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ABSTRACT: Four new praseodymium alkoxo and amido compounds ([Pry(us-
OtBu),(p,-OtBu);(OtBu),(HOtBu),] (1), [Pr{OC(Bu);};(THF)] (2), [PrCI{N-
(SiMe;),},(THF)], (3), and [PrCI{OC(tBu);},(THF)], (4)) were synthesized
and structurally characterized by single-crystal X-ray diffraction analysis. Application
of these compounds in solvothermal synthesis of praseodymium oxide/hydroxide
nanostructures showed their templating influence on the morphology and phase
composition of the resulting solid-state materials. Differential reactivity of the
chosen alkoxide ligands toward water and the different arrangements of metal—
oxygen units in the studied precursor compounds strongly influenced the kinetics of
hydrolysis and cross-condensation reactions as manifested in the morphological
changes and phase composition of the final products. Thermal decomposition
studies of 1—4 confirmed their conversion into the corresponding oxide phases.
Activation of compounds 1, 2, and 4 by either a base or a stoichiometric amount of
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water showed the distinct influence of their chemical configuration on the obtained nanopowders: whereas 1 solely produced
nanorods of Pr(OH)j;, 2 predominantly formed a mixture of rod-shaped and spherical particles. The solvothermal decomposition
of 4 resulted in Pr(OH),Cl or PrOCI due to the presence of Cl ligands in the molecular precursor. The resultant materials were
thoroughly characterized to demonstrate the relationship between precursor chemistry and the processing parameters that are
clearly manifested in the morphology and phase of the final ceramics.

B INTRODUCTION

The chemistry of lanthanide (Ln) elements continues to play a
pivotal role in the development of both molecular and materials
Due to the outstanding optical and magnetic
properties, the range of potential applications for lanthanide-
containing materials is very wide ranging from phosphors for
screens and monitors (Y,0,S, Tb—Gd,0,S) to solid-state laser
materials (Nd:YAG) and biomarkers.” While lanthanide-doped
solid-state materials are important for technological applica-
tions, molecular lanthanide complexes are sought for catalysis
and medical diagnostics.3 Control over the structure, reactivity,
and solubility of the resulting lanthanide compounds by
judicious choice and design of the ligands is an important
thrust area of materials chemistry. Herein, the precise
knowledge about the precursor’s molecular structure as well
as the arrangement of ligands eases the achievement of such
control. Furthermore, the bond closures and cleavages are
intrinsic to the nucleation of a solid phase from a molecular
source, and control over such atomic reorganization steps
through chemical influence is not trivial. Targeted synthesis of
inorganic materials poses significant challenges due to the
multistep character, which often leads to inhomogeneities in
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composition, crystallite size, and microstructure. In addition,
the supply of energy is generally empirically determined by
analyzing snapshots of synthesis in terms of chemical
composition and crystal structure. In this context, synthesis of
advanced nanomaterials based on chemical homogenization
techniques allows a controlled synthesis sometimes even
outside the thermodynamically controlled regimes as reported
for a wide variety of materials obtained through solution- or
gas-phase processing of metal—organic precursors.®

Metal alkoxides of the lanthanides are potential precursors to
oxide ceramics due to strong metal—oxygen bonds preexistent
in the compounds.”™® As hard Lewis acids’ and due to the high
contribution of ionic bonding, Ln*" ions predominately saturate
their coordination sphere via intermolecular linkages, resulting
in oligomer rings or polymer chain structures. Consequently,
simple alkoxides of lanthanide elements ([Ln(OR),],; R = —iPr
(isopropoxy), —Et (ethoxy), —Me (methoxy)) form clusters
subject to the steric profile of attached alkyl groups and the
propensity of alkoxide oxygen to act as a doubly (-4,-) and/or
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Table 1. Details of the Crystallographic Data, Structural Determination, and Refinement for Compounds 1—4

1 2
formula Cy4H10:04,Pr3 C,3HgoO,Pr
M, g mol™ 1228.98 811.05

T, K 100(2) 293(2)
wavelength, A 0.71073 0.71073

space group P2, /c PT

a, A 19.869(4) 12.184(2)

b, A 10.882(2) 13.109(3)

¢ A 27.854(6) 16.942(3)

a, deg 90 68.61(3)

B, deg 100.016(8) 87.86(3)

7, deg 90 62.63(3)

V, A3 5931(2) 2209.3(8)

z 4 2

D, Mg m™ 1357 1219

y, mm™ 2.024 1.139
R1%/wR2" (final) 0.0298/0.0600 0.0675/0.1807
R19/wR2Y (all data) 0.0386/0.0659 0.0701/0.1830

“R1 = Y|IF,| = IE|l/YJIF,). "wR2 = [Yw(E.2 — F2)Y/ Y w(F,1H*]"2

3 4
C,¢H,,CIN,OPrSi, CgoH,5,CL04Pr,-0.5C,HO
569.25 1330.36
100(2) 293(2)
0.71073 0.71073
P2,/n PT
14.2378(5) 13.076(9)
13.0890(4) 17.170(11)
16.4860(5) 18.606(8)

90 114.89(6)
114.8860(10) 96.84(7)

90 101.99(7)
2787.03(15) 3605(4)

4 2

1.376 1226

2.470 1451
0.0172/0.0420 0.0707/0.1522
0.0205/0.0446 0.1896/0.1809

triply (u3-) bridging ligand.8 Aiming for steric control,
aryloxides or phenoxides as well as alkyl alkoxides of bulkier
steric profile have been reported as suitable ligands.” For
example, the introduction of sterically demanding alkoxo
ligands such as tert-butoxy (—OtBu) favors the formation of
trinuclear structural units as reported by Bradley et al.'® and
Veith et al.'' for lanthanum and yttrium alkoxides of general
formula [M;(OtBu)y(HOtBu),]. Gromada et al. described the
synthesis of neodymium alkoxide [Nd;(OfBu)s(HOBu),],
while crystal data were reported for isostructural [Nd;(OfBu)y-
(THF),]."* Misra et al. reported the synthesis of tert-butoxy
derivatives of Pr and Nd by alcoholysis of isopropoxides;'*
however, no investigations were made regarding the molecular
structure of the complexes. Furthermore, due to the possible
cleavage of the C—O bond and resulting favored bridging of
several metal centers by oxo ligands (O®7), formation of
polynuclear oxo complexes cannot be completely excluded even
when using bulkier tert-butoxy ligands as shown by Hubert-
Pfalzgraf for the oxo cluster [Pr,O;(OtBu)g],, formed in the
reaction of [Pr{N(SiMe,),};] with ButOH."* Details on the
formation of the oxo ligands or the formation mechanism were
not provided. Also, synthesis of praseodymium tert-butoxide is
reported in the literature," but the crystal structure could not
be determined.'®

Among the lanthanides, praseodymium exhibits excellent
optical characteristics manifested in several interesting
praseodymium complexes of high luminescence efficiency or
for applications as color pigments and in near-infrared reflective
coatings."” Moreover, praseodymium forms oxides with variable
valence states (3+ and 4+) such as Pr,O;, PrO,, and PrsOy;
that are stable under ambient conditions, making them
promising functional oxide materials. For instance, Pr,0; is a
desired candidate for microelectronic applications due its high
dielectric constant.'® Furthermore, the variety of stable phases
enables fast changes in the oxidation state of praseodymium,
resulting in the highest oxygen ion mobility within the series of
lanthanide oxides and making these oxides very attractive as
catalysts.'”” In this context, various approaches have very
recently been suggested for the synthesis of praseodymium
oxide nanostructures, among them the synthesis of PrsO,;
nanorods by annealing of Pr(OH),.*° Aiming for the
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development of new suitable precursors for the preparation
of functional praseodymium-based nanomaterials, in this work,
[Pry(OtBu)y(HOBu),] (1) was synthesized and the crystal
structure was described for the first time. In addition, various
heteroleptic praseodymium amide and alkoxide complexes
([Pr{OC(tBu);};(THF)] (2), [PrCI{N(SiMe;),},(THF)],
(3), and [PrCI{OC(tBu);},(THF)], (4)) were isolated, and
their suitability in the solvothermal synthesis as precursors to
nanoscopic praseodymium hydroxides was investigated.

