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Abstract: Chalcones are a,B-unsaturated ketones with great structural diversity and various ap-
plications. A chalcone produced by condensation of 2-acetylpyridine with 2-naphthaldehyde (L)
was employed for synthesis of two mononuclear complexes: [Eu(L)(hfac);(H>0O)]-0.5CHCI; and
[Tb(L)(hfac);], where hfac is the hexafluoroacetylacetonate anion. The chalcone and complexes
were structurally characterized by single-crystal X-ray diffraction. The chalcone acts as a chelating
bidentate ligand. Luminescent properties of the ligand L and the complexes were investigated in the
solid state. For these heteroleptic mononuclear complexes, the emission of the Eu(III) and Tb(III) ions
was influenced by the excitation wavelength.
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1. Introduction

Chalcones are &, B-unsaturated ketones showing great structural diversity. Many
chalcones are naturally occurring compounds with a widespread distribution in plants.
Synthetic chalcones attract considerable interest due to the potential biomedical appli-
cations related to their biological activities: anticancer, anti-inflammatory, antioxidant,
antimicrobial, antidiabetic, and others [1]. Chalcones are relatively easily accessible via
Claisen-Schmidt condensation of an aromatic aldehyde with an aliphatic aldehyde or ke-
tone in basic or acid conditions. Chalcones are valuable precursors for synthesis of various
organic compounds undergoing different types of reactions: diastereo- and enantioselective
cross-cascade reactions [2], cyclization [3], hydroacylation [4], and condensation [5]. The
«,B-unsaturated ketone fragment, as a polar 7 system connecting two different aromatic
moieties, can be used to induce nonlinear optical properties. Depending on the electron
donor or electron acceptor capabilities of the two aromatic moieties connected by the
«,B-unsaturated ketone fragment, three types of systems can be obtained: donor-n-donor
(D-mt-D), acceptor-m-acceptor (A-m-A), and donor-mt-acceptor (D-m-A). For the chalcones
containing anthracene (the electron-rich group) and pyridine or pyrazine (the electron-
deficient groups), the nonlinear optical properties were influenced by the coordination
of the pyridine/pyrazine N atoms to transitional metal ions [6]. The two-photon absorp-
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tion process (as a third-order nonlinear optical phenomenon) for bis-chalcones derived
from 2,6-diacetylpyridine can be enhanced by the interaction with Mg(II), Ca(Il), or Zn(II)
metal ions [7]. Also, bis-chalcones derived from 2,6-diacetylpyridine have been used as
fluorescent sensors for Fe(III) ions [8].

The coordination abilities of chalcones can be enhanced by the presence of het-
eroatoms (O or N) that are favorably positioned in order to generate chelatic rings by
coordination with the metal ion together with the ketone O atom. The chalcone derived
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from 2'-hydroxyacetophenone and 4-(dimethylamino)benzaldehyde was used for syn-
thesis of a luminescent homoleptic Be(Il) complex [9]. In this complex, the chalcone
coordinates as chelating bidentate ligand, and the emissive properties are influenced
by the aggregation modes of the mononuclear complexes. Other chalcones derived
from 2’-hydroxyacetophenone were employed for synthesis of heteroleptic Cu(II) [10-13],
Zn(II) [13], Ni(II) [14], or Ru(Il) complexes [15-18]. These chalcones also act as chelating
bidentate monoanionic ligands (by deprotonation of the phenol group). The flat nature
of chalcone ligands with extended 7t systems makes these complexes suitable for DNA
binding [16,18]. Chalcones derived from 2-acetylpyridine and various aromatic aldehy-
des can also coordinate chelating bidentate, but examples of such complexes structurally
characterized by single-crystal X-ray diffraction are still scarce. A search in the Cambridge
Structural Database (CSD) revealed only two examples: a Pd(II) complex [19] and an Eu(III)
complex [20]. The metal ions are coordinated chelating bidentate by the pyridine N atom
and the ketone O atom of the chalcone ligands. In a Pt(II) compound, the interaction of the
metal ion with the chalcone derived from 2-acetylpyridine and 9-anthracenecarboxalehyde
involves the pyridine N atom and the carbon—carbon double bond [21].

