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Abstract. A series of lanthanide(III) based coordination polymers have been synthesized using chelidamic acid
(CA) as aligand, [Ln(C7H,NOs5)(H20)3].H,0O (Ln = Eu, Gd, Tb, and Dy). All the compounds were prepared
by solvothermal technique using H,O-DMEF as solvents (4:1, volume ratio). Compounds were characterized
through various instrumental techniques such as single-crystal X-ray diffraction, powder X-ray diffraction,
thermogravimetric analysis, IR spectroscopy, etc. In all the cases lanthanide ion adopts distorted dodecahedron
geometry. And these dodecahedrons are connected through chelidamic acid ligand to form the two-dimensional
structure. These layers are H-bonded to form the three-dimensional supramolecular structure. The optical band
gap energy measurements exhibit that the variation of the band gap energy is independent of the f-electrons. This
is due to the weak bonding connectivity between the metal ion and ligands, which could not perturb the density of
states significantly. The variable-temperature magnetic measurements exhibit the paramagnetic behavior of all
the compounds though the effective magnetic moments rise with increasing number of f-electrons. The present
study illustrates the usefulness of the lanthanides for the structure building as well as the role of f-electrons for
opto-electronic behaviors.
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1. Introduction might lead to more diverse architectures and topolo-

gies. 22 The flexibility of the coordination geometry

Due to higher coordination number and flexible geome-
tries, lanthanide ions create fascinating structures which
have potential applications in material science.'~ Lan-
thanide coordination polymers (LnCPs) exhibit high
luminescence efficiency, narrow bandwidth, and long
luminescence lifetime.® Lanthanide metal itself acts
as both photoluminescent and magnetic center that
make these materials interesting over others. With these
advantages, properties related to pore size and surface
area, make these ideal materials for developing new
multifunctional materials.”"'> In comparison with tran-
sition metals, lanthanide ions have more flexible and
higher coordination numbers varying from 6 to 12. This
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of lanthanides usually results in cluster-based secondary
building units (SBUs), which is responsible for thermal
robustness of these structures. >*~*° Lanthanide ions form
stable architectures with carboxylate ligand due to high
affinity of lanthanides for oxygen. The differences in
emission, magnetic and optical properties of lanthanide
ions provide a platform to precisely tune these proper-
ties.?¢

However, designing a practical method to prepare
controlled geometries of LnCPs still remains challeng-
ing.?’ In addition, lanthanide contraction may also affect
the coordination number resulting in different crys-
tal structures.?®* Lanthanum metal ion has tendency
to coordinate with solvent molecules when reacted
with small rigid ligand. It was shown that, choice of
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organic linkers and effective synthetic strategy produce
lanthanide frameworks with intense and long-lived flu-
orescent emission. Especially, ligands containing both
N- and O donors can exhibit great adaptability while
coordinated to metal center.*'=® The coordination abil-
ity of the 4-hydroxy derivative of dipicolinic acid, that s,
4-hydroxypyridine-2,6-dicarboxylic acid (Chelidamic
acid, CA), will be ideal to explore the structural diversity
of LnCPs. ¥

In this work, we report synthesis, structure, optical
band gap energy and magnetism of a series of chelidamic
acid based lanthanide coordination polymers. Among
these, compound 1 is completely new and other three
compounds (2—4) are synthesized in similar conditions
to compare their properties though they are reported in
the literature. >*>* Single crystal data analysis revealed
that lanthanide polyhedral units are connected with CA
ligand to form the layered structure. These layers are
H-bonded to form the three-dimensional supramolecu-
lar structure. We have measured the optical band gap
energy and magnetic properties and correlated with the
corresponding structures.

2. Experimental
2.1 Materials

All chemicals were purchased from Sigma-Aldrich and used
without further purification. Eu(NO3)3. H,O, Gd(NO3)s3.
6 H,O, Tb(NO3)3. 5 H>,O, Dy(NO3)3. H>O, chelidamic acid
(CA), N,N’ dimethyl formamide (DMF) and milli-Q water
were used for the synthesis. The IR spectra were recorded
from prepared KBr pellets, using IR prestige-21 (Shimadzu)
spectrometer. The TGA was performed on SDT Q600 (Shi-
madzu) analyser. Powder X-ray diffraction data (Figure
S1 in Supplementary Information) were collected using an
X’pert PRO (PANalytics) powder diffractometer equipped
with Cu K, radiation (1.5405 A).

