ROYAL SOCIETY

OF CHEMISTRY

NJC

View Article Online

View Journal | View Issue

Water-soluble lanthanide complexes with a helical
ligand modified for strong luminescence in a wide
pH regiont

’ '.) Check for updates ‘

Cite this: New J. Chem., 2017,
41, 6385

Shuhei Ogata,” Tomohito Shimizu,® Takashi Ishibashi,® Yushi Ishiyone,®
Mitsuhiro Hanami,? Minami Ito,® Ayumi Ishii,? Shogo Kawaguchi,”

Kunihisa Sugimoto® and Miki Hasegawa () *°

The luminescence and structure of a water-soluble helicate Eu complex with L<©°M which is a
hexadentate ligand with COOH groups, were examined in solutions of various pH. The Eu complex
EuL®®°" is more than eight-coordinated around Eu, and one of the two carboxylate groups is not
bound, even in the powdered state, based on the FT-IR measurement. The synchrotron X-ray powder
diffraction peaks of EuL“®°" broadened because of amorphous-like aggregation. EuL“®°" retains the
ff emission of Eu in a wide pH range of 2.6-9.7 and shows spectral reversibility at pH = 1.9-11.9. From

LSC°H in the initial condition

Horrocks' equation, the number of coordinated water molecules to Eu of Eu
(3.0 x 10™° mol cm™3; pH 2.6-9.7) was estimated to be 1, but it increased in both strongly alkaline and
acidic solutions. Molecular structural changes in these solutions were assumed from the quantum yields

and electrospray ionization-mass spectrometry measurements. For instance, one carboxyl group of
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could provide hydrophilicity in the initial condition, and the other would be released from Eu at
pH 2.1-2.6. Furthermore, EuL““°" decomposes below pH 1.9, but recovers with adjustments toward
the initial pH. The ff emission of Tb
wavelength region in the initial condition. The luminescence ability of Tb

with a coordinated water molecule also appears in the green
LCOCH in water is higher than

that in its powder. The luminescence processes of these complexes are discussed as an energy relaxation

rsc.li/njc

1. Introduction

Water-soluble lanthanide complexes with strong luminescence
are fascinating and can be applied to biological responses,'™*
such as bio-probing, bio-imaging,"** and in situ sensing of
chemical species for pH, p'0,,>*** and metal ions.**** The
electronic absorption coefficient is quite low because the ff
transitions of the lanthanide ion are Laporte forbidden, and it
is difficult to obtain a strong ff emission by direct excitation.
Thus, aromatic ligand moieties act to sensitize lanthanide
luminescence as an antenna effect.*®*® Luminescence of
lanthanide complexes takes advantage of the narrow emission
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through the excited triplet state of L“°" assigned from the phosphorescence band of GdL““°".

band width (<10 nm full width at half maximum), long excited
state lifetimes, and large Stokes shifts (>150 nm), which easily
distinguish these complexes from excitation light and the
shorter-lived background in biological systems."” Developing
sufficiently bright and stable lanthanide complexes in aqueous
solutions is a challenging research topic.**®

The first visualization of living cells by lanthanide com-
plexes was reported by Scaff et al. in 1969."* They used a
luminescent Eu complex with 4,4,4,-trifluoro-1-(2-thienyl)-1,3-
butanedione to lyse a microorganism (Bacillus megaterium) and
successfully observed luminescence of the whole cell using
luminescence microscopy. Soini et al. developed an Eu lumi-
nescence label with the ligand of an ethylenediaminetetraacetic
acid (EDTA) derivative localized on rabbit immunoglobulin G
for time-resolved fluorescence microscopic observations.'®
There are many recent papers related to luminescent lantha-
nide complexes for the microscopic observation of biological
science. Water-soluble Eu and Tb complexes with triethylenete-
tramine hexaacetic acid, a derivative of EDTA, migrated into the
cytoplasm of adherent HeLa cells for imaging using a time-
gated methodology.”® These complexes, which are bridged by
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cyclohexyldiamine, show intracellular stability, diffuse freely
throughout the cytoplasm and nucleus, and do not partition to
particular organelles.

1,4,7,10,-Tetraazacyclododecane, a so-called cyclen, is known
as one of the most stable ligand coordinating lanthanide ions,
and there are hundreds of reports related to their luminescence
properties, even in aqueous solutions."**° Parker et al. reported
various kinds of cyclen derivatives with lanthanide ions for bio-
molecular sensing.'"**** A cationic cyclen-based Eu complex
exhibiting two-photon absorption (2PA) was recently reported for
bio-imaging of living cells using near-infrared excitation.>® Based
on spectral analysis and the optimized molecular structure, the
complex likely provides hydrophilicity in a cell; this was revealed
by the observation of 2PA microscopy imaging on living T24
human cancer cells.

