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Abstract

Divalent europium complexes have attracted significant attention in various fields due
to the unique electronic configuration of the Eu(ll) ion. Given the high sensitivity of the
5d — 4f emission of Eu(II) ions to the ligand field, it is crucial to explore the relationship
between ligands and this emission in Eu(Il) complexes. However, the heavy-atom effects
on the 5d — 4f emission of Eu(Il) complexes coordinated with non-metal elements in the
same group remain unclear. In this study, five mononuclear Eu(II)-chalcogenide complexes,
Eu[H3B-EPh-«E,H,H],(DME), (E = S for 1 and Se for 2; DME = 1,2-Dimethoxyethane)
and Eu[EPh],(18-C-6) (E = S for 3, Se for 4, and Te for 5; 18-C-6 = 14,7,10,13,16-
Hexaoxacyclooctadecane), were synthesized via reduction of diphenyl disulfide chalco-
genide analogs with Eu(BH,),(THF), or NaH. The structures of these complexes were
investigated by single-crystal X-ray diffraction, and their properties were characterized
by thermogravimetric analysis and photophysical property tests. Complexes 1 and 2 are
isomorphous and show similar yellowish-green luminescence, while complexes 3-5 have
similar structures but crystallize in different space groups with bluish-green luminescence.
This research reveals the influence of chalcogenide ligands on the 5d — 4f emission of Eu(II)
complexes, providing a theoretical basis and new research ideas for the application of Eu(II)
complexes in various fields, including luminescent materials, cryogenic refrigerants, and
magnetic materials.

Keywords: divalent europium complexes; lanthanide chalcogenide complexes; lumines-
cence; ligand field

1. Introduction

The chemistry and materials of the lanthanide elements are dominated by their triva-
lent ions [1]. However, lanthanide ions in other oxidation states, namely +2, +4, and +5,
have garnered growing interest as substances containing such ions display fascinating
physicochemical properties that are starkly different from their trivalent counterparts [2-5].
Despite the generally difficult access to these ions inherent to their unique electronic struc-
tures, past decades have witnessed significant progress in the chemistry of lanthanide
ions in unconventional oxidation states, most conspicuously for the divalent ions, but to
a much lesser extent for the non-Ce tetravalent ions and even more limited for the exotic
pentavalent species. By 2013, divalent complexes featuring all lanthanide elements but the
radioactive promethium have been obtained and structurally characterized [6]. Among this
group of lanthanide ions, Eu(Il), together with Yb(Il), is arguably the most studied one due

Inorganics 2025, 13, 413

https://doi.org/10.3390/inorganics13120413


https://doi.org/10.3390/inorganics13120413
https://doi.org/10.3390/inorganics13120413
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0000-0002-7854-0870
https://doi.org/10.3390/inorganics13120413
https://www.mdpi.com/article/10.3390/inorganics13120413?type=check_update&version=1

Inorganics 2025, 13, 413

2 of 14

to its stability in aqueous solution and, more fundamentally, to its half-filled 4f7 electron
configuration [2-5]. On the one hand, its large ground-state spin value makes it particularly
valuable in the design of single-molecule magnets and other magnetic materials [7-12].
On the other hand, the Eu(Il) ion features an excited-state configuration of 4£55d1; the
accessible 4f°5d! — 4f’ transition gives a broad-band emission that is sensitively influenced
by the ligand field as a result of the involvement of the d orbitals [13-15], which is distinctly
different from the sharp red emission characteristic of the Eu(Ill) ion. A corollary is that the
emission color of Eu(Il)-containing species can be tuned by varying the ligand environment.
Indeed, emissions spanning the entire ultraviolet and visible range have been observed us-
ing different ligands. This ligand-dependent luminescence trait of Eu(II) complexes makes
them excellent materials for use as scintillators in medical imaging [16-18], phosphors in
display technologies [19-27], and luminescence-based sensors for detecting pressure and
temperature changes [28-30]. We note that a preponderance of Eu(Il) complexes reported
are with ligands featuring O as the coordinating atom [19-30]. Considering the enhanced
softness of Eu(Il) over Eu(lll), it is fundamentally interesting to explore its coordination
with heavier chalcogen-based ligands. On the one hand, this soft-soft match yields more
stable complexes, enabling the isolation of unique molecular structures that are not acces-
sible with oxides, resulting in novel coordination geometries and bonding scenarios that
enrich and expand our fundamental understanding of lanthanide coordination chemistry.
On the other hand, the heavier chalcogenides are strong-field ligands that cause a large
crystal field splitting. A larger crystal field splitting lowers the energy of the emissive
465d! state, resulting in a systematic redshift of the emission [31]. By choosing sulfur
(e.g., thiolates, thiophosphinates), selenium (selenolates), or tellurium (tellurolates) ligands,
researchers can fine-tune the emission color in a predictable way. However, to the best of
our knowledge, only a few Eu(Il) complexes coordinated with S [32-43], Se [39,41,44—-48],
and Te [49-52] have been reported to date, and many of these serve as precursors for
nanoparticles [33-35,39,41,46]. As a result, the understanding of the heavy-atom effect on
the 5d — 4f emission of Eu(Il) complexes remains quite limited [31].

