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ABSTRACT

This study presents the microwave-assisted synthesis and characterization of a series of heterometallic
coordination polymers (HMCPs) with a 4-methyl-2,6-di[(1H-1,2,4-triazol-1-yl)]phenoxo ligand with
varying Eu"'/Tb!" ratios. Single crystal X-ray diffraction reveals a double-chain structure bridged by tri-
azolyl groups. Powder X-ray diffraction confirms the isostructural nature of the synthesized HMCPs. The
photophysical properties depend on lanthanide ion concentration and excitation wavelength, leading to
a color shift from green to blue as the proportion of Tb"' decreases and Eu' increases. White light
generation is achieved in the 8/2 Eu'"/Tb" HMCP (CIE: 0.293, 0.326) under 335 nm excitation. The study
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suggests energy transfer from Tb'! to Eu

that this transfer is orders of magnitude lower than the sensitization through ligand states.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society of Rare Earths. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

" but both experimental and theoretical calculations indicate

1. Introduction

Nowadays, inorganic phosphors such as aluminate, silicate and
oxynitride are usually the most used inorganic materials in the
manufacture of phosphor-converted white light-emitting diodes
(pc-WLEDs); however, they have significant drawbacks. As each
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one of the components is monochromatic, there is a need to mix
several emitting phosphors of different colors to obtain white light
with color rendering, which can lead to phase separation and
instability during application.! In this sense, an innovative
approach is the incorporation of lanthanide ions in coordination
polymers, by the synthesis of single-phase materials with cooper-
ative optical properties, which allows the generation of white light
in the solid state.> ® Special interest has been placed in the syn-
thesis of coordination polymers for luminescent applications,
thanks to the thermal and photochemical stability that they pre-
sent.”® Besides, due to their single-phase nature, there is no pos-
sibility of phase separation. The importance of studying new optical
systems that generate white light lies in their varied and important
applications for LED lighting devices® > and sensing.'*
Solid-state white light can be generated by combining the
emission of two colors (blue and yellow), three colors (blue, red,
and green), or four colors (blue, cyan, green, and red). The
trichromatic alternative is convenient since it presents a good
balance between the luminous efficiency of dichromatic sources
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and the great color reproduction capacity of tetrachromatic ones."”
In this sense, heterometallic coordination polymers (HMCPs) offer a
promising alternative to generate white light emission through the
incorporation of lanthanide ions of Eu" (red emission) and Tb™
(green emission) together with organic ligands that contribute
emission in the blue color region.'®~'® In addition, the organic li-
gands make possible the enhancement of the particular lumines-
cent properties of the Ln'" ions by luminescence sensitization or
“antenna effect”.'9 2!

The interest in synthesizing light emitting systems by incorpo-
rating Eu" and Tb™ jons into HMCPs also lies in the control of the
modulation of the emitted color depending on the molar ratio of
each lanthanide ion into the coordination polymeric network.>?~%°
For example, Liu et al?’? synthesized a series of Th"/Eu!" iso-
structural HMCPs (L-TbyxEu;_x) with L: 4-cyano-3-methylbenzoic
acid, which when irradiated with 365 nm wavelength exhibited
continuous luminescent color changes: from green to yellow, or-
ange and red as the proportion of Tb"! was decreased while that of
Eu" increased.

Moreover, the modulation of the color in coordination polymers
with Eu"" and Tb" ions reported in the literature shows that the
changes in the CIE color coordinates depend not only on the molar
ratio of the Ln' ions, but also on the excitation wavelength.*>°
Thus, Kang et al.?® reported the synthesis and photophysical
properties of a series of fluorescent Eu—Tb (btc) polymers (1,2,4-
Hsbtc: 1,2,4-benzenetricarboxylic acid). When Eug 5Tby(btc)y5 was
excited with a wavelength of 375 nm, white light with CIE co-
ordinates of (0.334, 0.311) was obtained. On the other hand, when
they modulated the Eu™/Tb™ molar ratio in the EuyTb;(btc);
polymers (x = 0, 0.2, 0.3, 0.5, 1), it was possible to observe that by
increasing the Eu' ratio under excitation wavelength at 375 nm,
the green emission from the Tb'! center decreased, and the emis-
sion color of the polymers changed from green to white, and finally
to red with a higher proportion of Eu'.

