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Two new bis(ketoiminato)zinc(II) compounds that show ex-
cellent precursor properties for the chemical vapor deposi-
tion (CVD) of zinc oxide materials are presented. The synthe-
sis of the ketoiminato zinc complexes [Zn{[(CH,)s-
OCH;]NC(CH3)=C(H)C(CH3)=0},] (1: x = 2; 2: x = 3) is
straightforward and can easily be scaled up. Compounds 1
and 2 were analyzed by 'H and *C NMR spectroscopy, ele-
mental analysis, single-crystal X-ray diffraction analysis, and
electron ionization mass spectrometry. The compounds exist
as monomers with a distorted tetrahedral zinc center. Ther-
mogravimetric studies, sublimation, and solubility tests re-

veal very promising properties for metal-organic CVD re-
lated applications. Preliminary metal-organic CVD experi-
ments with the use of compound 1 were performed as a
screening for the suitability of the new bis(ketoiminato)zinc
complexes as precursors for the growth of ZnO thin films in
the presence of oxygen. The films were characterized by X-
ray diffraction, scanning electron microscopy, energy disper-
sive analysis of X-ray, and Rutherford backscattering mea-
surements. The as-deposited ZnO films were stoichiometric;
the crystalline films exhibited strong preferred orientation
along the c-axis.

Introduction

Zinc oxide offers various superior features, including op-
ticall'! and piezoelectrical properties,!>!l a direct, large
band gap of 3.7eV,>'9 a large exciton binding energy of
60 meV, and chemical, thermal, and high radiation stability.
Due to its numerous interesting material properties, zinc ox-
ide is a widely used semiconductor oxide and a subject of
current research as an advanced functional material for sev-
eral applications, which include batteries, fuel cells, trans-
parent conducting oxides (TCOs), ferrites, gas sensing,
and photovoltaic cells.[!

Metal-organic chemical vapor deposition (MOCVD) is
a preferred techniquel'? for the growth of high-quality ma-
terials that can also be adapted to large-scale production.
In addition, MOCVD enables conformal step coverage over
complex topographies and nanostructured growth. The em-
ployed metal-organic precursor plays a key role during the
deposition process, as its decomposition directly leads to
the formation of the desired material. The commonly used
zinc precursor for ZnO is diethylzinc (DEZ)! in combina-
tion with an oxygen source. Due to the pyrophoric nature
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of the compound, alternative precursors such as zinc acet-
atel’®7¢ and zinc acetylacetonate [Zn(acac),]’® have been
adopted to avoid the handling problems associated with
alkylzinc reagents. There have been attempts to develop
other suitable precursors, which include [Zn(hfac),(TME-
DA)].5 [Zn(tmp),]¥¥ [Zn(TTA),TMEDA],®! [(CH;)Zn-
{OC(CH3)3}]4.,[89 [EtZnNEt,],1%¢! etc.). However, the ther-
mal properties such as high vaporization temperatures and
high melting points (136-138 °C) are not so favorable.
Therefore, efforts have been made to develop alternatives or
improved precursors for ZnO film growth. Recently, two
ketoiminato compounds [Zn{(R)NC(CH3)=C(H)C(R")=
O},] (R = nBu, R’ = Me; R = iPr, R" = OEt) were reported
that showed one-step-decomposition behavior in thermal
gravimetric studies and reasonable melting and evaporation
temperatures. However, quite significant carbon incorpora-
tion was observed in atmospheric pressure (AP)CVD of
ZnO using these precursors.[]

In the past, we have used the strategy of using chelating
ligands, which was shown to work well for the use of ma-
lonato-based transition-metal complexes for the formation
of the corresponding transition-metal oxides.'” A similar
approach involving the use of bidentate ligands with a goal
to obtain monomeric complexes was adopted for Zn.l'!l In
this study, nitrogen-containing chelating ligands were used,
as nitrogen is a weaker donor than oxygen, and thus volatil-
ization and evaporation are expected to occur at lower tem-
peratures than for all oxygen-coordinated complexes like,
for example, zinc acetylacetonate. Our efforts were also con-
centrated on synthesizing halogen-free precursors, and in
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this process we developed two new zinc complexes by using
ketoiminates as chelating ligands. The zinc bis(ketoimin-
ates) that are presented here are of the type [Zn{[(CH,),~
OCH;INC(CH3)=C(H)C(CH3)=0},] (1: x = 2; 2: x = 3).
These newly synthesized compounds exhibit some distinct
advantages for them to be applicable for the MOCVD of
ZnO. In this paper we discuss the synthesis and characteri-
zation of these complexes, and the thermal properties,
which are very important for CVD applications, are also
evaluated. In addition, the preliminary results on the
MOCVD growth and characterization of ZnO thin films
with the use of compound 1 are also presented and dis-
cussed.

