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Yttrium β-Diketonate Glyme MOCVD Precursors: Effects of the Polyether
Length on Stabilities, Mass Transport Properties and Coordination Spheres
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The glyme adducts of trishexafluoroacetylacetonato yttrium,
[Y(hfa)3·monoglyme], [Y(hfa)3·diglyme], [Y(hfa)3·(H2O)2·tri-
glyme] and [Y(hfa)2·tetraglyme]+[Y(hfa)4]− {CH3(OCH2CH2)n-
OCH3, n = 1 monoglyme, 2 diglyme, 3 triglyme and 4
tetraglyme}, were synthesized and characterized by ele-
mental analysis, mass spectrometry, and IR, 1H and 13C NMR
spectroscopy. Additionally, [Y(hfa)3·monoglyme] and
[Y(hfa)3·diglyme] were characterized by single-crystal X-ray
diffraction studies. The mass-transport properties of these
adducts were investigated by thermogravimetric analysis,
differential scanning calorimetry, evaporation-rate measure-

Introduction

New lanthanide β-diketonate adducts with poly-
ethers[1�13] have recently attracted particular attention be-
cause they have better properties than their parent β-dike-
tonate precursors for MOCVD, in terms of thermal stability
and volatility.

Although yttrium is not a 4f element, its chemistry re-
sembles that of lanthanides and, in particular, similarities
are observed either with neodymium and samarium or with
holmium and erbium ions, depending on whether the nat-
ure of the bonds is predominantly covalent or ionic.[14]

Yttrium ions are present in a wide variety of materials,
ranging from yttria (Y2O3) and yttria-stabilized zirconia
(YSZ), to optoelectronic materials such as yttrium alu-
minium or indium garnet (YGA and YIG respectively), or
from yttrium aluminate (YAlO3) to the superconducting
metal oxide YBa2Cu3O7�δ (YBCO). The synthesis of these
materials in the form of thin films, using a friendly and low-
cost technique, represents a great challenge. In this context,
the Metal-Organic Chemical Vapour Deposition
(MOCVD) technique offers a softer approach for all these
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ments and chemical vapour-deposition experiments. There is
evidence of high volatility and very good thermal stabilities
with a residue lower than 2−4 %. Vaporization-rate experi-
ments proved that all adducts are well-suited for metal-or-
ganic chemical vapour-deposition experiments. The
[Y(hfa)3·monoglyme] complex was successfully applied in
the low-pressure MOCVD process of YBaCuO HTc su-
perconductor using a multimetal molten single source.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

applications, with lower processing temperatures and
greater throwing power (versatility and adaptability) than
other alternative methodologies.[15]

To date, the conventional yttrium precursors, such as
Y(tmhd)3 (Htmhd � 2,2,6,6-tetramethyl-3,5-heptandione),
have had several drawbacks, most notably the high quantity
of residue left in commercial evaporators/bubblers and their
poor stability in the atmosphere.[16,17]

In this scenario, novel monomeric, thermally stable, vol-
atile and water-free yttrium complexes are of strategic rel-
evance due to the lack of MOCVD precursors with suitable
mass-transport properties. This consideration prompted in-
vestigations on new, suitable, highly chelated molecular
architectures that inhibit oligomerization and water-coordi-
nation processes and improve the thermal stability, vola-
tility and mass-transport properties.

It has been already demonstrated that the combined use
of fluorinated β-diketonates and of ancillary-coordinated
polyethers provides monomeric, volatile and thermally
stable precursors of a large variety of metal ions including
rare-earth metals.[1�7,12,13,18] The same strategy was
adopted for the yttrium ion, and the tailoring of the molec-
ular architecture of the ligand framework yielded novel,
very promising second-generation yttrium precursors.[19,20]

However, there is no information on the thermal and mass-
transport properties of all these adducts.

In this paper we report the synthesis and transport
properties of the four yttrium adducts [Y(hfa)3·L] [where
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Hhfa � 1,1,1,5,5,5-hexafluoroacetylacetone, L � CH3O-
(CH2CH2O)nCH3 with n � 1 monoglyme (1,2-dimethoxy-
ethane), 2 diglyme [bis(2-methoxyethyl)ether), [Y(hfa)3·
(H2O)2·triglyme] [triglyme � (2,5,8,11-tetraoxadodecane)],
and [Y(hfa)2·tetraglyme]�[Y(hfa)4]�, [tetraglyme �
(2,5,8,11,14-pentaoxatetradecane)]. The X-ray single crystal
structure of [Y(hfa)3·monoglyme] is reported and the cur-
rent X-ray data of [Y(hfa)3·diglyme] are compared with
those previously reported. Thermal stabilities and volatilit-
ies of all the adducts were evaluated and compared with
those of the first-generation yttrium precursors. The use of
[Y(hfa)3·monoglyme] in the deposition of YBCO thin films
was also addressed in detail, and, finally, the effects of the
polyether length on the coordination/structure, thermal sta-
bility, volatility and coordination sphere of the Y(hfa)3 moi-
ety are discussed.

The aim of the present study is, therefore, the functional
validation of these ‘‘second-generation’’ yttrium precursors,
in the perspective of MOCVD applications, also in terms
of a multimetal molten single source.

Results

Synthesis

The adducts of Y(hfa)3 with four different glymes were
prepared through one-pot reactions from yttrium hydrox-
ide, hexafluoroacetylacetone and polyether in hexane [see
Equation (1)]:

(1)

A slight excess of yttrium hydroxide favours the isolation
of the product, since the insoluble excess of Y(OH)3·nH2O
can be easily filtered off. The present syntheses can be ef-
ficiently carried out in hexane with good yields thus avoid-
ing the use of carcinogenic benzene or toluene, as in the
alternative syntheses already reported.[19,20]

The adducts synthesised are very soluble in common or-
ganic solvents such as ethanol, chloroform, acetone, pen-
tane, and toluene, and slightly soluble in cyclohexane. Ad-
ducts 1�3 have low melting points and evaporate quantitat-
ively at low temperature under vacuum. They are nonhygro-
scopic and can be handled in air.