B EXPERIMENTAL SECTION

General Procedures. All manipulations were performed in
vacuum and in a nitrogen atmosphere using a modified Schlenk
assembly. Organic solvents used for amide and alkoxide synthesis were
purified and dried by standard procedures and stored over sodium or
molecular sieves. CHN analysis was performed with a Vario Micro
Cube by Elementar Analysen Systeme, Hanau, Germany. 'H and “*C
NMR spectra were recorded on a Bruker AC 200 spectrometer (300
MHz for 'H, 300 MHz for *C). The decomposition behavior of
compounds 1—4 was investigated by differential thermogravimetry/
differential thermoanalysis (TG/DTA) studies in 60 sccm of nitrogen
using a TGA 1500 by Bihr with a heating rate of 10 K/min.

Synthesis of [Pr{N(SiMe;),};]. LiN(SiMe,), used in the synthesis
of the precursor [Pr{N(SiMe,),};] was obtained by reaction between
n-butyllithium (477.0 mmol, 300 mL, 1.6 M in hexane, Acros
Organics) and hexamethyldisilazane (477.0 mmol, 100 mL, Fluka,
>98.0%) at room temperature for 24 h. The white powder was purified
by sublimation at 80 °C (p &~ 107> mbar) before further use. Yield:
92%, 73.1 g. Subsequently, the praseodymium precursor was
synthesized by reacting stoichiometric amounts of LiN(SiMe;),
(10.0 g 60.0 mmol) and PrCl; (4.9 g 20.0 mmol, Sigma-Aldrich,
powder, water-free, 99.9% dried under dynamic vacuum (p ~ 107
mbar) at 120 °C for at least 1 h and activated by THF (50 mL) at 60
°C for 2 h) in toluene as described in the literature.”' The obtained
light green powder was purified before further use by sublimation at
130 °C (p ~ 107> mbar). Yield: 92%, 11.6 g. Anal. Calcd for
[Pr{N(SiMe,),},]: C, 34.8; H, 8.8; N, 6.8. Found: C, 34.5; H, 8.8; N,
6.1.

Synthesis of [Pr;(OtBu)g(HOtBu),] (1). HOtBu (in excess, 20
mL) was added to a solution of [Pr{N(SiMe;),};] (4.2 g, 6.7 mmol)
in hexane (25 mL) and THF (S mL). Herein, a liquid nitrogen bath
was used for cooling to avoid a too vigorous reaction. The reaction
mixture was stirred at room temperature for 24 h. Recrystallization
from a toluene solution (15 mL) followed by cooling at 4 °C produced
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Table 2. Solutions (Activation Agents) Used for the Activation of the Precursor Solutions Prior to Solvothermal Treatment

activation agent description concn

KOH,q aqueous potassium hydroxide  ¢(KOH) = 1.87 mol/L,
solution «(OH") =187 M

KOH, /HOiPr 1 mL of KOH,, dilutedin ~ c(OH") = 0.09 M
20 mL of HOiPr

NH,OH, aqueous ammonium hydroxide ¢(NH,OH) = 18—30 wt %
solution

H,0 water diluted in 10 mL of ¢(H,0) =1 or S molar equiv

HOiPr or hexane

pH volume added precursor
14 (caled pH 14.27) 1 mL 1,2
9 20 mL 1,2
14 (caled pH 14.87) 1 mL 1,2
7 10 mL of HOiPr or hexane + 1,2 4

1 or 5 molar equiv of H,O

light green crystals of 1. Yield: 96%, 2.6 g. Anal. Calcd for
[Pry(OtBu)y(HOBu),]: C, 43.0; H, 8.3. Found: C, 42.2; H, 8.2.

Synthesis of HOCtBu; (H-tritox). Synthesis of H-tritox was
performed following a procedure described in the literature.”> A
solution of diethyl carbonate (6.18 mL, Sigma-Aldrich, puriss, >99.5%)
in diethyl ether (50 mL) was slowly (2 h) added to a solution of tert-
butyllithium (90 mL, 1.7 M in pentane, Acros Organics) and stirred at
room temperature. For the hydroxylation of residual tert-buthyllithium,
a mixture of water (50 mL) and acetic acid (10 mL) was added (T = 0
°C). The compound was isolated by washing with diethyl ether under
addition of sodium hydrogen carbonate. After drying with magnesium
sulfate, the product was obtained from the organic phase as a waxy
solid that could be purified by sublimation at 80 °C (p &~ 107> mbar).
Yield: 60%, 6.1 g. '"H NMR (hexadeuteriobenzene, C¢Dg): 6 (ppm)
1.22 (s, 27 H, —=C(CHj;);). *C NMR (C¢Dy): 6 (ppm) 84.53 (s, 1 C,
—COH), 44.43 (s, 3 C, —C(CHs)3), 32.00 (s, 9 C, —C(CHj,),).

Synthesis of [Pr(tritox);(THF)] (2). A solution of H-tritox in
hexane (2.6 g, 13.1 mmol in 20 mL) was dropped into a solution of
[Pr{N(SiMe;),};] in hexane (2.7 g, 44 mmol in 50 mL) and stirred at
room temperature for 24 h. After removal of the solvent, the obtained
compound was redissolved in a hexane/THF mixture (S mL/2 mL)
and cooled to 4 °C. Light green crystals were obtained that could be
identified as [Pr{OC(fBu);};(THF)]. Yield: 90%, 3.2 g. Anal. Calcd
for [Pr(tritox);(THF)]: C, 63.7; H, 11.1. Found: C, 63.3; H, 11.2.

Synthesis of [PrCI{N(SiMe;),},(THF)], (3). A solution of
[Pr{N(SiMe;),};] (1.3 g, 2.1 mmol) in toluene (25 mL) was slowly
dropped into a suspension of PrCl; (0.3 g, 1.03 mmol) activated with
THF (5 mL) with cooling of the reaction with liquid nitrogen. The
reaction mixture was stirred at room temperature for 18 h.
Condensation and resolution in hexane and THF followed by cooling
at 4 °C produced light green crystals of 3. Yield: 55%, 0.97 g. Anal.
Calcd for [PrCI{N(SiMe,),},(THF)],: C, 33.8; H, 7.8; N, 4.9. Found:
C, 32.8; H, 7.7; N, 4.7.

Synthesis of [PrCl{tritox},(THF)], (4). Compound 4 was
synthesized by dropping a solution of H-tritox (0.4 g, 2.1 mmol) in
hexane (25 mL) into a solution of [PrCI{N(SiMe;),},] (0.5 g, 1.03
mmol) in hexane (25 mL), followed by stirring for 14 h at room
temperature. Light green crystals of 4 were obtained from a
concentrated solution in a hexane/THF mixture kept at 4 °C. Yield:
72%, 0.92 g. Anal. Calcd for [PrCl{tritox},(THF)],: C, 55.7; H, 9.7.
Found: C, 54.6; H, 9.6.