The present investigation is related to the synthesis and char-
acterization of a new series of HMCPs with different molar ratios of
Eu" and Tb™ ions, with 4-methyl-2,6-di[(1H-1,2,4-triazol-1-yl)]
phenol (LMeTr). The influence of the Eu"/Tb™ molar ratio on the
generation of white light and the dependence on the excitation
wavelength is reported. Besides, theoretical calculations contrib-
uted to the understanding of the energy transfer processes involved
in the emission of the HMCPs.

2. Experimental
2.1. Synthesis

All reagents were used without previous purification. A Micro-
wave Monowave 200 Anton Parr equipment was used to prepare
the heterometallic coordination polymers.

The synthesis of the LM®Tr ligand was previously described.?”?
To synthesize the Eu" and Tb™ heterometallic complexes with the
LMeTr ligand, 0.5 mmol of the LM®Tr ligand was dissolved in 10 mL of
acetonitrile. Subsequently, 0.5 mmol triethylamine (TEA) was
added in order to deprotonate the phenol group of the ligand. So-
lutions with “x mmol” of Eu(NOs3)3-5H,0 and “0.5-x mmol” of
Tb(NO3)3-5H20 were prepared using 5 mL of acetonitrile; it was
necessary to sonicate for 5 min in order to obtain complete disso-
lution. Afterwards, each solution (Eu'/Tb'™: 1/9, 2/8, 3/7, 4/6, 5/5, 6/
4, 73, 8/2, 9/1) was mixed with a solution of the deprotonated
ligand. The reaction mixture was heated at 100 °C for 15 min, using
microwave radiation. The reaction solution was filtered, and after a
slow evaporation of the solvent, the HMCPs were obtained as
microcrystalline solids. These were separated and dried in a vac-
uum desiccator.
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All HMCPs presented the same vibrational profile, as evidenced
by FTIR spectra (Fig. S1). FTIR: Eu™/Tb™-LMeTr: 3452 cm™! (vo_p);
3119 ecm™! (ve_p, triazole); 2954 cm™! (vcy, methyl); 1631, 1522,
1503 cm™! (vc—c, c=N, aromatic); 1470, 1297 cm™! (vno, ); 1137 cm™!
(vc-0). The metal composition of the HMCPs was established by
SEM-EDXS, giving the expected Eu'/Tb'! ratios. The ratios were
also confirmed by atomic absorption (Table S1).

2.2. Measurements

Fourier transform infrared (FTIR) spectra were recorded in the
4000-500 cm ™! range, on a Spectrum Two-Perkin Elmer spectro-
photometer, coupled with an attenuated total reflectance accessory
from Pike Instruments. Single crystal X-ray diffraction was recorded
on a SMART-APEX II CCD diffractometer at room temperature.
Powder X-ray diffraction analyses were performed at room tem-
perature using a Bruker D-8 Advance equipment, with Cu Ka1 ra-
diation. Scanning electron microscopy analyses were executed
using a Thermo Fisher Scientific high-resolution scanning electron
microscope (SEM, Inspect F50, FEI), coupled to a Thermo Fisher
Scientific Ultradry Pathfinder Alpine 129 eV EDX detector. A Cres-
sington TEDPELLA sputter coater, model 108 and a non-conductive
film coater were used for coating the films. The atomic absorption
analyses were done with a PerkinElmer, pinAAcle 900F spectro-
photometer. Photoluminescence (PL) solid-state emission spectra
were measured using a Horiba-Jobin Yvon spectrofluorometer,
model Fluorolog-3 (FL3-221), under excitation with a 450 W Xe arc
lamp, and a Horiba PPD-850 ps photon detector in the UV-VIS re-
gion. The emission decay curves for Tb" and Eu™ heterometallic
compounds were obtained using Xe pulsed lamp, and they were
properly fitted with a bi-exponential function. The average emis-
sion lifetime (7) was calculated from Eq. (S1).

The CIE 1931 (Commission International d’Eclairage) co-
ordinates (x, y) and color diagram were calculated from the emis-
sion spectra.’® The correlated color temperature (CCT) was
calculated using McCamy's>° polynomial formula.
CCT= — 437n3 + 3601n% — 6861n + 5514.31 (1)
where n = (x —xe) /(¥ — Ye), X and y being the color coordinates,
and xe = 0.3320 and ye = 0.1858 being the chromatic epicenter.
The CCT is related to the temperature at which a blackbody must be
heated to exhibit a warm-toned or a cold-toned white light. Be-
tween 2500 and 3500 K the white light is warm-toned, with yellow
and orange color components. Above 4500—6500 K CCT values the
white light is cold-toned, with cyan and blue color components.