X-ray Single Crystal Structures of [Y(hfa)3·monoglyme] and
[Y(hfa)3·diglyme]

The ORTEP drawing of the asymmetric unit
[Y(hfa)3·monoglyme] is shown in Figure 1. Selected bond
lengths and angles are reported in Table 1. The crystal
structure consists of monomeric units of molecules where
an yttrium ion is in an eight coordination sphere formed by
the six oxygen atoms of three hfa ligands and by two oxygen
atoms of the monoglyme ligand. The coordination poly-
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Figure 1. ORTEP drawing of the asymmetric unit of complex
[Y(hfa)3·monoglyme]; CF3 groups have been omitted for clarity;
probability of thermal ellipsoids is 50 %

hedron around the yttrium atom is highly distorted and far
from any idealized polyhedron. The average Y�O(hfa) dis-
tance is 2.34 Å, similar to the bond lengths observed in
other Y(hfa)3 derivatives.

The ORTEP drawing of the asymmetric unit
[Y(hfa)3·diglyme] is shown in Figure 2. Selected bond
lengths and angles are reported in Table 2. The crystal
structure consists of monomeric units of molecules where
an yttrium ion is in a nine coordination sphere formed by
the six oxygen atoms of three hfa ligands and by three oxy-
gen atoms of the diglyme ligand. The [Y(hfa)3·diglyme]
complex possesses an orthorhombic structure. It should be
noted that the structure of [Y(hfa)3·diglyme] has been pre-
viously published by Pollard et al,[19] but in a monoclinic
habit. The average Y�O(hfa) distance, observed in the cur-
rent, more symmetrical structure, is 2.361 Å, 0.015 Å longer
than the bond lengths observed in the monoclinic derivative
(2.346 Å). Analogously, the average lenght of the
Y�O(diglyme) bonds presently observed (2.510 Å) is 0.015
Å greater than that previously reported (2.495 Å).

It is interesting to compare the structures of these ad-
ducts with those of the analogous La,[1,4] Gd,[2] and Ho[20]

derivatives. The average Y�O lenghts observed are similar
to those reported for the Gd and Ho adducts. Moreover a
large difference (0.150 Å) is observed between the average
Y�O(diglyme) and the average Y�O(hfa) lenghts in the
[Y(hfa)3·diglyme], which is exactly the same as that ob-
served for the Gd derivative and much larger than that re-
ported (0.014 Å) for the La analogue. These data may be
interpreted by considering the ionic radius values of the
La3� (1.13 Å), Gd3� (1.02 Å), Y3� (0.93 Å), and Ho3�

(0.97 Å) ions.

NMR Spectra
1H and 13C NMR spectra (see Table 3) were recorded in

CDCl3 for adducts 1�3. In the case of adduct 4, the lower
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Table 1. Selected bond lengths [A] and angles [°] for
[Y(hfa)3·monoglyme]

Bonds

Y(1)�O(6) 2.322(12)
Y(1)�O(2) 2.325(11)
Y(1)�O(1) 2.344(10)
Y(1)�O(3) 2.346(10)
Y(1)�O(4) 2.353(10)
Y(1)�O(5) 2.365(12)
Y(1)�O(7) 2.456(12)
Y(1)�O(8) 2.476(11)

Angles

O(6)�Y(1)�O(2) 145.9(4)
O(6)�Y(1)�O(1) 79.7(4)
O(2)�Y(1)�O(1) 72.3(4)
O(6)�Y(1)�O(3) 119.1(4)
O(2)�Y(1)�O(3) 76.4(4)
O(1)�Y(1)�O(3) 142.3(4)
O(6)�Y(1)�O(4) 77.9(4)
O(2)�Y(1)�O(4) 77.9(4)
O(1)�Y(1)�O(4) 78.9(3)
O(3)�Y(1)�O(4) 74.3(3)
O(6)�Y(1)�O(5) 73.9(4)
O(2)�Y(1)�O(5) 139.1(3)
O(1)�Y(1)�O(5) 145.4(4)
O(3)�Y(1)�O(5) 71.7(4)
O(4)�Y(1)�O(5) 116.0(4)
O(6)�Y(1)�O(7) 78.2(4)
O(2)�Y(1)�O(7) 111.3(4)
O(1)�Y(1)�O(7) 74.2(4)
O(3)�Y(1)�O(7) 138.3(4)
O(4)�Y(1)�O(7) 146.7(3)
O(5)�Y(1)�O(7) 78.7(4)
O(6)�Y(1)�O(8) 136.4(5)
O(2)�Y(1)�O(8) 72.7(4)
O(1)�Y(1)�O(8) 108.9(4)
O(3)�Y(1)�O(8) 80.6(4)
O(4)�Y(1)�O(8) 145.1(4)
O(5)�Y(1)�O(8) 77.3(4)
O(7)�Y(1)�O(8) 64.4(4)

solubility in CDCl3 required (CD3)2CO and C6D6 for 1H
and 13C NMR spectroscopy, respectively. The 1H NMR
spectra always show a singlet around 6.0 ppm associated
with the alkene proton of the hfa ligand. Different reso-
nances are associated with the polyether framework and the
related values are reported in Table 3. The spectrum of 3
contains a resonance (δ � 3.94 ppm) associated with the
coordinated H2O. The intensities of pertinent resonances
point to a 3:2:1 (hfa:H2O:triglyme) ratio.

