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Abstract The metal-organic frameworks of the formula
Ln(bta)-nH,O where n = 3, 4, 5 or 6; bta = benzene-1,3,5-
triacetate ion: [CoHo(COO)3]1*™; Ln = La(IIl), Nd(IID),
Eu(1I), Tb(III), Ho(IlI), Tm(II), Lu(Ill) were synthesized
by the reaction of LnCl3-xH,O with ammonium salt of
Hsbta acid in water solution. Insoluble water compounds
crystallize in the monoclinic or triclinic crystal system, and
they are stable up to 30 °C. When heated, they decompose
up to 160-200 °C in two stages to stable anhydrous com-
pounds. The dehydrated compounds Ln(bta) are still crys-
talline and stable up to about 350 °C. When heated above
350 °C, they undergo decomposition where the interme-
diate products are Ln,O,CO;3 or Tb,O4COj3 and the resi-
dues are: Ln,O3 or Tb4O5. The interpretation of IR spectra
of title compounds was made taking into consideration the
experimental and theoretical wavenumbers obtained for
Hjbta specie. The XPS spectra of Hsbta and its complexes
were recorded. The way of metal-carboxylate group of
ligand coordination was discussed. This work presents the
results of the XPS analyses, which allowed to determine
the binding energies (E,) for the main lines of Ln3d, Ln4d,
LnSp, Cls, Ols spectra, spin—orbital splitting and full
width at half maximum complexes.
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Introduction

The field of inorganic open-framework materials is domi-
nated by aminosilicates and phosphates, but metal coordi-
nation polymers based on organic ligands have emerged as
an important family in the last two decades. These metal—
organic frameworks (MOFs) are a class of crystalline hybrid
materials in which metal ions in the solid structure are linked
by various organic bridging ligands. As the bridging ligands
in the MOF structures, there are used O- and N-donor
ligands, but coordination centres are transition metal as well
as lanthanide(III) ions [1, 2]. In that family of materials, the
metal carboxylates are specially interesting since they con-
tain both organic and inorganic components: they not only
form open-framework structures resulting from the presence
of the carboxylate function itself, but also where the car-
boxylate group acts as a linker between inorganic moieties.
Lanthanide(III) carboxylates attract the attention because of
their luminescence properties and their spectrally narrow
emission [3-6]. The large magnetic moment of the most of
the lanthanide(III) ions together with their anisotropy makes
these ions very useful in preparation of magnetic materials
[7, 8]. The compounds become interesting also in searching
for promising application in drug delivery, gas absorption as
well as separation and catalysis [9, 10].

Benzene multicarboxylate ligands are frequently applied
in the construction of lanthanide(III) polymeric 1D, 2D and
higher-dimensional frameworks. The exemplary compounds
are lanthanide benzenedicarboxylates [11], benzene-1,3,5-
tricarboxylates [12], benzene-1,2,4,5-tetracarboxylates [13]
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and benzene-1,2,3,4,5,6-hexacarboxylates [14]. In each of
the series of lanthanide complexes, one can observe two or
three isostructural series indicating that the decreasing lan-
thanide ion radius has influence on the complex structure.

Recently, some interest has arisen in the construction of
lanthanide MOFs with flexible organic ligands for exam-
ple: Tb(II) and Ho(Ill) phenylene-1,2-diacetates [15],
Sm(III), Eu(Ill), Tb(IIl), Ho(IIT) phenylene-1,3-diacetates
[16], lanthanide phenylene-1,4-diacetates [17] and ben-
zene-1,3,5-triacetates (Scheme 1) [18-21] owing to their
flexibility and conformational freedoms. The use of lan-
thanide ions in that construction is due to the high coor-
dination number (8 or 9) as well as special properties of the
lanthanide ions.

This paper describes the synthesis, structural and ther-
mal characterization of selected lanthanide complexes with
the flexible bta ligand. Taking into consideration the high
but changing coordination number of Ln*" ions, reducing
of their radius, diversity of carboxylate group-Ln>" binding
mode [22] as well as the flexible character of bta ligand
[23] which can adopt different conformations in the

(a (b)
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syn-anti
(9)

syn-syn

syn-anti
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process of MOFs formation proceeded under the
stable conditions of synthesis. The conditions of synthesis
have great impact on the structure of MOFs [20]. The aim
of this paper was also to determine the influence of tem-
perature increase on the stability of crystalline networks of
the complexes. Net water molecules in the complex
structure should be easily removed from the outer- and
inner- coordination spheres without the lanthanide—organic
framework collapse. In this way, the coordinatively
unsaturated lanthanide ions can cause catalytic or surface
activity of the porous complex materials. This inspires the
research groups to seek the porous lanthanide—organic
frameworks (MOFs).