Recently, we reported that tuning the coordinated chalcogenide ligands can modu-
late the band gaps, magnetic anisotropy, and magnetic exchange couplings of trivalent
lanthanide chalcogenide complexes [53-56]. In this work, we report five mononuclear
Eu(Il)-chalcogenide complexes, Eu[H3B-EPh-«E,H,H],(DME); (E = S for 1 and Se for 2;
DME = 1,2-Dimethoxyethane) and Eu[EPh],(18-C-6) (E = S for 3, Se for 4, and Te for 5;
18-C-6 = 1,4,7,10,13,16-Hexaoxacyclooctadecane) and our initial efforts in exploring the
ligand effects on the luminescence properties of these rare lanthanide complexes.

2. Results
2.1. Synthesis

The reduction method is highly efficient for the synthesis of lanthanide chalcogenide
complexes, where chalcogenide ligands are derived from elemental chalcogens or dichalco-
genide complexes (REER, E =S, Se, or Te) [56,57]. To synthesize complexes 1-5, chalco-
genide analogs of diphenyl disulfide (PhEEPh, E = S, Se, or Te) were reduced using
Eu(BH4),(THF); or NaH (Scheme 1). In the synthesis of 1 and 2, PhEEPh (E = S or Se)
underwent reduction by BH, ~, generating PhE™, BH3, and Hj. As a soft Lewis acid, BHs
readily binds to the soft Lewis base PhE~ to form H3;B-EPh~. A similar phenomenon
has recently been reported in the synthesis of U(III) chalcogenide complexes [58]. For
complexes 3-5, NaH simultaneously reduces Eu(Ill) to Eu(Il) and PhEEPh (E = S, Se, or
Te) to PhE™ (E =S, Se, or Te). To satisfy the high coordination demand of the Eu(Il) ion,
18-C-6 was introduced to facilitate the stabilization and crystallization of 3-5. The 18-C-6



Inorganics 2025, 13, 413

3o0f14

macrocycle encapsulates the Eu(II) ion at its center and coordinates to the equatorial plane
of the Eu(Il) ion [26,42,43,59-63].

(@)
ey e L
By H-B-
Q\E’ TH e
E DME HAJH
EU(BH4)2(THF)2 + E/ [ \\\{,J’
N E
AN o™ & 3
o, O

E =S for1; E = Se for 2

E@ DME —0 o
EuCl; + NaH + @—E + 18-C-6 o) Eu“\}
&O(|\ 9

A T

E = S for 3; E = Se for 4; E=Te for5

Scheme 1. The synthesis of complexes 1-2 (a) and 3-5 (b).

2.2. Crystal Structures

As illustrated in Scheme 1, complexes 1-5 can be categorized into two groups:
Eu[H3B-EPh-«E,H,H],(DME), (E = S for 1 and Se for 2) and Eu[EPh],(18-C-6) (E = S
for 3, Se for 4, and Te for 5). Single-crystal X-ray diffraction analysis (Table 1) confirmed
that complexes 1 and 2 are isostructural, crystallizing in the monoclinic C2/c space group.

Table 1. Selected bond lengths (A) and angles (°) for the complexes 1-5.