In this paper, we reported on the synthesis and structural characterization by single-
crystal X-ray diffraction of the chalcone obtained by condensation of 2-acetylpyridine with
2-naphthaldehyde (L) and of two heteroleptic lanthanide(III) complexes, containing this chalcone
and hexafluoroacetylacetonate anion (hfac) as chelating ligands, [Eu(L)(hfac)3(H,O)]-0.5CHCl;,
and [Tb(L)(hfac)3]. The photoluminescent properties of the ligand L and complexes were
investigated on solid samples.

2. Materials and Methods
2.1. Synthesis

The chemicals and solvents used were of reagent grade and were purchased from
commercial sources (Sigma-Aldrich, Merck, Honeywell, Charlotte, NC, USA). The lan-
thanide tris-hexafluoroacetylacetonato compounds were obtained according to the reported
procedures [22].

2.1.1. Synthesis of the Ligand L

A mixture containing 3 mmol of 2-acetylpyridine, 3 mmol of 2-naphthaldehyde, and
2 mmol of KOH in 25 mL ethanol was stirred for two hours at room temperature. The
yellow precipitate was filtered, washed with ethanol, and dried out. Yield: 75%. 'H-NMR
(500 MHz, DMSO-dg, & ppm, ] Hz): 8.82 (d, 1H, Hpy, 4.6 Hz), 8.39 (d, 1H, -CH=, 16.1 Hz),
8.34 (s, 1H, Hypaphthy1), 812 (d, 1H, Hyaphiny, 7.8 Hz), 8.06 (td, 1H, Hpy, 1.6 Hz, 7.6 Hz),
8.02-7.94 (m, 5H, -CH=, Hpaphthyl, and Hpy), 7.70 (m, 1H, Hpy), 7.59-7.55 (m, 2H, Hpaphtny1)
ppm (the 'H-NMR spectrum is presented in Figure S1). Selected IR data (KBr pellet, cm~1!):
1670 s, 1605 vs, 1593 s, 1577 s, 1434 m, 1360 m, 1315 s, 1269 m, 1243 m, 1209 m, 1175 w,
1042 m, 1037 s, 993 w, 980 s, 955 w, 867 w, 855 m, 814 m, 795 s, 761 w, 739 m, 688 m, 673 m,
618 m, 470 m, 434 w, 424 w, 415 m, 405 m.

2.1.2. Synthesis of the Complex [Eu(L)(hfac);(H20)]-0.5CHCl3 (C1)

An amount of 0.1 mmol of the ligand L and 0.1 mmol of [Eu(hfac);(H,O),] were
dissolved in 40 mL mixture of heptane—chloroform (1:1) and stirred (350 rpm) for one hour
at room temperature. The resulting solution was left for slow evaporation at room tempera-
ture. The yellow crystals of the complex [Eu(L)(hfac)s(H>0)]-0.5CHCI; were formed after
three to five days. These were collected by filtration prior to the total evaporation of the
solvents in order to avoid contamination with side products. At the moment of filtration,
no precipitate was observed in the beaker. Yield: 60%. Selected IR data (KBr pellet, cm™1):
3507 w, 1652 s, 1580 m, 1561 s, 1533 s, 1504 s, 1440 w, 1367 w, 1257 vs, 1203 vs, 1144 vs,
1066 w, 1008 w, 985 w, 849 m, 796 w, 740 w, 680 m, 661 w, 585 m, 527 w, 474 w.
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2.1.3. Synthesis of the Complex [Tb(L)(hfac)s] (C2)

A solution containing 0.1 mmol of the ligand L and 0.1 mmol of [Tb(hfac)3(H,0O),]
in 40 mL mixture of heptane—chloroform (1:1) was stirred (350 rpm) for one hour at room
temperature. By slow evaporation at room temperature, the yellow crystals of the complex
[Tb(L)(hfac);] appeared after several days and were collected by filtration prior to the total
evaporation of the solvents. Yield: 65%. Selected IR data (KBr pellet, cm’l): 1651s,1579 s,
1559 m, 1533 s, 1499 m, 1369 w, 1260 vs, 1211 vs, 1145 vs, 1069 m, 1011 w, 849 m, 798 w,
766 w, 742 w, 680 m, 660 w, 587 m, 471 w.