Experimental
Preparation of the lanthanide(III) complexes

The flexible bta ligand is versatile and can adopt different
conformations in the formation of complexes so conditions

()

U]

syn-syn

anti-anti
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Scheme 1 Possible coordination modes of bta ligand in the lanthanide(IlT) complexes [18-21]
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of reaction have a great impact on the MOFs structure [20].
The whole series of lanthanide(III) complexes was pre-
pared under exactly the same conditions: in the reaction of
lanthanide(III) chlorides (pH 5.3-5.8) and the ammonium
salt of Hsbta (pH =~ 5.5) in the 0.01 M solutions at 40 °C
at the molar ratio 1:1. The LnCl; solutions were obtained in
the reactions of appropriate rare earth oxides with 2 M
solution of HCI. Next, these LnCl; solutions reacted with a
soluble form of the ligand, which was ammonium salt
bta(NH,4);. The precipitates were filtered, washed with hot
water to remove NH,1 ions and dried at 30 °C to the
stable mass. The complexes were identified by the method
of elemental analysis, and the lanthanide contents were
determined on the basis of the registered TG curves from
the thermogravimetric analyses. The results of elemental
analysis for the obtained complexes are gathered in
Table 1.

Physical techniques

The complexes were identified by the method of elemental
analysis with a CHN 2400 Perkin—-Elmer analyser. The
contents of metal ions were determined on the basis of the
registered TG curves from the thermogravimetric analyses.
The IR spectra of the compounds were recorded over the
range 4000-400 cm ™' using a IR SPECORD MS80 spec-
trophotometer. The thermal behaviour of the compounds
was investigated by a Setsys 16/18 Setaram thermoanaly-
ser, registering TG, DTG and DSC curves. The samples
(7-8 mg) were heated in the ceramic crucible in the tem-
perature range 30-1000 °C in the flowing air atmosphere
(1 dm® h™") with the heating rate 10 °C min~'. Gaseous
products of decomposition of Tb(III) complex were iden-
tified using a Netzsch TG 209 apparatus coupled to a
Bruker FTIR 66 spectrophotometer. The samples were
heated in the dynamic argon atmosphere with a rate of
20 °C min~" up to 1000 °C using a ceramic crucible.

For studied complexes, there were conducted powder
X-ray diffraction experiments (XRPD) at 30, 250 and

Table 1 Elemental analysis data of benzene-1,3,5-triacetates

obtained under conventional conditions

Complex C/% H/% Ln/%

Found Calcd Found Caled Found Calcd
La(bta)-6H,O  29.85 30.11 4.15 3.97 27.02  27.99
Nd(bta)-4H,O 30.76  30.93 3.60 3.65 31.30  30.99
Eu(bta)-4H,O 3041 3043 3.57 3.59 3230 3211
Tb(bta)-4H,O 29.84 29.99 3.46 3.54 32.88  33.10
Ho(bta)-4H,0 29.46 29.62 3.44 3.49 33.11  33.92
Tm(bta)-5H,O 28.37 28.33 3.85 3.73 33.73 33.24
Lu(bta)-3H,O 27.07 2796 3.74 3.69 36.90 37.19

800 °C using a PANalytical Empyrean automated X-ray
diffractometer with the XRK-900 RIGID high-temperature
reaction chamber. Cu Ko radiation (1 = 1.54187 1&) was
used for the diffraction experiments conducted in the non-
continuous scanning mode. The first scan was at 30 °C;
then, the sample was heated with the rate of 60 °C min~!
up to 250 °C and stabilized for 5 min and scanned using
the goniometer in the theta—theta orientation, next heated
up to 600 °C, stabilized again for 5 min and scanned and
finally up to 800 °C in the same way. The samples were
dried, fine-powdered and applied to a low-background
sample holder. In a typical experiment, data were collected
via continuous scan in the range of 20 = 5-90° with the
step size of 0.02626° and a scan time of 180 s per step.

