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Five Eu complexes with long alkyl chain groups, abbreviated as EULC, ("x" indicates the number of methyl-
ene groups: x = 8, 12, 14, 18, and 22), were synthesized to evaluate their structural and luminescence pro-
perties in chloroform. The mother helicate Eu complex, EuL, which has two bipyridine moieties bridged
by an ethylenediamine, has been previously reported. A reduced form in which the azomethine groups of
L also coordinated to the Eu ion, EuLH, was newly prepared. EuLH also adopts a helicate molecular struc-
ture based on single crystal X-ray structural analysis. The amine hydrogens of the bridging ethylene-
diamine of LH are active sites for substitution and were exchanged with five different alkyl chains to form
EuLC,. Luminescence band positions and shapes of EuLC, in chloroform were completely identical, with
a quantum yield of 37.1 + 1.2 and a lifetime of around 1.25 ms. This indicates that the environments
surrounding the Eu ion in the various complexes are all similar. Luminescence quantum yields of TbLH
and TbLC,g are also strengthened, 48.7% in acetonitrile and 55% in chloroform, respectively. Potential
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energy surfaces were also described by using density functional theory, suggesting the possibility of a 1: 2
complex of Eu and the ligand as a main luminescent species in solutions. This 1:2 complexation forms
Eu—-oxygen coordination using acyl groups. It indicates that the acyl group modification results in a

rsc.li/dalton different structure from the mother complexes.

attracted much interest in applications for counterfeiting tags,

1. Introduction

[{ec

An advantage of lanthanide (Ln) complexes with n-electronic
ligands is their stable luminescence colours originating from f-f
transitions of Ln ions, which are strengthened by an antenna
effect.”” Based on this feature, luminescent Ln complexes have
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devices, sensors, bioimaging and luminescent probes.*

Alkyl chain groups attached to a molecular structure can
control not only the molecular size but also the chemical/physi-
cal properties such as hydrophilicity/hydrophobicity and solubi-
lity. It is well known that alkyl chain groups play an important
role in biological systems.®® For instance, phospholipids such
as sphingomyelin and glycerophospholipid possess hydrophobic
and hydrophilic moieties, and form phospholipid bilayers based
on hydrophobic forces. The hydrophobic forces not only control
the folding of proteins, but also help in maintaining their
unique structures against deformation. Such a surfactant behav-
iour of the alkyl groups also has much potential in the fabrica-
tion of hybridized materials. In fact, we recently reported” a red-
emissive graphene sheet hybridized with a Eu complex, EuLC;s,
and studied its fundamental chemical properties.

Previously, we reported the mother complexes of Ln with
helicate skeletons (LnL; Ln = Nd, Eu, Gd, Tb, Dy, and Ho).'*"*
The hexadentate ligand, L (Scheme 1), consists of two bipyri-
dine (bpy) moieties bridged with an ethylenediamine. From
single crystal X-ray structural analyses, all LnL complexes are
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Scheme 1 Syntheses of LnLC, and LnLH. R and x indicate the alkyl
group and its number of hydrocarbons, respectively.

isostructural. EuL in acetonitrile shows luminescence bands at
580, 595, 615, 650, and 685 nm by the irradiation of UV light.
The luminescence and structural behaviours of LnL were
stable even in acetonitrile due to the chelate effect. After the
reduction of the azomethine moieties of LnL, derivatives that
retained the luminescence were synthesized.'> For instance,
EuL“°°" shows high water solubility and luminescence with
the same luminescence properties in the pH range of 2.6-9.7.
The two carboxylic groups play different roles for the solubility
and half-capsulation of the molecular form. We could also
obtain EuL®°°" which was derived from the reduced form of
EuL. Here, a series of lanthanide complexes with various
lengths of alkyl chains combined with LH (abbreviated as
EulLC,, x = 8, 12, 14, 18, and 22) were synthesized (EuLCg,
EuLCy,;, EuLCy;, EuLCsg, and EuLC,,) and examined
(Scheme 1). The mother molecule, EuLH, was also newly pre-
pared in order to clarify the effect of the alkyl chain groups.
Each ligand acts as a photo-antenna to sensitize the f-f emis-
sion localized on Eu™. The electronic absorption spectra,
luminescence spectra, absolute quantum yields and lifetimes
of EuLH, EuLCg, EuLC;,, EuLC,4, EuLC,s, and EuLC,, were
examined to elucidate their luminescence behaviour.
Furthermore, the luminescent species and its stoichiometry of
the Eu complex with LC, as a model molecule were elucidated
by using density functional theory (DFT) calculations support-
ing mass spectroscopy.

