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The combination of 4,4,4-trifluoro-1-phenyl-1,3-butanedione (TFPB) and pyrazine (pyz) with Tb®* ions
forms two distinct types of complexes, represented by the formulas [Tb(TFPB)s(L),], where L is either
H,O or pyz, and [(Tb(TFPB)3),pyz]. A detailed examination of the impact of the surrounding environment
on the photophysical properties of these synthesized complexes was conducted. Photoluminescence
(PL) analysis indicated that the magnetic dipole transition (D4 — ’Fs) is dominant in Tb(n)-based
systems. The prepared complexes exhibit visible luminescence in both solid and solution media.
Remarkably, the luminescence intensity of the mononuclear complex is significantly higher than that of
its dinuclear counterpart, highlighting the impact of efficient energy transfer on emission intensity. The
CIE color coordinates of these complexes in solution closely align with NTSC standard values.
Additionally, modulation of emissive color is evident when the surrounding media (from solid to solution)
and solvent nature are altered. Density Functional Theory (DFT) calculations were performed to elucidate
the electronic density distribution in the synthesized complexes. Additionally, a comprehensive analysis,
including IR, UV, NMR, thermogravimetry and cyclic voltammetry, was conducted, along with theoretical
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1. Introduction

The study of lanthanide-based complexes has gained significant
attention in recent years due to their unique electronic config-
uration, which present them with intriguing optical' and
magnetic properties. Among the trivalent lanthanide ions,
terbium (Tb®") stands out as a remarkable ion owing to its
distinct luminescent characteristics. This research investigates
the synthesis and photophysical properties of mononuclear and
dinuclear complexes featuring trivalent terbium ions. The
complexes are designed with 1,3-diketone serving as the
primary ligand and pyrazine as the neutral ligand, forming
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calculations using Judd—-Ofelt analysis.

novel complexes with promising optical attributes. The choice
of ligands is crucial in determining the different properties of
Ln-complexes. 1,3-diketones are known for their versatile
coordination abilities, forming stable complexes with various
metal ions.” Incorporating 1,3-diketone as the primary ligand
aims to exploit its chelating capabilities, ensuring the formation
of stable coordination compounds. Additionally, the inclusion
of pyrazine as a neutral ligand introduces an aromatic,
nitrogen-containing moiety, contributing to the structural
diversity and potentially influencing the photophysical proper-
ties of the resulting complexes. Furthermore, this inclusion
prevents the coordination of high-energy solvent moieties (O-H,
N-H or C-H to a lower extent), enhancing luminescence
intensity by reducing non-radiative relaxation of solvent oscil-
lators.>* Additonally, vast literature is already available
involving lanthanide tris-B-diketonate luminescent complexes
with neutral N-donor ligands.>™*?

Trivalent lanthanide ions, characterized by partially filled 4f
orbitals, exhibit unique electronic configurations that lead to
distinctive luminescent properties.** Terbium, known for its
green emission, provides an exciting platform for designing
luminous materials for applications in optoelectronic devices,
sensors™ and biological imaging.''® This study focuses on
exploiting the luminescent potential of Tb** ions within novel

RSC Adv, 2024, 14, 39569-39587 | 39569


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra05334f&domain=pdf&date_stamp=2024-12-14
http://orcid.org/0000-0002-2180-5049
https://doi.org/10.1039/d4ra05334f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05334f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014053

Open Access Article. Published on 17 December 2024. Downloaded on 7/22/2025 11:11:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

complexes. The coordination chemistry involving 1,3-diketone
and pyrazine is explored, emphasizing the importance of
ligand-to-metal ratios in achieving the desired structures. The
structural aspects of the mononuclear and dinuclear
complexes are thoroughly examined through various spectro-
scopic and analytical techniques, including thermogravimetry
and IR, UV-vis, NMR and PL spectroscopy. Computational (DFT
calculation) and theoretical (Judd-Ofelt analysis) studies are
also performed on synthesized complexes. These studies aim
to provide deeper insights into the bonding modes, redox
behavior and thermal stability of the complexes along with
their photoluminescent characteristics. Moreover, the influ-
ence of 1,3-diketone and pyrazine ligands upon electronic
structure and photophysical properties of Tb** ions is also
investigated. The main objective of this study is to analyze the
photophysical features of the synthesized complexes. Lumi-
nescence studies, including emission and excitation spectra,
luminescence lifetimes, branching ratio, intensity ratio and
colorimetric parameters, are conducted to reveal the intricate
details of the energy transfer processes within the complexes.
The observed luminescent properties are correlated with the
structural features of the complexes, providing a comprehen-
sive understanding of the factors influencing their optical
behavior. The insights obtained from this research hold
promise for diverse applications across multiple domains,
such as the development of luminescence components for
various applications. Exploring the details of the photophysical
features of Ln-complexes may prepare the way for designing
tunable materials with enhanced functionalities. These inves-
tigations pave the way towards developing materials with
advanced optical properties and a wide range of potential
applications.

The primary aim behind this article is the formation of such
Tb(m)-complexes that possess enhanced luminescence proper-
ties as compared to free Tb*" ions. In this context, the focus of
this study lies in the synthesis and in-depth characterization of
three ternary terbium complexes based on a 1,3-diketone i.e.
4,4,4-trifluoro-1-phenyl-1,3-dione (TFPB) with pyrazine (pyz) as
a neutral ligand. The selection of these ligands is inspired by
their potential to tune the photophysical properties of Tb>"
complexes through ligand-field effects and energy transfer
processes. In this article, two mononuclear eight-coordinated
complexes of formula [Tb(TFPB);(H,0),] (TbA), [Tb(TFPB);(-
pyz).] (TbM) and a dinuclear seven-coordinated complex with
formula [Tb,(TFPB)s(pyz)] (TbD) are prepared and abbreviated,
as given in Table 1. In the former type of complexes, co-ligand
i.e. pyrazine acted as a monodonor ligand and in latter type, it
acted as a bridging ligand.

Table 1 Percentage (%) CHN assessment (exp. and theor.) of TbA-TbD
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2. Materials

For synthesizing TbA, TbM and TbD, metal salt (TbCl;-6H,0),
TFPB and pyrazine were utilized. These chemicals were ob-
tained from Sigma-Aldrich with chemical purities of 99.90%,
99% and = 99%, respectively. Utilized solvents such as ethanol,
hexane and 25% ammonia solution were SR/AR. No further
purification or distillation was performed on the reagents and
reactants before use.