3. Theoretical

The energy transfer rates between a pair of lanthanide ions can
be calculated using the Kushida-Malta model.>' >3 This model in-
corporates various mechanisms, including dipole—dipole (Wy_gq,
Eq. (S2)), dipole—quadrupole (Wa_q» Eq. (S3)),
quadrupole—quadrupole (Wq_q, Eq. (54)), exchange (Wex, Eq. (S5)),
and magnetic dipole—magnetic dipole (W,4_md, EQ. (56)) mecha-
nisms.>! > The mechanisms Wq_q, Wex, and Wpq_mq Operate
independently of the Judd—Ofelt parameters (2;). The p;_r in Eq.
(S5) represents the overlap integral between the 4f subshells of the
donor (D) and acceptor (A) lanthanide ions. These values were
computed using density functional theory and the p;_¢ values as a
function of donor—acceptor distance (Tb—Eu distance, R) can be
found in the literature.*® Non-radiative energy transfer involving
magnetic dipole interactions in inorganic solids was addressed in
the early 1950s by Dexter.>” In the 1990s, these interactions found
application in the energy transfer between lanthanide ions in
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inorganic crystals, as discussed by Tanner et al.>®*3° For further
details on the quantities involved in the Ln-to-Ln energy transfer
rates (Eqgs. (S2)—(S6)), see section 4 of the Supplementary
Information.

The spectral overlap factor, (F, Eq. (S7)) for a specific pathway
should be multiplied by the energy barrier factor exp(d/kgT) if
0 (the energy difference between donor and acceptor transitions,
0 = Ep — Ea) is negative, where kg is the Boltzmann constant and T
is the temperature. Additionally, depending on the energy transfer
pathway, the population of the starting acceptor level should be
considered. For example, the population of the Eu' 7F; is thermally
populated from the ground ’Fy following a Boltzmann statistic.
Thus, at room temperature, the population of the ’F; can reach 33%,
while the “Fg stays at 65%.C In this context, we will consider these
populations as numerical factors (P) multiplying all the mecha-
nisms, forming the pathway energy transfer rate W(p):

W(p) = [Wa_a(p) + Wa_q(P) + Wa—q(P) + Wex(p)

+ Wind-ma(p) | -P (2)
with P = 0.33 or 0.65 if the pathway involves the “F; or “Fg of the
Eu' as the initial level of the Tb™ — Eu" energy transfer process. For
instance, the rate obtained for the pathway Tb'!! [°D4— "Fg] — Eu'l!
["Fo—°D,] will be multiplied by 0.65, while the pathway Tb"
[°Ds—"Fs] — Eu' [’F; —°D5] will be multiplied by 0.33. When all
rates are obtained for each pathway, the total energy transfer rate is
calculated as the sum of all pathways: Wy, = > W(p).

4. Results and discussion
4.1. Structural and morphological description

Crystals suitable for X-ray diffraction were only obtained for the
4/6 Eu"/Tb™ HMCP and used for the structure determination. As a
unique metal-ion site is present in the asymmetric unit, a mixed
Eu"/Tb™ composition was introduced into the last stages of
refinement, including two equivalent positions for both cations
whose occupancies were forced to add one. These were refined and
set constant to 0.40 and 0.60 for Eu" and Tb" respectively for the
final refinement (Fig. S2 and Table S2-S4). Fig. 1(a) shows a scheme
of the first coordination sphere of the Ln'" ions, while structural

Eu" or TH!

@ =

C—DOH
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details are given in Fig. S2, and Fig. 1(b) displays the double chain
that extends along the crystallographic a-axis.

The crystalline structure of the HMCPs is the same for all Eu
Tb™ compounds, as evidenced by powder X-ray diffraction (PXRD).
Fig. S3 depicts the corresponding powder diffractograms, where it
becomes evident that the position of the diffraction peaks does not
vary from sample to sample. Besides, the experimental PXRD pat-
terns of HMCPs coincide with the simulated PXRD pattern of the 4/
6 Eu"™/Tb™ HMCP and the experimental PXRD pattern of the Eu™
homometallic CP analogue, whose structure was previously re-
ported.*! This indicates that the synthesized HMCPs correspond to
a family of isostructural compounds. This isostructural character is
frequently observed in coordination polymers when incorporating
different lanthanide centers.>?%>%?