The purity of the crystalline samples was verified by powder X-ray diffraction
(Figures 54-56). For the chalcone, there was a good agreement between the experimental
XRPD pattern and the simulated one from the single-crystal data (Figure S4). For the
complex [Eu(L)(hfac)3(H,0)]-0.5CHCI3 (C1), a loss of crystallinity over time was observed
(Figure S5). The crystal structure presented solvent-accessible voids containing disordered
chloroform molecules. The loss of solvent determines the crystal break. For each sample of
the complexes C1 and C2, we collected only crystals, and we measured the unit cell for five
to seven crystals to verify the purity.

2.2. Physical Measurements
2.2.1. X-ray Structure Determination

X-ray diffraction measurements were performed on a Rigaku XtaLAB Synergy-S
diffractometer operating with Mo-Ka (A = 0.71073 A) micro-focus sealed X-ray tube. The
structures were solved by direct methods and refined by full-matrix least squares techniques
based on F2. The non-H atoms were refined with anisotropic displacement parameters.
Calculations were performed using SHELX-2018 crystallographic software package. A
summary of the crystallographic data and the structure refinement are provided in Table 1.
CCDC reference numbers: 2287899-2287901. CCDC contains the supplementary crystal-
lographic data for the three compounds. These data can be obtained free of charge via
http:/ /www.ccdc.cam.ac.uk/conts/retrieving.html; from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK, fax: (+44)-1223-336-033; or by e-mail:
deposit@ccdc.cam.ac.uk.

Table 1. Crystallographic data, details of data collection, and structure refinement parameters for the
ligand L and complexes C1 and C2.

Compound L C1 C2
Chemical formula C18H13NO C33_5H18.5C11.5EUF18N08 C33H16F18NO7Tb
M (g mol~1) 259.29 1110.13 1039.39
Temperature, (K) 293(2) 293(2) 293(2)
Wavelength, (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Triclinic Triclinic
Space group P21/n P-1 P-1
a(A) 14.4100(8) 12.7861(5) 14.3064(3)
b(A) 4.6748(3) 13.4613(3) 15.4744(3)
c(A) 19.6977(12) 14.0329(5) 18.5376(3)
a(°) 90 112.470(3) 101.683(2)
B () 93.195(5) 91.204(3) 98.786(2)

v (°) 90 109.485(3) 105.663(2)
V (A%) 1324.85(14) 2073.31(13) 3774.87(13)
Z 4 2 4

D, (g cm™3) 1.300 1.778 1.829

# (mm~1) 0.081 1.738 2.009

F (000) 544 1082 2016
Goodness of fit on F2 1.031 1.059 1.062
Final Ry, wRy [I > 20(I)] 0.0383, 0.1032 0.0415, 0.1140 0.0398, 0.1080

R1, WR; (all data) 0.0502, 0.1141 0.0456, 0.1179 0.0485, 0.1140



http://www.ccdc.cam.ac.uk/conts/retrieving.html

Crystals 2023, 13, 1406

40f 10

The X-ray powder diffraction (XRPD) measurements were carried out on a Proto
AXRD Benchtop using the Cu-K« radiation with a wavelength of 1.54059 A in the 20 range
of 5-35°.

2.2.2. Spectroscopy

Absorption spectra on solid samples were measured using diffuse reflectance tech-
nique with a JASCO V-670 spectrophotometer. The fluorescence spectra were collected on
powder using a JASCO FP-6500 spectrofluorometer.

