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Highly volatile and stable complexes of rare-earth elements with mononuclear structure are of great
importance for gas phase deposition of functional thin film materials. Mixed ligand complexes with -
diketonate anions (e.g. thd™ = 2,2,6,6-tetrametylheptane-3,5-dionate) and ancillary neutral donor ligands
demonstrate mononuclear structure and sufficient volatility, however, they are unstable to neutral ligand
elimination especially in case of light rare earth elements. Here diethylenetriamine (deta) has been
applied as tridentate neutral ligand to improve the stability of mixed ligand complexes due to macroche-
late effect and additional weak intramolecular interactions, e.g. hydrogen bonds. Synthesis of a series of
mixed-ligand [Ln(thd)s(deta)], Ln = La (1L), Pr (2L), Nd (3L), Sm (4L) and Gd (5L) complexes, their X-ray
single crystal structure characterization, DFT calculations, and thermal behavior study have been per-
formed. Compounds 1L-5L demonstrate similar mononuclear molecular structure, but different molecu-
lar packing of three types, which may undergo mutual transformation. Compounds 1L-4L sublime intact
in temperature range of 140-160 °C in vacuum without decomposition. 1L was successfully applied as
volatile precursors for MOCVD preparation of epitaxial complex oxide thin films, (0 0 I) LaMnO3 and
(0 01) LaAlOs, on (0 0 1) MgO and (0 0 I) SrTiO3 substrates.
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1. Introduction

Nowadays rare earth elements (REE) are the most important
components of thin-film functional materials which are widely
used as superconductors [1,2], light emitters [3,4], multiferroics
[5-9] and magnetic materials [10-12] etc. Metalorganic chemical
vapor deposition (MOCVD) is one of the most universal and conve-
nient method for producing such films, but it requires the develop-
ment of volatile metal compounds, including REE [13,14]. The last
ones are also important for gas phase isotope separation [15,16]
(e.g. for radiopharmaceuticals [17]) and nuclear fission product
separation [16]. All these applications require volatile mononu-
clear REE complexes with small molecular weight which are stable
in the gas phase. Many types of REE metalorganic compounds were
synthesized and among them complexes with B-diketonate anions
(e.g. thd™ = 2,2,6,6-tetrametylheptane-3,5-dionate, hfa™ = 1,1,1,5,
5,5-hexafluoro-2,4-pentanedionate) were found to be the most
suitable [18,19]. However, REE ion in these compounds is expected
to have coordination number equal to 6, which is insufficient for
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light REE. This leads to formation of polynuclear structures (e.g.
dimeric [Ln(thd)s;]> [20]) or coordination of solvent molecules
[21-23], which finally decreases the stability and volatility of com-
pound. To overcome this obstacle, the mixed-ligand B-diketonate
complexes Ln(B-dik)sQ, with different N- and O-donor ligands
were developed [19,24]. Among complexes with nonfluorinated
B-diketones volatile mononuclear compounds Ln(thd)s(phen) and
Ln(thd)s(bipy) with aromatic N-donor ligands (phen = 1,10-
phenanthroline, bipy = 2,2’-bipyridine) were reported, while par-
tial elimination of neutral ligand and m-mt stacking interactions
complicate their evaporation [19]. The complexes Ln(thd)sQ,
where Q is O-donor polyglyme ligands, which are free of mt-m stack-
ing, also split polyglyme in the gas phase [25]. Complexes with flu-
orinated B-diketones demonstrate higher volatility and better
thermal stability [26,27]. However, their thermal decomposition
in MOCVD process requires pyrohydrolysis to avoid the formation
of fluorides. Therefore, the design of rare earth mixed-ligand com-
plexes based on nonfluorinated p-diketones and aliphatic N-donor
ligands is an actual task for development of highly volatile and
stable against ligand elimination precursors for MOCVD.

For the light REE mixed-ligand complexes, tridentate diethylen-
etriamine (deta or dien) seems to be the most suitable neutral
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ligand, since it allows to achieve the optimal CN equals to 9. More-
over, its flexibility makes it possible to fit variation in the ionic
radius and NH, groups simultaneously with macrochelate effect
may contribute to complex stabilization due to intramolecular
hydrogen bonds. Indeed, REE mixed-ligand complexes with deta
and even carboxylates or inorganic anions were reported to consist
of isolated molecules [28-31]. However, no REE mixed-ligand B-
diketonate complexes with deta have been reported till now.

Here, we report synthesis of a series of mixed-ligand [Ln(thd )3(-
deta)] (1L-5L, Ln = La, Pr, Nd, Sm, Gd) complexes, their X-ray single
crystal structures of three types, DFT calculations, thermal behav-
ior and mutual transformations of different polytypes. Reported
compounds demonstrate sufficient volatility and have been suc-
cessfully applied as volatile precursors for MOCVD preparation of
epitaxial LaMnOs and LaAlOs thin films on (0 0 [) MgO and (0 0 I)
SrTiO3 substrates.

2. Experimental
2.1. Starting materials and instrumentation

Chemically pure Ln(NOs)3-6H,0, KOH as well as ethanol (95%)
purchased from local supplier (Reakhim, Russia), Hthd (98%, Dal-
chem) and deta (99%, Sigma-Aldrich) were used without further
purification. [Mn(thd)s] (6) and [Al(thd)s] (7) were synthesized
previously as described earlier and characterized by conventional
methods [32-36].

C, H, N contents were determined by conventional elemental
analysis using a Vario Micro Cube C, H, N analyzer (Elementar,
Germany).

Ln content was determined gravimetrically, 50 mg of com-
pound was placed into alundum crucible together with 150 mg
of oxalic acid and was heat treated at 1000 °C for 1 h in air.