2.2 Synthesis

2.2a Compound I: Eu(NO3)3.Hy0 (0.1 mmol) was dis-
solved in 2 mL DMEF. Chelidamic acid (CA) (0.1 mmol) was
dissolved in 8 mL distilled water separately and pH of the
solution was adjusted to 8 by using 1 M KOH solution. Both
metal and ligand solutions were mixed together in a 20 mL
glass vial then the vial was heated at 100 °C for 3 days. Colour-
less block-shaped crystals were obtained. Then crystals were
washed with DMF and dried in vacuum for further use. Yield:
60% based on chelidamic acid.

2.2b Compounds 2—4: Except the metal salt, synthetic
procedure of compounds 2—4 were same as the synthe-
sis of compound 1. The metal salts Gd(NO3)3.6 H;O (or)
Tb(NO3)3.5 H>O (or) Dy(NO3)3.H,O were used instead of
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Eu(NO3)3.H2O. In all the cases, colourless block-shaped
crystals were formed. Crystals were washed with DMF and
dried in vacuum for further use. Yield: 55% (Gd), 67% (Tb),
63% (Dy) - based on chelidamic acid. IR peaks for com-
pounds 1-4 (KBr pellet) v (cm™!): 1711, 1420-1585, 1350
and 3200-3600.

2.3 Single crystal X-ray Diffraction

The single crystal diffraction data were collected on a Bruker
AXS Smart Apex CCD diffractometer at 298 K. The X-ray
generator was operated at 50 kV and 35 mA using Mo K, (A =
0.710710%) radiation. A total of 606 frames were collected in
three different settings of ¢ (0°, 90°, 180°) keeping detector
position (2 9) fixed at —25°.

The data reduction and empirical absorption correction
were done using SAINTPLUS** and SADABS program, >
respectively. SHELXS2014 package *© was used for the struc-
ture solution and refinement. All hydrogen atoms were placed
in calculated positions during the final step of the refine-
ment process. For the final refinement, the hydrogen atoms
were placed in geometrically ideal positions and refined using
the riding mode. The last cycles of the refinement included
atomic positions, anisotropic thermal parameters for all the
non-hydrogen atoms, and isotropic thermal parameters for
all the hydrogen atoms. Full-matrix-least-squares structure
refinement against F> was carried out using the WINGX
package of programs.*’ The crystallographic parameters for
compounds 1-4 are provided in Table 1. CCDC 1495104 -
1495107 contain crystallographic information for compounds
1-4, respectively. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre (CCDC)
via www.ccdc.cam.ac.uk/data_request/cif

2.4 Optical Band-Gap Measurements

The optical absorption spectra of all the compounds were
collected on a Shimadzu UV/Vis/NIR spectrophotometer. We
have ground the samples with BaSOy4 (as reference material)
and made a thin film on the glass surface. The films were made
between two quartz plates with edges sealed by paraffin tape.
Kubelka-Munk function was used to calculate the band gap
energy from the optical absorption spectra. *3-39

We have used a two-flux model to determine the absorption
coefficient of the sample. For a crystalline solid with a band
gap (Epyg), the frequency (v) dependence of the absorption
coefficient (x) can be approximated as,

_ Br (hv — Epg)"
T M

Where, B is a constant derived from the square of the aver-
aged dipolar momentum matrix element and n is equal to
0.5 and 2 for direct and indirect band gap transitions, respec-
tively. The absorption coefficient (k) can be measured from
the reflectance (R) and expressed as k = (1 — R)%/(2R).
Using the above equation, the band gap of a material can be
obtained by extrapolating to zero with the linear fit to a plot

