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Pyrazine-driven dinuclear assembly of
dysprosium(in) B-diketonate complex:

a fluxidentate bridging approach toward functional
near-white luminescent materials
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Three single component Dy(il) complexes featuring B-diketone ligand TTBD (4,4,4-trifluoro-1-(2-thienyl)-

1,3-butanedione) were studied for their potential as white-light emitters. The complexes include a water-

containing species (DyA) and two anhydrous species (DyM and DyD) incorporating the auxiliary bidentate

ligand pyrazine (pyz). The coordination geometry and ligand environment, particularly the nuclearity and

presence of sensitizing co-ligands, significantly influence the relative intensities of the characteristic

Dy() yellow *Fg/ — ®His,» and blue *Fg,» — SHis/» and ligand-based phosphorescence emissions. The

introduction of pyrazine enhances energy transfer efficiency, leading to improved Dy(i1) emission output.
Chromaticity coordinates measured at RT indicate that DyA (0.339, 0.336), DyM (0.404, 0.428) and DyD
(0.323, 0.367) emit light close to the ideal white light coordinates (0.333, 0.333) as defined by the CIE
system. Corresponding CCT values further classify DyA (5202 K) and DyD (5845 K) as cool white
emitters, while DyM (3786 K) lies within the neutral-yellowish range. Emission branching ratio (8gr)

analysis reveals that the “Fo;» — ®Hiz/» transition dominates (>90%), suggesting its suitability for laser
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amplification applications. In addition to their visible-light emission, the Dy(i) complexes exhibit good

thermal stability and semiconducting characteristics, as confirmed by thermogravimetric (TG) and UV-Vis
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1 Introduction

Complexes of trivalent Ln(m) ions have been widely investigated
due to their remarkable luminescent and magnetic properties,
which support their broad range of applications including
luminescent materials," telecommunications,> photonics,*
automotive catalysts,® glass manufacturing® and biomedical
diagnostics® such as MRI, fluoroimmunoassays and nano-
thermometry.” Development of new Ln(m) centered materials
often influences their structural flexibility, which enables the
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studies, respectively. Collectively, these findings support the potential application of these Dy()
complexes as efficient, single component emitters for white light emitting devices (WLEDs).

fine tuning of their properties through controlled modifications
of structure and electronic environment. This tunability can be
achieved by varying ligand types, metal ion combinations,
coordination numbers and the physical state (solid or solution).
Typically, Ln(m) ions exhibit coordination numbers of 8 or 9,°
which can be influenced by factors such as ligand bulkiness and
the specific lanthanide ion employed. These structural changes
not only impact geometry but also modulate luminescent
properties. Ln(m) complexes are characterized by long emission
lifetimes (in the ms range) and emission wavelengths that are
relatively insensitive to environmental factors (e.g. ligand
structure, co-ligands, solvents or physical state), providing them
with distinct optical features.®

Compared to Eu-based single component white light emis-
sive complexes, Dy-based complexes offer several notable
advantages. Dy(m) ions exhibit characteristic emissions in both
the blue (~480 nm, from the *Fo, — ®Hjs/, transition) and
yellow (~575 nm, from the *Fy, — °Hi;, transition) regions,
enabling efficient generation of white light from a single species
without the need for multiple dopants or complex blending
strategies.®** This dual emission facilitates better color
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balance and tunability of the emitted light color, which is often
challenging to achieve in Eu(m) based systems that predomi-
nantly emit in the red region.'®? Furthermore, Dy(m) based
complexes can exhibit shorter emission lifetimes and higher
quantum yields under certain conditions, making them prom-
ising candidates for applications requiring rapid response
times."** Additionally, Dy(m) salt is generally more abundant
and less costly than Eu(m) salt, which is economically advan-
tageous for large scale applications.' These characteristics have
been discussed in recent comprehensive reviews and
studies,’®** highlighting the potential of Dy(m) based
complexes as efficient single component white light emitters.

A promising strategy in the design of new Ln(m)-based materials
involves incorporating two or more metal centers, leading to di- or
polynuclear structural design. Interionic interactions in such
systems can give rise to enhanced photostability and emergent
luminescent behavior.* Binuclear complexes, in particular, serve as
useful platforms for modulating ion-ion, ion-ligand and ligand-
ligand interactions, thereby offering access to novel properties.™
Among the various ligands employed, polyazine type ligands are
especially attractive owing to their chelating ability, thermal and
chemical stability and adaptability in bridging coordination. Their
ability to function as mono- or bi/polydentate ligands facilitates the
synthesis of multinuclear lanthanide complexes. The preferred
mode of polyazine coordination is influenced by the identity of the
lanthanide ion, the co-ligands involved and the metal-to-ligand
ratio used in synthesis. Despite their apparent structural
simplicity, dinuclear lanthanide complexes display diverse archi-
tectures and coordination behaviors.*®

