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A series of mercapto-oxo containing reagents [3-mercap-
topropionic acid (H,-3MPA), 4-mercaptophenol (H,-4MP), 2-
mercaptopyridine N-oxide (H-2MPO)| was treated with di-
ethylzinc (ZnEt;) in hexanes/pyridine (py) to yield {(us4-
3MPA)[Zn(Et)(py)ld)- (1), [(PY)2(Et)Zn(ns-4MP)Zn(EH) (py)]o
(2), and (2MPO)Zn(Et)py (3). For polymeric 1, each of the
functional sites of the 3MPA was bound to four tetrahedral
(Td) coordinated Zn(Et)(py) subunits. The sulfur of the 3MPA
bridges two of the Zn(Et)(py) subunits, which are also
bridged by the two carboxylate oxygens of another 3MPA to
propagate the chain. In contrast, 2 forms a discrete tetranu-
clear species consisting of two Zn(Et)(py) moieties bridged
by the oxygens of two 4MP ligands with the thiolate sites of

each terminated by Zn(Et)(py), moieties. Compound 3 adopts
a monomeric species using a chelating 2MPO, a terminal Et,
and a bound py to fill the Td coordination of the Zn metal
center. Compounds 1-3 were then used to generate nanopar-
ticles via solution precipitation and solvothermal routes to
determine the effect these precursors have on the mor-
phology and composition of the final materials produced.
Compounds 1-3 were found to form zincite, zinc metal, or
mixed zincite/wurtzite phases from solution precipitation or
solvothermal routes; however, no routes yielded the mixed
anion (i.e., ZnO,S,) materials.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Zinc occupies a major role in numerous and diverse re-
search arenas ranging from biology where zinc ions are an
essential element in the growth cycle of mammals (and
plants)l!-?l to materials systems where zinc ceramics are an
important component for numerous electronic applica-
tions.[!312] For Zn-based ceramic materials, a few of the
many applications that employ zincite (ZnO) include tran-
sistors, sensing electrodes, rubber products, surface acoustic
wave (SAW) devices, and phosphors.!>121 In addition,
other zinc materials, such as the wurtzite phase of zinc sul-
fite (ZnS), have also found use in a variety of applications
including photovoltaic applications, luminescent paints, and
flat panel displays.'-'?l Due to the widespread use of these
materials, it is not surprising that the production and utility
of Zn-based nanomaterials has become of increased interest
with the promise of new properties in this size regime. Typi-
cally, the synthesis and resultant properties of Zn-based
(ZnO or ZnS) nanoparticles result from very specific pre-
cursors and processing conditions.[!-3-23I

This investigation discusses our efforts to develop single-
source precursor that could generate either the ZnO, ZnS,
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or the mixed anion Zn(O.S,), dependant upon the pro-
cessing conditions. It was reasoned that if the Zn derivative
of mercapto-oxo reagents (see Figure 1), such as 3-mercap-
topropionic acid (H,-3MPA), 4-mercaptophenol (H,-4MP),
2-mercaptopyridine N-oxide (H-2MPO) were developed,
the desired product could be preferentially formed by the
processing conditions. The development of optimized nano-
particles with an emphasis on the precursor structure-mor-
phology relationship for several different metal oxide sys-
tems has been a goal of our research interests.?*31 To
make meaningful connections between the starting materi-
als and the final nanoceramics produced, it is necessary to
have a series of well-characterized precursors prior to ini-
tiating processing.?*3!1 For this study, diethylzinc (ZnEt,)
was modified by a variety of oxo-mercapto ligands (H,-L)
to yield: {(s-3MPA)Zn(Et)(py)lat- (1), [(py)2(EO)Zn(ps-
4MP)Zn(Et)(py)]> (2), and 2MPO)Zn(Et)(py) (3) where py
= pyridine [Equation (1)]. These compounds were then used
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Figure 1. Schematic representation of (a) 3-mercaptopropionic acid
(H>-3MPA), (b) 4-mercaptophenol (H,-4MP), (¢) 2-mercaptopyr-
idine N-oxide (H-2MPO).
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to generate nanoparticles from solution precipitation and
solvothermal routes. The synthesis, characterization, and
nanomaterials produced from 1-3 under a variety of condi-
tions are discussed below.

py
n ZnEt, + H,-L — [Zn(Et)],(L)(py) + n H-Et

H,-L =H,-3MPA, H,-4MP, H-2MPO )