Identification Code 1 2 3 4 5
Empirical formula C20H36BzEuO4SZ C20H36B2EUO4SEZ C24H34Eu0682 C24H34Eu0652 C24H34EUO6T82
Formula weight 578.19 671.99 634.59 728.39 825.67
Temperature/K 100 100 100.03 100 100.00
Crystal system monoclinic monoclinic monoclinic orthorhombic orthorhombic
Space group C2/c C2/c P2, /c Pna2, Pna2,
a/A 23.5147(7) 23.6819(9) 10.2493(3) 25.6348(7) 26.0466(7)
b/A 8.2207(3) 8.3484(3) 17.0490(6) 8.7538(2) 8.8152(2)
c/A 17.0919(9) 17.1792(7) 7.9684(2) 11.7448(3) 12.1672(3)
a/° 90 90 90 90 90
B/° 130.4380(10) 130.3130(10) 112.0540(10) 90 90
v/° 90 90 90 90 90
Volume/ A3 2514.69(18) 2589.85(17) 1290.52(7) 2635.56(12) 2793.66(12)
20 range for data 5.45 to 55.01 5.43 to 54.98 491 to 55.04 492 t055.13 5.71 to 55.01
collection/
Reflections collected 16,350 17,017 11,479 33,193 73,313
2877 2913 2961 6039 6429

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes
[I > 20 (D]

Final R indexes
[all data]

[Rin = 0.0266,
Rsigma = 0.0193]
2877/0/145
1.083
Ry =0.0130
wR, = 0.0330
Ry =0.0133
wR, = 0.0333

[Rint = 0.0330,
Rsigma = 0.0231]
2913/0/146
1.126
Ry =0.0161
wR, = 0.0388
Ry =0.0164
wR, = 0.0390

[Rin: = 0.0260,
Rsigma = 0.0238]
2961/0/151
1.045
Ry =0.0159
wR, = 0.0369
Ry =0.0185
wR, = 0.0384

[Rin: = 0.0288,
Rsigma = 0.0255]
6039/1/299
1.045
Ry =0.0130
wR, = 0.0286
Ry =0.0144
wR, = 0.0292

[Rint = 0.0449,
Rsigma = 0.0248]
6429/1/298
1.094
Ry =0.0182
wR, = 0.0416
Ry = 0.0209
wR, = 0.0425
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As depicted in Figure 1, the Eu(Il) center in complexes 1 and 2 is coordinated by two
DME molecules and two H3B-EPh™ anions (E =S for 1 and Se for 2). Each DME molecule
binds to Eu(Il) via a bidentate chelating mode through its two oxygen atoms, while the
H3B-EPh™ anions adopt a tridentate coordination mode—linking to the Eu(Il) center via the
chalcogen (E) atom and two hydrogen atoms from the BH3 moiety. The average Eu-O bond
lengths (Table 2) are 2.5796(10) A for 1 and 2.5818(12) A for 2, which are consistent with
the typical range reported for analogous Eu(II) complexes [19,21,26,42,43,59-63]. The Eu-E
bond lengths are 3.0407(3) A (E =9) for 1 and 3.1445(2) A (E = Se) for 2. These values are
slightly longer than those of reported Eu-ER complexes [32—49], likely due to the formation
of a Lewis acid-base adduct between the BHj3 (soft Lewis acid) and PhE™ (soft Lewis base)
moieties. This adduct formation modifies the ligand character, rendering them ether-like
rather than phenochalcogenato ligands. The B-E bond length is 1.9486(16) A(E=9)for1
and 2.098(2) A (E = Se) for 2. The trend in B-E bond lengths—consistent with that of the
Eu-E bond lengths—aligns with the increasing atomic radius of the chalcogen elements
(S < Se) [64].

S1

Figure 1. Ball-and-stick depiction of the crystal structures of 1 (a) and 2 (b). Colour legends: Eu,
purple; O, red; C, gray; S, yellow; Se, Light orange; B, lavender; H, black. Other atoms are omitted for
clarity. #: 1 — x,y,0.5 — z.

Table 2. Selected bond lengths (A) and angles (°) for the complexes 1 and 2.

1 2
Eul-S1 3.0407(3) Eul-Sel 3.1445(2)
Eul-O1 2.5716(10) Eul-O1 2.5799(12)
Eul-O2 2.5875(10) Eul-O2 2.5837(12)

Eul-H1A 2.728(19) Eul-H1A 2.55(2)
Eul-H1B 2.517(16) Eul-H1B 2.71(2)
S1-B1 1.9486(16) Sel-Bl 2.098(2)

S1-Eul-S1 #1 105.224(12) Sel-Eul-Sel #1 103.744(7)

B1-Eul-B1 #! 98.63(7) B1-Eul-B1 # 99.20(8)

S1-Eul-Bl 38.22(3) B1-Eul-Sel 40.26(4)
01-Eul-02 63.74(3) O1-Eul-02 63.95(4)

#.1 — X,y,05 —z.