In this context, 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione
(TTBD) was employed as a primary ligand for Dy(u) ion,
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which remains coordinatively unsaturated after initial
complexation. Typically, remaining coordination sites are
occupied by solvent molecules bearing O-H or N-H oscillators
that quench luminescence via nonradiative relaxation. To
diminish this, neutral ligand such as pyrazine is introduced to
complete the coordination sphere and enhance photophysical
performance. In this present article, the authors report the
synthesis and characterization of mono- and dinuclear Dy()
complexes using TTBD as the main ligand. The study includes
elemental analysis, FT-IR, 'H-NMR, UV-Vis and photo-
luminescence spectroscopy along with thermal analysis.
Prepared complexes are: (i) (DyA) [Dy(TTBD);(H,0),], a binary
mononuclear complex with eight coordinate geometry, (ii)
(DyM) [Dy(TTBD);(pyz),], another mononuclear species, where
pyrazine acts as a monodentate neutral ligand and (iii) (DyD)
[Dy,(TTBD)s(pyz)], a dinuclear complex in which pyrazine
bridges two Dy(u) centers, yielding a seven coordinate envi-
ronment. A comprehensive comparison of their photophysical
behaviors is presented, highlighting how coordination number
and ligand environment influence luminescent properties.

2 Materials and techniques

The complexes DyA, DyM and DyD were synthesized using
dysprosium(m) chloride hexahydrate (DyCl;-6H,0), TTBD and
pyz. All reagents were purchased from Aldrich with stated purity
of 99.9%, 99% and =99%, respectively. Solvents utilized in the
synthesis including hexane, ethanol and a 25% ammonia
solution were of spectroscopic or analytical grade (SR/AR) and
were used as received without further purification.
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Fig. 1 Synthesis pathway for DyA.
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Elemental analyses (CHN) of the synthesized complexes were
performed using PerkinElmer 2400 Series II Elemental
Analyzer. Powder XRD patterns were captured using Rikagu
Ultima X-ray diffractometer irradiated with Cu/Ka rays (A =
0.154 nm). Infrared (IR) spectra in the 400-4000 cm ™' region
were taken on PerkinElmer 5700 FTIR spectrometer. "H NMR
profiles were acquired on Bruker Avance Series 11 400 MHz NMR
spectrometer, using TMS as an internal reference and di-
chloromethane (DCM, 0.005 M) as the solvent. Electronic
absorption profiles of TTBD and the synthesized complexes
were obtained in DCM solution using Shimadzu UV-2450
spectrophotometer. Photoluminescence (PL) excitation and
emission spectra were recorded in solution phase (DCM) on
Horiba Jobin Yvon Fluorolog FL-3-11 spectrofluorometer.
Luminescence lifetimes due to the most stable emissive states
were measured using Hitachi F-7000 Fluorescence spectropho-
tometer at a 20 ms scan interval. Thermal stability was assessed
through thermogravimetric analysis using a Hitachi STA-7300
system, at a heating rate of 10 °C min~' under nitrogen
atmosphere.

3 Synthesis

Present complexes DyA-DyD were synthesized by the procedure
described in Fig. 1-3, respectively."”**

4 Results and discussion
4.1 CHN analysis and PXRD

The synthesized mononuclear binary (DyA) and ternary (DyM)
complexes with TTBD appeared as white to off-white solids,
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whereas the dinuclear complex incorporating pyrazine as
a bridging ligand exhibited a yellowish-white color. Empirical
formulae were proposed based on elemental (CHN) analysis and
the experimentally determined values were found to be in
excellent agreement with theoretical calculations, with minimal
deviations, thereby approving the correctness of compositions.
Table 1 summarizes the experimental (E) and theoretical (T) %
of carbon, nitrogen and hydrogen, along with the correspond-
ing molecular formulae and their abbreviated labels, which will
be used consistently throughout the text. The dinuclear
precursor complex was notably hygroscopic. It also demon-
strated greater solubility compared to its mononuclear coun-
terparts, in addition to exhibiting superior thermal stability.*
The proposed structures derived from the elemental analysis
data are illustrated in Fig. 4. Fig. S1 (in SI) depicts the di-
ffractograms of DyA-DyD complexes. The diffraction patterns
were recorded at Bragg's angle (26) within a range of 5-40° to get
an idea about crystallinity of prepared complexes. X-ray
diffraction patterns of DyA-DyD exhibited sharp peaks sug-
gesting that these complexes are crystalline in nature and
possess high degree of crystallinity. Their distinct XRD profiles
indicate that they possess different degree of crystallinity.
Similar results have been reported previously in literature which
indicates that absence of well-resolved peaks is evident for low
crystallinity of complexes.*"*

