding dispersibility of ZnO NCs across
a broad range of media.

Overall, our study substantiates the “living growth” nature of
ZnO NC formation, emphasizing the key role of thermody-
namics in stabilizing the NC structure and determining the
preferred crystalline forms in a given environment. It is justi-
fiable to assert that ligand interactions, along with the charac-
teristics of the organic-inorganic interface, significantly
influence how NCs attain a thermodynamic equilibrium state.
This process ultimately leads to the formation of stable mono-
dispersed structures with the lowest energy configurations.

Study of solution properties of colloidal ZnO NCs using the
AUC method

Analytical centrifugation (AUC) is one of the oldest analytical
methods used to analyze biological macromolecules such as
proteins and nucleic acids and their complexes.** Over the last
decade, AUC has proven highly useful for characterizing
synthetic materials, including polymers, colloids, and
nanoparticles.”** This method is successfully used, among
others, to determine the properties of these molecules. Due to
the growing importance of nanoparticles in various applica-
tions, the standardization of these particles and the assessment
of their stability are crucial. A relatively large number of studies
describe simpler systems that are mixtures of monodisperse
standard nanoclusters. More serious interpretation problems
begin in the case of polydisperse systems composed of core
molecules and their attached side chains. In such cases,
calculating even the basic parameters needed for advanced
analysis, such as partial specific volume, is very difficult.>*
According to our previous work, the average hydrodynamic
diameters of ZnO NCs in THF were approximately 11-12 nm,
and shelf-life studies confirmed a high colloidal stability of
these systems.”* To further investigate this phenomenon, we
employed AUC to assess how ligand-coated ZnO NCs behave in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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THF under centrifugal forces. This approach allows us to eval-
uate their stability and aggregation tendencies over time by
comparing the sedimentation profiles of each sample. For this
purpose, each of them was scanned four times at intervals of
five days. Between experiments, the cells were kept in a rotor at
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Fig. 3 Sedimentation coefficient distribution c(s) from the analysis of
the ZnO NCs with the different lengths of the side chains attached to
the ZnO core, i.e., ZnO-MAA (a), ZnO-MEAA (b) and ZnO-MEEAA NCs
(c), respectively. The experiment was carried out in 5-day intervals.
Signal intensity fluctuations in individual experiments resulted from the
need to store the rotor in a refrigerator (4 °C) and install the centrifuge
optical system each time before the experiment. For clarity, the data
have been normalized to the area (under the c(s) distribution).
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4 °C. The results illustrating changes in the profile over time are
shown in Fig. 3 (and S9-511 in the ESIt).

To standardize the calculations, the percentage contribution
of each peak relative to the total c(s) signal in a given experiment
was analysed (see Table S3 in the ESIf). Based on the peak
positions, three sedimentation coefficient ranges were deter-
mined for each sample: 5-60S, 60-180S, and 180-260S for ZnO-
MAA; 5-40S, 40-100S, and 100-140S for ZnO-MEAA and 5-40S,
40-90S, and 90-120S for ZnO-MEEAA NCs. In the case of ZnO-
MAA, the middle range (60-180S) contained two closely spaced
peaks, making it possible to estimate only their combined
contribution (Fig. 3a); therefore, they were analyzed together.