3. Techniques

The CHN proportion of the prepared complexes was evaluated
by a PerkinElmer 2400 Elemental Analyzer. Their IR trans-
mittance spectra were collected in the form of KBr discs by
falling mid-IR wavelength 400 cm " to 4000 cm ™" in a Perki-
nElmer 5700 FTIR Spectrometer. The Bruker Avance NMR II 400
spectrometer running at 400 MHz was employed to record
proton magnetic resonance signals. Here, TMS and CDCI; were
utilized as reference and solvent, respectively. The absorption
spectra of the formed complexes, along with TFPB, were recor-
ded using a Shimadzu 2450 UV-visible spectrophotometer in
both solid and solvated forms, with DCM (dichloromethane)
and DMSO (dimethyl sulfoxide) as solvents. The instrument is
equipped with two energy sources: a hydrogen discharge lamp
for the UV region (150-400 nm) and a tungsten filament lamp
for the visible region (400-700 nm). In order to obtain the solid-
state UV-vis absorption spectra, the sample solid is powdered
and pressed into a suitable holder to create a flat surface for
analysis. Barium sulfate (BaSO,) was used as a reference mate-
rial to correct for background scattering effects. Instrument was
then calibrated using the reference material. Subsequently,
powdered solid sample (2 x 10~> moles) was carefully placed
into the sample holder over the reference material at the center.
Then, spectrophotometry was performed across 200-800 nm
range, recording the absorbed light intensity at each wave-
length. Finally, obtained data is analyzed. For obtaining
solution-state UV absorption spectra, sample solutions with
concentrations 107> M were prepared using an appropriate
solvent. Calibration of the spectrophotometer was performed
using pure solvent in both cuvettes. Quartz cuvettes, which do
not absorb in the UV range, were used for all measurements. A
Horiba Jobin YVON Fluorolog FL-3-11 Spectrophotometer was
used to record the photoluminescent excitation and emission
profiles of these comlexes in powder and solvated phase
utilizing a non-coordinating (DCM) and a coordinating (DMSO)
solvent. Decay times of the most stable emitting state of these
complexes were recorded on an F-7000 FL Spectrophotometer at

Complex Color Cexp. (theor.) Hexp. (theor.) Nexp. (theor.) Formula

TbA Wheatish 42.87 (42.86) 2.64 (2.59) — Cs0H,,TbFoOg
TbM Wheatish 47.32 (47.36) 2.72 (2.69) 5.81 (5.74) C3H,6 ThFoN, O
TbD Wheatish 45.52 (45.48) 2.39 (2.47) 1.66 (1.57) CeaHaoTh,F1gN,01,
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20 ms scan rate. The chromaticity color coordinates were
determined by putting photoluminescence emission data in use
with the help of Color Calculator. A Potentiostat 4000 was used
to evaluate electrochemical spectra (cyclovoltammograms) at
a scan rate of 107" V s~". Three electrode system consisting of
glassy carbon, platinum and silver electrode was used for
analysis of CV curves. The cyclic electrochemical curves were
recorded in DCM solvent with a 10" M NBu4ClO, as supporting
electrolyte. The thermogravimetric patterns were captured on
a Hitachi STA-7300 instrument at a heating rate of 10 °C min "
in N, atmosphere.

4. Synthesis
4.1 [Th(TFPB);(H,0),]

An adequate amount of ligand TFPB (0.6 mmol) was dissolved
in 5 mL ethanol and was deprotonated with an equivalent molar
quantity of ammonium hydroxide solution (0.6 mmol). The
mixture was left undisturbed for a few hours until the essence of
ammonia completely quenched. TbCl;-6H,0 (0.2 mmol) was
dissolved in 5 mL ethanol to form an ethanolic solution of the
metal salt. Subsequently, this ethanolic solution was added
slowly and dropwise to the previously prepared solution of the
ammonium salt and the resulting mixture was left to stir for
around 12 h at RT. After the stirring period, the mixture was left
to slowly evaporate for 2-3 days during which precipitates were
formed. The obtained precipitates were filtered off and rinsed
with distilled water and hexane to eliminate impurities from the
formed complexes. Afterwards, precipitates were left to dry in
oven over P,O4, (Fig. 1)."”

4.2 [Tb(TFPB);(pyz),]

These complexes were prepared in the same way as mentioned
above. The only difference being that an ethanolic solution of

o o
W
NH,*

Ammoniated TFPB
salt

O OH
o

TFPB (enol form)

NH,OH

Ethanol | TbCl3.6H,0

Mononuclear aqua
complex

Fig.1 Synthetic scheme for synthesizing mononuclear aqua complex
(TbA).
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pyrazine was prepared by dissolving 0.4 mmol of pyrazine in
5 mL ethanol. Subsequently, the ethanolic solution of both
metal salt and neutral ligand were added slowly and dropwise to
the previously prepared solution of the ammonium salt and the
resulting mixture was treated with the same procedure as
detailed above. The obtained precipitates were filtered off and
washed with ethanol and hexane to eliminate impurities from
the prepared complexes. Afterwards, the precipitates were left to
dry in oven over P,O,, (Fig. 2)."52°

4.3 [(Tb(TFPB);),pyz]

For synthesizing [(Tb(TFPB);),(pyz)], the precipitates of complex
[Tb(TFPB)3(H,0),] were dissolved in adequate amount of
ethanol. In a separate step, an ethanolic solution of pyz (0.10
mmol) was prepared i.e. these formerly prepared chelates were
made to react with pyz in 2:1 molar ratio in C,H;OH. Subse-
quently, these two solutions were mixed at 50 °C and stirred
continuously for about 12 h. Then, similar procedure was fol-
lowed as mentioned in 1st and 2nd synthetic route. This lead to
the formation of a new seven-coordinated dinuclear complex
[(Tb(TFPB);),(pyz)] (Fig. 3).2*> All the three prepared complexes
were thoroughly characterized via various spectroscopic and
analytical procedures.

5. Results and interpretation
5.1 CHN analysis

The prepared Tb(m) ion centered mononuclear and dinuclear
complexes were wheatish in color. Their chemical formulas
were determined based on CHN analysis results, which are in
agreement with theoretical predictions. The calculated differ-
ences are within the range of 0.03-0.09 affirming the accuracy of
the results. Table 1 presents the experimental (exp.) and theo-
retical (theor.) percentages of C, H and N for each complex,
along with their respective colors, suggested formulae and

0O o
©)\t)‘\
NH,*

Ammoniated TFPB salt

O OH
@)J\/\

TFPB (enol form)

NH,OH

TbCl;.6H,0
Ethanol

e /‘hﬁ
A
NJQN

Mononuclear complex

Pyrazine

Fig. 2 Synthetic scheme for synthesizing TbM.
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Fig. 3 Synthetic scheme for synthesizing TbD.

abbreviated names for convenient reference throughout the
text.