4.2 1R study

Infrared study was employed to ascertain functional groups in
free ligands and to monitor spectral shifts indicative of metal
coordination in the synthesized complexes. Key vibrational
regions for both free and coordinated ligands are summarized
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Fig. 2 Synthesis pathway for DyM.
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Fig. 3 Synthesis pathway for DyD.

in Table 2 and FTIR spectra of DyA-DyD have been displayed as
Fig. S2-S4 (in SI), respectively. Upon complexation, red shifts
were observed in several characteristic bands, confirming
coordination between the ligands and Dy(m) ions. Notably,
bands near 460 cm™ ', 580 cm ™' in pyz coordinated systems
(DyM and DyD) were attributed to Dy-O (strong intensity) and
Dy-N (weaker intensity) stretching modes, respectively. A
significant shift in C=0 stretching vibration from 1655 cm ™" in
free TTBD to ~1590 cm ™" in complexes further supports metal
coordination.”* The IR spectra of DyM and DyD also displayed
characteristic vibrations (in cm™) for CH (~2900), C=N
(~1540) and C-N (~1358), along with aromatic C-H deforma-
tion modes in the 767-771 cm ™' region.?2¢

In the binary complex (DyA), a band in 1645-1623 cm
range was consigned to the Jn) bending of coordinated
water.”” It also featured a broad O-H stretching band around
3200 cm™', indicative of coordinated water. For DyD, the
carbonyl stretching frequency (in cm ™) translocate from 1604
(in DyA) to 1604 (in DyM) and 1597 (in DyD), indicating coor-
dination of the bridging pyrazine ligand. Likewise, C=N

1

Table1 % CHN content (E and T) in DyA-DyD

stretching band of free pyz at 1605 cm ™ shifted to ~1540 cm™*

upon complexation in DyM and DyD, confirming the involve-
ment of nitrogen atoms in coordination with Dy(m). Strong v(c—
~) bands appeared in the 1553 cm ™' region for DyM, with the
dinuclear species showing a slight shift to lower wavenumbers
(1531 em™"), consistent with altered electronic environments
upon dinuclear coordination. Further evidence of metal-ligand
interaction is provided by the shift of the symmetric CF;
stretching band (v4(CF5)) to 1140 cm™ " in the complexes.

1

4.3 "H-NMR study

NMR spectroscopy provided strong evidence for the successful
formation of dinuclear complex. In the spectrum of free pyz,
a single resonance appears at 8.5 ppm.”®* The TTBD ligand
exhibits characteristic signals for its thiophene ring at 7.84, 7.60
and 7.20 ppm, along with a sharp singlet due to the methine
proton (6.45 ppm) and an enolic proton signal at 14.9 ppm.*
The observed peak intensities follow the expected 1:1:1:1:1
ratio. All relevant proton magnetic resonance (PMR) signals are
summarized in Table 3. In DyM, coordination of pyz results in

Complex Color Ck (T) Hg (T) Ng (T) Formula

DyA White 33.47 (33.44) 1.93 (1.87) — C,4H,6DyF504S;
DyM Off-white 39.02 (38.97) 1.97 (2.04) 5.63 (5.68) C32H,oDyFgN,04S5
DyD Pale yellow 36.13 (36.06) 1.52 (1.63) 1.59 (1.62) Cs2H,5Dy,F1N,04,56
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Fig. 4 Structure of prepared complexes.

Table 2 IR data of free ligands and prepared complexes (in cm™)
Complex TTBD  pyz DyA DyM DyD
V(Dy-0) — — 461 461 461

V(Dy-N) — — _— 579 579

V(c-F) — — 1140, 1192 1140, 1184 1140, 1192
YN — — — 1361 1338
V(c=c) — 1457 1459 1449, 1508 1457, 1494
Vc=N) — — — 1553 1531
Y(c—0) 1655 — 1604 1604 1597
Y—cn) — — 2909 2902 2907

notable upfield shifts. These shifts, relative to the free ligand,
confirm coordination of pyz to Dy(m) ion. The intensity ratio of
3:8 among the methine protons of TTBD and pyrazine protons

© 2025 The Author(s). Published by the Royal Society of Chemistry

supports a structure in which Dy(m) is coordinated to three
TTBD units and two pyz molecules, consistent with an eight-
coordinate geometry. Additionally, the observation of two
equally intense signals from pyrazine supports its monodentate
binding mode in this complex.