The evaluation of the relative intensities of hfa and tetra-
glyme resonances of adduct 4 points to a 6:1 (hfa:tetra-
glyme) ratio. This observation may be accounted for by
considering an ionic structure [Y(hfa)2·tetraglyme]�-
[Y(hfa)4]�, as previously proposed by Pollard et al.[19]

The 13C NMR (CDCl3) spectra can be assigned by com-
parison with the data of related lanthanum complexes.[1,3,4]

Details of associated resonances are reported in Table 3.
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Figure 2. ORTEP drawing of the crystal structure of
[Y(hfa)3·diglyme]; CF3 groups have been omitted for clarity; prob-
ability of thermal ellipsoids is 50 %

Mass Spectra

The FAB� spectra of the adducts 1�4 are reported in
Table 4. The spectra show fragment peaks due to fragmen-
tation of both the hfa and polyether ligands. In addition,
there is evidence of the characteristic fluorine-transfer pro-
cess, already observed in the spectra of the analogous alka-
line-earth[18,21] and lanthanide (La, Gd, Eu) adducts.[2,4,6]

The fluorine-transfer process preludes a fluoride phase for-
mation that could contaminate the deposited films, unless
appropriate conditions are used. No molecular ion peaks
or peaks at higher mass were observed for the adducts. The
major peak of all the adducts corresponds to the ion
[Y(hfa)2·L]�. At lower mass values, the more abundant
peaks correspond to the fragments [Y(hfa)·L � F]�, [Y·L
� 2F]�, [Y(hfa)2]�, [Y(hfa) � F]�.

Infrared Spectra

The IR spectra of the raw and sublimed adducts are
identical. The absence of any bands around 3300�3600
cm�1 in the spectrum of 1, 2 and 4 is indicative of H2O-
free species. In contrast, the broad bands at 3380 cm�1 and
3260 cm�1 in the spectrum of 3 are associated with coordi-
nated water (see below). In addition all the spectra show
the characteristic peaks at 1660 cm�1 and 1500�1550 cm�1

associated with C�O and C�C stretching, respectively. The
characteristic trend of peaks at 1255, 1210, 1140 and 1100
cm�1 arises from the overlap of the band due to C�F
stretching and those associated with C�O stretching. The
peaks between 800 and 1050 cm�1 may be considered
fingerprints of the glyme coordination to the yttrium hexa-
fluoroacetylacetonate moiety.

Mass-Transport Properties

The thermal characteristics of the raw adducts were stud-
ied by atmospheric-pressure thermogravimetric (TG) analy-



Yttrium β-Diketonate Glyme MOCVD Precursors FULL PAPER

Table 2. Selected bond lengths [A] and angles [°] for
[Y(hfa)3·diglyme]

Bonds

Y(1)�O(1) 2.334(7)
Y(1)�O(3) 2.335(6)
Y(1)�O(2) 2.347(8)
Y(1)�O(6) 2.352(8)
Y(1)�O(4) 2.384(7)
Y(1)�O(5) 2.415(8)
Y(1)�O(7) 2.477(6)
Y(1)�O(9) 2.487(7)
Y(1)�O(8) 2.522(7)

Angles

O(1)�Y(1)�O(3) 142.7(2)
O(1)�Y(1)�O(2) 73.6(2)
O(3)�Y(1)�O(2) 135.1(3)
O(1)�Y(1)�O(6) 99.7(2)
O(3)�Y(1)�O(6) 72.6(3)
O(2)�Y(1)�O(6) 140.6(3)
O(1)�Y(1)�O(4) 70.5(2)
O(3)�Y(1)�O(4) 72.6(2)
O(2)�Y(1)�O(4) 136.6(2)
O(6)�Y(1)�O(4) 70.1(2)
O(1)�Y(1)�O(5) 69.6(2)
O(3)�Y(1)�O(5) 134.0(2)
O(2)�Y(1)�O(5) 72.0(3)
O(6)�Y(1)�O(5) 69.3(3)
O(4)�Y(1)�O(5) 115.6(2)
O(1)�Y(1)�O(7) 139.3(2)
O(3)�Y(1)�O(7) 76.3(2)
O(2)�Y(1)�O(7) 82.0(2)
O(6)�Y(1)�O(7) 79.2(2)
O(4)�Y(1)�O(7) 141.4(2)
O(5)�Y(1)�O(7) 72.1(2)
O(1)�Y(1)�O(9) 76.1(2)
O(3)�Y(1)�O(9) 87.2(2)
O(2)�Y(1)�O(9) 76.9(2)
O(6)�Y(1)�O(9) 140.4(2)
O(4)�Y(1)�O(9) 71.6(2)
O(5)�Y(1)�O(9) 138.8(2)
O(7)�Y(1)�O(9) 129.4(2)
O(1)�Y(1)�O(8) 129.1(2)
O(3)�Y(1)�O(8) 67.5(2)
O(2)�Y(1)�O(8) 67.7(2)
O(6)�Y(1)�O(8) 131.3(2)
O(4)�Y(1)�O(8) 120.4(2)
O(5)�Y(1)�O(8) 124.0(2)
O(7)�Y(1)�O(8) 65.3(2)
O(9)�Y(1)�O(8) 64.1(2)

sis, differential scanning calorimetry (DSC) and atmos-
pheric pressure TG vaporization-rate experiments.[22] The
TG curves of 1�4 are reported in Figure 3. Single subli-
mation steps are observed for the monoglyme, diglyme and
tetraglyme adducts. The monoglyme adduct shows a 96 %
weight loss in the 79�220 °C range with a 4 % residue left
at 275 °C. Adducts 2 and 4 show a weight loss in the
90�260 °C (residue � 2 % to 300 °C) and 170�330 °C
(residue � 4 % to 400 °C) temperature ranges, respectively.
The triglyme adduct shows two distinct sublimation steps
corresponding to weight losses of 29 % in the temperature
range 80�230 °C and 60 % in the temperature range
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230�300 °C. The first step is probably due to the loss of
the triglyme and coordinated H2O molecules, whose corre-
sponding weight loss is about 22 %.

