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An organometallic route to chiroptically active ZnO nanocrystals

In this work we present a novel organometallic self-supporting
synthetic procedure for the preparation of chiroptically active
quantum-sized zinc oxide nanocrystals coated by strongly
anchored monoanionic aminoalcoholate ligands. This illustration
represents zinc oxide nanocrystals that are chiroptically active
and possess size dependent optical properties. The size and, as

a consequence, the emission color of the ZnO NCs could be
simply adjusted by the character of aminoalcohol used.
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The unique optical properties of zinc oxide nanocrystals (ZnO NCs)
are strongly dependent on both the properties and the compo-
sition of the inorganic core—organic ligand interface. Developing a
novel organometallic self-supporting approach, we report on the
synthesis and characterization of ZnO nanocrystals coated by
chiral monoanionic aminoalcoholate ligands. The resulting ZnO
NCs are both chiroptically active and possess size dependent
optical properties. The size and in consequence the emission color
of the ZnO NCs could be simply adjusted by the characteristic of
the aminoalcohol used.

Chirality is one of the most important factors of molecular
recognition in nature and plays a tremendous role in various
areas of chemistry. Although chiroptical activity as a common
natural phenomenon is satisfactorily well understood at the
molecular level, nanoscale chirality is a very new area of
research.'™ The concept of ‘nanochirality’ offers an intriguing
route to engineer advanced nanomaterials with novel pro-
perties, and develops a broad range of promising applications
in photonics, biomedicine, optics, catalysis, and sensing. In
this context, the development of chiroptically active colloidal
semiconductor nanocrystals and understanding of their
optical activity have been an emerging issue of nanoresearch
over the past decade. To our knowledge, there are only a
handful of examples for the synthesis and characterization of
chiroptically active semiconductor NCs or quantum dots
(QDs), which essentially concern cadmium-based nano-
materials (CdX NCs, where X = S, Se or Te). Generally, these
NCs were coated by various optically active biomolecules (e.g.
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penicillamine,” " cysteine and its derivatives or gluta-
thione'*"'®), and were prepared mostly via standard procedures
using chiral stabilizing ligands or by using post-synthetic
ligand exchange methods.'®™® Remarkably, there is a lack of
examples of optically active colloidal semiconductor nanocrys-
tals or quantum dots of ZnO to date.’

In the course of our investigations on the development of
efficient strategies for the preparation of various ZnO nano-
crystalline materials,”*>° herein we report on an effective
organometallic strategy for chiroptically active colloidal ZnO
nanocrystals using easy-to-prepare ethylzinc complexes incor-
porating homochiral aminoalcoholate ligands as organo-
metallic precursors (Scheme 1). We anticipated that the utility
of organozinc derivatives of chiral aminoalcohols can give a
chance to introduce ligands with a strongly anchoring
O-alkoxide group situated next to an asymmetric carbon atom
onto the ZnO NC surface, which can potentially pave the way
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Scheme 1 Schematic representation of a novel organometallic approach
for the preparation of aminoalcoholate-coated chiral ZnO NCs.
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to induce chirality into the nanocrystal-ligand interface. These
predictions were verified in the following experiments.

Even though alkylzinc alkoxides have been used as
predesigned single-source precursors of ZnO-based nano-
structures,”®>° and amines are widely used as neutral type
stabilizing ligands for ZnO NCs,*** we note that the appli-
cation of organozinc aminoalcoholates as organozinc pre-
cursors of ZnO nanomaterials still remains an essentially un-
explored area.’® To gain more in-depth insight into the factors
determining the properties of chiral aminoalcoholate coated
ZnO NCs, a series of structurally diverse chiral o- and
f-aminoalcohols were selected as proligands, i.e. (1R,2S)- and
(1S,2R)-cis-1-amino-2-indanol (denoted as 1a and 1b, respect-
ively), (R)- and (S)-2-amino-1-phenylethanol (2a and 2b), (R)-
and (S)-o,a-diphenyl-2-pyrrolidinemethanol (3a and 3b) and
(28,3R)-4-dimethylamino-3-methyl-1,2-diphenyl-2-butanol (4)*°
(Scheme 1). Our synthetic protocol for the preparation of ZnO
NCs with the surface passivated by monoanionic aminoalcoho-
late ligands involves a one-pot two-step synthetic procedure
shown in Scheme 1. In the first step, [EtZn(O,N)]-type com-
plexes were synthesized in situ by the equimolar reaction of a
commercially available Et,Zn and the selected aminoalcohol.?”
Then, a THF solution of the corresponding EtZn(O,N) pre-
cursor was exposed to air at ambient temperature to initiate trans-
formations leading to (O,N)-ligand-coated ZnO NCs (for experi-
mental details see the ESIt). The full transformations of the
organometallic precursors were achieved within ca. 4-5 days.
Then the resulting ZnO NCs were separated from the parent
THF solution and purified. The structural and physical pro-
perties of the resulting ZnO NCs were studied by using high-
resolution transmission electron microscopy (HR-TEM),
powder X-ray diffraction (PXRD), dynamic light scattering
(DLS), UV-vis absorption, circular dichroism (CD) and photo-
luminescence (PL) spectroscopy.

