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The synthesis and crystal structure of the first molecular yttrium lactate complex, Y(Lac)z(H,O),, is reported,

where the coordination sphere of yttrium is saturated with lactate ligands and water molecules, resulting in

) dath A 2021 a neutral moiety. In Y(Lac)s(H,0),, hydrogen bonding between a-hydroxy groups and water molecules
eceived 4th August . T . . . . ) .
Accepted 2nd September 2021 allows for the formation of 2D layers. A subtle variation in synthetic conditions, i.e. a slight increase in pH
(5.5 instead of 4.5) promoted the formation of a semi-amorphous fibrous material with a presumed

DOI: 10.1039/d1ra05923h chemical composition of Y4(OH)s(CsHsO3);-6H,0. The flattened fibres in this material are responsible for
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Introduction

Metal carboxylates attract a great deal of attention due to the
wide range of their practically important properties, including
high catalytic and photocatalytic activity, gas storage and
sensing.’ Their well-pronounced luminescence, enhanced by
aromatic antenna ligands and high chemical stability under UV-
irradiation, is of primary importance for the construction of
light-emitting devices.>* The design of novel metal carboxylates
enables molecular magnets, low-temperature cooling agents,
sorbents for gas separation, bioactive materials, etc.*°

The functional properties of metal carboxylates are governed
by their coordination chemistry, e.g. by the coordination ability
of a central atom and the coordination mode of ligands. In d-
metal complexes, carboxylate ligands usually manifest a mono-
dentate nature, often playing the role of bridging moieties.*>**
In contrast to d-metal carboxylates, in REE carboxylates, R-COO
ligands show much more versatile coordination modes,
including mono-, bi- or tridentate non-bridging and di- or tri-
nuclear bridging modes. The relatively large size of REEs
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compared to 3d metals makes the 4-member chelating ring
more stable than in 3d metal carboxylates, which favours the
bidentate coordination of the ligands."* Being hard Lewis base
donors, carboxylic acids are the most suitable ligands to fill the
coordination sphere of REEs.? In turn, the large coordination
numbers of REEs (6-9) (ref. 13) provide the rich coordination
chemistry of REE carboxylates, demonstrating a wide variety of
1D, 2D and 3D networked coordination polymers with abun-
dant coordination behaviours, an adjustable structure and high
chemical stability."**

Functionalised carboxylic acids, including hydroxy carbox-
ylic or amino acids, due to their potentially higher denticity and
their ability to act as bridging ligands and to possibly form
interligand hydrogen bonds, provide additional opportunities
for the design of REE coordination compounds, including
molecular complexes and MOFs.*>'® For example, many amino-
substituted organic acids have been proposed as the ligands for
gadolinium ions in the construction of new contrast-enhancing
agents in clinical MRI."*® The coordination of lanthanides with
amino acids has also been investigated in the context of
creating artificial nucleases which catalyse the hydrolytic
cleavage of DNA and RNA, as the coordination of peptide link-
ages with the metal ion affects the enzyme structure and
governs its conformation.*

Among the substituted carboxylic acid residues, lactate (Lac)
is a representative essential oxyanion that is involved in many
metabolic interactions in living organisms. Lactate ions have
been suggested to play an important role in the communication
between cells.>® The detection of lactate is of prime importance
in the diagnosis of cancer, diabetes, stroke, heart diseases etc.*
On the other hand, lactic acid-containing systems have been
studied extensively as the tools for extraction and separation of
rare earths and actinides within a TALSPEAK (Trivalent
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Actinide-Lanthanide
Extraction from Aqueous Komplexes) process.

Thus, comprehensive information on lanthanide lactates is
highly important in the search for new biosensors and thera-
nostic agents, as well as for the improvement of industrial
extraction processes. Unsurprisingly, the thermodynamic
features of rare earth lactate complexes (formation constants,
etc.) were the subject of extensive study during the 1960s and
1970s.2* These studies resulted in the identification of several
structures of lanthanide lactate moieties which can form in
solutions and can presumably exist in crystalline lanthanide
lactates. One unexpected result of the literature survey was that
information on crystalline lanthanide lactates is extremely
scarce, with the following compounds reported to date:
[LnNa(Lac),]-2H,0 (Ln = Sm, Eu),*, [Ln(Lac),](H,0), - ClO, (Ln =
Eu, Tb),**%” La,(HL)s(Lac),(i-PrOH),(DMF), (7DMF + 5H,0) (HsL
= 5-hydroxyisophthalic acid),*® Ln(TACD)(Lac)(CF5SOs3),-3H,0
(Ln = Yb, Ho; TACD = tetraazacyclododecane-based ligand),*
LnzAg,(Lac),(IN)g(H,0)s-2(ClO,)-2.5(H,0) [Ln = La, Lu; HIN =
isonicotinic acid], SmjzAg,(Lac),(IN)g(H,0),-2(ClOy)-2.5(H,0),
and Eu,Ag;(S-Lac)(IN)s(H,0), - 2(ClO,) - 4(H,0),* Ln(Lac)
[15MCc,"Giyha-5]CL (Ln = La, Y, Ce, Pr, Nd, Sm, Eu, Gd, Tb, or Dy;
15MCoqy" Glyha™5 = copper(i)-glycinehydroximate 15-
metallacrown-5 ligand).** As expected, in known REE lactates,
a lactate ligand shows a predominantly bidentate coordination
mode;*** in some cases, the hydroxy group is also included in
the coordination environment of a lanthanide.’** A lactate
ligand tends to act as a bridge connecting two,* or even three,*®
rare earth ions. Interestingly, examples of other rare earth o-
hydroxy carboxylates are even more limited, e.g. the structure of
lanthanide 2-hydroxy isobutyrates was described by Chen et al.**