5.2 IR study

The IR technique was utilized to assign the observed peaks and
bands to the functional groups of both uncoordinated ligands
and any shifts in the vibrational frequency that might indicate
bonding with the trivalent ion in complexes. Fig. S1-S37 display
the obtained FT-IR profiles of TbA-TbD, respectively. Table 2
summarizes the key spectral peaks characteristic of the coor-
dinated and uncoordinated ligands (TFPB and pyz). It is
observed that the peaks related to complexes showed a red-shift
compared to those of uncoordinated ligands, suggesting
bonding with the Ln*" ion.? Additionally, peaks near 580 cm ™"
and 459 cm ' are accredited to the M-N and M-O bond
stretches, respectively, in pyrazine based complexes.>® For TbA,
the M-0O bond stretch occurs at 460 cm ™. The IR spectral data
displayed a significant shift in the C=0 bond stretch frequency
of diketonic moiety. This stretching in free TFPB appears at
~1604.5 cm ' and shifts to 1598 cm " after complexation,

Table 2 IR data of ligands and prepared complexes (in cm™)

Compound TFPB pyz TbA ThM TbhD
U(Lnfo) — — 460 459 461

Uin-n) — — — 580 581

Vc-r) — — 1141, 1186 1143,1187 1141, 1189
V- — — — 1320 1321
Vie—c) — 1457 1465 1438, 1467 1437, 1466
V(c=N) — — — 1533 1533
Vic—0) 1604.5 — 1598 1598 1598
Y—ch) — — 2927 3137 2928

39572 | RSC Adv, 2024, 14, 39569-39587

indicating coordination to trivalent ion.”® The broad band cor-
responding to (symm.) symmetric and (asymm.) asymmetric
O-H stretching in TbA confirms the presence of coordinated
water molecules in this complex. Absence of this band in ThM
and TbD indicates coordination of pyrazine moieties with Ln**
ion, replacing water moieties and suggesting diketone coordi-
nation with metal ion via O-atom.

Prepared complexes exhibit strong peaks around 1467 cm
due to C=C stretch and pyrazine-coordinated complexes (TbM
and TbD) show a peak around 1530 cm™" attributed to C=N
stretching vibrations.”® IR spectrum of ternary 1,3-diketonate
complex demonstrates enolic =CH (3050 cm™ ') and C-N
(1320 cm ™) vibrational modes, while for binary complex TbA,
=CH stretch appears at ~2900 cm~".>” C-F band is relocated to
a lower wavenumber ie. 1141 em™ " (symm.) and 1181 cm ™"
(asymm.) in the recorded IR spectra of the mono and binuclear
complexes, indicating complex formation.”® The majority of IR
peaks and bands originating from free pyz are masked by the
robust IR absorptions of TFPB, making it difficult to observe its
characteristic peaks and bands in TbM and TbD. A peak at
1457 cm ™" in free pyz is shifted to 1435-1438 cm™'. When
pyrazine coordinates through a single nitrogen atom, as in
complex TbM, a band emerges between 940 and 1010 cm™* due
to reduced molecular symmetry faced by pyz. TbM exhibits
a band at 944 cm™ ", distinct from its counterparts in the IR
spectrum of TbD, indicating the coordination of pyrazine
moieties through only one of their nitrogen atoms.

-1

5.3 H NMR spectroscopy

Proton magnetic resonance spectroscopy was performed to
confirm the formation of expected mono and dinuclear

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Proton chemical shifts (in ppm) of TbA-TbD
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Complex Peaks of TFPB

Peaks of pyz

Free ligand

TbA 108.28 (s), 7.29-7.56 (m)
TbM 116.13 (s), 7.17-7.85 (m)
TbD 145.08 (s), 7.22-8.02 (m)

complexes TbA, TbM and TbD (Fig. S4-S6,T respectively). The
spectra were recorded using deuterated chloroform (5 x 10>
M) as the solvent. The results are consistent with the presence of
single and dual metal centers in (TbA, TbM) and (TbD),
respectively (Table 3). The spectra showed distinct features: free
pyrazine displayed a sharp singlet at 8.50 ppm,* while TFPB
signals appeared at chemical shifts (in ppm) 14.6, 7.86, 7.54,
7.52 and 5.98 corresponding to O-H proton, three signals of
phenyl group and for methine proton, respectively.** Complex
TbM exhibited two line-like peaks of equal intensity for pyrazine
protons at —32.15 and —198.45 ppm, respectively. Protons near
the ion exhibited higher upfield shifts (even up to negative
values) compared to the distant protons. The presence of two
resonances of equal intensity for pyrazine protons confirmed
bonding via a single N-site to the metal ion. The coordination of
two pyrazines with Tb®" ions, along with three TFPB units, is
confirmed by the intensity ratio of protons between TFPB and
pyrazine. This ratio of proton signals corresponding to primary
and secondary ligands supports the eight-coordinated behavior
of metal center. Noteworthy observations include shifts towards
higher ¢ values for methine protons in the TbM complex
compared to free TFPB and significant shifts towards higher
and lower ¢ values for TFPB and pyrazine protons, respectively.
The dipolar nature of the paramagnetic shift is evidenced by
shifts in opposite directions for TFPB and pyrazine protons in
both complexes as given by the eqn (1).>"

3cos?f — 1
A, =Dy <7) o)

Herein, all the symbols have their standard meanings. The
paramagnetic shift's magnitude varies inversely with the
distance between paramagnetic metal ion and the proton,
resulting in larger shifts for protons closer to metal ion. PMR
spectra of complex TbD displayed three signals, confirming the
coordination of one pyrazine to two [Tb(TFPB);] units, resulting
in a seven-coordinate Tb(um) ion. Proton resonances of TFPB
experienced shifts in opposite directions to that of pyz protons,
providing strong evidence of the predominantly dipolar nature
of the paramagnetic shift in these complexes. Complex TbA
displayed three signals: two due to TFPB (a sharp singlet for
three methine protons along with a multiplet due to 15 aryl
protons in 7.10-8.00 ppm range) and one signal due to coor-
dinated water molecules.

5.4 UV analysis

The optical absorption characteristics of the synthesized
complexes were collected in both solid and liquid phases at

© 2024 The Author(s). Published by the Royal Society of Chemistry

5.982 (1H), 7.516 (2H), 7.547 (2H), 7.864 (1H), 14.6 (1H)

8.50 (4H)

1.57 (s)