Single-Crystal X-ray Diffraction Analysis. Molecular structures
of compounds 1—4 were determined by single-crystal X-ray diffraction
analysis using a diffractometer AED 2 by Siemens. The molecular
structures were solved using the software SHELXS-86 and SHELXS-
93. All crystallographic data and structure refinement results for
compounds 1—4 are summarized in Table 1 (absorption correction,
numerical; refinement method, full-matrix least-squares on F*). The
Cambridge Crystallographic Data Centre (CCDC) contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from the CCDC via www.ccdc.cam.ac.uk.

Materials Synthesis and Characterization. For solvothermal
synthesis, 200 mg of the precursor (1, 2, or 4) was dissolved in
isopropyl alcohol (20 mL) followed by the addition of an activation
agent to initialize the hydrolysis of the precursor molecules
(“activation”). To study the influence of the nature of the activation
agent (pH, concentration) on the material formation, three different
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basic solutions as well as stoichiometric amounts of water were added.
Table 2 summarizes all applied activation agents.

In a first approach, the prepared precursor solutions (precursor 1 or
2) were activated by addition of an aqueous potassium hydroxide
solution (1 mL of KOHaq). Furthermore, precursor solutions of 1 or 2
were also activated by adding 20 mL of a diluted aqueous potassium
hydroxide solution (KOH,,/HOiPr). Alternatively, an aqueous
solution of ammonium hydroxide (1 mL of NH,OH,,) was used for
the activation of 1 or 2 prior to the solvothermal treatment. Besides
activation with a basic activation agent, 1, 2, or 4 (ca. 200 mg) in
isopropyl alcohol (25 mL) was activated by adding a stoichiometric
amount of water (1 or S molar equiv in 10 mL of isopropyl alcohol).
Finally, the solvothermal decomposition of 1, 2, and 4 (ca. 200 mg)
was also examined in hexane (25 mL) as a nonpolar solvent following
the addition of either 1 mL of KOH,q (precursor 1 and 2) or a
stoichiometric amount of water (1 or S molar equiv in 10 mL of
hexane, precursors 1, 2, and 4).

The activated solutions were introduced under ambient conditions
in Teflon liners, which were enclosed in steel autoclaves (DAB-2,
Berghof Products + Instruments GmbH) and heated to 200 °C or 250
°C for 24 h. After cooling to room temperature, the precipitates were
washed once with methanol (20 mL) and twice with ethanol (20 mL),
collected by centrifugation, dried in air, and ground with a mortar and
pestle before further characterization. A summary of all synthesis
parameters is given in Table 3. The crystallinity and phase
composition of the obtained powders were determined by powder
X-ray diffraction analysis at room temperature on a D-5000 Siemens
(40 kV, 25 mA, step width 0.02°) or a PW 1710 Philips (4S5 kV, 30
mA, step width 0.02°) diffractometer operating with Cu Ka, radiation.
Phase assignment was affected using the program X'Pert HighScore by
Philips Analytical B.V. (Almelo, The Netherlands). Transmission
electron microscopy (TEM) images of the nanostructures dispersed in
isopropyl alcohol and subsequently transferred to a carbon film
supported copper grid were obtained with a JEOL 200 CX (Philips)
transmission electron microscope. Investigation of the silicon content
in the obtained powders was done with the aid of X-ray photoelectron
spectroscopy (XPS) using a Surface Science Instrument M-Probe at
room temperature (U = 10 keV, I = 15 mA).

B RESULTS AND DISCUSSION

Precursor Synthesis and Crystal Structures. Praseody-
mium tert-butoxide [Pry(OtBu)y(HO#Bu),] (1) was obtained
by room temperature alcoholysis of [Pr{N(SiMe;),};] with an
excess of tert-butyl alcohol. Light green, moisture- and air-
sensitive crystals grown from a concentrated solution in toluene
at 4 °C revealed a trigonal arrangement of praseodymium
atoms (Figure 1) supported by three doubly bridging alkoxy
ligands present along the sides of the hypothetical triangle (O3,
04, and OS). Two additional y4-bridging alkoxy ligands (O1
and O2) are present below and above the triangular plane,
resulting in a 6-fold oxygen coordination around each of the Pr
centers as §enera11y favored by this class of lanthanide
compounds.'**® The obtained molecular structure is similar
to those reported for yttrium, lanthanum, terbium, and
gadolinium tert-butoxides.®>> 113 Herein, the Pr—O bond
lengths (Table 4) fit well with the trend of the Ln—O bond

DOI: 10.1021/acs.inorgchem.5b00529
Inorg. Chem. 2015, 54, 62676280


www.ccdc.cam.ac.uk
http://dx.doi.org/10.1021/acs.inorgchem.5b00529

Inorganic Chemistry

Table 3. Overview of Parameters Used in the Solvothermal
Process

key param precursor” solvent activation agent
precursor chemistry” 1 20 mL of  KOH,
HOiPr
2 20 mLof KOH,
HOiPr
basic activation” 1 20 mL of  HOIiPr/KOH,y
HOiPr
1 20 mL of NH,OH,,
HOiPr
2 20 mL of HOiPr/KOHaq
HOiPr
2 20 mL of NH4OHaq
HOiPr
activation by H,0° 1 25 mL of 1 molar equiv of H,O in
HOiPr 10 mL of HOiPr
1 25 mL of 5 molar equiv of H,O in
HOiPr 10 mL HOiPr
2 25 mL of 1 molar equiv of H,O in
HOIiPr 10 mL of HOiPr
2 25 mL of 5 molar equiv of H,O in
HOIiPr 10 mL HOiPr
4 25 mL of 1 molar equiv of H,O in
HOIiPr 10 mL of HOiPr
4 25 mL of 5 molar equiv of H,O in
HOIiPr 10 mL of HOiPr
solvent® 1 25 mL of KOH,
hexane
2 25mLof KOH,
hexane
1 25 mL of 1 molar equiv of H,O in
hexane 10 mL of hexane
1 25 mL of 5 molar equiv of H,O in
hexane 10 mL of hexane
2 25 mL of 1 molar equiv of H,O in
hexane 10 mL of hexane
2 25 mL of S molar equiv of H,O in
hexane 10 mL of hexane
4 25 mL of 1 molar equiv of H,O in
hexane 10 mL of hexane
4 25 mL of 5 molar equiv of H,O in
hexane 10 mL of hexane

“Precursor amount 200 mg. bTemperature 200 °C, reaction time 24 h.
“Temperature 250 °C, reaction time 24 h.

Figure 1. Molecular structure of [Pry(OtBu)y(HOBu),] (1). The
hydrogen atoms were omitted for clarity.

lengths within the lanthanide series, exhibiting shorter bond
lengths with increasing atomic number (selected bond lengths
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Table 4. Selected Bond Lengths and Angles in 1

moiety length (&) moiety angle (deg)
Pr1-01 2.4890(18) 03-Pr1-05 143.11(6)
Pr1-02 2.4721(17) 01-Pr1-02 66.71(6)
Pr1-03 2.3942(19) 06—-Pr1-07 72.18(7)
Pr1-05 2.4137(18) 03-Pr2—04 138.11(6)
Pr1-06 2.1912(18) 01-Pr2—-02 63.76(5)
Pr1-07 2.6639(19) 08-Pr2—09 86.20(11)
Pr2—03 2.4702(19) 04—Pr3—05 138.05
Pr2—04 2.4340(19) 01-Pr3-02 63.69(5)
Pr3—04 2.4314(19) 010-Pr3-011 86.32(13)
Pr3—05 2.4417(18) Pr1-03-Pr2 98.97(6)
Pr2—04—Pr3 102.04(6)
Pr3—05—Prl 99.63(7)