Thermogravimetric analysis was performed on Derivatograph
Q-1500D (in air) with the rate of heating 10 °C/min. Weight of a
sample is 50 mg. TG-DTA data are presented in the supplementary
(Fig. S1).

IR spectra for solid state compounds in a form of powders were
measured on a Perkin-Elmer Spectrum One FTIR spectrometer in
ATR geometry in the range of 650-4000 cm™".

Powder XRD data were collected on a STOE Stadi P (curved Ge
monochromator, CuKoy, A = 1.540598 A), Rigaku D/MAX and
Rigaku SmartLab (graphite monochromator, CuKa) diffractome-
ters. XRD patterns of thin films were recorded using Rigaku D/
MAX 2500 and Rigaku Ultima IV (Cu anode, parallel beam optics,
Eulerian cradle).

Single crystal X-ray diffraction data for 1, 1L, 4L and 5L were
collected on Bruker Smart APEX II diffractometer (MoKo radiation,
graphite monochromator, & = 0.71073 A) and corrected for absorp-
tion by means of SADABS [37]. Data for single crystal of 7 was col-
lected on XRD1 beamline of Elettra Synchrotron Facility (Trieste,
Italy) with Dectris Pilatus 2 M detector using 2 = 0.7000 A radiation
obtained by fixed exit double crystal Si (1 1 1) monochromator. The
data were integrated and corrected for absorption by XDS software
[38].

Magnetic behavior of 5L’ has been characterized by AC mag-
netic susceptibility measured by Quantum Design PPMS-9 in a
temperature range of 2-300 K with 50e field oscillating at
337 Hz and zero permanent magnetic field (Fig. S2).

Chemical composition of thin films was characterized by ICP-
MS analysis of solutions obtained by dissolving of thin films in
nitric acid followed by proper dilution. Quadruple ICP-MS spec-
trometer Agilent 7500c (Agilent Technologies, Japan) with calibra-
tion solutions prepared from ICP-MS-68A (High-Purity Standards,
USA) standard.

2.2. Preparation of [Ln(thd)s]> (1-5)

KOH (8.58 mmol) and Hthd (10.72 mmol) were dissolved in
water (50 mL) and ethanol (50 mL) mixture and dropwise added
to Ln(NOs3); (2.86 mmol) solution in water (50 mL) under vigorous
stirring. The resulted mixture was stirred for 10 h and after that
flaky precipitate was filtered off and dried in desiccator under
reduced pressure. Final product was purified by preparative vac-
uum sublimation at 220 °C and 0.01 Torr similarly to 1L-5L as
described in section 2.4. Yield is 90-95%.

Anal. calc. for LaC3306Hs57 (%): La, 20.17; C, 57.55; H, 8.34. Found
(%): La, 19.79, C, 57.86; H, 8.25. IR (v, cm™!): 2955, 2929, 2905,
2870 v(C—H); 1571, 1539 v,4(C==0); 1505, 1453, 1408 v,(C-=0);
1388, 1359, 1282, 1246, 1226.

2.2.2. [Pr(thd)s]> (2)

Anal. calc for PrC330¢Hs7 (%): Pr, 20.4; C, 57.38; H, 8.32. Found
(%): Pr, 20.47; C, 57.51; H, 8.20. IR (v, cm™!): 2955, 2929, 2905,
2870 v(C—H); 1571, 1539 v,4(C==0); 1505, 1453, 1408 v,(C-=—0);
1388, 1359, 1282, 1246, 1226.

2.2.3. [Nd(thd)s]> (3)

Anal. calc. for NdC3306Hs7 (%): Nd, 20.78; C, 57.11; H, 8.28.
Found (%): Nd, 21.05; C, 57.15; H, 8.23. IR (v, cm™!): 2955, 2929,
2905, 2870 v(C—H); 1571, 1539 v,4(CO); 1505, 1453, 1408 vy(-
C=0); 1388, 1359, 1282, 1246, 1226.

2.2.4. [Sm(thd)s]> (4)

Anal. calc. for SmC3306Hs7 (%): Sm, 21.47; C, 56.61; H, 8.21.
Found (%): Sm, 21.12; C, 55.99; H, 8.14. IR (v, cm~'): 2952, 2904,
2867 v(C—H); 1569, 1537 v,4(C=0); 1495, 1450, 1397 v,(C-=0);
1382, 1354, 1282, 1246, 1224.

2.2.5. [Gd(thd)s]> (5)

Anal. calc. for GdC3306Hs7 (%): Gd, 22.24; C, 56.06; H, 8.13.
Found (%): Gd, 21.29; C, 56.03; H, 8.08. IR (v, cm™'): 2955, 2929,
2905, 2870 v(C—H); 1571, 1539 v,4(C==0); 1505, 1453, 1408 v4(-
C==—0); 1388, 1359, 1282, 1246, 1226.

2.3. Preparation of Ln(thd)s(deta) (1L-5L, 2L, 5L')

Thin powder of complexes 1-5 (2 mmol) was suspended in
EtOH (50 mL) at 50 °C, then deta was dropwise added (3 mmol)
and mixture was left under vigorous stirring for 2 h at room tem-
perature. Two different techniques were used to isolate the prod-
uct. Precipitates of 1L-5L were filtered off at 25 °C and washed
by 1 mL of ethanol. Alternatively, to get 2L, 5L reactive mixture
was left to evaporate under heating at 70 °C to ca. 10% of original
volume with the following filtration of resulting precipitates.