Results and Discussion

Synthesis and Properties of the Precursor

The zinc ketoiminates were obtained by the stoichiomet-
ric reaction of DEZ with the neutral ketoiminate in hexane
(Scheme 1). As both the compounds are very similar (with
a small change in the ligand skeleton), the synthesis pro-
cedure, structural, and precursor properties of
[Zn{[(CH,CH,OCH3)N]C(CH;)=C(H)C(CH3)=0},] (1)
will be discussed in detail as a representative example. Com-
pounds 1 and 2 were synthesized in spectroscopically pure
form and were identified by 'H NMR spectroscopy. For
compound 1, the two singlets at 6 = 1.60 and 2.00 ppm
correspond to the methyl groups attached to the chelate
ring, whereas those shifted low field to 6 = 3.05 ppm can
be attributed to the methyl group of the ether arm. The
singlet at & = 4.78 ppm corresponding to one proton can be
attributed to the hydrogen atom at the chelate ring. At J =
3.25 and 3.46 ppm two broad signals appear with an inte-
gration corresponding to four protons; these signals are as-
signed to the ether side chain.

R
SNH O Et,Zn

hex ,0°C ! i
XN exane S .
. O

1: R = O(CH,),CHj
2:R= O(CH2)3CH3

Scheme 1. Reaction scheme for the synthesis of 1 and 2.

Single-Crystal X-ray Diffraction

Single crystals of 1 suitable for X-ray structural analysis
were obtained from a saturated solution of the compound
in toluene at —30 °C over a period of 24 h. Molecule 1 crys-
tallizes in the orthorhombic space group Pca2;. The solid-
state structure of 1 with an atom-numbering scheme is
shown in Figure 1 (Table 4). Molecule 1 is a monomer and
it consists of a distorted tetrahedral Zn center with two bi-
dentate ketoiminate ligands. The coordination environment
around the zinc is completed by the oxygen and nitrogen
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atoms of two ketoiminato ligands. These two ketoiminato
ligands are orthogonal to each other. The six-membered
ZnONC; units are puckered. The oxygen atoms (O3 and
04) of Me-O-CH,~CH,-N are far away from the coordi-
nation sphere of the zinc center. The Zn—-O bond lengths
(Zn1-01 1.955 A and Zn1-02 1.939 A) in 1 are not equal.
Similarly, the Zn1-N2 (1.990 A) distance is slightly longer
than that of Znl-N1 (1.984 A). The Zn-O (av. 1.947 A)
bond lengths in 1 are slightly longer than the Zn-O dis-
tances found in [Zn(C;;H4CIN,O),] [1.907(1) A], whereas
the Zn—N (av. 1.992 A) distances are shorter than the Zn—
N distances of [Zn(C;,H;4CIN,0),] [2.016(1) A].l' The ke-
toiminato ligands are not equal in symmetry, which was
also predicted by DFT calculations (Table S4, Supporting
Information). In addition, the crystal structure indicates
that the electrons are not completely delocalized in the six-
membered ring. The facts leading to this assumption are
described below: (i) The bite angles of the chelating ligands
are 97.3 and 97.1°, respectively, and the angles O2-Zn1-N1,
0O1-Zn1-N2, O1-Zn1-02, and N1-Znl1-N2 vary between
108.53(5) and 125.41(6)°, deviating from those expected for
an ideal tetrahedron. (ii) As expected, the Zn—O bonds with
lengths of 1.955(1) and 1.939(1) A are longer than those
for the Zn-N bonds [1.990(2) A and 1.984(2) A]. (iii) The
torsion angles indicate a nonplanar six-membered ring (see
Table S3, Supporting Information). A system containing
completely delocalized m-electrons is expected to be planar
due to the sp>-hybridized carbon atoms. Indeed, the torsion
angles of O1, CI1, C7, C2, C3, C8, N1, and C9 vary between
ca. 2 and 5°. The torsion angles between the above-men-
tioned atoms of the sixfold ring and the zinc center are even
around 10° (the same is observed for the torsion angles of
the second chelate ligand).