Note that none of the known crystalline rare earth lactates
can be regarded as a neutral molecular lactate complex, where
the coordination sphere of a REE is saturated only with lactate
ligands and water molecules resulting in a neutral molecular
moiety. This fact seems to be somewhat odd, since the existence
of such molecular complexes was recently predicted.*® In their
most recent paper, Roy et al. commented on this fact as follows:
‘While lanthanide lactate complexes have been known for some
time, there are no crystal structures of the isolated species to
compare our optimized structures’.*

In order to fill the gap in rare earth lactate chemistry, the aim
of the current research was to synthesise an yttrium lactate con-
taining no additional organic ligands. When planning the
synthetic strategy, account was taken of some recently reported
principles in rare earth carboxylate chemistry, namely the
importance of high ligand-to-metal molar ratio," as well as the
use of mild hydrothermal conditions facilitating the formation of
REE complexes with polydentate substituted carboxylates.***"*
Special attention was paid to avoid resinification reactions. This
strategy enabled the preparation of the first molecular yttrium
lactate, while a subtle increase in pH resulted in a semi-
amorphous basic yttrium lactate, which revealed an unusual 1D
shape of the particles.
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Materials and methods

Materials

Yttrium chloride hexahydrate (99.9%, Lanhit), r-lactic acid
(HLac, 80%, Sigma) and hexamethylenetetramine (HMT, 99+%,
Alfa Aesar) were used without further purification.

Synthesis of yttrium lactates

60 ml of aqueous clear solution of yttrium chloride hexahydrate
(1.7 x 107> M), HMT (2.4, 5.6 or 12 x 10~> M) and r-lactic acid
(0.5, 2.5, 4.7, 6.6 or 8.5 x 10~ > M) was placed into a closed
100 ml glass vessel and heated at 100 °C for 24 h. The solid
product was separated from the mother liquor on a glass filter,
washed several times with distilled water and then dried at
50 °C overnight.

Characterisation

Powder X-ray diffraction (XRD) patterns of the samples were
recorded on a Bruker D8 Advance diffractometer (Cug,, radia-
tion, Ni-filter, LYNXEYE detector, Bragg-Brentano reflection
geometry). The microstructure of the samples was investigated
using high-resolution scanning electron microscopy (Carl Zeiss
NvVision 40 equipped with an Oxford Instruments X-Max EDX
detector) at accelerating voltages in the range of 1-10 kV. The
yttrium content in the solid samples was determined by reverse
complexometric titration.** Briefly, the samples were dissolved
in an excess of hot EDTA and free EDTA was titrated by
magnesium sulfate with Arsenazo I indicator. Carbon, hydrogen
and nitrogen content in the samples was determined using
a Carlo Erba Instruments EA 1108 CHN analyser. The IR spectra
of the samples were recorded on an ALPHA FTIR Spectrometer
(Bruker) in the range of 4000-300 cm ™, with a resolution of
0.5 cm™*, in an attenuated total reflection mode. Luminescence
spectra of the powders were recorded using a Perkin Elmer LS-
55 luminescence spectrophotometer with 0.5 nm resolution, at
room temperature. The thermal behaviour of basic yttrium
lactate was studied using a combined TGA/DSC/DTA (ther-
mogravimetric analysis/differential scanning calorimetry/
differential thermal analysis) analyser SDT Q-600, the samples
were heated to a temperature of 800 °C (heating rate of
10° min~ ") in an air flow (250 ml min™).