2.3.1. La(thd)s(deta) (1L)

Anal. calc. for LaC37;06N3sH7o (%): La, 17.54; C, 56.12; H, 8.91; N,
5.31. Found (%): La, 16.75; C, 55.70; H, 9.05; N, 5.24; IR (v, cm™!):
3374, 3304, 3275 v(N—H); 2951, 2901, 2870 v(C—H); 1584, 1574
Vas(C==0); 1533, 1502, 1449 v4(C==0); 1412, 1385, 1356, 1278,
1225.

2.3.2. Pr(thd)s(deta) (2L)

Anal. calc. for PrC3;0gN3H7o (%): Pr, 17.75; C, 55.98; H, 8.89; N,
5.29. Found (%): Pr, 17.81; C, 55.93; H, 8.81; N, 5.21. IR (v, cm™'):
3388, 3316, 3285 v(N—H); 2949, 2901, 2870 v(C—H); 1585, 1573
Vas(C=0); 1533, 1502, 1449 v4(C=-0); 1401, 1385, 1354, 1279,
1226.
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2.3.3. Pr(thd)s(deta) (2L')

Anal. calc. for PrC3;0gN3H7o (%): Pr, 17.75; C, 55.98; H, 8.89; N,
5.29. Found (%): Pr, 18.01; C, 55.87; H, 8.78; N, 5.42. IR (v, cm ™ '):
3387, 3317, 3286 v(N—H); 2950, 2900, 2864 v(C—H); 1585, 1572
Vas(C=0); 1533, 1502, 1449 v4(C=-0); 1402, 1385, 1355, 1280,
1225.

2.3.4. Nd(thd)s(deta) (3L)

Anal. calc. for NdC3706N3H7q (%): Nd, 18.09; C, 55.74; H, 8.85; N,
5.27. Found (%): Nd, 18.44; C, 55.86; H, 8.74; N, 5.25. IR (v, cm™}):
3382, 3305, 3276 v(N—H); 2950, 2901, 2867 v(C—H); 1584,
1574 v,5(C==0); 1533, 1503, 1449 v4(C=0); 1413, 1385, 1356,
1279, 1225.

2.3.5. Sm(thd)s(deta) (4L)

Anal. calc. for SmCsz;06N3H7o (%): Sm, 18.72; C, 55.32; H, 8.78;
N, 5.23. Found (%): Sm, 19.78; C, 55.28; H, 9.05; N, 5.31. IR (v,
cm™Y): 3390, 3315, 3285 v(N—H); 2950, 2901, 2865 v(C—H);
1586, 1574 v,(C-==0); 1533, 1503, 1449 v,(C-=-0); 1404, 1385,
1354, 1279, 1226.

2.3.6. Gd(thd)s(deta) (5L)

Anal. calc. for GdC3;06N3H7q (%): Gd, 19.41; C, 54.85; H, 8.71; N,
5.19. Found (%): Gd 19.92; C, 55.05; H, 8.87; N, 5.23. IR (v, cm™!):
3388, 3316, 3288 v(N—H); 2951, 2902, 2867 v(C—H); 1588, 1574
Vas(C==0); 1537, 1505, 1450 v4(C==0); 1411, 1386, 1356, 1282,
1226.

2.3.7. Gd(thd)s(deta) (5L')

Anal. calc. for GdC3;06N3H7q (%): Gd, 19.41; C, 54.85; H, 8.71; N,
5.19. Found (%): Gd, 19.45; C, 54.82; H, 8.78; N, 5.15. IR (v, cm™'):
3404, 3389, 3316 v(N—H); 2950, 2902, 2865 v(C—H); 1587, 1573
Vas(C==0); 1533, 1503, 1450 v4(C==0); 1425, 1406, 1386, 1355,
1226.

2.4. Preparative vacuum sublimation

The portion of 1L-5L or 2L’ powder (100 mg) in quartz boat was
placed into glass tube, evacuated and retained at 140-160 °C for
one hour under pressure of 1072 torr. Sublimation products 1L-
subl-5Lsubl and 2L'subl, which condensed in the cold part of the
glass tube, were collected and characterized. The CHN and IR data
are presented in supplementary (Table S1).

2.5. X-ray crystallography

Single crystals of compounds 1, 1L, 4L, 5L’ and 7 suitable for
analysis were obtained by the slow crystallization of mother
liquors (1L, 4L, 5L’) or by recrystallization from benzene (1) or
toluene (7) solution. The structures were solved by direct methods
and refined by full-matrix least squares on |F?| with anisotropic
thermal parameters for all non-hydrogen atoms except structure
5L, where only Gd atoms were treated anisotropically. The posi-
tions of hydrogen atoms were calculated geometrically and refined
in the riding model with fixed isotropic thermal parameters. All
calculations were performed using the SHELXTL PLUS 5.0 program
package [39]. The essential crystallographic parameters are sum-
marized in Table 1.

2.6. Quantum chemical calculations

Theoretical simulations were performed for isolated molecules
with the FireFly 8.2 program package [40] in the framework of
Density Functional Theory (PBEO functional). Geometry optimiza-
tion and vibration frequencies calculations were performed using
the 6-31G(d) basis sets for C, O, N and H atoms, while for total

energy calculations extended 6-311+G(d, p) were applied. The
quasi-relativistic Stuttgart-Cologne effective core potentials were
used for La (ECP46MWB), Sm (ECP51MWB) and Gd (ECP53MWB)
with the corresponding basis sets [41]. The geometries of the mole-
cules were optimized without symmetry restraints and were
checked for the absence of imaginary frequencies in the Hessian.
The thermodynamic functions of the modeling reactions were cal-
culated as follows:

AE =37 (Eproducs) = D (Ereactanss) — ABsse W
A AE Y (HES,) - Y (HE,) @
A =3 (550) = 3 (52 ) )
AGT = A H®® — TA, S @

where E; is the full DFT energy of molecule calculated in the
extended basis set, AEgssg is the correction for basis set superposi-
tion error calculated by the Boys and Bernardi approach [42]. The
values of H;, the non-electronic contribution to full enthalpy, and
S;, the entropy of the molecule, were obtained in the model of har-
monic oscillator - rigid rotators. A;H?°® and A,S*°® were considered
to be constant in temperature range 298-433 K. The optimized
molecules, along with the geometrical parameters and are listed
in the supplementary (Table S2).