The proton concentration also becomes a key to deter-
mining the atmosphere in and around the bio-molecules.*
Eu complexes with carboxyl-functionalized 1,5-naphthylyridine
derivatives demonstrate a pH-sensitive luminescence intensity
from the isomerization of the ligand between keto—amine and
enol-imine.>” The Eu complex with the enol-imine ligand in a
high pH solution luminesces stronger than that at a lower pH.
The isomerization effect causes absorption band shifts of the
ligand and suppresses the deactivation process from the solvent
interaction.

2,2',6'2"-Terpyridine (terpyridine) is one of the most promis-
ing alternatives for absorbing and transferring the excitation
energy to the lanthanide ion.®'"®> The derivatives of lanthanide
complexes with a terpyridine skeleton have also been examined
from the view point of analytical chemistry.®®””* Eu and Tb
complexes with terpyridine polyacidic derivatives were reported
as luminescence sensors for time-resolved luminescence detec-
tion of the pH value in HeLa cells.®” The luminescence of this
Eu complex depends on the pH values, and the mixing solution
of Eu and Tb complexes detects the pH based on the intensity
ratio of the Eu and Tb emissions.

Various self-assembled lanthanide helicates were summar-
ized by Piguet and Biinzli for their fundamental applications,
such as syntheses, crystallography, luminescence properties
with circularly polarized phenomena, and biological probes.””
Recently, we reported mono-nuclear helicate complexes with a
series of lanthanide ions, LnL (Ln = Nd, Eu, Gd, Tb, Dy, and
Ho).”>”* The hexadentate ligand, L, consisted of two bipyridine
moieties and ethylenediamine. From the single crystal X-ray
structural analyses, all LnL molecules were isostructural. The
strong luminescence of EuL appeared at 580, 595, 615, 650, and
685 nm by ultraviolet (UV) excitation in the solid state. The
luminescence and structural behaviour of EuL were main-
tained, even in acetonitrile, because of the high solubility and
chelating effect. The aim of the present investigation was the
development of a water-soluble Eu complex for molecular/ion
sensing using the advantage of luminescent EuL.

Our molecular design strategy is shown in Fig. 1. EuL decom-
poses in aqueous solutions but can be used to derive substitution
on nitrogen atoms of the reduced azomethine moieties.” Here,
two carboxyl groups were selected as hydrophilic skeletons
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Fig. 1 Strategy of molecular design of this study.

and introduced into EuL, and the derivative is abbreviated as
EuL“®°", simultaneously, one of the carboxyl groups provides
intramolecular coordination to Eu and the other provides solu-
bility in water. The ligand forms a bowl shape, and the accessible
area on Eu is an acting site for intermolecular interactions.
Here, the luminescence properties of EuL®°°" and TbL®%°H
are examined from the measurements of electronic absorption,
luminescence, quantum yields, and lifetimes in the solid state
and in water. GAL°°°" was also prepared to determine the single
and triplet states of the ligand. Electrospray ionization-mass
spectrometry (ESI-MS) in various aqueous solutions, and atte-
nuated total reflection Fourier transform infrared spectroscopy
(ATR FT-IR), X-ray photoelectron spectroscopy (XPS), and syn-
chrotron X-ray diffraction (XRD) in the solid state were per-
formed to evaluate the structure. The dependence of the pH on
the luminescence of EuL°°°" is also discussed.

2. Results and discussion
2.1 Structure and luminescence of LnL¢®°" in the solid state

The L°°°" ligand was newly synthesized through the reaction
in Scheme S1 (ESIf) based on a literature procedure.”® Reac-
tions between L°°" and nitrates of Eu™, Gd"™, and Tb™ in
ethanol formed the LnL°°°" complexes. The detailed charac-
terization is described in the experimental section.

An ATR FT-IR measurement was performed to assign the
role of the two carboxylic acid groups in EuL“°°", and it was
not necessary to consider counter anion exchange (Fig. 2). The
O-H bending mode of the carboxyl group appears at 995 cm™
in L°°°". The 1730 and 1240-1203 cm™ ' bands in L°°°" are
assigned to the C=O and C-O stretching vibrations, respec-
tively. After complexation with Eu, the corresponding O-H
bending mode in the ligand remains at 946 cm™'. Similarly,
the C=O0 stretching vibration mode in EuL“®°" shifts to a
lower energy (~1600 cm™ ') than that for L°°°", and is super-
imposed with the C—=N vibration of the pyridine moiety (Fig. 2).
Thus, the role of each carboxyl group differs based on the
expected molecular design of EuL®®°"; j.e. one group is free
and the other coordinates to the Eu ion. The broad band at
3300-2000 cm ' in L°°°" indicates intermolecular hydrogen
bonds because the band is not present for EuL“°°* (Fig. S1, ESIt).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 2 (a) Attenuated total reflection FT-IR spectra of L““°" (black) and
EULS®°" (red), (b) XPS bands of EUL“°" and (c) synchrotron XRPD patterns
of EuL©°" at rt (black) and 77 K (blue). 2 = 1.00092 A.

