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Bright red emission with high color purity from
Eu(in) complexes with w-conjugated polycyclic
aromatic ligands and their sensing applicationsf
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Eu(m) complexes emit red light with a high color purity and have consequently attracted attention for
development toward display and physical sensing applications. The characteristic pure color emission
originates from the intra-4f—4f transition, and the brightness strongly depends on the electronic and
steric structures of organic ligands. A large m-conjugated ligand design with a large absorption
coefficient has been actively studied for achieving bright emission. The m-conjugated Eu(i)

luminophores also provide oxygen and temperature sensing properties by controlling their excited state
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mt-conjugated ligands is crucial for the further development of luminescent Eu() complexes. In this

DOI: 10.1039/d1ra082339 review, we summarize the research progress on t-conjugated Eu(mn) luminophores exhibiting bright
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1 Introduction

Highly bright monochromatic luminescent compounds have
become increasingly important for the development of display
and sensing materials. A considerable number of studies have
been conducted on the development of various luminescent
compounds such as luminescent organic dyes,"* metal
complexes,®” and inorganic compounds (nanoparticles and
ceramics).®** Recently, Hatakeyama et al. successfully prepared
a blue luminescent boron-based organic dye with high color
purity (full-width at half-maximum (FWHM) of 28 nm) for the
fabrication of efficient organic light emitting diodes (LEDs).*®
Jang et al. prepared InP/ZnSe/ZnS quantum dots exhibiting
strong red luminescence with high color purity (FWHM of 35
nm)." Xia et al. synthesized the RbNa;(Li;SiO,)4:Eu®" phosphor
that exhibited a narrow red emission band (FWHM of 22.4
nm).” Besides these luminescent systems, Eu(m) complexes
have emerged as a promising candidate for achieving charac-
teristic pure red luminescence (Fig. 1a, FWHM = 10 nm).**>
Eu(m) complexes are organic-inorganic hybrid compounds
in which organic ligands are attached to the Eu(m) center. The
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emission and their physical sensing applications.

Eu(u) ion has an incompletely filled 4f orbital, which is shielded
by the outer shells such as the filled 55> and 5p® orbitals. In
a configurational coordinate diagram, these levels appear as
parallel parabolas (a small offset case: Fig. 1b) because the 4f
electrons are well shielded from their surroundings.>* There-
fore, sharp emission lines (FWHM = 10 nm) corresponding to
the °D, — "F; (=0, 1, 2, 3, 4, 5, and 6) transitions are observed.
Among these, the D, — ’F, transition is dramatically affected
upon changing the ligand field, and pure red emission can be
obtained using appropriate ligands. Eu(m) ions exhibit
extremely weak absorption (molar absorption coefficient (¢) <
5 M~' em™").* This limitation can be overcome by using
organic compounds with high light-harvesting ability (¢ = 10° to
10° M~' em™") as ligands in the Eu(m) complexes. Eu(m)
complexes with such ligands can exhibit strong luminescence
through energy transfer from the organic ligands to the metal
center.

The brightness of Eu(m) complexes is a key factor in the
development of Eu(m)-based luminescent materials. Brightness
is defined as the product of the light absorption coefficient and
emission quantum yield. The brightness (Iz) is expressed as
follows:*®

ke

Ip = & X Doy = € X Nyepg X Ppr = € X Mo X k—r+knr7

Here, ¢ and Py are the absorption coefficient of the organic
ligand and the quantum yield of the Eu(m) emission excited by
organic ligand, respectively. Ngens, P, ki, and ky, are the effi-
ciency of sensitization, Eu(in)-centered luminescence quantum
yield, radiative rate constant, and non-radiative rate constant,
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Fig.1 (a) Emission photograph, chemical structure of a highly luminescent Eu(i) complex, and its emission spectrum. (b) Emission due to 4f—4f

transition in Eu(in) ions. (c) Matching of the vibrational overtone of the C—H bonds in the Eu(i) complex.

respectively. To achieve high brightness, molecular designing
must focus on achieving high ¢, nsens, and Pg.