2.7. Thin film deposition

The deposition of LaMnO; and LaAlOs thin films on single crys-
talline (0 0 1) MgO and (0 0 1) SrTiO3 substrates was performed
using hot-wall MOCVD reactor with a single flash-evaporator
described elsewhere [43], which was loaded by a mixture of vola-
tile precursors of certain composition. Powders of 1 or 1L were
used as volatile precursors of La, while well-known volatile [Mn
(thd)s] (6) and [Al(thd)s] (7) were precursors of Mn and Al respec-
tively. Composition of precursors mixture, namely La:Mn or La:Al
ratio, was optimized in the range of 0.5-2.0 to obtain stoichiomet-
ric single-phase films. The following conditions were applied for all
MOCVD experiments: evaporator temperature — 200 °C and feed-
ing rate — 2 mg/min, the oxygen partial pressure - 2 mbar and
the total gas pressure - 4.7 mbar. The substrate temperature was
750 °C for LaMnOs3; and 900 °C for LaAlOs layers deposition.

3. Results and discussion
3.1. Synthesis

Synthesis and thermal behavior of whole row of REE dipival-
oylmethanates were widely studied earlier [20,25,44-46]. For
light REE [Ln(thd)s], complexes the crystal structure of [Pr
(thd)s], at room temperature and [Ln(thd)s], (Ln = La-Gd) at
150 K have been reported recently to be isostructural
[20,25,44-46]. In the present work, we have prepared 1-5 as
intermediates for the further synthesis, purified them by vac-
uum sublimation and confirmed their identity by CHN, IR and
XRD, which data are in good agreement with previously
reported ones [45]. It was, surprisingly, observed that just-
obtained 1 sublimate shows XRD pattern which differs from
theoretical one of 1 (Fig. S3). However, XRD pattern of 1 subli-
mate after storage in air becomes similar to theoretical one of 1
and experimental patterns of 2-5. This behavior points to the
condensation of polymorphous metastable phase of “La(thd)s”
from vapor which rapidly transforms to stable structure 1.
Attempts to grow the X-ray quality single crystal of this
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Table 1

Crystallographic and refinement data for structures 1, 1L, 4L, 5L’ and 7.
Parameters 1 1L 4L 5L 7
Formula LayCe6012H114 LaC3706N3H7o SmC3706N3H7¢ GdC3706N3H7o AlC3306Hs7
Formula weight 1377.39 791.87 803.31 810.21 576.77
T(K) 100(2) 120(2) 120(2) 120(2) 100(2)
Crystal system Monoclinic Orthorhombic Triclinic Triclinic Monoclinic
Space group P24/n Pnma P1~ P1~ C2|c
a A 12.3908(8) 17.1955(8) 10.925(4) 10.94(3) 28.0303(3)
b, A 27.8470(16) 24.9221(12) 11.259(4) 23.49(6) 18.42055(16)
¢, A 21.8074(14) 10.1925(5) 19.004(7) 26.07(6) 21.4456(2)
o, (°) 90.00 90.00 95.102(9) 73.56(3) 90.00
B, () 105.1318(13) 90.00 105.974(8) 89.15(3) 98.0185(9)
Q) 90.00 90.00 103.727(8) 87.62(3) 90.00
v, A3 7263.7(8) 4368.0(4) 2153.2(14) 6417(26) 10964.84(18)
Z 4 4 2 6 12

Color, habit

Crystal dimensions, mm

3

Colorless, prism
0.40 x 0.20 x 0.20

Colorless, plate
0.40 x 0.20 x 0.05

Colorless, block
0.15 x 0.14 x 0.12
1.239

Colorless, block
0.03 x 0.02 x 0.01
1.258

Colorless, block
0.16 x 0.07 x 0.07
1.048

1.405 1.592 0.092
9358(0.0750) 8173(0.3390) 12432(0.0248)
7130 2809 10,886

442 668 570

0.0551, 0.1112
0.997

0.1531, 0.3339
1.018

0.0626, 0.1798
1.033

Deale, g CM 1.260 1.204

p, mm~! 1.213 1.019

Unique reflections (Rin) 17493(0.0471) 6508(0.0588)
Observed reflections [I > 2c(1)] 13,105 4960
Parameters 772 303

Ri[I > 25(1)], ®R; 0.0498, 0.1060 0.0373, 0.0860
Goodness-of-fit (GOF) on F? 1.064 1.100
Absorption correction SADABS SADABS

Timin, Tmax 0.643, 0.793 0.694, 0.887
Prmin Pmax € A3 —-0.990, 1.245 -1.822, 2.143

SADABS SADABS XDS
0.753, 0.862 0.960, 0.980 0.847, 0.994
-1.622, 0.952 —1.381, 0.966 —0.464, 0.648

metastable phase from the vapor were not successful, while
recrystallization of sublimate from benzene solution led to sin-
gle crystal of stable phase 1.