The SEM-EDXS permitted the determination of the relative Eu
and Tb™ molar ratios of the resulting HMCPs (Table S5). The ob-
tained percentage of the two lanthanide ions are close to the used
molar ratio during the preparation procedures. Moreover, mapping
analyses of the Eu™ and Tb"™ ions showed that the distribution of
the lanthanide ions is homogeneous (Fig. 2).

An enlarged SEM image was recorded for the 8/2 polymer, with
a magnification of 5000x, the image presents a visualization scale
of 10 um. This micrograph showed that the sample was composed
of stacked particles, which can be described as blocks of different
micrometric lengths (Fig. S4).

1 /

1

4.2. Solid-state photoluminescence

Fig. 3(a) shows selected excitation spectra for the HMCPs
monitoring the 546 nm emission band of Tb™ in comparison with
the homonuclear CP. The spectra are dominated by intense
broadband from 300 to 340 nm corresponding to the absorption of
the ligand; expansion of the spectra permits the observation of
several bands at 348, 354, 359, 366, and 379 nm, which can be
assigned to Tb'" transitions (Fig. 3). The intensity of these bands
decreases as the composition of Tb'!! in the HMCP declines, but the
profile of the spectra is retained. On the other hand, Fig. 3(c and d)
depict selected excitation spectra monitoring the 615 nm emission
of Eu", where a significant variation of the profile of the spectra is
observed. For the 1/9 and 2/8 HMCPs, the profile is similar to that of
the Tb" spectrum, while for the HMCPs with a higher proportion of
Eu' the spectra change drastically showing a band centered at ca.
335 nm. The corresponding spectra of the 9/1 HMCP are given in

Fig. 1. (a) First coordination sphere of lanthanide ions for the 4/6 Eu/Tb'" HMCP; (b) Extended structure of the HMCP. Dotted lines represent bonds between nitrogen donor atoms

i

of triazole units and Ln"™ ions, which promote the formation of the chains.
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Fig. 2. SEM-EDXS mapping images of HMCPs.

the Supplementary Information (Fig. S5). All spectra present the
characteristic 395 nm band due to the Eu'' 7Fg— °Lg transition.

For the entire series of HMCPs, the corresponding solid-state
photoluminescence study was performed using different excita-
tion wavelengths: 325, 330, and 335 nm, unless otherwise stated.
Fig. S6 depicts the emission spectra for the 1/9 and 9/1 Eu"//Tb!™
HMCPs at the mentioned excitation wavelengths, and their corre-
sponding CIE diagram. It becomes evident that for a high propor-
tion of Th'! in the HMCP the spectra are dominated by the green
D4 — ’Fs transition (Fig. S6(a)). On the other hand, for a high pro-
portion of Eu" the blue emission of the LM®Tr ligand dominates the
spectra (Fig. S6(c)). This can be attributed to the high concentration
of the Eu" ion, where the antenna effect is not efficient, as
compared to that observed in the case when an excess of Tb'! is
present as in the 1/9 HMCP.

As the ligand sensitizes more efficiently the Tb" than Eu
center, the blue emission of the ligand for the 1/9 HMCP is almost
absent (Fig. S6(a)); the opposite effect is observed for the 9/1 HMCP
where the blue contribution is significantly enhanced (Fig. S6(c)).
Furthermore, the °Ds— ’F5 emission at 546 nm from the Tb'™ cation

11
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decreases for the 1/9 HMCP as the excitation wavelength increases,
and a similar behavior is observed for the 9/1 HMCP.

The only pure bands in the emission spectra for the HMCPs are
the °D4— Fg at 490 nm and °D4— Fs at 546 nm for the Tb'! cen-
ters. Moreover, the emission bands between 575 and 630 nm are
composed by the emission of the Eu" and Th". Fig. S7 depicts these
combined emissions for all the synthetized HMCPs. In the
575—591 nm region, the emission spectra contain the contributions
of luminescence from °Dg—’Fp; transitions of Eu' and the
5D4— F4 transition of Tb'. Besides, in the 615—621 nm region, the
emission spectra enclose the contribution of luminescence from
the °Dg— ’F, transition of Eu' and the *D4— ’F; transition of Tb'lL
The observed shift in the position of the emission bands and the
variation of the intensity are a consequence of the mentioned
contributions. The contribution of the 583 nm band should be
mainly the °D4— ’F4 emission from Tb'!.