—32.15 (s), —198.45 (s)
—191.88 (m)

a 5 mM concentration, using DCM as a non-coordinating
solvent and DMSO as a coordinating solvent. Pyrazine exhibits
strong UV absorption between 200 and 275 nm, with the
maxima ~250 nm and a shoulder band near 306 nm.*
Furthermore, the diketone TFPB strongly absorbs UV radiation
in the range of 200-400 nm with maxima at 314 nm.** All the
complexes give similar UV profiles across different medium
thus, only the spectra in DCM solvent are presented here (Fig. 4
and Table 4). Spectra for solid and liquid (DMSO) samples are
provided in ESI file (Fig. S7 and S8).T The spectral absorption
profiles of TbA feature two bands in region 250-370 nm corre-
sponding to S, — S; transition of bonded 1,3-diketonate
(TFPB), whereas TbM and TbD complexes show a wide and
strong band ranging from 290 to 375 nm in UV region of elec-
tromagnetic spectrum. This band is attributed to S, — S
transition corresponding to w-m* levels of bonded 1,3-diketo-
nate (TFPB) and pyrazine moieties.* The UV-absorption profiles
of prepared compounds align well with that of uncoordinated
moieties, showing a bathochromic shift (nephelauxetic effect)
relative to them. This effect could be attributed to the pertur-
bation induced by the coordination of metal ion with ligands.*®
TbM and TbD complexes exhibited a prominent band around
324 nm despite of changing the nuclearity of the complex. This
is possibly due to the presence of same absorbing moieties i.e.
TFPB and pyrazine in these complexes. No shift in band posi-
tion or any change in band shape shows that the aforemen-
tioned moieties are the primary absorbers of incident UV
radiation and metal ion does not itself absorb much of the

1.0 4
\ | ——TFPB
——TbA

§ 0.8 TbM
< ThD
Kol
S
2
2 0.6
<
T
o
N
= 0.4
S
S
o
z

0.2

0.0

T T T T T
250 300 350 400 450 500

Wavelength (nm)

Fig. 4 Normalized UV-vis profiles of TFPB and
complexes.

synthesized
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Table 4 Various photosensitive features of TbA-TbD

Compound  Ayps (nM)  Eg (€V)  Aex (NM)  Aer (nm)  Lifetime (ms)
TbA 317 3.501 367 553 0.103
TbhM 324 3.425 371 545 0.466
TbD 324 3.413 369 545 0.366

incident UV rays. Moreover, no intraconfigurational f-f transi-
tions are appeared in UV-visible range of the absorption
spectra.’”

5.4.1 Band gap analysis. The coordination of a metal ion
with the spacer ligand not only meets its high coordination
requirement, but it also increases coordination saturation and
thermal stabilities of dinuclear complexes.*® The optical band
gap (E,) values (Table 4) of synthesized compounds were ob-
tained by putting UV-absorption data into Tauc's equation (eqn

(2))‘39,40
ahv = A(hv — E,)" (2)

where, a represents molar absorption constant, Av identifies
energy, A denotes electronic tailing coefficient and n indicates

View Article Online

Paper

optical component (indirect/direct). To estimate band gap E,,
the plot of (ahv)* versus energy (hv) is constructed using Tauc
plot and a tangent is drawn to the x-axis until y = 0. Table 4
presents the obtained E, data while Fig. 5 depicts their respec-
tive curves.

5.5 Photoluminescence spectroscopy

The PL excitation and emission spectra of all the complexes
were recorded in solid and solution phase (¢ = 1 x 10> M) for
which two different solvents were used. Out of which, one is
non-coordinating (DCM) and other is coordinating (DMSO), in
order to observe their influence on the luminous characteristics
of complexes. Fig. 6 and 7 represent the excitation and emission
spectral profiles of the synthesized complexes in solid and
liquid form (DCM and DMSO).

5.5.1 [Tb(TFPB);(H,0),] (TbA), [Tb(TFPB);(pyz),] (TbM)
and [(Tb(TFPB);),pyz] (TbD). The optical excitation spectra of
Tb(m) complexes were obtained by adjusting the emission
wavelength (Aen,) at 545 nm. The corresponding spectra display
avery strong band due to S, — S; transition within 7 molecular
orbitals of antenna ligands. This high intensity band is
accompanied by a less intense transition from ('Fe) ground
state of Tb** ion to (°Lo) excited state at ~361 nm in solution

1.0
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0.8 -
o
£
G 0.6
>
CA
o
204+
2
0.2
0.0 ; -
3.25 3.50 3.75 4.00
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: — 1.0
" -TbM (3.425 eV) / \\\ ———TbD (3.413 eV)
¥ 4 \
0.8 - / 0.8
F £
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Fig. 5 Bandgap profiles of synthesized complexes.
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Fig. 6 Excitation profiles of TbA, ToM and TbD in solid and solution form (DCM and DMSO).

media.** The band maxima of this band for TbA, TbM and TbD
is noted at 367, 371 and 369 nm (solid); 274, 276 and 272 nm
(DCM); and 281, 281 and 281 nm (DMSO), respectively. Spectral
profiles of all the complexes display similar shapes of different
intensities owing to the number of absorbing moieties. A large
difference in excitation wavelengths between the solid (~370
nm) and liquid states (~275 and 281 nm) of the complexes is
observed. This can be attributed to various factors associated
with surrounding environment and solvent interactions in the
case of the liquid state, compared to the solid-state packing in
the case of the solid state which influences the electronic
structure and the energy levels within the complexes.

The photoluminescence emission spectra exhibits four
peaks due to °D, — “F, transitions wherej =6, 5, 4, 3 at 492 nm,
544 nm, 586 nm and 613 nm, respectively.”> The transition °D,
— "F¢ transition is electrically dipole and is hypersensitive to
the coordinating environment.** The A/ = +1 transition is
observed to be the most intense transition and found to be
magnetically dipole in nature.** This transition exhibited stark
splitting and is primarily responsible for their green emission.
The energy of triplet state of employed diketone (TFPB) is 21
600 cm ™" (ref. 45) which lies above the emitting state of Tb(m)

© 2024 The Author(s). Published by the Royal Society of Chemistry

ion having energy of 20325 cm™" (ref. 46) (Table 5). But this
difference (1275 cm™ ') might be not sufficiently ideal for an
effective transfer of energy from TFPB towards Tb(u) ion to take
place. It is important to highlight that the intensity of hyper-
intense transition °D, — “F; of Tb(m) ion-centered complex is
multi-folds higher in solid state than that of solution phase. It is
approximately 6 and 18 folds intensified as compared to the
intensity of this transition in DCM and DMSO, respectively. This
can be credited to the faster radiationless relaxations in the
solvated form than solid phase which results in lesser lumi-
nescence intensity. The intensity in DMSO is found to be lower
in comparison to DCM which could be attributed to the coor-
dinating nature of DMSO. Along with the metal based peaks,
ligand-based broad band are also noted in the emission profiles
of these complexes in both media. This observation is an
evidence for inefficient sensitization of metal center via ligands
as these ligands itself show radiative relaxation. The asymmetry
ratio (n) of electric dipole to magnetic dipole transition i.e. in
different environment for TbM is 0.29 (solid), 2.18 (DCM) and
0.45 (DMSO). Similar results are observed for complex TbD [0.29
(solid), 1.18 (DCM) and 0.53 (DMSO)] and for TbA. The higher
values are indicative of strongly polarizable environment in the

RSC Adv, 2024, 14, 39569-39587 | 39575
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Fig. 7 Emission profiles of TbA, TbM and TbD in solid and solution form (DCM and DMSO).