Eu(u) complexes containing an anionic p-diketonate ligand
(e-g., thenoyltrifluoroacetonate (tta) or hexa-
fluoroacetylacetonate (hfa) ligand) with large polarizability have
a large k. value,”””® and exhibit efficient energy transfer to the
Eu(m) center.”**® Asymmetric coordination geometries origi-
nating due to the presence of anionic ligands and neutral
ligands are also a key factor in increasing k;, as they promote the
mixing of the 4f-5d excited states with the 4f-4f excited
states.****> The non-radiative deactivation of the Eu(m) emissive
states is promoted by proximate energy-matched OH, NH, and
CH oscillators (e.g., water, methanol, and amine; high vibra-
tional frequency, >3000 cm ', Fig. 1c).**** Thus, neutral ligands
(e.g., phosphine oxide) with low vibrational frequencies provide
small k., by suppressing vibrational quenching. From the
viewpoint of k, and k,,,, it is evident that Eu(m) complexes con-
taining B-diketonate ligands and low vibrational neutral ligands
(e.g., Fig. 1a) are effective for achieving high emission quantum
yields.*

Improving the light harvesting ability is the key to enhance
the brightness of Eu(u) luminophores. Several large t-conju-
gated systems have extremely high absorption coefficients (¢max
> 10° M~' em ").** A comprehensive understanding of the
design strategies for large m-conjugated ligands is crucial for the
development of efficient luminescent Eu(ur) complexes. In this

© 2022 The Author(s). Published by the Royal Society of Chemistry

review, we have summarized the research progress and physical
sensing properties of m-conjugated Eu(m) complexes that
exhibit bright emission.

2 Historical interpretation of the
efficient energy transfer from ligand-
to-Eu(m)

First, we discuss the historical interpretation of the efficient
energy transfer from the ligand to Eu(m) ions. The UV-light-
sensitized luminescence of Eu(m) complexes with organic
ligands was observed by Weissman in 1942.*” Based on the
finding, organic ligands were designed for the preparation of
strong luminescent Eu(m) complexes. The organic ligands
undergo intersystem crossing (ISC) from the lowest singlet
excited state (S;) to the lowest triplet excited state (T,) after
excitation, thereby transferring their electronic energy to the
Eu(m) ion (Fig. 2a). Eu(m) ions have several states (°Dy:
17 250 ecm ™', °Dy: 19 000 cm ™', and ®D,: 21 500 cm ™) that can
accept the energy. In 1970, Sato and coworkers demonstrated
the importance of the T, state for energy transfer to the D, level
in Eu(u) complexes with B-diketonate ligands.*® They showed
that the emission quantum yield due to ligand excitation
reached a maximum when the T, level was ~1200 cm ™' above
the °D; level. Latva and coworkers performed a further detailed
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(a) Energy level diagrams of luminescent Eu(in) complex. (b) Ty energy levels of naphthalene, anthracene, and phenanthrene. (c) Fragment

molecular orbitals for anthracene and phenanthrene. Redrawn from ref. 44.

investigation of the energy transfer using amino-carboxylate-
type ligands.** They showed a clear relationship between the
emission quantum yield (due to ligand excitation) and the Ty
energy level. The results showed that the °D, level of the Eu(m)
ion could also accept energy. These studies®**® suggested that
the T, state should be higher in energy than the °D; state
(19 000 em ™) for effective energy transfer.

The T; states of aromatic benzene, naphthalene, and
anthracene lie at 29 470 cm™', 21 250 cm™*, and 14 920 cm™*,
respectively (Fig. 2b).*® The T, level of anthracene (14m-electron
system) is lower than the emitting levels of Eu(m). In contrast,
the T, level of ligands such as phenanthrene, which has the
same 7-conjugation length (147-electron), is higher (Fig. 2b,
>19 000 cm ™ ') and facilitates photosensitized energy transfer to
Eu(m) ions.**** This suggests that the extension of m-conjuga-
tion to tailor the T, levels of ligands can broaden the scope of
ligand design. Using the fragment molecular orbital method
and DFT calculations (B3LYP/6-31G(D)*>**),** we have previously
shown a simple method for manipulating the T; energy level.