The 'H NMR spectra were measured in DMSO-dg using a Bruker Advance spectrome-
ter operating at 500 MHz. The chemical shifts 6 are reported as ppm values and the residual
solvent peaks were used as an internal reference.

The IR spectra were recorded on KBr pellets using a Bruker Tensor 37 spectropho-
tometer in the 4000400 cm ™! region. The following abbreviations were used: w = weak,
m = medium, s = strong, v = very.

3. Results

The reaction of 2-acetylpyridine with 2-naphthaldehyde in ethanol in a basic condition
generates the chalcone ligand L. Suitable single crystals for X-ray diffraction of the ligand
L were obtained by slow evaporation of the solution containing this chalcone dissolved
in a mixture of heptane and chloroform (1:1). Following the reaction of the ligand L with
[Ln(hfac)3(H,0),], Ln(IIl) = Eu(Ill), or Tb(Ill), two mononuclear complexes were obtained,
[Eu(L)(hfac)3(H,0)]-0.5CHCI3; and [Tb(L)(hfac)s], respectively. The hexafluoroacetylaceto-
nato anion (hfac) acts as an electron withdrawing ligand, and it was used to increase the
chance of the chalcone ligand to coordinate to the lanthanide ions.

3.1. Crystal Structures” Description

The ligand L crystallizes in the monoclinic P2;/n space group with one molecule in
the asymmetric unit. The molecular structure of the chalcone is presented in Figure 1.
The two aromatic systems (the pyridyl and naphthyl fragments) within the molecule are
not coplanar. The dihedral angle between the mean planes of the pyridyl and naphthyl
fragments is 26.2°. The bond lengths for the C6-O1 and C7-C8 bonds are 1.2186(16) and
1.325(2) A, confirming their double-bond nature.

Figure 1. Perspective view of the molecular structure of L along with atom labelling scheme.

The molecules are organized in piles running along the crystallographic b axis (Figure 2).
Within a pile, the naphthyl fragment of one molecule establishes 7t-7t interactions with
the naphthyl fragments of neighboring molecules with separations of 3.47-3.55 A (the
inset of Figure 2). The pyridyl moieties are involved in 7-7 interactions with the pyridyl
fragments of neighboring molecules (3.54-3.64 A) and, also, with the C-C double bond of
one neighboring molecule (3.23 A).

The complex [Eu(L)(hfac);(H,0)]-0.5CHCl5 (C1) crystallizes in the triclinic P-1 space
group with one molecule of the mononuclear Eu(Ill) complex and half of the chloroform
molecule in the asymmetric unit. The chloroform molecule is disordered on two crystallo-
graphic positions (related by symmetry) with site occupancy factors of 0.5 each. In complex
C1, the Eu(Ill) ion presents the coordination number nine with four chelating bidentate
ligands (three hfac anions and one chalcone L) and one water molecule (Figure 3a). The
chalcone L coordinates through the pyridine N atom and the ketone O atom. The corre-
sponding bond lengths are: Eul-N1 = 2.612(4) and Eul-O1 = 2.483(3) A. The Eu-O bond
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lengths with the hfac anions are in the range of 2.383(3)-2.458(3) A. The Eu-O bond length
with the water molecule is Eul-O2 = 2.469(3) A. The water molecule is involved in hydro-
gen interactions with oxygen atoms of hfac anions belonging to a neighboring molecule
generating supramolecular dimers (Figure 3b). The distances for these interactions are:
(02)-H10---07' = 2.177 and (O2)-H20:--O4’ = 2.255 A. The corresponding angles are: O2-
H10:--07' = 146.8 and O2-H20---O4' = 151.8° (symmetry code: ' =1 —x,1 —y, 1 — z).

Figure 2. Packing diagram in the crystal structure of L (view along the crystallographic b axis). The
inset shows details of the 7t-7t stacking interactions within a pile running along the crystallographic
b axis.