Results and Discussion

A searchB>33 of potential alkylzinc single-source
precursors substituted with both an oxygen and sulfur
atom revealed that only three crystallographically charac-
terized species were available: [(Et)Zn(u-SC(NEt,)O-p)-
Zn(Et)(w-ONEGL)],, P [(CH3)Zn(p3-O(CH,),S(CH3)(n-Cl)-
7Zn(CH3)],,P% and (THF)(Et)Zn{[u-P(N7Bu)(S)](u-N7Bu),-
P(NHBu)(S)}.[3% The potential residual anions (i.e., Cl and
P) of the latter species prohibit their use for production of
the Zn-based nanoceramics of interest. Therefore, the syn-
thesis of acceptable precursors was undertaken using the
mercapto-oxo ligands shown in Figure | (H,-3MPA, H,-
4MP, H-2MPO). These ligands were selected based on
availability, dual functionality, and general constructs of
the pendant chain. A literature search of metal complexes
that employ these H,-3MPA 333742 H,-4MP,[3%-33] or H-
2MPOM3471 ligands, indicated that none of the previous
structurally characterized species had demonstrated reactiv-
ity at both functional sites of these ligands. Therefore, the
modification of these ligands with ZnEt, was undertaken.
ZnEt, was chosen due to its availability, the ease of conver-
sion to an alkoxy derivative, and the high solubility of alkyl
alkoxides.[*8! Since transition metal thiolates®*>*! or oxygen
bearing ligands (i.e., carboxylate and alkoxides)?>3%-%% are
often reported to oligomerize, a strong Lewis base (pyr-
idine, py) was employed to minimize oligomerization and
aid in solubility.

Precursor Synthesis: After dissolving the desired mer-
capto-oxo ligand in py, the reaction mixture was slowly
added to a stirring solution of ZnEt, in hexanes. Upon ad-
dition, the reaction mixture turned pale green and a white
precipitate formed immediately. The precipitate was easily

Table 1. Analytical data for 1-3.

dissolved upon gentle heating. If more than one equivalent
of the ligand was added a precipitate formed that could not
be redissolved. Crystals were isolated from slow evapora-
tion of the volatile portion of the reaction mixture at
glovebox temperatures. The 2:1 metal/ligand stoichiometry
ensures that all of the active sites can be potentially bound
by Zn moieties. In order to assist in understanding the
products formed, single-crystal X-ray studies were under-
taken.

X-ray Structures: The crystal structures of 1-3 were suc-
cessfully solved and their structure plots are shown in Fig-
ures 2, 3, and 4, respectively. For all three compounds, each
functional site on the specific ligand was bound by a
Zn(Et)(py), moiety. The nuclearity of the final product ap-

Figure 2. Structure plot of 1. Thermal ellipsoid of the heavy atoms
are drawn at the 30% level. Carbon atoms are drawn as ball-and-
stick figures and hydrogen atoms omitted for clarity.

Figure 3. Structure plot of 2. Thermal ellipsoid of the heavy atoms
are drawn at the 30% level. Carbon atoms are drawn as ball-and-
stick figures and hydrogen atoms omitted for clarity.

Compound  Bond length [A] Bond angles [°] 13C MAS (ppm)

1 Zn(1)-O(1) 2018 N(1)-Zn(1)-O(1)  93.23 180.1, 43.3, 24.2, (0,CCH,CH,S)
Zn(1)-S(1) 2371 N(1)-Zn(1)-C(2)  105.99 147.4, 140.3, 125.4 (py)
Zn(1)-N(1) 2214 0(1)-Zn(1)-C(2)  117.49 14.3, -2.1(CH,CHs)
Zn(1-C2) 2116

2 Zn(1»-0(1) 2014 N(1)-Zn(1)-0(1) 9978 147.5, 139.5, 125.1 (py)
Zn(2)-S(1) 2286 N(1)-Zn(1)-C(1)  116.35 133.6, 117.9 (SC4H,0)
Zn(-N(1)  2.110 O(1)-Zn(1)-C(1)  127.38 13.9, -0.2 (CH,CHs)
Zn(1-C(2)  1.980

3 Zn(1»-O(1)  1.996 C(6)-Zn(1)-O(1)  123.24 161.2, 131.0, 128.6, 117.9 [O(CsH,)S]
Zn(1)-S(1) 2353 NQ)-Zn(1)-C(6) 11121 148.4, 137.7. 125.3 (py)
Zn(1»-NQ2) 2121 NQ)-Zn(1)-S(1)  103.94 12.6, =3.6 (CH,CHs)
Zn(1)-C(6) 1985
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pears to be controlled by the oxo portion of the ligand cou-
pled with the necessary binding of py to fill empty coordi-
nation sites. The metrical data of 1-3 were found to be con-
sistent with those reported in the literature [33-36.38.39.43-48]
Select angles and bond lengths are given in Table 1.

Figure 4. Structure plot of 3. Thermal ellipsoid of the heavy atoms
are drawn at the 30% level. Carbon atoms are drawn as ball-and-
stick figures and hydrogen atoms omitted for clarity.