between Ln and py-bridging O: La, 2.505 (13) A;' Pr,
2.4721(17) A; Nd, 2.409 (13) A;'* Gd, 2.3610 (15) A;** Tb,
2.343(3) A;*® Er, 2.305(3) A®*) (selected bond lengths
between Ln and p,-bridging O: La, 2.449(14) A0 pr,
2.4137(18) A; Nd, 2.399(3) A;'? Gd, 2.3313(16) A;** Tb,
2.320(4) A;®® Er, 2.269(3) A*) (selected bond lengths
between Ln and terminal alkoxy as well as tert-butyl alcohol
(with the exception of the Nd complex where THF was
reported as a molecule ligate) ligands: La, 2.195(13) A/
2.604(15) A;'° Pr, 2.1912(18) A/2.6639(19) A; Nd, 2.147(4)
A/2.661(4) A" Gd, 2.1223(16) A/2.5567(16) A;** Tb,
2.114(4) A/2.609(4) A, Er, 2.067(3) A/2.525(4) A™).
Despite its discrete molecular structure, 1 cannot be vaporized
due to coordinated alcohol ligands that are removed under
vacuum, thus producing higher agglomerates with evidently low
vapor pressure. One of the praseodymium atoms (Prl) is
coordinated by two alkoxy groups, whereas two other
praseodymium atoms (Pr2 and Pr3) bear one alkoxy ligand
and one fert-butyl alcohol each. Consequently, bond angles
(Table 4) around Prl (Figure 1), (O3—Pr1—0S, 143.11(6)°;
06—Pr1-07, 72.18(7)°) are significantly different from
analogous bond angles of Pr2 (O3—Pr2—04, 138.11(6)°;
08—Pr2—09, 86.20(11)°) and Pr3 (04—Pr3—05, 138.05(6)°;
010-Pr3—011, 86.32(13)°).

The observed trinuclear structural motif has been frequently
observed in various homoleptic and heteroleptic derivatives of
yttrium and lanthanide elements.®*>'"'*?% This arrangement is
apparently favored due to the tendency of trivalent lanthanide
ions to expand their coordination number, as this specific
ligand-deficit arrangement allows 6-fold coordination of oxygen
atoms around each of the metal centers. The large body of data
available on metal alkoxides suggests that the synthesis of
complexes with lower nuclearity would require bulkier ligands
capable of providing an optimal steric shielding of the
lanthanide centers.?® In the case of smaller ligands, the
coordination of solvent molecules as neutral ligands is generally
observed to achieve a preferable coordination state for the
central metal atom. Alternatively, polydentate ligands are useful
for controlling the nuclearity of molecules via steric hindrance
and saturation of available coordination sites.”’

To investigate the influence of the precursor’s molecular
structure on its decomposition behavior and eventual formation
of praseodymium-based nanostructures, we aimed for the
synthesis of monomeric praseodymium alkoxide. Therefore, the
bulky tris-tert-butoxide (tritox) ligand was chosen to modify
[Pr{N(SiMe,),};] with 3 equiv of HOCtBu; to produce
[Pr{OC(tBu),}5(THF)] (2):

DOI: 10.1021/acs.inorgchem.5b00529
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[Pr{N(SiMe;), };] + 3HOC(tBu),

hexane, THF
—_—_——

[Pr{OC(tBu);};(THF)]
—3HN(SiMe,), N

(1)

Compound 2 crystallized in the triclinic space group P1 (Figure
2), whereby the lower symmetry of the crystal structure

Figure 2. Molecular structure of [Pr{OC(tBu);};(THF)] (2). The
hydrogen atoms were omitted for clarity.

resulted from the bulky ligands not allowing a denser packing of
the structural units. As a result, 2 displayed a 4-fold oxygen
environment with pseudotetrahedral coordination bestowed by
a donor THF molecule. As expected, the bond length (Table S)

Table 5. Selected Bond Lengths and Angles in 2

moiety length (A) moiety angle (deg)
Pr1-01 2.196(6) 0O1-Pr1-02 114.6(22)
Pr1-02 2.172(6) 02-Pr1-03 122.5(2)
Pr1-03 2.186(6) 03-Pr1-01 117.9(2)
Pr1-04 2.524(7) 04-Pr1-01 103.5(2)
01-C1 1.414(10) 04-Pr1-02 89.3(2)
04-Pr1-03 99.9(2)

between the central praseodymium atom and the THF ligand
(Pr1—04, 2.524(7) A) was significantly longer when compared
to Pr—tritox bond lengths (average bond length 2.185(3) A).
Furthermore, the strong steric repulsion among the tritox
periphery caused a broadening of the bond angles among the
tritox ligands when compared to those of tert-butoxide
derivatives.®® As described for the analogous terbium tris-tert-
butoxide derivative,6b Pr—O bond lengths in the mononuclear
2 (average bond length 2.185(3) A) are shorter than those in
trinuclear 1 (average bond length 2.447(2) A). Besides terbium
and praseodymium tritox derivatives, neodymium and cerium
tritox compounds have been reported by Wedler et al.*® and
Stecher et al,”® respectively. The synthesis of single crystals in
the case of neodymium as the metal ion has been reported,
revealing the formation of the monomeric crystal structure
[Nd{OC(tBu);},(THF)] by X-ray analysis; however, the bond
lengths and angles were not discussed.”® The formation of
solvent-free [Nd{OC(tBu),};] crystals was reported by
Herrmann et al, yet single-crystal X-ray diffraction analysis
on the obtained crystals could not be provided.** Furthermore,
the crystallization of the tris-fert-butoxide derivative of
ytterbium has been reported.31 [Yb{OC(tBu);},(THF),]
exhibits only two tritox ligands, while the pseudotetrahedral
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coordination is completed by the coordination of two THF
molecules. With respect to analogous lanthanide tritox
complexes, the obtained bond lengths in 2 follow the trend
of decreasing bond lengths with increasing atomic number from
praseodymium (average Pr—tritox bond length, 2.185 A; Pr—
THF bond length, 2.524(7) A) to terbium® (average Tb—
tritox bond length, 2.113 A; Tb—THF bond length, 2.401(5)
A) and erbium (average Er—tritox bond length, 2.077 A; Er—
THF bond length, 2.335(7) A (unpublished data)).

The reaction of 2 equiv of [Pr{N(SiMe,),},] with 1 equiv of
PrCl; resulted in a ligand-scrambling reaction to produce the
heteroleptic species [PrCI{N(SiMe,),},(THF)], (3), which
acted as a synthon to [PrCl{OC(tBu);},(THF)], (4) by
replacing the amide ligands with tritox units:

[PrC{N(SiMe;), },], + 4HOC(tBu),

3
hexane, THF
PrCI{OC(¢Bu), },(THF)],
—4HN(SiMe;), R 2)

Compounds 3 and 4 were obtained as light green needles from
a mixture of hexane and THF maintained at 4 °C. Single-crystal
X-ray diffraction structure analysis of 3 (monoclinic, space
group P2,/n) revealed a centrosymmetric, chloro-bridged
dinuclear molecular structure (Figure 3). Additional coordina-

_si3

Figure 3. Molecular structure of [PrCI{N(SiMe;),},(THF)], (3). The
hydrogen and carbon atoms of the amide groups were omitted for

clarity.