When TG atmospheric-pressure vaporization rates of ad-
ducts 1�4 are compared to the data of [Y(tmhd)3·H2O] in
Figure 4, it becomes evident that adducts 1 and 2 are more
volatile than the ‘‘first-generation’’ [Y(tmhd)3·H2O] precur-
sor, and in particular, vaporize approximately four and two
times faster than [Y(tmhd)3·H2O], respectively. Adduct 3
shows a nonlinear behaviour of the vaporization rate con-
firming that partial decomposition may occur during vapo-
rization. The low volatility of adduct 4 is probably due to
its ionic structure: [Y(hfa)2tetraglyme]� [Y(hfa)4]�.

The DSC data (see Figure 5) of these adducts show some
interesting features in addition to the melting and evapor-
ation processes. The DSC curve of the monoglyme adduct
shows two endothermic peaks at 75.7 °C associated with
the melting of the product and at approximately 175 °C due
to evaporation. Similarly the DSC curve of adduct 2 shows
two endothermic peaks associated with melting (62.2 °C)
and evaporation processes (about 150 °C), respectively.
Moreover, there is evidence at 220 °C of an exothermic peak
that is observed in the freshly prepared as well as in the
aged (over 4 months) samples.

The DSC data of adduct 3 show an unusually broad en-
dothermic peak at 53.8 °C, which can be mainly associated
with the melting of the product. Nevertheless, it is likely
that another kind of process, that is, a solid-phase transition
peak, may be hidden under the same peak. A second endo-
thermic peak (at around 250 °C) is associated with the evap-
oration of the adduct. Similarly to adduct 2, an exothermic
peak is observed at 235 °C.

Adduct 4 shows two endothermic peaks at 176.9 °C, as-
sociated with the melting process, and at approximately 275
°C, due to evaporation. An exothermic peak was also found
at 248.6 °C.

MOCVD YBCO Deposition From a Molten Multimetal
Single Source

The [Y(hfa)3·monoglyme] adduct was successfully em-
ployed in a novel, strategic approach to grow YBa2Cu3O7�δ

(YBCO) films on LaAlO3 (100) substrates by MOCVD.
The synthesis of any multielement oxide film always in-

troduces complications in the growth process due to the dif-
ferent physico-chemical properties of each single precursor
that, of course, requires specific optimization. Recently we
reported a new, very simple, low-cost route to high quality
LaAlO3 (100) films on SrTiO3 (100) substrates adopting a
multimetal molten single source.[23] The novelty of the ap-
proach relies upon the use of the [La(hfa)3·diglyme] com-
plex as a solvent for the aluminum precursor Al(acac)3

(Hacac � acetylacetone), thus affording a two-component
molten source. The same approach was adopted in the cur-
rent study and the [Y(hfa)3·monoglyme] complex was used
as a solvent for the Ba and Cu precursors. Deposition par-
ameters were, therefore, optimized for the single multime-
tal source.



G. Malandrino, R. Lo Nigro, I. L. Fragalà, C. BenelliFULL PAPER

Table 3. 1H and 13C NMR spectroscopy data of adducts 1, 2, 3 and 4

Complex 1H NMR 13C NMR
�CO�CH�CO H2O polyether[a] �CO�CH�CO �CO�CH�CO �CF3 polyether[a]

[Y(hfa)3·monoglyme] 6.20 (s, 3 H) a 3.63 (s, 6 H), 91.72 (s) 178.06 117.40 a 61.36,
b 3.83 (s, 4 H) (q, 2J � 35 Hz) (q, 1J � 283 Hz) b 71.49

[Y(hfa)3·diglyme] 6.10 (s, 3 H) a 3.46 (s, 6 H), 90.71 (s) 176.82 117.60 a 60.46
b, c 3.83 (m, 8 H) (q, 2J � 36 Hz) (q, 1J � 283 Hz) b 70.72,

c 71.11
[Y(hfa)3·(H2O)2·triglyme] 6.10 (s, 3 H) 3.89 (s, 4 H)[b] a 3.40 (s, 6 H), 90.85 (s) 177.08 117.54 a 59.07,

b, c 3.68 (m, 8 H), (q, 2J � 35 Hz) (q, 1J � 284 Hz) b 70.24,
c 70.48,

d 3.76 (s, 4 H) d 71.67
[Y(hfa) tetraglyme]�[Y(hfa)4]�[c] 6.17 (s, 6 H) a 3.30 (s, 6 H), 89.60 (s) 177.20 117.79 a 58.46,

b, c 3.53 (m, 8 H), (q, 2J � 34 Hz) (q, 1J � 283 Hz) b 70.74,
c 70.92,

d, e 3.59 (s, 8 H) d 72.34

[a] The following notation has been used from monoglyme (CHa3-O-CHb2)2 through tetraglyme (CHa3-O-CHb2-CHc2-O-CHd2CHe2)2O.
[b] The position of the water peak moves with concentration. [c] The 1H NMR spectrum was recorded in acetone, while the 13C NMR
spectrum was recorded in C6D6.