Crystal data for 1. CoH;404,Y, F, = 392.15, monoclinic, a =
10.5780(8), b = 5.7390(5), ¢ = 13.2053(10) A, 8=97.765(3)°, V =
794.31(11) A%, space group P2, Z = 2, D. = 1.640 g cm >, F(000)
= 400, u(MoK,) = 3.720 mm ™, colourless needle sizing ca. 0.25
x 0.04 x 0.01 mm. A total of 8780 reflections (3457 unique, Rjy,
= 0.078) were measured on a Bruker D8 Venture diffractometer
(graphite monochromatised MoK, radiation, 2 = 0.71073 [i]
using w-scan mode at 150 K. Absorption correction based on
measurements of equivalent reflections was applied.** The
structure was solved by direct methods and refined by full
matrix least-squares on F* with anisotropic thermal parameters
for all non-hydrogen atoms.** All H atoms were placed in
calculated positions and refined using a riding model. The final
residuals were: R; = 0.0667, wR, = 0.1523 for 3175 reflections
with I>20(I) and 0.0727, 0.1561 for all data and 190 parameters.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Flack parameter = —0.009(6), GoF = 1.121, maximum Ap =
2.148 e A=3, The crystallographic data for 1 have been deposited
with the Cambridge Crystallographic Data Centre as ESI
publications under CCDC number 2085515.}

SEM, CHN, powder and single crystal X-ray diffraction
measurements were performed using the equipment of the
Joint Research Centre for Physical Methods of Research at
Kurnakov Institute of General and Inorganic Chemistry of the
Russian Academy of Sciences (JRC PMR IGIC RAS).

Small angle neutron scattering (SANS) investigations were
performed using the YuMO time-of-flight spectrometer at the
IBR-2 pulsed reactor (Dubna, Moscow region, Russia). Standard
data acquisition time per sample was 30 min. Two ring wire
He>-detectors?” at distances of 4 m and 13 m from the sample
position were used in the experiment. Scattered intensity
(differential cross section per sample volume) was measured as
a function of the momentum transfer modulus g = (47/A) sin(¢/
2), where 6 is the scattering angle and 4 is the incident neutron
wavelength. An incident neutron beam distribution provided an
available wavelength range of 0.5-8 A, which corresponds to
a momentum transfer () range of 0.007-0.3 A~*. The raw data
were treated using SAS software.*®* The raw SANS data were
converted to an absolute scale by normalisation to the inco-
herent scattering cross section of a standard vanadium sample.
The data were corrected taking account of scattering from the
setup and the empty cell. The corrected small-angle neutron
scattering curves were presented using an absolute scale with
background subtraction.*

Results and discussion

Low-temperature hydrothermal treatment (100 °C) of the solu-
tions containing yttrium chloride (1.7 x 10> M), HMT (2.4-6.6
x 107> M) and r-lactic acid (0.5-8.3 x 10~> M) resulted in the
formation of several different solid products (Fig. 1). At low
lactic acid concentrations (0.005 M), white precipitates were
formed; at high lactic acid concentrations (0.08 M), needle-like,
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Fig. 1 The products formed upon low-temperature hydrothermal
treatment of solutions containing yttrium chloride (1.7 x 1072 M), HMT
(0.024, 0.066 M) and L-lactic acid (0.005-0.083 M).
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whitish crystals 1 cm length and a few millimetres thick were
obtained. At intermediate lactic acid concentrations (0.025-
0.065 M), the synthesis resulted in the formation of white,
monolithic gels.

Fig. 2 shows typical powder X-ray diffraction patterns of the
samples prepared from the reaction mixtures containing
various amounts of r-lactic acid. Hydrolysis of yttrium chloride
in the presence of a small amount (0.005 M) of lactic acid
resulted in an X-ray amorphous powder. The position of the
maximum of the halo (9-10° 26) in its diffraction pattern
(Fig. 2a) indicates a probable short-range ordering (~10 A) in
the amorphous compound obtained. The X-ray diffraction
pattern of the powder prepared with a higher lactic acid
concentration (0.047 M) contained three wide, low-angle
diffraction maxima (5.8°, 7.4°, 8.9° 26), indicating low crystal-
linity of this product and corresponding to interlayer distances
of ~15, 12 and 10 A (Fig. 2b). These diffraction peaks cannot be
attributed to any known crystalline substance. At higher r-lactic
acid concentrations in the reaction mixtures (0.08 M), a previ-
ously unknown crystalline compound 1 was formed (Fig. 2c).

While rare earth lactate complexes in the solutions have
been extensively studied,**~°3* to date, no crystal structures of
rare earth lactates have been reported. Only layered structure of
[Ln(Lac),](H,0),[ClO,4] (Ln = Eu and Tb) complex,***” is known.
This compound comprises host cationic Ln(Lac), layers and
interlayer perchlorate ions connected to the host through
hydrogen bonds.

