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/Abstract: Alkylzinc alkoxides, [RZnOR’],, have received much
attention as efficient precursors of ZnO nanocrystals (NCs),
and their “Zn,0,” heterocubane core has been regarded as
a “preorganized ZnO". A comprehensive investigation of the
synthesis and characterization of a new family of tert-butyl-
(tert-butoxy)zinc hydroxides, [(tBu),Zn,(us-OtBu)(1s-OH), 1,
as model single-source precursors of ZnO NCs is reported.
The direct reaction between well-defined [tBuZnOH]g (1)
and [tBuZnOtBu], (2,) in various molar ratios allows the isola-
tion of new mixed cubane aggregates as crystalline solids in

\a high yield: [(tBu),Zn,(us-OtBu);(1s-OH)] (3), [(tBu),Zn,(ps-

OtBu),(us-OH),] (4), [(tBu)sZn,(us-OtBu)(us-OH);] (5). The re-\
sulting products were characterized in solution by 'H NMR
and IR spectroscopy, and in the solid state by single-crystal
X-ray diffraction. The thermal transformations of 2-5 were
monitored by in situ variable-temperature powder X-ray dif-
fraction and thermogravimetric measurements. The investi-
gation showed that the Zn—OH groups appeared to be a de-
sirable feature for the solid-state synthesis of ZnO NCs that
significantly decreased the decomposition temperature of
crystalline precursors 3-5.

/

Introduction

In the last decade much attention has been given to the devel-
opment of zinc oxide preparation methods. The demands of
modern semiconductor technologies stimulate the quest for
new efficient precursors of nanostructured ZnO. Its most ad-
vanced precursors are organozinc complexes known as single-
source precursors, which contain building blocks with the ap-
propriate stoichiometry of zinc and oxygen ions. In this re-
spect, alkylzinc alkoxides, [RZn(u;-OR)], perform very well to
yield ZnO nanocrystals (NCs), and their “Zn,0,” heterocubane
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core has been dubbed “preorganized ZnO".l"? These alkoxides
form ZnO NCs™ either by controlled thermolysis under various
conditions™* or by reaction with H,0.” The formation of ZnO
nanostructures in this type of single-source systems undoubt-
edly involves a number of consecutive transformations, each
of which requires the occurrence of fundamental processes on
the molecular level, followed by nanoparticle nucleation and
growth. In the case of the hydrolytic transformation of hetero-
cubanes [RZnOR’],, it is likely that the generation of various in-
termediary alkyl(alkoxy)zinc hydroxide and oxide clusters
occurs. Recent spectroscopic investigations of the reaction be-
tween [MeZn(u;-OR)], (in which R=Me, Et, Bu, iPr, tBu) and
H,O indicated that the alkoxide group reacted faster than the
Zn—Me group.”? On this way to ZnO NCs, the formation of
a relatively unstable intermediate, in which the OH groups
occupy one edge of the Zn,0, cubane core, followed by its
transformation to an edge-sharing oxo(alkoxide) zinc dicubane,
was postulated (Scheme 1).29 However, the inability to isolate
crystalline samples of these intermediates prevented confirma-
tion of the proposed structures by X-ray diffraction. Interest-
ingly, such mixed compounds, if isolated, could act as excellent
single-source precursors of ZnO NCs because their decomposi-
tion would be driven by proton transfer from ZnOH species to
the zinc-bonded alkyl and/or alkoxide ligands. However, the in-
teraction of organozinc compounds with water remains an
area essentially little explored, so far, and the great potential of
such reactions for synthesizing useful zinc hydroxides remains

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. The proposed hydrolytic transformation pathway of heterocubane-like alkylzinc alkoxides to ZnO

NCS.[M

undeveloped.® '? Therefore, it seems reasonable to investi-
gate how a variety of RZnOR' compounds interact with H,O
and how stable the resulting products are.

