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Heterobimetallic molecular precursors [Tis(dmae)s(ze-OH)(1-0)sCus(OAC)9-H,0] (1) and [Zn7(OAC)10(ze-OH)sCus(dmae),-
Cly] (2) for the deposition of metal oxide thin films of CugTisO12 (CusTiO4, TiO,) and CusZn;0s, (ZnO, CuO) were
prepared by the interaction of Ti(dmae); with Cu(OAc),*2H,O for 1 and tetrameric (N,N-dimethylamino)-
ethanolatocopper(ll) chloride, [(dmae)CuCl], [where dmae = (N,N-dimethylamino)ethanolate] with Zn(OAc),+2H,0
(where OAc = acetate) for 2 in dry toluene. Both complexes were characterized by melting point, elemental analysis,
Fourier transform IR, fast atom bombardment mass spectrometry, thermal analysis (TGA), and single-crystal X-ray
diffraction. TGA and XRD prove that complexes 1 and 2 undergo facile thermal decomposition at 300 and 460 °C
to form thin films of Cu/Ti and Cu/Zn mixed-metal oxides, respectively. Scanning electron microscopy and XRD of
the thin films suggest the formation of impurity-free crystallite mixtures of CusTiO4 and TiO,, with average crystallite
sizes of 22.2 nm from complex 1 and of ZnO and CuO with average crystallite sizes of 26.1 nm from complex 2.

Introduction their solid solutions are key materials of critical components
The composition and microstructure of solid-state materials in a range of electronic devicéglthough these oxides have

determine their properties, thus making factors that control P& used for more than 50 years, unusual features have only
their composition and structure crucial for the preparation '€cently been found for their ferroelectric and piezoelectric
of solids with those desired properties. A wide range of Properties that mlghtltl)ead to new technological applications
different flexible synthetic routes has been employed for the fOF these compounds:Specifically, the discovery of a giant
development of complex nanometer-scale materials with di€I€CtiC_constant in QaQM|4012_hasl3sh_|ﬂgd renewed
tunable properties able to satisfy the ever-changing techno-INterest toward perovskite-type oxides:* Similarly, non-
logical demands. One of the most promising approachesSto'cmometrIC oxides of the type MTIM =_N" F‘?' Co, .
toward the synthesis of these kinds of mixed-metal oxides Mn, C,“' Zr_1) ha_lve bee_n sFud|ed as functional inorganic
is the use of single-source precursors (SSPs). materials with wide applications such as electrodes of solid

Because of their outstanding electrical properties, many ©Xide fuel cells, metatair barriers, gas sensors, and high-

MTiO4-type perovskites (where M Ca, Sr, Ba, Pb, Cu) or performance catalyst4:16 The Cu/ZnO system is of much
importance in the large-scale industrial Fish&ropsch-type
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Heterobimetallic Molecular Cages

Recently, many researchers started to extensively workglovebox under Ar. Ti(dmag)and [Cu(dmae)Cl)]were prepared
on the development of heterobimetallic complexes of Cu with by literature procedure8:All other reagents were purchased from
Ti and Zn, but none of the investigated complexes were usedF!uka Chemicals. Melting points were recorded on a Mitamura
for the deposition of mixed-metal oxides. Typical exam- Riken Kogyo (MT-D) apparatus and are uncorrected. Elemental
analyses were performed using a LECO model CHNS-932 CHN
ples, among many others, are [Zn(NHs)l;(Me,Ea)],'®
[[CUZNBPFP(-OH)](CIO)],° [[Cu(enkZnXa]-(Solv)]2° analyzer. Fast atom bombardment mass spectrometry (FABMS)

- . 21 . L~ spectra were recorded using a JMS-HX-1100 mass spectrometer
[[(CuimZnLap)(CuimZnLy)](ClO4)3],4 [(MesSi);CZnClCu from JEOL, Japan. Fourier transform IR (FT-IR) spectra were

(OCH(R)CHNMe,),],** [C;IlCu[Tiz(OPr")g],.B [(CsHs)Ti- recorded as KBr disks with a Spectrum-1000 from Perkin-Elmer.
[SCH,CHP(CsHs)2Cu]BF4],* and [[(GHs)Ti(u-SCHCHs)- Magnetic measurements were made using a commercial model
CuL]PR].?® BHV-50 vibrating sample magnetometer, Perkin Denshi Co. (Ltd.),

We were attracted by this idea and selected the Cu/Ti andJapan.