Kk (v)
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Table 1. Crystallographic parameters for compounds 1-4.
Parameters 1 2 3 4
Empirical formula Eu C7 N Og Hg Gd C7 N Og Hyg Tb C7 N Og Hyg Dy C; N Og He
Formula weight 400.09 409.41 411.08 410.63
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21/ P21/ P21/ P21/n
a (A) 10.0143(2) 9.9820(4) 9.9685(3) 9.9341(5)
b (A) 7.5382(4) 7.5434(4) 7.5261(2) 7.5412(4)
c(A) 15.5425(2) 15.5034(7) 15.4811(5) 15.4370(7)
a(®) 90 90 90 90
B(°) 104.9100 105.035 105.0700 105.176
y(°) 90 90 90 90
V(A3) 1133.80(5) 1127.42(9) 1121.51(6) 1116.13(10)
Z 4 4 4 4
D(calc/gem ™) 2.344 2412 2.435 2.444
w (mm~) 5.573 5.925 6.348 6.736
g range (°) 2.782 to0 28.269 2.794 to 28.434 2.725 t0 28.342 2.205 t0 26.372
Total data collected 10452 10564 10282 9193
Unique data 2796 2810 2771 2283
Goodness-of-fit 1.181 1.097 1.157 1.121
Number of parameters 177 198 198 183
Final R indexes [/ > 20 (])] R; = 0.0260, R; = 0.0154, R; =0.0147, R; = 0.0364,
wRy = wRp = wRy = wRp =
0.0777 0.0368 0.0303 0.0989

Ry = Z||Fo| — |Fe|l/Z|Fol; wRy = {[w(F§ — FH)21/[w(F)*1}'/%; w = 1/[62(Fo)* + (aP)* + bP]; P = [max(F§,0) +
2(FC)2]/3: a =0.0442, b = 2.9865 for compound 1, a = 0.0100, b = 1.7234 for compound 2, a = 0.0027, b = 1.7830 for
compound 3, a = 0.0535, b = 1.5641 for compound 4, respectively.

of (khv)1/Mys. hv. The lowest electronic transition between
valence and conduction bands is the optical band gap of the
material.

2.5 Magnetic Measurements

The magnetic properties were measured using a vibrating
sample magnetometer (VSM) attachment in a commercial
(Quantum Design) physical property measurement system
(PPMS). Magnetic susceptibility x as a function of temper-
ature (T) was measured at different applied fields and over a
large T-range (2 K < T < 380 K). Magnetization isotherm
(magnetization M vs. applied field H) was also measured at
T = 2.1 K up to a maximum varying field of 9 T.

3. Results and Discussion
3.1 Structure description

Compounds 1-4 crystallize in the monoclinic crystal
system with space group P2;/c. Asymmetric unit of
each compound contains one Ln metal center, one che-
lidamic acid ligand, three coordinated water molecules
and one lattice water molecule. All the compounds are
isostructural and possess a two-dimensional architec-
ture. In all the cases Ln ion has eight coordination

and adopts distorted dodecahedron geometry. Four oxy-
gen atoms and one nitrogen atom from the chelidamic
acid ligand and three coordinated water molecules sat-
isfy the eight coordination (Figure la). The Ln - O
bond lengths are in the range of 2.293-2.501 A, Ln
- N bond lengths are in the range of 2.435-2.487 A
(Table 2). In the chelidamic acid one of the carboxylate
group bonded with metal in p, : M' : 1! mode while
another carboxylate group has the |1 : 1! mode (Figure
S4a in Supplementary Information). This connectivity
between lanthanide metal ion and chelidamic acid gives
rise to two-dimensional structure (Figure 1b). Further-
more, the 2D frameworks are further assembled to form
a 3D supramolecular network by the hydrogen bonds
between water molecules and carboxylate O atoms or
hydroxyl groups (Figure S4b in Supplementary Infor-
mation). The extensive H-bonding between coordinated
water and framework oxygen atoms, coordinated water
and lattice water molecules play crucial role for the
stability of the structure. Interestingly, coordinated and
lattice water molecules H-bonded to form the tetrameric
water cluster (Figure S5 in Supplementary Information).
Topological analysis using TOPOS software identified
that all the four structures have same topological net-
work with uninodal net, 5-c net, which can be presented
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Figure 1. (a) Distorted dodecahedron geometry of LnO7N
unit. (b) Two-dimensional layered architecture.

as a Schlifli symbol {3%.4%.5} (td10 = 294) (see Sup-
plementary Information).>!