For 1 (Figure 2), the 3MPA ligand was found to act as a
bridge between four Zn(Et)(py) moieties. Each tetrahedrally
(Td) bound Zn atom was bridged by the p-S atom of one
3MPA and the p-O,CR functionality of another 3MPA,
which propagates the chain, forming a symmetrical mole-
cule. Several crystal structures with the 3MPA bound to a
transition metal have been previously reported.[37-3%-41:42.61]
In this set of compounds, the 3MPA was found to act as a
terminal ligand binding through the thiolate*!! or through
the oxide,[®" chelating through a single oxygen and thio-
latel37421 or bridging as noted for (CsMeyEt),Zr[(u-
0,C(CH,),S)AuP(CeHs)(CH;), 1,0 or  [(CO)oOs3]a(u-
3MPA).*1 As can be discerned, the polymeric nature that
the 3MPA ligand displays in 1 has not been previously re-
ported.?3

Switching to the 4MP ligand, a tetranuclear species was
isolated as 2 (Figure 3) with a Zn(Et)(py), (x = 1 or 2)
moiety bound to each functional atom. For 2, the oxygen
of the two 4MP ligands bridge between two Td bound
Zn(Et)(py) moieties followed by binding two Zn(Et)(py),
moieties to the para S atoms of each 4MP ligand. This
forms a centrosymmetric D,;, complex. The preferential ori-
entation of the oxo ligands to the central Zn atoms allows
for the thiolate S to be terminated by a doubly solvated
Zn(Et)(py), center. While numerous transition metal com-
pounds are available that employ the 4MP ligand, 3?33 2 is
the first that is substituted by a transition metal at both
functional sites.

Using the 1,2-substituted 2MPO ligand, a monomeric Td
bound Zn species was isolated as 3 (Figure 4). In 3, each
2MPO ligand chelates to the Td bound Zn metal center
with an additional Et and py molecule to complete its coor-
dination. The 2MPO ligand (or methyl derivatives) has been
reported to chelate to numerous metal centers,*>33 with 6
of these utilize Zn.[**471 Previously reported 2MPO-Zn spe-
cies were found to be disubstituted chelated mono-
merst#34647 or chelating unidentate bridged dinuclear**43
species. Coupled with the coordination of py, the chelating
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aspect of the 2MPO ligand prevents polymer formation and
is in-line with what was observed for the other 2MPO-
Zn*3471 gpecies; however, these previously reported com-
pounds were homoleptically substituted by 2MPO ligands.
Compound 3 is the first Zn alkyl 2MPO-substituted com-
pound reported. Due to the arrangement of the different
atoms of the ligands bound to the metal center, the Zn
metal centers are considered chiral and both the R- and S-
enantiomer are observed in the same unit cell.

Bulk Solid State: To elucidate if the bulk powder was
consistent with the single-crystal structures solved for 1-3,
additional analytical analyses were undertaken. FTIR data
of each of the free ligands clearly shows the oxo stretches
and bends associated with the respective functional groups,
however, the thiolate stretches are much less pronounced
and difficult to discern. Therefore, most sample analysis fo-
cused on changes in the oxo moiety stretches. For the
3MPA ligand and compound 1, the carboxylate stretches
shift from 1709 to 1564 cm™!, which is consistent with a
bridging carboxylate ligand.[?>->%-52:331 Compounds 1 and 2
exhibit no stretches associated with the -OH of either ligand
indicating complete exchange. For compound 3, there was
a significant shift in the stretches of the 2MPO ligand upon
complexation; however, unequivocal identification of the
N—O stretch could not be determined. Solid-state '3C
CPMAS NMR spectra were collected for dried crystalline
powders of 1-3 to further establish the bulk material’s
identity. All samples displayed the appropriate number and
type of chemical shifts that would be consistent with the
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Figure 5. Solid state '3C CP MAS NMR spectra of (a) 1, (b) 2,
and (c) 3. Asterisks * denote spinning sidebands.
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single crystal structure and are tabulated in Table 1 and
shown in Figure 5. Elemental analysis of 1 was found to be
consistent with the crystal structures. For 2, the resultant
elemental data were consistent with the single crystal struc-
ture if a solvent molecule of py was removed from the cal-
culations. Compound 3 was found to be slightly lower in C

content than the expected value, which may possibly be due
to loss of the bound py. Combined these data indicate that
the bulk materials of 1-3 are consistent with the crystal
structures.

Solution State: Since these compounds are dissolved
prior to nanoparticle production, it is of interest to eluci-

Table 2. Nanoparticle data for 1-3 under different processing conditions.

Solvothermal Initial phasel® Auv. particle size [nm] Calcined Av. Particle size [nm]
exp.[P! caled. [ phasel®! exp.[’! caled. [
1 zincite >10, 8.7(1) zincite 1040, 25.5(1)
2 zinc metal 80X 3600, 27.5(1) zincite 100 X 1600, 15.4(1)
3 zincite (major) >10, -l zincite (major) rods 200 X 1800,
wurtzite (minor) wurtzite (minor) elliptical rods 100 X 200, 34.3 (9)
Melm/H,O Initial phase Av. particle size [nm] Calcined Auv. particle size [nm]
Solution precipitation exp.[®!, caled. [ phase exp.[®!, caled. !
1 zincite 5-7, 6.5(1) el el el
2 zincite 7-10, 6.8(1) el el el
3 zincite 13-23 X <100, 12.7(1) el el e
HDA Initial phase Av. particle size [nm] Calcined Av. particle size [nm]
Solution precipitation exp.l’), caled.] phase exp.[’!, caled. [
1 zincite —1€1:9.2(2) zincite 25, 16.7(1)
zinc metal €1, 43.6(25) zincite 20, 15.9(1)
3 zincite (major) el el zincite (major) 25, 14.2(1)

wurtzite (minor)

wurtzite (minor)