In each case, the simplest profile was observed in the first spin.
Moreover, a clear dominance of populations within the central S
range was observed. In the first experiment, their proportion
reached 95.5% (ZnO-MAA), 92.7% (ZnO-MEAA), and 92.4% (ZnO-
MEEAA). During subsequent centrifugations, a general decrease
in this range was noted, ranging from a few percent for ZnO-MAA
to several percent for ZnO-MEAA NCs. During subsequent
centrifugations, an increase was observed in the division of the
sedimenting fraction that was the fastest and located in the third
range. This was especially true for ZnO-MEAA and ZnO-MEEAA
samples for which it reached a value of about 10%. These
samples were also characterized by different dynamics of growth
of this fraction. A significant increase was observed already during
the second centrifugation, and in subsequent centrifugations the
level remained relatively constant. In the case of the ZnO-MAA
sample, the growth of the division occurred gradually reaching
a maximum in the last centrifugation. It is also noteworthy that in
the case of the central range of the ZnO-MAA sample, the recip-
rocal of each peak was stable throughout the experiment,
amounting to 39.2, 40.3, 40.9, and 39.0% for the first peak (max.
84S5) and 56.6, 56.7, 54.2, and 55.2% for the second peak (max.
129S), respectively. Despite 16 days of the experiment and 4
independent centrifugations, relatively little reorganization of the
sedimentation profile of nanoparticles was observed. The basic
change is a slight increase in the share of the population with the
highest sedimentation coefficients. There was still a clear domi-
nance of the main population. This proves the high stability of
NCs obtained by the OSSOM method. There was also no rapid loss
of signal intensity, which could indicate progressive core-core
type aggregation or degradation of the nanostructures. It is
interesting that the increase in the third fraction is proportional
to the length of the side chains of nanoparticles and is the largest
in the case of ZnO-MEEAA.

It is reasonable that starting with the first centrifugation,
when the samples are the freshest, i.e., right after the final
growth stage, they exhibit the highest homogeneity. Over time,
however, we can observe the formation of structures that lead to
separation into distinct fractions. For instance, two or three
nanocrystals may interact, resulting in a greater mass that
causes them to sediment faster. Our data indicate that the
chance of molecules interacting is proportional to the length of
the side chains. On the other hand several nanocrystals inter-
acting with each other and forming a soft-type aggregate create
additional voids between them, causing slower sedimentation
due to the increased surface area of the system. In the case of

Nanoscale Adv., 2025, 7, 2677-2685 | 2681
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the OSSOM-derived ZnO NCs, this phenomenon occurs to
a relatively minimal extent and is practically stopped in a short
time by creating a thermodynamic equilibrium. It also worth
noting that analytical centrifugation is a precise method that is
much more sensitive to detecting such changes compared to
other standard analytical techniques.

Experimental section
General remarks

All manipulations involving air- and moisture-sensitive dieth-
ylzinc (Et,Zn) were conducted under a nitrogen atmosphere using
standard Schlenk techniques. THF was purified and dried using
a MBraun Solvent Purification System (SPS) and stored over 3 A
molecular sieves. All reagents were used as received; these include
methoxyacetic acid (Sigma Aldrich, 98%), 2-(2-methoxyethoxy)
acetic acid (Sigma Aldrich, technical grade), 2-{2-(2-
methoxyethoxy)-ethoxy)acetic acid (Sigma Aldrich, technical
grade), and Et,Zn (ABCR, 95% solution in hexane; note that for
further research 2.1 M solution of Et,Zn in hexane was prepared).

General procedure for ZnO NC preparation

ZnO NCs were prepared according to the previously described
OSSOM procedure.?*?* Briefly, 2 mmol of Et,Zn (0.95 mL of
a 2.1 M solution in hexane) was added to a stirred solution of
the selected organic pro-ligand (2 mmol) in THF (10 ml) at —78°
C. Then, the reaction mixture was warmed up to room
temperature and stirred vigorously for an additional 6 h. The
preparation of ZnO NCs was realized through the exposure of
a solution of the in situ prepared [EtZn(X)]-type precursor (where
X = selected monoanionic alkoxyacetate ligand, ie., MAA,
MEAA, and MEEAA, respectively) in THF to air at ambient
temperature. Stable and redispersible ZnO NCs were obtained
within 7 days. The optical characteristics of the as-received
material and the corresponding calculated core sizes are
consistent with those of previously reported alkoxyacetate-
coated ZnO NCs,***" i.e., ZnO-MAA NCs (s = 336 nm; Ay, =
523 nm; FWHM = 128,3; d = 4,08 + 0,49 nm; Eg=3.54 eV); ZnO-
MEAA NCs (Aaps = 331 NM; Aoy, = 514 nm; FWHM = 125.1; d =
3.74 £ 0.53 nm; E, = 3.58 €V); ZNO-MEEAA NCs (4,5 = 328 nm;
Aem = 510 nm; FWHM = 123.2; d = 3.55 + 0.56 nm; E; =3.61
eV). Moreover, the obtained sizes show excellent agreement
with the values calculated from data acquired using other
analytical methods (i.e., PXRD and STEM, vide infra).