3.2 Band Gap Energy

The diffuse reflectance spectra of the powder samples
of compounds 1-4 as well as Na-salt of the ligand were
collected in order to measure the optical band gap energy
(Eyg). The optical band gap energy was confirmed as the
intersection point between the energy axis and the line
extrapolated from the linear portion of the absorption
edge in a plot of Kubelka-Munk function vs. energy
(Figure S6 in Supplementary Information). The band
gap values are given in Table 1. Structural description
of compounds 1-4 revealed that the metal nodes are
well isolated and connected by an organic linker. The
electronic structure calculations on these types of com-
pounds predicted that the HOMO-LUMO gap of the
organic ligand determines the band gap of these mate-
rials.*>>* In this case, the band gap energy varies from
3.70 eV to 3.85 eV for compounds 1-4. The band gap
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Table 2. Selected bond distances (A) of compounds 1-4.

Bond Distance (A) Bond Distance (A)
Compound 1

Eu(1)-O(8) 2.330(3) Eu(1)-N(1) 2.435(3)
Eu(1)-0(4) 2.402(4) Eu(1)-0(6) 2.445(3)
Eu(1)-0O(7) 2.424(3) Eu(1)-0(2) 2.450(3)
Eu(1)-0(3) 2.432(4) Eu(1)-0O(5) 2.501(3)
Compound 2

Gd(1)-O(1) 2.3225(15) Gd(1)-0(3) 2.4254(15)
Gd(1)-0O(5) 2.3829(18) Gd(1)-0(2) 2.4277(18)
Gd(1)-0(8) 2.3960(18) Gd(1)-0(6) 2.4385(15)
Gd(1)-0(4) 2.4209(16) Gd(1)-N(1) 2.4870(17)
Compound 3

Tb(1)-O(5) 2.306(19) Tb(1)-0(3) 2.413(18)
Tb(1)-O(6) 2.365(2) Tb(1)-O(8) 2.417(2)
Tb(1)-O(7) 2.381(2) Tb(1)-0(2) 2.429(17)
Tb(1)-O(4) 2.409(19) Tb(1)-N(1) 2.475(2)
Compound 4

Dy(1)-O(6) 2.293(3) Dy(1)-O(8) 2.401(3)
Dy(1)-0(3) 2.354(3) Dy(1)-0(7) 2.405(3)
Dy(1)-O(5) 2.372(3) Dy(1)-0(2) 2.415(3)
Dy(1)-O(4) 2.401(3) Dy(1)-N(2) 2.461(3)

Table3. Experimentally measured band gap
energy for compounds 1-4 and Na-salt of lig-
and, respectively.

Compound Band Gap Energy (eV)
Na-salt of ligand 3.84 £0.02
Eu-CA (1) 3.70 £0.03
Gd-CA (2) 3.76 £0.02
Tb-CA (3) 3.85£0.01
Dy-CA 4) 3.75 +£0.01

energy of the Na-salt of the ligand was 3.84 eV. It was
shown that the band gap energy decreases from the
ligand molecule and the difference is negligible. This
proved that the perturbation of the states related to con-
duction and valence bands are not significant. All the
compounds have a similar structure with identical bond-
ing connectivity of the ligand and metal ion. The only
difference is the number of f-electrons in the correspond-
ing metal ion, which may have little effect towards the
band gap energy (Table 3).