The energy of the T, level (AE(T,)) is expressed as follows:

1)

Here, ¢ is the orbital energy, and J is the Coulomb integral
representing the electrostatic repulsion due to orbital charge
distributions. Subscripts i and f denote the occupied and
unoccupied orbitals related to the T, state, respectively. As the
T-conjugated system is extended, the Ji¢ value tends to decrease
due to increased delocalization of the electron density.

AE(Ty) = E(Ty) — E(So) = & — & — Ji¢
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Establishing a molecular design for ineffective orbital energy
change related to the T; states allows the T; level to be
maintained.

As a standard for m-conjugated molecules, we used naph-
thalene, whose excited state energy (AE(T;) = 21 250 cm™ ') is
higher than the emission levels of Eu(m) ions. Extending the -
conjugation by coupling naphthalene and butadiene affords
anthracene or phenanthrene. The HOMOs of naphthalene and
butadiene (—5.79 and —6.19 eV, respectively) and their LUMOs
(—0.96 and —0.82 eV, respectively) are electronically coupled in-
phase, resulting in a more destabilized HOMO (—5.23 eV) and
more stabilized LUMO (—1.63 eV) for anthracene (Fig. 2c, left).
This smaller HOMO-LUMO energy gap yields a low T, level for
anthracene (14 920 cm ™). However, for phenanthrene (Fig. 2c,
right), the HOMOs and LUMOs of naphthalene and butadiene
are electronically coupled in such a manner that the HOMO
(—5.73 eV) and LUMO (—0.99 eV) energies are almost
unchanged relative to those of naphthalene. Consequently, the
T, level of phenanthrene was nearly unchanged (AE(T,) =
21 740 cm ™ ').* Thus, controlling the electronic structure can
maintain the T; level at an appropriate position in extended -
conjugation systems. Conjugated systems with more than 18 7
electron, such as [4]-helicene (AE(T;) = 19 870 cm ™ '),* triphe-
nylene (AE(T;) = 23580 cm '),” chrysene (AE(T,) =
20 000 cm™'),*” [5]-helicene (AE(T;) = 19 750 cm™'),*® picene
(AE(T,) = 20 010 cm ™ "),** [6]-helicene (AE(T;) = 18 990 cm ™ !),*®
coronene (AE(T;) = 19 400 cm™'),*” and phenacene (AE(T;) =
19 380 cm ™), have relatively high T, energies (Fig. 3). Among
these, luminescent Eu(Ill) complexes with triphenylene,*>~

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 T, energy levels of polycyclic aromatic hydrocarbon.

chrysene,**® [5]-helicene,** picene,”” and coronene®®**® frame-

works have already been reported (chemical structures and their
photophysical properties are shown in Fig. S1 and S2 in the
ESIT). Several hetero-conjugated systems,*®** such as 1,4,8,9-
tetraazatriphenylene (AE(T;) = 23 500 cm '), are well known to
possess high T; energy for photosensitized Eu(IlI) emission
(chemical structures and their photophysical properties are
shown in Fig. S3-S9 in the ESI). These appropriate T, levels are
expected to facilitate photoinduced energy transfer to Eu(ur)
ions. The S, energy of a molecule is expressed as follows:

AE(S)) = E(S1) — E(So) = & — & — Jir + 2Ki¢ (2)

Here, K is the exchange integral between the orbital pairs. The
extended m-conjugated ligands possess a relatively small energy
gap between the S; and T, states, as evident from the small
exchange integral,* leading to low-energy light absorption.**

3 Photophysics of Eu(i) complexes
with large w-conjugated systems and
their applications

Eu(m) complexes with B-diketonate ligands have a high radiative
rate constant and high color purity emission due to the strong
*D, — ’F, electronic dipole transition. In this section, we
mainly review the photophysics of extended 7-conjugated Eu(ur)
complexes with B-diketonate ligands and their applications.