The ATR FT-IR bands of TbL“*°" and GAL“°°" are similar to
those of EuL°°", which indicates that the LnL“°°" series has
a similar molecular structure (Fig. S1, ESIT).

Two nitrate anions exist as counter anions to neutralize the
valence of EuL®?°H; EuL®°" is estimated as a cationic com-
ponent in the valence of 2+ from the FT-IR results. The N 1s XPS
bands of EuL®®“™ appear at 404.5 and 397.6 eV and are
assigned to the nitrate anions and six nitrogen atoms of L°°°H
(Fig. 2(b)). From the ratios of their band areas, the existence
ratios for the nitrate anions and six nitrogen atoms of LE°°H
are 1:3. Thus, the two nitrate ions exist as counter anions and
EuL®C°" is the divalent cation in the solid state.

From these results, a molecular structure can be suggested
(Fig. 3). Six nitrogen atoms and one carboxyl group of a L°°"
ligand coordinate to an Eu ion; the other carboxyl group will
not coordinate. Synchrotron X-ray powder diffraction (XRPD)
patterns of EuL“®°" at room temperature and 77 K were
obtained (Fig. 2(c)). The broadening is insufficient to assign
the structure; however, the shape is reproducible at room
temperature and 77 K. Thus, the crystalline phase of EuL“?°"
is quite low.

Electronic absorption spectra localized on the ligand of
EuL®?°" in the solid state are broadly observed at 300-350 nm

Fig. 3 Assumed molecular structure of EuL““°" in the solid state.
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Fig. 4 Electronic absorption and luminescence spectra of LnL“°°" at rt.
Ln = Gd (a), Eu (b), and Tb (c) in the solid state. The phosphorescence
spectrum of GAL“°" was measured at 77 K. The dotted line shows the
ligand itself. ex = 315 nm.

as the mn* transition (Fig. 4). These bands of TbL®°°" and
GdL®%°" appear at corresponding positions. Gd™ complexes
are convenient probes for assessing the organic electronic struc-
ture of L°°°".7”"7° They indicate the energy of the triplet states
localized on the constituting ligand because Gd™ possesses an
accepting electronic level (32000 cm™). It is located at a
sufficiently high energy to prevent any population component
present on the phosphorescence spectrum. From the observa-
tion of luminescence at room temperature and 77 K in the solid
state, the 350 and 455 (sh) nm bands of GAL°°°" support
the excited singlet and lowest triplet energy states at approxi-
mately 28 600 and 22 000 cm ™, respectively (Fig. 4). The latter
band appears as the shoulder of a broad phosphorescence
around 490 nm.

EuL“®°" in the solid state at room temperature shows the
ff luminescence bands of Eu™ at 580.3, 590 (sh), 614.4, and
650.8 nm assigned to the °Dy — "Fo, Do — "Fy, °Dy — 'F,, and
D, — ’F; transitions, respectively (1ex = 315 nm). The broad
band around 680-720 nm is assigned to the °D, — F, transi-
tion. The excitation spectrum of EuL“®°" corresponds to its
absorption spectrum in the solid state (Fig. S2, ESIf). This
means that the n-electronic systems of the ligand act as photo-
antennae and provide excitation energy transfer to the metal
ion. The luminescence quantum yields (¢r 1), lifetimes (1),
and photophysical data of EuL°®°* are summarized in Table 1
and Fig. S3, ESL.

The values of ¢y, at room temperature and 77 K are
9.1 and 18.6%, respectively. Each luminescence decay curve
of EuL®%°" at room temperature and 77 K can be divided into
two luminescence components. This indicates that EuL?°"
has at least two packing structures in the solid state.®” From the
equations in the ESI, ¥ the efficiency of the energy transfer (1g,)
at room temperature increases and the non-radiative rate

New J. Chem., 2017, 41, 6385-6394 | 6387
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Table1 Luminescence lifetimes (tops, amplitude), absolute luminescence
quantum yields (¢ - ), and photophysical data for EuL®“®H and TbLCCH
in the solid state

Tobs kr knr @Lnn  MEnT

(ms,amp.)  ¢rn® (s7) (s7) (%) (%)

EuL%®%"  rt 0.80 (0.86) 9.1 500 800 39 24
0.40 (0.14)

77K 1.08 (0.57) 18.6 440 640 41 46
0.43 (0.43)

TbL%H 1t 0.96 (0.61)  10.9 — — — —
0.40 (0.39)