The X-ray photoelectron spectra (XPS) were measured
on a UHV Prevac spectrometer. Monochromatic Al Ka
radiation (1486.6 eV) was used from an X-ray gun oper-
ated at 12 kV and 30 mA. The powder samples were
pressed into pellets, and then, they were transferred via a
sample probe in the electron energy analyser chamber
which had a base pressure in the range of 10~'" mbar in the
analyser. For all samples, the intense carbon 1s photopeak
of aromatic hydrocarbon character in the compounds was
used as a standard for the binding energy. The binding
energy at the standard peak was determined to be
284.8 eV.

Computational details

The molecular structure optimization of the Hzbta and
corresponding vibrational harmonic frequencies were cal-
culated using the DFT with B3LYP combined with
6-3114+4G(d,p) basis set using Gaussian 03 W program
package [24]. The starting atomic coordinates were taken
from the crystal structure of the Hsbta (Scheme 2) deter-
mined from X-ray crystallography [23]. The absence of
imaginary wavenumbers of the calculated vibrational
spectrum confirms that the optimized structure of Hsbta is
stable. In order to get better correlation between the cal-
culated and the experimental frequencies, the calculated
vibrational frequencies were scaled by two different scal-
ing factors, i.e. 0.983 up to 1700 cm™' and 0.958 for
greater than 1700 cm ™' [25]. The assignments of the cal-
culated wavenumbers were examined by means of PEDs
using VEDA 4 program [26].

Results and discussion
Thermal analysis

Thermogravimetric analyses (TG) were performed for
dried, powdered, crystalline samples of the complexes in
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Scheme 2 Molecular structure of neutral Hsbta [23]

the range of 30-1000 °C under air as well as argon
atmosphere. The TG data show that complexes of the
general  formula  LnCoHg(COO);-3—-6H,0, where
Ln = La(Ill), Nd(III), Eu(Ill), Tb(IlI), Ho(IlI), Tm(III),
Lu(Ill) heated in air (Fig. 1) as well as argon atmosphere
(Fig. 2), are stable up to 30 °C, and then, the dehydration
process takes place.

The TG and DSC curves show two steps of dehydration
which means that in the structure of complexes there are
hydrogen- and coordination-bonded water molecules.

Determination of the number of water molecules in the
outer- and inner- coordination spheres of compounds on the
basis of TG and DSC analysis is sometimes possible, but in
majority of cases removing hydrogen-bonded water causes
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Fig. 1 TG, DTG and DSC curves of thermal decomposition of
Tb(bta)-4H,0 in air
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Fig. 2 TG and DTG curve of Tb(IIl) complex in argon

total dehydration in one stage as it is in the case of La(IIl)
complex. Neither on TG, DTG nor DSC curves, two peaks
are observed although the complex contains two types of
differently bonded water molecules. In the case of the other
complexes, hydrogen-bonded water molecules are discon-
nected in the first step at lower temperatures: 110, 100, 90,
80, 100, 95 °C for Nd(III), Eu(IIl), Tb(III), Ho(III), Tm(III)
and Lu(Ill) complexes, respectively, and then, the mole-
cules of coordinated water are released at about 145, 130,
126, 120, 145 and 140 °C for Nd(II) and successive
compounds. This two-step dehydration process is clearly
visible for example on the TG, DTG and DSC curves for
the Tb(IIT) complex in air (Fig. 1), in argon (Fig. 2) as well
as on the IR spectra of gaseous products of decomposition
at 90 and 126 °C (Fig. 3). The process of involving the
water molecules observed on the TG curves is characterized
by total mass loss in the range 10.63-21.82 % (Table 2).
The values of dehydration energy calculated from the DSC
curves are the sum of the enthalpy of disconnection of
hydrogen- and coordination-bonded water molecules. These
values increase with the increasing atomic number of
Ln(III) ions, but generally the total energy of dehydration is
in the range 28.55-35.78 kJ mol ' H,O in the complexes.

After dehydration, the anhydrous compounds are
stable up to about 300-350 °C. Further heating leads to the
degradation of anhydrous compounds, which is accompa-
nied by burning of organic ligand. The final products of
decomposition are suitable lanthanide oxides.