Mixed ligand complexes 1L-5L were synthesized by direct
interaction between preliminary obtained 1-5 and deta in organic
medium. Compounds 1-5 being nonpolar are highly soluble in
nonpolar solvents (for example, toluene, benzene) [47], which
are not compatible for synthesis with polar deta ligand. Therefore,
we used ethanol as solvent for synthesis, where deta dissolves
completely and 1-5 demonstrate moderate solubility. As a result
of heterogeneous reaction, we observed transformation of undis-
solved residue from loose to crystalline precipitate. The last one
was isolated by filtration in two ways: (i) just after synthesis at
25 °C of 1L-5L; (ii) after solvent evaporation under heating at
70 °C to ca. 10% of original volume (2L, 5L") (Scheme 1). The prod-
ucts were examined by TGA, CHN analyses, IR spectroscopy that

La, Nd I
O
[=)
« Pr, Sm, Gd
rL,om,
Ln,(thd), d‘;t:
&)
(=)
o
~
Pr, Gd
S |

show their composition to be of general formula [Ln(thd)s(deta)]
regardless of method of isolation. Moreover, no changes in compo-
sition were observed with increase of deta : [Ln(thd)s] ratio in syn-
thetic mixture up to 3:1.

However, despite their identical composition compounds 1L-5L,
2L, 5L’ demonstrate polymorphism, powder XRD data show them
to belong to 3 structural types: type I - 1L, 3L; type Il - 2L, 4L, 5L;
type Il - 2L, 5L'. Each type was characterized by single crystal XRD
for crystals of 1L, 4L, 5L and comparison between experimental
and theoretical XRD patterns (Figs. 1, S4).

This polymorphism of [Ln(thd)s;(deta)] and [La(thd)s], as well,
originates from structural flexibility of lanthanides’ coordination
sphere, bulky tert-butyl substituents of thd™ and absence of speci-
fic intermolecular interactions. It could make impact on structure
related properties (e.g. volatility) of compounds and their reliable
identification requires XRD analysis.

Sublimation, Ln=Pr

-—
Sublimation

Sublimation, Ln=Pr

Scheme 1. The obtaining of mixed-ligand complexes of various structural types I-IIl and their mutual transformations.
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Fig. 1. Powder XRD patterns of [Ln(thd)s(deta)] compounds of different structural
types: a) type I, experimental patterns of 1L, 3L and theoretical one (lower line); b)
type III, experimental patterns for 2L, 5L' and theoretical one (lower line).
Theoretical patterns were calculated basing on 1L and 5L’ structures which were
corrected for thermal expansion with the following unit cell parameters: 1L: Pnmna,
a = 17.478(4) A, b = 25.053(5) A, c = 10417(2) A ; 5L: PT, a = 11.211(11) A,
b =23.750(19) A, c = 26.50(3) A, o = 74.13(7)°, p = 88.87(7)°, v = 86.46(8)°.

3.2. X-ray crystal structures

3.2.1. [La(thd)s]> (1) and [Al(thd)s3] (7)

Monoclinic unit cell of 1 contains 4 symmetry related isolated
binuclear pseudo centrosymmetric molecules. Each molecule con-
tains Lal and La2 ions in seven-fold coordination, four chelating
and two chelate-bridging thd~ ligands (Fig. 2). Lal and La2 demon-
strate similar distorted one-capped trigonal prism coordination
environment with differences in corresponding La-O distances
(Table S3). The isolated molecules are packed in the crystal without
any specific interactions. Molecular geometry of [La(thd)s], at
100 K is very close to one at 150 K reported in [45], with corre-
sponding Ln-O distances being by 0.01-0.03 A shorter.

Crystal structure of 7 has been recently studied in terms of
polymorphism [36]. Two polymorphous modifications - mono-
clinic in C2/c (at 293 K and 150 K) and triclinic in P1~ (at 293 K)
have been reported [34-36]. It is worth noting, that molecular vol-
ume, which serves as a measure of packing efficiency, reveals the
difference in relative stability of polymorphs [48], namely the
lower volume most probably corresponds to more favorable poly-
morph. Triclinic phase demonstrates molecular volume of 923 A3,
which is lower than respective values for monoclinic one at
293 K (967 A%) and even at 150 K (928 A3). Here we have per-
formed structural determination of 7 at 100 K (Fig. S5) and it also
exhibits monoclinic symmetry with the lowest value of molecular

Fig. 2. Geometry of [La(thd)s;], molecule in structure 1.

volume (914 A3). Therefore no thermal induced phase transition
between two polymorphs occurs in 100-293 K temperature range,
and monoclinic phase seems to be the low-temperature modifica-
tion which is metastable at room temperature. Comparison of Al-O
interatomic distances in structures which have been reported ear-
lier with one reported here reveals minor variations (Table S4).

3.2.2. [La(thd)s(deta)] (1L)

Orthorhombic unit cell of 1L represents the structural type I and
contains 4 symmetry related isolated mononuclear [La(thd)s(-
deta)] molecules with central ions lying in a special m position.
Central ion Lal coordinates four O atoms (01, 02, O1' and 02') of
two symmetry related chelating thd~, two O atoms (03 and 03')
of chelating thd~ lying across m-plane and three N atoms of
bichelating deta, which are disordered over two positions with
equal occupancies (Table 2). The coordination environment of
Lal is best described as one-capped square antiprism with CN
equals to 9 (Fig. 3).

Neighbor molecules in 1L are arranged in closest packing motif
and surprisingly exhibit no hydrogen bonds (Fig. S6A). However,
slight electrostatic interactions between NH, groups of deta and
conjugated system of thd™ cause arrangement of molecules into
chains along a axis with Lal---Lal' separation being equal to
8.9311 (4) A.