77K 1.22(0.56) 27.7 @ — — — —
0.50 (0.44)

“ The values for Ln emission are based on the ligand excitation.

constant (kyg) decreases with decreasing temperature, increasing
the ¢y 1 value at 77 K. ThL?°" also shows luminescence in the
green wavelength region. The luminescence bands of ThL“°°* in
the solid state appeared at 490.0, 542.4, 584.4, 622.1, 649.2, 667.9,
and 680.9 nm, and are assigned to the D, — 'F4, °D; — 'Fs,
D, » ’F,, °D, — ’F3, °Dy — 'F,, °D, — ’Fy, and °D, — 'F,
transitions, respectively. The excitation spectrum of TbL®®°"
in the solid state also corresponds to its absorption spectrum
(Fig. S2, ESIT). The values of ¢y, 1, at room temperature and 77 K
are 10.9 and 27.7%, respectively. There are two luminescence
components at room temperature and 77 K, which is the same as
that observed for EuL“°°" (Table 1).

The assumed energy diagram is shown in Fig. 5. The singlet
and triplet levels localized on L°°" are estimated from the
results for GAL°°°Y, as described above. EuL®°°" shows ff
luminescence via the intramolecular energy transfer from the
triplet state after the intersystem crossing of the excited singlet
in L°°°", The ff emissions of Th™" often show thermal sensi-
tivity because of the thermal equilibrium between the energy
donor and acceptor level.*>*? In our previous report, the parent
TbL molecule showed negligibly weak ff emissions (1%) at
room temperature, but efficient emissions (>90%) at 77 K
because of the thermal equilibrium between the triplet state of
L (21700 cm™ ") and an acceptor level (°Dy; 20 500 cm ™) of Tb.*?
Thus, L°°°" acts as a more efficient energy donor to Tb than L.
Furthermore, the luminescence intensity of TbL“°°* increases
at 77 K because the energy transfer accelerates toward the
central metal. The value of TbL°°°" is lower than that of TbL
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Fig. 5 Schematic representation of energy diagram of EUL“®° (left) and
TbLEC®H (right) in the solid state.
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at 77 K, indicating that it is enhanced by the different inter-
molecular interactions. The complexes with L°°°" also show
amorphous-like XRPD patterns (Fig. 2(c)).

2.2 Structure and luminescence of LnL°°"

solution

in an aqueous

2.2.1 Luminescence of EuL®®°", GAL®°°", and ThLc°°",
The electronic absorption spectra of the EuL®®°™ and the
L°9°H ligands in aqueous solution are shown in Fig. 6. The
absorption bands of L°°°" in H,0O appear at 289, 299, and
315 (sh) nm. EuL“°°" in H,0 shows bands at 305 and 315 (sh) nm,
which are assigned to the nn* transitions and correspond well
with those in D,0. The band position of EuL®°°" in H,0 or
D,O appears at a lower transition energy than that of the L“°°H
ligand. This indicates that the ligand surrounds an Eu ion
through coordination bonds in H,0/D,0, and forms a n-conjugation
configuration that is longer than the ligand itself. The nn* electronic
absorption bands of TbL°°°" and GAL“°°" in water also appear
at the same positions as those of EuL“°°" (Fig. 6). The triplet
state as an energy donor level for the lanthanide complex
with L°P°H in solution was also estimated at approximately
22800 cm ' from the phosphorescence band (438 nm) of
GdL®°®" in ethanol at 77 K, which is the same as that in the

3
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Fig. 6 Electronic absorption and luminescence spectra of GALS®°H in
aqueous solution (a). A phosphorescence band was observed in ethanol
at 77 K. Electronic absorption and ff emission spectra of EuL°°* and
TbL=?°"in H,O (b and d) and D,O (c and e). Ze, = 315 nm. The inset shows
the extended view.
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Table 2 Luminescence lifetimes (tops, amplitude), absolute luminescence
quantum yields (¢ _ ), and photophysical data for EuL®“®H and TbLCCH
in H,O and D,O

Tobs B kR71 kNB1 PLo-tn  MEnT

(ms,amp.) b (s77) (s (%) (%)

EuL?®°"  H,0 0.57(1.00) 11.5 250 1500 14 76
D,0O 1.94 (1.00) 354 250 270 49 74

TbL°"  H,0 1.50 (1.00) 51.6 — — — —
D,0 2.41(1.00) 81.6  — — — —

% The values of Ln emission are based on the ligand excitation.

solid state (Fig. 6(a)). The band position in the solid state
shifted toward the blue in the protic solvent. The band shape
in solution became sharper than that in the solid state. The
different energy donor levels for the solid state in solution
particularly affect the luminescence properties of TbL“C°H
(vide infra). The fluorescence band of GAL®°°" in aqueous
solution appears at 336 nm.