Table 5 Triplet state (T;) energy along with their difference with
emitting state of metal ion

Compound Energy (cm ™)
Epys 26 820 (ref. 47)
Errpp 21600

Erpm) 20325
AErpp-Th(1m) 1275

AEpy; b 6495

DCM phase. Spectra of all the complexes revealed similar
shapes which can be easily seen from the extent of their over-
lapping but the intensity of TbD is found to be lower than TbM.
This could be attributed to the number of pyrazine ligands
attached to the metal center for the energy transfer to the
concerned metal ion. Hence, the metal center is relatively less
sensitized in dinuclear complex (TbD) here, than in mono-
nuclear complex (TbM). Moreover, the spectra of TbA presents
less emission intensity owing to the presence of high energy
O-H oscillators within the coordination sphere which act as
luminescence quenchers.

39576 | RSC Adv, 2024, 14, 39569-39587

5.5.2 Solvent influence. The strength of electric dipole
transition in Tb®" complexes is significantly affected by the
surrounding coordination environment of the ions and varies
with the dissolving medium.*” Interestingly, the emission lines
exhibit greater intensity in DCM - a non-coordinating solvent
compared to DMSO - coordinating solvent as shown in Fig. 7.
Specifically, the intensity of hyper-intense transition °D, — "F;
for Tb®" ion is higher in DCM than in DMSO. The intensity
parameter (n), which indicates the polarizing capacity of the
surrounding environment around Ln*"* ions, also changes with
the medium. For the Tb*>" complexes presented, n values are
higher in DCM solvent than in the powder phase and DMSO.
The comparatively lower emission intensity in coordinating
solvents is mainly due to the resonance between the 1st vibra-
tional overtone of the solvent oscillators and smaller energy gap
among the emitting level and subsequent lower energy level of
metal ion.*® Additionally, dipole-dipole interaction between the
coordinating moieties (TFPB and pyz) and the solvent mole-
cules can lead to quenching of the T, level.*® The hypersensitive
transition for metal ion displays stark splitting in solid phase,
whereas this transition remains unified without splitting in the
solution form. This stark splitting indicates a higher

© 2024 The Author(s). Published by the Royal Society of Chemistry
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asymmetric environment around the metal ion in solid phase.*®
The higher non-symmetric coordination environment around
Tb** ion tends to enhance the emission intensity and similar
results are observed via PL spectral analysis. The reduced
luminescence intensity in solution-complexes might be attrib-
uted to solvent vibrations, which effectively quench lumines-
cence via non-radiative relaxation mechanisms. Additionally, in
solution-phase, solvent effects including polarity, hydrogen
bonding and solvation, can alter the energy levels of the
complex and lead to shifts towards longer or shorter wave-
lengths in the excitation spectrum. Whereas, in the solid state,
the molecular packing, crystal field effects and intermolecular
interactions can shift the excitation wavelengths in a different
direction compared to the liquid state. Therefore, the large
difference in excitation wavelengths could be primarily due to
the different physical environments in which the material exists
in the solid versus liquid states, leading to variations in the
electronic structure and interactions.

5.5.3 Emission mechanism. The intramolecular energy
transfer is the critical process which contributes to the lumi-
nescent behaviour of ternary Tb(ur) complexes (TbA-TbD). The

View Article Online

RSC Advances

two core hypothesis i.e. Dexter and Forster are associated with
the triplet level (T) of organic chromophore and energy of
emitting level of Ln(III) ion for intra molecular energy transfer
process. An optimal energy difference is a prerequisite for an
efficient energy transfer to take place between these energy
levels. Emitting state *D, of Tb(m) ion is positioned at 20
325 cm™'.*® However, the T levels of ligands are 21 600 cm™*
(TFPB)* and 26 820 cm ™' (pyz).*® The energy gap (AE) among
emitting state of Tb(m) ion i.e. >D, and T, level of chromophores
are 1275 cm ™' (TFPB), 6495 cm ™" (pyz). The strong luminescent
emissions observed in these complexes suggest that the organic
moieties employed in this study exhibit high energy transfer
efficiency. Although it is well reported in literature the optimum
energy gap of 1850-2250 cm™ ' is for most efficient energy
transfer from donor to acceptor which in turn leads to highest
luminescence intensity. However, AE(uqm)-trpg) i significantly
lower and AE(rpum)pyz) 18 significantly higher than the above
mentioned range. Consequently, back-transfer of energy is ex-
pected from acceptor to donor moiety resulting in broad ligand-
based band in emission profile, as observed in solid state
emission spectra of TbA-TbD. This observation suggests that
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energy is inefficiently transferred from attached chromophores
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found higher than TbD. This could be credited to the number of

to the Tb(u) ion leading to observed emission intensity in PL.  pyrazine molecules coordinated to the metal ion (one in TbD

profiles. Nevertheless, the luminescence intensity of TbM was

Table 6 Color coordinates of TbA-TbD

and two in TbM). This observation also suggests that pyrazine

Complex TbA TbhM TbD
Medium Solid DCM DMSO Solid DCM DMSO Solid DCM DMSO
X,y 0.325, 0.614 0.213, 0.377 0.221, 0.195 0.354, 0.571 0.319, 0.317 0.263, 0.400 0.403, 0.502 0.267, 0.352 0.305, 0.268
',V 0.134, 0.568  0.120, 0.478  0.180, 0.358  0.154, 0.562  0.436, 0.519  0.142, 0.498  0.196, 0.550  0.159, 0.473  0.217, 0.430
09
+ >Tba
08 @ >TbA (DCM)
- % 2 TbA (DMSO)
560
06
05 -
Y o4
03
02
[+1]
00
08
b <
09 09
+ >Tbm + > 7TbD
08 ® >TbM (DCM) 08 @ 2 TbD (DCM)
- % >TbM (DMSO) % 2 TbD (DMSO)
560 S60
06
500
05
Y Y

0.l

00

Fig. 9 (x, y) Coordinates of TbA, TbM and TbD in both solid and solution form (DCM and DMSO).
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acted as comparatively more efficient sensitizer than TFPB
itself. TbA displayed least emission intensity owing to the
presence of water molecules (high energy O-H oscillators) in the
first coordination sphere which leads to quenching. Similar
observations were made from emission spectra of these
complexes in solution phase. However, a decrease in the
intensity of the peaks with peak broadening is observed along
with high and broad ligand-based band upon solvating these
complexes in DCM and DMSO. This decreased intensity with
broad peaks and ligand based band is even more pronounced in
DMSO as compared to DCM owing to its coordinating
behaviour.