For the single crystal experiments, more than ten crystals of
compound 1 were examined and all of them exhibited a twinned
nature (tripled or sextupled initial cell volumes, unstable and
inaccurate cell dimensions refinement). In all the cases,
attempts to resolve the twinning using APEX3 software® failed
because the close proximity of diffraction peaks resulted in the
instability of integration procedures. To obtain crystals of better
quality, several attempts were made to re-crystallise compound
1 from different organic solvents (methanol, DMSO, DMF) and
all of them failed due to the low solubility of the compound. For

Intensity

26, degrees

Fig. 2 Powder X-ray diffraction patterns of the solids formed upon
hydrothermal treatment of mixed solutions containing yttrium chlo-
ride (1.7 x 1072 M), HMT (6.6 x 1072 M) and L-lactic acid (a - 5 x
107°M,b-47x10%Mandc - 83 x 1072 M)
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all the crystals of compound 1 that were examined, the best
single crystal data resulted in Y(C3H503);5(H,0), (sp. gr. P24),a =
10.5780(8), b = 5.7390(5), ¢ = 13.2053(10) A, § = 97.765(3)°, V =
794.31(11) A%, Z = 2 (Fig. S1). According to the Cambridge
Structural Database, compound 1 is the first structurally char-
acterised yttrium lactate.

The molecule of 1 is monomeric, with an yttrium coordina-
tion number equal to 8 (Fig. 3). The coordination environment
of the central atom is formed by three n>-lactate ligands and two
water molecules in cis-positions to each other, with an O,~-Y-O,,
angle equal to 70.6(3)°. The resulting structural data (see Table
1) agree well with the theoretical calculations made by Roy et al.
for the structure of lanthanum lactate complexes including
La(Lac)3(H,0),.** The predicted interatomic distances for La-

View Article Online
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Table 1 Selected bond lengths (A) and angles (°) for compound 1

Y(1)-0(11) 2.296(9) 0(1)-Y(1)-0(2) 70.6(3)
Y(1)-0(21) 2.316(9) 0(11)-Y(1)-0(13) 66.9(3)
Y(1)-0(31) 2.323(9) 0(21)-Y(1)-0(23) 65.0(3)
¥(1)-0(13) 2.325(9) 0(31)-Y(1)-0(33) 65.3(3)
¥(1)-0(23) 2.369(9)
Y(1)-0(33) 2.390(9)
¥(1)-0(1) 2.324(9)
Y(1)-0(2) 2.368(8)

Ocarboxylates La=Og-hydroxy aNd La~Oyaeer in the complex were 2.48
+ 0.03 A, 2.65 + 0.11 A and 2.23 + 0.44 A;* the differences
between these values and the values presented in Table 1 are

Fig. 3
viewed along the c-axis and (c) the b-axis.

30198 | RSC Adv, 2021, 11, 30195-30205

(@) Molecular structure of 1; displacement ellipsoids are shown at 50% probability level. (b) Hydrogen bonded layer in the structure of 1,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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obviously due to the differences in lanthanum and yttrium
atomic radii, as well as to the consideration of outer sphere
water molecules in the calculations made by Roy et al.*

Both Y « O, distances (2.324(9) and 2.368(8) A) lie within
the range 2.276-2.652 A that appears in the Cambridge Struc-
tural Database (ver. 5.42, November 2020 (ref. 51)) for terminal
water molecules in yttrium complexes with CN = 8 (157 error-
free, non-disordered entries, 450 fragments, mean 2.363 10&).
The lengths of dative bonds Y « O(H)C (2.325(9)-2.390(9) A)
are also typical for yttrium (CN = 8) compounds (2.277-2.474 A
for 28 accurate entries with 42 fragments, mean 2.381 A). All
five-membered metallocycles are planar within 0.03 A.

As expected, Y-OC(=O0) bonds are the shortest within the
polyhedra (see Table 1). Interestingly, in lactate anions, the
longer the Y-OC(=O0) bond is, the longer the Y < O(H)C
distance is. This may indicate the active involvement of the o-
hydroxy group in the coordination with yttrium. Generally, the
contribution of the a-hydroxy group to the coordination of
yttrium by the lactate anion is actively debated in the literature.
Tian et al. reasoned that the participation of a-hydroxy oxygen
atoms in the coordination of rare earths promotes the increased
stability of Ln(um) lactate complexes.*® Depending on which
model is used, either protonated or deprotonated o-hydroxy
groups were considered to enter the coordination sphere of rare
earth atoms, the hydrogen bonding of the a-hydroxy group with
a water molecule playing an important role.>*>>%

In compound 1, all active hydrogen atoms of a-hydroxy
groups and water molecules are involved in intermolecular
hydrogen bonding, with O---O distances ranging within
2.642(13)-2.839(12) A. They combine adjacent molecules in the
layer perpendicular to the c-axis (Fig. 3).