Table 4. Major peaks in the mass spectra of adducts 1, 2, 3 and 4

Assignment [Y(hfa)3·monoglyme] [Y(hfa)3·diglyme] [Y(hfa)3·(H2O)2·triglyme] [Y(hfa)2·tetraglyme]�[Y(hfa)4]�

[M�(hfa)]� 593 (100 %) 637 (100 %) 681 (100 %) 725 (100 %)
[M � 2(hfa) � F]� 405 (50 %) 449 (46 %) 494 (80 %) 537 (54 %)
[M � (hfa) � L]� 503 (11 %) 503 (20 %)
[M � 2(hfa) � L � F]� 315 (10 %) 315 (27 %) 315 (22 %)
[M � 3(hfa) � 2F]� 217 (85 %) 261 (78 %) 349 (75 %)
[YF2]� 126 (70 %) 126 (81 %) 126 (50 %)

Figure 3. TG-DTG curves of adducts 1�4

Systematic studies were carried out by changing oper-
ational parameters governing both deposition and
cooling�annealing processes. The best operative param-
eters for the growth of high quality YBCO films are the
following: i) a single molten multimetal source consisting of
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Figure 4. Atmospheric-pressure TG vaporization-rate data of ad-
ducts 1�4

a mixture of [Y(hfa)3·monoglyme], [Ba(hfa)2·tetraglyme]
and Cu(tmhd)2 complexes (where Htmhd � 2,2,6,6-tetra-
methyl-3,5-heptanedione) in the 1:2:0.5 Y:Ba:Cu ratio; ii)
argon carrier gas (300 sccm); iii) 200 sccm flow of water-
saturated oxygen as a reaction gas; iv) deposition tempera-
ture of 800 °C; v) deposition time of 3 hours, and vi) an-
nealing at 500 °C in oxygen ambient for 12 hours.

In Figure 6 the DSC curve of the 1:2:0.5 (Y:Ba:Cu) mix-
ture is compared with the curves of each individual precur-
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Figure 5. DSC curves of adducts 1�4

sor. The DSC scans of the single [Y(hfa)3·monoglyme],
[Ba(hfa)2·tetraglyme] and Cu(tmhd)2 precursors show evi-
dence of the endothermic peaks due to melting {75.7 °C for
[Y(hfa)3·monoglyme], 153.6 °C for [Ba(hfa)2·tetraglyme],
and 196.3 °C for Cu(tmhd)2} and to evaporation from the
melts in the 150�190 °C, 260�290 °C, and 210�260 °C
temperature ranges, respectively. The DSC scan of the mul-
ticomponent precursor mixture shows a lower temperature
peak (73.5 °C) representing the melting of the
[Y(hfa)3·monoglyme] component. The following endo-
thermic broad peak in the 110�160 °C temperature range
clearly represents dissolution of [Ba(hfa)2·tetraglyme] and
Cu(tmhd)2. Finally the endothermic process at the highest
temperature (190�270 °C) is associated with the evapor-
ation of the melted mixture. In this context the endothermic
peaks expected for [Ba(hfa)2·tetraglyme] and Cu(tmhd)2

melting, at 153.6 °C and 196.3 °C, respectively, are not ob-
served.

Figure 6. DSC curve of the 1:2:0.5 (Y:Ba:Cu) multimetal single
source mixture compared with data of individual precursors
[Y(hfa)3·monoglyme], [Ba(hfa)2·tetraglyme], and Cu(tmhd)2

Great attention was devoted to the oxygen partial pres-
sure during the cooling�annealing process, because of its
influence on the phase transition from the tetrahedral to
the orthorhombic phase. Thus, YBCO films were slowly co-
oled (3 °C/min) under low pressure (10 Torr) and then
maintained at 500 °C under oxygen flow for 12 hours. The
chemical composition of the YBCO samples, determined
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Figure 7. X-ray diffraction pattern of an MOCVD grown YBCO
film on an LaAlO3 (100) substrate; the inset shows the rocking
curve of the YBCO (003) reflection

with a windowless EDX detector, indicates the correct 1:2:3
Y:Ba:Cu ratio. No fluorine atoms were detected. The X-ray
diffraction pattern of a typical YBCO film deposited on
LaAlO3(100) substrates is shown in Figure 7. All the reflec-
tions are indexed as (00l) peaks, thus indicating that the
films are strongly c-axis aligned. The degree of c-axis align-
ment was determined by ω-scans (rocking curve) of the
(003) YBCO peak. The FWHM value of 0.46° indicates a
high degree of texturing. The in-plane (a-and b-axes) align-
ment was established by recording the (103) pole figure. The
intense four poles at Ψ � 46° observed every 90° of ϕ in
the (103) pole figure indicate a good in-plane orientation of
the YBCO films on the LaAlO3 (100) substrate.

Finally, the surface morphology of the YBCO films was
observed by scanning electron microscopy. All the prepared
samples show smooth surfaces with ‘‘platelike’’ grains. Pre-
liminary measurements of electrical transport properties
give a critical temperature (Tc) value of 83 K and a critical
current density (Jc) of 105 A/cm.2

Discussion

The present syntheses reinforce our earlier assertion that
this one-pot route is a ‘‘general’’ strategy for the prep-
aration of alkaline-earth (M � Ba, Sr, and Ca)[18] and rare-
earth[1�6] volatile and thermally stable metal adducts suit-
able for MOCVD applications. This synthetic procedure in-
volves open-bench manipulations and yields, reproducibly,
the water-free products 1, 2 and 4, despite Y(OH)3·nH2O
being the reagent. Therefore, polyethers act as hard Lewis
bases, which encapsulate the metal ion and favourably com-
pete with H2O in saturating the coordination sphere around
the metal. Only in the case of the triglyme adduct, some
H2O molecules were found to be coordinated to the yttrium
centre as indicated by the presence of the band at about
3600 cm�1 in the IR spectrum. The related X-ray single
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crystal structure (see Exp. Sect.) points to an outer-sphere
complex [Y(hfa)3·(H2O)2·triglyme]. In addition, the 1H
NMR integration is indicative of a 3:2:1 (hfa:H2O:triglyme)
ratio and the fingerprint region of the IR spectrum points
to a different and probably weaker coordination. It is inter-
esting to observe that the outer-sphere complex is immedi-
ately formed with the current synthetic strategy, while it is
originated by sublimation from the ionic structure
[Y(hfa)2·triglyme]�[Y(hfa)4]� obtained by Pollard et al.[19]