C11

Figure 1. Molecular structure of 1. Hydrogen atoms are removed
for clarity. Selected bond lengths [A] and angles [°]: Zn1-O2
1.939(1), Zn1-0O1 1.955(1), Zn1-N1 1.984(2), Zn1-N2 1.990(2),
O1-C1 1.288(2) and O2-Zn1-0O1 108.53(5), 02-Zn1-N1 125.41(6),
O1-Znl-N1 97.29(6), 02-Znl-N2 97.14(6), OI-Znl-N2
116.19(6), N1-Zn1-N2 113.46(6).
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Density Functional Theory (DFT) Calculations

DFT calculations were carried out in order to estimate
the thermodynamic stability of the molecules. The Gibbs
free energies of formation A.G%298 K) were calculated on
the basis of the following reaction:
{(CH,CH,OCH;)N(H)C(CH3)=C(H),C(CH3)=0} + [Zn(CH,CH3),]
— Zn{[(CH,CH,OCH;)N]C(CH;)=C(H)C(CH;)=0}, + CH;CH;

The values of the Gibbs free energies of reaction of for-
mation of 1 and 2 are highly negative, clearly indicating a
thermodynamically favored reaction pathway. There are
only minor differences in the calculated Gibbs energies of 1
and 2, pointing to similar stabilities of these compounds.
The calculations on 1 and 2 gave a Gibbs free energy of
A.G°(298 K) = —81 and —78 kcalmol™!, respectively. The
molecular structure of 1 obtained by DFT calculation was
compared with that derived from single-crystal X-ray dif-
fraction measurements to evaluate the performance of the
theoretical results. The data were in good agreement with
each other (Table S4, Supporting Information). Thus, the
results obtained by this theoretical method should be reli-
able.

Mass Spectrometry

The fragmentation mechanism of bis(ketoiminato) pre-
cursors 1 and 2 was examined by electron impact ionization
mass spectrometry (EI-MS). However, care must be taken
to extrapolate the fragmentation data to the thermal condi-
tions of the MOCVD experiment. All recorded mass spec-
tra (Table S5, Supporting Information) strongly support the
complete cleavage of the whole ligand under EI-MS condi-
tions (Table 1).

Thermal Properties and Solubility

The melting points of 1 and 2 are 57 and 60 °C, respec-
tively. These values are advantageous and quite low com-
pared to the most commonly used precursor for ZnO,
namely, [Zn(acac),] (136-138 °C)['3! (Table 2). Both 1 and 2
can be quantitatively and repeatedly vaporized at 110 and
115 °C, respectively, at 5 mbar, without any decomposition.
As revealed by thermal analysis, the compounds are volatile
and the thermogravimetric analysis (Figure 2) shows a
nearly one-step decomposition for both compounds, which

Table 1. EI-MS data for 1 and 2.

is desirable for MOCVD precursors. The temperature win-
dow between vaporization and decomposition is sufficiently
large. The temperature onset of volatilization (=1% mass
loss) in the case of 1 is 70 °C, whereas in the case of 2 it is
90 °C. For 1, a strong mass loss occurs between 130 and
280 °C, whereas the main mass loss for compound 2 start
around 150 °C. This shows that a marginal variation in the
ligand structure has a distinct influence on the volatilization
temperature.

Table 2. Melting points of ZnO precursors.

Compound M.p. [°C] Ref.
1 57

2 60
[Zn{(nBu)NC(CH;)=C(H)C(Me)=0},] 72 &
[Zn{(iPr)NC(CH3)=C(H)C(OEt)=0},] 109 ]
[Zn(acac),] 136-138 171
[Zn(tta),tmeda] [8¢]

(Htta = 2-theonyltrifluoroacetone, tmeda = tetramethylethylene di-
amine)

100+

80+

60+

weight (%)

300
T(C)

600

Figure 2. Thermal analysis of 1 and 2. Top: Thermal gravimetric
analysis (TGA) (5 Kmin !, 300 mLmin'); bottom: isothermal va-
porization studies of 1 and 2 at different temperatures.