[a] Phase/size determined by PXRD analyses. [b] Size determined by TEM analyses. [c] Data not obtained.
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Figure 6. PXRD pattern of initial nanoparticles generated by the solvothermal route using (a) 1 (b) 2, and (c) 3 and calcined particles

from (d) 1, (e) 2, and (f) 3.
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date, if possible, the solution structural aspects of these
compounds. Dried crystalline materials of 1-3 were dis-
solved separately in [Ds]py under an argon atmosphere.
While the solubilities of 1-3 were too low to obtain mean-
ingful 3C NMR spectra, the '"H NMR spectroscopic data
offered some insights into the solution behavior of these
compounds.

The spectrum of compound 1 displayed two triplet reso-
nances for the protons of the 3MPA (6 = 3.21 and 3.12)
ligand, along with a quartet and a triplet for the Et ligands,
consistent with basic constructs of the polymer. The bound
py peaks are present but overlap with the [Ds]py reso-
nances. The NMR spectroscopic data collected for 1 indi-
cates that the central core found in the crystal structure was
retained in solution. It was reasoned that a smaller compo-
nent of the chain is the solubilized species, since it is un-
likely that the polymer would remain intact. For 2, the ex-
pected two aryl protons (6 = 7.80 and 7.04) are present in
the NMR spectrum, along with the resonances associated
with the Et groups and several overlapping py resonances.
The expected quartet and triplet proved to be more compli-
cated multiplets due to overlapping of the slightly varied
Et ligand. However, the spectrum collected appears to be
consistent with the solid-state structure. For 3, the mono-
meric species was observed in solution as represented by
the observed 1:1 ratio of 2MPO/Et resonance with overlap-
ping py resonances. The monomer would be favored with
the coordinated solvent and bidentate 2MPO ligand. Based
on the simple spectrum noted this is most likely the solution
state structure of 3.

Nanoparticles: Using the well-characterized 1-3 precur-
sors, thermal analyses of these materials were undertaken to
determine if they were amenable to nanoparticle processing.
TGA/DTA investigations under argon revealed that the first
weight was lost prior to 300 °C for each of these com-
pounds (% total wt.-loss given in parentheses); 1: 100 °C
(3), 200 °C (40), 300 °C (50), and 450 °C (55); 2: 100 °C
(15), 200 °C (40) and 500 °C (55); 3: 100 °C (30), 300 °C
(45), and 400 °C (55)]. This low-temperature decomposition
of a significant portion of the organic ligands suggested
that these precursors would be acceptable for our routes to
nanoparticle materials.l*!l It is of note that 1-3 continued
to lose weight as temperatures increased, never attaining a
stable weight up to 1000 °C. Powder XRD analyses of the
resulting TGA/DTA calcined powders, proved to be phase
pure zincite (PDF# 36-1451). While this was discouraging
for the production of the materials of initial interest [i.e.,
Zn(0,S,)], the temperatures used in this experiment were
significantly higher than the routes proposed and surfac-
tants were not present, which could assist in stabilizing the
mixed phases.

Solvothermal Route: Initial experiments focused on gen-
erating Zn-based nanoparticles under solvothermal condi-
tions using 1-3 dissolved in py. Table 2 summarizes the dif-
ferent systems used and the products formed. The green
colored precursor solutions for each sample were sealed in
a Parr digestion bomb setup under argon and then heated
to 200 °C for 24 h. After workup, the resulting powder was

Eur. J. Inorg. Chem. 2009, 855-865
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analyzed by PXRD (Figure 6, a—c) where 1 was found to
have formed zincite, 2 was reduced to yield Zn°, and 3 pos-
sessed mixed phases of zincite and wurtzite (PDF# 36—
1450) with some extraneous peaks attributed to the pres-
ence of excess ligand. In order to further characterize these
materials, TEM images were obtained. Parts a—c in Figure 7
show the images recorded for these as-synthesized nano-
materials. For 1, >10 nm sized zincite dots were observed;
2 surprisingly, yielded wires of Zn® where the aspect ratio
of one of the individual wires approached 45
(80 nm X 3600 nm); 3 presented irregularly shaped nano-
materials of zincite and wurtzite that were >10 nm in size.
While the zincite and wurtzite phases noted for 1 and 3
are commonly reported for solvothermal and solution route
processes, we have not been able to identify any previous
solution routes that generate Zn® nanowires as noted for 2;
however, it is of note that Rataboul et al. formed nano-
particles of Zn® from a ZnR, (R = C¢H,,) precursor and
anisole.l’” Alternative routes to Zn° typically use vapor
process at high temperature of Zn® ZnO and ZnS[®37%
anodic processes,”!74 reduction of ZnO or ZnS under
reducing atmospheres’>761 and nebulized spray of
Zn(0,CCHj;),.["