3.2.3. [Sm(thd)s(deta)] (4L)

Structure 4L represents the structural type II. Asymmetric part
of triclinic unit cell contains one [Sm(thd)s(deta)] molecule. Cen-
tral ion Sm1 coordinates six O atoms of chelating thd™ and three
N atoms of bichelating deta. In contrast to 1L the coordination
environment of Sm1 is best described as three-capped trigonal
prism with CN equals to 9 (Fig. 4).

The isolated molecules Sm(thd)s(deta) in 4L form layers
arranged in closest packing motif with the closest Sm1---Sm1
(1 —x, 1 -1y 1— z) separation within the layer being equal to
8.455(3) A and no intermolecular hydrogen bonds similar to 1L
(Fig. S6B).

3.2.4. [Gd(thd)s(deta)] (5L')

The best single crystal of 5L’ demonstrates drastic decay of
diffraction spots’ intensity with increase of diffraction angle,
almost no reflections with I > 2c(I) were observed at 20 > 34° even
with 70 s per frame acquisition time at 120 K. This behavior orig-
inates from low lattice energy and weak ordering of bulky mole-
cules of 5L and prevents precise determination of unit cell
parameters and atomic coordinates. However, the independent
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Table 2
Bond distances for [La(thd)s(deta)] (1L), [Sm(thd)s;(deta)] (4L) and [Gd(thd)s(deta)] (5L').
1L 4L 5L
5L'A 5L'B 5L'C

Bond distances, A
Ln1-01 2.447(2) 2.371(4) 2.26(2) 2.31(3) 2.34(2)
Ln1-02 2.5376(18) 2.456(4) 2.42(3) 2.44(3) 2.40(3)
Ln1-03 2.482(2) 2.381(4) 2.34(2) 2.25(2) 2.33(3)
Ln1-N1 2.732(4) 2.619(4) 2.57(4) 2.61(4) 2.63(4)
Ln1-N2 2.754(4) 2.675(5) 2.54(4) 2.65(5) 2.61(5)
Ln1-N3 _ 2.716(4) 2.671(4) 2.60(4) 2.56(4) 2.63(4)
Ln1-04 (La1-031) 2.482(2) 2.380(3) 2.33(3) 2.26(3) 2.31(3)
Ln1-05 (La1-01)) 2.447(2) 2.427(4) 2.28(2) 2.32(2) 2.36(2)
Ln1-06 (La1-02f) 2.5377(18) 2.417(3) 2.40(3) 2.33(2) 2.38(2)
Average distances, A
Ln-O¢hg 2.49+0.04 2.41+0.03 2.34+0.06 2.32+0.07 2.35+0.03
Ln-Ngeta 2.73+£0.02 2.66 +0.03 2.57+0.03 2.61+£0.05 2.62 £0.01

Symmetry code: (i) x, 1.5-y, z.

Fig. 3. Geometry of La(thd)s;(deta) molecule in 1L structure. Hydrogen atoms are
omitted for clarity.

indexing of powder XRD pattern of 5L’ (Fig. 1B) confirms single
crystal data and makes it possible to rely on refined structure.

Structure 5L’ represents the structural type IIl. Asymmetric part
of triclinic unit cell of 5L’ contains three molecules, 5L'A, 5L'B, 5L'C
respectively, with geometry being similar to each other and to one
in 4L. Each central Gd ion coordinates six O atoms of chelating thd™~
and three N atoms of bichelating deta. The coordination environ-
ment of Gd is best described as three-capped trigonal prism with
CN equals to 9 similar to 4L (Fig. 5). Two thd~ ligands in 5L'A are
disordered over two positions with equal occupations, retaining
the coordination environment of Gd unchanged.

The isolated molecules in 5L’ form pseudo-hexagonal layers
parallel to (0 1 1) lattice plane (Fig. 6). In contrast to 1L and 4L
these layers are arranged with alternation of the closest packing
and simple packing motif. The shortest intermetallic distance,
Gd2---Gd3, equals to 9.454(18) A.

Therefore, compounds 1L, 4L, 5L’ demonstrate equal CN of cen-
tral ion, but different coordination environment. The average Ln-O
and Ln-N distances decrease along with ionic radius (Table 3),
being close to the respect values, 2.38 + 0.04, 2.65 + 0.04 A, in
[Eu(thd)s(terpy)] which is the only Ln(thd);Q mixed ligand com-
plex with tridentate N-donor ligand to the best of our knowledge
(terpy = 2,2:6',2"-Terpyridine) [49]. Moreover, the Ln polyhedron
in 4L, 5L, being a distorted three-capped trigonal prism, is similar
to one in [Eu(thd)s(terpy)]. No Ln(thd);Q structures with the

Fig. 4. Geometry of Sm(thd);(deta) molecule in 4L structure. Hydrogen atoms are
omitted for clarity.

Fig. 5. Geometry of Gd(thd);(deta) molecule in 5L structure. Hydrogen atoms are
omitted for clarity.
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Fig. 6. Arrangement of Gd(thd)s;(deta) molecules within pseudo-hexagonal layer
parallel to (0 1 1) lattice plane in 5L’ structure. Hydrogen atoms are omitted for
clarity.