For complex DyD, the PMR spectrum is consistent with
a pyrazine-bridged dinuclear structure. The paramagnetic
nature of the complex [(TTBD);Dy(u-pyz)Dy(TTBD);] results in
three distinct signals: two attributed to TTBD and one to pyr-
azine, in an intensity ratio of 18 (thienyl): 6 (methine): 4 (pyz).
The signal at 177.58 ppm (6), integrating for six protons, due to
the methine groups of the TTBD ligands. In the aromatic
region, a singlet at —54.48 ppm (6) integrates for four protons
and is assigned to pyrazine. This signal is shifted highly upfield

RSC Adv., 2025, 15, 49227-49242 | 49231
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Table 3 PMR signals of prepared complexes in ppm
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Complex Peaks due to TTBD Peaks due to pyz
Uncoordinated 14.9 (1H), 7.84 (1H), 7.60 (1H), 7.20 (1H), 6.45 (1H) 8.50 (4H)

DyA 157.63 (s), 7.22-7.86 (m) —

DyM 162.16 (s), 7.24-7.90 (m) —62.37 (s), —8.07 (s)
DyD 177.58 (s), 7.30-7.99 (m) —54.48 (s)

relative to free pyrazine (8.50 ppm), indicating shielding due to
coordination. The presence of a single resonance for pyrazine,
rather than the two signals typical of monodentate coordina-
tion, confirms symmetrical bridging of the ligand between the
two Dy(m) centers. Importantly, the chemical shifts of pyrazine
and TTBD protons in these complexes move in opposite direc-
tions: pyrazine protons experience upfield shifts, while thio-
phene and methine protons of TTBD shift downfield. This
contrasting behavior suggests dipolar interactions between the
protons and the paramagnetic Dy(ir) center.*® The magnitude of
the shift correlates with the proximity of the proton to the metal
ion, decreasing with increasing distance, further supporting
a dipolar origin of the observed shifts.

4.4 UV-vis spectroscopic Study

The UV-Vis spectrum of the free TTBD exhibits strong m-m*
transitions, indicating its efficient UV light absorbing nature.
TTBD shows two broad, intense absorption bands at 268 nm and
299 nm.*" Pyrazine displays a singlet to singlet transition with
a maximum at 275 nm in DCM (10~* M).*2 These spectral features
reflect the significant conjugation and electronic activity of
ligands. Upon complexation with Dy(u), notable spectral shifts are
observed (Fig. 5). The electronic absorption spectra of the resulting
complexes show prominent bands centered at 273, 337 nm for
DyA, 270, 341 nm for DyM and 275, 347 nm for DyD. These
absorption features arise from the combined electronic transitions
of TTBD and pyrazine and are red-shifted relative to the free
ligands. This bathochromic shift indicates coordination of the
ligands to the metal ion, which stabilizes the 7v* orbitals of TTBD

1.0
——TTBD
——DyA
0.8 - ByM
2 DyD
(7]
c
9
06+
ke
[J]
N
T 04
g 04
1™
[]
z
0.2
o.o L T T T T f —
250 300 350 400 450 500

Wavelength (nm)

Fig. 5 Normalized electronic absorption graphs of TTBD and
prepared complexes.
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and pyz, thus lowering the energy of the transitions. Table 4
summarizes the absorption maxima due to * — w* and n — =*
transitions for TTBD, pyrazine and the synthesized complexes. No
absorptions were observed in the visible region, suggesting an
absence of metal to ligand charge transfer (MLCT) transitions.
Interestingly, the UV-Vis spectrum of the Dy(TTBD); complex
closely resembles that of the bridged dinuclear Dy(m) complex,
indicating that coordination of pyrazine as a bridging ligand
between two Dy(TTBD); units results in stabilization of the pyr-
azine 7* orbitals and shifts their energy to lower values. This
behavior is consistent with previous observations for other
bridging ligands, such as dipyridyl-tetrazine, upon coordination
with lanthanide ions.* Overall, the red-shifted absorption bands
in the complexes as compared to free sensitizers are accredited to
the expansion of 7-conjugated system due to metal coordination.*

4.4.1 Band-gap determination. The band gap energy of
a semiconductor represents the minimum energy required to
promote an electron from the valence band to the conduction
band. Accurate determination of this parameter is essential for
understanding and predicting the photophysical behavior of
semiconducting materials. In 1966, Tauc introduced a widely
used method for estimating band gap energies, based on the
relationship between the absorption coefficient («) and photon
energy.* According to the Tauc model on electronic absorption
data obtained from UV spectroscopic study, the absorption
coefficient follows theeqn(1):*

ah'™ = A(hv — Eg) (1)

where, 7 is Planck constant, » is the photon frequency, E, is the
band gap energy, 4 is a material dependent constant and 7 is
a factor determined by the nature of the electronic transition (1/
2 for direct allowed transitions and 2 for indirect allowed
transitions). Semiconductors typically exhibit a linear region in
the Tauc plot, where absorption (from UV-analysis) increases
sharply with photon energy. Extrapolating this linear portion to
the energy axis yields an estimate of the band gap energy. In this
study, the estimated band gap values are approximately 3.3 eV
(Fig. 6), suggesting that the synthesized complexes possess
semiconducting properties and may hold promise for opto-
electronic or photonic applications.*”?*