The simultaneous FT-IR analysis of gaseous products of
thermal decomposition was made for Tb(bta)-4H,O com-
plex (Fig. 3). The results obtained from TG-FT-IR mea-
surement confirm that the first loss of mass observed in the
temperature range 30-98 °C is connected only with the
removal of outer-sphere water molecules. Figure 3 shows
the separated spectra of valence and deformation vibration
of water molecules at 3750 and 1750 and 1900-1300 cm™'
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Fig. 3 Line plot of FT-IR spectra of the evolved gases for Tb(bta)-4H,O (a); three-dimensional FT-IR spectra of gaseous products of thermal

decomposition of Tb(bta)-4H,O (b) in argon

Table 2 Results of thermal analysis of lanthanide(IlI) benzene-1,3,5-triacetates

Compound M 01 AT,/°C Mass loss/% Endothermic effect/(kJ mol ™! T»/°C Residue/%

Calcd Found Calcd Found
La(bta)-6H,O 496.12 30-180 21.76 21.82 28.55 330 32.83 31.70
Nd(bta)-4H,0O 465.46 30-200 15.46 15.56 29.13 340 36.13 36.51
Eu(bta)-4H,0 473.18 30-160 15.21 14.81 35.78 300 37.19 37.41
Tb(bta)-4H,0O 480.15 30-160 14.99 14.95 35.53 350 38.92 38.67
Ho(bta)-4H,O 486.15 30-160 14.81 14.74 33.46 330 38.85 34.15
Tm(bta)-5H,0 508.15 30-180 17.71 18.27 31.94 350 37.96 38.52
Lu(bta)-3H,0 478.19 30-180 11.29 10.63 32.39 350 41.61 42.30

AT, temperature range of dehydration process; 75, temperature at the start of decomposition

[27], and the second part of water spectra appearing at the
higher temperature, about 126 °C belonging to coordina-
tion water. Formation of the stable, anhydrous compound is
confirmed by the lack of bands in the existing anhydrous,

stable complex in the temperature range 130-300 °C.
During further decomposition of the complex at higher
temperatures CO,, CO and hydrocarbons are released. The
carbon dioxide bands showed strong absorption peaks of
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Table 3 Unit cell parameters for polycrystalline lanthanide(IIl) benzene-1,3,5-triacetates

Crystal system Complex
Nd(bta)-4H,0O Eu(bta)-4H,0O Tb(bta)-4H,O Ho(bta)-4H,0O Lu(bta)-3H,O
Triclinic Triclinic Triclinic Triclinic Monoclinic

alA 7.3036 7.2774 7.2755 7.2707 10.1956

bIA 10.8993 10.8011 10.8033 10.7761 12.0537

c/A 11.1349 11.0948 11.0976 11.1072 14.4138

of° 62.829 62.692 62.551 62.472 90.00

pre 77.798 77.733 77.539 77.453 100.216

p/° 80.224 80.186 80.060 80.011 90.00

VIA3 768.02 754.53 753.14 750.60 1743.30

Mo 20.3 13.3 18.9 23.7 194

F» 44.3 (0.0100, 45) 28.9 (0.0147, 47) 38.9 (0.0109, 47) 50.0 (0.0097, 41) 48.0 (0.0077, 54)

Fx Fu3 =15.0 F3 = 104 Fqp =153 Fq0 = 20.8 F35=154

(0.0106, 301) (0.0144, 242)

(0.0132, 208) (0.0113, 170) (0.0090, 253)

N number of indexed peaks

stretching vibration at 2361 and 2330 cm™' and the weak
deformation peaks at 720 and 670 cm™". The bands at 2180
and 2114 cm™! belong to CO molecules. The stretching
absorption bands at 2900 and 2800 cmfl, deformation
mode at 1460 cm™' and rocking vibration bands at
800 cm™ ' appear due to the presence of hydrocarbons in
the gaseous product of fragments of organic ligand
decomposition [28].

The thermal stability of dehydrated complexes increases
with the increasing atomic number of lanthanides, that is
with the decreasing ionic radius of lanthanides. Ln,O3 and
Tb4O; are formed as the final products of decomposition.

XRD studies

Bta is a flexible ligand on account of sp’ carbon atoms
(—CH,-) linking benzene as a central part of ligand with the
carboxylic groups in the molecule [23]. Thus, this can
cause that the series of complexes is entirely isostructural,
in spite of significant differences in the size of the trivalent
lanthanide ions, similar to phenylene-1,4-diacetates of
lanthanides [17]. In the complexes, the lanthanide(III) ions
are connected through oxygen atoms of carboxylate groups
of organic ligand creating chains of metal ions. Part of
water molecules completes the coordination number of
lanthanide(III) ions to 9 for light and to 8 for heavy ones.
Part of them is hydrogen bonded inside the complex
structure. The analysed complexes crystallize in the tri-
clinic or monoclinic crystal system (Table 3). As follows
from the X-ray powder diffraction patterns (Fig. 4), the
tetrahydrated ones are isomorphous. To examine stability
of the crystalline frameworks of the complexes after
removal of water molecules, the powder diffraction