Cu/Zn mixed-metal oxide system as a focus of our studies. Controlled thermal analyses (TGA) of the complexes were
This led us to investigate the possibility of developing soluble investigated using a Perkin-Elmer TGA-7 thermogravimetric ana-
and volatile metalloorganic SSPs for the preparation of lyzer with a computer interface. The measurements were carried
mixed-metal oxide systems. Following our previous work ©utin an alumina crucible under an atmosphere of flowingas
directed toward the design of heterobimetallic complexes for (25 mL/min) at a heating rate of I&/min. _ _
mixed-metal oxide systems, we took advantage of aminoal- _Scanning electron microscopy (SEM) was carried out using a
cohol ligands such as\(N-dimethylamino)ethanol (dmaeH) JEOL JSM-5910 scanning electron microscope with a Be window.
that can coordinate in several ways and often allow the Metallic elemental ratios were recorded on an Inca-200 EDX

f - f soluble hiah leari 26528 Th analyzer from Oxford Instruments, U.K. X-ray diffraction (XRD)
ormation of soluble high-nuclearity spectes: e reac- peak patterns of the thin films were collected using a PANanalytical,

tion of Ti(dmae) with copper(lll) acetate dihydrate, Cu- ypert PRO diffractometer with Cu & radiation.
(OOCHy)2r2H,0, gave crystalline ['E(dma.te;(y-OH)(u-_ Single-crystal XRD data of complexdsand 2 were collected
0)sCUs(OAC)'H20-1.5(GH7—CHg)] (1), while tetrameric  on a Bruker AXS SMART APEX CCD diffractometer at 100(2) K
(N,N-dimethylamino)ethanolatocopper(ll) chloride, [(dmae)- using monochromatic Mo & radiation with thew scan technique.
CuCl],, reacts under very mild conditions with zinc(ll)  The unit cells were determined usiSAINT+, and the data were
acetate dihydrate, Zn(OOG}3-2H,0, to give [Zr(OAC)10- corrected for absorption usiRADABSN SAINT+.31 The structures
(u-OH)sCus(dmae)Cly-2(CsH;—CHa)] (2). Both cage com- were solved by direct methods and refined by full-matrix least
plexes 1 and 2 are highly soluble under experimental Sduares against2 with all reflections usingSHELXTL®? Refine-

conditions of aerosol-assisted chemical vapor deposition angment of extinction coefficients was found to be insignificant. All
deposit homogeneous thin films of Cu/Ti and Cu/zn mixed- NoN-H atoms were refined anisotropically.

metal oxides with possible uses in industrial and other For complexesl ar_1d2, al hydroxyl H atoms were Iocate_d n
- L the difference density Fourier map and were refined with an
technological applications.

isotropic displacement parameter 1.2 times that of the adjacent O
atom. The O-H distances were restrained to be 0.82 A within a
standard deviation of 0.01. Water H atomslimvere also located

All manipulations were carried out under an inert atmosphere in the difference density Fourier map and were refined with an
of dry Ar using Schlenk tube and glovebox techniques. Solvents isotropic displacement parameter 1.5 times that of the adjacent O
were rigorously dried and distilled over sodium metal/benzophe- atom. The G-H distances were restrained to be 0.90 A within a
none. Zn(OAc)2H,0, Cu(OAc)-2H,0, Li metal, and Ti(OGHs)4 standard deviation of 0.02. All other H atoms were placed in
were purchased from Aldrich Chemicals and were stored in a calculated positions and were refined with an isotropic displacement
parameter 1.2 (EH and CH) or 1.5 (CH) times that of the

Experimental Section
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Table 1. Growth Conditions for the Deposition of Mixed-Metal Oxide
Thin Films from?2 and3

precursor concentration (toluene) 0.2 g/25 mL

carrier gas (M) flow rate (cn#/min) 25

sample injection (mL/min) 0.25

furnace temperature 30C for 1 and 460°C for 2
substrate glass

deposition time 100 min

both cases, the anisotropic displacement parameters refine in suc
a way that the components of the anisotropic displacement
parameters along several of the-{® and M—CI bonds are not
similar any more (i.e., the CheckCif/PLATON software, CheckCif/
PLATON, operated by the International Union of Crystallography,
http://journals.iucr.org/services/cif/checking/checkform.html, rec-
ognizes several level B and C “Hirschfeld test alert8"\No
“Hirschfeld test alerts” are observed when refining an occupancy
ratio as described above.

Two crystallographically independent sites with toluene solvate
are found in the unit cell o, one of which is located on an
inversion center. The aromatic ring of the latter was restrained to
resemble a regular hexagon (AFIX 66 command), the methyl C
atom was restrained to have the same distance fromdsGtatoms
within a standard deviation of 0.02, and all C atoms were restrained

Hamid et al.

105-175°C (12.33 wt % loss), 175329 °C (38.92 wt % loss),
329-460 °C (residue of 43.45%).

Deposition of Thin Films. Mixed-metal oxide thin films were
prepared on a glass substrate using an ultrasonic nebulizer to
generate an aerosol as described elsewiidree substrate, 1.5
4 cm glass slide, was positioned horizontally in a glass tube in a
furnace fitted with an aerosol-generating assembly.gils and
sample solution flow was manually controlled. Parameters for the
fgrowth of the thin film are listed in Table 1.

Results and Discussion

A large number of homoleptic copper, zinc, and titanium
alkoxides with simple aliphatic or aromatic alkoxide ligands
are known**36 The steric demand and coordinative flex-
ibility of the ligand system have a great influence on the
aggregation and volatility of the complexes. For example,
conventional copper alkoxides usually exist as associates
between two or more metal centers formed nialkoxide
bridges and are thus forming mostly insoluble and nonvolatile
species’ For some homometallic alkoxides, the solubility
has been improved by the use of chelating and/or sterically
crowded ligands, which because of their multidentate be-

to have the same anisotropic displacement parameter, which was,ayior and/or steric bulk are able to reduce the association

restrained to be isotropic within a standard deviation of 0.1.
Additional crystal data and experimental details are listed in
Table 2.