Table 3

DFT calculated thermodynamic data for reactions (7)-(9).
Parameter Ln = La Ln = Sm Ln = Gd
Ln(thd)sg) — ¥4 Lny(thd)eq) (7)
AE, kJ/mol -90.0 -87.2 —-86.1
AH, kJ/mol -87.5 -84.4 -83.2
AS, J/(mol-K) -214 -207 -210
AG?8, k]/mol -23.6 -22.6 -20.7
AG*3, kJ/mol 53 53 7.7
Ln(thd)s(deta)g) — Ln(thd)sg) + detagg) (8)
AE, kJ/mol 189.9 181.1 1814
AH, k]/mol 156.3 146.2 146.7
AS, J/(mol-K) 292 294 287
AG?8, k]/mol 69.2 58.6 61.0
AG*3, KkJ/mol 29.7 19.0 223
Ln(thd)s(deta)g) — ¥4 Lny(thd)sg) + detag) (9)
AH, kJ/mol 68.8 61.8 63.5
AS, J/(mol-K) 78 87 77
AG?8, k]/mol 45.6 36.0 40.4
AG*3, k]/mol 35.0 243 29.9

aliphatic tri- or higher dentate N-donor ligands have been reported
till now, while there are few with related O-donor ligands - polyg-
lymes. CN being equal to 9 has been reported only for [La(thd);(te-
traglyme)] [50], but CN equals to 8 in [Euy(thd)g(triglyme)] [50]
and [Gd,(thd)g(tetraglyme)] [51]. While in Ln(hfa)s(polyglyme),
where hfa is hexafluoroacetylacetonate anion which promotes
stronger Ln- polyglyme interaction, each Ln = La-Tb binds three
O-atoms of polyglyme with the resulting CN equals to 9
[26,27,52,53]. Therefore, compounds 1L-5L, 2L, 5L’ are expected
to demonstrate the stability against ligand elimination similar to
Ln(hfa)s;(polyglyme) analogues rather than Ln(thd)s;(polyglyme).

3.3. Thermal behavior in vacuum

Behavior of mixed-ligand complexes 1L-5L and 2L’ were exam-
ined in 140-160 °C temperature range by preparative vacuum
evaporation. It was observed that all compounds evaporate rapidly
and with no remarkable nonvolatile residue left. Volatile products
after condensation in the cold part of vacuum vessel were collected
as crystalline powders 1Lsubl-5Lsubl, and 2L'subl. According to
CHN and IR data (Table S1) the compounds after sublimation, 1L-
subl-4Lsubl, 2L'subl, demonstrate unchanged composition of gen-
eral formula [Ln(thd)s(deta)]. While [Gd(thd)s;(deta)] compound,
5L, partially decomposed during evaporation and 5Lsubl demon-
strated reduced deta content.

Nevertheless, despite identical chemical composition 1Lsubl-
4Lsubl and 2L'subl contain crystalline phases of different

structural types. Namely, 1Lsubl contains [Ln(thd)s;(deta)] of type
[; 2Lsubl and 2L'subl - the mixture of types I and II; 3Lsubl - type
II; and 4Lsubl - the mixture of types I and III (Fig. 7).

3.4. DFT calculations

Since [Lny(thd)s] and [Ln(thd)s(deta)] molecules are considered
as volatile compounds, it is important to study their molecular
structure in the gas phase, as well as their stability and transforma-
tions at moderate temperatures (413-523 K). Therefore, we have
performed DFT calculations of three series of molecules [Ln,(thd)g],
[Ln(thd)s;] and [Ln(thd)s(deta)], Ln = La, Sm, Gd. For each molecule
gas phase geometry, vibrational spectrum and thermodynamic
parameters have been calculated. Resulted molecular geometry
agrees well with X-ray crystal structure, the corresponding Ln-N
and Ln-O distances are equal within 0.05 A (Tables S2, S3, S5). Cal-
culated vibrational spectra also well correlate with experimental IR
ones make it possible to perform the attribution of adsorption
bands (Fig. 8, S7, S8).

In general, the sublimation process of mixed ligand complexes
is described by the following reactions [19]:

Ln(thd),(deta), « Ln(thd),(deta), (5)
Ln(thd),, < Ln(thd),, (6)
Ln(thd),, < 1/2Lny(thd)g, (7)
Ln(thd);(deta) ,, < Ln(thd),, + deta (8)
Ln(thd),(deta), < 1/2Lny(thd)s, + detag 9)

To estimate the relative stability of [Ln(thd)s;(deta)] complexes
in the gas phase and to predict their behavior during sublimation
the free energy changes of Eqs. (7)-(9) reactions have been calcu-
lated for room temperature and 433 K which corresponds to exper-
imental evaporation condition (Table 3).

The free energy for dimerization of Ln(thd); reaction (7) is neg-
ative only at room temperature being in agreement with crystal
structure data of 1-5 which consist of binuclear [Lny(thd)s] mole-
cules. At higher temperature of the sublimation range (413-433 K),
free energy change of (7) becomes noticeably positive making it
possible to exclude reactions (7) and (9) from the consideration
of sublimation processes.

3Lsubl

\A_/\_’J\/\/\/"\N\M/\‘\z\/\_/v\"/\’ A/\/\/V‘NV"\/W'—V"‘/""‘/\/_\MM" yee

2L'subl

Intensity

2Lsubl

I + Il types

1Lsubl

| type
¥ T
8 12 16 20 24 28

T T T v T v T v T d
2Theta

Fig. 7. Powder XRD patterns of sublimation products of La(thd);(deta) (1Lsubl), Pr
(thd)s(deta) (2Lsubl, 2L'subl), Nd(thd);(deta) (3Lsubl); and theoretical patterns of
La(thd)s(deta) (I type), Sm(thd)s(deta) (II type) and their mixture (I + II types).
Significant deviation in intensities of 2L'subl pattern originates from strong (1 0 0)
texturing effect.
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Fig. 8. Correlation of experimental (solid-state) and calculated (gas phase) IR
spectra of [La(thd);(deta)].