@ Springer

patterns of the compounds in situ at 30, 250 and 800 °C
were recorded. As follows from the comparison of the
diffractograms (Fig. 5), the same system of peaks is
observed at 30 and 250 °C. This indicates that the frame-
work and crystalline order are maintained despite removal
of the water molecules [29]. The high stability of the
anhydrous complexes frameworks is also reflected on the
TG curves (Figs. 1, 2). The anhydrous compounds heated
above 300-350 °C undergo decomposition where the
intermediate products are L.n,O,COj3 and the residues are:
Ln,O; or TbyO; [30-33]. The above-mentioned final
thermal decomposition products are confirmed by the data
included in ICDD.

Infrared analysis

The infrared spectra of Hjbta, its sodium salt and lan-
thanide(III) complexes were recorded, and assignments of
bands occurring in the experimental as well as calculated
spectra are gathered in Table 4. The exemplary experi-
mental IR spectra of acid, its sodium salt and the Tb(III)
and Ho(IIT) complexes are presented in Fig. 6. Comparing
the IR spectra of acid and its metal compounds, one can
observe that some bands characteristic of acid spectra
disappeared in the spectra of sodium and lanthanide com-
plexes. The stretching vibration bands of v(OH) of
—COOH groups exist as the broad band at 3500-2500 cm ™"
in spite of hydrogen bonding in the acid structure. During
complex formation, the strength of hydrogen bonding
decreases and these bands are shifted to higher frequencies
3700-2700 cm ™. The v(OH) band in the theoretical
spectrum of acid is located at 3600 cm ™! (Table 4). The
stretching asymmetric v,;(CH,) mode of methylene groups
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is observed in the experimental spectra at 2972, 2948 and
2970-2920 cm ™' at acid, sodium salt and Ln(IIl) com-
plexes, but stretching symmetric v{(CH,) vibrations are
found at 2924, 2912 and 2920-2896 cm ™!, respectively.
The calculated values for these bonding vibrations are
close to the experimental data, and they are within
2992-2905 cm™~'. The deformation bands of scissoring
vibrations 6(CH,) appear at 1385 em™ ! at acid (caled.
1457, 1436 and 1435 cm™ "), 1412 cm ™" at sodium salt and
in the range of 14361416 cm™' for the complexes; wag-
ging mode ®w(CH,) is located at 1266 cm~! in the acid
spectrum (calcd. 1287 cm ™), 1256 and 1272-1248 cm ™!
for sodium and Ln(Ill) compounds. The twisting #(CH,)
vibrations of methylene groups are seen at 1193 cm ™' for
acid (calced. 1194 and 1187 cm_l) at 1200, 1192 and
1192-1188 cm™! for sodium and Ln(IIT) compounds,
respectively. These bands do not shift due to complex
formation because this part of ligand takes place neither in
the metal coordination nor hydrogen bonding formation.
The carboxylic groups are the main groups in the
structure of Hsbta, which undergo transformation during
deprotonation and metal complexes formation. The

20 30 60 70 80 90

20/°

vibrational bands of carboxylic groups of acid contain the
C=0, C-0 and O-H vibration modes. The bands assigned
to the stretching vibrations v(C=0) of carboxylic group of
acid molecule which usually appear about 1700 cm™' in
this acid appear as three strong peaks at 1723; 1705 and
1693 cm ™! (calcd. values 1743; 1741; 1733 cm_l)
(Table 4; Fig. 6) due to small difference in the lengths of
C=0 bonds which depends on their environment in the acid
structure. These peaks disappear in sodium salt and lan-
thanide complexes due to complete deprotonation of each
carboxylic group and metal compound formation. So new,
very strong bands assigned to the asymmetric v,(COO™)
and symmetric vs(COO™) stretching vibrations of car-
boxylate anion appear. The asymmetric and symmetric
bands of carboxylate group vibrations in sodium salt are
located at 1580 and 1384 cm_l, whereas in the lanthanide
complexes they are situated in the region of 1564—1536 and
1436-1396 cm ™' as presented in Fig. 6 and Tables 4 and
5. In all registered IR spectra of lanthanide(III) compounds,
each absorption band of stretching symmetric carboxylate
vs(COO™) vibrations is split, which indicates the presence
of more than one coordination mode of carboxylate groups
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Fig. 5 X-ray powder
diffraction patterns of
polycrystalline Ho(bta)-4H,O
(30 °C), Ho(bta) (250 °C) and
Ho,05 (800 °C)
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Ho(bta)