(b)

Figure 3. Perspective views of the molecular structure of the complex [Eu(L)(hfac);(H,O)] (a) and
of the supramolecular dimers generated by hydrogen interactions involving the coordinated water
molecule (b)—the H and F atoms of the organic ligands were omitted for clarity; symmetry code:
/=1—X,1—y,1—z).

The chalcone ligands from adjacent complexes are involved in 7-7t interactions (Figure 4).
Two different patterns of overlapping can be observed. The first comprises only the
naphthalene fragments, 3.55-3.59 A, and the second consists in interactions between the
pyridine and the naphthalene fragments, 3.45-3.58 A (the insets from Figure 4).
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Figure 4. Packing diagram in crystal C1. The insets show details of the 7-7t interactions established
by the chalcone ligands. The H and F atoms of the organic ligands were omitted for clarity.

The Tb(III) complex (C2) is not isostructural with the Eu(Ill) one. It also crystallizes
in the triclinic P-1 space group, but the asymmetric unit contains two complexes with
the formula [Tb(L)(hfac);] and no solvent molecules (Figure 5). The Tb(III) ions are oc-
tacoordinated with three hfac anions and one chalcone L (the four ligands coordinate
chelating bidentate). The chalcone ligands coordinate through the pyridine N atom and the
ketone O atom. The corresponding bond lengths are: Tb1-N1 = 2.546(4), Tb2-N2 = 2.557(5),
Tb1-O1 = 2.427(3), and Tb2-O8 = 2.425(4) A. The Tb-O bond lengths with the hfac anions
are in the range of 2.318(4)-2.396(4) A.

Figure 5. Perspective views of the asymmetric unit in crystal C2. The hydrogen atoms of the organic
ligands were omitted for clarity.

The examination of the packing diagrams shows an organization in layers of the com-
plexes in the crystallographic ab plane (Figure 6). Within the layers, a segregation of the two
types of ligands can be observed. The chalcone ligands form piles along the crystallographic
b axis by m-m interactions. There are three different types of 7-7t interactions with separation
of 3.40-3.63, 3.44-3.65, and 3.50-3.62 A. Details of the overlapping modes are presented in
the insets of Figure 6. The CF5 groups of hfac ligands establish F---F interactions generating
fluorinated pillars that also run along the crystallographic b axis (Figure 6). The most F---F
interactions are in the 2.82-3.24 A range (Table 2). These values correspond with the F---F
interactions reported as a driving force for the self-assembly of fluorinated compounds [23]
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and, also, are similar to values found by us in other lanthanide(III) complexes with hfac
ligands [24].

} 3.50-3.62 A

3.44-3.65 A

Figure 6. Packing diagram in crystallographic ab plane for the complex C2. The insets show details
of the 7-7 and F---F interactions. Symmetry codes: ' = —x, 1 —y, 1 —z," = —1+x,y,z,"" =2 — x, -y,
1fz,'izlfx,lfy,lfz;iizlfx,fy,lfz;iﬁzx,l+y,z.

Table 2. Distances for the F---F interactions in the crystal C2 (A).

F2---F31 =2.821 F6---F19 il = 3.238 F15---F26 il = 3,051
F5---F36 = 3.015 F6---F20 i = 3.007 F17---F26 iil = 3237
F5.--F51=3.167 F10---F30 = 3.046 F18---F331ii = 3,153
F4..-F351=2.894 F19---F32 1 = 3,059 F331...F33 i = 2 900

Symmetry codes: '=1—x,1—y,1—zi=1-—x, -yl —zii=x1+y,z

3.2. Spectral Properties

The optical properties of the ligand and complexes were studied only in a solid state
because a partial dissociation of the complexes was observed in solution.

