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INTRODUCTION

Metal�organic coordination compounds (CC) play
an important role in modern material science. There
are two key modes of application of CC to the design
of new materials: preparation of materials with func�
tional properties of CC and synthesis of inorganic or
hybrid materials by chemical transformations of CC
serving as precursors. The demand of new materials
often initiates synthesis of new CC or vigorous
research of known but poorly studied compounds. For
example, metal propionates have been known for a
long time but have not been systematically investi�
gated.

The increased interest in metal propionates is due
to their use as precursors for the production of thin
films of oxide materials by metal�organic chemical
solution deposition (MOCSD). The essence of this
method is to prepare solutions of metal�organic pre�
cursors containing the elements required for the mate�
rial in the appropriate stoichiometry, deposition of the
precursor films on the substrate, and subsequent trans�
formation of the films into functional layers upon heat
treatment and annealing under appropriate conditions
[1]. Currently this method is being vigorously devel�
oped as applied to the technology of second�genera�
tion high�temperature superconducting (HTSC) rib�
bons, which are complex textured heterostructures
composed of functional layers on extended metallic
(nickel alloy) substrates (ribbons) [2]. In the MOCSD
production of La2Zr2O7 buffer layers, propionic acid
(HProp) was proposed for the first time as an efficient
solvent [3]. Advantages of this solvent include viscosity
(1.102 mPa · s) that ensures film deposition, good wet�
ting of the substrates, and the possibility to prepare
concentrated (0.2–0.6 mol/L) solutions stable against
precipitation during long�term storage and use. Propi�

onic acid has been successfully used for the deposition
by MOCSD of thin films of not only La2Zr2O7 [3–5]
but also La2O3 [6], CeO2 [7], ZnO [8], and complex
oxides containing CuO [9–11] or BaO [9–12]. The
starting compounds for propionate precursors are,
most often, the appropriate metal acetylacetonates or
acetates, which react with HProp in solutions to give
metal propionates or mixed�ligand complexes. In the
MOCSD method, the composition and properties of
the precursors are important for their transformation
into the final product. Therefore, determination of the
composition, structure, and thermal stability of propi�
onates existing in the solution of precursors is a fairly
topical task. Some recent publications describe the
structure and the thermal stability of the CC isolated
from solutions of propionate precursors, namely,
{[Zr6O8(Prop)8(CH3COO)4](CH3COOН)(HProp)}2
[13], [Zr6O4(OH)4(Prop)12]2 [14],
[Ba7(Prop)10(CH3COO)4 · 5H2O] [15], and
[Cu(Prop)2] · 2H2O [16].

The crystal structures of propionates of some light
lanthanides were determined, namely, for
{[La2(Prop)6(H2O)3] · 3.5H2O}

∞
 [6], [Pr2(Prop)6(H2O)3)]∞

[17], and [Nd2(Prop)6(HProp)2]∞ [18]. The thermoly�
sis process of lanthanum and cerium propionates,
which are parts of precursors for deposition of buffer
oxide layers, has been studied in detail [6, 7]. Propi�
onates of the yttrium group lanthanides are also of
interest as precursors of functional materials, first of
all, Y2O3 [19, 20]; therefore, publications considering
the synthesis and thermal stability of
[Ln(Prop)3(H2O)] (Ln = Ho, Er, Tm, Yb [21], Y [22,
23], and Lu [24]) appeared. Virtually no data on the
structures of yttrium group lanthanide propionates
were reported. A model of the structure of yttrium pro�
pionate {[Y2(Prop)6(H2O)]}

∞
 based on quantum chem�
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ical modeling of only one molecular fragment was
described [22].

In this work, the propionate [Y(Prop)3(H2O)]
∞

 (I)
was prepared by the reaction of HProp with yttrium
carbonate, acetate, or acetylacetonate and character�
ized by elemental analysis, IR spectroscopy, and pow�
der X�ray diffraction. Its crystal structure was solved
for the first time.

EXPERIMENTAL

Reagent grade Y(Аcac)3 · 3H2O, Y2(CO3)3 · 3H2O,
Y(ОAc)3 · 4H2O, and HProp were used as the starting
compounds. The syntheses were carried out in propi�
onic acid, which served as a solvent.

The reactions of yttrium carbonate, acetate, or
acetylacetonate (3 mmol) with HProp (15 mL,
200 mmol) with heating (70–80°С) gave transparent
reaction mixtures. On cooling, crystalline precipitates
of I were formed. Yield ~90%.