3.1 Basic photophysical properties of Eu(m) complexes with
large m-conjugated system

3.1.1 UV-light sensitized Eu(m) emission. There are several
reports on Eu(m) complexes with an extended m-conjugated
system containing benzene, naphthalene, and phenanthrene
frameworks; as discussed before, such system facilitate effective
energy transfer to Eu(m) ions.*®**” Recently, the photophysical
properties of  Eu(m) complexes bearing  hexa-
fluoroacetylacetonate (AE(T,;) = 22 200 cm ™ '), 4,4,4-trifluoro-1-
phenyl-1,3-butanedione (AE(T;) = 21400 cm '), or 3-(2-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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naphthoyl)-1,1,1-trifluoroacetonate (AE(T;) = 19 600 cm )
ligands and neutral ligand with a low vibrational frequency (bis
[2-(diphenylphosphino)phenyl]ether oxide),*® were investigated
in detail (Fig. 4a-c, Eu-hfa, Eu-btfa, and Eu-ntfa). The thermal
stability (thermal decomposition point: T4q) of the Eu(m)
complexes bearing the extended w-conjugated ligands (Ty =
320 °C and 318 °C for Eu-btfa and Eu-ntfa, respectively) was
much higher than that of Eu-hfa (T4 = 228 °C). The longest
absorption edge was observed for Eu-ntfa (394 nm), followed by
Eu-btfa (380 nm) and Eu-hfa (361 nm); this order was consistent
with the length of the m-conjugation. In contrast, the emission
quantum yields of m-extended Eu(m) complexes Eu-btfa (@, =
38%) and Eu-ntfa (&, = 45%) were lower than that of Eu-hfa
(Pror = 57%). The lower emission quantum yield in a large 7-
conjugated system can be attributed to the increased non-
radiative rate constants (k,, = 280, 340, and 590 s~ ' for Eu-
hfa, Eu-btfa, and Eu-ntfa, respectively). k.. is affected by
secondary vibrational quenching due to the high C-H vibra-
tional frequency of aromatic units in electronically delocalized
B-diketonate ligands (Fig. 4d). The effect on &, owing to
vibrational quenching originating from the B-diketonate ligand
was also demonstrated by a deuterium replacement experiment
in hfa ligands.*® Thus, a m-extended B-diketonate ligand con-
taining aromatic moieties is not a reasonable ligand for Eu(ur)
complexes with high 4f-4f emission quantum yields.

Based on the photophysical properties of Eu(m) complexes
with the B-diketonate ligand, we focused on the electronic
separation between the energy-donating aromatic orbital and
the energy-accepting Eu(in) orbital via a phosphine spacer with
a low vibrational frequency (Fig. 4e).>* This electronic separa-
tion is expected to suppress the vibrational relaxation of the
Eu(m) ion and lower the rate of energy transfer. To construct an
efficient energy transfer system based on the weak electronic
interaction between the energy donor (aromatic ligand) and
energy acceptor (Eu(m)), a triphenylene unit with high triplet
state (T;) energy and long lifetime was employed. Thus, we
designed an Eu(m) complex with low vibrational frequency hfa
ligand and phosphine oxide ligand containing triphenylene
frameworks. The crystal structure is shown in Fig. 4f. The intra-

RSC Adv, 2022, 12, 810-821 | 813
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Fig. 4 Chemical structures of (a) Eu-hfa, (b) Eu-btfa, and (c) Eu-ntfa. (d) Delocalization in Eu-ntfa. (e) Eu(m) complex with triphenylene
frameworks. (f) X-ray crystal structure (ORTEP drawings) of Eu(in) complex with triphenylene frameworks. Redrawn from ref. 52.

and intermolecular m-m (3.3 A, triphenylene ligand/
triphenylene ligand) and CH-F (2.6-2.9 A, triphenylene
ligand/hfa ligand) interactions result in the formation of a rigid
structure, endowing high thermal stability (T4 = 310 °C) by
suppressing the dissociation of the hfa ligand. The UV light
absorption ability of the triphenylene ligand (e > 100 000 cm ™"
M) is much higher than that of the hfa ligand. The emission
quantum yield owing to ligand excitation was estimated to be
63% (in CH,Cl,); thus, the Eu(ur) complexes have remarkable
thermal stability and exhibit high brightness. The detailed
energy transfer mechanism in the triphenylene-based highly
luminescent Eu(m) complex was revealed by time-resolved
spectroscopy,® which provides useful information on photo-
sensitized energy transfer mechanism in luminescent Eu(i)
complexes.