Table 4 Some optical parameters of prepared complexes

Complex  Aups E, Aex Aem @ Lifetime (us)
DyA 273,337 3.313 280,380 574 0.03 0.040
DyM 270,341 3.289 281,377 575 0.17 0.184
DyD 275,347 3.246 281,378 573 0.12 0.146

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Band-gap profiles of prepared complexes.

4.5 Photoluminescence spectroscopy

4.5.1 PL excitation and emission. Excitation profiles of
DyA-DyD are presented in Fig. 7. When monitored at the
characteristic emission wavelength of 574 nm (*Fo;, — ®Hyg),
transition), two broad and intense excitation bands are
observed in the 260-400 nm range. Existence of this strong
ligand centered band indicates effective energy transfer from
sensitizer to Dy(i) center, particularly in DyD complex.*** The
excitation spectrum of the prepared complexes display two
prominent bands centered around 275 nm and 375 nm, while
the absorption spectrum similarly shows bands near 275 nm
and 350 nm. These dual humps are consistent across repeated
measurements, indicating their reproducibility and signifi-
cance. Excitation spectrum of TTBD is displayed in Fig. S5 (in
SI). The band near 275 nm is assigned to © — 7* transitions of
the aromatic or conjugated ligand system, while the lower
energy band around 350-375 nm is likely due to n — 7* tran-
sitions. The close match between excitation and absorption
spectra further supports this assignment, suggesting efficient
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u.)

5 4x10*

3x10%
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2x10%

1x10*

T T T T
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Fig. 7 Excitation spectra of prepared complexes in DCM.
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Fig. 8 Emission spectra of prepared complexes in DCM.

energy transfer from the ligand excited states to the Dy(u)
center. Such dual band features are commonly reported in
similar lanthanide complexes* and they reflect the complex
photophysical behavior of the organic ligands in coordination
with the metal center.

The emission spectra of the solvated Dy(m) complexes,
recorded under their respective excitation wavelengths, are
shown in Fig. 8. All three complexes (DyA-DyD) exhibit char-
acteristic dysprosium emission peaks at 481, 575 and 662 nm,
due to *Fo;, — °Hy, where, J = 15, 13 and 11, respectively.
Among these, the 575 nm transition considered hypersensitive
due to its strong dependence on the local coordination envi-
ronment appears as the most intense and primarily governs the
overall emission color.*” A broad ligand based phosphorescence
band centered around 410-440 nm is also observed at room
temperature, attributed to the TTBD ligand (Fig. S5, in SI).**
Notably, all of the complexes exhibited a ligand based band,
confirming that the UV radiation absorbed by TTBD was
emitted directly by the ligand itself but was not effectively
transferred to the metal ion. The lowest emission intensity of
peaks and most intense emission band is noted for DyA, likely
due to luminescence quenching caused by O-H vibrational
modes of coordinated water and the relatively low lying triplet
state of TTBD.**** In contrast, water free complexes (DyM and
DyD) display lower intensity of the broad ligand based band and
enhanced metal centered emission, highlighting the beneficial
role of pyrazine coordination.

Table 5 Branching ratio (%) of prepared complexes®

Branching ratio (*Fo;, — °Hyj)

Complex J=15 J=13 J=11
DyA — 91.66 8.33
DyM — 90.14 9.85
DyD — 90.26 9.73

“ merged with ligand based band.
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Table 6 T, energy with its difference with emitting level of centralion

Complex Energy (cm )
Epy 26 820
Errep 20600
Epy(u) 20833
AErrED-DYy(I) —233
AEPyz—Dy(m) 5987