CIE chromaticity diagrams for all synthesized HMCPs are shown
in Fig. 4 and the corresponding emission spectra are included in the
Supplementary Information (Figs. S8-S13). For each analyzed
wavelength, the HMCPs with a high proportion of T (1/9, 2/8, and
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Fig. 3. Excitation spectra of selected HMCPs monitoring at 546 nm (Tb") (a) and 615 nm (Eu™) (c) emissions, with respective enlargements in the 300—500 nm (b) and

325—450 nm (d) regions.
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Fig. 4. CIE chromaticity coordinates for HMCPs using different excitation wavelengths. (a) Aexc = 325 nm; (b) Aexc = 330 nm; (C) Aexc = 335 nm. (d) Temperature dependence of the
CIE chromaticity coordinates for the 8/2 Eu"/Tb"! HMCP emission when excited at 335 nm.

3/7) emit in the green color range, while the HMCP with a high
proportion of Eu'' (9/1) emits in the blue color range. For com-
parison purposes, the emission spectra and CIE chromaticity dia-
grams for the homometallic samples are shown in Fig. $14.4 It is
clear that the CIE coordinates of the HMCPs systematically fall be-
tween those of the homometallic samples. This also suggests that
the energy transfer process is dominated by intramolecular in-
teractions (ligand-to-Ln energy transfer rates), rather than the Tb"-
to-Eu'' energy transfer process. This is further confirmed by the
analysis of the Tb"' °Dy emission lifetimes and theoretical
calculations.
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Fig. 4(c) shows that the 8/2 Eu/Tb™ HMCP, when excited at
335 nm, emits close to the white light region with CIE chromaticity
coordinates of (0.293, 0.326) (0.333, 0.333 for white light). The CIE
chromaticity coordinates do not present thermal dependence as
shown in Fig. 4(d). These color coordinates correspond to a 7460 K
CCT, indicating that this polymer is a cold-toned white light
emitter.*> The 8/2 Eu"y/Tb"! HMCP can emit white light because the
high Eu™ proportion allows the ligand to emit blue light in a suit-
able proportion with that of the red and green emission of Eu'"! and
Tb™ respectively, creating an appropriate trichromatic system for
white light emission.
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However, not only the appropriate Eu'/Tb" ratio is important to
achieve white light emission, but the choice of the excitation
wavelength is also significant. Thus, the 8/2 Eu'/Tb""! HMCP can
emit white light only when excited at 335 nm. Fig. 5(a) (inset)
depicts that for this excitation wavelength, the spectrum presents a
greater ligand emission in the blue region (380—475 nm) with a
moderate emission from the Eu"" and Tb™ centers. The moderate
emission from Eu' and Tb""' centers makes the blue emission of the
ligand more relevant, which influences the CIE coordinates of the
emitted light permitting the generation of white light. On the other
hand, when a lower energy excitation wavelength is used (367 nm)
the CIE color coordinates correspond to the blue region (0.231,
0.207) (Fig. 5(b)); this is due to the low emission of Tb' at this
excitation wavelength (Fig. 5(a); yellow curve).

In order to have a better insight into the processes involved in
the light emission of the studied HMCPs, the compounds were
irradiated with lower energy (lexc = 395 nm). Fig. S15 shows the
corresponding emission spectra for selected HMCPs (Eu™/Tb'™": 2/8,
3/7, and 4/6), where it is possible to visualize a band at 546 nm for
the 2/8 and 3/7 (Eu'/Tb") HMCPs, which is assigned to the Th'!
>D4— ’F5 emission. At lower Tb" concentrations this band is too
weak to be detected. Even though the maximum excitation wave-
length for Tb'!! emission ranges from 300 to 340 nm as can be
observed in the excitation spectra (Fig. 3(b) and Fig. S5), the same
spectra show a tail to lower energies, which permits the excitation
of the Tb' centers.