2 Results and discussion
2.1 Structural analyses of Eu complexes with LH and LCg

2.1.1 Structural analysis of EuLH. The single crystal X-ray
structural analysis of EuLH was performed, and the molecular
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Fig. 1 Molecular structures of a couple of EuLH molecules determined
from single crystal X-ray analysis. Coloured atoms in white, grey, blue,
red, and pink indicate hydrogen, carbon, nitrogen, oxygen, and euro-
pium, respectively. NOz counter anions and acetonitrile atoms are
omitted for clarity.

structure is shown in Fig. 1. Six nitrogen atoms of the ligand
LH and four oxygen atoms of two nitrate ions coordinate to
europium, and the complex adopts a 10-coordination struc-
ture. This complex also forms a helicate structure after the
reduction of the azomethine moieties of EuL with the two
nitrogen atoms of the ethylenediamine moieties. The C-N
bond distance in EuLH of the reduced azomethine skeleton of
EuL is 1.46 A which is longer than the corresponding bond dis-
tance in EuL (1.27 A). The bond angle of C(11)-N(3)-C(12) in
EuLH (inset of Table S1t) is 112.8°, which corresponds to the
value ca. 110° of H-C-H in methane with a sp’-hybridized
orbital. The averaged interatomic distance between europium
and nitrogen atoms is ca. 2.49 A with the longest and shortest
ones being 2.61 and 2.53 A, respectively.

Each bpy skeleton is planar and the distance between the
two nearest carbon atoms located on the pyridine edges is ca.
3.28 A. This value is higher than that of EuL by 0.1 A,
suggesting that the structures of EuL and EuLH are slightly
different due to the azomethine reduction.

The Z-value of the unit cell was 4 (Table 1 and Fig. S17),
indicating that a couple of different structures of EuLH exist
within the cell. Furthermore, four nitrate ions as counterions
and six acetonitrile molecules are included in the unit cell.
From the above results, there is enough space at the hydrogen
atoms of azomethine’s nitrogen to add alkyl chains due to the
sp® hybridization of nitrogen atoms, as described above.

2.1.2 Coordination of Eu and LCg in solutions. From the
ESI-MS measurement of EuLCg in acetonitrile (Fig. S27), two
main peaks appear at m/z = 924.87 and m/z = 1574.76. The
former peak is assigned to EuLCg as a 1:1 stoichiometry of Eu
and the ligand. The latter one corresponds to a 1:2 stoichio-
metric species of Eu and LCg. As described later, the electronic
absorption band and luminescence properties of the Eu complex
with LCg differ from those of EuLH in solutions. Especially, there
is only single component of the Eu complex with LCg in the
luminescence lifetime. Thus, the stoichiometry or coordination
sphere of Eu complexes with LC, in solutions should be defined.

According to the DFT calculations, the Gibbs free energy of the
model 1:2 complex Eu(LC,),(NOs), was about 60 kcal mol™

This journal is © The Royal Society of Chemistry 2018
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Table 1 Crystallographic data for EuLH

Formula C,;H,g sEUN; 504
Formula weight 796.05
Crystal size (mm) 0.137 x 0.162 % 0.063
Crystal system Triclinic
Space group P1

a(A) 11.3057(4)

b (A) 15.635(2)

c () 19.340(2)

a () 106.1440(10)
B(°) 91.3930(10)
7(9) 105.6950(10)
V(A% 3143.02

Z value 4

Deated (Mg m™) 1.682

u (Mo Ka) (mm™) 2.065

F(000) 1596

1 (Mo Ka) (A) 0.71073
Temperature (K) 90

R“ (I > 2.006(D)) 0.0309

WR,” (I > 2.000(1)) 0.0677
Goodness of the fit 1.023

Largest peak and hole (e A™) 1.071, —0.609

“Ry = Y| |Fo| = |Fe|[/X|Fo)- "WR, = {Z[W(Foz - FCZ)ZJ/Z[W(FOZ)Z]}UZ-

more stable than those of the model 1:1 complexes
EuLC,(NOj3),, which indicated that EuLC, could exist as 1:2
complexes. In the 1:2 complex, Eu was coordinated by two
oxygen atoms of acyl groups instead of the nitrogen atoms of
bpy moieties (Fig. 2).