Based on our experience in the synthesis of alkylzinc alkox-
ides,® hydroxides,® =% and oxides,**” herein we describe
the efficient synthesis of unique mixed tert-butyl(tert-butoxy)-
zinc hydroxide aggregates, [(tBu),Zn,(us-OtBu)(1s-OH),_,].
These compounds were obtained from a combination of the
well-defined molecular alkylzinc hydroxide [tBuZn(u;-OH)lg
(1 and the corresponding zinc alkoxide [tBuZn(us-OtBu)l,
(2,).% The resulting alkyl(alkoxy)zinc hydroxides were tested as
predesigned precursors in the solid-state synthesis of ZnO NCs
by using a combination of thermogravimetric analysis (TGA),
variable-temperature powder X-ray diffraction (VT PXRD) and
transmission electron microscopy (TEM). The results show that
increasing the number of hydroxyl groups within the Zn,O,
core significantly decreases the temperature of decomposition
of the heterocubane precursors, which reveals the crucial role
of Zn—OH species in the hydrolytic pathway to ZnO NCs.

Results and Discussion
Synthesis

To test the hypothesis that mixed heterocubanes containing
ZnOH moieties can be formed as intermediate species during
the reaction of alkylzinc alkoxides with water,”? we prepared
a series of mixed alkoxy(hydroxy)zinc compounds. Initially, we
tested the reactivity of previously reported [tBuZnOtBu] (2)®
towards H,O. The reaction of freshly dissolved 2 in toluene (or
THF) with an equimolar amount of H,0O was carried out with
vigorous stirring. Our attempts to isolate crystalline products
of the hydrolysis of 2 failed due to rapid precipitation of an in-
soluble solid from the post-reaction mixture. These results indi-
cate the high reactivity of 2 towards H,0O, which is in contrast
to the much lower reactivity of the isostructural heterocubane
[MeZn(u,-OtBu)], described by Polarz and co-workers.” Then,
we performed the synthesis by using a different synthetic ap-
proach that involved 1 and 2 in various molar ratios
(Scheme 2). We found that the mixture of freshly dissolved
1 and 2 in toluene in a molar ratio of 1:3 (based on Zn) afford-
ed reproducibly a novel mixed alkyl(alkoxy)zinc monohydrox-
ide, [(tBu),Zn,(p5-OtBu);(1s-OH)] (3) (Scheme 2, path 1). From
the post-reaction mixture, colorless block-shaped crystals of 3
were grown and isolated in almost quantitative yield. A similar
strategy was employed for other homologues of 3 with
a higher hydroxyl to alkoxide ratio. We carried out the reac-
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paths 2 and 3). Compounds 3-5
are stable in solution at ambi-
ent temperature. Although the

tBu
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Scheme 2. Synthetic pathways for the crystalline alkyl(alkoxy)zinc hydroxides
3,4, and 5.

formation of biscubane zincoxanes was postulated previously
as a route to the formation of ZnO phase,” in our reaction
systems, neither edge- nor corner-sharing biscubanes!” were
isolated upon varying the temperature and concentration of
the reactants."” However, mono- and biscubane-type zincox-
anes were reported for the oxygenation of the Me,Zn/1,4-dia-
zabutadiene system® or in the direct hydrolysis of Et,Zn in
the presence of pyridine.?

Structural studies

Compounds 3-5 were characterized in solution by 'H NMR and
IR spectroscopy (see the Experimental Section), as well as in
the solid state by single-crystal X-ray diffraction analysis. The
molecular structures of previously characterized compounds
1, and 2,% as well as of the new compounds 3-5, are
shown in Figure 1, and selected bonds lengths and angles are
given in Table 1. Compound 3 crystallizes in the trigonal R3c
space group, whereas compounds 4 and 5 crystallize in the tri-
clinic space group P1. All studied tert-butyl(tert-butoxy)zinc hy-
droxide compounds (3-5) have a distorted heterocubane
structure. In general, their composition can be viewed as that
of compound 2 in which tBuO moieties were replaced by one,
two, or three hydroxide ligands. In all of these structures, each
hydroxide ligand bridges to three zinc centers and adopts the

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The molecular structures of ZnO NCs precursors a) alkylzinc hydroxide 149 and b) the alkylzinc alkoxide
2, along with c) the mixed alkyl(alkoxy)zinc hydroxides 3-5; the hydrogen atoms of tert-butyl were omitted for

clarity.