As illustrated in Table 1, complexes 3-5 exhibit analogous structural frameworks
but differ in their crystal packing: complex 3 crystallizes in the monoclinic P2; /¢ space
group, whereas complexes 4 and 5 adopt the orthorhombic Pna2; space group. Consistent
with the coordination mode of reported Eu(Il)-18-C-6 complexes [17,52-57], the 18-C-6
macrocycle in complexes 3-5 coordinates to the Eu(ll) center at the equatorial plane, with
two phenochalcogenato (EPh™) ligands axially disposed on either side (Figure 2a—c). The
Eu-O bond lengths in these complexes range from 2.6662(18) A t02.7343(11) A (Table 2),
which are consistent with the typical Eu-O bond lengths observed in other Eu(II)-18-C-6
adducts [26,42,43,59-62]. The Eu-S bond length in complex 3 is 2.9474(3) A, shorter than
that in complex 1 (3.0407(3) A). This discrepancy arises from the different electronic states of
the chalcogen atom: the S atom in 3 acts as an anionic phenochalcogenato ligand (electron-
rich), whereas the S atom in 1 is part of the neutral H3B-SPh™ adduct. Notably, complex 4
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(E =Se) and 5 (E = Te) exhibit distinct asymmetry in their axial Eu-E bond lengths: 3.0518(3)
A vs. 3.1180(3) A for 4, and 3.2585(3) A vs. 3.3275(4) A for 5. This bond length disparity is
tentatively attributed to differential intramolecular noncovalent interactions, as discussed
in the following section. Across complexes 3-5, the Eu-E bond lengths increase sequentially
with the increasing atomic radius of the chalcogen elements (S < Se < Te) [64], adhering
to the general trend of lanthanide-chalcogen bond length variation. The E-Eu-E bond
angles are 180°, 172°, and 171° for 3, 4, and 5, respectively, reflecting a near-linear axial
coordination geometry. Additionally, the minimum equatorial O-Eu-O bond angles in all
three complexes are close to 60°, confirming that the six oxygen atoms of 18-C-6 form a

planar hexadentate coordination sphere around the Eu(II) center (Table 3).

(8)

‘a:;";:&\‘ Sel

Figure 2. Ball-and-stick depiction of the crystal structures of 3 (a), 4 (b) and 5 (c), side view of 3 (d),
4 (e) and 5 (f) illustrating the tilt angles between the E-Eu-E axis and the 18-C-6 plane (blue plane),
CH-m interactions and hydrogen bonds in 3 (g), 4 (h) and 5 (i). Colour legends: Eu, purple; O, red; C,
gray; S, yellow; Se, Light orange; Te, brown; H, black. Other atoms are omitted for clarity. #: 1 — x,
l1-y,1-2z

In contrast to other reported Eu(II)-18-C-6 complexes [26,42,43,59-62], the E-Eu-E axis
in complexes 3-5 is not perpendicular to the 18-C-6 equatorial plane. As summarized
in Table 3, the E-Eu-O bond angles range from 79.18(3)° to 100.82(3)° for 3, 74.92(4)° to
106.73(4)° for 4, and 76.57(7)° to 102.40(7)° for 5. This angular deviation results in tilt angles
of 67.81°, 67.92°, and 70.08° between the E-Eu-E axis and the 18-C-6 plane for 3, 4, and 5,
respectively, (Figure 2d—f), indicating that the Eu(Il) centers in these complexes adopt an
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inclined hexagonal bipyramidal coordination geometry. Notably, distinct conformational
differences were observed for the Ph substituents of the phenochalcogenato ligands: in
complex 3, the two Ph groups are nearly parallel to each other and approximately copla-
nar with the 18-C-6 plane. In contrast, complexes 4 and 5 exhibit asymmetric Ph group
orientations—one Ph group is nearly parallel to the 18-C-6 plane, while the other is rotated
by ~90° and nearly perpendicular to this plane. This conformational disparity correlates
with different intramolecular noncovalent interactions: all Ph groups parallel to the 18-C-6
plane engage in strong CH-7r interactions, where the 18-C-6 macrocycle acts as the CH
donor and the Ph group serves as the m acceptor (Figure 2g—i). Conversely, Ph groups
perpendicular to the 18-C-6 plane form hydrogen bonds with the macrocycle, with the
Ph group functioning as the hydrogen bond donor and one oxygen atom of 18-C-6 as the
acceptor (Figure 2h,i). A key structural correlation was identified: in complexes 4 (E = Se)
and 5 (E = Te), the Eu-E bond length is significantly shorter when the adjacent Ph group
participates in CH-7t interactions (3.0518(3) A for Eu-Sel in 4 and 3.2585(3) A for Eu-Tel in
5) compared to when it forms hydrogen bonds (3.1180(3) A for Eu-Se2 in 4 and 3.3275(4) A
for Eu-Te2 in 5). This observation suggests that CH-m interactions enhance the ligand field
strength around the Eu(ll) center. These ligand conformational differences and associated
noncovalent interaction disparities are proposed to be the primary reason for the distinct
space group assignments—monoclinic P21 /c for 3 vs. orthorhombic Pna2; for 4 and 5—as
noted earlier.

