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Abstract

A novel yttrium complex [Y(HIA);(H,0),],-nYCl; (HIA = isonicotinic acid) has been synthesized via a hydrothermal
reaction and characterized by single crystal X-ray diffraction technique. The title complex features a one-dimensional
(1-D) chain-like structure. A solid state photoluminescence measurement revealed that there is one strong emission peak
at 487 nm. These peak can be assigned to the characteristic electronic transition and stacking effect inside the ligand.
The title complex shows CIE (Commission Internationale de I’ Eclairage) chromaticity coordinates in the blue region
(0.1049, 0.1221). At the same time, the title complex has a wide band gap of 2.03 eV, which was revealed by a solid-state

UV/Vis diffuse reflection experiment.
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1. Introduction

In recent decades, lanthanide coordination com-
plexes have attracted more and more interest, due to their
excellent photoluminescence properties, magnetic and
other properties. !> At present, lanthanide coordination
complexes have been found to be widely used in lumines-
cent probes, electroluminescent devices, luminescent ma-
terials, magnetic materials, cell imaging and sensors.®~10 Tt
is well known that the chemical and physical properties of
lanthanide coordination complexes are mainly related to
the 4f electronic configuration of rare earth ions. For ex-
ample, if 4f electrons in lanthanide coordination com-
plexes are effectively transferred, photoluminescence may
occur. However, in many cases, due to the low absorption
coeflicient of rare earth ions, the conversion between 4f
election orbitals is impossible to form, so lanthanide co-
ordination complexes usually cannot show ideal photolu-
minescence. In order to increase the absorption coeffi-
cient of rare earth ions and promote the conversion
between 4f electron orbitals, scientists usually a strategy

called “antenna effect” In order to achieve this strategy,
scientists usually use organic molecular ligands with con-
jugated structure as “antenna’ effect to bind rare earth
ions.!-13

Aromatic carboxylic acid is a good organic ligand,
and its carboxylate ion has a variety of ligand modes, such
as monodentate coordination, symmetrical chelation co-
ordination, asymmetrical chelation coordination,
monooxy bridging coordination, dioxygen bridging coor-
dination and so on.!*"!6 Isonicotinic acid (HIA) is a very
good organic ligand, because both ends of its structure
contain a carboxyl group and a nitrogen atom respectively,
which can make it achieve different coordination geome-
try and extended structure with metal ions.

Based on the interest in this aromatic carboxylic acid
ligand and the author’s region is rich in yttrium element.
In order to better develop the use of yttrium element,
our research group prepared a novel dual-core type of
yttrium-isonicotinic ~ acid coordination = complexes
[Y(HIA);(H,0),],-nYCl; (HIA = isonicotinic acid).
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2. Experimental
2. 1. Materials and Physical Measurements

All chemicals are analytical reagent grade, commer-
cially obtained and used without further purification. Pho-
toluminescence experiment was carried out on a F97XP
photoluminescence spectrometer. The solid-state UV/Vis
measurements were conducted on TU1901 UV/Vis spec-
trometer with the wavelength range of 200-900 nm. The
infrared spectra was obtained from the PE Spectrum-One
Fourier transform infrared (FT-IR) with the wavelength
range of 4000-500 nm.

2. 2. Preparation of the Title Complex
[Y(HIA);3(H,0),],nYCl3

YCl;-6H,0 (1 mmol, 304 mg), isonicotinic acid (1
mmol, 123 mg) and 15 mL distilled water were loaded into
a 25 mL Teflon-lined stainless steel vessel, then heated to
453 K and kept there for seven days in an oven, and finally
cooled down to room temperature. Yellow block-like crys-
tals were collected manually and washed with distilled wa-
ter. Yield = 56% (based on YCl;-6H,0). IR (KBr, cm™):
3451 (vs), 2924 (w), 2855 (w), 1620 (vs), 1546 (w), 1413
(m), 766 (w), 530 (w), as shown in Figure 1.
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Figure 1. FTIR spectra of the title complex [Y(HIA);(H,0),], -
nYCly

2. 3. Crystallographic Data Collection and
Refinement

The single crystal data of the title complex were
collected with a suitable single crystal (size 0.03 mm,
0.05 mm, 0.16 mm) on a SuperNova charge-coupled de-
vice (CCD) X-ray diffractometer. During the data ac-
quisition, the crystal temperature was kept at 293(2) K.
Using Olex2, the structure was solved with the SIR2004
structure solution program using Direct Methods and
refined with the ShelXL refinement package using Least
Squares minimisation.!”-! All of the non hydrogen at-
oms were generated based on the subsequent Fourier
difference diagram and were refined anisotropically.