Table 1. Selected bond lengths [A] and angles [°] of 1-5.

16[6e] 24[8] 3 4 5
Zn1-01 2.044(7)  2.109(3) 2.098(8)  2.098(3) 2.086(3)
Zn1-02 2.184(8)  2.098(3) 2.079(9)  2.046(3) 2.036(3)
Zn2-01 - 2.116(3) - 2.047(3) 2.040(3)
Zn2-02 2.019(8)  2.098(3) 2.137(9)  2.096(3) 2.061(3)
Zn2-03 2.146(7)  2.12103) - 2.083(3) 2.107(3)
Zn3-02 - 2.109(3) - 2.070(3) 2.075(3)
Zn3-03 - 2.105(3) - 2.100(3) 2.068(3)
Zn4-01 - 2.116(3) - 2.070(3) 2.084(3)
Zn1-01-Zn2 - 96.91(11) - 95.48(13)  98.10(12)
Zn1-02-Zn2  94.6(3) 97.41(11)  97.8(3) 95.56(13)  99.06(12)
Zn2-03-Zn3 - 96.75(11) - 96.21(13)  94.54(11)
Zn4-03-Zn3 - 97.36(11) - 96.74(13)  98.57(12)

Ws-OH coordination mode. In the molecular structures of 3-5,
two types of Zn—O bonds can be distinguished. The Zn—-O
bonds that originate from hydroxide groups are in the range
of 2.019(8)-2.184(8) A, whereas bonds involving tert-butoxide
ligands fall in the range of 2.059(3)-2.100(3) A. Alternatively,
compound 4 can be regarded as an adduct of [tBuZnOH], and
[tBuZnOtBu], dimeric units. Similar structural analysis of 3 leads
to the conclusion that it can be formed by association of dinu-
clear [(tBuZnOH)(tBuzZnOtBu)] and [tBuZnOtBul, units, whereas
5 is a combination of [(tBuZnOH)(tBuZnOtBu)] and (tBuZnOH),
moieties. We note that these putative dinuclear units can com-
bine statistically, depending on their relative populations.

Thermogravimetric studies

Alkylzinc alkoxides have been widely employed as single-
source precursors of ZnO NCs in thermolytic processes.” In
our previous study, we demonstrated that crystalline tert-butyl-
zinc hydroxide 1 was a very reactive precursor that decom-
posed smoothly in one step at 120°C to form wurtzite-type
ZnO NCs (Figure 2).*9 Undoubtedly, structurally well character-
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ized compounds 1-5 present
a good opportunity to verify
how the presence of hydroxide
ligands can affect the thermal
stability and decomposition
paths of hydroxyzinc alkoxide
complexes. Therefore, we per-
formed TGA studies for alkylzinc
alkoxide 2 and the correspond-
ing mixed alkyl(alkoxy)zinc hy-
droxides 3-5. The TGA profiles
for crystalline 1-5 are shown in
Figure 2 and Figures S4-S6 in
the Supporting Information. The
thermolysis of 2-5 under an
argon atmosphere (with the
heating rate of 2Kmin™)
showed a significantly more
complex decomposition path

100+ 3 x 7
B 1 5 4 3 2 [t6
a17%| s543%| 57.7%| 63.8%| 58.5%d— exp.
I 801 21.7%| 46.9%| 514%| 55.2% 58.4%ld— theor
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Figure 2. TGA and derivative thermogravimetric analysis (DTG) traces show-
ing the decomposition of compounds 1 (red), 2 (blue), 3 (green), 4 (pink),
and 5 (black) in an inert (Ar) atmosphere.