Moreover, the introduction of pyrazine into the coordination
environment provides three key advantages: (i) elimination of
water molecules from the inner coordination sphere, thus
reducing nonradiative quenching; (ii) enhanced energy transfer
efficiency from both TTBD and pyrazine ligands to the Dy(u)
ion, increasing metal centered luminescence relative to ligand
emission and (iii) extension of 7-conjugation via the pyrazine
ligand, promoting more effective light absorption and energy
transfer across the molecule. These effects contribute to a more
efficient sensitization of Dy(m) in water free complexes.
Although excitation spectra suggest that DyD undergoes the
most effective energy absorption via ligand excitation, the
highest emission intensity is observed for DyM. This enhanced
luminescence is credited to the existence of two pyrazine units
in DyM, in comparison to single bridging pyrazine in DyD. The
increased efficiency likely arises from an optimal energy gap
among the triplet state (T;) of donor ligands and emitting state
of Dy(ur), which enables more effective energy transfer. Overall,
considerable emission intensities observed in all three
complexes confirm that TTBD effectively sensitizes the charac-
teristic luminescence of Dy(m), despite its triplet state lying
below the emissive excited state of metal.**™**

Branching ratio (8g) is the key parameter in laser design, as it
reflects the possibility of achieving stimulated emission from
a particular radiative peak.** A higher @i value indicates

View Article Online
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a greater potential for efficient stimulated emission and
consequently, a more favorable stimulated emission cross
section (SEC). By data for synthesized Dy(m) complexes are
presented in Table 5. Among the observed transitions, the ratio
follows *Foj, — ®Hys/5 > *Fo;, — ®Hjy), trend. The dominant *F,
» — ®H,;), transition exhibits a significantly higher branching
ratio, accounting for approximately 90% of the total emission.
This indicates that this transition is the most promising
candidate for radiative amplification and is highly favorable for
potential laser applications.*

4.5.2 Quantum yield. Photoluminescence quantum yield
(PLQY), the ratio of photons emitted to photons absorbed, of
prepared complexes were determined in DCM.*' It helped in
analyzing the effect of coordination environment on the pho-
toluminescence intensity of metal center. It was evaluated using
eqn (2) against quinine bisulphate (reference) in dil. H,SO,
having QY (®) equal to 0.546.°>%

_ ¢rArIrnsz

= Ol 2
2 Adn? )

where the subscripts, s and r are for unknown sample and
reference, respectively. I is integrated intensity of emission, 4 is
the absorbance at excitation wavelength and n is refractive
index. The notably high quantum yield value for DyM indicates
a substantial sensitizing effect of pyz over TTBD for Dy(u) ion in
prepared complexes. The quantum yield data is summarized in
Table 4. The relative quantum yields are reported relative to
a reference solution with a 10% error margin. The emission
quantum yields for the complexes were found to be comparable
to those reported previously for similar complexes.>**

4.5.3 Emission mechanism. In the sensitization mecha-
nism, efficient energy transfer from T, state of ligand to Ln ion
emitting level involves four key steps: (i) excitation of organic
chromophore from its ground state (S,) to an excited singlet

35 =
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Fig. 9 Graphic presentation of probable energy-transfer occurring in DyA-DyD.
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state (S;) via UV-Visible radiation (ii) intersystem crossing (ISC)
from S; of ligand to its T, (iii) nonradiative energy transfer from
T, state of ligand to resonant excited states of Ln(i) ion and (iv)
radiative emission from the Ln ion. Among these, the third step
critically governs the luminescence efficiency of the lanthanide
complex.*® Beyond these steps, the existence of oscillators like —
OH and -NH groups in coordination surrounding can severely
quench luminescence by facilitating nonradiative decay and
shortening the excited state lifetime of Ln(m) ions. Hence, for
photophysical applications, Ln(m) complexes should ideally be
free of coordinated water or other molecules containing such
vibrational quenchers.

Emission study of DyA-DyD (Fig. 8) reveal a pronounced
antenna effect in DyM and DyD, yielding yellow and near white
emission, respectively. To fully understand the energy transfer
dynamics, it is necessary to determine singlet and triplet energy
levels of chromophore. The first excited triplet (*7r*) states of
TTBD and pyz are located at 20600 cm™" and 26 820 cm™ ",
respectively (Table 6).°”°® The singlet-triplet energy gap of TTBD
~4564 cm™" is in agreement with Reinhoudt empirical rule that
requires a gap ~5000 cm " for efficient Intersystem Crossing.>

View Article Online
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Furthermore, T; energy of pyz (26 820 cm ') lies well above the
Dy(m) emitting level (*Fo, at 20 833 cm™")* by about 5987 cm ™,
enabling efficient energy transfer in DyM and DyD. Conversely,
the triplet level of TTBD (20600 cm ™) is slightly below (by
233 cm ') the Dy(m) emitting state, which accounts for the
broad ligand centered emission observed in the complexes
spectra. In water-free complexes, higher T, state of pyz makes it
a more effective antenna for Dy(m) sensitization compared to
TTBD. These findings explain the relatively stronger ligand
based emission, especially in water containing complexes where
coordinated water leads to less efficient ligand to metal energy
transfer (Fig. 9). The overall energy transfer process is further
supported by excitation spectra when Dy(ui) ions are directly
excited at their characteristic f-f sublevels, only ligand-related
absorption bands (~280, 380 nm, 'mw* transition) are detec-
ted (Fig. 7). A schematic of the complete energy transfer
pathway is illustrated in Fig. 9.