Ho(bta)-4H,0

of bta ligand. On the basis of the difference Av between the
wavenumbers v,,(COO™) and vs(COO™) of carboxylate
anion, the type of coordination of —-COO™ group by metal
ions in the studied complexes can be analysed. According
to the Nakamoto spectroscopic criterion [34], mode of
carboxylate binding can be ionic, monodentate, bidentate
chelating or bridging according to the series: Av chelat-
ing < Av bridging < Av ionic < Av monodentate. The
Av(COQO™) for sodium salt is 196 cm™ !, but is much lower in
the series of lanthanide complexes (Table 5). Due to the
above-mentioned rules, the obtained values of Av(COO™)
indicate the chelating, bridging and/or mixed chelating—
bridging modes of the carboxylate groups in the investigated
lanthanide(IIT) complexes (Scheme 1: mode b-h).

XPS spectroscopy

In order to determine electron redistribution between the
acceptor and the donor related to complex formation, the
XPS investigations were carried out. The indicator of these
changes can be the difference in the binding energy (Ey) of
Cls and Ols electrons. All changes in binding energies of
the electrons Cls and Ols in complexes spectra are the
evidence of electron density redistribution in the O-C-O
moiety caused by the complexation of the metal ions
through the oxygen atoms of ligand. The difference
between the E, Cls and Ols values of Hsbta and its
complexes can be the parameter that characterizes inter-
actions of the carboxylate group with metal ions. This
paper presents the results of the XPS analyses, which
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allowed to determine the binding energies (E,) for the main
lines of Cls, Ols of Hsbta as well as Ln3d, Ln4d, LnSp,
spin—orbital splitting and full width at half maximum
(FWHM) [35] for lanthanide(III) complexes. The XPS data
are listed in Tables 6-8. Figure 7 shows high-resolution
XPS spectra of Hsbta and lanthanide(III) complexes, and
Fig. 8 shows deconvolution of only Cls and Ols spectra
for Hibta and the exemplary Eu(bta)-4H,O complex. The
deconvolution of the Cls spectrum of Hsbta shows three
peaks, each of them belongs to carbon atoms in different
surrounding [36]. The most intense component with the
lowest binding energy (284.7 eV) corresponds to aromatic
carbon atoms of benzene ring, and its position is stable in
the spectra of acid and all lanthanide(III) complexes. The
second peak (286.1 eV) corresponds to carbons from the
methylene groups being a link between the aromatic ring
and the -COOH groups. The band with the highest energy
of 289.2 eV corresponds to carbon atoms from the car-
boxylic groups of acid. There is no satellite peak associated
with the shake-up effect.

Table 6 and Fig. 8 demonstrate that position of E;, (C-C)
lines is stable in all spectra; the binding energies for elec-
trons in the CH, group in the complexes compared with that
in Hsbta are the same for the NdA(III), Tb(IIl), Ho(III)
complexes and different for Eu(Ill) (AE; = 0.2 eV); and for
La(Ill), Tm(II) and Lu(Ill) they cannot be extracted from
Cls line. The main changes take place in the surrounding of
carbon atoms which belong to the carboxylic groups. The
binding energy of Cls decreases for the electrons in the
O-C-0 group in the complexes as compared to the O=C-O
group in Hsbta, in the range AE; = 0.3-0.5 eV. The change
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Table 4 continued

Assignments

Na La Nd Eu Tb Ho Tm Lu
B

H3bta

Unscaled Scales

C-0) + f,(COO0™)*

C-0)

584 584 588 588 592 588 584

588

582
576
533
530
505
500
478
437

592
586
542
539
514
509
486
445

B

576 1(0-C-0—C)

555

560 560

559

556

1(CCCCep2) 4 P(COH) + ((CCC)

y(COH)

o(CCC) 4+ W(Coy—Ccmp)

P(CauCaCch2) + T(Henr—Ceur—Cc—0)

M-0*

404

404

416

416

412

408

404

412

Vas—Vs, asymmetric—symmetric stretching; f8, in-plane deformation; y, out-of-plane deformation; plane and out-of-plane deformation for CH, groups: 9, scissoring, p, rocking, @, wagging, ,

twisting; «(CCC), in-plane deformation of aromatic system; ¢(CCC), out-of-plane deformation of aromatic system; 7, torsion; c, carboxylic; w, water; ar, aromatic