According to elemental and powder X�ray diffrac�
tion analysis, the composition of the obtained precip�
itates was the same for any of the starting yttrium com�
pounds (the powder X�ray diffraction data are not pre�
sented in the paper). In the synthesis from Y(Аcac)3 ·
3H2O, single crystals of I suitable for X�ray diffraction
were isolated.

IR (ν, cm–1): 3158 ν(OН), 1661 δ(OН), 1588, 1558,
1538 νas(COО–), 1464, 1442, 1413 νs(COО–), 1288
ν(CH2).

Analysis of the samples for C and H was performed
using a C,H,N�microanalyzer of the Chair of Organic
Chemistry at the Department of Chemistry, Lo�
monosov Moscow State University; yttrium was deter�
mined by complexometric titration [25].

The IR spectra of the solid samples were recorded
in the frustrated total internal reflection mode on a
Perkin Elmer Spectrum One FT�IR instrument at
4000–650 cm–1.

Powder X�ray diffraction analysis was performed in
the Guinier–Johansson monochromator, Enraf–
Nonius FR552 instrument (Ge monochromator,
CuK

α1 radiation, λ = 1.540598 Å).
Thermal analysis was performed on a Derivato�

graph Q1500D in the 30–1000°С range in air
(10°C/min heating rate, 45 mg weighed portion, alun�
dum crucible).

X�ray diffraction analysis was done on a Bruker
Smart APEX2 CCD diffractometer (λ(MoK

α
) =

0.71072 Å, graphite monochromator) at 100 K. The
structure was solved by direct methods followed by
Fourier syntheses and refined by the full�matrix least�
squares method in the anisotropic approximation for
all non�hydrogen atoms. The positions of hydrogen
atoms of the CH2� and CH3 groups were calculated
geometrically and refined in the riding model with
specified isotropic thermal parameters. For all calcu�
lations, the SHELXTL PLUS 5.0 program package
was used [26]. The absorption corrections were
applied using the SADABS program [27]. Selected
crystallographic parameters are presented in Table 1.
The full set of crystallographic data for the structure

For C9H17O7Y

anal. calcd., %: C, 33.1; H, 5.2; Y, 27.3.

Found, %: C, 33.2; H, 5.4; Y, 27.8.

Table 1. Crystal data and X�ray experiment and structure
refinement details for structure I

Parameter Value

M 652.27

System, space group Triclinic; 

a, Å 9.619(3)

b, Å 12.116(4)

c, Å 13.181(5)

α, deg 66.201(6)

β, deg 68.823(6)

γ, deg 89.882(6)

V, Å3 1292.0(8)

Z 4

ρcalc, g · cm–3 1.677

μ, mm–1 4.53

F(000) 664

Crystal size, mm 0.76 × 0.22 × 0.14

Scan mode ϕ–ω

θ Range, deg 1.84 ≤ and ≤ 29.00

Range of indices –13 ≤ h ≤ 12, 
–16 ≤ k ≤ 16, 
–14 ≤ l ≤ 17

Number of measured reflections 20174

Number of independent reflections 
(Rint)

6789 (0.091) 

Number of reflections with I > 2σ(I) 4189

Number of refined parameters 313

R (F2 > 2σ(F2)), 0.091

wR (F2) 0.279

GOOF 1.02

Tmax, Tmin 0.531, 0.280

Δρmin/Δρmax, e Å–3 –3.11/6.29

1P
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of I has been deposited at the Cambridge Crystallo�
graphic Data Centre (no. 969363; deposit@
ccdc.cam.ac.uk; http://www.ccdc.cam.ac.uk/
data_request/cif).

RESULTS AND DISCUSSION

Yttrium propionate was synthesized using both the
traditional method, namely, the reaction of yttrium
carbonate and acetate with propionic acid [28] and
also the reaction of HProp with yttrium acetylaceto�
nate (β�diketonate), which is used to prepare precur�
sors [3]. Irrespective of the initial yttrium compound,
all of the syntheses gave the crystalline precipitate of I
having a solubility in HProp less than 0.2 mol/L.
The experimental X�ray diffraction patterns of all
products I were identical and consistent with that cal�
culated for I from single crystal X�ray diffraction data.

The asymmetric part of the unit cell of I contains
two yttrium atoms (Y(1), Y(2)), two sets of propionate
anions with chelating (O(1), O(2), O(9), O(10)),
chelating�bridging (O(3), O(4), O(7), O(8)), and
bridging (O(5), O(12), O(6), O(11)) structural frag�
ments, and two coordination water molecules (O(1w),
O(2w)) (Fig. 1).