Table 3. Selected bond lengths (A) and angles (°) for the complexes 3-5.

3 4 5
Eul-S1 2.9474(4) Eul-Sel 3.0518(3) Eul-Tel 3.2585(3)
- - Eul-Se2 3.1180(3) Eul-Te2 3.3275(4)
Eul-0O1 2.7319(11) Eul-O1 2.7187(18) Eul-0O1 2.695(3)
Eul-O2 2.7343(11) Eul-O2 2.6662(18) Eul-O2 2.708(3)
Eul-O3 2.7062(11) Eul-O3 2.7224(19) Eul-O3 2.667(3)
- - Eul-O4 2.7098(19) Eul-O4 2.733(3)
- - Eul-O5 2.7248(18) Eul-O5 2.711(3)
- - Eul-O6 2.7092(19) Eul-O6 2.718(3)
Avg. # Eu-O 272 Avg. Eu-O 2.71 Avg. Eu-O 2.71
S1-Eul-S1#1 180.0 Sel-Eul-Se2 170.536(9) Tel-Eul-Te2 171.536(10)
0O1-Eu1-02 60.91(3) 0O1-Eu1-02 59.33(6) 01-Eul-02 60.03(10)
02-Eul-03 60.28(3) 02-Eul-03 61.54(6) 02-Eul-03 59.46(10)
03 #1-Eu1-01 59.44(4) 03-Eul-O4 60.29(6) 03-Eul-O4 60.84(10)
- - 04-Eul-05 59.04(5) 04-Eul-05 59.96(10)
- - 05-Eul-06 60.80(6) 05-Eul-06 59.40(10)
- - 06-Eul-01 60.22(6) 06-Eul-01 60.99(10)
Avg. ® O-Eu-O 60.21 Avg. O-Eu-O 60.20 Avg. O-Eu-O 60.11
Rng. ©S-Eu-O  79.18(3)-100.82(3) Rng. Se-Eu-O 74.92(4)-106.73(4) Rng. Te-Eu-O 76.57(7)-102.40(7)

#1:1—x,1—y,1— z % average Eu-O bond lengthes; ®: average O-Eu-O angles; °: the rang of the S-Eu-O angles.

2.3. Thermogravimetric Analysis

Many Eu(Il) complexes have been reported as precursors for Eu(Il) chalcogenide nano-
materials [33-35,39,41,46]. Thermogravimetric analysis (TGA, Figure 3) was performed to
evaluate the thermal stability and identify the decomposition behavior of complexes 3-5.
All three complexes exhibit good thermal stability up to 150 °C, followed by a rapid mass
loss in the temperature range of 200-350 °C. The decomposition reaches a plateau with
residual mass relative to the initial mass of 26.10% at 700 °C for 3, 23.28% at 850 °C for
4, and 19.51% at 750 °C for 5. The residue from the TGA analysis is assigned to EuO (Mr.
167.96 g/mol) as the thermal decomposition was carried out under an argonn atmosphere; a
good match between the above experimental results and the theoretical values, respectively,
26.47%, 23.06%, and 20.34% for 3-5, is obtained. Such a result implies that the two PhE™
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ligands in complexes 3-5 decompose before the 18-C-6 macrocycle. Notably, the TGA
curve of complex 5 reveals that the decomposition of 18-C-6 likely proceeds through three
distinct stages.
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Figure 3. TGA curves of 3-5.

2.4. Photophysical Properties

To investigate the luminescent properties of the five complexes, emission spectra were
collected in the solid powder state at different temperatures (Figures 4 and 5). The five
complexes exhibit luminescent emission in the range of 400-750 nm, which is within the
expected range for the 5d — 4f transition of the Eu(II) complexes [13-30].