The luminescence spectra and photophysical data of EuL“°°"
in H,O and D,O are shown in Fig. 6 and Table 2. The lumines-
cence bands of EuL®°°" in H,0/D,O sharply appear at 580.5,
594.2, 615.9, 649.7, and 680-720 nm, and are assigned to the
ff transitions. The Stark splitting of EuL°°°" in H,0 and D,O
differs from that in the solid state because of the differences of
ligand fields. The excitation spectrum of EuL“°°" corresponds to
its absorption spectrum (Fig. S4, ESIT).

From the luminescence decay profile measurement, EuL
in H,O and D,O has a single luminescence component with
lifetimes of 0.57 and 1.94 ms, respectively (Table 2 and Fig. S5,
ESIT). The value of ¢y, in H,O is 11.5%, which is relatively
higher than that in the solid state (Table 1). The quantum yield of
EuL in acetonitrile is lower than that in the solid state.”” The
value of ¢y, in DO is 35.4%. It is caused by the deuterium
effect because the five-fold vibrational mode in D,O affects the
excited state of Eu™ less than the three-fold vibrational mode in
H,0.%*%* The value of ¢, 1, and the lifetime of the Eu complex in
D,O seem larger than those in H,0O. The radiation and non-
radiation rate constants are 250 and 270 s~ in D,O, respectively,
while those in H,O are 250 and 1500 s~ *, respectively. Application
of Horrocks’ equation to the observed luminescence lifetimes
in water is a useful method for understanding the molecular
structure of Eu complexes because of the estimation method that
is used for the number of coordinating water molecules.”®>
The g value represents the number of water molecules and is
calculated by the following equation:

COOH

q=111[tyo ' — 0 | — 0.31] (1)

where 1,0 and tp are the luminescence lifetimes of ff
emission in H,O and D,O, respectively. Thus, the number of
coordinating water molecules to an Eu ion is calculated as
1.0 in EuL®?°", which indicates that one water molecule will
bind to each Eu ion in EuL®?°,

The luminescence band shapes of TbL®°°H in H,0 and D,0
are sharper than that in the solid state, which is the same as

that observed for EuL®°°" (Fig. 6). The luminescence bands of
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TbL°" in H,0/D,0 are observed at 490.1, 541.6, 584.0, 621.4,
650.4, 668.7, and 679.8 nm, and are assigned to the *D, — ’F,
D, » ’Fs, °D, — 'F4, °Dy —» 'F3, °Dy —» 'F,, °D, — 'Fy, and
°D, — ’F, transitions, respectively. The excitation spectrum of
TbL°" also corresponds to its absorption spectrum (Fig. S4,
ESIt). The ¢y 1, values of TbL°°°™ in H,0 and D,O are 51.6%
and 81.6%, respectively. Interestingly, these values are much
higher than the values in the solid state. As discussed above,
the phosphorescence band has a vibrational structure, and the
level of the lowest triplet state in solution is higher than that
in the solid state. Thus, the energy transfer in TbL°°°" occurs
more efficiently in H,O or D,O. The luminescence decay profile
of TbL9°°" shows a single component in both H,0 and D,O.

The number of coordinating water molecules of TbL“?°" in
water are also estimated by Horrocks’ equation:***
— -1 -1
g=42[tno  — o 2)

The calculated number of coordination water molecules is 1.1.
This value corresponds to that of EuL°®°™ in H,0, which
indicates that the coordination environments are similar to
each other.

Generally, the molecular shape, including the coordination
sphere of metal complexes in water, should be considered for
the molecular design along with several methods under pre-
sumable structural viewpoints. From the ESI-MS measurement,
EuL“°" GdL“°°", and TbL“°°" in aqueous solution are detected
at their expected mass number (Fig. S6, ESIt). The assumed
structure of EuL“°°" in aqueous solution is shown in Fig. 7. There
are three possibilities to form a complex: structure A has two
carboxylate groups that are bound to the Eu ion with the six
nitrogen atoms of the ligand, structure C has both carboxylic
groups released from the Eu ion, and structure B has one
carboxylate coordinated to the metal ion and the other is released.
It is impossible to combine more water molecules for structure A,
while structure C is able to take on more than two water molecules.
However, structure B has an open site to coordinate one water
molecule. Eu/Tb has a suitable g value from the viewpoint of steric
hindrance for the Eu/TbL®°°" complex, which is eight-
coordinated by L°°°" and H,O based on the molecular structure
assumed from the FT-IR spectra of structure B. That is, it strongly
suggests that one carboxyl group of Eu/TbL %" will be released
for water solubility, opening the water coordination to Eu.