Synthesis of Ti(dmae)(u-OH)(u-O)sCus(OAC)g:H,O-1.5-
(CeHs—CHa3) (1). A total of 1.0 g (4.60 mmol) of Cu(OAg)2H,0
was added to a solution of 1.33 g (3.35 mmol) of Ti(dmae)15
mL of toluene at room temperature. After stirring for 2 h, the excess
of Cu(OAc)2H,0 was eliminated by filtration through a cannula,

of the metal alkoxides to produce soluble derivatives.
Metal acetate and metal alkoxides/aminoalkoxides are the
most used reactants for the synthesis of heterobimetallic
complexes because of their bridging or bridgitaelating
coordination properties. Metal alkoxides and carboxylates
generally react with one another by the elimination of an
ester as a volatile byprodu#but in the reactions observed

and the reaction mixture was evaporated to dryness under reducechere, it is more likely that the oligomeric oxo and hydroxo

pressure. The solid was redissolved in 5 mL of toluene to give

95% of the crystalline product after 5 days-at0 °C. Mp: 182

°C. Anal. Calcd for Gy sH102NeO32Ti4CUs: C, 33.11; H, 5.40; N,

4.41. Found: C, 33.26; H, 5.10; N, 4.33. IR: 3421br, 2886w,

1598br, 1415br, 1387br, 1335s, 1253s, 1179w, 1085s, 1018w, 951w

895w, 785br, 669w, 612w, 371w, 319s, 284s émFABMS

(negative mode):m/z [M] ~ not found, 648 ([Cy(u-OH)(OAC)-

(dmae)] ), 551 ([TiCuy(u-O)s(OAC)s(dmae)), 459 ([ThLCux(u-

O),(OACc)(dmae)t), 369 ([TeCw(OAc)(dmae)t), 274 ([Cy(OAC)-

(dmae)t), 183 ([Ti(dmae)t), 151 ([Cu(dmae)]). TGA: 150—

300 °C single-step decomposition (residue of 39.65%).
Synthesis of Zr(OAC);10(-OH)sCus(dmae)Cl42(CsHs—CH3)

(2). A total of 2.32 g (10.63 mmol) of Zn(OAg)2H,O was added

to a solution of 1.0 g (5.31 mmol) of [Cu(dmae)&ih 10 mL of

toluene at room temperature. After stirring for 2 h, unreacted Zn-

(OAC),*2H,0 was eliminated by filtration through a cannula, and

the reaction mixture was evaporated to dryness under reduced

pressure. The solid was redissolved in 5 mL of toluene to give
85% of the crystalline product after 3 days-at0 °C. Mp: 152

°C. Anal. Calcd for GgHgoN4O3oClaZn;Cus: C, 27.95; H, 4.31; N,
2.60. Found: C, 27.12; H, 4.10; N, 2.60. IR: 3396br, 2965w,
2923w, 1580br, 1424br, 1342w, 1261m, 952m, 896m, 801s, 673s,
617m, 463w, 321m, 284s, 270m ch FABMS (positive mode):
m/z[M] *, not found, 864 ([Zs(OAC)s(u-OH),Cu(dmae)Cl;] ), 555
([Zn4(OACc)s] ™), 553 ([Cu(dmae)Cl]), 462 ([Cy(dmae)Cly]™),

373 ([Cuy(dmae)Cl;] ™), 372 (369) ([ZR(OACc)] ™), 338 ([Cu(dmae)-
ClI™), 274.99 (277) ([Cu(dmag}l]™), 242 (241) ([Zn(OAc)™),
186.99 (185) ([Cu(dmae)Ci), 151.5 (149) ([Cu(dmae)). TGA:

(33) Hirschfeld, F. L. Acta Crystallogr 1976 A32, 239-244.
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complexes were formed through hydrolysis by water from
the hydrated starting materials in combination with the loss
of acetate and dmae ligands. However, such reactions can
occur under very mild conditions (room temperature and
‘nonpolar solvents), and thus the complexes can be synthe-
sized by simple mixing of the starting materials in an
appropriate solvent. The reactions between divalent metal
acetates of copper and zinc with Ti(dmaahd [Cu(dmae)-

Cl]4 illustrate these features. These reactions proceed smoothly
and quantitatively in hydrocarbon solvents over a period of
1 or 2 h with progressive dissolution of the acetate. The
excess metal acetate is easily removed by filtration, and the
complexes can be crystallized out almost quantitatively from
the filtrate. Thus,1 was isolated by reacting appropriate
amounts of copper(ll) acetate dihydrate with Ti(dmaa)

dry toluene at room temperature according to chemical
equation 1. Similarly,2 was prepared by the reaction of

(34) (a) Goel, S. C.; Chiang, M. Y.; Buhro, W. Eiorg. Chem 199Q 29,
4646-4652. (b) Goel, S. C.; Kramer, K. S.; Chiang, M. Y.; Buhro,
W. E. Polyhedron199Q 9, 611-613.