3.1.2 Blue-light sensitized Eu(m) emission. Blue-light
sensitized Eu(m) emission is advantageous as it can suppress
UV-light-induced phototoxicity in living beings.*® In particular,
Eu(m) emission has attracted attention with regard to the
development of LED chip-based displays.”* However,
achieving blue light-sensitized Eu(m) luminescence in low-
concentration states of matter (i.e., not solid states) is still
a challenging task in lanthanide photochemistry. The photo-
sensitized emission via the triplet state results in energy loss
during intersystem crossing (AEs ). In addition, a high T,
level is essential for suppressing the photon loss caused by the
back energy transfer from the energy-accepting state to T,
(AEr sp). Thus, the energy transfer mechanism involves two
energy loss processes (AEs_r, and AEr _sp ), thus making it
difficult for application to blue light excitation (Fig. 5a).

Gong et al. successfully demonstrated blue light-sensitized

emission from Eu(m) complexes bearing extended -

814 | RSC Adv, 2022, 12, 810-821

conjugated B-diketonate ligand containing carbazole frame-
works (Fig. 5b, left).”* A characteristic pure red-emitting diode
was fabricated by coating the complex phosphor onto a ~460
nm-emitting InGaN chip. The emission quantum yield owing to
ligand excitation was estimated to be 16%. The relatively low
yield can be attributed to the low T, level (18 800 cm™*; below
the °D; level). Koizuka et al successfully prepared Eu(m)
complexes with hfa and  N,N-bis(salicylidene)-1,4-
butanediamine ligands, which could be excited by a blue LED
chip (Fig. 5b, right, £450 nm =190 M~ em ™, @, = 47%).>* The
blue light absorption was dependent on the effective electronic
interactions between the hfa ligands and N,N'-bis(salicylidene)-
1,4-butanediamine.

Chen et al. prepared a blue light-sensitized Eu(ur) complex
using an Ir(m) complex photosensitizer (Fig. 5¢, €450 nm =
600 M~ ' em ™!, &, = 18%).° The excitation window extended
up to 530 nm, which can be related to the effective S-T transi-
tion, without any energy loss due to ISC (AEs_t ). The S-T
transition is the key to photosensitization via the triplet states
for enabling low-energy light excitation for photochemical
processes.”* The T, energy level (21 200 cm™") of the Ir(m)-
based photosensitizer is appropriate for efficient energy trans-
fer. Despite this, the emission quantum yield owing to ligand
excitation was relatively low (@, = 18%). This can be attributed
to the rapid deactivation of T; due to the heavy-atom effect (T,
lifetime of photosensitizer, T < 0.15 ms), leading to ineffective
energy transfer from T; to °D,.

Recently, we reported the highest brightness in blue light
sensitized Eu(m) complexes prepared using a stacked nano-
carbon photosensitizer (Fig. 5d, 450 nm = 1700cm™ "M, @y =
36%).* The two nanocarbon ligands are located between Eu(m)
centers and form intramolecular - interactions (3.5 A). The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Energy diagram showing energy loss during photosensitized Eu(i) emission; (b) Eu(i) complex with carbazole framework (left), Eu(in)

complex with N,N’-bis(salicylidene)-1,4-butanediamine and its luminescence image of LED package (right). Redrawn from ref. 95 Copyright
(2018) American Chemical Society. (c) Schematic energy diagram for S—T transition (left) and Eu(in) complex with Ir(i) complex photosensitizer
(right). (d) Schematic energy diagram for excited state equilibrium (left) and Eu(i) complex with stacked nanocarbon photosensitizer (right).

stacked nanocarbon ligands are surrounded by hfa ligands,
forming effective intramolecular CH-F interactions (3.0 A). The
photosensitized T, level (18 800 cm ™) was lower than that of
the °D; level, and the back energy transfer occurred from °D, to
T,. Notably, the nanocarbon photosensitizers in rigid environ-
ments have a longer T, lifetime (40 ms) compared to that of the
Eu(m) ion (~1 ms). The long T, lifetime is expected to facilitate
the efficient use of photons even in the case of low T; levels,
with an excited state equilibrium between °D, and T;. The
excited state equilibrium was confirmed from the emission
lifetime measurements based on the oxygen