Comparison of single crystal diffraction data collected at 150 K
and the powder X-ray diffraction pattern collected at 298 K enabled
an estimate to be made of thermal expansion coefficients for

. 1 Aa 5
lattice parameters of compound 1, a; = — AT 7.7x107 K
a
18D 6% 10 K LA 394107 K
oAy = —— = 2. LN, = — — = 3. o
"7 bAT PN T AT P
1 AB -6 1 1AV 4 1
=—-—=53x10" K ;ap = =—=14x%x10" K.
8 AT VT VAT

The chemical composition of compound 1, as determined by
CHN analysis and complexometric titration (Table 2), corre-
sponds well with the chemical composition determined using
single-crystal diffraction. The chemical composition of
compound 1 agrees well with the lanthanum lactate complex
La(Lac)3(H,0), predicted by Roy et al.,** where the lanthanum
first coordination sphere includes two water molecules and
three lactate anions having bidentate coordination (by carbox-
ylate and protonated a-hydroxy group).>*

In their recent report, Powell and Farrell*® hypothesised the
formation of yttrium lactate dihydrate, Y(Lac);-2H,O, as a result
of low-temperature (100 °C) thermal decomposition of
Y(Lac);-3H,O in air. It is assumed that, in experiments carried
out for the current study, upon low-temperature hydrothermal
treatment, a moderately soluble yttrium lactate trihydrate can
form, which subsequently loses a water molecule and trans-
forms to Y(Lac)z(H,0),. Nevertheless, the exact mechanism of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Results of the chemical analysis of the solid products formed
upon hydrothermal treatment of mixed solutions of yttrium chloride
(1.7 x 1072 M), HMT (6.6 x 102 M) and L-lactic acid (4.7 x 1072 M or
83 x 1072 M)

L-Lactic acid
concentration in the
reaction mixture, M  Solid product formed

Content [wt%]

Measured Calculated

8.3 x 1072 Yttrium lactate, Y 23.0 Y 22.7
1 Y(C3H;03)3(H,0), C27.9 C27.6

H5.1 H 4.9
044.0 0449

4.7 x 1072 "Y,4(OH)5(C3H503),-6H,0O' Y 30.6 Y 30.3
C21.6 C21.5

H 4.5 H 4.5
0433 043.7

the formation of yttrium lactates under hydrothermal condi-
tions needs further refinement.

With moderate 1-lactic concentrations in the reaction
mixtures, upon low-temperature hydrothermal treatment, the
formation of monolithic gels was observed. When the gels were
filtered on a glass filter, followed by washing and ambient
drying, they flattened and formed paper-like, foldable, solid
substances (see Fig. 4).

The gelation of yttrium-containing compounds is quite an
unusual phenomenon. Initially, it was supposed that the gels
were formed due to the polycondensation of r-lactic acid cata-
lysed by yttrium ions, since REE compounds were reported to
catalyse this reaction.>®** However, IR-spectroscopy data did not
confirm this hypothesis. The absence of the most intense
absorption bands characteristic of mono- (1770 cm ™, cyclic
dilactone C=0 valence vibration) or polylactides (1757 em ™,
valence vibration of C=0 of aliphatic esters)* indicated the
absence of lactide moieties in the compounds obtained. In

Fig. 5, one can see that the IR spectra of crystalline yttrium

lactate 1 and the paper-like material are almost identical.
1

Within the 3500-3000 cm™ -~ range, OH valence vibrations of

Fig. 4 Appearance of a paper-like material obtained upon the filtering
of the gels formed by the low-temperature hydrothermal treatment of
reaction mixtures containing yttrium chloride (1.7 x 1072 M), HMT (6.6
x 1072 M) and L-lactic acid (4.7 x 1072 M).

RSC Adv, 2021, 11, 30195-30205 | 30199
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lactate ions, water molecules and hydroxide groups are
observed. The most intense lines in the spectrum are located at
~1580, 1400 and 1100 cm ™', indicating the symmetric vibra-
tional modes of the COO™ group, anti-symmetric vibrational
modes of the COO™ group and valence vibrational modes of the
alcoholic C-OH group. These values are in a good agreement
with the literature data for metal lactates®® and NpO," lactate
complexes.*® Thus, a paper-like material is also an yttrium
lactate, probably of a different chemical composition. This
supposition is in line with the chemical analysis data (see
Table 2).