tion of one THF molecule at each coordination center
compensates for the lack of electrons at the praseodymium
centers. Analogous molecular structures for stable bisamido
chloride complexes of the type [Ln{N(SiMe;),},(THF)(u-
Cl)], have been reported by Karl et al. for samarium and by
Berg et al. for neodymium obtained through the reaction
between the lanthanide amide Ln[N(SiMe;),]; and the
lanthanide chloride LnCl; (Ln = Sm, Nd).** In contrast, the
analogous europium complex was found not to be stable.*® In a
similar approach, the reaction between sodium or lithium
amide with the lanthanide chloride was reported to yield
isostructural crystals of ytterbium, gadolinium, neodymium, and
cerium bisamido chloride.>****** Within this set of reported
lanthanide bisamido chloride complexes, the determined bond
lengths (Table 6) in the here discussed praseodymium complex
follow the decreasing trend toward ytterbium (average Ln—Cl
bond lengths: Pr, 2.828 A; Nd, 2.823 A;3** Sm, 2.782 A;*** Gd,
2.753 A; 3b Yb, 2.679 A33b) (average Ln—N bond lengths: Pr,
2.306 A; Nd, 2.318 A;® Sm, 2.272 A;*** Gd, 2.252 A;* Yb,
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Table 6. Selected Bond Lengths and Angles in 3

moiety length (&) moiety angle (deg)
Pr1-Cl1 2.8284(3) Cli#1-Pr1-Cl1 74.002(9)
Pr1-N1 2.2996(10) Cl1-Pr1-01 77.99(2)
Pr1-N2 2.3130(10) 01-Pr1-N2 85.21(3)
Pr1-01 2.5433(9) N2—Pr1-Cl1#1 99.67(3)
N1-Pr1—Cl1#1 93.57(3)
N1-Pr1-Cl1 111.02(3)
N1-Pr1-01 111.30(3)
N1-Pr1-N2 120.89(4)

2.186 A*") (Ln—O bond lengths: Pr, 2.5433(9) A; Nd,
2.496(7) A;® Sm, 2469(8) A% Gd, 2.444(5) A Yb,
2.351(5) A%P).

The molecular structure of 4 is isostructural with that of
compound 3 (Figure 4); however, the introduction of the

Figure 4. Molecular structure of [PrCI{OC(Bu);},(THF)], (4). The

hydrogen atoms were omitted for clarity.

bulkier tritox ligands resulted in a hindered packing of the
structural units and therefore in a reduced crystal symmetry
(space group PT). With a value of 2.8284(3) A, the Pr—Cl bond
length (Table 7) in 3 is longer than the Pr—N bond length

Table 7. Selected Bond Lengths and Angles in 4

moiety length (A) moiety angle (deg)
Pr1-Cl1 2.909(3) Cl1-Pr1-CI2 73.46(10)
Pr1-01 2.099(7) Cl2-Pr1-01 94.7(2)
Pr1-02 2.114(6) 0O1-Pr1-03 93.5(3)
Pr1-03 2.586(8) 03-Pr1-Cl1 76.29(18)
02-Pr1-Cl1 109.9(2)
02-Pr1-CI2 108.9(2)
02-Pr1-01 111.0(3)
02-Pr1-03 102.3(3)

(2.2996(10) and 2.3130(10) A), indicating its higher ionic
nature. The Pr—O bond lengths (4: Pr1—01, 2.099(7) A; Pr1—
02, 2.114(6) A) are shorter than the Pr—N bond lengths (3:
Pr1—N1, 2.2996(10) A; Pr1—-N2, 2.3130(10) A) due to the
higher basicity of oxygen atoms. The bond lengths as well as
angles in 4 are in agreement with those of the analogous
neodymium compound obtained by the reaction of [NdCl;-
(THEF),] with Li(OCtBu,) described by Wedler et al.”® In both
compounds, coordination of additional THF molecules at the
Ln centers resulted in a distorted trigonal bipyramidal geometry
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around the metal center. However, the preferred octahedral
coordination could not be achieved due to steric constraints.
The molecular structure of 4 is formed by two tritox ligands
(01, 02) and one chloro ligand (Cll1) arranged in the
equatorial plane around the praseodymium center (O1—Prl—
02, 111.0(3)°; O1-Pr1—Cl1, 139.04(18)°% 02—Pr1—ClI,
109.9(2)°), while the second chloro ligand (CI2) and a THF
molecule (O3) are located below and above the triangular
plane (O3—Pr1—Cl2, 142.18(17)°). The coordination figure is
similar to that observed in 3, where one chloro ligand (CI1)
and two bis((trimethylsilyl)amido) ligands (N1, N2) (N1—
Pr1-Cl1, 111.02(3)° N1-Pr1—-N2, 120.89(4)°; N2—Prl—
Cl1, 128.04(3)°) form the equatorial plane, while ligands O1
and Cl1#1 are located above and below this plane (O1—Prl—
Cli#1, 147.78(2)°).

Further Analysis of 1—4. Aiming for a characterization of
the synthesized compounds in solution, NMR measurements
were carried out, yet due to the paramagnetism of
praseodymium, the obtained data were not conclusive.
Furthermore, UV—vis spectra recorded on solutions of 1—4
did not provide any significant features in the visible range,
which can be expected taking into account that the f—f
transitions in praseodymium are forbidden. However, elemental
analysis data found for compounds 1—4 are in good agreement
with the calculated content of C, H, and N. For the alkoxides 1,
2, and 4, the found concentrations in C and H differ by less
than 2% from the calculated concentrations. For amido
compound 3, a maximal deviation of 4% was found in the
case of N (calculated, 4.9%; found, 4.7%). Deviations between
calculated and found concentrations can be explained by partial
decomposition of the highly air- and moisture-sensitive
compounds during handling and transfer to the CHN analyzer.
Thus, these data provide further evidence for the suggested
identity of the synthesized compounds in the form of bulk
powder.

TG/DTA Analysis. TG/DTA profiles recorded for
precursors 1—4 (Figure S) revealed the influence of the chosen
ligand on the decomposition mechanism. 1 showed a total mass
loss of 69% in three steps at 204, 277, and 328 °C (Figure Sa),
which were accompanied by endothermal peaks in the
corresponding DTA curve possibly due to ligand elimination
and fragmentation. The mass loss of 12% found at a
temperature of 200 °C can be assigned to the loss of the two
coordinated tert-butyl alcohol molecules (found residual mass,
1081.5 g/mol; theoretical mass of Pr;(OtBu),, 1081.0 g/mol).
Further elimination of organic ligands is evident as a second
mass loss of 32% in the temperature range of 255—305 °C and
a third mass loss of 24% at a temperature of 330 °C. Formally,
these second and third mass losses together could be assigned
to the elimination of the residual tert-butyl groups (second step,
found mass loss 32% or 393 g/mol, corresponding to 5.4 OtBu
groups; third step, found mass loss 24% or 295 g/mol,
corresponding to 4.0 OtBu groups). The resulting residual mass
of 31% may formally be assigned to praseodymium carbonate
phase Pr,0,CO; (found residual mass, 31% or 381 g/mol;
theoretical residual mass for Pr,0,CO;, 30.4% or 373.8 g/mol).
As the TG/DTA analysis was performed under inert
conditions, compound 1 itself must be considered as a carbon
source,” inducing the formation of the carbonate phase. As
described in the section “Materials Synthesis”, the formation of
Pr,0,CO; was in fact observed as a crystalline phase after the
solvothermal treatment of 1 following activation with a
stoichiometric amount of water (Figure 11).
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Figure 5. TG/DTA analysis of (a) 1, (b) 2, (c) 3, and (d) 4.