Thus, reaction (8) is the most important. The change in the free
energy of this reaction is positive for both temperatures (298 and
433 K), which shows the high stability of Ln(thd);(deta) complexes
against the neutral ligand elimination, and one can expect to
observe non-dissociated molecules in the gas phase, which is con-
sistent with experimental data on identical compound composi-
tions before and after sublimation. Going from La to Gd the
positive charge density on central ion increases simultaneously
with steric hindrances, these two counteracting factors cause
non-uniform decrease of reaction (8) free energy change. Similar
trend had been reported for Ln(thd)s;(Phen), where Ln-phen bond-
ing energy was found to be 68.4 or 40.3 kJ/mol for Ln = La or Lu,
respectively [54]. It should be noted that later values are smaller
than calculated AE values for reaction (8) (Table 3).

3.5. MOCVD of LaMnOs and LaAlOs thin films

Thin films of textured (0 0 [) LaMnOs and (0 0 I) LaAlO3 as well
as (0 0 1) LaAlOs/(0 0 1) LaMnOs heterostructure are considered to
be optimal buffer layers for 2G high temperature superconductors
[1,2]. MOCVD of these complex oxide thin films requires equal
vapor pressure of precursors of each component. However, this
could be hardly achieved due to quite different chemical properties
of La, Mn and Al. Flash evaporator partially neglects the differences
in volatility of precursors but optimization of precursors mixture
composition is required. According to ICP-MS analysis of deposited
LaMnOs films (Fig. S9) preparation of stoichiometric LaMnOs films
from both precursors mixtures, 1 + 6 or 1L + 6, requires remarkable
excess of La compound in the initial precursor mixture. However
1L + 6 precursors mixture demonstrate more reproducible results
with better linearity (Fig. S9). Obtained films on both MgO and
SrTiO3 substrates show single-phase (0 0 I) oriented LaMnO3z XRD
patterns (Fig. 9A). It is worth noting that large cell mismatch of
LaMnOs and MgO results in appearance of polycrystalline LaMnO3
admixture while perfect match between LaMnOs and SrTiO3 cells
leads to complete (0 0 I) peaks overlapping with no polycrystalline
component.

Deposition of LaAlO3 thin film by MOCVD is much more com-
plex task due to its narrow cation homogeneity region, high melt-
ing point (2353 K) and drastic differences in volatility of La and Al
precursors. The later issue can be overcomed by proper design of La
precursor. We have performed deposition of LaAlOs; film using
1L + 7 precursors mixture with different ratio La:Al equals to 1:2,
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Fig. 9. XRD patterns of LaAlO3 (LAO) and LaMnOs (LMO) thin films obtained by
MOCVD from 1L + 6 and 1L + 7 precursors mixtures on single crystalline (0 0 [) MgO
(M) and (0 0 I) SITiO3 (S) substrates: symmetrical 6-26 scans show phase
composition and out-of-plane texture (A); ¢-scans of (2 0 2) MgO, (1 0 1) LaMnOs
and (1 0 1) LaAlO3 reflexes for LaAlO3/LaMnOs/(0 0 [)MgO heterostructure show
cube-on-cube in-plane texture, arrows show FWHM values of reflexes (B).

1:1 and 2:1. According to XRD data, equimolar mixture is optimal
for deposition which leads to single-phase (0 0 I) oriented LaAlO3;
film with intense XRD pattern (Fig. 9A, Fig. S10). MOCVD with sim-
ilar equimolar 1 + 7 mixture also leads to formation of (0 0 I) LaAlO3
film but its XRD peaks are significantly less intense and much more
wider which originates from low crystallinity of LaAlOs; due to
presence of amorphous impurities, e. g. Al;Os.

Finally, (0 0 1) LaAlOs/(0 0 1) LaMnOs/(0 0 I) SrTiO3 and (0 0 1)
LaAlO3/(0 0 1) LaMnOs/(0 0 I) MgO heterostructures have been suc-
cessfully obtained by consequent MOCVD experiments using 1L + 6
and 1L + 7 precursors mixture. Both layers, LaAlO; and LaMnOs,
demonstrate cube-on-cube epitaxy with the following epitaxial
relationships: (0 0 I)LAO ” (0 0 1)]_]\/[0 ” (O 0 1)Mg0v [1 0 O]LAO ”
[1 0 OJmo Il [1 O O]mgo. (Fig. 9B). This demonstrates application
of reported compounds as volatile precursors for complex oxide
thin films, e. g. buffer layers for high-temperature coated
conductors.

4. Conclusion

In this paper we report that coordination of tridentate deta
ligand transforms binuclear [Ln(thd)s], (where Ln = La, Pr, Nd,
Sm, Gd) to mononuclear mixed-ligand complex of identical compo-
sition [Ln(thd)s(deta)] and similar molecular structure with
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desirable coordination number equals to 9. Different polymorphic
modifications were observed for structurally flexible [Ln(thd)s(-
deta)] and even [La(thd)s], depending on synthetic conditions.
Mixed ligand complexes [Ln(thd)s;(deta)], Ln = La, Pr, Nd, Sm sub-
lime intact in temperature range of 140-160 °C and 0.01 Torr with-
out decomposition. DFT calculations show [Ln(thd)s;(deta)] to be
stable in the gas phase against ligand elimination, however, the
stability decreases along with ionic radius that points to enhance-
ment of steric hindrance in coordination sphere nine fold coordi-
nated Ln®" jon. Rather high stability of [Ln(thd)s(deta)] in
comparison to complexes with bidentate N-donor ligands and
remarkable volatility of former ones at lower than [Ln(thd)s], tem-
peratures allow them to be used as volatile precursors for MOCVD.
[La(thd)s(deta)] was successfully used for deposition of stoichio-
metric, single phase (0 0 I) oriented LaMnOs and LaAlOs thin films
on (0 0 1) MgO and (0 0 I) SrTiO3 substrates.
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