4.5.4 Decay time. Time resolved photoluminescence
measurements (Fig. 10 and Table 4), carried out by monitoring
the emission intensity at 574 nm, reveal that the decay profile of
the Dy(m) “Fo, excited state follows a monoexponential trend.
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Fig. 10 Deactivation time-profiles of DyA-DyD.
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Fig. 11 CIE 1931 (x, y) plot of DyA-DyD with color contribution of each peak.

The single exponential nature of the decay indicates that there
is a single, well-defined type of Dy(u1) emissive center within the
synthesized complexes, without contributions from multiple
sites or environments. The observed reduction in the excited
state lifetimes of DyA is consistent with the presence of coor-
dinated water molecules, which are well known quenchers of
lanthanide luminescence through vibrational energy transfer
mechanisms.®* This quenching effect manifests as a shortening
of the *Fy, level lifetime, as shown in the corresponding decay
profiles (Fig. 10). When water moieties in coordination sphere
are substituted by pyz ligand, the coordination environment of
Dy(m) is altered significantly, resulting in notable changes in the

49236 | RSC Adv, 2025, 15, 49227-49242

emission intensity and lifetime parameters. Specifically, the
substitution of water by pyz ligands reduces the nonradiative
relaxation pathways, thereby enhancing the radiative decay
probability and leading to increased luminescence lifetimes in
the water-free complexes. This observation aligns well with the
predicted quenching effect of O-H vibrational oscillators asso-
ciated with coordinated water, which effectively deactivates
excited states through multiphonon relaxation.

The discrepancy in lifetime values observed between the
DyM and DyD complexes, despite the latter containing two
Dy(m) centers, can be rationalized by subtle differences in the
ligand coordination environment. DyD incorporates a higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 (x, y) and (U, V') values of prepared complexes

Complex DyA DyM DyD

x,y 0.339, 0.336 0.404, 0.428 0.323, 0.367
u, v 0.213, 0.476 0.220, 0.526 0.191, 0.488
CCT (K) 5202 3786 5845

number of pyz ligands, which contribute to the more effective
sensitization of Dy(m) ion via improved energy transfer
processes. This highlights the essential role that ligand struc-
ture and coordination geometry play in modulating the photo-
physical properties and emission lifetimes of lanthanide
complexes. Furthermore, present study demonstrates that
homodinuclear Dy(i) complexes bridged by pyz exhibit longer
excited state lifetimes than their mononuclear aquated
analogues. This enhancement is attributed to two main factors
(i) the effective bridging of two Dy(u) centers by the polyazine
ligand, facilitating energy transfer and possibly exciton migra-
tion between metal centers and (ii) the elimination of O-H
vibrational quenching channels due to absence of coordinated
water moieties. Overall, these findings emphasize that the
design of the coordination-sphere particularly the replacement
of quenching water molecules with rigid, conjugated ligands
such as pyz plays a critical role in enhancing the luminescence

Fig. 12 CIE 1976 (U, V') plot of DyA-DyD.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficiency and excited state dynamics of Dy(u1) based complexes,
providing valuable insights for the development of high
performance lanthanide based photonic materials.

4.5.5 Color modulation. Fig. 11 displays CIE chromaticity
diagram of DyA-DyD, derived from their PL spectra recorded in
solution state, while the corresponding chromaticity coordi-
nates (x., ye) are summarized in Table 7. CIE triangle clearly
demonstrates that Dy(m) complexes exhibit distinct emission
colors depending on their nuclearity. Based on the CIE coor-
dinates presented in Table 7, the DyA and DyD complexes emit
light that closely approximates pure white light, with chroma-
ticity values near ideal white point of (x = 0.333 and y = 0.333).
Conversely, the emission from the DyM complex shifts toward
a neutral yellow region on the diagram. As illustrated in the CIE
plot, tuning of the emission color was successfully achieved by
altering the coordination environment through incorporation
of the fluxidentate auxiliary pyz ligand. This modification
enabled a controlled shift in the emission color from yellow in
the mononuclear DyM complex to white light emission in the
binuclear DyD complex. This color tunability correlates with an
intensified residual blue emission originating from TTBD upon
formation of dinuclear species. In the solution phase, white-
light emission (WLE) from Dy(m) complex arises predomi-
nantly due to a balanced contribution of yellow and blue

o7
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Fig. 13 TG profiles of DyM and DyD.