than that observed for 1; however, the TGA curves show two
distinct trends. In the TGA profile of 2 (Figure 2) two main de-
composition steps are present with a maximum decomposition
rate at 168 and 240°C.°® The decomposition process is finish-
ed at about 260 °C with a total weight loss of 58.5%, which is
in good agreement with a theoretical value of 58.4% (based
on the transformation into ZnO). The TGA profiles of 3 and 4
(Figure 2) exhibit two-step decomposition pathways, very simi-
lar to that observed for 2, with their maxima shifted to lower
temperatures. In comparison, in the first decomposition step
of 4, two overlapping components at 158 and 172°C can be
observed. For 3 and 4, the total weight loss (3 (63.8%), 4
(57.7%)) is higher than the theoretical values (3 (55.2%), 4
(51.4%); based on the transformation into ZnO). This observa-
tion can be explained in terms of partial sublimation of the
mixed heterocubanes under atmospheric pressure.™ On the
other hand, the thermal decomposition profile of 5 is more
similar to that of 1, showing one major decomposition step

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. VT PXRD profiles of ground sample of compounds 2 (a), 3 (b), 4 (c), and 5 (d). The insets show changes in the relative intensity of peaks attributed
to the [100] and [002] reflections during thermal treatment (the darker gray color of the strips, the higher relative peaks intensity). The arrows indicate some

strong reflections as an effect of anisotropic evolution of the original pattern.

with a maximum at 137°C. These observations suggest that
hydroxyl groups present in the structures of compounds 3-5
act as a source of protons required to initiate the decomposi-
tion process and significantly decrease the decomposition tem-
perature. Indeed, the decomposition temperatures of 3-5 are
considerably lower than the recently reported data for single-
source precursors of the [RZnOR],-type. The latter precursors
exhibited multistep decomposition pathways to ZnO NCs with
an upper limit at 350-450°C.2

VT PXRD studies

There is limited insight into the nature of the early stages of
ZnO nucleation and growth in the solid-state transformations
of predesigned alkylzinc alkoxide and alkyl(alkoxy)zinc hydrox-
ide precursors with the Zn,0, core."® Having in hand a series
of well-defined molecular precursors 2-5, we decided to follow
their stepwise transformation into the ZnO wurtzite phase and
the evolution of the forming ZnO NCs during thermolysis by
using VT PXRD (Figure 3). All described crystalline precursors
were ground just before PXRD measurements were made.
Grinding did not cause any changes in the diffraction patterns
of the starting materials 2 and 3 relative to those calculated
from single-crystal data. These materials are also the most
stable ones and decompose at the highest temperatures (see
the TGA measurements section). Interestingly, the same proce-
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dure applied to 1, 4, and 5 resulted in slight changes in their
starting PXRD patterns. This can be rationalized in terms of
mechanochemically driven transformations of 1, 4, and 5 crys-
tal lattices, which can occur during preparation of samples by
grinding, and this observation emphasizes the importance of
highly reactive O—H groups in solid-state transformations."

As we reported previously, the VT PXRD analysis of ground
sample of 1 showed that the formation of wurtzite-type ZnO
nanoclusters starts already at temperatures as low as 60°C.
Further heating of the sample led to a slow sintering of as-
formed nanoparticles (average diameter of 2.6 and 3.4 nm in
the [100] and [002] directions, respectively), resulting in the
formation of larger aggregates (average diameter of 4.5 nm at
150°C and finally 8.0 nm at 450°C; Table 2 and Figure 4). The
growth rate seems to be highest in the [100] direction, initially
at the cost of growth in the [002] direction. During thermal de-
composition of powdered 2, the PXRD pattern evolves through
molecular rearrangement and causes a decrease and broaden-
ing of the Bragg reflections together with slight modifications
of the lattice periods, mostly due to thermal expansion (Fig-
ure 3a). Interestingly, at 40°C, some sharp peaks appear, which
may belong to the crystallographic system of the original lat-
tice and then at 60°C ordering typical for wurtzite ZnO starts
to be visible along with the remnants of crystalline ordering
(Figure 3a). At 80°C, all periodicities of the original lattice
vanish and the only ordering displayed by diffraction is that of