The vaporization behaviour of adduct 3, which depends
on the coordinated H2O, deserves some further comments.
It was already mentioned (see above) that the triglyme ad-
duct shows two thermogravimetric step losses, thus indicat-
ing evaporation accompanied by a partial decomposition of
the precursor. This behaviour has already been observed in
other hydrated compounds. Therefore, H2O is not an ‘‘inno-
cent’’ or ‘‘spectator’’ ligand, but it plays a key role in the
chemistry of this MOCVD precursor, similarly to the pre-
vious behaviour reported by Luten et al. for
[Y(tmhd)3·H2O]2.[16]

The polyether length also plays a crucial role on the coor-
dination sphere around the yttrium ion and, hence, on the
thermal properties of the related adducts. In fact, there is
evidence of an intriguing interplay between the polyether
chain length and the yttrium ionic radius in determining the
volatility of these adducts (see Figure 3). Therefore, small
polyethers, such as the monoglyme or diglyme, form more
volatile precursors. The longer triglyme and tetraglyme par-
ent adducts have more complex coordination spheres and
form the less volatile adducts 3 and 4, which are not so
thermally stable. The coordinated H2O molecules in 3 are
responsible for the two-step decomposition�evaporation,
while the proposed ionic structure of 4 accounts for the
higher melting point and consequent low volatility.

In this context, it becomes interesting to compare the
measured melting points with those reported by Pollard et
al.[19] The observed data indicate that only the melting point
of adduct 4 is quite similar. The data of 3 cannot be com-
pared, since its melting point was not reported in ref.[19]

However, our melting point of 1 is about 20 °C higher while
that of 2 is about 20 °C lower. It is important to note that
adduct 2 has a slightly different X-ray single crystal struc-
ture but no explanation for the discrepancy observed in the
case of 1 can be proposed. In any case, it is noteworthy that
the melting point data were obtained by DSC measure-
ment-curves and agree quite well with the Koeffler data.

Structural analogies between the yttrium adducts and
those of the previously reported lanthanide homologues de-
serve further comments. This series of complexes is anal-
ogous to that observed for Eu[6] and Gd[2] but is different
from that observed for La ions.[1,4] In fact, in the case of
La, completely different coordination spheres were found
for adducts 1, 3 and 4. This indicates that in these com-
pounds yttrium behaves like a smaller ionic radio lan-
thanon.

Close analogies with the diglyme La homologous precur-
sor were found for [Y(hfa)3·monoglyme] in terms of its
ability to act as a solvent for other precursors, thus forming
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a multimetal liquid single MOCVD source. In particular, it
dissolves the [Ba(hfa)2·tetraglyme] and Cu(tmhd)2 precur-
sors and the formed melt represents a suitable source for
the growth of YBCO thin films. The resulting in-situ growth
of YBCO films using a single molten multimetal source is
an important result. The multimetal mixture can be easily
and cleanly evaporated from the melt with constant mass-
transport rates. On the contrary the sublimation of solid
precursors suffers several drawbacks associated with sinter-
ing and surface passivation upon sublimation, which, in
turn, render transport processes largely irreproducible.

Even more important, the use of precursors in a single
liquid phase implies simpler reactor design and control of
deposition parameters, since the interplay of control of dif-
ferent sublimation�evaporation parameters and carrier gas
flows are no longer required.

In summary, the present procedure yields quantitatively
nonhygroscopic adducts through a viable low-cost route.
This represents an important issue for materials used in
CVD applications, where low-cost chemicals that can be
manipulated on open benches are an important objec-
tive.[24] Furthermore the obtained raw materials are pure
and the final products (no impurities are introduced in the
one-pot synthesis) do not require further sublimation steps.

Conclusions

The present one-pot synthetic strategy has proven an ef-
ficient route for the preparation of thermally stable and vol-
atile yttrium second-generation adducts from commercially
available products. Thermogravimetric and vaporization-
rate experiments indicate that they can be used in MOCVD
deposition at temperatures lower than 200 °C, with better
mass-transport properties and thermal behaviour than con-
ventional rare-earth metal CVD precursors. Furthermore
because of their low melting points they can be used as
thermally stable precursors in the liquid phase, hence under
constant vaporization and mass-transport rates.

The effect of the polyether framework was widely investi-
gated and the results emphasise the key role of the polyether
length on the coordination sphere, which, in turn, affects
the thermal stability and volatility of the adducts.

Finally, adduct 1 was tested as a solvent for a variety of
precursors for YBCO deposition complexes, thus providing
liquid single-sources, which simultaneously deliver all the
metal components in the required stoichiometry. In the pre-
sent work, the monoglyme yttrium adduct was used as a
solvent for [Ba(hfa)2·tetraglyme] and Cu(tmhd)2. The re-
sulting multimetal, molten single-source was employed for
the growth of highly textured YBCO films having good sur-
face morphologies.

The present approach, which adopts a monocomponent,
simple and low-cost MOCVD reactor, is an attractive
alternative to the classical multicomponent MOCVD pro-
cesses.
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Experimental Section

Reagents: Hhfa, monoglyme, diglyme, triglyme and tetraglyme (Al-
drich) were used without any further purification. Yttrium nitrate
[Y(NO3)3·5H2O] was purchased from Aldrich.

General Procedures: Elemental microanalyses were performed in
the Analytical Laboratories of the University of Catania. 1H NMR
spectra were recorded on a Varian Inova 500 spectrometer. Infrared
data were collected on a 684 Perkin�Elmer spectrometer as nujol
mulls between NaCl plates. Thermal measurements were made
using a Mettler 3000 system equipped with a TG 50 thermobal-
ance, a TC 10 processor and DSC 30 calorimeter. The weights of
the samples were between 10�15 mg (TGA) and 4�8 mg (DSC).
Analyses were carried out under prepurified nitrogen using a 5 °C/
min heating rate. FAB� mass spectra were obtained with a Kratos
MS 50 spectrometer.