The hydrogen atoms were located theoretically and ride
on their parent atoms. Table 1 provides a summary of
the crystallographic data and refinement results. Table
2 lists selected bond lengths and angles for the title
complex.

Table 1. Crystallographic data and structure analysis for the title
complex

Empirical formula CigH6CI3N30,Y,
Formula weight 686.51
Temperature/K 293(2)

Crystal system triclinic

Space group P-1

alA 9.6260(3)

b/A 11.8097(4)

/A 14.6020(5)

a/® 101.772(3)

B/ 95.383(3)

v/ 113.606(3)

VIA3 1460.28(9)

VA 2

Pealcg/cm® 1.561

wmm-! 4.269

F(000) 676.0

Crystal size/mm? 0.16 x 0.05 x 0.03
Radiation MoKa (A =0.71073)

20 range for data collection/® 7.53 to 50.048
Index ranges -11<h<11,-13< k<14,

-17<1<11
Reflections collected 11237
Independent reflections 3901 (Ry, = 0.0346)
Data/restraints/parameters ~ 3901/273/318

Goodness-of-fit on F? 1.011

Final R indexes [I>=20 (I)] R, =0.0692, wR, = 0.1735
Final R indexes [all data] R, =0.0771, wR, = 0.1831
Largest diff. peak/hole / e A= 1.03/-0.60

3. Results and Discussion

3. 1. Crystal Structure

The title complex crystallizes in the triclinic P-1. The
asymmetric unit contains two neutral molecules
Y(HIA);-(H,0), and YCl;, as shown in Figure 2. The yttri-
um ions have two different coordination environments.
The Y(1) ion is coordinated with three oxygen of three
isonicotinic acid and two oxygen of two water, forming a
slightly distorted tetragonal antiprism configuration, the
Y(2) ion is surrounded by three chloride ions. The 1-D
chains are interconnected through Y(1) bridges running
along the a axis, as shown in Figure 3. In the title complex,
the following bond distances were observed: Y(1)-O(1W)
/ O2W) / O(1)* / O(2) / O(3) / O(4)* / O(5)* / O(6)
2.609(8) / 2.625(7) / 2.510(6) / 2.444(7) | 2.522(7) /
2.449(7) / 2.842(8) / 2.452(7) A; Y(2)-Cl(1A)! / CI(2) /
CI(3) 3.153(4) / 2.780(3) / 2.716(3) A; CI(1A)-Y(2)
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2.776(5) A; CI(1A)-Y(2)! 3.153(4) A; CI(1B)-Y(2) 2.748(5)
A, as shown in Table 2. These are comparable with those
reported in the literature for similar or related com-
pounds.20-22

In the title complex, there are 5 groups of intermo-
lecular hydrogen bonds and one group of intramolecular
hydrogen bonds in the crystal structure of the form
O-H--O /N and C-H--O, as shown in Table 3 and Figure 4
for details. In the crystal structure, the nitrogen atom does
not directly participate in coordination, but undergoes in-
termolecular hydrogen bonding with O-H. There is no
7T interaction, but it has a large number of intermolecu-
lar hydrogen bonds and van de Waals attraction yielding
the 3-D supramolecular structure running parallel to the
be plane, and the crystal packing is presented in Figure 5.

3. 2. Hirshfeld Surface analysis

In order to further analyze various weak intermolec-
ular forces, the Hirshfeld surface analysis method was