5.5.4 Decay time. The duration of fluorescence deactivation
is a critical parameter for practical applications of lumines-
cence, such as FRET (Florescence Resonance Energy Transfer).”
In this article, the emission decay profiles of the synthesized
complexes were determined using time-resolved luminescence
analysis at their respective excitation and emission wavelengths
in the solid form at RT. Fig. 8 clearly illustrates that decay
profiles of emitting level of Tb(m) ion (°D,) are best fitted by
a single-exponential function. The decay lifetimes of TbA, TbM
and TbD in solid phase are determined to be 0.103 ms, 0.466 ms
and 0.366 ms, respectively. PL decay time refers to the mean
time a molecule remains in its most stable excited state before
emitting a photon, resulting in luminescence.”* Usually, the
decay profiles of the emitting level of Ln*" ion are best fitted by
a single-exponential function, indicating either the presence of
a single emitting ion in the system or multiple ions in similar
sites with comparable coordination environments, each exhib-
iting similar lifetimes. Mono-exponential function is expressed
by eqn (3):*

T(t) = Iy + Ay exp(—tl7) (3)
Where, A; is quantity acquired from fitting, I, = 0, ¢t = time in

ms and 7 is decay lifetime for mono-exponential fit. These
numerical data denotes the presence of mono-chemical
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Fig. 10 NIR absorption spectra of TbM and TbD.
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environment for the emitting Tb(m) ion and the results of
absorption and PL investigations are presented in Table 4.

5.5.5 Color tuning. The emissive color of prepared
complexes is determined by chromaticity functions which are
three-unitless parameters in Commission Internationale de
I'Eclairage CIE 1931 color coordinate framework. These func-
tions are used to calculate x, y chromaticity coordinates, as
shown in Table 6. CIE diagrams (Fig. 9) based on the PL spectra
reveal distinct colors for prepared complexes in various phases.
Analysis of the CIE color triangle indicates that the complexes
exhibit color variation depending on the phase. The intensity
and wavelength of emission from these complexes changed
significantly i.e. residual fluorescence (Ig), increases in solution
media (Fig. 7). The tuning of terbium complexes' emission
colors is observed, with the ability to shift from green to white,
blue and pink in TbA, TbM and TbD, based on different energy
transfer pathways (Table 6). In instances of higher energy
absorption, the antenna effect predominates, resulting in an
intense-green color for Tb(m) complexes in the solid state
(Fig. 9). Conversely, when absorbed energy is insufficient for
efficient intersystem crossing, Iy dominates in blue region,
leading to white, pink and blue colors for TbA, TbM and TbD,
respectively in solution form. CIE diagrams in Fig. 9 visually
demonstrate the color changes with variations in the medium.
By carefully adjusting the relative intensity of green emission
(In) of Tb(ur) complexes and blue emission (residual fluores-
cence/Ig) across various phases in PL spectra of these Tb-
complexes, modulation of emissive color can possibly be ach-
ieved, offering a potential approach for white light emission.**
This suggests that working with such materials holds promise
for fabricating WLE (white light-emitting)-devices or RGB-
emissive components to be utilized in photonic appliances.
Additionally, the emission colors encompassing nearly full
range of visible wavelengths in different phases makes these
complexes suitable as color indicators.**

5.5.6 Judd-Ofelt calculation. Judd-Ofelt theory (J-O theory)
is a conceptual approach which provides understanding
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regarding the photoluminescence properties of Ln*" ion in solid
state. It provides quantitative insights of the effect of coordi-
nating environment on emissive transitions of Ln ions. Basi-
cally, this theory assumes that crystal field interaction exists
between Ln** ion and donor ligands and the transitions
between various energy levels of Ln ions are primarily dipole
allowed.* Based on these assumptions, J-O theory quantifies
the oscillator strength of electric dipole transitions in terms of
set of three parameters (Q,, 2, and Q). J-O theory is extensively
utilized in designing and optimizing optical materials for
application in various optical devices like sensors and lasers
etc.>® The absorption profile of TbA, TbM and TbD complexes in
liquid state using DCM solvent were also recorded in the near-
infrared region i.e. lower energy region from 900 to 2900 nm.
Here, the spectra of TbM and TbD are presented as TbA showed
similar spectra as that of TbM with a little less intensity. Ob-
tained absorption profiles present parity-forbidden but spin
allowed sharp, narrow f-f absorption peaks arising from ”Fg
ground state (G. S.) to multiple excited states (E. S.) of Tb(iu) ion.
The optical absorption profile of these complexes displayed
a total of 5 transitions originating from ’F, ground state of
Tb(m) ion. These are appeared at 1671 nm, 1905 nm, 1979 nm,
2148 nm and 2703 nm corresponding to transition towards "F,,
F1, 'F,, 'F; and “F, states, respectively. J-O calculations were
performed on obtained NIR absorption data for the determi-
nation of J-O parameters (Q,, Q, ). These bands were
assigned according to the work reported by Carnall and
coworkers.”” The intensity of these absorption peaks can be
stated in terms of oscillator strength which is calculated using
eqn (4).°

2.303mc?
NpTe?

Jexp. = Je(ﬁ)dﬁ =4.319 x 10~ [mol cm* 1] Je(ﬁ)-dﬁ

(4)

Here, molar absorptivity is expressed as ¢ and ¢(v) signifies
molar absorptivity at respective wavenumber (v) in cm ™. Its
value can be obtained by using area under the particular tran-
sition from the graph displayed in Fig. 10. The strength of
electric dipole transitions originating from ground state i.e. "Fg

is determined using eqn (5).*®

8mime  n(n®+2)

Jeate. = 332 + 2 9

> al@ve) ©)
=2,4,6
In the above relation, the terms 7, m, ¢, & adhere to their
conventional meanings. Here, A and (2] + 1) signifies wavelength
corresponding to absorption peak and spin multiplicity of
ground J level and n represents refractivity index. Irreducible
reduced matrix element is expressed as ||U,||> where ¢ could be 2,
4 and 6. It acquires rank for intermediate coupling for transition
between ground and excited electronic state and it remains
unaffected by the coordinated ligand donors. Its numeric values
were taken from Carnall et al.*® Judd-Ofelt theory give details of
both electric and magnetic dipole (MD) transitions but magnetic
transitions are almost insignificant for the calculation of oscil-
lator strength. Thereby, only electric dipole transitions are
employed for determination of oscillator strength. The obtained

39580 | RSC Adv, 2024, 14, 39569-39587
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Table 7 Oscillator strength (exp. and calcd.) and J-O-parameter of
TbA, TbM and TbD