(35) (a) Purdy, A. P.; George, C. Polyhedron1994 13, 709-712. (b)
Purdy, A. P.; George, C. F.; Callahan, J.IHorg. Chem.1991, 30,
2812-2819.

(36) (a) Lei, X.; Shang, M.; Fehlner, T. Brganometallics.997, 16, 5289
5301. (b) Lei, X.; Shang, M.; Fehlner, T. Prganometallics1996
15, 3779-3781.

(37) Bradley, D. C.; Mehrotra, R. C.; Gaur, D.Netal AlkoxidesAcadenic
Press: London, 1987.

(38) Boulmaaz, S.; Papiernik, R.; Hubert-Plazgraf, L. G.; Septe, B.;
Vaissermann, 1. Mater. Chem1997, 7 (10), 2053-2061.



Heterobimetallic Molecular Cages

Table 2. Crystal Data and Structure Refinement for Compouhdsd 2

empirical formula
moiety formula
formula weight
solvent
cryst habit, color
T (K)
cryst syst
space group
unit cell dimensions
a(A)
b (A)
c(®)
o (deg)
f (deg)
v (deg)
V (A3
z

density (calcd)

abs coeff

F(000)

cryst size (mr)

6 range for data collection (deg)
index ranges

reflns collected

indep reflns

abs correction

max and min transmission
data/restraints/param

GOF onF?

final Rindices | > 20(1)]
Rindices (all data)

largest diff peak and hole (e &)

tetrameric ,N-dimethylamino)ethanolatocopper(ll) chloride

Go.H10:CuUsN6O32Ti4 CsoHg2ClaCus 9N4030ZN7.06
GoHggCusNeO31TigC7Hg 0.5CHg H20 Ca6H76ClaC s 94N 4030ZN7.06 2C7Hg
1902.24 2146.67
toluene toluene
block, blue block, blue
90(2) 100(2)
triclinic monoclinic
P1 P2i/n
12.3480(16) 15.2973(8)
13.8837(18) 17.8935(9)
24.831(3) 15.3980(8)
74.618(2)
84.485(2) 113.7280(10)
72.854(2)
3921.3(9) 3858.5(3)
2 2
1.611 1.844
2.058 3.732
1954 2156
0.45x 0.40x 0.20 0.60x 0.50x 0.41
1.586.37 1.84-28.28
—-15=<h=<15 —20=<h=<20
—-17<k=<17 —23<k=23
—-31=<1=<31 -20=<1=<20
33679 39 225
15985 9587
multiscan multiscan
0.663 and 0.440 0.217 and 0.129
15 985/10/921 9587/3/471
1.223 1.051

R1=0.0660, wR2= 0.1564
R* 0.0768, wR2= 0.1609
+1.415 and-1.039

R1= 0.0250, wR2= 0.0632
R1=0.0277, wR2= 0.0645
+0.922 and-0.442

Molecular Structure of 1. Complex1 is paramagnetic

with zinc(ll) acetate dihydrate in dry toluene according to and crystallizes in the triclinic space groBf. Two different

chemical equation 2. Both complexgésnd2 were charac-

4Ti(dmae) + 6Cu(OAc)-2H,0 m%@: Ti,(dmae)(u-OH)
(4-0)sCus(OAC)yH,0-1.5(GHs—CH,) + 3HOAC +
4H,0 + 10(dmaeH) (1)

7Zn(0AC),2H,0 + 7/ [Cu(dmae)Cl] > Zn,(OAC);,

(u-OH)sCus(dmae)Cl,-2(CsH;—CH,) + 4HOAC +
8H,0 + dmaeH+ HCI (2)

terized by melting point, elemental analysis, FT-IR, FABMS,
and single-crystal XRD. In the IR spectra, the band at 3421
cm! due to the water molecule in compléxis at higher
frequency than the ©H absorption band of compleX at
3396 cn1t. The differenceA = v,{CO,) — v(CO;) suggests

a chelating or bridgingchelating behavior for the acetate
ligands® In the FABMS spectra, both complexésand 2

do not show molecular ion peaks. The adamantane-like cage

Tis(u-O)s of complex 1 breaks down under experimental
conditions and gives multiple fragments of differemtz
ratios, with the heaviest fragment observed beings(@&u
OH)(OAc)(dmae)] —, while in case of compleg, the largest
mass fragment was [4(OAc)s(u-OH),Cu(dmae)Cl,] ~, thus
indicating the instability of the complexes under the experi-
mental conditions used.