The difference in IR-spectra of crystalline yttrium lactate 1
and a paper-like material is manifested in the broadening of
»(OH) bands (~3500 cm "), which indicates a more developed
network of hydrogen bonds in the latter substance. The pres-
ence of vibrational bands at ~1480 cm ™' (deformational modes
of ~CH,- or ~CHj3 groups), ~1275 cm ™' (deformational modes
of alcoholic OH groups) and 650 cm™ " (deformational modes of
C-COH group) in 1, and their absence in IR spectrum of
a paper-like material, indicates the higher crystallinity of the
former compound and the diversity in coordination modes of
lactate alcoholic OH-groups in the latter compound. The
differences in spectra are also observed within a low frequency
region (350-800 cm™ '), where a wide absorption band at
~700 cm ™! for the paper-like material can be attributed to Y-O
valence vibrations.

A detailed analysis of the IR spectrum of the paper-like
material (the splitting of antisymmetric and symmetric
stretching modes of the carboxylic groups) made it possible to
determine a coordination type of carboxylic groups in lactate
ligands to Y*" cations.*® Generally, a bidentate coordination of
carboxylic groups of lactate ligands is accompanied by a smaller
spectral splitting (=100 cm™ '), whereas a monodentate binding
results in a larger spectral splitting (=150 cm™').*** The

Transmission

T A T T T
4000 3000 2000 1500 1000 500

Wavenumber, cm™

Fig. 5 IR spectra of solids formed during low-temperature hydro-
thermal treatment of yttrium chloride (1.7 x 1072 M), HMT (6.6 x 102
M) and L-lactic acid (@ — 4.7 x 1072 M; b — 83 x 1072 M). AL -
vibrational modes of alcoholic groups.
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splitting of antisymmetric and symmetric stretching modes in
the spectra of crystalline yttrium lactate and the paper-like
material were 187 cm™ ' and 169 cm ™", respectively, indicating
monodentate coordination of carboxylic groups of a lactate
ligand to Y*" cations in both cases. A slightly lower splitting
value for the paper-like material may indicate the presence of
bridging lactate ligands. A monodentate coordination of
carboxyl moiety of the lactate ligand indirectly indicates that the
a-hydroxy group enters the coordination sphere of yttrium,
which is in good accordance with single crystal data for
compound 1.

The chemical composition of the paper-like material can be
hypothesised based on general principles governing the
formation of yttrium compounds in aqueous media. Compound
1 crystallised from the reaction mixtures at pH ~ 4.5, while the
gels were obtained at higher pH values, i.e. ~5.5. This difference
in pH was obviously due to the different concentration of t-
lactic acid, given that in the latter case it was approximately two
times lower. At pH values higher than 5, a hydrolysis of yttrium
cations occurs and the formation of Y-OH moieties becomes
likely and might even become uncontrollable.”® However, at
relatively high pH, multidentate ligands are known to limit Y**
hydrolysis. Within a ‘ligand controlled hydrolysis’ approach,*
different polynuclear rare earth hydroxy complexes can be ob-
tained, bearing amino carboxylate ligands.® In particular, rare
earth amino carboxylates often comprise cubane tetranuclear
[REE,(n3-OH),]*" units.* Interestingly, at nearly neutral pH (~6)
and under mild hydrothermal conditions, the interaction of
rare earth ions with mono- or bidentate ligands can result in
polynuclear coordination compounds, which are often regarded
as layered rare earth hydroxides (LRHs) comprising infinite
positively charged 2D layers of [RE(OH);_,]"" bonded by the
ligands into laminate structures.®*-** These ion-exchangeable
and exfoliatable substances have a great deal of flexibility in
terms of their chemical composition®***® and are now regar-
ded as a basis for promising bioactive theranostic materials.®”%®
From the findings of the current study, a paper-like material
couldn't be classified as a layered rare earth hydroxide as the
positions of the maxima in its diffraction pattern (see Fig. 2) are
incompatible with the LRHs" structure.

Thus, it can be concluded from the current study that, at
relatively high pH values and under low-temperature hydro-
thermal conditions, the hydrolysis of yttrium cations controlled
by multidentate lactate ligands results in the formation of oli-
gonuclear yttrium hydroxy lactate. Unfortunately, the work was
unsuccessful in obtaining single crystals under corresponding
synthetic conditions, since all the compounds synthesised had
a semi-amorphous nature, having wide, small-angle maxima in
their diffraction patterns (see Fig. 2).