3.3 Magnetic properties

The temperature dependent magnetic susceptibilities of
compounds 2-4 were measured from 2 K to 380 K
in an external magnetic field of 1 T. The magnetic
measurements were not performed for compound 1 as
the effective momentum of the Eu-based compound is
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almost zero. In order to extract the magnetic parame-
ters, the inverse magnetic susceptibility (1/ X) data in
the high-7 regime were fitted by the Curie-Weiss (CW)
equation:

X =[Xo+C/(T —6cw)] )

Where, X, is the T-independent susceptibility which
includes core diamagnetic susceptibility (Xco.) and
Van-Vleck paramagnetic susceptibility (Xyy). In the
second term in the CW eq., Curie constant C =
[Nag*nd/3kp]S(S+ 1), where N, - Avogadro Number,
g- Landé g-factor, ;g - Bohr magneton, kg - Boltzmann
constant, S- spin quantum number, 7 - Temperature,
and Ocw the characteristic Curie-Weiss temperature. The
experimental effective moment p.¢; was calculated from
the room temperature x7 value using the equation,
Meff:2-83\/X_T .

For Compound 2, as shown in Figure 2a, x(7T)
increases with a decrease in temperature. Indication of
magnetic ordering was not observed in the studied tem-
perature range. x T(T) is equal to 7.92 cm®K mol ' at
350 K, which is close to the value expected (7.87 cm®
K mol™") for one isolated Gd(III) ion (3S;7,2, g = 2).
Upon cooling, x T remains almost constant down to 100
K and then decreases and reaches a minimum value
of 7.80 cm*K mol ™" at 11 K (Inset in Figure 2a). The
decreasing trend of X T upon cooling is due to the ther-
mal depopulation of stark sublevels. >3

1/x data at higher temperatures (T > 150 K)
were fitted using Eq. 1 (Figure 2b) yields Xo =~
0.00285 cm®/mol, C ~ 13cm>K 7!, and oy =~
—0.15 K. The negligible value of 6y suggests that the
interaction between the Gd spins is very weak. The
experimental effective moment was calculated to be
et & 7.96 up at room temperature, which is in excel-
lent agreement with the expected theoretical value of
Wett = 7.94 5. Inset of Figure S7(b) (in Supplementary
Information) shows the magnetization isotherm at 2.1 K
measured up to H = 9 T. Magnetization (M) increases
with increasing magnetic field (H) and reaches the sat-
uration with a value of My, ~ 7.036ug at 9 T. The
observed value of M, agrees reasonably with the value
7up anticipated for an isolated Gd(III) ion with § = 7/2,
L = 0and g=2.0. The overall shape of the curve is sim-
ilar to that expected for a paramagnet.

For Compound 3, x (T') measured at 1 T is shown in
Figure 3a. x (T') dataincreases gradually as the tempera-
ture decreases in a Curie—Weiss (CW) manner, reflecting
the paramagnetic nature of the compound. No indi-
cation of any magnetic ordering was found down to
2K.x T (T) value is equal to 11.63 cm® K mol™" at 350
K, which is close to the value expected for one isolated
Tb(III) ion (11.82 cm® K mol ™!, "Fg,J = 6, g = 3/2).
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Figure 2. (a) X vs T of compound 2 measured at H = 1 T.

(b) 1/ X vs. T and the solid line is the CW fit using Eq. 1 at
high temperatures which is extrapolated down to 0 K. Inset:
Magnetization isotherm measured at 7 = 2.1 K.

The CW fitting at high temperatures (150 K — 380 K)
yields Xo &~ —0.001 cm?/mol, C ~ 11.94cm’> K ',
and cw— ~ 0.71 K. At room temperature, the exper-
imental effective moment was calculated to be .y ~
9.65 3. This value is closely matching with the expected
theoretical value of .y ~ 9.72ug. Inset of Figure 3b
shows the magnetization isotherm at 2.1 K measured up
to H = 9T. M increases with H and saturates at around
3T.

For Compound 4, as shown in Figure 4a, X(T) data
shows a CW behaviour, which is typical for a param-
agnet. The CW fitting yields X, ~ —0.0017 cm?/mol,
C ~ 12.73 cm® K™!, and 8¢y ~ 0.01 K. The x T value
is 12.56 cm® K mol ' at 350 K. From the room temper-
ature x T value, the effective moment was calculated to
be pegr ~ 10.03up which is comparable to the expected
theoretical value of per ~ 10.65 up for Dy(IIl) ions
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(14.17 cm® K mol ™' ,* Hys)5, J = 15/2, g = 4/3). Inset
of Figure 4b shows the magnetization isotherm at 2.1
K measured up to H = 9 T. M increases with H and
saturates at around 3 T.