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Analysis of the crystallite size by means of the Scherrer formula
of ZnO NCs derived from 1-5 by temperature treatment.
T Size [100] Size [002] Aspect
[°c [nm] [nm] ratio
80 2.6 34 1.3
1 150 4.8 24 20
450 8.5 55 1.5
80 1.8 4.5 25
2 150 29 35 1.2
450 9.7 8.0 1.2
80 2.1 3.0 1.4
3 150 2.8 3.0 1.1
450 1.9 9.9 1.2
80 34 3.0 1.1
4 150 4.4 5.6 1.3
450 18.8 17.4 1.1
80 1.6 25 1.6
5 150 3.7 35 1.1
450 10.8 8.9 1.2
20
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Figure 4. Graphical representation of the changes in the size of ZnO crystalli-
tes during the heating procedure in the a) [100] and b) [002] directions.

nanocrystalline wurtzite-type ZnO with average crystallite sizes
of less than 2.0 nm in the [100] direction and 4.5 nm in the
[002] direction. With increasing temperature, the NCs of ZnO
tend to sinter initially mostly in the [100] direction at the ex-
pense of the [002] direction to 3.0 nm at 150°C and 9.0 nm at
450°C. For powders of 3, 4, and 5, the original periodicity van-
ishes at around 80°C with the development of a wurtzite-type
ZnO nanostructure with crystallite sizes of 2.5, 3.0, and 2.0 nm,
respectively (Figures 3b-d and 4). At 150°C, the NCs grow to
3.0, 5.0, and 4.0 nm, respectively, and up to 11.0, 18.0, and
10.0 nm at 450°C, respectively.
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The listed crystal size estimates (Table 2 and Figures S12-S15
in the Supporting Information) based on the Scherrer equation
were calculated by assuming only a small contribution of the
lattice microstrain to peak broadening."™ The integral width
(ratio of the peak area and its height) was found to be a better
measure of the average ordered atomic column length. Analy-
sis of the crystallite sizes shows anisotropy of the forming NCs,
typically with the greatest size in the [002] direction. This
means that initial growth occurs preferentially on the [002]
facets.

During further growth, the size isotropy is usually restored
at around 150°C. However, for 4 this process requires tempera-
tures higher than 200°C, at which the overall growth rate is
highest (up to 18 nm at 450°C). On the other hand, in the case
of 1, the NCs grow in the [100] direction at the expense of the
[002] direction (Figure 4) and this process continues, even at
450°C. Interestingly, the highest initial anisotropy (at ~80 °C)
of the forming NCs is observed for nanoparticles obtained
from 2 (aspect ratio ~2.5). For precursors that contain —OH
groups, aspect ratios of particles formed at about 80°C are in
the range of 0.9-1.6. For 2 at 40-60°C, we also observe some
strong reflections (Figure 3a) that might be the effect of aniso-
tropic evolution of the original pattern. This evolution can be
explained in terms of a tendency of molecules to directed rear-
rangement among the crystal lattices of 2 through planar
forms consisting of the nearest molecules. The described in-
trinsic anisotropy effects can further influence the more aniso-
tropic character of ZnO NCs obtained from 2 compared with
these obtained from 3-5 (for these precursors, the network of
nearest molecules has a 3D character and decomposition is
more isotropic). With a temperature above 300°C, all samples
tend to grow, and lattice microstrain is barely noticeable from
Williamson-Hall plots (even large scatter of points around the
linear regression line is visible). Because thermal treatment re-
leases the strain, the low-temperature data are probably, to
some extent, affected by strain and the crystal size might be
underestimated. Also, the observed decomposition tempera-
tures of 2-5 are lower for PXRD than those for TGA. When con-
sidering the much longer measurement time for PXRD, this
suggests that the decomposition process has long kinetics
caused, for example, by entropic barriers.