Compound 1 Mass Relative intensity Compound 2 Mass Relative intensity
Fragments [mlz] [%0] Fragments [mlz] [%6]
M* 376 2.0 M* 404 13.8
M* - Me’ 361 1.6 M* - Me’ 389 2.0
M* — OCHy 345 9.8 M* — OCHy 373 0.3
361 — C,Hg or — CH,Or 331 13.8 M* — C3Hs 363 1.0
or M* - CH,OCHjy' M* - 58 346 1.0
M* — 1 ligand 220 100 M* — 1 ligand 234 100

OC3H64 or NC:,‘Hg 58
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The thermal stability and sublimation behavior of the ke-
toiminato precursors was further investigated by isothermal
TG experiments carried out at 120 and 140 °C. In all cases,
linear weight loss was observed (Figure 2), indicating that
the precursor can sublime at the set temperature with con-
stant rates for a long period of time. The sublimation rates
at 120 °C were determined to be 9.3 ugmin! for 1 and
20.1 pgmin! for 2. The linear trends in the isothermal
curves show clean vaporization processes with no signs of
premature decomposition. Another desirable feature is that
both 1 and 2 are readily soluble in a wide range of common
organic solvents such as hexane, pentane, benzene, toluene,
etc. This property makes them suitable also for applications
such as liquid injection MOCVD or wet chemical deposi-
tion methods.

MOCVD of ZnO with the use of Compound 1

Zn0 Film Growth

On the basis of the promising thermal properties, the ap-
plicability of this class of complexes as precursors for
MOCVD applications was verified by carrying out prelimi-
nary deposition by using 1, which as discussed earlier,
showed higher volatility than 2. ZnO thin films were grown
on Si(100) substrates in the temperature range 450-700 °C
(film-film5; Figures 3 and 4 and Table 3) by using oxygen
as the reactive gas. The films were very uniform, adherent
to the substrate (scotch-tape test), and shiny in appearance.
The dependence of film growth rate as a function of sub-
strate temperature is depicted in Figure 3. The film thick-
ness was determined from cross-section SEM measurements
and the growth rates (GR) were thereby derived. From the
Arrhenius plot (Figure 3) it can be seen that there is a grad-
ual increase in GR in the temperature range 450-600 °C
(kinetically controlled region) with GRs of the order of 4.2—
20.5 Amin!. Between 600 and 650 °C there is not much
variation in the GR. Beyond 650 °C, there is a steady de-
cline in the GR, which could be due to precursor depletion
or gas-phase reactions that are likely to occur at higher tem-
peratures. More detailed studies varying different CVD pro-
cess parameters are warranted to confirm this.

700 650 600 500 450

a T(°C)
312

-4

-
2 -
] 1T (K)
13E-04 15E-04 17E-04 19E-04 21E-04 23E-04

Figure 3. Arrhenius plot of the growth rate (GR) of ZnO as a func-
tion of substrate temperature (1/7) with the use of compound 1.
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Figure 4. XRD pattern of ZnO deposited on Si(100) substrates by
using compound 1 (see also Figure S1, Supporting Information).

Table 3. Process conditions for the deposition of ZnO on Si(100)
at a reactor pressure of 1 mbar.

Sample name Substrate temperature [°C]

Film1 450
Film2 500
Film3 600
Film4 650
Film5 700

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Film Crystallinity

The onset temperature for film growth was 450 °C
(film1), in which case the as-deposited film was amorphous.
All depositions performed between 500 and 700 °C (film2-
filmS) show the growth of the hexagonal ZnO wurtzite
structure (PDF 00-036-1451, Zincite phase). In all cases,
the only observed pattern at 20 = 34.4° can be attributed to
the (002) reflection of Zincite. The as-deposited zinc oxide
structures for substrate temperatures of 500, 600, 650, and
700 °C, respectively, show a strong preferential orientation
along the c-axis. Evaluation of the preferred orientation was
performed by a commonly used method.!'4]

T} 1s the texture coefficient of a reflex corresponding to
(hkl); I,,(hkl) is the related intensity of the measured Bragg
reflex and Iy(hkl) its intensity in the standard powder spec-
trum (PDF 00-036-1451). Because the 002 reflex is the only
observed reflex, anisotropic growth was found to be 1 for
all samples film2—film5 (Table S6, Supporting Information).
The raw intensity is highest for film3 deposited at 600 °C
(Table S7, Supporting Information).