Taking into account all the above considerations and the
experimental data for the paper-like material, its chemical
composition can be hypothesised as a basic yttrium lactate,
Y4(OH)5(C3H503);-6H,0. Thus, its precipitation can be
described as follows:

4Y3+ + 3C6N4H12 + 7C3H6O3 + 29H20 d
Y4(OH)5(C;Hs05);-6H,0 + 18H,CO + 12NH,* (1)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Thermal analysis data corroborate the hypothesised
composition of basic yttrium lactate well (Fig. 6). After heating
in air, the paper-like material showed multi-stage decomposi-
tion behaviour. The first stage of thermal decomposition (up to
100 °C) was obviously due to the removal of physically bound
water. The second decomposition stage (200-500 °C) was more
complex and included the removal of a chemically bound water
substage (100-260 °C). The weight loss (~9.6 wt%) in this
temperature range corresponds well to the removal of 8.5 water
molecules per Y,(OH)5(C3H503),-6H,0O formula unit, yielding
anticipated anhydrous yttrium oxidolactate Y,0,s(Lac),. At
higher temperatures (up to 500 °C), the oxidation of lactate
moieties occurs, probably yielding various carbonates such as
Ln(C3H503)CO3, Ln,(CO3); or Ln,O(CO;),.>° The oxidation of
organic matter in the paper-like material was also indicated by
a pronounced exothermic effect (maximum at 343 °C) in the
DSC curve. Interestingly, the maximum rate of lactate moiety
decomposition in air (~370 °C) is observed at much higher
temperatures than the maximum rate of pure lactic acid ther-
molysis in nitrogen flow (180-240 °C) reported by Komesu
et al.® The final decomposition stage (500-800 °C) of the paper-
like material can be attributed to the decomposition of residual
carbon-containing matter and the formation of yttrium oxide.

343
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Fig. 6 Weight loss and DSC curves of the paper-like material formed
as a result of hydrothermal treatment of yttrium chloride (1.7 x 1072
M), HMT (6.6 x 1072 M) and L-lactic acid (4.7 x 1072 M) solution
mixtures.
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Fig. 8 Full nitrogen adsorption—desorption isotherm and pore size
distribution (inset) for the paper-like sample.

The thermal analysis data seem to be similar to those obtained
by Powell and Farrell* for hypothetical yttrium lactate trihy-
drate, Y(Lac);-3H,O0, yet, in their report, they presented neither
the results of chemical analysis of the compounds obtained, nor
thermal analysis curves.

One very special feature of the paper-like material was its
microstructure (see Fig. 7). It consisted of fibres with an average
thickness varying from 10 to 80 nm, depending on the lactic
acid content of the reaction mixture (see ESI, Fig. S21). These
data are in good agreement with the particle size estimates
using the Scherrer equation for the X-ray diffraction data,
~25 nm (see Fig. 2b). According to observations derived from
the current study, the concentration of HMT did not signifi-
cantly affect fibre thickness. Such a microstructure obviously
provides the material with superior mechanical properties, i.e.
its flexibility and foldability.

Thus, basic yttrium lactate can be classified as a 1D material
composed of interlaced fibres. Interestingly, direct sol-gel
methods for the synthesis of 1D gels of complex metal
compounds are virtually unknown. The scarce examples of sol-
gel derived 1D gels are vanadium pentoxide gels obtained from

Fig.7 SEM images of a paper-like material formed as a result of the hydrothermal treatment of yttrium chloride (1.7 x 1072 M), HMT (6.6 x 1072

M) and L-lactic acid (4.7 x 102 M) solution mixtures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Structural parameters of basic yttrium lactate paper-like material derived from SANS data

Parameter G x 10%, cm tA~S s Ry, A A x 107, em™tAT™ n, B x 10%, A~ ny

Value 4+0.5 1.95 £+ 0.08 85+ 7 1.8+ 0.4 3.98 £+ 0.02 2+0.2 2.09 £+ 0.10

neutral VO(OH); species or vanadium alkoxide precursors™ and
ceric hydrogen phosphate gels derived from CeO, solutions in
orthophosphoric acid.”>”* It is possible that the fibres in these
gels form according to a polymeric growth mechanism, but the
exact mechanism of 1D gel formation needs further
clarification.

To assess the microstructure of basic yttrium lactate, low-
temperature nitrogen adsorption measurements and small-
angle neutron scattering experiments were performed, the
latter technique being common in the study of the structure of
amorphous or semi-amorphous materials.”

According to low-temperature nitrogen adsorption data, the
paper-like basic yttrium lactate had a high specific surface area,
of 75 m® g~'. Fig. 8 shows the full nitrogen adsorption/
desorption isotherm for the sample. The isotherm has
a narrow hysteresis loop, which can be attributed to the H3 type,
according to the IUPAC classification,” indicating the presence
of slit-like mesopores in the sample. The pore size distribution
calculated using the BJH model indicates the presence of
mesopores in the material, with the maximum at ~6 nm.