Initially, achiral 2-aminoethanol (“0”) was chosen to probe
an organometallic approach to aminoalcoholate-coated ZnO
nanocrystals. Using a one-pot two-step organometallic
approach we successfully synthesized ZnO NCs coated by the
2-aminoethanolate ligands (denoted as ZnO-“0”, Scheme 1),
which formed a suspension in THF and a colloidal solution
in DMSO. The HR-TEM images show that the exposure of
[EtZn(O,N)]-type precursors toward air affords well-dispersed
and quasi-spherically shaped nanoparticles with a narrow
size distribution and a mean core diameter of 3.2 + 0.4 nm
(Fig. S1t). The PXRD pattern for ZnO-“0” is consistent with a
model pattern of a hexagonal wurtzite-type ZnO phase
(Fig. S31). The ZnO-“0” NCs revealed a broad absorption that
dropped at 4 = 350 nm in the UV region and a PL spectrum
emission peak centered at A = 512 nm (FWHM = 129 nm)
(Fig. S51).

Subsequently, a series of optically active ZnO NCs coated by
chiral aminoalcoholate ligands were obtained using the same
synthetic procedure (Scheme 1). The resulting ZnO NCs stabil-
ized by cis-1-amino-2-indanolate (ZnO-1 NCs) and 2-amino-1-
phenylethanolate (ZnO-2 NCs) form readily colloidal solutions
in THF and their hydrodynamic diameters were found to be
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2.7 nm and 4 nm, respectively (Fig. S6 and S77). In contrast,
ZnO NCs stabilized by a,a-diphenyl-2-pyrrolidinemethanolate
(ZnO-3 NCs) and (2S,3R)-4-dimethylamino-3-methyl-1,2-diphenyl-
2-butanolate (ZnO-4 NCs) have a strong tendency for aggre-
gation in THF and form colloidal solutions in DMSO. The
average hydrodynamic diameter of ZnO-3 NCs and ZnO-4 NCs
dispersed in DMSO was 12 nm and 17 nm, respectively (Fig. S8
and S97). The HR-TEM micrographs (Fig. 1 and Fig. S10-S227)
show quasi-spherically shaped nanoparticles with average core
diameters of 1.7 + 0.2 nm, 2.9 + 0.4 nm, 7.5 + 1.4 nm and 8.0 +
1.6 nm for ZnO-1, ZnO-2, ZnO-3 and ZnO-4 NCs, respectively.
The phase purity and the degree of crystallinity of ZnO-1-ZnO-
4 NCs were confirmed by PXRD measurements (Fig. S241) and
the observed diffraction patterns corresponded well with that
of the standard wurtzite-type ZnO phase. The data clearly indi-
cate that inorganic core diameters of the resulting ZnO NCs
differ significantly and strongly depend on the characteristic
of the aminoalcoholate ligand used. For example, ZnO-1 NCs
coated by a-aminoalcoholate ligands are significantly smaller
in size than the NCs supported by f-aminoalcoholates (ZnO-4
NCs). It is also likely that both conformational and steric
factors have influence on the size of aminoalcoholate ligand-
coated ZnO NCs (e.g. the smallest nanoparticles with 1.7 nm
core diameter were obtained from the transformation of the
[EtZn(O,N)]-type precursor incorporating the conformationally
constrained aminoindolate ligands).

We were particularly interested in the optical activity of the
obtained ZnO NCs. In order to acquire knowledge about the
chiroptical properties UV-visible absorption and circular
dichroism (CD) spectra were measured for the resulting amino-
alcoholate-coated ZnO NCs and the corresponding proli-
gands (Fig. 2). The ZnO NCs revealed a characteristic broad
absorption that dropped at 280 nm, 324 nm, 350 nm and
345 nm in the ultraviolet region, for ZnO-1, ZnO-2, ZnO-3 and
Zn0-4, respectively. All of the studied ZnO NCs were found to
be optically active with the electronic CD spectra exhibiting
symmetrical mirror-image profiles (Fig. 2; for ZnO-4, the CD
spectrum of the NCs obtained from only one commercially
available enantiomer is presented). The data univocally
demonstrate that aminoalcoholate ligands coating the NC sur-
faces preserve their own chirality. Interestingly, a comparison
of the CD spectra of proligands 1a and 1b, and the corres-
ponding ZnO-1a NCs and ZnO-1b NCs clearly showed the
appearance of additional CD bands in the region from 260 nm
to 360 nm. We thus believe that it is reasonable to hypothesize
that these additional features could be attributed to a struc-
tural distortion of the NC surface atoms due to their inter-
action with the chiral capping ligands. It is worth noting that
for ZnO-2 NCs weak and broad CD features between 290 and
340 nm can also be seen (Fig. 2b) but they are less conclusive
due to their weakness. However, the diffuse shape in the CD
signal can be attributed to a spectrum of the chiral units on
the NC cores, especially in the range of 300-340 nm, where
NCs have strong absorption. We have also noted that ZnO-3
and ZnO-4 essentially exhibit only CD features related to the
aminoalcoholate ligands.
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Fig.1 HAADF STEM (top) and HR-TEM (bottom) micrographs of (a, b) ZnO-1, (c, d) ZnO-2, (e, f) ZnO-3, (g, h) ZnO-4 and their size distributions.