(@) (b)
—— 77K — 77K
5 ——200K ——200K
s ——300K 3 ——300K
2 s
£ =
b z
] 2
1 ]
S b
3 =
<
E
: £
z

L
450

L
500

L
550

Wavelength (nm)

L
500

L
550

600 650

Wavelength (nm)

Figure 4. The emissions of solid-state 1 (a) and 2 (b) at the indicated temperatures.
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Figure 5. The emissions of solid-state 3 (a), 4 (b) and 5 (c) at the indicated temperatures.

At 300 K, complexes 1 and 2 exhibit single broad emissions (Figure 4) with maximum
peaks at 519 nm and 537 nm, respectively. The redshift of the 5d — 4f transition from 1 to 2
is primarily attributed to the heavy atom effect—with S in 1 replaced by Se in 2—which
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lowers the energy level of the lowest 5d excited state. This phenomenon is consistent with
the heavy atom effect on the 5d — 4f emission of Ce(IlI) complexes recently reported by
Liu et al. [31]. For both complexes, a slight redshift and enhanced emission intensity are
observed with decreasing temperature. Specifically, the emission maximum of 1 shifts to
530 nm at 200 K and 534 nm at 77 K, while that of 2 shifts to 551 nm at 200 K and 563 nm
at 77 K. Additionally, the emission intensity increases by approximately 2-fold for 1 and
~15-fold for 2 when the temperature decreases from 300 K to 77 K. These results suggest
that complexes 1 and 2 hold potential for applications in band-shift-based luminescence
thermometers and /or ratiometric optical thermometers [28-30].

The luminescence emissions of complexes 3-5 are significantly broader in the
400-750 nm range (Figure 5) at 300 K, with up to five distinct peaks observed for complex
5 at 77 K (Figure 5c). This multi-peak emission is presumably derived from the splitting
of the 5d orbital into five energy levels under the influence of the ligand field, which
undergo radiative transitions to the 4f” ground state. A similar phenomenon has been
well-documented for Ce(Ill) complexes exhibiting 5d — 4f emissions [31]. It is widely
recognized that the hexagonal bipyramidal coordination environment—featuring six equa-
torial oxygen atoms from 18-C-6 and two axial anionic ligands—typically generates a
strong ligand field around lanthanide ions [65-67]. As described earlier, the Eu(II) centers
in complexes 3-5 adopt this coordination geometry, with two phenochalcogenato ligands
occupying the axial positions. The strong ligand field induced by these axial phenochalco-
genato ligands is believed to be the primary driver for the splitting of the Eu(Il) 5d orbital.
In contrast, the ligand field around the Eu(Il) ion in complexes 1 and 2 approximates
spherical symmetry, leading to minimal splitting of the 5d levels [13-15,68,69]. Conse-
quently, complexes 1 and 2 exhibit single, narrow-band emissions, in contrast to the broad,
multi-peak emissions of complexes 3-5 (Figures 4-6). Consistent with this trend, spherical
ligand fields are commonly utilized in the design of Eu(Il)-based luminescent materials
with narrow-band emission characteristics [16-18]. Conversely, Eu(Il) complexes with
axial ligand fields—such as 3-5—hold promise as potential candidates for broad-emission
organic light-emitting diodes (OLEDs) [20-25].

Spherical ligand field Axial ligand field
Small splitting Large splitting
o o e = ———————————————————————
1 1 S Se i
1 1
i s Redshig i E — 7 e i
1 == Se g o — : !
5d state 1 ] ! —— o —
| === —— —— —_—— o e et o —
: —— 1
! ! ;
1 1 1
i i i
i (] !
1 1
1 1
: i
: 1
: : i
: : v v v :
4f7 ground state L_______________________: e ——
1 2 3 4 5

Figure 6. Schematic energy diagrams of the ligand-field splitting of the 5d orbitals and the emission
spectra for 1-5.

3. Materials and Methods
3.1. General Considerations

All manipulations were conducted using standard Schlenk techniques or within a
glovebox under an argon atmosphere. The glassware was dried overnight at 120 °C
before use. Anhydrous EuCl; [70] and Eu(BHy)2(THF), [19] were synthesized follow-
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ing established procedures from the literature. All other reagents were procured from
Energy-Chemical (Shanghai, China): anhydrous solvents, including THF (99.5%, Extra Dry,
Water < 30 ppm), DME (99%, Extra Dry, stabilized with BHT, Water < 30 ppm), pyridine
(99.5%, Extra Dry, Water < 50 ppm) and n-hexane (99%, Extra Dry, with molecular sieves,
Water < 50 ppm) were stored with molecular sieves; NaH (60% dispersion in mineral oil)
was washed with n-hexane to remove mineral oil to a fine powder and dried under vacuum
before use; PhSSPh (98%), PhSeSePh (97%), PhTeTePh (96%), NaBH, (98%) and 18-C-6 (AR,
>99.5%) were used without further purification. Elemental analyses for carbon (C) and
hydrogen (H) were performed using a Thermo FLASH2000 elemental analyzer (Waltham,
MA, USA).