Surface Morphology

The surface morphology of the ZnO layers was investi-
gated and some representative SEM plane view and cross-
section images are shown in Figure 5. The morphology fol-
lows the same trend in terms of temperature dependency as
already observed for the growth rates and XRD data: The
thickness and crystallinity of the as-deposited ZnO thin
films increases from 450 to 600 °C. At 450 °C, (film1) nearly
1369
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featureless material of 40 nm in thickness was grown. At
500 °C, (film2) the thickness of the deposit is 75 nm and a
columnar-like densely packed film is seen in the SEM
images. In the cross-sectional SEM image (Figure S2, Sup-
porting Information), the columnar structure normal to the
substrate indicates a c-axis orientation of the films, which
is in agreement with results observed in XRD measure-
ments. The ZnO thin film deposited at 600 °C (film3) exhib-
its the highest thickness (210 nm), which is in agreement
with the observation made by XRD. The XRD 002 pattern
of film3 has the highest raw intensity among all ZnO de-
posits. The ZnO material grown at higher temperatures
(film4 and film5) have very similar morphologies (Figure 5)
to that of film3, but their film thicknesses are lower (175
and 45 nm). Also, the raw intensities of the corresponding
XRD 002 patterns are lower for film4 and filmS than for
film3.

.

Figure 5. Cross-section and plane view SEM images of film3 and
film4.

Film Composition

The film composition was analyzed by EDX and re-
vealed the presence of zinc and oxygen (Figure S3, Support-
ing Information). Carbon could not be detected. However,
EDX is not a sensitive method to detect lighter elements
like carbon. Rutherford backscattering (RBS) was em-
ployed to determine the film stoichiometry, and the pres-
ence of Zn and O in the spectra of a ZnO film grown at
600 °C is clearly seen (Figure 6). The thickness of the layer
is in agreement with the value determined by the SEM im-
age (Figure 5), taking into account the surface roughness.
The recorded spectrum is described by a simulation of a
190-nm thick layer of zinc (41 at.-%), oxygen (45 at.-%) de-
posited on a silicon substrate. In comparison to the data
with the simulation, the broadening of the Si edge and of
the low-energy Zn edge can be attributed to the surface
roughness of the layer (Figure 5). The spectrum indicates
the presence of carbon in the range of 5 wt.-%, thus indicat-
ing that the precursor is able to provide the ZnO material in
the right stoichiometry. Further characterization techniques
like XPS/AES (depth profile) are warranted for precise
quantification of residual trace impurities that may be pres-
ent in the bulk of the films, especially for lighter elements
such as carbon and nitrogen. These measurements as well
as the investigation of optical properties by UV/Vis and
photoluminescence spectroscopy (PL) are currently un-
derway.
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Figure 6. Representative RBS spectrum of ZnO grown at 600 °C
by using compound 1.

Conclusions

Two new zinc complexes with ketoiminates as chelating
ligands were synthesized and characterized. The synthesis
procedure is simple and very straightforward, and the prod-
ucts can be isolated in good yields and easily scaled up.
The crystal structure of 1 was determined, and the complex
reveals a four-coordinated zinc metal center that exhibits a
distorted tetrahedral ligand environment. The above-high-
lighted zinc complexes are relatively stable towards humid-
ity, can be easily handled, and are very soluble and stable in
common organic solvents. The thermal properties are very
encouraging in terms of low melting points, good volatility,
and clean decomposition characteristics. The suitability of
this class of complexes for MOCVD is demonstrated by
successfully growing stoichiometric and oriented ZnO thin
films. The film morphology was strongly dependent on sub-
strate temperature and very rough crystalline ZnO was ob-
tained at 600-700 °C. A high surface area is desirable for
potential applications such as gas sensors or photo cells,
which will be the focus of our research work in the near
future. The data presented reveals the potential of the zinc
ketoiminate compounds as improved precursors for ZnO-
based materials.