© 2022 The Author(s). Published by the Royal Society of Chemistry

concentrations***** (Ar: 0.7 ms, Air: 0.5 ms). The large -
conjugated nanocarbon also induces a small AFEg g
(=3700 cm ™', AE(S;) = 22 600 cm™'). Thus, the stacked nano-
carbon with long-lived photons and small AEs 1, and AEr _sp,
energy gaps aids in low-energy light absorption and efficient
energy transfer.'”

3.2 Physical sensing applications of Eu(m) complexes with
large m-conjugated system

3.2.1 Temperature sensing. Thermosensitive paints are
next-generation analytical tools for measuring the surface

RSC Adv, 2022, 12, 810-821 | 815
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temperatures of various substances. Luminescent molecular
paints, in particular, have attracted considerable attention
because of their high detection sensitivity and short response
time.' Eu(m) complexes are promising materials for
preparing luminescent paints because of their narrow red
emission bands arising from the 4f-4f transitions (FWHM = 10
nm) and long emission lifetimes (>1 ps), which allow precise
temperature imaging.">* Both high optical brightness and
excellent temperature sensitivity are essential for constructing
an effective molecular thermometer. Recently, Belluci et al
successfully prepared dinuclear Eu(m) complexes with B-diket-
onate ligands (tta [thenoyl trifluoroacetonate], btfa [benzoyltri-
fluoroacetonate], dbm [dibenzoylmethane], and hfa
[hexafluoroacetylacetonate]) and N-oxide ligands (pyradine N-
oxide) (Fig. 6a)."”” These dinuclear Eu(u) complexes exhibited
efficient photosensitized emission properties and -effective
temperature-dependent emission intensity changes, originating
from both ligand-to-metal charge transfer (LMCT) and localized
ligand T; quenching sites.

On the other hand, emission lifetime-based thermometers
and ratiometric luminescence thermometers are not sensitive
to variations in the luminophore concentration, its surrounding
environment, or the sample viscosity. Wolfbeis et al. prepared
luminescent Eu(m) nanoparticles with extended -conjugated -
diketonate ligands for sensing and imaging temperature in the
physiological range (Fig. 6b).**® We also demonstrated emission
lifetime-based thermometers of the Eu(m) complexes with hfa
and chrysene frameworks, which exhibited an extremely high
molar absorption coefficient (490 000 cm™' M™') in the UV
region, a high intrinsic emission quantum yield (73%), and
temperature-dependent energy transfer between ligands and
Eu(mr) ions (Fig. 6¢).*® The characteristic energy transfer was
explained by the LMCT based on w-f orbital interactions. The
high thermostability (T4 = 281 °C) was attributed to the
multiple CH-F interactions, as evident from the crystal struc-
ture. This high thermostability is advantageous for developing
molecular thermometers. The long range m-4f interactions in
the chrysene frameworks were also investigated using an Eu(m)
coordination polymer (Fig. 6d).** The single polymer chains
show the characteristic zig-zag orientation, inducing multiple
CH-F interactions, and exhibit higher thermal stability (Ty =
358 °C) than the mononuclear Eu(m) complex. The relative
thermal sensitivity (S;,,) of the Eu(i) coordination polymer with
chrysene linkers was higher (S, = 2.70% K ' at 475 K) than
those of mononuclear Eu(i) complexes (Sy, = 0.89% K ' at 475
K). The extent of LMCT delocalization was controlled by doping
with Gd(m) ion, which resulted in an increased emission
quantum yield and thermal sensitivity (Sm, = 3.70% K" at 475
K). Thus, a luminescence-lifetime-based thermometer of Eu(im)
complexes with high brightness, high thermostability, and high
thermo-sensitivity was successfully demonstrated. The study on
Eu(m) LMCT excited states of the ligand (7)- and 4f-orbitals is
relatively unestablished; thus, the results also provide an useful
information for future Eu(m) photo-physics study.'®