emission peaks. Shift in emitting color from white to yellow is
possibly related to differing energy transfer dynamics in these
complexes. Under conditions of efficient energy absorption, the
antenna effect facilitates effective sensitization of the lantha-
nide ion by minimizing nonradiative losses, thereby enhancing
lanthanide centered emission. Conversely, when absorbed
energy is lost nonradiatively mainly through vibrational inter-
actions with CH and OH oscillators present in the solvent,
ligand fluorescence becomes more prominent and competes
with Ln(m) based emission, producing a resultant blue emis-
sion. Therefore, by precisely modulating the relative intensities
of Ln emission and ligand fluorescence, it is possible to finely
tune the emission color of these lanthanide complexes, high-
lighting the significant part of the coordination environment
and solvent interactions in controlling their photophysical
performance. ¥’ and v’ data was determined by replacing the
corresponding x, y data into eqn (3).°* Obtained points have
been plotted in CIE 1976 color chart (Fig. 12).

g = 4x S 9y
T o2x4+12p4+37 T 2x+12p+3

(3)

Analysis of quality of emitted light produced from prepared
complexes was made using McCamy relation of correlated color
temperature (CCT) by eqn (4).%

CCT = —437n° + 3601n> — 6861n + 5514.31 (4)

(x — xe)
¥ =)
values for prepared complexes are concised in Table 7. The
measured CCT values for the DyA and DyD complexes (above
5000 K) in solution indicate emission within the cool white light
region, closely resembling natural daylight.®® This makes them
ideal for lighting solutions in environments such as office
waiting rooms, dressing areas and vanity tables where natural
light like illumination is preferred. Based on this criterion,

In eqn (4), n is reciprocal slope and is given by . CCT
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complexes DyA and DyD demonstrate strong potential as cold
white light sources for practical lighting applications.**

4.6 TG/thermal analysis

The thermal stability of complexes DyA-DyD was investigated
using thermogravimetric analysis (TGA).***” Thermograms of
water-free complexes (DyM, DyD) are displayed in Fig. 13. The
TGA data reveal a two-step, slow weight loss pathway. For DyM,
TGA curve shows an initial mass loss of 17.04% (calculated
16.25%) starting from 229 to 343 °C, which corresponds to the
loss of two coordinated pyz molecules. Subsequently, second
step starts at 459-551 °C, attributed to the dissociation of the
TTBD ligands (calculated 83.82%). Finally, metal oxide (Dy,O53)
is obtained as residue. A similar thermal profile was observed
for DyD. It begins to decompose between 247 and 359 °C. A
rapid and substantial weight loss of 48.16% occurs, attributed
to the breakdown of pyrazine ligands (calculated 47.68%) is
observed. Upon further heating above 448 °C, a mass loss of
79.84% (calculated 81.58%) due to the release of diketone
moieties is noted between 448 and 512 °C.

5 Conclusions

A set of Dy(ur) B-diketonate complexes comprising one water-
containing species (DyA) and two water-free species (DyM and
DyD) were synthesized using TTBD ligand in combination with
pyrazine (pyz) as an auxiliary co-ligand. In the water-free
complexes, pyrazine plays a dual role: acting as a mono-
dentate ligand in DyM to form an eight coordinated mono-
nuclear complex and serving as a bridging spacer in DyD,
leading to the formation of a dinuclear species. Structural
confirmation was achieved through elemental analysis, IR and
'H NMR spectroscopy. All complexes demonstrate semi-
conducting behavior, as indicated by band gap estimations
derived from UV-Vis absorption spectra. Luminescence studies
reveal prominent emissions in the visible range, attributed to
the characteristic *Fy/, transitions of Dy(m) ion. The close energy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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match among T; states of TTBD and pyz with Dy(u) emissive
level facilitates partial ligand-to-metal energy transfer, enabling
simultaneous blue (ligand based) and yellow (Dy(m) based)
emissions. This synergistic emission yields white light output
from single component systems. Chromaticity coordinates of
DyA (0.339, 0.336) and DyD (0.323, 0.367) fall near the ideal
white light point (0.333, 0.333), while their corresponding CCT
values place them in the cool white light category. This emission
balance likely arises from effective tuning of blue-to-yellow
intensity ratios. Furthermore, emission branching ratios,
a key factor for laser material design, were determined, with the
dominant *Fo/, — ®Hj3, transition contributing significantly to
overall radiative decay. The Iluminescent behavior and
tunability of these Dy(ir) complexes highlight their potential as
efficient single component emitters for white light applications,
like white organic LEDs. In addition, their semiconducting
nature suggests broader applicability in multifunctional
molecular devices, including lighting systems design.
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