Table 2. Selected bond lengths (A) and bond angles (°) for the title complex

Figure 2. The asymmetric unit molecular diagram of the title com-
plex

Atom-Atom Lengths(i\) Atom-Atom Lengths(f\)
CI(1A)-Y(2) 2.776(5) Y(1)-0(3) 2.522(7)
CI(1A)-Y(2)! 3.153(4) Y(1)-O(4)3 2.449(7)
Cl(1B)-Y(2) 2.748(5) Y(1)-0(5)3 2.482(8)
Y(1)-O(1W) 2.609(8) Y(1)-0O(6) 2.452(7)
Y(1)-0(2W) 2.625(7) Y(2)-Cl(1A)" 3.153(4)
Y(1)-0(1)? 2.510(6) Y(2)-Cl(2) 2.716(3)
Y(1)-0(2) 2.444(7) Y(2)-CI(3) 2.780(3)
Atom-Atom-Atom Angle (°) Atom-Atom-Atom Angle (°)
Y(2)-CI(1A)-Y(2)! 94.26(13) 0(4)3-Y(1)-0(6) 69.7(3)
O(1W)-Y(1)-O(2W) 123.5(2) 0(5)3-Y(1)-O(1W) 70.8(3)
0(1)2-Y(1)-O(1W) 72.1(3) 0(5)3-Y(1)-O(2W) 137.5(3)
0(1)2-Y(1)-0(2W) 72.1(3) 0(5)3-Y(1)-0(1)? 142.1(3)
0(1)2-Y(1)-0(3) 138.0(3) 0(5)3-Y(1)-0(3) 79.0(3)
0(2)-Y(1)-O(1W) 72.6(3) 0(6)-Y(1)-O(1W) 136.9(3)
0(2)-Y(1)-0O(2W) 72.0(2) 0(6)-Y(1)-O(2W) 77.6(2)
0(2)-Y(1)-0(1)? 99.5(2) 0(6)-Y(1)-0(1)? 82.3(2)
0(2)-Y(1)-0(3) 79.1(2) 0(6)-Y(1)-0(3) 78.3(2)
0(2)-Y(1)-0(4)3 143.0(3) 0(6)-Y(1)-0(5)3 121.3(2)
0(2)-Y(1)-0(5)3 76.5(2) CI(1A)-Y(2)-CI(1A)! 85.74913)
0(2)-Y(1)-O(6) 147.3(2) Cl(1A)-Y(2)-CI(3) 133.2(2)
0O(3)-Y(1)-O(1W) 142.4(3) CI(1B)-Y(2)-CI(3) 109.3(3)
0(3)-Y(1)-0(2W) 67.6(2) Cl(2)-Y(2)-CI(1A)! 112.79(18)
0(4)3-Y(1)-O(1W) 71.9(3) Cl(2)-Y(2)-CI(1A) 110.7(2)
0(4)3-Y(1)-0O(2W) 138.9(3) Cl(2)-Y(2)-CI(1B) 131.9(2)
0(4)3-Y(1)-0(1)? 79.4(3) Cl(2)-Y(2)-CI(3) 110.12(6)
0(4)3-Y(1)-0(3) 126.1(2) CI(3)-Y(2)-CI(1A)! 98.8(2)
0(4)3-Y(1)-0(5)3 82.2(3)

Symmetry codes: 1 =3-x,2 -y,-22=3-x2-y,1-z3=4-x2-y,1-z

Yang et al.: Preparation, Structure, Characterization and Properties ...



Acta Chim. Slov. 2023, 70, 310-317

Table 3. Hydrogen bond lengths (A) and bond angles (°)

D-H.-A [ARU]

D-A(A) H--A(A) D--A(A) D-H--A(°)

O(1W)-H(1WA)--O(2) (2876]
O(1W)-H(1WA)--O(2W)  [2876]
O(2W)-H(2WA)--N(3) [2986]
O(2W)-H2WB)--O(1W)  [2876]
C(14)-H(14)--O(5)

C(16)-H(16)--O(1) (2876]

2.55 3.195(12) 132
2.10 2.862(13) 148
1.99 2.775(12) 152

2.03 2.862(13) 165
2.57 2.875(15) 100
2.43 3.338(15) 164

Symmetry codes: [2876] =3 - x,2-y,1-2;[2986] =4-x,3-y,1-z.

Figure 4. The hydrogen bond diagram of the title complex. n[YCl;]
molecules not involved in the motif show were removed for clarity.
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used to quantitatively analyze the weak intermolecular
forces of the title complex. Through Crystal Explorer 3.1
program calculation of the Hirshfeld Surface of the com-
plex molecules distribution of force, obtaining dnorm,
shape index, and curvature figure. Hirshfeld analysis was
performed on the title complex, as shown in the Figure 6.
The range of dnorm, shape index and curednes is -1.0523
~1.9122, -1.0000 ~ 1.0000, —-4.0000 ~ 4.0000.

The Hirshfeld surface of the title complex and the
contribution percentage of various mode of action to the
Hirshfeld surface are shown in Figure 7. The four main
mode of action are H---H, C--H, O--H and H---Cl connec-
tions. Among them, the effect of H---H is distributed in the
middle area of the fingerprint, which contributes the most
to the Hirshfeld surface, reaching 25.7%, and is the most
important mode of action. Next are the action of C---H,

Figure 5. The packing diagram of the title complex viewed along the ab,bc, bc.
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Figure 6. The Hirshfeld surface picture of the title complex
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H---Cl and O---H, with a contribution ratio of 14.1%, 14.1%
and 13.6%, respectively.