Compound 2 (Figure Sb) also showed a decomposition g/mol). The residual mass of 35% (199 g/mol) indicated the
profile in three steps (as apparent from the differential TG formation of PrOCI (theoretical residual mass 192.4 g/mol or
graph, inset of Figure Sb). However, all peaks are less 34%) at the end of the decomposition process. Introduction of
pronounced and shifted to lower temperatures when compared the tritox ligand in 4 resulted in two main differences in the
to those of 1, suggesting a different chemical influence when TG/DTA curves when compared to those of 3 (Figure 5d).
both compounds are used as precursor molecules in materials First, the first endothermal feature is detected at a temperature
synthesis. In the low temperature range, volatile components or below 100 °C, indicating a lower initial decomposition
the coordinated THF molecule is eliminated (found mass loss temperature of 4 when compared to 3. Second, a prominent
until 83 °C, 9.3%; found residual mass, 735 g/mol; theoretical exothermal peak was detected at 206 °C that can be due to
mass loss for the elimination of one THF, 8.8%; theoretical combustion of organic groups and the beginning of incipient
residual mass, 739 g/mol), while the main mass loss (60%) due crystallization processes. The TG curve reveals one main step
to the elimination of organic groups is observed in the in this temperature range followed by a second mass loss, both
temperature range of 83—200 °C. The final mass loss occurs at assigned to the elimination and fragmentation of the tritox
temperatures above 200 °C. Hermann et al. identified mass ligands (theoretical residual mass loss after removal of one
spectroscopic fragments of (tC,H,),CO and H-tritox, tritox, 394 g/mol; found residual mass loss at 215 °C, 405 g/
respectively H-ditox, during the thermal decomposition of mol; theoretical residual mass loss after removal of two tritox
Nd(tritox); until 330 °C.** The residual mass of 20% (~162 g/ molecules, 194 g/mol; found residual mass loss at 378 °C, 173
mol) can formally be assigned to the formation of g/mol). Formally, the found residual mass of 25% (166 g/mol)
praseodymium oxide PrO,g; which has also been found may indicate the formation of PrOCI as already seen in the case
upon annealing in air of solvothermally obtained Pr(OH), of 3 (theoretical residual mass in the case of formation of
powders (found residual mass, 20% or 162 g/mol; theoretical PrOCI from 4, 29%). As in the case of 1, the TG/DTA data of
residual mass in the case of PrO,g;, 21% or 170 g/mol). 4 give evidence for the formation of a crystalline phase, namely,

Thermal decomposition of heteroleptic compounds 3 and 4 PrOC], that corresponds to the crystalline phase that also has
occurred in multiple steps (five steps are indicated by the been observed in powders obtained by solvothermal treatment.
differential TG curves, insets in Figure Sc,d). The endothermal The formation of PrOCl upon solvothermal treatment of 4
feature observed at 158 °C in the case of 3 corresponds to a after activation with a stoichiometric amount of water is
mass loss of 11.4% and is due to the removal of a coordinated described in the following section (Figure 11).

THF molecule (theoretical mass loss 12.7%); the elimination of The interplay of the coordination number and nature of the
amide ligands most likely caused the two-step mass loss of 35% ligands is evident in the observed molecular structures of
and 17% in the temperature range of 165—360 °C (found compounds 1—4. The nuclearity of the complex increased with
residual mass: first step, 307 g/mol; second step, 208 g/mol) increasing coordination number from mononuclear (2) to
(theoretical residual mass: after elimination of one amide binuclear (3, 4) to finally trinuclear (1). Accordingly, on the
group, 337 g/mol; after elimination of two amide groups, 176 basis of the differential TG (insets in Figure S), the
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decomposition of the four compounds took place in temper-
ature windows of 35—360 °C (2), 65—385 °C (4), 100—375 °C
(3), and 125—360 °C (1). Moreover, using the most intense
peak of the differential TG (insets in Figure S) as an indicator,
the temperature of the major decomposition step increased
from 185 °C (2) to 200 °C (4), 230 °C (3), and 330 °C (1).

Materials Synthesis. Influence of the Precursor Chem-
istry. In a first approach for the solvothermal synthesis of
nanostructures, a solution of praseodymium precursor 1 or 2 in
isopropyl alcohol was mixed to an aqueous potassium
hydroxide solution (KOHaq, Table 2) to initiate the
precipitation process, followed by an autoclave treatment at
200 °C for 24 h. The solvothermal decomposition of both
precursors 1 and 2 led to elongated nanostructures as found in
the TEM analysis (Figure 6). The observed morphology and

Figure 6. TEM images of powders obtained from (a) 1 and (b) 2 after
activation with KOH,, and subsequent solvothermal treatment at 200
°Cfort=24h

size distribution were similar to those reported by Ma et al.
using microwave-assisted treatment of Pr(NO;); solutions or
by hydrothermal treatment of Pr,Oj; as described by Wang et
al.*> In the case of 2, particles about 100 nm in diameter were
observed together with the rodlike nanostructures. Nanostruc-
tures obtained from 1 were shown by X-ray diffraction (XRD)
measurements to be single-phase crystalline praseodymium
hydroxide, Pr(OH); (Figure 7a). Also in the case of 2, the main
crystalline phase was determined to be Pr(OH); (Figure 7b).
However, a secondary phase was found corresponding to
crystalline Prg3;SicO,4 which possibly formed due to silicon
impurities (a residual bis(trimethylsilyl)amide group present in

praseodymium silyl amide) originating from precursor syn-
thesis. A similar observation had been reported for a Tb
derivative.”® The presence of a silica phase in powders obtained
from 2, but not in powders obtained from 1, was confirmed by
XPS (further discussion of the formation of the silicate phase is
provided as Supporting Information, Figures S1 and S2).

Lanthanide hydroxides, Ln(OH), crystallize in the hex-
agonal lattice where the anisotropic growth is governed by the
crystal chemistry and chemical potential of Ln(OH); in
solution. Consequently, no templates are required to obtain
one-dimensional structures. In agreement with this, nanorods
are obtained upon the solvothermal treatment of 1 and 2. This
one-dimensional growth resulting in the formation of nanorods
is generally favored by the hexagonal crystal structure of the
lanthanide hydroxides, a material intrinsic property. However,
as seen in Figure 6, the decomposition of 2 showed a trend for
the formation of larger particles as a second morphology. This
bimodal morphology observed in powders derived from 2
indicates that there must be further underlying processes
governing the materials formation in addition to the intrinsic
trend for one-dimensional growth. Such underlying processes
may include different nucleation processes active in the
hydrolysis and condensation of species formed from 1 and 2
(Scheme 1). On one hand, these processes can support the
one-dimensional growth intrinsically triggered by the hexagonal
crystal lattice of Ln(OH);. On the other hand, they could
suppress the anisotropic growth as here observed in the case of
powders derived from precursor 2. Generally speaking, the
condensation of partially hydrolyzed praseodymium species is
triggered by the tendency of praseodymium atoms to achieve
higher coordination numbers required for the formation of a
thermodynamically favored product.

Thus, the here observed trend for nanorod or particle
formation can be explained as follows. In the case of 1, the
higher coordination state (CN = 6) of the praseodymium
centers, resulting from the trimetallic Pr; unit stabilized by
doubly and triply bridging alkoxo groups, together with the
higher reactivity of the bridging groups toward a nucleophilic
attack (—OH groups) makes the presence of trimetallic
hydroxo units in the solution likely. Especially the higher
reactivity of the yi;-bridging groups when compared to the -
bridging groups toward the nucleophilic attack by OH™ must
be taken into account. Consequently, the reactivity of the
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Figure 7. X-ray diffraction patterns of powders obtained by solvothermal treatment (24 h) of (a) 1 and (b) 2 after activation with KOH,.