% Applies only to the complexes

%T

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm—1

Fig. 6 IR spectra of free Hsbta acid (a), its sodium salt (b) and its
Ho(III) (¢) and Tb(III) (d) complexes

Table 5 Stretching asymmetric v,,(COO™) and symmetric vs(COO™)
vibrational frequencies of carboxylate groups of bta ligand and the
values of Av (Av = v,((COO™) — v,(COO™))

Compound Vas (COO7) vs (COO) Av

Nas(bta)-2H,O 1580 1384 196

La(bta)-6H,O 1540 1416; 1396 124; 144
Nd(bta)-4H,0O 1536 1432; 1412 104; 124
Eu(bta)-4H,0 1536 1436; 1412 100; 124
Tb(bta)-4H,0 1540 1432; 1412 108; 128
Ho(bta)-4H,0O 1564 1432; 1412 132; 152
Tm(bta)-5H,0 1548 1432; 1400 116; 148
Lu(bta)-3H,0 1552 1432; 1400 120; 152

in the value of binding energy is an indicator of complex
formation and an evidence of substantial variation of electron
density in the carboxylate groups of different complexes.
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Table 6 Binding energies E}, (eV) of Cls- and Ols lines for the H;bta and its complexes

Compound Cls (AE))? 0O1s (AE,)°
C-C/C-H CH, 0=C-0/0-C-0 C=0/C-0 O-H
Hjbta 284.7 286.1 289.2 532.3 533.6
La(bta)-6H,0O 284.7 - 288.8 (0.4) 531.9 (0.4) 533.6
Nd(bta)-4H,0 284.7 286.1 288.8 (0.4) 531.9 (0.4) 533.5 (0.1)
Eu(bta)-4H,0O 284.7 286.3 (0.2) 288.7 (0.5) 531.8 (0.5) 533.3 (0.3)
Tb(bta)-4H,0 284.7 286.1 288.9 (0.3) 532.0 (0.3) 533.4 (0.2)
Ho(bta)-4H,0 284.7 286.1 288.9 (0.3) 532.1 (0.2) 533.6
Tm(bta)-5H,0 284.7 - 288.7 (0.3) 531.9 (0.4) 533.4 (0.2)
Lu(bta)-3H,0 284.7 - 288.8 (0.4) 532.0 (0.3) -
* Difference in E}, between Cls in the Hzbta and in its complexes
® Difference in E, between Ols in the Hsbta and in its complexes
Table 7 FWHM for the Cls and Ols lines for the Hsbta and Ln(III) complexes
Compound Cls Ols
C-C/C-H CH, 0=C-0/0-C-0 C=0/C-0 O-H
H;bta 1.45 1.40 1.39 1.66 1.75
La(bta)-6H,O 1.65 - 1.39 1.63 1.65
Nd(bta)-4H,0 1.50 1.55 1.70 1.77 1.75
Eu(bta)-4H,0 1.70 1.70 1.65 1.70 1.70
Tb(bta)-4H,0O 1.70 1.70 1.70 1.67 1.80
Ho(bta)-4H,0O 1.60 1.65 1.75 1.75 1.75
Tm(bta)-5H,0 1.62 - 1.57 1.66 1.70
Lu(bta)-3H,0 1.72 - 1.66 1.83 -
Table 8 Binding energies (Ey, eV) of 3d, 4p, 4d, 5p lines
Compound Ey, (eV)
3dss 3d3/2sar. 3ds/ 3ds/2sar. 4pan 4ds/ 4dsp 5pin AE3 AE} AES
La(bta)-6H,0O 852.6 855.9 835.9 839.1 197 106 103 26 16.7 3332 3
Nd(bta)-4H,0 1006.1 - 983.5 - 229 121 - 19 22.6 - -
Eu(bta)-4H,0O 11654 - 1135.8 - 262 143 137 20 29.6 - 6
Tb(bta)-4H,0O 1277.8 1284.5 1243.1 1252.3 - 151 - 25 34.7 6.7,9.2 -
Ho(bta)-4H,0 - - - - - 164.5 162.3 30 - - 2.2
Tm(bta)-5H,0 - - - - 333 177 175 33 - - 2
Lu(bta)-3H,0 - - - - 359 207 197 34 - - 10

4 Difference in Eb 3d3/2—3d5/2

® Difference in Ep 3dsy—3ds/2, 3ds —3ds)