Transitions TbA TbM TbD

7F6 - fepr fcach fexp. fcach fexp. fcalc
Fo 1.21 1.31  1.25 132 115 1.29
F, 0.60 0.92  0.63 0.97  0.58 0.86
’F, 1.07 098 111 1.04 109 0.92
"F, 1.03 0.99  1.09 1.03  0.99 1.01
F, 0.84 0.82  0.89 0.88  0.78 0.78
Q, (x10*° em®)  6.075  — 6.124  — 6.007  —
Q,(x10* cm®  0.941  — 1527  — 0351  —
Q6 (x10° cm?®)  3.817  — 4114 — 3.542 —

results for calculated and experimental oscillator strength are

concised in Table 7. Already reported studies have shown good

correlation of absorption with f.... Hence, the intensity variable

(25, Qi4, Q) is estimated by equating both, calculated and

experimental oscillator strength as presented in eqn (6).*®
8m’me  n(n® + 2)2

30 + D2 9 KQZKM U2}¢}>!2)

+(@d@loi)r) + (2d@lowr)] ©

fé.:xp Hf ‘calc =

The intensity parameters (Q,, Q4, Q¢) for complexes TbM and
TbD are presented in Table 7. The order followed by J-O param-
eters for these complexes is found to be Q, > Q¢ > Q,. The largest
numeric value obtained for 2, in comparison to other intensity
parameters (2,4, Q) in TbM and TbD is indicating the presence of
a covalent bond between M and O atoms, along with a markedly
non-symmetric surrounding and a robust crystal field strength
surrounding the Tb** ion. Additionally, the J-O parameters Qg
and Q, provide comprehensive insights into the structural rigidity
and viscosity of terbium complexes.® Radiative transition proba-
bility is an important feature to evaluate the amount of energy
emitted by the compounds on irradiation with UV-rays. This
variable is estimated by utilizing J-O parameters. The transition
probability of the emission transitions from excited state to
ground state of Tb>* ion was determined by the eqn (7).

64>t n(n? +2)°
3n(2J + 12 9

Arad. = [Sep + Swmp] (7)
In the above expression, strength of electrically and magneti-
cally dipole lines are designated by Sgp, Smp Of each transition,
respectively. Syip is ignored in the estimation to obtain the
equation given below (eqn (8)).”®

64Tt n(n? +2)°
3h(2J + 1A 9

Arad. = SED (8)

The expression for electric dipole line strength (Sgp) is given
below in eqn (9).%®

Sep= )

1=2,4,6

(ko)) ©)
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Table 8 Unified radiative properties of TbA, TbM and TbD
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Arad. (JJ/)
TbA TbM (solid) TbD (solid) (TbA) (TbM) (TbD)
B(°D, to "Fe) 0.09 (0.101) 0.180 (0.182) 0.151 (0.149) 77.47 89.57 97.62
Fs 0.875 (0.868) 0.602 (0.590) 0.507 (0.510) 265.77 342.85 295.47
F, 0.027 (0.031) 0.100 (0.107) 0.109 (0.111) 31.88 24.78 32.13
Fs 0.006 (0.009) 0.116 (0.016) 0.232 (0.229) 29.13 35.96 46.52

Table 9 Radiative properties of TbA, ToM and TbD

Parameter TbA TbM TbD
Araq. (total) (ms™) 2.100 1.824 2.638
Anraa. (ms™?) 6.731 0.3219 0.0942
Texp. (MS) 0.103 0.466 0.366
Traq. (MS) 0.476 0.548 0.379

The matrix values utilized in the computation are drawn from
ref. 62, while the resultant radiative metrics are detailed in
Table 8. Subsequently, radiative decay time of the TbM and TbD
could be examined through the inverse of the overall radiative
rate.”® The overall radiative-probability is defined as the
summation of the probabilities of each transition originating
from the lowest excited state (°D,) in the emission profile. Data
for A,.q (total radiative), A,.q (nonradiative) and 7,4 (radiative
time) are concised in Table 9. These aforementioned variables
exhibit higher values for TbD due to the inclusion of an addi-
tional metal center. Both the metal centers contribute towards
the radiative relaxation, thereby enhancing the luminescence of
ternary complexes.

5.6 Thermal characterization

The thermal stability of lanthanide (Ln) complexes is a crucial
factor for their use in Ln-based OLEDs.* The thermal stability
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Fig. 11 TGA curves of TbM and TbD.
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of the synthesized complexes was assessed by using thermog-
ravimetric (TGA) analysis over a broad temperature range (RT to
750 °C). The thermograms of complexes TbM and TbD are
shown in Fig. 11, displayed a two-step weight loss. For TbM, no
significant weight loss occurred up to 154 °C, indicating that all
the ligands remain coordinated to the Tb** ion up to this point.
Between 154 °C and 316 °C, TbM showed a mass loss of
approximately 12.39% (theor. = 16.60%), corresponding to the
elimination of two bonded pyrazine molecules. The subsequent
detachment of three TFPB ligands occurred between 298 °C and
729 °C, resulting in a 70.16% mass loss (theor. = 67.23%),
leaving metal oxide (Tb,0;) as the final residue. For TbD, the
TGA curve showed a total mass loss of 80.50% (theoretical =
81.53%) within the 164 °C to 706 °C range. The first minor mass
loss of ~4.84% (theoretical = 4.74%) from 164 °C to 305 °C
corresponded to the elimination of a spacer pyrazine molecule.
The major decomposition occurred from 305 °C, with a mass
loss of 75.43% (theoretical = 76.79%), corresponding to the
detachment of TFPB ligands between 305 °C and 704 °C. The
mononuclear Th-complex exhibited lower thermal stability. The
final residue for TbD was attributed to Tb,0O3, as indicated by
the weight loss calculations. Similarly, the thermal curve for
TbA displayed a two-step weight loss, with a bending point at
~100 °C due to the dissociation of two water molecules,
resulting in a 4.59% weight loss (theor. = 4.28%). Beyond this
temperature, only TFPB ligands remained coordinated to the
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L
>
L
= 60
®
40
20
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Tb*" ion. The TGA curve for TbA showed an 79.47% mass loss
(theor. = 77.15%) between 103 °C and 652 °C, corresponding to
the elimination of three bonded TFPB ligands, with metal oxide
(Tb,03) as the final residue, resulting in an overall weight loss of
84.06% (theor. = 81.43%).