Q40

pum

Figure 7. TEM of initial nanoparticles generated by the solvother-
mal route using (a) 1 (b) 2, and (¢) 3 and calcined particles from
(d) 1, (e) 2, and (f) 3.
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As mentioned, extraneous peaks were present in the
PXRD pattern, which were attributed to the presence of
excess ligand for 1-3. The material was therefore processed
using a Lindberg/Blue M single-zone tube furnace at 600 °C
under a flowing argon atmosphere to assist in removing vol-
atile organic species. Figure 6 (d—f) show the PXRD of the
heat treated nanoceramics. As can be observed, the residual
organics had been removed, wherein the nanoparticles gen-
erated from 1 and 3 retain their original phase(s), but 2 was
converted to zincite. It was of interest to determine the ef-
fect that heating had had on the final morphology and the
resultant TEM images are shown in Figure 7 (d-f). Not sur-
prisingly for 1, since the passivating organic ligands had
been removed, the particles had sintered into substantially
larger particles and were polydispersed in both size and
shape. For 2, the rod shape was maintained but the wires
proved to be thicker, shorter, and coarser then the original
wires. A closer inspection of the calcined wires show that
they are now made up of smaller particles templated along
the original wire morphology. For 3, the original dots trans-
formed into long rods (200 X 1800 nm) or small elliptical
rods with an aspect ratio of about 2 (100 X 200 nm). EDS
analysis of the longer rods showed these to be zincite (ZnO)
and the smaller ellipsoids were identified as wurtzite (ZnS).
It is of note that only 3 showed any evidence of S present.
This indicates that the other species have the sulfur remain-
ing in solution as a soluble Zn-S complex or as a decom-
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Figure 8. X-ray powder diffraction of process powder generated from
Melm/H-O solution precipitation route using (a) 1, (b) 2, (c) 3.
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posed organic precursor. Table 2 summarizes the mor-
phology observed for 1-3 for this process.

1-Methylimidazole Solution Route: Since mixed anion
species were not observed in the solvothermal route (vide
infra), an alternative approach was undertaken using solu-
tion precipitation methods. While a wide variety of solution
synthesis routes to nanoparticles are available, the use of
a methyl imidazole/water (Melm/H,O) solvent system was
previously successful for the production of morphologically
varied ZnO from structurally diverse Zn(R)(OR)(solv), pre-
cursors.*®] Therefore, the green colored precursor solution
of 1-3 in py were injected rapidly into a solution of Melm/
H,O at reflux temperatures. For each sample, the solution
immediately generated a white precipitate. The reaction was
heated for an additional half an hour and then cooled to
room temperature. After separation by centrifugation, a
PXRD pattern was obtained and TEM images were col-
lected to characterize these nanomaterials.

Powder XRD patterns of the precipitates generated from
1-3 were found to be in agreement with the zincite phase
(Figure 8, a—). Based on the Scherrer equation the particles
were estimated to be about 6.5(1), 6.8(1), and 12.7(1) nm

30.00 nm

Figure 9. TEM image of nanoparticles generated by the Melm/H,O
solution precipitation route using (a) 1, (b) 2, (c) 3.

Eur. J. Inorg. Chem. 2009, 855-865
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for 1-3, respectively. Interestingly, no ZnS was observed in
any of the patterns noted most likely due to the added oxi-
dant water favoring the harder oxo ligation. To further in-
vestigate the size and morphology of these particles, TEM
images were obtained (Figure 9, a—c, Table 2). EDS did not
indicate the presence of any S atoms. For polymeric 1, 5-
7nm dots were obtained; 2 yielded 7-10 nm square-like
particles; for 3, rods on the order of 13-23 nm in width by
>100 nm in length were isolated. These sizes are in agree-
ment with the Scherer calculated values with the exception
of 3 where the calculated value is close to the width of the
rods.

Hexadecylamine Solution Route: Alternative solution
routes were also investigated that did not use water as the
oxidant. Amine-based routes that employed hexadecylam-
ine (HDA) were selected based on previous successes with
these systems in producing nanomaterials.**2”1 For these
reactions, 0.25 g of 1-3 was dissolved in 0.8 g oleylamine
(OA) and then injected into a solution (2.41 g) of HDA at
300 °C. PXRD patterns of the final material isolated from
1-3 are shown in parts a—c of Figure 10. It was found that
zincite, zinc metal (PDF# 04-0831) and mixed phases of
zincite and wurtzite were formed from 1-3, respectively.
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Calculations indicate that 1 and 2 had formed nanoparticles
of >10 and >44 nm, respectively. For compound 3 the
PXRD pattern was found to have two phases with the
major one being identified as zincite. Due to the difficulty
in distinguishing definitive independent peaks for profile
measurements, crystallite size determination via the
Scherrer equation could not be meaningfully undertaken.
The nanoparticles from 1-3 could not be adequately dis-
persed which meant TEM images could not obtained of the
“as precipitated materials”. Upon heating to 600 °C, sam-
ples 1 and 2 were found to form zincite (Figure 10, d-f),
with 3 maintaining its mixed phase and these materials were
easily dispersed in toluene. TEM images (Figure 11, a-—c)
show that each formed nanodots of materials (Table 2),
ranging in size from 14-17 nm for 1-3.