References: Pr(OH), 23-8304 (blue); Pry;;SisO,¢ 23-1389 (red).
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Scheme 1. Suggested Hydrolysis and Condensation Steps during Solvothermal Treatment of Precursors 1 and 2
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bridging groups is not equally distributed throughout the
molecule, but higher reactivity toward hydrolysis and
condensation is seen for the pu;-bridging groups above and
below the plane spanned by the three praseodymium atoms.
This favored hydrolysis of these p;-bridging groups with a
subsequently favored condensation via p;-O triggers a
heterogeneous condensation process and further supports the
intrinsic tendency of Pr(OH); to form one-dimensional, rodlike
structures. In the case of 2, where all ligands show the same
reactivity toward the nucleophilic attack by OH~, homoge-
neous hydrolysis of the bulkier tritox ligands would produce
coordinatively more unsaturated species due to the lower
coordination state of Pr (CN = 4) in the precursor. In addition,
the presence of {Pr(OH),}” units upon hydrolysis as well as
their favored isotropic condensation will promote a quick
growth of nuclei, a consumption of smaller particles, and the
eventual formation of spherical clusters or particles. Con-
sequently, the intrinsic trend of Pr(OH); to form rodlike
structures is partially overcome, and clusters and particles are
observed besides rodlike structures. These suggested pathways
for the hydrolysis and condensation of 1 and 2 are supported
by the presence of clusters in the TEM images of products
obtained after the solvothermal processing of 2 and the
presence of anisotropic nanorods alone in the case of 1.
Influence of the Precursor Concentration and Nature of
the Activation Agent. Control over the shape and aspect ratio
was further tuned by variation of the precursor concentration
and the activation agent inducing precipitation. While the
addition of KOH,, to a solution of 1 or 2 led to strong
anisotropic growth (aspect ratio in the range of S—7.5, Figure
6), the addition of an aqueous ammonium hydroxide solution
(NH,OH,,, Table 2) or the addition of a solution of KOH,q
diluted in isopropyl alcohol (HOiPr/KOH,,, Table 2) resulted
in elongated nanoparticles with significantly lower aspect ratios
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(in the range of 1—5) (Figure 8). As already observed for
powders obtained by solvothermal treatment of 2 after
activation with KOH,, (Figure 6b), we here see again a

tendency for the formation of irregularly shaped clusters as

Figure 8. TEM images of powders obtained by solvothermal treatment
of 1 after activation with (a) HOiPr/KOH,, and (b) an aqueous
solution of NH,OH,  and analogous powders obtained from 2 after
activation with (¢) HOiPr/KOH,, as well as (d) NH,OH,, (T = 200
°C, t = 24 h).
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Figure 9. XRD patterns recorded on powders obtained by the solvothermal decomposition of (a) 1 and (b) 2 after activation with either HOiPr/
KOH,, or NH,OH,, (T = 200 °C, t = 24 h). Reference: Pr(OH);, 23-8304.
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Figure 10. TEM images of powders obtained by solvothermal treatment of 1, 2, and 4 after activation with water (T = 250 °C, t = 24 h).

secondary morphology when 2 is activated by addition of
HOiPr/KOH,, (Figure 8c). As obvious from the XRD patterns
(Figure 9) recorded on the powders, the resultant solid phase
consists of pure Pr(OH); when 1 and 2 are used as precursors.

Due to the limited volume of the used Teflon liners, the
reaction mixture of 20 mL of precursor solution and 20 mL of
HOiPr/KOH,, activation agent was portioned to two Teflon
liners, which resulted in a halved precursor concentration when
compared to that of the previously described case (20 mL of
precursor solution and 1 mL of KOH,, additive per Teflon
liner). This allows the study of a potential precursor
concentration effect on the particle size and morphology. In
fact, the solvothermal treatment of lower concentrated
precursor solutions results in elongated nanoparticles exhibiting
a smaller size (ca. 10 nm X 50 nm, Figure 8a; ca. 15 nm X 32
nm, Figure 8c) when compared to those obtained from higher
concentrated solutions (Figure 6). This conforms with the
observation made by Sohn et al. in the case of precipitation of
Y(OH)CO; from a Y,0; solution under addition of urea.>®
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Furthermore, dilution of the precipitation-inducing activation
agent not only results in a lower precursor concentration, but
also in a lower OH™ concentration (c(OH™)kon, /o) = 0-09

M versus c(OHf)(KOHaq) = 1.87 M), and thus in a lower

hydrolysis rate and a lower rate of condensation. This led to the
precipitation of smaller clusters and finally a reduced particle
size after solvothermal treatment. Even smaller nanostructures
with a minimal particle size of approximately 30 nm (1),
respectively 20 nm (2), were obtained upon the addition of an
aqueous ammonium hydroxide solution (1 mL of NH,OH,,
(c(OH™) = 7.36 M) added to 20 mL of precursor solution)
(Figure 8b,d). As mentioned previously, the 1-dimensional
growth of lanthanide hydroxides is favored by the inherent
hexagonal crystal lattice and governed by the crystal chemistry
and chemical potential of the Ln(OH); solution. Generally, a
sufficient concentration of OH™ in the reaction mixture results
in the formation of Ln(OH); nanorods or nanowires. As
reported by Li et al. for the formation of Sm(OH); and
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Figure 11. X-ray diffraction patterns of powders obtained by solvothermal treatment (250 °C, 24 h) of 1, 2, and 4 after activation with (a) 1 molar
equiv and (b) S molar equiv of H,O. References: Pr(OH);, 23-8304 (blue); Pr,0,CO;, 37-0805 (green); PrOCl, 85-0948 (orange); Pr(OH),Cl, 72-

2211 (red).

Gd(OH);, an increase in pH initially resulted in nanostructures
of higher aspect ratio, yet a further increase of the pH induced a
drop of the aspect ratio. Consequently, there exists an optimal
pH value for the growth of anisotropic nanostructures based on
the complex interaction and the OH™ concentration-driven
balance between the chemical potential and the rate of ionic
motion.>**%’ Herein, the increased OH™ concentration induces
an increased chemical potential in solution, which favors the 1-
dimensional growth. A further increase of the OH~
concentration however prominently reduces the concentration
of monomer, meaning Ln*, in the reaction solution, resulting
in a smaller diffusion driving force along the axis favored by the
hexagonal crystal lattice and consequently in less pronounced
1-dimensional growth, but formation of smaller sized nano-
particles.””*® In agreement with this, the formation of nanorods
was observed when KOH,, (¢(OH™) = 1.87 M) was used as the
activation agent during solvothermal decomposition of 1 and 2,
while KOH,,/HOiPr (c(OH7) = 0.09 M) produced smaller
nanorods of reduced aspect ratio, and NH,OH,, (c(OH") =
7.36 M) resulted in even smaller nanoparticles. This reveals the
importance of pH control to tune the growth behavior and
resultant morphology of Pr(OH); nanostructures.

Activation by Addition of Water. We further investigated
the relationship between hydrolysis rate, phase, and morphol-
ogy by adding water instead of bases to isopropanolic solutions
of praseodymium compounds 1, 2, and 4 prior to the
solvothermal treatment at 250 °C for 24 h. Transmission
electron micrographs and X-ray diffraction patterns of the
obtained powders are given in Figures 10 and 11. All obtained
morphologies differ from the characteristic rodlike structure of
Ln(OH);. Nanoparticles 30 nm in diameter are obtained from
2 by addition of S molar equiv of water (Figure 10d). Flakelike
structures of 50—100 nm edge length were observed in all other
cases. Similar structures have been reported for Y,0,C0;* and
LaOHCO; as well as CeOHCO,* In fact, the expected
formation of crystalline Pr(OH); was only observed for the
addition of 1 molar equiv of water to 1 as well as 5 molar equiv
of water to 2 (Figure 11). Hydrolysis of 1 with S molar equiv of
water, respectively 2 with 1 molar equiv of water, followed by
solvothermal treatment led to powders whose X-ray diffraction
patterns suggest a phase mixture of partially crystalline
Pr(OH); and Pr,0,CO; (Figure 11).