High-resolution (HR) TEM measurements

To obtain qualitative insights into the structure of the synthe-
sized ZnO nanopowders, we performed HRTEM measurements.
The samples were prepared by thermal decomposition of com-
pounds 2-5 under an argon atmosphere (from 30 to 150°C
(2 h) with a heating rate of 2 Kmin™"; a procedure resembling
TGA experiments). The HRTEM micrographs in secondary elec-
trons (SE) and transmission modes of the resulting ZnO NCs
are presented in Figure 5 and Figures S7-S10 in the Support-
ing Information.”™ These micrographs show aggregates of
wurtzite-type ZnO NCs, as confirmed by fast Fourier transfor-
mations performed on selected particles. The ZnO NC shapes
are close to spherical, as confirmed by aspect ratios equal to
1.2, 1.2, 1.1, and 1.1, respectively (see also the PXRD data;
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Figure 5. HRTEM micrographs of ZnO NCs in SE (a-d) and transmission (a’-d’) modes obtained by thermal decom-
position of a) 2, b) 3, ¢) 4, and d) 5 under an argon atmosphere at 30—150°C (2 h) with a heating rate of

2 Kmin™".

Table 2). The mean diameters of nanoparticles derived from
heterocubanes 2, 3, 4, and 5 are (3.7+£0.8), (72+1.7), (5.1+
1.1), and (6.34+0.9) nm, respectively (Figure S11 in the Support-
ing Information). Although they are only qualitative, the pre-
sented TEM data confirm the formation of monodispersed NC
phases with isotropic morphology of ZnO nanoparticles.

Conclusion

We successfully synthesized, in high yield, a series of the first
well-defined mixed cubane alkyl(alkoxy)zinc hydroxides,
[(tBu),Zn,(us-OtBu)(15-OH),_,], which were derived from a com-
bination of the well-defined molecular alkylzinc hydroxide 14
and the zinc alkoxide 2,. The formation of an edge-sharing ox-
o(alkoxide) zinc dicubane or other types of bis(cubanes) was
not observed upon varying the temperature and concentration
of the reactants in the studied systems. The in situ VT PXRD
and TGA measurements showed that the hybrid aggregates 3-
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5 (which were considered as in-
termediates in the hydrolysis of
[RZnOR’], precursors) decom-
posed at relatively low tempera-
tures with the formation of
wurtzite-type ZnO NCs. This
study demonstrated that the
Zn—OH functionality in the re-
ported complexes appeared to
be a desirable feature that low-
ered the decomposition tem-
perature of the precursors sig-
nificantly.

Experimental Section
Materials and methods

All experiments and manipula-
tions were carried out under
a dry, oxygen-free nitrogen at-
mosphere by using standard
Schlenk techniques. Di-tert-butyl-
zinc was synthesized according to
a literature procedure® and puri-
fied by careful sublimation in the
dark. All other reagents were pur-
chased from commercial vendors.
Solvents and tert-butyl alcohol
were stringently dried and dis-
tilled prior to use. Ultrapure water
(Millipore, Milli-Q) was degassed
by six freeze-pump-thaw cycles
and stored under an inert gas.
The NMR spectra were acquired
on a Varian Mercury 400 MHz
spectrometer. IR spectra were ob-
tained by using a PerkinElmer
System 2000 FTIR spectrophotom-
eter. Thermal stability experiments
were performed in a dry argon at-
mosphere at a heating rate of
2Kmin™' by using open alumina crucibles on a TA Instruments
Q600 simultaneous TG-DSC analyzer. PXRD patterns were obtained
by using a Siemens D5005 diffractometer (Bruker AXS). Nickel-fil-
tered Cuy, radiation of a copper sealed tube charged with 40 kV
voltage and 40 mA current and a Bragg-Brentano geometry with
beam divergence of 1° in the scattering plane was used. In situ
measurements were performed by using a stainless-steel camera
of our own design with a steel sample holder containing an elec-
tric heater and a steel cap with an X-ray window sealed by Kapton
tape. The sample was spread over the surface of a porous glass
plate fixed to the sample holder. The heating mode of 2 Kmin™'
between measured isothermal steps (1.5 h) was applied. Diffraction
patterns were measured in the range of 5-90° of a scattering
angle by step scanning with steps of 0.02°. Microscopic structure
characterization of the powders was carried out by using a high-
resolution scanning transmission electron microscope (Hitachi HD-
2700, 200 kV, C corrected). The scanning transmission electron mi-
croscopy (STEM) observations were carried out in three modes: SE
(images used to study morphology), bright-field (BF) STEM (images
coupled with diffraction contrast), and HR STEM (images showing