Structure A Structure B Structure C »
Hydrophilic
Intramolecular 0 H,0 o mojety
coordination ?
COOH

Fig. 7 Assumed structures in aqueous solution of EuL“°°". The ligand
n electronic system is shown in yellow. (a) an insoluble form due to the two
intramolecular COO group coordination to Eu, (b) a half H,O-accesible
form with an intramolecular COO group coordination to Eu, and (c) a
water-soluble and H,O-accesible form from both apical sites.
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2.2.2 pH dependence on the luminescence of EuL®°°",
Based on the previous section, a carboxylate or carboxylic acid
moiety that does not combine with the Eu ion during complex
formation will act as a weak acid in water. The pH value of a
5.0 x 10~° mol ecm aqueous solution of EuL“°°" is 4.05, and
the acid dissociation constant (pKj,) is calculated as 3.91. From
the comparison of the values of the ligand itself, the pH value is
4.09 at 5.0 x 107> mol cm ™, thus the notable acidity of an
aqueous EuL“°°" solution is caused by the carboxylate released
from Eu, as well as factors discussed in Fig. 7.

The electronic absorption and luminescence spectra in
aqueous solutions at various pH values are shown in Fig. 8.
The absorption and luminescence band shapes of EuL“°°" do
not change at pH 9.7. The value of ¢ _r, and the luminescence
lifetime of EuL“®°" at pH 9.7 are 10.6% and 0.57 ms, respec-
tively. Thus, the molecular structure and coordination environ-
ment surrounding Eu are extremely stable at pH = 4.0-9.7.

As the pH increases above 10.4, the major electronic absorp-
tion band at 305 nm (observed at pH 9.7) gradually shifts to a
higher energy, and appears at 302 nm at pH 11.9. In contrast,
the band positions and shapes of the ff emissions drastically
change when the pH changes from 9.7 to 11.9 (Fig. 8). Two
luminescence components are observed in the luminescence
decay profile at pH 10.4, indicating that the molecular structure of
EuL®%°" at pH 10.4 differs from that in the initial state (Fig. S7,
ESIY). The luminescence lifetimes of EuL“°°" in H,O under basic
conditions are estimated to be 0.36 ms (amplitude 0.92) and
0.83 ms (0.08), and that in D,O is estimated to be 1.75 ms
(Fig. S8, ESIt). Based on these major values, EuL“°°" will change
its molecular structure under basic conditions while maintain-
ing the coordination between Eu and L°°°" (Fig. $9(a), ESIt); the
carboxylate group or a part of the pyridine moiety will be released
from the Eu ion because of the increasing g value compared to
that for the initial condition (ESIT). This also shows the reversi-
bility of the electronic absorption and luminescence spectra at
PH 3.5 using hydrochloric acid, indicating that EuL.°°°* demon-
strates a stable and flexible molecular change at alkaline pH
(Fig. S10, EST}).

The electronic absorption and luminescence spectra in an
acidic aqueous solution are shown in Fig. 9. The absorption
spectra of EuL®®°" shift to slightly shorter wavelengths by
2 nm after adjustment with hydrochloric acid compared to

—
V)
~
—
O
-~

pH pH
—_— 4.0-97
— 104
—_— 114

— 4.0-9.7
— 10.4
—_ 114
—_— 19

LA

260 280 300 320 340 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Normalized absorbance
Relative intensity (a.u.)

\ ¥

Fig. 8 pH dependence of electronic absorption (a) and luminescence (b)
spectra of EUL“°H in the pH region of 4.0-11.9. Z¢, = 315 nm.
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Fig. 9 Electronic absorption (a) and luminescence (b) spectra of EuL“°°"

in acidic aqueous solutions. The black and red lines show a pH of 2.6 and
1.9-2.1, respectively. Aex = 315 nm.

COOH corre-

the initial solution. The luminescence bands of EuL
spond in the pH region of 4.0-2.6, but the intensities become
weaker and are finally quenched below pH 1.9 (Fig. S11, ESI¥).
The absorption spectra of EuL°°°" under acidic conditions
correspond to that of L“°" under the same pH conditions
(Fig. S12, ESIt), meaning that EuL°°°* will be decomposed by
the strong acidic condition. These results are well supported by
the ESI-MS data shown in Fig. 8(b)-(d); in particular, the
m/z values of 257.2 and 513.3 observed at pH 1.9 can be
assigned to the diprotonated and monoprotonated species of
LEO°H  Adjusting the pH toward the initial value causes the
absorption and luminescence bands to reproduce their posi-
tions and intensities, indicating that EuL°°°™ has a surprising
ability to recoordinate (Fig. S13, ESIY).