As we noted above, the resulting ZnO NCs possess the ZnO
wurtzite phase, which is characterized by the tetrahedral geo-
metry of both zinc and oxide centers present in the crystal
structure. For this reason, to understand the origin of optical
activity in NCs the classical concept of chirality based on the
tetrahedral geometry of sp® hybridized atoms could be applied
(this approach was previously proposed by Kotov et al. to
explain the optical activity of CdTe NCs''). The deprotonated
aminoalcoholate has two potential binding sites, ie. the
strongly anchoring anionic O-alkoxide group and the neutral
pendant N-donor terminus, which can potentially chelate the
neighbouring surface zinc atoms and form 5- or 6-membered
chelate rings.*® The applied aminoalcoholates differ in flexi-
bility of their backbone. For example, 1 has the relatively rigid
backbone that allows easy bonding to surface atoms by both
alkoxide and amine groups. This is not the case for 3 and 4 for
which the character of the backbone hinder the formation of
chelate entities due to the steric encumbrance or long and flex-
ible backbones, respectively. Generally, aminoalcoholate
ligand molecules bound with the ZnO NC surface preserve
their own chirality. However, the ligand character may be
responsible for differences observed in CD for ZnO-1 and

14784 | Nanoscale, 2017, 9, 14782-14786

ZnO0-2 NCs where possibly additional chirality could be induced
on the ZnO NC surface. Notably, the origin of the optical activity
in semiconductor nanocrystals is a very complex issue and
several different possible mechanisms of introducing optical
activity in these nanostructures can be considered.’® Thus,
there are different possible effects, which can be responsible
for the observed chiroptical activity of the investigated ZnO
NCs. At this stage of studies the origin of the observed optical
activity is yet far from an explicit explanation and undoubtedly,
further advanced research is demanded.

The photoluminescence spectra of ZnO-1, ZnO-2, ZnO-3
and ZnO-4 NCs showed broad PL emission peaks centered at
440 nm (FWHM = 64 nm), 508 nm (FWHM = 123 nm), 546 nm
(FWHM = 140 nm) and 550 nm (FWHM = 141 nm), respectively
(Fig. 3).*° Remarkably, the order of the peak positions is in
good agreement with the increase in the size of ZnO NCs.
Thus, these results show that the developed organometallic
approach affords ZnO NCs with tunable luminescence colours
just for one ligand family, ie. the emission colour can be
tuned from blue (ZnO-1) to green (ZnO-2) and yellow (ZnO-3
and ZnO-4) by rational adjustment of the stabilizing ligand.
We note that tuning of the luminescence colour exhibited by

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Photoluminescence spectra of aminoalcoholate ligand-coated
ZnO NCs.

ZnO NCs remains a very challenging issue. So far, only a
handful of examples have been reported in which the emission
colour of ZnO NCs was tuned by time-,*' concentration-** or
pH-dependent®® modifications of precipitation methods.

Conclusions

In conclusion, we have successfully developed an efficient one-
pot two-step synthetic procedure for the preparation of novel
chiroptically active ZnO NCs coated by strongly anchored
aminoalcoholate ligand shells, using easy to prepare ethylzinc

This journal is © The Royal Society of Chemistry 2017

aminoalcoholates. The observed chiroptical activity of the
resulting NCs differs significantly and strongly depends on the
characteristic of the aminoalcoholate ligand used. Moreover,
the presented data clearly indicate that the structure of the
aminoalcoholate capping ligand has also a pronounced effect
on both the inorganic core size as well as the tunable emission
colour. Combined with a large pool of available chiral amino-
alcohols and other protic organic proligands, our work opens
a robust approach to the rational design of unique optically
active ZnO-based semiconducting nanomaterials. Further
studies on the fabrication of chiroptically active ZnO-based
nanomaterials and the origin of their optical activity are in
progress.
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