3.2. Synthesis of Complexes 1-5

Synthesis of Eu[H3B-SPh-«S,H,H],(DME), (1): All manipulations were performed
under an inert atmosphere using standard Schlenk techniques to prevent oxidation of
Eu(Il) species. A dry Schlenk flask was sequentially charged with Eu(BH4),(THF), (89 mg,
0.3 mmol), PhSSPh (65 mg, 0.3 mmol), and 10 mL of anhydrous DME. The reaction mix-
ture was magnetically stirred until a homogeneous suspension was formed. At the ini-
tial reaction stage, slight effervescence was observed alongside the formation of a white
precipitate—clear evidence for the initiation of redox reactions. The mixture was then
heated to 80 °C and stirred at this temperature for 2 h, during which the suspension grad-
ually turned yellow-green and most of the white precipitate dissolved. The remaining
trace white precipitate was removed by filtration to afford a clear yellow-green filtrate.
The filtrate was concentrated under reduced pressure to a volume of ~2 mL, and 10 mL of
anhydrous n-hexane was carefully layered onto the concentrated solution. After standing
undisturbed for 2 days, yellow-green needle-like crystals of 1 (suitable for single-crystal
X-ray diffraction) were obtained at the solvent interface. The crystals were collected by
filtration, washed with cold n-hexane (3 x 5 mL), and dried under high vacuum for 2 h to
yield the target complex 1 as a yellow-green crystalline solid. Yield: 121 mg (70%, based
on Eu(BHy),(THEF),. Anal. Calcd for CogHzgBoEuO4S,: C 41.51, H 6.23; Found: C 41.51,
H 6.50.

Synthesis of Eu[H3B-SePh-kSe,H,H]>(DME); (2): The synthesis of complex 2 followed
a protocol analogous to that of complex 1, with the sole modification of substituting PhSSPh
with PhSeSePh (94 mg, 0.3 mmol). After standing undisturbed for 2 days, yellow needle-
like crystals of 2—suitable for single-crystal X-ray diffraction analysis—were obtained at
the solvent interface. The crystals were collected, washed, and dried under high vacuum
to afford a yellow crystalline solid. Yield: 140 mg (70%, based on Eu(BH,4),(THF);). Anal.
Calcd for CogH3z6B,EuO4Se;: C 35.71, H 5.36; Found: C 36.20, H 4.94.

Synthesis of Eu[SPh],(18-C-6) (3): Under an inert atmosphere, a dry Schlenk flask was
sequentially charged with EuCl3 (89 mg, 0.3 mmol), PhSSPh (65 mg, 0.3 mmol), 18-C-6
(79 mg, 0.3 mmol), NaH (22 mg, 0.9 mmol), and 10 mL of anhydrous DME. The mixture
was vigorously stirred until a homogeneous white suspension was formed. The reaction
mixture was then stirred at 80 °C overnight, during which the suspension color gradually
transitioned from white to bright yellow, providing clear evidence for the reduction of
Eu(II) to Eu(Il). After cooling to room temperature, the colorless supernatant was removed
by filtration, leaving a yellow precipitate. This precipitate was extracted with 10 mL of
anhydrous pyridine, and the resulting yellow pyridine solution (obtained via filtration
to remove insoluble residues) was layered with 10 mL of anhydrous n-hexane. After
standing undisturbed for 2 days, yellow block-shaped crystals of 3 (suitable for single-
crystal X-ray diffraction) were obtained. The crystals were collected by filtration, washed
with a pyridine/n-hexane mixture (1:5, v/v, 3 x 5 mL), and dried under high vacuum for
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2 h to afford the target complex 3 as a yellow crystalline solid. Yield: 125 mg (66%, based
on EuClj). Anal. Calcd for Cy4H3,EuOgS,: C 45.39, H 5.36; Found: C 46.89, H 5.25.