Synthesis of Y(OH)3·nH2O: Y(OH)3·nH2O was precipitated from
an aqueous solution of yttrium nitrate on addition of sodium hy-
droxide. The gelatinous precipitate was filtered and dried under
vacuum over P4O10.

Synthesis of [Y(hfa)3·monoglyme] (1): Y(OH)3·nH2O (1.482 g,
10.59 mmol) was first suspended in hexane (150 mL). Monoglyme
(0.849 g, 9.42 mmol) was added to the suspension. Hhfa (5.881 g,
28.27 mmol) was added under vigorous stirring after 10 min and
the mixture was refluxed whilst stirring for 1 hour. The excess of
yttrium hydroxide was filtered off from the hot solution. White
crystals precipitated after partial evaporation of the solvent. The
colourless crystals were collected by filtration and dried under
vacuum. The yield is 81 %. The melting point of the crude product
is 74�77 °C. C19H13F18O8Y (800.2): calcd. C 28.54, H 1.62; found
C 28.24, H 1.56 %. The adduct sublimes quantitatively at 75�80
°C/10�3 Torr. IR (nujol or hexachlorobutadiene): ν̃ � 2930 (vs),
1660 (s), 1610 (w), 1570 (m), 1540 (m), 1505 (m), 1455 (s), 1380
(m), 1250 (s), 1200 (s), 1150 (s), 1100 (m), 1040 (s), 1020 (m), 950

Table 5. Crystal data and structure refinement for [Y(hfa)3·monoglyme] and [Y(hfa)3·diglyme]

Identification code Y(hfa)3Monoglyme Y(hfa)3Diglyme
Empirical formula C19H13F18O8Y C21H17F18O9Y
Molecular mass 800.20 844.26
Temperature 120(2) K 120(2) K
Wavelength 1.54052 Å 1.54184 Å
Crystal system Orthorombic Orthorombic
Space group Pcab Pc21n
Unit cell dimensions a � 16.095(5) Å; α � 90.00(5)° a � 11.151(5) Å; α � 90.00(5)°

b � 17.983(5) Å; β � 90.00(5)° b � 12.371(5) Å; β � 90.00(5)°
c � 20.753(5) Å; γ � 90.00(5)° c � 22.251(5) Å; γ � 90.00(5)°

Volume 6007(3) Å3 3070 (2) Å3

Z 8 4
Density (calculated) 1.770 Mg/m3 1.827 Mg/m3

Absorption coefficient 4.184 mm�1 4.157 mm�1

F(000) 3136 1664
Crystal size 0.385 � 0.502 � 0.235 mm 0.432 � 0.416 � 0.181 mm
Theta range for data collection 4.91 to 54.07° 4.44 to 58.03°
Index ranges 0 � h � 16, 0 � k � 18, 0 � l � 21 �1 � h � 12, �1 � k � 19, �22 � l � 22
Reflections collected 2906 8389
Independent reflections 2788 [R(int) � 0.0988] 3724 [R(int) � 0.0594]
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 2788/18/312 3723/19/294
Goodness-of-fit on F2 1.005 1.058
Final R indices [I � 2σ(I)] R1 � 0.1152, wR2 � 0.2896 R1 � 0.0731, wR2 � 0.1919
R indices (all data) R1 � 0.1700, wR2 � 0.3258 R1 � 0.0775, wR2 � 0.1992
Largest diff. peak and hole 1.307 and �1.626 eA�3 2.192 and �1.737 eA�3
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(w), 870 (m), 830 (vw), 800 (m), 770 (w), 740 (m), 660 (s), 600 (s),
530 (m) cm�1. The NMR, MS and IR data of the raw and sublimed
adduct are identical.

Synthesis of [Y(hfa)3·diglyme] (2): Prepared as described for the
monoglyme adduct from Y(OH)3·nH2O (1.152 g, 8.23 mmol), Hhfa
(4.411 g, 21.21 mmol) and diglyme (0.948 g, 7.07 mmol). Yield 78
%. The melting point of the crude product was 60�63 °C.
C21H17F18O9Y (844.2): calcd. C 29.88, H 2.03; found C 29.25, H
2.25 %. The adduct sublimes quantitatively at 80�85 °C/10�3 Torr.
IR (nujol or hexachlorobutadiene): ν̃ � 2930 (s), 1660 (vs), 1605
(w), 1560 (w), 1530 (m), 1505 (s), 1460 (s), 1380 (m), 1260 (s), 1205
(s), 1140 (s), 1090 (s), 1055 (m), 1045 (s), 1010 (m), 950 (w), 870
(m), 835 (w), 800 (m), 770 (w), 740 (m), 660 (s), 600 (s), 535 (w)
cm�1. The NMR, MS and IR data of the raw and sublimed adduct
are identical.

Synthesis of [Y(hfa)3·(H2O)2·triglyme] (3): Prepared as described for
the monoglyme adduct from Y(OH)3·nH2O (1.613 g, 11.52 mmol),
Hhfa (6.615 g, 31.80 mmol) and triglyme (1.890 g, 10.60 mmol).
Yield 88 %. Melting point of the crude product 52�55 °C.
C23H25F18O12Y (924.3): calcd. C 29.86, H 2.70; found: C 29.25, H
2.57 %. The adduct sublimes quantitatively at 95�105 °C/10�3

Torr. IR (nujol or hexachlorobutadiene): ν̃ � 3370 (m), 3260 (m),
2930 (s), 1660 (s), 1560 (m), 1530 (m), 1505 (m), 1460 (s), 1370 (m),
1350 (w), 1255 (s), 1210(s), 1140 (s), 1100 (s), 1020 (w), 1005 (w),
940 (w), 840 (w), 800 (m), 740 (w), 720 (vw), 660 (m), 600 (m), 535
(w) cm�1. The NMR, MS and IR data of the raw and sublimed
adduct are identical.