Luminescence lifetimes in H,O and D,O were observed in
an acidic solution to examine the process of luminescence
quenching of EuL°°°" (Fig. $14, ESI{). The luminescence life-
times of the luminescent component for EuL“°°" in H,0 and
D,O under acidic conditions are 0.42 and 2.22 ms, respectively.
The g value in the acidic solution is estimated as 1.7 for
EuL®®°", This value is higher than that under initial condi-
tions. Additionally, each solution shows a second luminescence
component with a relatively short lifetime (<0.01 ms), which is
assigned to the dissociation of EuL°°°", This suggests that two
water molecules will coordinate to Eu around pH 2, and the
dissociated complex partly exists in this equilibrium. The
absolute luminescence quantum yield is 0.2% at pH 2.1.

From the above results, the assumed dissociation process
of EuL®°°" in aqueous solutions is shown in Scheme 1. One
carboxylate coordinates to the Eu ion and the other exists as
carboxylic acid; a water molecule binds to the central metal at
pH = 2.6-9.7. With decreasing pH values, two water molecules
bind to the Eu ion, the carboxylate releases from the Eu ion,

Scheme 1 Assumed dissociation process of EuL“°“" in aqueous solution.
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and EuL®®°" dissociates at pH 1.9 with protonation of the
L°°°H ligand. These molecular structural changes are readily
reversible.

3. Conclusions

The photophysical behaviour and structure of a water-soluble
Eu complex with L°°", based on the helicate structure and
functional carboxylate, were examined in aqueous solution at
various pH values. The coordination number of the Eu complex
EuL®®°" was assumed to be greater than 8. One of the two
carboxylate groups is released from the Eu ion, even in the
powdered state, while the other carboxylate acts to provide
hydrophilicity in water. EuL“°°" shows ff luminescence in the
solid state. This molecule keeps the ff emission of Eu in the
wide pH range of 2.6-9.7, and shows spectral reversibility at
pH = 1.9-11.9. The luminescence lifetimes of EuL“°°" in H,0
and D,O make it possible to estimate the number of coordi-
nated water molecules to Eu as 1 at the initial condition
(pH = 2.6-9.7). In both strongly basic and strongly acidic
conditions, this value increases with molecular structural
changes. For instance, one carboxyl group binding to Eu will
release from Eu at approximately pH = 2.1-2.6. Furthermore,
EuL“°" completely decomposes below pH 1.9 and recovers as
a complex with adjustments toward the initial pH. TbL°°°"
also shows luminescence in the green wavelength region for
ff emission, and a water molecule is combined with the Tb ion
in the initial condition. The luminescence quantum yield of
TbL?®°" in H,0 is higher than that in the solid state. The
luminescence mechanisms of EuL“°°" and TbL®?°" are dis-
cussed based on the energy relaxation process of the triplet sate
of the L°°°" ligand of GAL“°°".

4. Experimental
4.1 Regents and materials

Commercially available regents and spectral-grade solvents
(Wako Pure Chemical Industries Ltd, Tokyo Chemical Industry
Ltd, and Kanto Chemical Co. Inc.) were generally used without
further purification. Water was purified using a Direct-Q3
UV-Remote Water Purification System (Merck Millipore).
Preparative layer chromatography was performed using silica
(Merck silica gel 60, 2 mm). The concentration of the measured
sample was 3.0 x 10~> M. The pH values were adjusted by the
addition of sodium hydroxide or hydrochloric acid.

4.2 Syntheses

4.2.1 N'N*-Bis([2,2'-bipyridin]-6-ylmethyl)ethane-1,2-diamine
(LH). The starting chemical, L, was synthesized as previously
reported.”® For the synthesis of LH, L (79.4 mg, 0.202 mmol)
and sodium borohydride (100 mg, 2.64 mmol) were dissolved in
methanol (100 mL), and the mixture was stirred for 1 day. The
solvent mixture was evaporated to dryness. The crude residue
was dissolved in CHCI3/H,O, and the organic phase was
extracted. The extract was dried with MgSO,. The yellow oil
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product was obtained from the solution by filtration; it
was washed with chloroform and dried under vacuum. Yield:
77.3 mg (96%). 'H-NMR (500.00 MHz, CDCl;, Fig. S15, ESI);
5 8.65 (d, 2H), 8.40 (d, 2H), 8.26 (d, 2H), 7.43 (m, 4H), 7.29
(q, 4H), 4.01 (s, 4H), 2.93 (s, 4H). MS (FAB"); m/z, 397 [M + H]"
(caled 397.50).