3. 3. Solid-State Photoluminescence Spectra

In order to investigate the photoluminescence char-
acteristics of the title complex, the photoluminescence
spectra of the solid state samples were measured at room
temperature, and the results are shown in Figure 8. It is
obvious that the photoluminescent spectrum of the title
complex displayed an effective energy absorption in a

y HCl/CLH141% | 26 e R T
—D‘tmt—rz—n—rﬁ—rs-z o-z-z—z—q— D608 I 0TI 2 IR 1618202223

Figure 7. 2D fingerprint of the title complex (global 2D fingerprint & fingerprint of different molecular connections)
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wavelength rang of 350-500 nm. Upon the emission of 487
nm, the excitation spectrum showed a band at 276 nm.
Upon excitation at 276 nm, the emission spectrum was
characterized by a sharp band at 487 nm in the blue region.
The emission band of the title complex located in the blue
violet light region with the CIE1931 chromaticity coordi-
nate (0.1049, 0.1221), as shown in Figure 8. As the result,
the title complex is a potential blue photoluminescent ma-
terial.

Figure 8. Solid-state photoluminescence of the title complex (blue
line: emission; red line: excitation).
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Figure 9. The CIE chromaticity diagram and chromaticity coordi-
nate of the emission spectrum of the title complex

It can be seen from the solid-state fluorescence spec-
tra of Figure 8 and Figure 10 that the emission peak of the
ligand HIA is 455 nm under the excitation peak of 397 nm.
However, under the excitation peak of 276 nm, the emis-
sion peak of the title yttrium complex is a single peak of
487 nm, with a red shift of 32 nm relative to the HIA li-
gand. This is mainly due to the electronic transition and
stacking effect inside the ligand.

3. 4. Solid-State UV-Vis Diffuse Reflectance

Spectra of the Title Complex

Based on barium sulfate as the reference for 100%
reflectivity, the UV-Vis diffuse reflectance spectra of the
title complex was measured at room temperature, using
the solid-state compound. The Kuberka-Monk function
a/S = (1-R)?/2R is used to process the solid diffuse reflec-
tion spectral data, where the parameter a refers to the ab-
sorption coefficient, S is the scattering coefficient which is
actually independent of the wavelength when the particle
size is larger than 5 pm, and R is the reflectivity. By extrap-
olating the linear part of the a/S absorption edge with the
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Figure 10. Solid-state photoluminescence of the title HIA ligand
(red line: emission; green line: excitation).

energy graph, the value of the optical band gap can be de-
termined.?>?* Solid UV-Vis diffuse reflection spectrum
shows that the title complex possesses a wide optical band
gap of 2.03 eV, as shown in Figure 11. Therefore, this may
be a good candidate material for broad band gap semicon-
ductors, which is obviously larger than those of GaAs (1.4
eV), CdTe (1.5 eV), and CulnS, (1.55 V), which are called
efficient band gap photovoltaic materials.?>2

4, Conclusions

In summary, a novel yttrium complex with isonico-
tinic acid (HIA) ligand including lattice water and yttrium
chloride molecule has been synthesized and characterized
by single-crystal X-ray diffraction. The title yttrium com-
plex is characterized by a one-dimensional chain-like
structure by metal ion bridge chain bond, the title yttrium
complex packs for form a layer structure including weak
interactions containing hydrogen bonding and van de
Waals attraction. Based on the solid-state photolumines-
cent spectrum and the solid-state diffuse reflectance spec-
trum experiment, we believe that the title complex may be
a good blue photoluminescent material (CIE chromaticity
coordinates 0.1049, 0.1221) and a candidate material for
wide band gap semiconductor (2.03 eV).
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Figure 11. Solid-state UV/Vis diffuse reflectance spectrum of the title complex.
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Supplementary Materials

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic Data
Center, CCDC No. 2190846. Copies of this information
can be obtained free of charge from the Director, CCDC,
12 Union Road, Cambridge, CBZ, 1 EZ, UK (fax: +44-
1223-336033); email: deposit@ccdc.cam.ac.uk or online at
http://www.ccdc.cam.ac.uk.
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Povzetek

S hidrotermalno reakcijo smo sintetizirali nov itrijev kompleks [Y(HIA);(H,0),],,-nYCl; (HIA = izonikotinska kislina)
in ga karakterizirali z monokristalno rentgensko difrakcijo. Spojina ima enodimenzionalno (1-D) verizno strukturo.
Fotoluminiscen¢ne meritve v trdnem stanju kazejo na moc¢an emisijski vrh pri 487 nm, ki ga lahko pripisemo karakter-
isticnemu elektronskemu prehodu v ligandu. Spojina kaze CIE (Commission Internationale de I’ Eclairage) kromatske
koordinate v modrem podrocju (0.1049, 0.1221). Meritve UV/Vis v trdnem stanju so pokazale na $irino prepovedanega
2.03 eV.
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