Synthesis of Eu[SePh],(18-C-6) (4): The synthesis of complex 4 followed a protocol
analogous to that of complex 3, with the sole modification of substituting PhSSPh with
PhSeSePh (94 mg, 0.3 mmol). After standing undisturbed for 2 days, yellow needle-like
crystals of 4—suitable for single-crystal X-ray diffraction analysis—were obtained at the
solvent interface. The crystals were collected, washed, and dried under high vacuum to
afford a yellow crystalline solid. Yield: 131 mg (60%, based on EuClz). Anal. Calcd for
C24H34Eu065e2: C 39.54, H 4.67; Found: C 39.61, H 4.69.

Synthesis of Eu[TePh],(18-C-6) (5): The synthesis of complex 5 followed a protocol
analogous to that of complex 3, with the sole modification of substituting PhSSPh with
PhTeTePh (123 mg, 0.3 mmol). After standing undisturbed for 2 days, yellow needle-like
crystals of 5—suitable for single-crystal X-ray diffraction analysis—were obtained at the
solvent interface. The crystals were collected, washed, and dried under high vacuum to
afford a yellow crystalline solid. Yield: 64 mg (26%, based on EuCl;). Anal. Caled for
CosH3z4EuO4Tey: C 34.88, H 4.12; Found: C 35.01, H 4.32.

3.3. Crystal Structure Determination

Single-crystal X-ray diffraction (SXRD) studies were conducted using Bruker D8 Ven-
ture (Mo K« radiation (A = 0.71073 A)) (Bruker, Berlin, Germany) at 100 K for 1-5. Using
Olex2 (v1.5), the structure was solved with the SHELXT structure solution program, employ-
ing intrinsic phasing, and refined with the SHELXL refinement package using least-squares
minimization [71-73]. All hydrogen atoms were placed in calculated, ideal positions and
refined as riding on their respective carbon atoms, with displacement parameters also
dependent on the parent carbon atom Ueq value.

3.4. Thermogravimetric Analysis

The TGA analyses were performed on a Mettler Toledo TGA-2 thermal gravimetric ana-
lyzer METTLER TOLEDO, Greifensee, Switzerland) with a heating rate of 10 °C/min under
an argon atmosphere. The sample masses used for TGA are 4.1360 mg for 1, 1.6070 mg for
2, 3.2870 mg for 3, 2.5560 mg for 4, and 2.6090 mg for 5. The weight losses were measured
from room temperature up to 1000 °C.

3.5. Photophysical Characterization

Excitation (Figure S1) and emission spectra were collected using a steady-state spec-
trometer (FLS-1000) (Edinburgh Instruments, Edinburgh, UK) with a xenon lamp. Solid
samples of the measured complexes were ground and pressed between two quartz micro-
scope slides, sealed with wax to prevent sample oxidation during both room-temperature
and low-temperature measurements. Low-temperature emission spectra were collected
using an Oxford Optistat DN liquid nitrogen cryostat (Oxford Instruments, Oxford, UK).

4. Conclusions

In this study, five mononuclear Eu(Il)-chalcogenide complexes were successfully syn-
thesized, and their crystal structures and physicochemical properties were comprehensively
characterized. Single-crystal X-ray diffraction analysis elucidated the structural features
of these complexes, which can be classified into two distinct groups: complexes 1 and 2
are isostructural, while complexes 3-5 share analogous structural frameworks but crys-
tallize in different space groups. Thermogravimetric analysis revealed that complexes
3-5 exhibit good thermal stability below 150 °C. The decomposition processes reach a
plateau, with residual masses of ~26.1% (700 °C), 23.3% (850 °C), and 19.5% (750 °C) for 3,
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4, and 5, respectively—tentatively assigned to EuO based on the theoretical mass fraction
of Eu-containing residues. Photophysical property measurements demonstrated that under
365 nm excitation, Complexes 1 and 2 emit intense yellowish-green luminescence, whereas
complexes 3-5 exhibit bluish-green emission. These results confirm the significant regula-
tory effect of chalcogenide ligands on the 5d — 4f emission behavior of Eu(Il) complexes,
along with distinct structural and photophysical differences between the two groups of
complexes. Future research could further expand the library of Eu(ll)-chalcogenide com-
plexes by exploring diverse chalcogenide ligands and systematically investigating their
structure-property relationships to broaden their applications in luminescent materials,
cryogenic refrigeration, magnetic materials, luminescent thermometers, and X-ray detec-
tion/imaging. By optimizing ligand architectures and coordination environments, the
development of high-performance Eu(ll) complex-based materials is anticipated, which
may provide innovative solutions to critical challenges in practical applications and thereby
advance the sustainable development of these fields.
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