Previously, a connection between the precursor structure
and the final nanoparticle formation, termed the precursor
structure affect (PSA)P?431481 was established. Therefore, in
trying to understand the decomposition of the molecules
and the formation of the resultant nanoparticles it is impor-
tant to address the initial reactions that may occur upon
dissolution and the subsequent residual organic moieties
generated. The metal ligand bonds are expected to be the
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(2)

um

Figure 11. TEM of (a) 1 calcined, (b) 2 calcined, and (c) 3 calcined
generated by the HDA route.

weak link in these compounds with bond enthalpies re-
ported for C-Zn (ZnEt,), S-Zn, O-Zn at ca. 47.5, 49, and
67.9 kJ/mol, respectively.[’8] These data indicate that the
Zn-0 bond will be the last broken in 1-3. Therefore only
ZnO building blocks that are different for each species and
capped with the oxo moiety and a thiolate terminus should
be considered in evaluating the final nanomorphology. The
fate of the alkyl is assumed to be elimination as the volatile
ethylene gas with subsequent coordination by the amine or
hydroxides dependant on the different processing schemes.
The solvothermal and HDA routes allow for ligand effects
to play a major role in final observed morphology vs. the
Melm/H,0 with hydrolysis as a competing pathway. While
a great deal more data is required, some preliminary con-
cepts of the potential effects these ligands impart are dis-
cussed below.

For 1, based on the Zn-O bond being the last to decom-
pose, the 3MPA ligand would therefore act like a carboxyl-
ate ligand yielding similar results observed for other zinc
carboxylate nanoparticle morphologies.’?-811 Therefore, the
isolation of nanodots for all three routes was in line with
previous reports.

For 2, the MeIm/H-O route yielded square-like nanomat-
erials of the oxide. In general, hydrolysis of 2 should remove
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the Zn—-C and Zn-S bonds and then most of the growth
would necessarily come from the dinuclear Zn,O, template,
yielding the zincite phase. This is consistent with the similar
structural growth template/nanoparticle formation noted
for the Zn(OR)(R)(solv), system.[*8] In contrast, the solvo-
thermal and HDA route of 2 were found to yield Zn° wires.
The reduction of the Zn*? metal center must be attributed
to two factors: the amine solvent and the 4MP decomposi-
tion. Previously, using alkoxide precursors and amine sol-
vent systems, we have generated Ge0 nanoparticles. Similar
chemistry is expected between the two systems.?*?”) In ad-
dition, the 4MP ligand can be envisioned to easily oxidize
to a quinolate-like product while reducing the Zn*? center.
Further, the 4MP contains the basic make-up of the precur-
sors (Zn—O or Zn-S) used by the literature reports for the
synthesis of Zn° wires.[®*771 Combined the formation of
Zn° could be anticipated; however, it appears that this is the
first solution route that successfully yielded Zn® nanowires.

With the bidentate 2MPO ligand in 3, the metal center
is protected allowing only one side to participate in the
early growth process. This would favor very controlled
growth with the 2MPO protecting particular growth faces
and dots and rods are observed in every route investigated.
The mixed phases must be a result of the bidentate nature
of the 2MPO maintaining the Zn-S interaction to a greater
extent in comparison to the ligands of 1 and 2.

Summary and Conclusion

We have generated a new set of well-characterized Zn
mercapto-oxo ligated species 1-3 with novel structural ar-
rangements in comparison to existing literature crystallo-
graphically characterized species. Based on their physical
properties, compounds 1-3 were used for nanoparticle syn-
thesis. For 1, independent of the processing route, zincite
nanodots were formed. In contrast, converting 2 under sol-
vothermal or HDA solution precipitation route generated
Zn° wires; whereas, using MeIm/H,O, the zincite phase was
obtained. For 3, only mixed phases of zincite and wurtzite
(ZnS) of varied shapes and sizes were isolated. Compound
3 was the only species to yield any sulfide phase, which was
attributed to the bidentate nature of the 2MPO ligand. Ad-
ditional development of a single-source precursor that can
make either the oxide or sulfide phase with chelating oxo-
thiolate ligands, for a number of other systems are un-
derway.

Experimental Section

General: All reactions were performed under a dry, inert atmo-
sphere using standard Schlenk line and glovebox techniques. The
following chemicals were purchased from Aldrich and used without
further purification: ZnEt, (1.0 M solution in hexanes), H,-4MP,
H,-3MPA, H-2MPO, oleylamine (OA), hexadecylamine (HDA),
and chloroform (CHCI;). Anhydrous py and I-methyl imidazole
(Melm) were used as received in Sure/Seal™ bottles.