The formation of stable carbonate phases could be explained
by taking into account the low formation enthalpy of lanthanide
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carbonates. As shown by Tareen et al, who investigated the
formation and stability of carbonate phases in the phase
diagrams of Ln;O;—H,0—CO, under hydrothermal condi-
tions, Ln(OH)CO; and Ln,0,CO; of the lighter lanthanides
are formed already at low CO, concentrations.*' A potential
source of carbon during the solvothermal treatment of 1 and 2
might be found in the precursor molecules themselves upon
their decomposition as indicated by TG/DTA analysis.
Furthermore, the addition of small but sufficient concentrations
of CO, from the air during the transfer of the precursor
solutions into the Teflon liners cannot be completely ruled out
despite precautions being taken such as handling of the liners
under a flow of nitrogen. According to Tareen et al, the
transition from Ln(OH)COj into Ln,0,COj takes place at 550
°C under hydrothermal conditions,*" yet the use of an
isopropanolic solution instead of pure water for the
solvothermal decomposition of 1, 2, and 4 led to higher
pressure inside the autoclave, which may lower the transition
temperature. Veith et al. reported the thermal decomposition of
yttrium glycolate into Y,0,CO; at 300 °C."" In agreement with
our findings, phase diagrams published by Chai et al. showed
the formation of Ln,0,COj at temperatures as low as 250 °C.*

X-ray diffraction patterns of powders obtained from 4 after
addition of water revealed the presence of praseodymium
hydroxy chloride (Pr(OH),Cl) as well as oxo chloride (PrOCl)
(Figure 11). Both phases crystallized as platelets and showed a
high tendency for agglomerations (Figure 10e,f). This
observation conforms with the formation of lanthanide
hydroxyl chloride particles, RE(OH),Cl, obtained by solvo-
thermal treatment of rare-earth hexahydrates by Hosokawa et
al.*” The formation of a chlorine-containing phase is a
consequence of the use of chlorine-containing precursor 4,
revealing the strong influence of the precursor chemistry on
materials synthesis, and is conformal with phase assignments
based on the mass loss in TG/DTA analysis. The fact that
powders obtained from the same precursor decomposed by
solvothermal treatment under addition of KOH,, did not
contain any crystalline chlorine phase may be explained by a
reaction between Cl” and K' ions during the treatment and
subsequent removal from the system by the final washing steps.

Influence of the Solvent. To further study the impact of the
precursors’ molecular structures on the phase and morphology
of the resultant materials, the solvothermal decomposition of 1
and 2 was also examined in hexane as a nonpolar solvent (250
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°C, 24 h). Hereby, a confirmation of the results already
obtained for the solvothermal synthesis in isopropyl alcohol
was found: The decomposition in hexane in the presence of
KOH,, results in highly crystalline powders (Figure S3,
Supporting Information). Herein, the presence of the basic
medium (KOH,,) augments the kinetics of both hydrolysis and
cross-condensation reactions responsible for formation of
—Pr—O—Pr— bridges that is reflected in the high crystallinity
of the product as observed in XRD.

Hydrolysis of 1 and 2 in the presence of 1 molar equiv of
water led to Pr(OH); nanoparticles only S—10, respectively
15—20 nm, in diameter (Figures S4a and SSa,, Supporting
Information). The addition of S molar equiv of water induced
the formation of mostly amorphous products as obvious from
both XRD (Figure S4b) and TEM (Figure SSb,d). Around
neutral pH, the driving force for cross-condensation reactions is
low, resulting in highly agglomerated particles; since not all
praseodymium centers are able to form hydroxide structures,
the formation of hydroxo-bridged structures is a logical
consequence. The found tendency for the formation of
amorphous and agglomerated powders upon solvothermal
treatment in hexane after activation with water is in contrast to
our previous observations on powders obtained when isopropyl
alcohol was used as the solvent. Two aspects that may influence
the materials formation have to be considered in this context:
first, the different polarities of hexane and isopropyl alcohol
and, second, the different vapor pressures of the two solvents.
Due to their different polarities, water used as the activation
agent is not miscible with hexane, while the use of isopropyl
alcohol supports the hydrolysis of the precursor due to their
complete miscibility and the presence of hydroxyl groups in the
alcohol that facilitates the ligand-exchange processes. Besides, it
has to be taken into account that secondary alcohols, thus
isopropyl alcohol, undergo controlled dehydration upon
solvothermal treatment at elevated temperatures, resulting in
the formation of additional water, which then further triggers
the hydrolysis of the alkoxide.*’ Therefore, it seems that
powders of increased crystallinity can be obtained when
isopropyl alcohol is chosen as the solvent in the solvothermal
synthesis instead of hexane. Moreover, isopropyl alcohol
exhibits a higher vapor pressure at elevated temperatures
when compared to hexane (temperature for, e.g., 15 200 mmHg
of vapor pressure: isopropyl alcohol, 186.0 °C; hexane, 209.4
°C*). Consequently, it is most likely that a higher pressure is
built up within the reaction vessel during the solvothermal
treatment in isopropyl alcohol than in hexane. In general, the
increase in pressure during the solvothermal synthesis induces a
higher solubility and reactivity of the reaction species, which is
highly beneficial for the formation of crystalline materials. Thus,
the lower reaction pressure resulting from the lower vapor
pressure of hexane when compared to isopropyl alcohol (under,
in other respects—volume, precursor concentration, temper-
ature, activation with water—the same reaction conditions)
results in the observed less crystalline powders. Consequently,
it becomes obvious that the solvent properties have an
influence on the crystallization behavior of the solid material,
which reveals the importance of the appropriate solvent choice
when aiming for nanocrystalline materials by solvothermal
synthesis. Again, the most beautiful example of the influence of
the precursor configuration on the phase composition is the
formation of Pr(OH),Cl when chloro tritox complex 4 is
hydrolyzed in hexane (Figure S4). The limited amount of water
can knock out the bulky tritox group (less basic than —OH
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units), yet the substitution of chlorine under the relatively mild
conditions of the solvothermal treatment is less favored. As a
result, and also due to the high halophilicity of the lanthanide
ion, chlorine is incorporated into the lattice of the final material.
These findings reveal once more the strong impact of the
precursor chemistry on materials formation.

B CONCLUSIONS

Four new praseodymium alkoxo and amido compounds
([Pry(p3-OtBu), (u,-OtBu);(OtBu) ,(HOBu),] (1), [Pr{OC-
(tBu)3};(THF)] (2), [PrCH{N(SiMe;),},(THF)], (3), and
[PrCI{OC(tBu);},(THF)], (4)) were synthesized and struc-
turally characterized by single-crystal X-ray diffraction analysis.
Subsequently, 1, 2, and 4 were employed as precursors to
investigate the influence of the precursor chemistry on the
transformation of source molecules into nanostructured
materials. The concept illustrated in this work shows that
short-range chemical order present in the precursor compounds
can be translated into infinite correlation lengths in three
dimensions, making precursor-based approaches an attractive
platform for the rational material design and tuning of process
parameters beyond the equilibrium regime, which is mostly
driven by thermodynamic and entropic considerations. It was
clearly shown that the molecular structure of the precursor
units and the basicity of the chosen ligands strongly influence
the decomposition behavior in the bulk phase (TG/DTA) and
the eventual formation of the solid phase under solvothermal
conditions. This finally led to various morphologies and
crystalline phases. Being subject to the original structure and
ligand arrangement in the precursor molecule, the appropriate
choice of activation agents triggering the hydrolysis of the
molecular precursors imposes a control over the morphology
and phase of the final material. Thus, praseodymium hydroxide
phases ranging from nanorods and platelets to nanoparticles
were obtained by the solvothermal treatment of 1, 2, and 4.
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