Experimental Section

General: All manipulations of air- and moisture-sensitive com-
pounds were performed in a conventional vacuum/argon line by
using standard Schlenk techniques. Pure DEZ was purchased from
ABCR and used as received. Preparations of samples for further
analysis were carried out in argon-filled glove boxes (MBraun, Lab-
Master). All solvents were purified by an MBraun solvent purifica-
tion system (SPS) and stored over molecular sieves (4 A). NMR
solvents were degassed and dried with activated molecular sieves.
Elemental analysis was performed by the Analytical Service Centre
of the Chemistry Department (CHNSO Vario EL 1998). The 'H
and '*C NMR spectra were recorded with a Bruker Advance DPX-
250 instrument and referenced to internal solvents (residual proton
signals) and corrected to the TMS (tetramethylsilane) standard val-
ues. For the COSY and HMBC NMR spectra, a Bruker-DRX-
400 and a Bruker-DRX-600 instrument were used. Single-crystal
diffraction experiments were carried out at 112 K with an Oxford
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Xcalibur 2 CCD/PD diffractometer with monochromated Mo-K,,
radiation (0.71073 A). The structure was solved by direct methods
and refined anisotropically with the SHELXL-97 program suite.[!’]
Refinement details for 1 are summarized in Table 4. CCDC-752098
(for 1) contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Electron ionization mass spectra (EI-MS) were re-
corded at 70 eV by using a Varian MAT spectrometer. Simulta-
neous thermogravimetric and differential thermal analysis (TG/
DTA) was carried out by using a Seiko TG/DTA 6300S11 at ambi-
ent pressure (Sample size =10 mg), with a heating rate of 5 °Cmin™!
(N, flow rate = 300 mLmin!). For the DFT studies, Gaussian
03011 was used. B3LYP was used as a hybrid functional with double
zeta base and a LANL2 potential. The software program
Molden!'”! was used to calculate the bond lengths and angles of
the molecular structures. The final image was displayed by use of
the freeware program Mercury (Hg) from CCDC. The calculations
do not take into account the solvent effects.

Table 4. Crystal data and structure refinement for C;sH,3N,04Zn
(1) at 112 K.

C16H28N204Zn

Formula weight 377.80
Crystal system, space group orthorhombic, Pca2,
N 21.7459(6)
b[A] 5.66530(10)
c[A] 14.5000(3)
a ] 90

AL 90
e %

Volume [A3)] 1786.36(7)
V4 4
Calculated density [gem ] 1.405
Absorption coefficient [mm™] 1.395

F(000) 800
Reflections collected/unique 13135/3119 [R(int) = 0.0224]
Observed reflns[/ > 2a(1)] 2789F, > 4o(F,)

Goodness-of-fit on F? 0.965
Final R indices [ > 2a(])] R, =0.0182, wR, = 0.0411
Absolute structure parameter -0.007(9)

Largest difference in peak and hole [eA 3]  0.208 and —0.166

MOCVD screening experiments were carried out by using a self-
built horizontal MOCVD cold-wall reactor as described else-
where['®! The substrates used were Si (100)-wafers (=1.4 X 2.0 cm).
The wafers were cleaned in an ultrasonic bath of ethanol for 10 min
and in an ultrasonic bath of pure water for 10 min and then dried.
The reactor pressure was kept constant at 10 mbar for all deposi-
tions. Nitrogen 6.0 was used as carrier gas and oxygen as reactive
gas. The flow rates of nitrogen and oxygen were maintained at
50 sccm for all depositions. ZnO was grown at different tempera-
tures between 450 and 700 °C (film1-film5) by using an inductive
high frequency heating system. A bubbler temperature of 120 °C
was used for precursor evaporation. The deposition time was set to
90 min for all MOCVD experiments. Film thickness and corre-
sponding growth rates were estimated from cross-sectional SEM
data. Thin-film X-ray diffraction (XRD) measurements were per-
formed by using a Bruker AXS D8 Advance diffractometer with
Cu-K, radiation (1.5418 A). The surface morphology of the films
was determined by scanning electron microscopy (SEM) by using
a LEO 1530 Gemini instrument (Zeiss). The composition of the
films was determined by EDX and RBS. The RBS measurements
have been performed at the Dynamitron-Tandem-Laboratory at the
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University of Bochum by using a singly charged He beam with the
energy of 2 MeV and a beam current of 2040 nA. A silicon surface
barrier detector was placed at an angle of 160° with respect to the
beam axis. The solid angle of the detector was 1.911 msrad. The
spectra were analyzed with the program RBX.