FT-IR spectroscopic data were obtained on a Bruker Vector 22
spectrometer using KBr pellets pressed under an argon atmosphere
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and handled under an atmosphere of flowing nitrogen. Elemental
analyses were performed on a Perkin—Elmer 2400 CHN-S/O ele-
mental analyzer. Solution NMR spectroscopic data were obtained
on a Bruker DRX400 NMR spectrometer with 1-3 dissolved in
[Ds]py and referenced to residual protonated solvent signal. The
'H and '*C NMR spectra were obtained on a using a 5 mm broad-
band probe and collected at 400.1 and 100.1 MHz, respectively.
The py resonances associated with 1-3 could not be resolved from
the [Ds]py solvent signals and are not included in the spectral write-
up. Solid-state '*C NMR spectra were obtained on a Bruker Av-
ance 400 using a 4 mm probe spinning between 5 and 10 kHz.
Chemical shifts were referenced to a secondary external glycine ref-
erence (0 = 176 ppm) with respect to TMS (0 = 0 ppm). Simulta-
neous thermogravimetric/differential thermal analysis (TGA/DTA)
experiments were performed on an STD 2960 under an atmosphere
of argon at a ramp-rate of 5 °C/min. to 650 °C. Powder XRD data
were collected on a Panalytical X Pert Pro using a zero-background
holder.

General Precursor Synthesis: Due to the similarity of the synthesis
of 1-3, a general description is provided with specific details de-
scribed for each compound. The appropriate ligand (Figure 1) was
dissolved in ca. 10 mL of py and slowly added to a stirring solution
of 1.0 M ZnEt, in hexanes. A precipitate immediately formed which
dissolved upon gentle heating, resulting in a clear green solution.
After stirring for 12 h, the reaction mixture was set aside to allow
the volatile portion of the reaction to slowly evaporate yielding
X-ray-quality crystals. All analytical analyses were performed on
vacuum dried crystalline material.

{(ng-3MPA)|Zn(Et)(py)l4}-- (1): Used ZnEt, (4.00 g, 5.51 mmol),
H,-3MPA (0.298 g, 2.75 mmol) in py (ca. 10 mL). Yield: 78.9%
(0.979 g). FTIR (KBr pellet): ¥ = 2852 (m), 1602 (m), 1564 (w),
1485 (m), 1446 (m), 1410 (m), 1212 (s), 1070 (s), 1039 (s), 1011 (s),
756 (s), 697 (m), 674 (s), 630 (s), 593 (s), 487 (s), 420 (s) cm .
'H NMR (400.1 MHz, [Ds]py): 6 = 3.21 (t, Jyu = 5.6 Hz, 1.0 H,
SCH,CH,CO,), 3.12 (t, Jiy.g = 5.6 Hz, 1.0 H, SCH,CH,CO,), 1.61
(t, Jy.u = 8.4 Hz, 1.9 H, CH,CH3), 0.72 (q, Jy.u = 8.4 Hz, 2.3 H,
CH,CH3;) ppm. C;7H,4N>0,SZn, (451.18): caled. C 45.25, H 6.21,
N 5.38; found C 45.65, H 6.22, N 5.21.

[(pY)2(EOZn(n3-4MP)Zn(Et)(py)l.  (2): Used ZnEt, (4.00g,
5.51 mmol), H,-4MP (0.347 g, 2.76 mmol) in py (ca. 10 mL). Yield:
66.5% (1.08 g). FTIR (KBr pellet): ¥ = 2848 (m), 1602 (m), 1583
(m), 1480 (w), 1446 (w), 1265 (w), 1215 (m), 1169 (s), 1068 (m),

Table 3. Single crystal data parameters for 1-3.
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1039 (m), 1012 (s), 824 (m), 753 (s), 697 (m), 657 (m), 600 (s), 513
(s), 419 (s) ecm™'. 'TH NMR (400.1 MHz, [Ds]py): 6 = 7.80 (d, 1.1
H, SC¢H,0), 7.04 (br. s, 1.0 H, SCxH,40), 1.60 (m, 2.7 H, CH,CH5)
0.780 (m, 2.0 H, CH,CHj3) ppm. CssHg;N,0,S,Zny (1179.72):
caled. C 55.98, H 5.38, N 8.31. C5oHsgNgO,S,Zny (-1 py, 1100.76):
caled. C 54.56, H 5.31, N 7.63; found C 54.12, H 5.04, N 7.66.

(2ZMPO)Zn(Et)py (3): Used ZnEt, (4.00 g, 5.51 mmol), H-2MPO
(0.701 g, 5.51 mmol) in py (ca. 10mL). Yield: 80.5% (1.33 g).
FTIR (KBr pellet): ¥ = 2849 (m), 1600 (m), 1542 (m), 1459 (w),
1415 (s), 1264 (s), 1200 (w), 1149 (w), 1088 (m), 1066 (m), 1037
(m), 831 (m), 755 (w), 702 (w), 631 (s), 597 (s), 497 (s) cm!. 'H
NMR (400.1 MHz, [Ds]py): 0 = 8.42 (m, 1.1 H, CsH,;NOS), 7.80
(d, 1.0 H, CsH,NOS), 7.00 (m, 1.4 H, CsH4;NOS), 6.71 (m, 1.4 H,
CsH,NOS), 1.66 (t, Jyu = 8.0 Hz, 4.0 H, CH,CH;) 0.815 (q, Jun
= 8.0 Hz, 3.20 H, CH,CH3) ppm. C;,H4N,OSZn (299.68): calcd.
C 48.09, H 4.71, N 9.35; found C 47.45, H 4.66, N 9.18.