The crystal structure of I is layered. The layers are
formed by alternating centrosymmetrical dimeric
fragments {Y(1)2(Prop)6(H2O(1w))2} and
{Y(2)2(Prop)6(H2O(2w)2}. The dimeric fragments have
identical structures and differ only by the orientation
relative to the crystallographic axes (Fig. 2). The bond
lengths and bond angles for yttrium bonds with the

ligands having the same structural functions differ by
not more than 2% (Table 2).

In the dimers {Y2(Prop)6(H2O)2}, yttrium atoms
are linked by two tridentate chelating�bridging propi�
onate ligands. The dimeric fragments are joined into a
polymeric network within the layer by bidentate bridg�
ing ligands (Fig. 1). Each yttrium ion coordinates
eight oxygen atoms, specifically, three atoms of the tri�
dentate chelating�bridging ligand, two atoms of the
bidentate chelating ligand, two atoms of two bidentate
bridging ligands, and one oxygen atom of the water
molecule (Fig. 1). The coordination polyhedra of
yttrium are distorted two�cap trigonal prisms, which is
typical of lanthanide carboxylates with C.N. = 8 [29].

In the tridentate chelating�bridging ligands, the
average Y–O bond length (2.424(2) Å) is longer than
the bridging bonds (average 2.284(16) Å). This rela�
tionship between these bond lengths is typical of lan�
thanide carboxylates [30, 31]. The average Y–O bond
length in the bidentate chelating ligands is 2.382 Å.
The average length of the Y–O(w) bond with the water
oxygen atoms (2.379(7) Å) is close to the bond lengths
in the chelate rings. The average d(Y–O) distance to
the oxygen atoms of the interdimer bridging carboxy�
late groups is 2.283 Å.

The average Y–Y distance in the dimers is much
shorter than the distance between the yttrium ions of
the neighboring dimers (3.9017(2) and 6.144(4) Å,
respectively), which makes the polymeric structure of
I unique. Substantial differences between the bond
lengths within and between the dimeric fragments are
more characteristic of molecular structures composed
of isolated dimers. For example, in the molecular
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Fig. 1. Dimeric fragments in the crystal structure of I.
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Fig. 2. Fragment of the polymeric layer in the crystal structure of I.

structure {[Y(OAc)3(H2O)2](H2O)4} where the yttrium
coordination number is 9, the average Y(1)–Y(1) dis�
tance inside the dimers is 4.129 Å, while that between
the dimers is 6.398 Å. In the polymeric chain�like
crystal structure [Y(OAc)3(H2O)0.5]∞, the yttrium ions
are connected by two tridentate chelating�bridging
and one bidentate bridging acetate groups and the
yttrium –yttrium distances are 3.993 and 3.950 Å.

The crystal structure of I consists of polymeric lay�
ers facing one another by non�polar ethyl groups of the
propionate ligands. Only van der Waals interactions
occur between the neighboring polymeric layers.

The two types of dimers are arranged in the chess�
board fashion forming a herringbone packing (Fig. 2).
This packing is additionally stabilized by a water mol�
ecule due to the hydrogen bond system formed within
the layer. The water protons were not located; however,
considering the oxygen–oxygen distances, it can be
inferred that each water molecule forms three (two
weak and one medium�strength) hydrogen bonds
(Table 2).

The crystal structure of I differs from the known
structures of lanthanide propionates (derived from
light lanthanides), which is obviously related to the
different ionic radii and the possibility of large coordi�
nation numbers in compounds of light lanthanides.

The crystals of lanthanum
{[La2(Prop)6(H2O)](H2O)3.5} and praseodymium

{[Pr2(Prop)6(H2O)3] · (H2O)3} propionate hydrates
are isostructural and form zigzag chains in which cen�
tral ions with different coordination environments
(C.N. 9 or 10) alternate. The neighboring Ln(1)–
Ln(2) ions are joined by a pair of tridentate chelating�
bridging propionate groups. The Ln(1)–Ln(2) and
Ln(2)–Ln(1) bond lengths are 4.373 and 4.378 Å (for
{[La2(Prop)6(H2O)](H2O)3.5}) and 4.337 and 4.348 Å
(for {[Pr2(Prop)6(H2O)3] · (H2O)3}), respectively. The
[Y2(Prop)6(H2O)] semihydrate model [22] is based on
the motif detected in the polymeric semihydrate struc�
ture [Y(OAc)3(H2O)0.5]∞, namely, the Y(1) and Y(2)
ions with C.N. of 9 and 8 are connected to polymeric
chains by two tridentate chelating�bridging and one
bidentate bridging ligand. The Y(1) ion coordinates
the oxygen atom of the water molecule. The proposed
model seems unreliable because the fact of yttrium
propionate formation as a semihydrate has been con�
firmed by neither elemental nor thermal analysis data.
Monohydrate appears to be the most stable form for
yttrium group lanthanide propionates. This is indi�
cated by the reported data [21–24] and our results.