Fig. S37 presents a small-angle neutron scattering curve for
the basic yttrium lactate sample. The shape of the curve is
typical of disordered porous systems containing two types of
scatterer of different size.””” The exponent values calculated
from the slope of the straight-line sections of the experimental

dx
log (%) ~ log(g) curves were n; = 2.09 + 0.10 and n, = 3.98

£ 0.02. The n, value indicates that the system consisted of
randomly oriented flattened particles.”? Unfortunately, the
geometrical parameters of these particles cannot be correctly
estimated from the neutron scattering experimental data, since
the contributions of these parameters interfere with the
contribution from the structural characteristics of the aggre-
gates of these particles.

The value of n, = 4 (Porod scattering law’®) indicates that
particle aggregates possess an almost smooth surface, the
surface fractal dimension being Ds = 2.02 £ 0.02. The charac-
teristic size of these aggregates R, can be estimated from the low
g region of the curve (g <1 x 1072 A™") corresponding to the
transition from the Porod to the Guinier regime.” To fit all of
the experimental data, the following model was used:

d(¢) G TR R
a0 TP\ Tao,) 400 A o
dx(q) A B - ¢ -1
—t= =+ — =0.01 A
dQ qng + qnl’ q

Here, parameter s is responsible for the shape of the particles: s
= 0 for spheres, s = 1 for fibrillae, s = 2 for lamellae; R, -
gyration radius of the scattering objects; G — Guinier coeffi-
cient;”® A and B — coefficients indicating the local structure of

30202 | RSC Adv, 2021, 1, 30195-30205

scattering objects.®® The results of the fitting process are pre-
sented in Fig. S31 and Table 3.

The values presented in Table 3 indicate that the paper-like
sample consisted of thin ribbons (s = 2) with a smooth surface
(Ds = 2.02 £ 0.02) and a thickness of /12R, = 30 nm. It should
be noted that this value is an upper-bound estimate. Never-
theless, this value is in good agreement with SEM data for the
corresponding sample which had an average particle size of
33 nm (see Fig. 7). In turn, the X-ray diffraction pattern of basic
yttrium lactate paper (see Fig. 2b) shows reflections corre-
sponding to 1-2 nm interplanar distances. Taking into account
low-temperature nitrogen adsorption data, indicating the
presence of slit-like pores with a size of ~6 nm, the structure of
fibrillae which form the basic yttrium lactate paper-like material
can be hypothesised (see Fig. 9).

Thin particles in the structure of basic yttrium lactate are
advantageous for the preparation of ultra-small rare earth oxide
nanoparticles via the thermal decomposition or combustion of
this compound. The annealing of basic yttrium lactate paper in
air at temperatures up to 800 °C were performed during the

pores of ~6 nm size

Fig. 9 The structure of basic yttrium lactate fibres, as hypothesised
from low-temperature nitrogen adsorption, small-angle neutron
scattering and scanning electron microscopy data.

Intensity

10 20 30 40 50 60 70
20, degrees

Fig. 10 X-ray diffraction patterns of a paper-like material annealed at
(a) 120, (b) 450, (c) 800 °C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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current study. After heating, the material changed its colour
from beige (120 °C) to brown (450 °C) and white (800 °C). The
sample annealed at 450 °C for 1 h consisted of nanocrystalline
Y,0;, having 3 nm size, as estimated using the Scherrer equa-
tion. At 800 °C, the particle size increased to 21 nm, due to the
coarsening of nanoparticles (see Fig. 10). The synthesis of ultra-
small yttria nanoparticles is of special interest in view of their
wide potential for biomedical applications.*>** To date, there
have been many attempts to prepare yttria nanoparticles using
the sol-gel technique (e.g. ref. 82 and 83), with only a few of
them succeeding in the preparation of yttria powders with
a crystal size smaller than 10 nm (e.g. ref. 84 and 85).

Conclusions

A first successful attempt has been made to synthesise a crys-
talline molecular yttrium lactate complex (Y(Lac)s;(H,0),),
where the coordination sphere of yttrium was saturated with
lactate ligands and water molecules, resulting in a neutral
molecular moiety. In a crystal structure, these molecular
complexes were interconnected in 2D layers by hydrogen bonds
between o-hydroxy groups of lactate ligands and water mole-
cules. The use of similar reaction mixtures containing higher
amounts of r-lactic acid, and hence having a higher pH, enabled
the synthesis of a paper-like material comprising basic yttrium
lactate with the supposed composition ‘Y,(OH)s(C3H503);-
-6H,0’. This material consisted of flattened interwoven fibres
with a width of ~30 nm, which account for the flexibility and
foldability of the material. The synthesised substances are the
first representatives of solid state rare earth lactates.
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