General X-ray Crystal Structure Information:*233 Crystals were
mounted onto a thin glass fiber from a pool of Fluorolube™ and
immediately placed under a cold N, vapor stream, on a Bruker
AXS diffractometer with SMART 1000 CCD detector. The radia-
tion used was graphite monochromatized Mo-K, radiation (1 =
0.7107 A). Lattice determination and data collection were carried
out using SMART Version 5.054 software. Data reduction was per-
formed using SAINTPLUS Version 6.01 software. The data were
corrected for absorption using the SADABS program within the
SAINT software package.

Structures were solved by direct methods that yielded the heavy
atoms, along with a number of the lighter atoms. Subsequent Fou-
rier syntheses yielded the remaining light-atom positions. The hy-
drogen atoms were fixed in positions of ideal geometry and refined
using SHELXS software. The final refinement of each compound
included anisotropic thermal parameters for all non-hydrogen
atoms. It is of note that crystal structures of that contain alkoxide
ligands often contain disorder within the atoms of the ligand chain,
causing higher than normal final correlations.>>%% All CIF files
were checked at http://www.iucr.org/. Data collection parameters
for 1-3 are given in Table 3.

CCDC-701768 (for 1), -701769 (for 2), -701770 (for 3) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Compound 1 2 3

Chemical formula C]7H24N202$Zn2 C55H63N702SZZH4 C12H14NZOSZn
Formula weight 451.18 1179.72 299.68
Temperature [K] 203 203 203

Space group Pbca, orthorhombic C2/c¢, monoclinic P1, triclinic
a[A] 13.778(2) 15.3387(11) 7.5512(7)

b [A] 14.427(2) 9.6531(7) 8.1605(7)
c[A] 19.658(3) 39.213(3) 12.0073(11)
a [°] 77.0120(10)
£ 1] 99.8690(10) 73.7450(10)
y [1 67.1230(10)
VA3 3907.8(11) 5720.1(7) 648.81(10)
Z 8 4 2

Deyiea. [mg/m?] 1.534 1.370 1.534

u (Mo, K,) [mm'] 2.573 1.775 2.038

R™ (%) (all data) 8.26 (12.31) 4.92 (6.05) 2.52 (2.56)
WR,®! (%) (all data) 16.31 (18.58) 12.01 (13.01) 6.22 (6.26)

[a] R, = Z||F,| — [FVEIF,| X 100. [b] wR, = [Ew(F,2 — F2E(w|F.]2)?]"2 X 100.
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Nanoparticle Synthesis

Two routes were used to generate nanoparticles: (A) solvothermal,
(B) solution precipitation.

Route A: The solvothermal route involved the dissolution of the
desired precursor in py (0.5 g/20 mL) under an atmosphere of ar-
gon, sealing it in a Teflon™-lined Parr acid digestion bomb, and
heating it to 200 °C for 24 h. After cooling to room temperature
each reaction mixture was transferred from the liner to centrifuge
tubes and the mother liquor decanted from the precipitate. The
precipitate was then washed three times with ethanol (EtOH) and
the resulting powder was allowed to dry at room temperature.

Route B: The solution precipitation route involved either (i) dissol-
ution of the desired precursor (0.5 g/5 mL) in py followed by injec-
tion into a mixture of Melm/water (14.5 mL: 0.5 mL) at reflux tem-
peratures or (ii) dissolution of the precursor (0.25 g/0.8 g) in OA
followed by injection into a solution (2.41 g) of HDA at 300 °C.
After heating for 30 min, the reaction was cooled to room tempera-
ture. The precipitate was dissolved in CHCIs, precipitated with
MeOH, and collected by centrifugation.

For transmission electron microscopy (TEM) analyses, the desired
powder was slurried in toluene and then a small aliquot was placed
directly onto a holey-carbon copper-coated TEM grid (300 mesh
from Electron Microscopy Sciences) and allowed to dry overnight.
The resultant particles were studied using a Philips CM 30 TEM
operating at 300 kV accelerating voltage. In addition, the powder
was characterized using powder XRD on a PANalytical X Pert Pro
using Cu-K,, radiation with step size 0.0167°, with 0.152°/s dwelling
time.

Safety Note: The appropriate personal protection (i.e., rubber
gloves, glasses, working in well-ventilated areas, etc.) should be em-
ployed when handling the final nanopowders since freshly formed
ZnO is reported to sometimes produce a disorder referred to as
oxide shakes or zinc chills.[$?!
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