[Zn{[(CH;0CH,CH,)V|C(CH;3)=C(H)C(CH3)=0},] (1): Dieth-
ylzinc (DEZ) (3 mL, 29.39 mmol) was dissolved in dry hexane
(150 mL). The solution was stirred for 12 h and cooled down to
-15°C. To this mixture was added {(CH;OCH,CH,)NH-
[C(CH3)=C(H)C(CH3)=01]} (7.11 mL, 58.78 mmol) by syringe. The
reaction was heated at reflux for 1.5 h and afterwards stirred for
12 h at room temperature. The solvent was removed in vacuo at
room temperature. The solid residue was washed with dry pentane
(3X5mL) and dried again. The product was obtained as a light-
yellow powder (8.81 g, 23.43 mmol, 79.7%). M.p. 56-57 °C.
C6H,5N,04Zn (377.80): caled. C 51.07, H 7.45, N 7.45; found C
51.02, H 7.48, N 7.48. '"H NMR (250 MHz, C¢Ds, 25 °C): § = 1.57
[s, 6 H, -NC(CH>)], 1.97 [s, 6 H, -OC(CH3)], 3.05 [s, 6 H, N(CH»),-
OCH;), 3.25 and 3.46 [2 m, 8 H, -N(CH,);CH;], 4.80 [s, 2 H,
OC(CH3)C(H)C(CH3)N] ppm. 3C NMR (100.6 MHz, C¢Dg,
25°C): 0 = 22.02 [NC(CHs;)], 27.84 [OC(CH;)], 50.51 [N(CH,),-
O(CHs)], 58.45 [N(CH,),O(CH3)], 96.87 [OC(CH;)C(H)C(CH3)-
N], 172.48 [OC(CH3)C(H)C(CH3)N], 183.47 [OC(CH3)C(H)C-
(CH;3)N] ppm. EI-MS (70eV): m/z (%) = 376 (2.0) [M™], 361 (1.6)
[M* — CH;), 345 (9.8) [M™ — OCH;7, 331 (13.8) [M* — OCH31,
220 (100) [M*" — 1 ligand].

[Zn{[(CH;0CH,CH,CH,) V|C(CH;)=C(H)C(CH3)=0},] (2): The
synthesis procedure was similar to that adopted for 1. DEZ (3 mL,
29.39 mmol) was treated with {(CH3;OCH,CH,CH,)NH-
[C(CH3)=C(H)C(CH3)=01]} (7.68 mL, 58.78 mmol). The product
was obtained as a light-yellow powder (8.00 g, 19.80 mmol, 67.3 %).
M.p. 59-60 °C. C;3sH3,N,0,Zn (405.85): caled. C 53.47, H 7.92, N
6.93; found C 53.51, H 7.93, N 6.86. '"H NMR (250 MHz, C¢Ds,
25°C): 6 = 1.61 [s, 6 H, -NC(CH3)], 1.86 (quint., 3Ji; y = 6.63 Hz,
4 H, NCH,CH,CH,0CHs), 2.01 [s, 6 H, -OC(CH3)], 3.02 [s, 6 H,
N(CH,);0CH;), 3.16 (t, 3Juu = 5.84Hz, 4 H, NCH,CH,-
CH,OCH3), 3.32 (t, 3Jyu = 6.48 Hz, 4 H, NCH,CH,CH,0CH3;),
4.80[s, 2 H, OC(CH3)C(H)C(CH3)N] ppm. '*C NMR (100.6 MHz,
C¢Dg, 25°C): 0 = 21.40 [NC(CH3)], 27.77 [OC(CH;)], 31.36
(NCH,CH,CH,0OCH3), 48.06 (NCH,CH,CH,OCHj;), 58.15
[N(CH,),O(CH3)], 70.17 (NCH,CH,CH,0OCHj;), 96.87 [OC(CH,)-
C(H)C(CH;3)N], 172.48 [OC(CH,)C(H)C(CH3)N], 183.47 [OC-
(CH3)C(H)C(CH3)N] ppm. EI-MS (70eV): miz (Yo) = 404 (14)
[M™*], 389 (2) [M*™ — CHj37], 372 (0.3) [M*" — OCH37, 234 (100)
[M* — 1 ligand].

Supporting Information (see footnote on the first page of this arti-
cle): Additional crystal data for 1 regarding structure refinement,
bond lengths, angles, torsion angles, and comparison with the crys-
tal structure derived from DFT calculation;. detailed EI-MS data,
further XRD data including raw intensities and texture coefficients
of ZnO1-ZnO5, and full 20-range spectrum; figure showing a
cross-section SEM image of film2, and a representative EDX spec-
trum for an as-grown ZnO film deposited on Si(100) by using com-
pound 1.
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