Synthesis of [Y(hfa)2·tetraglyme]�[Y(hfa)4]� (4): Prepared as de-
scribed for the monoglyme adduct from Y(OH)3·nH2O (1.153 g,
8.24 mmol), Hhfa (4.410 g, 21.20 mmol) and tetraglyme(1.570 g,
7.067 mmol). Dichloromethane was used instead of hexane. Yield
65 %. The melting point of the crude product is 175�178 °C.
C40H28F36O17Y (1553.5): calcd. C 30.9, H 1.81; C 28.83, H 1.89 %.
The adduct sublimes quantitatively at 130�140 °C/10�3 Torr. IR
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(nujol or hexachlorobutadiene): ν̃ � 2930 (s), 1650 (vs), 1605 (w),
1565 (m), 1540 (m), 1515 (m), 1495 (w), 1460 (s), 1380 (m), 1350
(w), 1260 (s), 1220 (s), 1200 (s), 1140 (s), 1100 (m), 1060 (m), 1035
(m), 950 (m), 930 (w), 850 (m), 830 (vw), 800 (m), 770 (w), 740
(m), 720 (vw), 660 (s), 600 (s), 535 (m) cm�1. The NMR, MS and
IR data of the raw and sublimed adduct are identical.

X-ray Structure Determination:[25] Single crystal X-ray diffraction
patterns of mono-, di-, and triglyme adducts were obtained at room
temperature using an ENRAF NONIUS CAD 4 four-circle dif-
fractometer equipped with Mo-Kα radiation (λ � 0.71069 Å). The
triglyme derivative was found to be isomorphous with the outer-
sphere complex already reported by K. D. Pollard et al.,[19] and,
therefore, it was not analysed further. Diffraction data for the di-
glyme derivative were collected at 120 K using the same dif-
fractometer and the unit-cell parameters were derived from least-
squares refinements of setting angles of 25 reflections in the 9�15°
range. Data are reported in Table 5 with other experimental param-
eters. No crystals were found to be isomorphous to the previously
reported crystal structure. The new data for the monoglyme deriva-
tive single crystal were collected at 100 K using a diffractometer
equipped with a CCD SMART 1 K area detector (Bruker) and a
Cu rotating anode. Six series of ω scans were collected using the
SMART software,[26] each one of 0.3° width and 10 s exposure
time. The data were reduced using the software package SAINT.[27]

Completeness of unique data to 54.2 θ were 97.4 % with 0.97 re-
dundancy and 98.3 % with 3.31 redundancy for the mono- and
diglyme derivatives, respectively. Cell parameters were determined
from a nonlinear least square fit of the peaks collected in the first
620 frames.

Corrections were applied for Lorentz and polarization effects.
The intensities of the diglyme adduct were corrected for absorption
(ψ scan) while for the monoglyme derivative attempts to account
for absorption were performed by using the DIFABS package with-
out improvement in the refinements. The reflections were processed
by the direct method program SIR97[28] which provided satisfactory
sets of atomic parameters for yttrium and oxygen atoms. The other
atomic parameters were determined by conventional Fourier differ-
ence synthesis by using the SHELX93 package[29] up to the final
results. The conventional agreement factor for the monoglyme ad-
duct remained not satisfactory and therefore several crystals from
different batches were examined. The data reported in Table 5 rep-
resent parameters with the lowest R values. A residual thermal dis-
order prevented a better refinement of the data. Anisotropic dis-
placement parameters were introduced for several non hydrogen
atoms trying to maintain a good parameters/observable factor. The
hydrogen atoms were included as idealized atoms riding on the re-
spective carbon atoms with C�H bond lengths appropriate to the
carbon atom hybridization. The isotropic displacement parameters
for each H atom were fixed 1.5 times the equivalent values of the
bound carbon.

MOCVD Experiments: Low pressure MOCVD deposition of
pure (00l)-oriented YBCO films was carried out from the metal
precursors [Y(hfa)3·monoglyme], [Ba(hfa)2·tetraglyme], and
Cu(tmhd)2 using a horizontal hot-wall reactor. In each experiment
a suitable mixture (see below) of yttrium, barium and copper pre-
cursors was used. The volatile liquid mixture was contained in a
resistively heated alumina boat at 120 °C and was transported to
the deposition zone by a 300 sccm argon flow. YBCO thin films
were deposited on LaAlO3 (100) substrates heated at 800 °C. Water
saturated O2 flow (200 sccm) was used as the reaction gas and
introduced near to the substrate. The water bubbler was maintained
at room temperature. The mass flows were controlled with 1160
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MKS flowmeters using an MKS 147 electronic control unit. The
total pressure was maintained at 5 Torr during the growth process.
The depositions were carried out for 180 minutes. YBCO thin films
were slowly cooled to 500 °C at a low total pressure of 10 Torr
(PO2 � 4 Torr). The annealing step at 500 °C was performed at
atmospheric pressure in oxygen ambient for 12 hours.

X-ray diffraction θ-2θ scans of thin films were recorded with a
Bruker-AXS D 5005 θ-θ X-ray diffractometer using Cu-Kα radi-
ation operating at 40 kV/30 mA. The pole figures were recorded on
a Bruker-AXS D-5005 Texture X-ray diffractometer using Cu-Kα

radiation operating at 40 kV/30 mA.

The atomic composition of the films was analyzed by energy
dispersive X-ray analysis (EDX) using an IXRF detector. The sur-
face morphology was examined with a Leo Iridium 1450 scanning
electron microscope (SEM).
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