(39) Deacon, G. B.; Phillips, R. Coord. Chem. Re 198Q 33, 227—250.

types of solvate toluene molecules are found in the unit cell,
one of which is disordered around a center of inversion. The
molecules themselves are located on general positions. Each
molecule is hydrogen bonded via two water molecules to
another molecule of to form dimers of the typd---(H—
O—H),:--1 arranged around the center of inversion at the
origin of the unit cell. A simplified depiction of the structure
of 1 is shown in Figure 1, and selected bond distances and
angles are given in Tables 3 and 4. The complex is made up
of six partially connected Cu units arranged around a central
adamantane-like cage of 4{i-O)s. In the complex, six Cu
and four Ti centers are linked together by O atoms, which
are doubly/triply bridging between the metal atoms. Three
of the Cu units are connected to the,(fitO)s unit solely

via titanium atom Til; the other three are arranged as a rim
around the T{u-O); base of the adamantane cage. This
effectively splits the molecule into two units only connected
via one octahedral TiQunit: a top unit of TiCus(u-OH)-
(OAc);(dmae)H,O and a bottom unit of T{u-O)sCus-
(OAc)s(dmae) (see Figures 1 and 2 in the Supporting
Information).

The bottom Ti(u-O)sCus(OAC)s(dmae) moiety of the
complex is close to having noncrystallographic 3-fold
symmetry with only minor deviations mainly caused by one
of the solvate water molecules being hydrogen bonded to
the O atom of an acetate group. The-&n bond of this O
atom [Cu6-017 = 2.238(4) A] is only slightly weakened
when compared to the other EMacetarcbonds [1.962(4) and
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Figure 1. ORTEP drawing showing the molecular structurd.of hermal

Hamid et al.

Table 4. Selected Bond Angles (deg) far

Cul-08-Til 114.2(2) 030-Ti2-029  92.68(18)
Cu3-09-Til 108.9(2) 013 Ti3—031  96.30(18)
Cu2-010-Til  111.91(19) O13Ti3—030  93.26(18)
Til—010-Cu3  93.54(16) 031Ti3—030  92.14(18)
Ti4—011-Til 134.8(2) O7-Cul-N1 172.3(2)
Ti2—012-Til 134.8(2) 03-Cu2-07 97.12(19)
Ti3—013-Til 135.7(2) 016-Cu2-07 85.91(18)
Cu4-020-Ti2  94.71(17) 03-Cu2-N3 92.4(2)
Cu6-021-Ti3  95.68(17) 016-Cu2-N3 85.2(2)
Ti4—029-Ti2 134.4(2) O7Cu2-N3 170.0(2)
Ti4—029-Cud  120.9(2) 0%+Cu3-07 95.36(18)
Ti2—029-Cu4  101.30(19)  O9Cu3-O7 86.76(17)
Ti2—030-Ti3 134.3(2) O1-Cu3-N2 92.1(2)
Ti2—030-Cu6  122.0(2) 07Cu3-N2 169.6(2)
Ti3—030-Cu6  100.75(18)  029Cu4-020  80.59(17)
Ti3—031-Cu5  121.9(2) 024Cu4-020  165.30(18)
Ti3—031-Ti4 134.3(2) 029-Cud—N4 158.5(2)
Cu5-031-Ti4  100.50(19)  O3+Cu5-028  95.47(18)
012-Til—013  95.64(18) 031Cu5-022  79.48(17)
012-Til—011  94.95(18) 03%Cu5-N6 160.49(19)
013-Til—011  94.60(18) 030Cu6-026  96.79(18)
012-Ti2—030  95.75(18) 030Cu6-021  80.38(17)
012-Ti2—029  94.05(18) 038Cu6-N5 159.8(2)

literature values for similar compouné&?'the latter are alll
larger than 3.47 A and above the threshold for a Ti

ellipsoids are at the 50% probability level. Dashed lines resemble weak bonding interaction.

interactions and metalmetal interactions. Dotted lines indicate hydrogen-
bonding interactions. The toluene solvate molecules as well as all-bht O
hydrogen atoms are omitted for clarity.

Table 3. Selected Bond Distances (A) far

N1-Cul 2.042(5) 03%Cu5 1.914(4)
N2—Cu3 2.053(6) 016Cu3 2.370(4)
N3—Cu2 2.035(5) 09-Cu3 1.950(4)
N4—Cu4 2.016(5) 016Cu2 1.950(4)
N5—Cu6 2.028(5) 016Cu3 2.370(4)
N6—Cu5 2.020(5) 015Cu4 2.203(5)
031-Cu5 1.914(4) 08Til 2.075(4)
08-Cul 1.960(4) 013Til 1.862(4)
09-Cu3 1.950(4) 016Til 2.114(4)
010-Cu2 1.950(4) 014Til 1.871(4)
010-Cu3 2.370(4) 012Til 1.849(4)
015-Cu4 2.203(5) 09Til 2.069(4)
017-Cu6 2.238(4) 012Ti2 1.813(4)
019-Cu5 2.194(4) 016Ti2 2.048(5)
020-Cu4 1.974(4) 036Ti2 1.851(4)
021-Cu6 1.963(4) 025Ti2 2.137(4)
022-Cus 1.984(4) 029Ti2 1.906(4)
024-Cu4 1.966(4) 013Ti3 1.793(4)
026-Cu6 1.962(4) 018Ti3 2.035(4)
028-Cus 1.969(4) 024Ti3 2.028(4)
029-Cu4 1.921(4) 027Ti3 2.165(4)
030-Cu6 1.922(4) 036Ti3 1.919(4)
01-Cu3 1.930(4) 014Ti4 1.788(4)
03-Cu2 1.941(5) 014Ti4 2.044(4)
04—Cul 2.412(5) 022Ti4 2.028(4)
05-Cul 1.935(5) 023Ti4 2.163(4)
07-Cul 1.963(4) 014Ti4 1.788(4)