4.3. Tb"-to-Eu'" energy transfer rates

Since we are dealing with a heterometallic system, energy
transfer between the two centers (Tb" and Eu™) may occur. One
strategy to experimentally determine the energy transfer rates
from Tb'!! to Eu'' is analyzing the change of the emission lifetimes of
the Tb" °D,4 (donor) in the presence and the absence of the Eu'"
(acceptor), Tpa and 7p respectively. Therefore, the decay processes
of the studied HMCPs were undertaken. The samples were
excited at 325 nm at room temperature, using this wavelength to
promote the excitation of the Tb'!! centers by the antenna effect. The
decay of the Tb™ emission at 546 nm was monitored in order to
detect the energy transfer from this lanthanide ion to Eu'l. The
corresponding decay curves and bi-exponential fitting are given as
Supplementary Information (Fig. S16), and the obtained 7 values
are in Table 1. A lower value for Tb' is evidenced as compared to
that of the homometallic species (the reported 7 value is
1020 ps (k = 0.98 x 103 s 1)), while the Eu'" has an increased
lifetime.*!

The decrease of the lifetime values for the decay of the Tb!
emission would be related to the depopulation of the Tb" level as
the energy transfer to Eu'™ takes place. This phenomenon has been

6x10°

(@ D=F, A"
5%x105 4 —325nm
— —— 330 nm
3 410y 367
2 3x10° D,
g D, F,
2 2x10°{ " 4po 435 430 475
= SD('“Fa ‘D,~F,
1x10° 4 & Dy="Fy,
0 .‘% Sesue —-A:A
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Table 1
Values of average lifetimes (7 in ps), Tb"-Eu'" energy transfer rates (in s~'), and
efficiencies (%) according to the Eu™/Tb" relation for selected HMCPs samples.

nr

Eu'"/Tb" HMCPs 7 (Eu™) 7 (Tb") Wexp Ter
0/]0 — 1020? - -
2/8 487 805 262 21
4/6 545 598 692 41
5/5 499 879 157 14
9/1 523 795 278 22
10/0 180° - - —
¢ From Ref. 41.

observed in different materials, containing Th"' and Eu", and the
energy transfer pathways have been described in literature.>>“° For
instance, Wei et al. analyzed energy transfer from Tb'' to Eul
showing a thermal dependence of this phenomenon, which can be
used in thermometry.** On the other hand, heterometallic Tb™-Eu™
binuclear complexes were shown to present a direct Tb'!! to Eu'"
energy transfer.*” Besides, theoretical calculations have shown that
the Ln-to-Ln energy transfer process is only comparable with that
of the ligand-to-Ln when short Ln—Ln distances are involved.>>4547

The experimental energy transfer rate (Wexp) and the energy

transfer efficiency (7g) can be calculated by*34948;
1 1
e T T 3
T
Ner=1-— DA (4)
™D

For example, the homometallic Th"' coordination polymer life-
time is 7p = 1020 pus %' and the measured 7p, value of 805 s for the
2/8 (EuyTb"™) HMCP, consequently, we can estimate
Wexp = 262 s land Ner = 21%. These values appear relatively low
compared to those reported in the literature.*>° As a reference,
heterometallic metal—organic frameworks (MOFs) containing Tb™"
and Eu" in different proportions have demonstrated Wexp values
higher than 103 s~! and 5gy values ranging from 72% to 92%.494°
The average lifetimes values, as well as the energy transfer rates
and efficiencies, for selected HMCPs are given in Table 1.

The relatively low values of Wexp and ngr for the HMCPs can be
attributed to the considerable distance between Tb'! and Eu" ions.
According to the crystallographic structure, the shortest distance is
0.703 nm, which is considered large for an effective interaction
between the two lanthanide ions.*® For comparison, the shortest
Tb"—Eu" distance in the dual-center Tbgg4Eug os(bpy)2(NO3)3 co-
ordination compound (bpy = 2,2’-bipyridine) is 0.77 nm, resulting
in a similar order of magnitude for the Tb"-Eu" energy transfer
rates (~10% s~1).6 Thus, we can conclude that the sensitization

0.9

0.84 () 2.-=
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0.74 W 330n0m ]
0.61 W 335nm
- 0.5 (0.305,0.523) = 580 367nm |
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Fig. 5. (a) Emission spectra at room temperature of 8/2 Eu"/Tb™ HMCP (black: Aexc = 325 nm; red: Aexc = 330 nm; blue: Aexc = 335 nm; yellow: Aexc = 367 nm). Inset: expanded

spectra in the 350—475 nm region; (b) CIE chromaticity diagram.
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Fig. 6. Energy diagram for the sensitization processes of the HMCPs.

process in the studied HMCPs is mainly due to the energy transfer
rates from the ligands to the Ln"!, which exhibit orders of magni-
tude higher values, especially from the singlet state.*!