{ ZnO[-111]
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the atomic structure). A wide variety of magnifications (from
x 1500 to x8000000) were used to study the microstructure of
ZnO samples. From these images, first indications of the particle
structure were obtained. Particle size distributions were calculated
by counting the diameters of 100 particles in the lower magnifica-
tion images, defining size intervals of 0.25 nm between d,,;, <d <
d.e and counting the number of particles falling into these inter-
vals.

Synthesis of 1 and 2

Compounds 19 and 2® were synthesized according to previously
described procedures.

[(tBu),Zn,(u;-OtBu);(n;-OH)] (3)

Compound 1 (0.140 g, 0.17 mmol) in toluene (8.0 mL) was added
to a solution of compound 2 (0.587 g, 0.75mmol) in toluene
(8.0 mL). Compound 3 was obtained as colorless crystals after re-
crystallization from concentrated mixture at 4°C (0.613 g, 84 %).
'H NMR ([DgITHF, 400.10 MHz, 298 K): 6 =4.37 (s, 1H; ZnOH)), 1.42
(s, 9H; OC(CH,);), 1.23 (s, 18H; OC(CHs);) 1.14 (s, 9H; ZnC(CH,),),
1.09 (s, 9H; ZnC(CH,);), 1.08 ppm (s, 18H; ZnC(CH;);); IR (Nujol,
KBr): 7=3623 (w), 2944 (s), 2913 (s), 2855 (s), 1473 (m), 1363 (m),
1361 (m), 1221 (w), 1178 (w), 1006 (w), 908 (m), 817 (w), 768 (w),
724 (w), 644 (b), 531 cm™' (m); elemental analysis calcd (%) for
CysHe,0,Zn,: C 46.29, H 8.88; found: C 46.74, H 8.91.

[(tBu),sZn,(1;-OtBu),(n;-OH),] (4)

Compound 1 (0.280 g, 0.34 mmol) in toluene (8.0 mL) was added
to a solution of compound 2 (0.390 g, 0.50 mmol) in toluene
(8.0 mL). Compound 4 was obtained as colorless crystals after re-
crystallization from a concentrated mixture at —25°C (0.590 g,
88%). 'HNMR ([DgITHF, 400.10 MHz, 298 K): 0=4.28 (brs, 1H;
ZnOH), 1.34 (s, 9H; OC(CHs);), 1.06 (s, 9H; ZnC(CHs);) 1.01 ppm (s,
9H; ZnC(CH,);); IR (Nujol, KBr): 7=3657 (w), 2943 (s), 2920 (s), 2850
(s), 1473 (m), 1374 (m), 1362 (m), 1251 (w), 1181 (w), 1019 (w), 902
(m), 817 (w), 766 (w), 724 (w), 648 (b), 533 cm™' (m); elemental
analysis calcd (%) for C,,Hsc04Zn,: C 43.00, H 8.42; found: C 43.42,
H 8.45.