2.203(5) A for Cu6-026 and Cu4 015, respectively], and
the general 3-fold symmetry is mainly retained (see Figure
1 in the Supporting Information). The core of this subunit is
built by the adamantane-like flic-O)s cage, surrounded by
chelating and bridging acetate and dmae ligands. The Ti
Ti distances from Til to each of the other Ti atoms are
significantly shorter than the FiTi distances within the
“cyclohexane-like” Ti(u-O); base. The former values [3.378-
(15), 3.381(15), and 3.386(15) A] are consistent with
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The top TiCus(u-OH)(OAc)(dmae)-H,O moiety has no
noncrystallographic symmetry. The unit can be seen as a
TiCuz0, cube, with three CaO bonds being significantly
elongated or broken [Ct109 = 2.560 A, Cu2-08=2.535
A, and Cu3-010= 2.370 A]. This results in all three Cu
atoms having a square-planar coordination environment with
four tightly bonded ligands (each with three O donors and
one N donor), augmented by two additional weakly or
nonbonded axial O ligands. All Cu atoms are tightly bonded
to theu-hydroxyl anion at the very top of the molecule, to
one acetate ligand each, one dmae O atom, and one dmae N
atom, but the number of Cu atoms connected to specific dmae
and acetate O atoms varies. One dmae O atom bridges the
Ti atom to two Cu atoms; the other two are bridging Til to
only one Cu atom each. One of the acetate moieties is a
chelating ligand bridging Cul and Cu2; the other two acetate
groups are bonded only to one Cu atom, a coordination mode
not observed very often but previously described for other
mixed-metal complexes with aminoalcohol and acetate
ligands if the uncoordinated acetate O atom is stabilized by
hydrogen bonding? In compoundl, one of the uncoordi-
nated acetate O atoms is hydrogen-bonded to the water
molecule; the other is weakly hydrogen-bonded to the
u-hydroxyl anion at the very top of the complex.

Molecular Structure of 2. The structure of is shown in
Figure 2, and selected bond distances and angles are given
in Table 5. The complex is paramagnetic and crystallizes in
the monoclinic space groug?2,/n with two molecules of the
complex as well as four solvate toluene molecules per unit
cell. Each of the complex molecules is located on a

(40) Babcock, L. M.; Day, V. W.; Klemperee, W. G. Chem. Soc., Chem.
Commun.1987, 858—-859.

(41) BjiSrgvinsson, M.; Halldorsson, S.; Arnason, |. R.; Magull, J.; Fenske,
D. J. Organomet Chem 1997, 544, 207—-215.

(42) Werndrup, P.; Gohil, S.; Kessler, V. G.; Kritikos, M.; Hubert-Pfaltzgraf,
L. G. Polyhedron2001, 20, 2163-2169.
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Table 5. Selected Bond Distances (A) and Angles (deg)Zor

bond distance (A) bond angles (deg)

Cl1-Zn1 2.2418(5) 014Cul—-08 93.37(6)

Cl2—Zn4 2.1962(5) 014Cul-010 92.29(5)
Cul-014 1.9260(13) 014Cul-N2 174.55(7)

Cul-010 1.9609(13) 016Cul-N2 86.17(6)

Cul—N2 2.0148(17) 012Cu2-014 85.04(6)

Cu2-012 1.9110(14) 0O12Cu2-N1 86.25(6)
Cu2-014 1.9725(13) 014Cu2-N1 164.66(7)

Cu2-N1 2.0156(17) 012Cu3-015 86.68(6)
Cu3-012 1.9984(14) 012Cu3-013 166.28(5)

Cu3-015 2.0237(13) 015Cu3-013 87.07(5)

Cu3-013 2.1154(13) 012Cu3-011 96.96(5)

Cu3-011 2.2161(14) 015Cu3-011 81.13(5)

Cu3-014 2.2324(13) 013Cu3-011 94.12(5)

Zn1-015 1.9737(13) 012Cu3-014 76.47(5)

Zn2—015 1.9689(13) 015Cu3-014 94.53(5)

Zn2-011 2.3216(14) 0O13Cu3-014 91.88(5)
Zn4—013 1.9518(13) 011Cu3-014 172.40(5)

Zn4—010 2.0077(13) 015Zn2—-011 79.65(5)