Eu(u)-based ratiometric luminescence has also been utilized
for the construction of effective thermometers. Historically, the
most common case is the ratiomteric emission using
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coordination polymers composed of red-luminescent Eu(ur) and
green-luminescent Tb(ur) centers (Fig. 6e, left)."***** The mixed
Eu(u)-Tb(m) coordination polymers exhibit strong green,
yellow, orange, and red luminescence under UV irradiation (365
nm) at 250, 300, 350, and 400 K, respectively (Fig. 6e, right),
which is mainly based on the temperature-dependent back
energy transfer from Tb(m) to organic ligand."** Both Eu(m) and
Tb(m) exhibited long emission lifetimes (sub-millisecond),
allowing for characteristic time-gated detection." There are
several reports of ratiometric emission originating from Eu(m)
phosphorescence and ligand fluorescence.'**** Vaidyanathan
et al. prepared five novel Eu(m) complexes with dibenzoylme-
thanate and phenantro-imidazole derivatives (Fig. 6f)."** The
asymmetric hetero-conjugated system endowed additional
fluorescence properties, and the five Eu(m) complexes could be
utilized for thermometry owing to the ratiometric emission
originating from Eu(m) phosphorescence and ligand fluores-
cence. In particular, the Eu(m) complex with a 4-(tri-
fluoromethyl)phenyl substituent behaves as an effective
ratiometric temperature sensor in the temperature range of
303-353 K, with a relative sensitivity of 1.97% K * at 313 K.
Achieving high emission quantum yields in Eu(u) complexes
with dual luminescence (Eu(m) phosphorescence and ligand
fluorescence) is difficult (<20%, in ref. 114). Recently, it has
been demonstrated that the emission quantum yield could be
improved by changing the B-diketonate ligands (Fig. 6g, ¢ =
24%)."** These phenantro-imidazole based Eu(m) complexes are
also shown to have versatile luminescent applications, such as
vapour sensors and white LED, using the dual luminescent
properties.'31>*

3.2.2 Oxygen-based sensing. Oxygen sensing techniques
are employed in various fields such as clinical analysis and
environmental monitoring."****” Molecular triplet states are
quenched by triplet oxygen, and singlet oxygen is generated.
Thus, the luminophore-based oxygen sensing technique is
based on phosphorescence quenching or excited triplet state
quenching in a photosensitizer (Fig. 7a, left). In the former case,
the metal-to-ligand (or ligand-to-metal) charge transfer phos-
phorescence in transition metal complexes, such as Ir(u), Ru(u),
or Pt(II) complexes, has been reported for effective oxygen
sensing.’®** In the latter case, the Eu(m) luminescence is
based on the energy transfer from the T, state of the photo-
sensitizer to the excited state of Eu(m) (Fig. 7a, left). Amao et al.
presented the first oxygen sensor using a luminescent Eu(u)
complex based on oxygen quenching in the T, state of the B-
diketonate ligand (Fig. 7a, right).**" In the other cases, the Eu(u)
emission using a photosensitizer with a short T; lifetime was
not sensitive to oxygen (Fig. 7b, left). Using this property, Khalil
et al. demonstrated the ratiometric emission based on an Eu(m)
complex with a large m-conjugated system containing a phen-
anthrene framework, which was non-sensitive to oxygen, and
a Pt() porphyrin, which exhibited high oxygen sensitivity
(Fig. 7b, right)."** Because the 4f-4f excited states are not
directly affected by oxygen, the 4f-4f emission lifetime remains
unchanged. Based on the excited state equilibrium between the
T, state and °D, (emitting) state, we demonstrated that the
effective emission lifetime could change in Eu(m) complexes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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under UV (365 nm) irradiation. Redrawn from ref. 111, Copyright (2013) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (f and g) Chemical
structures of Eu(il) complexes with ratiometric (Eu(in)/ligand)-emission-based thermometer property.

with a triphenylene framework, depending on the oxygen
concentration (Fig. 7c¢).** The small energy gap between excited
T, and emitting levels (°D,) is 1650 cm ™" for the effective back
energy transfer is a key point for the lifetime-based oxygen
sensor using the excited state equilibrium.