3.4 IR spectra and Thermal studies

In the IR spectra, peaks at 1711 cm™', 1420-1585 cm™!,
1350 cm™! due to stretching frequency of C = O, C
= C, C — N, respectively, were observed. The broad
peak between 3200—3600 cm™! is due to stretching
frequency of O — H from the hydrogen-bonded water
molecules (Figure S2 in Supplementary Information).
The TGA graphs show that the first weight loss starts at
120°C due to the loss of coordinated and lattice water

molecules from the structures. Second weight loss up
to 48-52% for the four compounds were observed due
to the breakdown of the framework structure with the
loss of chelidamic acid (Figure S3 in Supplementary
Information). The calcined products were found to be
poorly crystalline by PXRD and majority of the lines
correspond to La,0s.

3.5 Luminescence Properties

The solid-state luminescence properties of compounds
1-4 as well as the free ligand CA were investigated at
room temperature (Figure S7 in Supplementary Infor-
mation). Free ligand CA displays a main emission band
centered at 500 nm on excitation at 359 nm. This
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emission peak may be attributed to the ®7* — m or
" — n transition (reverse of the absorption bands)
in the ligand. Emission bands at 543 nm and 555 nm
for compounds 2 and 4, respectively, were observed.
These emission bands are neither metal-to-ligand charge
transfer (MLCT) nor ligand-to-metal charge transfer
(LMCT) in nature and could be assigned to a combi-
nation of the charge transfer process and intra ligand
emission because similar emissions are also observed
for the free ligand.

In compounds 1 and 3, luminescence bands were
observed on excitation at 359 nm and the character-
istic emission from CA ligand around 500 nm almost
disappeared (Figure S8 in Supplementary Information).
New bands were observed and that could be due to
f—f electronic transition in Ln*" ions. In compound 1
(Eu-CA), luminescence bands are due to various tran-
sitions that occur from the °D, to ’F states. The intense
peaks at 590, 615 and 694 nm result from the transitions
Dy —’ F,°Dy —’ F,and, D, — F,, respectively. In
compound 3 (Tb-CA), luminescence bands at 491, 545,
586, and 621 nm are due to the transitions °Dy —’ F,
D, —7 F;D4 —7 F,and °D, — Fs, respectively. The
most intense emission corresponds to the hypersensitive
transition of D, —7 Fs (545 nm) (Figure S8).%"°

4. Conclusions

A series of lanthanide(IIl) based coordination poly-
mers using chelidamic acid (CA) were synthesized
by solvothermal methods. The lanthanide ion adopts
distorted dodecahedron geometry and linked with che-
lidamic acid to form two-dimensional layered struc-
ture. These layers are H-bonded to form the three-
dimensional supramolecular structure. From a structural
point of view, it was shown that metal nodes are
well isolated by ligand. As a result, the band gap of
these materials depends solely on the organic ligand
and HOMO-LUMO gap was not much changed with
increasing number of the f—electrons. Due to weak
bonding connectivity between the metal nodes and lig-
ands the perturbation of the states related to the band
gap are insignificant. Magnetic moments are influenced
by the f—electrons and the observed values are closer
to theoretical values. The present results suggest that
optical and electronic properties are dependent on both
the metal ion and ligand in these coordination polymers.

Supplementary Information (SI)

Crystallographic data for the structural analyses of com-
pounds 1-4 have been deposited with the Cambridge Crys-
tallographic Data Centre bearing the CCDC Nos. CCDC
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1495104-1495107. These data can be available on request
at free of charge from CCDC, Union Road, Cambridge,
CB21EZ, UK (fax: +44-1223-336-033; e-mail: deposit@cc-
dc.ac.uk or http://www.ccdc.cam.ac.uk). TOPOS analysis,
additional figures, PXRD, TGA, and IR spectra are available
at www.ias.ac.in/chemsci.
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