¢ Difference in Ey 4ds,—4d3/

Decrease of E, means that the electron density on the atom
increased upon complex formation. The deconvolution of the
Ols spectrum of anhydrous Hsbta shows two peaks. Both

@ Springer

peaks Ols belong to the carboxylic group. First (532.3 eV)
belongs to the carbonyl (C=0) oxygen atom and the second
one (533.6eV) to hydroxyl (OH) oxygen atom from
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Fig. 8 Cls and Ols spectra of Hsbta and Eu(bta)-4H,O
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carboxylic acid group. The formation of the complexes
causes that energy binding of Ols electrons in the O-C-O
groups of bta ligand becomes equal [36]. In the case of
analysed complexes, one intensive line about 532 eV and the
second one above 533 eV of low intensity can be observed
instead of two intensive bands occurring in the spectrum of
Hsbta (Fig. 8). This single intensive line located around
532 eV corresponds to one type of oxygen atoms, namely
oxygen atoms forming carboxylate groups. The single line
Ols is shifted towards smaller E}, values compared to acid
spectrum, and the changes are 1in the range
AE, = 0.2-0.5 eV (Table 6). The FWHM of the Ols line is
indicative of either one state of the O atom or insignificant
difference of energy between two states, which makes them
almost identical. The second peak of E, equal 533.5 eV
corresponds to the oxygen atom derived from water mole-
cules [37]. All changes in binding energy Cls and Ols
between Hsbta and complexes are the evidence of the
redistribution of electron density in the O—-C-O moiety
caused by the complexation of the metal through the oxygen
atoms. Figure 9 shows the deconvolution of La3d spectrum
with four lines corresponding to spin—orbit splitting (La3d;/,
and La3ds,) and their shake-up satellites at higher binding
energy side. The energy separation between main lines AE;
(3d3,-3ds;») and the satellite lines AE; (3dg,—3ds, and
3ds,—3dsp) is 16.7, 3.3 and 3.2 eV, respectively. Satellites
are assigned to charge-transfer shake-up from ligand to
empty 4f orbital [38—41]. One peak corresponds to the final
state without the charge transfer 4f°, and the satellite peak
corresponds to the final state after transfer of electron (4fh
from ligand to 4f orbital of Ln(III). In Tb(II) complex, spin—
orbit splitting (3d;, and 3dsp) and satellites are also
observed. Energy separation between the main lines AE; and
the satellite lines AE, is 34.7, 6.7 and 9.2 eV, respectively.
The values AE, are different; in the case of La(IIl)

La(bta)-6H,0

860 855 850 845 840 835
Binding energy/eV

Fig. 9 3d XPS spectrum of La(bta)-6H,O
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Fig. 10 Energy binding of 3d, 4p, 4d, 5p XPS lines and energy
separation of 3d lines as a function of atomic number Z

compound, there is a small difference, but for Tb(III) com-
plex it is larger. In the case of Nd(IIT) and Eu(IIT) complexes,
only spin—orbit splitting lines are observed. An increase in
the atomic number is accompanied by an increase in the
binding energy 3d, 4d, S5p, and separation energy is shown in
Fig. 10. All data are summarized in Table 8.

Conclusions

The obtained lanthanide(Ill) complexes of the formula
LnCoHy(COO);3-3-6H,0, where Ln = La(IIl), Nd(III),
Eu(III), Tb(II), Ho(IIT), Tm(III) and Lu(III), are crystalline
powders crystallizing in the monoclinic or triclinic crystal
system. The complexes are stable under normal conditions,
and removal of all water molecules does not lead to
framework collapse. When heated, they decompose up to
about 160-200 °C in two stages to stable anhydrous
complexes. This indicates that in the structure of com-
plexes there are hydrogen- and coordination-bonded water
molecules. The values of dehydration energy increase with
the increasing of atomic number of Ln(III) from 28 to
35 kJ mol~' H,0. The XRPD investigations of the com-
pounds indicate that the framework and crystalline order
are maintained despite removal of water molecules. The
framework of anhydrous Ln(bta) is highly stable, but
heated above 300-350 °C undergoes decomposition to
Ln,O3 or Tb4O5. On the basis of IR spectra, the different
ways of metal ions coordination through carboxylate oxy-
gen atoms are possible: chelating, bridging and/or bridg-
ing—chelating. The XPS electronic spectra confirmed the
deprotonation of carboxylic groups of Hsbta and their full
transformation into carboxylate systems during complexes
formation. The XPS study also revealed that in the struc-
ture of analysed complexes water molecules are present.
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