Characterization methods

Size and shape of the ZnO NCs were examined using a Cs-
corrected Scanning Transmission Electron Microscope (HITA-
CHI HD2700, 200 kV). For STEM measurements ZnO NC
samples were drop-cast (THF or DMSO solution) onto 300-
mesh, holey carbon-coated copper grids (Quantifoil). The STEM
micrographs show well-dispersed and spherically shaped ZnO-
MAA, ZnO-MEAA and ZnO-MEEAA NCs with a mean core
diameter of 5.0 + 0.9, 4.5 + 0.8 and 4.2 + 0.7 nm, respectively.

Powder XRD data were collected on an Empyrean diffractom-
eter (PANalytical) by employing Ni-filtered CuKa radiation from
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a copper sealed tube charged with 40 kV voltage and 40 mA current
in Bragg-Brentano geometry with beam divergence of 1 deg. in the
scattering plane. Diffraction patterns were measured in the range
of 20-80 degrees of scattering angle by step scanning with a step of
0.008°. The average core sizes calculated from the Scherrer equa-
tion d. = (kA)/8 cos 0, where d. — diameter of the inorganic core; k -
Scherrer's constant (crystallite-shape factor), k = 0.89; A — wave-
length of the X-rays, A = 1.54 A; § - Bragg diffraction angle; § - full-
width at half-maximum of the X-ray diffraction peak, which is 3.00
+0.24 nm, 3.23 + 0.39 nm and 3.23 £ 0.40 nm for ZnO-MAA, ZnO-
MEAA and ZnO-MEEAA NCs, respectively.

UV-vis/PL investigation of growth of ligand-coated ZnO NCs

The formation and growth of ZnO NCs were investigated using
UV-Vis and PL spectroscopy simultaneously. Optical absorption
(UV-vis) spectra were collected on a Hitachi U-2910 spectro-
photometer. A standard quartz cell (Hellma) with a 10 mm path
length was used and rinsed with proper solvent before each run.
Photoluminescence (PL) measurements were carried out using
a HITACHI fluorescence spectrophotometer F-7000.

In a standard experiment, the generated in situ organozinc
[EtZn(X)]-type precursor (X = MAA, MEAA, MEEAA, respectively)
in THF was subjected to controlled and limited exposure to air
conditions. Then, the optical properties of the reaction mixture
were monitored by UV-vis and PL spectroscopy. The measure-
ments of absorption and photoluminescence were performed
day by day over an extended period (up to 23, 38 and 46 days for
ZnO-MAA, ZnO-MEAA and ZnO-MEEAA NCs, respectively). The
limited access of atmospheric air to the reaction solution was
ensured when only the tap in the Schlenk vessel was open. Each
time, 1 ml of pure solvent was poured into the standard quartz
cell and then the reaction mixture was added dropwise until the
absorbance reached the level of 1 at a wavelength of 250 nm. For
such a concentration of the sample, the maximum absorbance
was determined and the emission spectra were recorded. All
source data were normalized according to a single scheme. The
maxima of the absorption and photoluminescence spectra were
identified. These values were normalized to 1 by dividing each
maximum by itself. Subsequently, each data point in the table of
original values was divided by the determined maximum value.
New graphs were created from the resulting normalized data,
which are presented in this article. Subsequently, the radii (R)
and particle sizes (D = 2R) for all as-prepared ZnO samples were
calculated from experimentally determined optical parameters

2

using the Brus formula,*®* E, = E<gs) + (%) — (3}76)’ where
E, - cluster band gap energy calculated from absorption spec-
trum using the Tauc relation,®**! Eg) - solid-state band gap
energy equal to 3.44 eV,*” and R — NC radius. Our results are
presented in Table S1 and Fig. S2-S4.1 The experimental data
for ZnO NCs were fitted using a logarithmic curve (Bradley
model) provided in OriginLab software.