The singlet oxygen generated by triplet quenching has also
received attention because of its vital role in biological and
environmental systems. Song et al. reported a visible light-
excitable Eu(m) complex-based luminescent probe, which
contains 2-(N,N-diethylanilin-4-yl)-4,6-bis(3,5-dimethylpyrazol-
1-yD)-1,3,5-triazine as a photosensitized ligand and -

© 2022 The Author(s). Published by the Royal Society of Chemistry

diketonate with anthracene as the reactive part (Fig. 7d).***
Anthracene reacts with the singlet oxygen generated by energy
transfer from triplet anthracene to triplet oxygen. The T, level of
the anthracene unit is lower than the emitting level of Eu(m).
The Eu(m) emission is strongly quenched by the B-diketonate-
containing anthracene framework; however, Eu(m) shows
strong emission due to the oxidization reaction because of the
high T, level in oxidized anthracene. This Eu(m) complex can
also specifically localize in the mitochondria of live cells. This
allows it to be used for tracing the generation of 'O, in the
mitochondria of living cells. The long emission lifetime of
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Fig. 7 (a) Schematic energy diagram showing the quenching of T,

state by *O, (left) and chemical structure of Eu() complex with
oxygen-sensitive emission (right). (b) Schematic energy diagram
wherein the T, state is not quenched by O, (left) and chemical
structures of Eu(il) complex with oxygen-insensitive emission and Pt(Il)
porphyrin with oxygen-sensitive emission (right). (c) Schematic energy
diagram showing the excited state equilibrium between °Dg and T,
(left), and chemical structure of Eu(i) complex with oxygen-sensitive
emission (right). (d) Chemical structure of Eu(i) complex and chemical
reaction induced by >0, and light irradiation. (€) Chemical structure of
Eu(i) complex and chemical reaction induced by 30, and mechanical
stress.

Eu(m) is also an important factor for distinguishing it from the
strong auto-fluorescence of living cells.

In contrast to the light-excited oxygen reaction, we demon-
strated a tribo-excited oxygen reaction using Eu(um) complexes.

Eu(m) complexes show triboluminescence, which is

818 | RSC Adv, 2022, 12, 810-821

View Article Online

Review

a fascinating emission phenomenon that involves the trans-
formation of mechanical energy to UV-visible light.’***%* We
focused on the role of Eu(im) excitation energy in excited state
chemical reactions to achieve tribo-excitation.'*® Based on this
concept, we prepared a Eu(m) coordination polymer with hfa
and phosphine oxide ligands containing a reactive anthracene
unit (bpa: 2,6-bis(diphenylphosphine oxide)anthracene). The
stacked structure between single polymer chains was formed in
the coordination polymer via hydrogen bonding. The anthra-
cene unit in the phosphine oxide ligand was transformed to
anthracene peroxide by mechanical stress, which was based on
the singlet oxygen reaction initiated by energy transfer from the
anthracene ligand to triplet oxygen. The oxidized anthracene
ligands formed an emissive Eu(m) complex that allowed the
monitoring of tribo-excited chemical reactions using lumines-
cence spectroscopy. The tribo-chemical reaction in the “excited
state” are fundamentally different from the general mechano-
chemical reactions in the “ground states”.****** Such tribo-
excited chemical reactions using lanthanide coordination
polymers are expected to provide a new avenue for development
in the fields of physical chemistry, material chemistry, and
organic chemical reactions.

4 Conclusion

In this review, we have summarized the research progress on -
conjugated Eu(m) luminophores that exhibit high brightness,
and we have also discussed their physical sensing applications.
The electronic and steric control of large m-conjugated ligands
provides high brightness and good thermostability to Eu(ui)
complexes. The key design points for prominent Eu(im)
complexes are ligand-ligand interactions in rigid structures and
poly-aromatic-type energy donors with a long-lived T; state. The
control of the excited state dynamics through the use of m-
conjugated ligands also endows effective temperature and
oxygen sensing properties. Studies on a design for luminescent
Eu(m) complexes open up the frontier field of research in
coordination chemistry, photochemistry, and materials science.
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