5.7 Computational modelling

Molecular geometries of synthesized complexes were generated
in Avogadro software and energy minimization was done via
auto optimization tools.** Geometry optimization of these large
molecules was done using BP/def2-SVP (DFT level) and def2-SVP

Table 10 Structure and energy levels of TbA-TbD

View Article Online
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(basis set).*® As the f-orbitals are deeply buried in the shell and
do not play a significant role in metal ligand bonds, thus, we
have used large-core quasi-relativistic effective core potential.
DFT calculations were carried out by using ORCA and Avogadro
software.**® Following complete energy minimization (dE = 0)
the optimized file is used as input for further calculations in
ORCA software® which resulted in generation of an ORCA
output file which facilitates the representation of FMOs (Fron-
tier Molecular Orbitals) in Avogadro software. Structures and
energy of various molecular orbitals viz.,, HOMO—1, HOMO,
LUMO and LUMO+1 were estimated (Table 10). The energy

LUMO+1
[~
< < 5
(-2.101 eV) (-1.789 eV)
LUMO
<
[~
(-3.181 eV) (-3.244 eV)
HOMO
[~
<
© c
(-6.567 eV) (-6.671 eV)
HOMO-1
(Y
C
¢ [
(-7.141 eV) (-7.999 eV)
Complex
C
[
(%
<
ThA TbM

39582 | RSC Adv, 2024, 14, 39569-39587

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05334f

Open Access Article. Published on 17 December 2024. Downloaded on 7/22/2025 11:11:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

difference between HOMO and LUMO levels provide theoretical
band gap values. These values show excellent concordance with
experimentally analyzed band gap data (via CV analysis and UV
analysis). These results ensure the accuracy and reliability of
employed computational results. Values within 3-4 eV range
make them potential candidate for use in optoelectronic
applications. With the relation proposed by Koopmans depicted
in eqn (10), the ionization energy (IE) is related to energy of
HOMO level and electron affinity (EA) to the energy of LUMO
level respectively. This allowed the quantification of various
global reaction parameters.” Derived from DFT analysis, global
reactivity descriptors include chemical hardness (1), ionization
potential (u), electronegativity (x), Fukui functions and softness
(0) (eqn (11)).”* These descriptors offer detailed insights into the
chemical stability and reactivity of the system, as well as its
tendency to accept or donate electrons during chemical reac-
tions. They assist in the reaction design and optimization by
identifying reactive sites, predicting reaction rates and assess-
ing the likelihood of undesired side reactions. These global
reactivity parameters are concised in Table 11.

IE = —Exomo. EA = —ErLumo (10)

IE + EA 1IE — EA 1
_ _ = - = 11
5 5 0= k=X (11)

Among the three synthesized complexes, TbM exhibits the
highest ionization energy of 6.671 eV, while TbA and TbD have
slightly lower ionization energies of 6.567 and 6.458 eV,
respectively. Similarly, TbM has the greatest electron affinity of
3.244 eV, compared to 3.181 eV for TbA and 3.049 eV for TbD.
Using these ionization energy (IE) and electron affinity (EA)
values, the electronegativity of the complexes was calculated
according to Mulliken's scale (eqn (11)). The results indicate
that TbM has the highest electronegativity at 4.957 eV, followed
by TbA with 4.874 eV and TbD with the lowest at 4.753 eV. The
chemical hardness, derived from IE and EA values, reveals that
TbA, TbM and TbD have hardness values of 1.693, 1.713 and
1.704 units, respectively. This indicates that TbM is the chem-
ically most stable complex, whereas TbA is the least stable, as
chemical hardness correlates with stability. In terms of chem-
ical softness, TbA has the highest value at 0.590, while TbM has
the lowest at 0.583, with TbD at 0.586. This suggests that TbM is
the least reactive and TbA is the most reactive complex, as
softness is an indicator of chemical reactivity. Overall, these
findings demonstrate that the water-coordinated complex
(binary complex/TbA) is the least stable and most reactive, while
the mononuclear complex is the least reactive and most stable
among the three prepared complexes.

Table 11 Molecular parameters of synthesized complexes

Complex IE EA X n 4 m

TbA 6.567 3.181 4.874 1.693 0.590 —4.874
TbM 6.671 3.244 4.957 1.713 0.583 —4.957
TbD 6.458 3.049 4.753 1.704 0.586 —4.753

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 12 Redox potential and electronic band gap values of TbA-TbD

Compound  Eoy (V)  Erea. (V)  Enomo (V)  Erumo (V)  Eg (eV)
TbA 2.7790 —0.7168 —6.5490 —3.0532 3.4958
TbM 2.8079 —0.6186 —6.5779 —3.1514 3.4265
TbD 2.7067 —0.7066 —6.4767 —3.0634 3.4133

5.8 Cyclo-voltammetry analysis

An electrochemical investigation was performed on synthesized
complexes (TbA, TbM and TbD) via cyclic voltammetry and the
resulting cyclic curves are shown in the Fig. 12. The CV plots
were extensively examined and the redox potentials for the
complexes were calculated and unified in Table 12. The energy
of HOMO (Highest Occupied Molecular Orbital) and LUMO
(Lowest Unoccupied Molecular Orbital) levels was calculated
using the below-mentioned two equations (eqn (12) and (13)), as
reported by N. G. Tsierkezos (Table 12).72

Enomo = —[Eox — Eipaferrocene) T 4.8] €V (12)

ELUMO = _[Ered - El/2(ferrocene) + 48] eV

(13)

Mononuclear complexes have somewhat larger electronic
energy gap values (Eg) compared to dinuclear complexes (Table
12). The estimated energy of HOMO-LUMO levels is found to be
comparable to that obtained from computational calculations.
The electronic band gap is quite similar to the optical band gap
and DFT derived band gap.

6. Conclusions

Two complexes featuring a pyrazine spacer were successfully
synthesized, resulting in binuclear complex and its binary and
ternary mononuclear counterparts. Signals for pyrazine protons

RSC Adv, 2024, 14, 39569-39587 | 39583
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in Proton NMR spectra and a significant increase in the inten-
sity of hypersensitive transitions of Tb(ur) ions, alongside
elemental analysis, strongly support the formation of desired
dinuclear complexes. The bonding of bridging moiety not only
amplifies the intensity of incident UV-absorption but also meets
the high coordinative requirement of the trivalent ion, thereby
enhancing coordination saturation and thermal stabilities, as
evidenced by thermogravimetric results. The agreement among
the band gap values obtained from optical, electronic and
computational techniques, all within the 3.40-3.50 eV range,
suggests their potential to be utilized as semiconducting
components in optoelectronic devices, such as organic light-
emitting diodes (OLEDs) and laser diodes. Global reactivity
parameters show that water-coordinated complex (binary
complex/TbA) is the least stable (n = 1.693) and most reactive (o
= 0.590), while the mononuclear complex (TbM) is the least
reactive (¢ = 0.583) and most stable (n = 1.713) among the three
prepared complexes. Emission spectral analysis of these Tb-
complexes revealed a transition from green to blue to pink to
white emission, in moving from solid to solution states, with
a broad ligand-based band. Enhanced emission intensity in
solid state compared to solution, leading to pure and intense
emission, as confirmed by CIE coordinates. Furthermore, the
white emission observed from these complexes in solution
phase indicates their potential for application in white light-
emitting diodes (WLEDs). Additionally, Judd-Ofelt parameters
were calculated to validate experimental findings against theo-
retical calculations. Higher radiative transition probability of
°D, — ’Fs transition in TbM from J-O analysis validates the
emission intensities observed in PL spectra. These prepared
complexes hold promise for various applications such as
OLEDs, optical amplification, laser systems or medical
diagnostics.
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