Analytical centrifugation

To acquire experimental data about sedimentation coefficient
distribution and solution stability of the ZnO NCs,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sedimentation velocity (SV) measurements were carried out in
a Beckman-Coulter ProteomeLab XL-I analytical ultracentrifuge
(Indianapolis, USA) equipped with an An-60, 4-hole analytical
rotor and 12 mm path length, double-sector solid aluminum
centerpieces (with extra gaskets on both sides of the cells). ZnO
NCs were measured in THF. Cells containing 400 pl of sample
and 410 pl of solvent were centrifuged at 10000 rpm and
monitored by UV absorbance at 347 nm at 20 °C, using
continuous scan mode and a radial spacing of 0.003 cm. Four
centrifugations of each sample were performed at 5-day inter-
vals. In the period between the experiments, the rotor was
stored at 4 °C. The sample cells were not removed from the
rotor, but the rotor was shaken vigorously for 5 minutes before
and after each centrifugation. Data were analyzed using the
“continuous ¢(s) distribution” model of the SEDFIT program,*
with confidence level (F-ratio) specified to 0.68. Partial specific
volume of the ZnO core was assumed to be 0.1783 cm® g~ . The
results were plotted using the GUSSI graphical program.®* To
ensure a better comparison of the results of individual centri-
fugations, they were normalized (in GUSSI) in relation to the
total absorption of the samples (i.e. the area under the ¢(s)
distribution).

Conclusions

Understanding the growth and stabilization mechanisms of
metal oxide nanostructures is essential for the rational-by-
design of synthetic procedures toward nanostructures of
desired physicochemical characteristics. Recently, we have
developed the facile OSSOM method employing [EtZn(X)]-type
precursors, which affords reproducibly unprecedented high-
quality colloidal quantum-sized ZnO crystals. The resulting
NCs are coated with strongly anchored X-type organic ligands
and their character strongly determines the NC size and func-
tionality. Nevertheless, the controlled growth dynamics in the
OSSOM process have not yet been thoroughly investigated. In
our studies involving a series of [EtZn(X)]-type precursors with
carboxylate ligands of varying tail lengths, we demonstrated
that the growth of ZnO NCs in this self-supporting organome-
tallic process follows a “living growth” mechanism. We
observed that as the ligand length increases, the growth rate of
NCs decreases due to more limited oxygen access, while system
stabilization improves, resulting in stable colloidal solutions.
Although this aspect was not studied conclusively, our
results suggest that the formation of NCs proceeds along several
consecutive steps which include a complex sequence of
precursor reactions, nucleation, and growth processes. The
observed rapid initial nucleation, followed by growth and
gradual stabilization of the final ZnO NCs, leads to the forma-
tion of the thermodynamically lowest-energy crystal structure.
Furthermore, our data on the growth dynamics of NCs support
the conclusion that we achieve specific NC sizes, which are
thermodynamically controlled by the characteristics of the
organic-inorganic interface and the character of the applied
organic ligand. Detailed analysis using analytical ultracentri-
fugation reveals that the final colloidal solution consists
predominantly of single fractions. Although our experiments

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are based on very simple kinetic and thermodynamic models,
new insights into fundamental and general principles of NC
formation using the OSSOM procedure can be gained, including
the role of the length of the carboxylate tail in the growth
dynamics of ZnO NCs. Thus, these findings should facilitate
further design of colloidal nanostructures.
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