The absorption spectra of the ligand (L) and complexes (C1 and C2) were acquired
on powder (using the diffuse reflectance technique) in the 200-1000 nm wavelength range.
The absorption spectrum of the ligand presents an asymmetric band with maximum
absorption at 416 nm and three shoulders at 314, 266, and 217 nm (Figure S2). The complexes
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show broad absorption bands with maxima at 435 nm (C1) and 445 (C2) (Figure S3).
Both complexes also present smaller absorption bands with maxima at 613 nm (C1) and
602 nm (C2). These bands are relatively broad, suggesting that they are not generated by
{-f transitions.

The room temperature photoluminescence of ligand and complexes was investigated
on powder and, for excitation, different wavelengths in the 300-400 nm range were used.
The ligand has two emission bands partially overlapped with maxima at 490 and 522 nm
(Figure 7a). The photoluminescence of the [Eu(L)(hfac)3;(H,0O)]-0.5CHCl3 and [Tb(L)(hfac)s]
complexes depends on the radiation wavelength used for excitation (Figure 7b,c). In
the 320-350 nm range, a strong sensitization of lanthanide emission via the ligand was
observed. For the [Eu(L)(hfac)s;(H20)]-0.5CHCl; complex, the strongest emission band
was observed at 613 nm (°Dy — ’F,), and weaker bands appear at 592 Dy — ’F;) and
580 nm (°Dy — “Fp) [25]. The [Tb(L)(hfac)3] complex has the strongest emission at 546 nm
(°D4 — “F5) and weaker bands at 491 (°Dy — “Fg), and 584 nm (°Dy — ’Fy). The efficiency
of the antenna effect decreases for excitation wavelengths higher than 360-370 nm [26]. In
the case of the Eu(Ill) complex (C1), the photoluminescence of the ligand is observed as a
broad band with maximum around 510 nm for excitation wavelengths of 380-400 nm.

Intensity (a.u.)

—— % =330 nm E hex =330 nm
gy = 340 nm 1 —Le\ =330 nm = )ch =340 nm
—— gy =350 nm = —— A, =340nm 4 —ex=350nm
Ay =380 mm 3 ] 2, =380 nm ~ 1 =%y =360m
S S
> — A, =400 nm 8 —%y=370mm
@ 2 =
S £ —hex =380 nm
2 c
£ L
1 =
@ %
] I ———————————— e —
T T T T T T . . ;
450 500 550 600 450 500 550 600 650 450 500 550 600
Wavelength (nm) (b) Wavelength (nm) (C) Wavelength (nm)

Figure 7. The emission spectra of the ligand L (a), and of the complexes [Eu(L)(hfac)s;(H,0)]-0.5CHCl3
(b) and [Tb(L)(hfac)3] (c) obtained by excitation at various wavelengths on solid samples.

4. Conclusions

The chalcone ligand derived from 2-acetylpyridine and 2-naphthaldehyde is able to co-
ordinate chelating bidentate to lanthanide ions in the presence of electron-withdrawing col-
igands (hexafluoroacetylacetonate anions). For these heteroleptic mononuclear complexes,
the emission of the Eu(lll) and Tb(III) ions was influenced by the excitation wavelength. As
a further development of this project, we intend to expand the series of complexes with
other lanthanide ions and other chalcone ligands. Exploration of the magnetic properties
of the complexes is also envisaged.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cryst13091406/s1, Figure S1: The TH-NMR spectrum of chalcone
L (DMSO-dy); Figure S2: The solid-state absorption spectrum of the ligand L; Figure S3: The solid-
state absorption spectra of the complexes [Eu(L)(hfac);(H,0)]-0.5CHCl; (C1) and [Tb(L)(hfac)s]
(C2); Figure S4: Comparison between the experimental (in blue) and single-crystal simulated (in
red) XRPD patterns of the chalcone L; Figure S5: Comparison between the experimental (in red)
and single-crystal simulated (in blue) XRPD patterns of the complex [Eu(L)(hfac)3(H,0)]-0.5CHCl3;
Figure S6: Comparison between the experimental (in blue) and single-crystal simulated (in red) XRPD
patterns of the complex [Tb(L)(hfac)s].
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