4.2.2 Diethyl 2,2'-(ethane-1,2-diylbis(([2,2’-bipyridin]-6-
ylmethyl)azanediyl))diacetate (L°°°F"). LH (38.0 mg, 95.8 umol)
was dissolved in acetonitrile and stirred with potassium carbonate
(0.50 g, 3.6 mmol). Then, ethyl bromoacetate (0.30 g, 1.8 mmol)
was added to the solution and stirred for 2 h under an argon
atmosphere. The product was purified by preparative layer
chromatography (CH;Cl/methanol, 40:1). Yield: 33.8 mg (62%).
'H-NMR (500.00 MHz, CDCl;, Fig. S16, ESIf) § 8.65 (d, 2H), 8.38
(d, 2H), 8.23 (d, 2H), 7.75 (m, 4H), 7.49 (d, 2H), 7.28 (m, 4H), 4.04
(s, 4H), 3.52 (s, 4H), 3.20 (m, 6H), 2.96 (s, 4H) MS (FAB"); m/z, 569
[M + H]" (caled 569.68).

4.2.3 2,2'-(Ethane-1,2-diylbis(([2,2’-bipyridin]-6-ylmethyl)-
azanediyl))diacetic acid (L°°°"). L9°°" was dissolved in etha-
nol (15 mL), and the pH was adjusted to 12 using 5 N NaOH.
After stirring for 2 h, the solvent mixture was adjusted to pH 5
using 6 N HCl. The white powder product was obtained by
evaporation to dryness and extraction with ethanol. Yield: 14.9
mg (49%). "H-NMR (500.00 MHz, methanol-d,, Fig. S17, ESI?);
8.89 (d, 2H), 8.72 (d, 2H), 8.63 (t, 2H), 8.36 (d, 2H), 8.09 (m, 4H),
7.72 (d, 2H), 4.59 (s, 4H), 4.01 (s, 4H), 3.66 (s, 4H); MS (FAB");
m/z, 513 [M + H]" (caled 513.57).

4.2.4 EuL®®°M, Eu(NO,);-6H,0 (17.0 mg, 38.1 umol) in
ethanol (5 mL) was slowly added to a solution of L“°°" (18.4 mg,
35.9 pmol) in ethanol (5 mL). After stirring for 24 h, the white
precipitate was filtered and washed with ethanol. The complex was
characterized by FT-IR and ESI-MS. Yield 18.7 mg (72%); ESI-MS
[M-(NO; ),-H']" m/z = 663.2 (caled 662.52).

4.2.,5 GdL®°Y, Gd(NO;);-5H,0 (30.4 mg, 67.4 pmol) in
ethanol (5 mL) was slowly added to a solution of LE9°H
(25.2 mg, 49.3 umol) in ethanol (5 mL). After stirring for 24 h,
the white precipitate was filtered and washed with ethanol.
Yield 21.5 mg (55%); ESI-MS [M-(NO; ),-H']" m/z = 668.1
(caled 667.80).

4.2.6 TbL®°M, Tb(NO;);-6H,0 (29.5 mg, 65.1 umol) in
ethanol (5 mL) was slowly added to a solution of L°9°H
(30.0 mg, 58.6 pmol) in ethanol (5 mL). After stirring for 24 h,
the white precipitate was filtered and washed with ethanol.
Yield 20.3 mg (51%); ESI-MS [M-(NO; ),-H']" m/z = 669.1
(caled 669.13).

— =

4.3 Instrumentation

"H-NMR spectra were recorded on a JEOL JMN-5001I spectro-
meter in CDCl; with tetramethylsilane and in methanol-d,. ATR
FT-IR spectra were measured using a Nicolet iS5 spectrometer
(Thermo Scientific). XPS measurements were performed on a
KRATOS AXIS ULTRA DLD (Shimadzu) equipped with a mono-
chromatic Al-Ka X-ray source (1253.6 eV); the binding energies
were calibrated at the Au 4f level (84.0 eV). Synchrotron XRPD
patterns were recorded on a large Debye-Scherrer camera
installed at SPring-8 BL02B2 (JASRI/SPring-8) using an imaging
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plate as a detector.”® Fast atom bombardment mass spectrometry
(FAB-MS) was performed using the MStation JMS-700A (JEOL).
ESI-MS spectra were recorded using liquid chromatography-mass
spectrometry (LC-MS 2020, Shimadzu). Electronic absorption
spectra in the solid state and in solution were obtained using
the diffused reflection method with conversion of the y-axis by
UV-3100 and UV-3600S (Shimadzu), respectively. Luminescence
and excitation spectra were recorded on a Fluorolog 3-22 (Horiba
Jobin Yvon). Absolute luminescence quantum yields and lumi-
nescence lifetimes were determined using an absolute lumines-
cence quantum yield C9920-02 spectrometer (Hamamatsu
Photonics K. K.) and a Quantaurus-Tau C11367-12 spectrometer
(Hamamatsu Photonics K. K.), respectively, with pulsed excitation
light sources. The pH values were measured using a pH meter
with a freshly calibrated 3.3 M KCI electrode from DKK-TOA
Corporation.
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