The theoretically calculated energy transfer (W, = 610 s~
Table S6) aligns with the experimental data range obtained through
Eq. (3) (values in Table 1). It is important to highlight that,
considering the Tb"-Eu' energy transfer, the main energy transfer
pathway, involving the nonradiative energy transfer from the
donor Tb™ [°D4—7Fs] to the acceptor Eu'' [F; —°D;] transitions
(pathway 9 in Table S6), has a major contribution from the
quadrupole—quadrupole mechanism (Wq_q, Eq. (54)), accounting
for almost the entirety of Wi, Even with the presence of Tb'!-Eu"
energy transfer, these rates are orders of magnitude lower than the
ligand-Tb"™ and ligand-Eu" interactions, as previously calculated
for the homometallic analogues.*! For instance, the energy transfer
via the singlet state (S;) to Eu" was estimated to be in the order of
2.9 x 107 s~ representing a factor of more than 10000 times higher
than the Tb"™-Eu' rate. In this context, we can confirm that the
sensitization process of the Eu"'/Tb"! heterometallic coordination
polymer is primarily driven by energy transfer processes from li-
gands to the Ln" rather than Tb"-Eu'" energy transfer.

Therefore, taking into consideration that the photophysical
process is barely dependent on the Ln"-Ln" energy transfer
interaction, the sensitization process depicted in Fig. 6 can be
proposed for the heterometallic coordination polymers. The
sensitization process starts with ligand absorption, then, the energy
transfer occurs between ligand (S; and T;) and Ln™ excited states.
The energy transfer includes forward and backward rates as
detailed in Ref. 41, emphasizing the primary contribution from the
S; state, which is represented by thicker arrows in Fig. 6. This
elucidates the color tuneability observed with different excitation
wavelengths.

The single-phase white light emitters reported in the literature,
which use the trichromatic strategy of blue/red/green with
different Eu/Tb™ ratios of the HMCPs, normally give a tunable
emission from red to green. In this work, the reported Eu"'/Tb!
HMCPs were shown to achieve a tunable emission from blue to
green at the used excitation wavelengths (335—325 nm) without
reaching the red color. Furthermore, the 8/2 Eu'/Tb" HMCP
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generated a tunable emission from blue to white and finally to
green, by modulating the excitation wavelength.

5. Conclusions

The synthesis and characterization of an isostructural series of
heterometallic coordination polymers with Eu" and Tb™ and 4-
methyl-2,6-di[(1H-1,2,4-triazol-1-yl)]phenoxo as a ligand was
successfully achieved by an efficient microwave-assisted reaction.
The emission properties of the HMCPs series depend on the ratio of
the lanthanide ions and the excitation wavelength. Interestingly,
the emission of the studied HMCPs varies from green to blue; for
high Eu content red emission is not obtained, due to the poor
sensitization of this cation by the ligand. The 8/2 Eu"/Tb"! HMCP,
when excited at 335 nm, shows an emission that is close to the
white light region with CIE coordinates (0.293, 0.326), which are
temperature invariant. This emission has a CCT value of 7460 K CCT,
indicating that the 8/2 Eu"/Tb! HMCP is a cold-toned white light
emitter.

Regarding the sensitization process, the estimated low values of
experimental energy transfer rates (Wexp) and efficiency (ngr) in
HMCPs are attributed to the shortest Th'™—Eu™ ion distance,
0.703 nm, considered too large for effective interaction between
lanthanide ions. Theoretical calculations of Tb"-Eu" energy
transfer rates reinforce this, with the main pathway Tb" [° D4 — 7Fs]
— Eu" [’F;—°D;] dominated by the quadrupole—quadrupole
mechanism. The Th-Eu"" energy transfer resulted in lower rates
compared to the ligand-to-Ln'! interactions, which exhibit rates
orders of magnitude higher.
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