) ) ) Cu3-zn3#1 3.0654(4) 015Zn2—-011 79.65(5)
Figure 2. ORTEP drawing showing the molecular structur@oThermal Zn1-7n2 3.0421(4) 013Zn4—010 101.79(5)

ellipsoids are at the 30% level. Atoms labeled as Zn3 and &m®Soccupied 09—-7n4—010 95.93(6)
either by Zn or by Cu with a refined ratio of 0.47(4):0.53(4). Symmetry 010-Zn4—CI2 110.83(4)

operation: #1-x, —y, —z+ 1. The toluene solvent molecules as well as 015-Zn2—011 79.65(5)
all but the hydroxyl H atoms are omitted for clarity. Dotted lines indicate 09—7Zn4—CI2 112.88(4)
hydrogen bonds. Dashed lines indicate close- @l contacts. 010-Zn4—CI2 110.83(4)
04-znl1-Cl1 120.45(5)
crystallographic inversion center; the toluene molecules are 015-Zn1—Ci1 114.91(4)
; L . 06-Zn1-Cl1 106.12(5)
located in general positions. The structure can be described 013-7Zn4—CI2 122.41(4)

as being made up of two asymmetric units related by a
crystallographic inversion center located in the middle of ~ Singly based on the diffraction data, it is not possible to
the molecule. The two asymmetric units are covalently decide if the distribution of Zn and Cu of this site is random,
connected via each two doubly bridgipghydroxyl groups i.e., some of the molecules would have two each of Cu or
and two chelatingbridging acetate ligands. In the asym- Zn atoms, or if it is systematic, i.e., every molecule has
metric part of the molecule, three Zn atoms, two Cu atoms, €xactly one Cu and one Zn atom at each of the two positions.
and one disordered metal site with mixed Zn and Cu Also ionic radii for Cd (0.88) and Z# (0.87) in an
occupation are linked by bridging O dmae groups, chelating Octahedral environment are very simifarin favor of an
bridging O atoms of acetate ligands, and doubly bridging ordered 1:1 ratio for each molecule is the close proximity
u-hydroxyl anions. All of the three types of ligands span a of the two crystallographically dependent sites of Zn3/Cu3.
range of different coordination modes. The acetate ligands They are located close to the center of inversion, and the
either are chelating two metals, are chelatibgidging three ~ two metal atoms are connected both via two bridging
metal atoms, or are covalently bonded to a Zn atom and hydroxyl groups (013 and Ol3and via a direct meta
hydrogen-bonded to twe-hydroxyl groups, an unusual but metal contact of 3.0654(4) A. Thus, a direct communication
not unheard of coordination mode for acetate ligands, as wasPetween the two sites can be assumed, which might lead to
already discussed for compourd The dmae groups are @n ordered 1:1 ratio for each single molecule. A similar
chelating-bridging two metals, and one O atom is further disorder of a metal site was previously reported by Hubert-
hydrogen-bonded to one of thehydroxyl anions. Pfaltzgraf and co-workers for the compound [Ni¢b
Both of the Cu atoms have a distorted square-pyramidal Ct.792(us-OH)(u-OAC)(-OAC) (. 17*-ORN)(;7-RNOH)] [RMN-
geometry with a @\ donor set, and the environments of OH = (CHs)2N(CHz)(CHOH)(CHy)].* In this complex,
two of the three Zn atoms can be best described as a distortedvhich can be seen as a simpler but related mixed-metal

tetrahedron with a ZngZ! core, while the third Zn atom  analogue o, two metal sites were each occupied by 75%
has distorted trigonal-bipyramidal Zg@eometry. Cu and 25% Ni, which was justified by the coexistence of

The last site occupied by metal atoms2ris partially two mo!ecules With different.compo.sitlions with a metal ratio
occupied by Zn and partially by Cu, with an approximate of CuNi, and CuNi, respectively, similar to the one found
occupancy ratio of 1:1 (Zn3/Cu3). The overall geometry for complex2. For complex2, the single-crystal XRD results
around Zn3/Cu3 is a distorted octahedron of six O atoms. Were further supported by the atomic absorption spectro-
The Zn3/Cu3-O bond distances are larger than those for SCOPiC analysis, giving a Zn/Cu metal ratio of 1.4:1, which
the tetrahedral Znl and Zn2 centers but are in good is in good agreement with the refined value found by single-

agreement with those observed for octahedral [Zn(acac) crystal XRD. N _ o
(dmaeH)]*3 Thermal Decomposition Studies and Characterization

of Thin Films. The thermal behavior (Figure 3) of complexes

(43) Mazhar, H.; Zeller, M.; Mazhar, M.; Hunter, A. D.; Asif, Acta
Crystallogr. 2005 E61, m1539-m1541.

(44) Shannon, R. DActa Crystallogr 1976 A32 751.
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Figure 3. TGA plot showing loss in weight with an increase in the

temperature (a) for complekand (b) for comples2. Figure 5. SEM micrograph of an oxide film deposited from compat

460°C.

film deposited from compleg shows film morphology with
small crystallites evenly distributed with no preferred
orientation and grains having a variable shape without
well-defined boundaries. The SEM image (Figure 5) of an
oxide thin film deposited from compleR shows compact
and smooth film morphology with homogenously dis-
persed particles and grains that are well-defined with clear
boundaries.
The energy-dispersive X-ray (EDX) analysis indicates that

the metallic ratio of Cu/Ti in complex is close to 1.5:1
while that of Cu/Zn in complex is found to be 1:1.4. The
EDX analyses also prove the clean decomposition of the
complexes without incorporation of impurities from either
the organic part of the complexes or the carrier gas and the
formation of a pure ceramic oxide.