[(tBu)4Zn,(us-OtBu)(u;-OH);] (5)

Compound 1 (0.420 g, 0.50 mmol) in toluene (8.0 mL) was added
to a solution of compound 2 (0.195g, 0.25 mmol) in toluene
(8.0 mL). Compound 5 was obtained as colorless crystals after re-
crystallization from a concentrated mixture at —25°C (0.455 g,
74%). '"H NMR ([Dg]THF, 400.10 MHz, 298 K):  =4.43 (s, 3H; ZnOH)),
1.38 (s, 9H; OC(CH,);), 1.08 (s, 27H; ZnC(CH,);), 1.06 ppm (s, 9H;
ZnC(CH,),); IR (Nujol, KBr): 7=23645 (w), 2954 (s), 2923 (s), 2855 (s),
1463 (m), 1377 (m), 1367 (m), 1241 (w), 1184 (w), 1008 (w), 916 (m),
814 (w), 763 (w), 721 (w), 642 (b), 536 cm ™' (m); elemental analysis
calcd (%) for CyoHu04Zn,: C 39.11, H 7.88; found: C 39.56 H 7.92;

Crystallographic data

The data were collected at 100(2) K on a Nonius Kappa CCD diffrac-
tometer” by using graphite monochromated Moy, radiation (1=
0.71073 A). The crystal was mounted in a nylon loop in a drop of
silicon oil to prevent the possibility of decay of the crystal during
data collection. The unit cell parameters were determined from ten
frames, then refined on all data. The data were processed with
DENZO and SCALEPACK (HKL2000 package).” The structure was
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solved by direct methods by using the SHELXS97"? program and
was refined by full-matrix least squares on F? by using the program
SHELXL97.% All non-hydrogen atoms were refined with anisotrop-
ic displacement parameters. The hydrogen atoms were introduced
at geometrically idealized coordinates with a fixed isotropic dis-
placement parameter equal to 1.5 (methyl groups) times the value
of the equivalent isotropic displacement parameter of the parent
carbon. CCDC-988961 (3), 988962 (4), and 988963 (5) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Crystal data for 3: C,H,,0,Zn,; M=726.35; crystal dimensions
0.18x0.16x0.12 mm?; trigonal; space group R3c (no. 161); a=
16.417(11), b=16.417(11); ¢=23.07(5) A; U=5385(16) A>; Z=6;
F(000)=2304; puq=1344gcm™>; T=1002)K; u(Moy,) =
2522 mm™"; 0,,,=25.02°; 1994 unique reflections; 117 parame-
ters; R1=0.0776; wR2=0.1461 (R1=0.1125, wR2=0.1573 for all
data); GooF =1.084.

Crystal data for 4: C,,H;;0,Zn,; M=670.25; crystal dimensions
0.24x0.16x0.10 mm?; triclinic; space group P1 (no. 2); a=
10.4449(4), b=11.0031(6); c=15.6302(7) A; a=76.894(2)°; p=
74.711(3)°; y=68.254(3)°; U=1592.63(13) A>; Z=2; F(000)=704;
Paca=1.552gcm3; T=1002) K; u(Moxa)=2.999 mm™"; 6,.,=
24.71°; 5212 unique reflections; 289 parameters; R1=0.0464;
wR2=0.1110 (R1=0.0588, wR2=0.1169 for all data); GooF =1.057.

Crystal data for 5: C,H,0,Zn,; M=614.14; crystal dimensions
0.28x0.18x0.14 mm?; triclinic; space group P1 (no. 2); a=
10.5071(5), b=10.6149(5); c=14.9211(7) A; a=76.125(2)°; p=
69.630(2)°; y=68.009(2)°; U=1435.07(12) A*>; Z=2; F(000)=640;
Paca=1.421gem3; T=1002) K; u(Moxa)=3.32Tmm"; O,=
27.47°; 5851 unique reflections; 268 parameters; R1=0.0462;
wR2=0.1101 (R1=0.0539, wR2=0.1135 for all data); GooF =1.073.

ZnO nanoparticle preparation for TEM experiments

Nanocrystalline materials were prepared by thermolysis of crystal-
line precursors 1-5 in a quartz tube oven. Degradation was carried

out under an argon atmosphere at 30°C—150°C (2 h) with a heat-

ing rate of 2 Kmin~".

TEM sample preparation

Nanocrystalline ZnO materials were suspended in THF by using an
ultrasonic bath (5 min). Then, the microscopic samples were pre-
pared by droplet coating of suspensions of ZnO NCs in THF on
copper grids covered with carbon film.
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