The IR spectrum of I exhibits characteristic
absorption bands typical of lanthanide carboxylates.
Indeed, a broadened band in the range of 3300–
3100 cm–1 is related to the ν(OН) stretching mode,
indicating that a water molecule is present in the salt.
This is confirmed by the δ(OН) band at 1661 cm–1.
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The carboxylate stretching bands νas(COО–) and
νs(COО–) occur at 1590–1525 cm–1 and 1470–
1410 cm–1, respectively. Splitting of the asymmetric
and symmetric COO stretching bands into three com�
ponents is in good agreement with the X�ray diffrac�
tion data indicating several structural functions of the
propionate ligands.

The data on the thermal behavior of yttrium propi�
onate are limited to the study of the thermolysis under
argon [22]. We performed thermal analysis of I in air
(Fig. 3). In the thermogram of I, the first mass loss
stage at 60–110°С corresponds to the elimination of
the coordinated water molecule (Δmcalc = 5.5%;
Δmexp = 5.4%). In the TG curve (Fig. 3), it is difficult
to separate the second and third stages (175–525°C)
corresponding to the major decomposition of anhy�
drous yttrium propionate to the oxide (total Δmcalc =
65.3%; Δmexp = 65.4%). The presence of two minima
in the DTG curve (~300 and 380°С) attests to the
decomposition of yttrium propionate via the forma�
tion of the oxocarbonate Y2O2CO3. As a whole, the
course of thermolysis of I is in line with data on
decomposition of lanthanide acetates [32],
{[Y2(Prop)6(H2O)] · 3.5H2O}

∞
 [22] in air and

[Y(Prop)3(H2O)] [23] in an inert atmosphere. In air,
the transformation of yttrium propionate I to the oxide
is completed at 600°С.

In conclusion, we would like to note the following.
Treatment of yttrium carbonate, acetate, or acetylace�
tonate hydrate with propionic acid results in the for�

mation of propionate [Y(Prop)3(H2O)]
∞

 (I), which was
studied by X�ray crystallography. The structure of I is a
unique example of a polymeric layered lanthanide car�
boxylate with clearly defined dimeric structure�form�
ing fragments connected by bidentate bridging
ligands. To our knowledge, structures of this type have
not been described previously for lanthanide carboxy�
lates. In air, transformation of yttrium propionate I
into the oxide is completed at 600°С, i.e., as regards
thermal stability in air, compound I corresponds to
requirements to precursors of oxide materials. How�

Table 2. Selected geometric parameters of the structure of I*

Bond d, Å Bond d, Å Valence angle ∠, deg

Bidentate chelating ligand

Y(1)–O(1) 2.385(6) Y(2)–O(9) 2.392(6) O(1)Y(1)O(2) 54.8(2)

Y(1)–O(2) 2.381(7) Y(2)–O(10) 2.373(6) O(9)Y(1)O(10) 54.5(2)

Tridentate chelating�bridging ligand

Y(1)–O(3) 2.421(6) Y(2)–O(7) 2.423(5) O(3)Y(1)O(4) 53.6(2)

Y(1)–O(4) 2.420(6) Y(2)–O(8) 2.432(7) Y(1)O(4)Y(1)i 112.0(2)

Y(1)–O(4)i 2.285(9) Y(2)–O(7)iii 2.289(6) O(7)Y(2)O(8) 53.5(2)

Y(2)O(7)Y(2)iii 111.8(3)

Bridging ligand

Y(1)–O(5) 2.302(6) Y(2)–O(6) 2.259(5) O(5)C(7)O(6) 122.0(8)

Y(1)–O(12)ii 2.276(6) Y(2)–O(11) 2.295(6) O(11)C(16)O(12) 122.0(8)

Water molecule

Y(1)–O(1w) 2.377(6) Y(2)–O(2w) 2.380(8)

D–H···A D···A, Å D–H···A D···A, Å

O(1w)–H···O(5) 2.855(7) O(2w)–H···O(11) 2.863(2)

O(1w)–H···O(6) 2.861(8) O(2w)–H···O(12) 2.812(8)

O(1w)–H···O(10)iv 2.698(2) O(2w)–H···O(2)i 2.712(8)

* Symmetry codes: i 1 – x, –y, 1 – z; ii 1 + x, y, z; iii –x, 1 – y, 1 – z; iv 1 – x, 1 – y, 1 – z.
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ever, the solubility of I in propionic acid does not
exceed 0.2 mol/L, which may restrict the broad use of
solutions of I in HProp as precursors for MOCSD.
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