Figure 4. SEM micrograph of an oxide film deposited from compleat The X-ray diffractograms of the films obtained from

300°C. complexesl and 2 (see Figures 3 and 4 in the Supporting
Information) indicate the formation of distinct oxide mixtures

1 and 2 has been examined by TGA, performed under an according to egs 3 and 4.

inert atmosphere of flowing Ngas (25 mL/min) and a

heating rate of 10C/min. The TGA pattern of compourid ~ Tis(dmaey(u-OH)(u-O)sCu(OAC)s-H,0-

shows a single weight loss step starting at about %50 (CHo) 300°C, 2CuTiO, + 2TiO, (3)
with a maximum weight loss at 18@. The decomposition e N 2
ends at about 300C, leaving a residue of 39.65% of the 460°C

Zn,(OAc), (u-OH)sCus(dmae)Cl, 7ZnO+ 5CuO( )
4

initial mass, slightly less than 40.12% calculated for complete
conversion to a C4Ti4,01, composite. The TGA curve of
complex2 shows three stages of weight loss. The first step  In the case of complek, the XRD peak pattern indicates
begins at 105C and is completed at 175C. The second  the presence of GliO4*°and TiG* in a ratio of 0.77:0.23.
one starts at 178C and is completed at 32%C, which is Copper titanium oxide (GITiO.s) and anatase have the
directly followed by the last stage ranging from 320 to hexagonal and tetragonal space gro®sS8/mmcand 14,/
about 460°C, resulting in a residue amounting to 43.45% amd respectively. It has been reported that dielectric
of the initial weight. The residual weight (43.45%) is less propertie4” and the quality factd? of titanium(lV) oxide
than but close to the expected composition fosZPrO1> based ceramics deteriorate because of the reductiorfof Ti
(45.0%), the presence of which was further supported by to Ti* during solid-state synthesis. Hence, comdewhich
the XRD analysis of the residue (see below).
The films exhibit a good adhesion to the substrate, as (45) ((g)) f;}’/gs%ci”w}gm;foL‘i‘;gﬁ”chf‘tgg{f’e,\;”f %ar:gnrq‘f’ggsf 8;;5;%;11995-
verified by the scotch tape test, and are stable toward air 16
and moisture. They reflect light in multishaded colors (46) ICDD powder diffraction database file card number 01-071-1167.
depending upon the particle size and thickness of the (47) Nomura, 5. Toyama, K. Kaneta, Hpn. J. Appl. Phys1983 22
deposited film. The SEM image (Figure 4) of an oxide thin (48) Popov, S. G.; Levitskii, V. AJ. Solid State Chen1.981, 38, 1-9.
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decomposes at a temperature as low as €)Q0may prove organic solvents, are stable under standard conditions, and
to offer a facile synthetic route to copper titanium oxides are reasonably volatile. The thermal decomposition studies
with Ti in oxidation state IV. of 1 showed that the general idea of combining a Cu
In the case of compleg, the oxide phases detected are precursor moiety with Ti moieties in a single molecule results
ZnO* and CuC® The major crystalline oxide phase is in a copper titanium oxide in a single step at 300.
hexagonal ZnO in the space gro@t3mc and CuO is Similarly, complex2 decomposes to give a Cu/Zn mixed-
found in the form ofsyntenorite in the monoclinic space metal oxide material in single-step decomposition at 480
group C2/c. Further studies of this and related systems can now open
new approaches to the synthesis of nanoparticles with
controlled geometries, which, in turn, might find use in
The present investigations are focused on the easyadvanced technological and industrial applications.
preparation of single-source heterobimetallic complexes Acknowledgment. M.H., A.A.T., and M.M. acknowledge
having a high solubility and stability and that can be easily e “Higher Education Commission and Pakistan Science
decomposed to @ homogeneous mixed-metal oxide compositg-qyndation Islamabad, Pakistan” for financial support
in a single step. The heterobimetallic complet@nd2are  hrough the “Merit Scholarship Scheme for PhD Studies
synthesized by simple and routine chemical reactions of Ti- i, science & Technology (200 Scholarships)” and Project
(dmae) with Cu(OACk-2H,0 for 1 and [Cu(dmae)Cljwith N pSF/R&DIC-QUICHEM.(218). The Smart Apex dif-
Zn(OAC)-2H,0 for 2, both under very mild conditions in  gractometer was funded by NSF Grant 0087210, by Ohio

toluene as the solvent. Structural and spectroscopic studiesggarq of Regents Grant CAP-491, and by Youngstown State
confirmed the identity of the compounds, which are highly University.

soluble in

Conclusion

Supporting Information Available: X-ray crystallographic files

(49) (a) ICDD powder diffraction database file card number 01-076-0704. in CIF format, ORTEP drawings df, and X-ray diffractograms of
(b) Schulz, H.; Thiemann, K. Hsolid State Commui979 32, 783 1 and2. This material is available free of charge via the Internet at
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