2.2 Electronic absorption and luminescence of Eu complexes

2.2.1 EuLH in acetonitrile. The electronic absorption and
luminescence spectra of EuLH, GALH and the ligand LH are
shown in Fig. 3. LH in acetonitrile mainly exhibits absorption
bands at 286 and 300 (sh) nm. These bands shifted to a lower
energy after complexation with Eu or Gd. EuLH has bands at
303 and 315 (sh) nm in acetonitrile. The band positions are at
a higher energy than those of EuL,'® meaning that the
n-conjugated length decreased after the reduction of the
azomethine moieties of the ligand.

The excited triplet level of the ligand, which is the key to
sensitize the f-f emission, can be estimated from the phos-
phorescence bands of the Gd complexes (Fig. 3)."*™" The
phosphorescence band of GALH in ethanol appears at 410 nm

AG=673

AG =56.0

Fig. 2 Optimized geometries and Gibbs free energy differences at
298.15 K (in kcal mol™) of the 1:2 complex Eu(LC,)>(NOs3), (a) and two
1:1 complexes EUuLC,(NOs), (b) calculated at the wB97XD level of
theory.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Electronic absorption and luminescence spectra of EuLH (red)
and GdLH (blue) in acetonitrile. The phosphorescence band was
observed in ethanol at 77 K. The ligand is shown as a black line. e =
303 nm.

(24 400 cm™"). The ligand LH acts as a sensitizer for Eu. The
emission bands of EuLH were observed at 580.5, 592.3, 616.6,
649.7, and 686.2 nm in acetonitrile, assigned to the Dy — “F,,
Dy = 'Fy, °Dy = 'F,, °Dy — 'F5, and °D, — F, transitions of
Eu', respectively.

The excitation spectrum of EuLH corresponds to its absorp-
tion spectrum (Fig. S3T). The absolute luminescence quantum
yield (¢ 1) and luminescence lifetime (z,ps) of EULH in aceto-
nitrile are 5.3% and 0.27 ms, respectively (Fig. S47). The radia-
tive rate constant (kg), the non-radiative rate constant (kyg),
the efficiency of the metal centred luminescence (¢r,-1n) and
the efficiency of energy transfer from the triplet state of the
ligand to Eu (7g,r) are calculated from the equations shown in
the ESIf using the above values. The values of kg, kygr, and
Near of EULH are 267 (s7), 3437 (s™), and 74%, respectively.
The value of kyg is much higher than that of EuLC, as
described later.

2.2.2 EuLCx in chloroform. The electronic absorption
spectra of EuLCg, EuLC;,, EuLCy,, EuLC;s, and EuLC,, are
shown in Fig. 4. After the modification of the ligand with two
long alkyl chain groups, LCg shows an absorption band at
nearly 290 nm in chloroform. The corresponding bands of

5.0 5.0
4.0 (@) 4.0 (d)
3.0 ~ 30
2.0 g 20 p
_ 10 = \ 210 N\
T 00 = = 00 =
5 40 (b) 7 40 (@)
T 30 2 30
:?/ 2.0 Ny © 2.0 4
o 10 = AN 1.0 p> A\
w 0.0 — 0.0
4.0 (c) 260 280 300 320 340
3.0 Wavelength (nm)
2.0 X
1.0 =
0.0

260 280 300 320 340
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Fig. 4 Electronic absorption spectra of Eu (red line) and Gd (gray line)
complexes with LCg (a), LCy» (b), LCy4 (c), LCyg (d), and LC;; (e). Dotted
lines correspond to free ligands.
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EuLCg were observed at 290, 300 (sh), and 315 (sh) nm in
chloroform. The spectral shapes of EuLC;,, EuLCy,4, EuLCyg,
and EuLC,, in chloroform were identical to that of EuLCg.
This observation suggests that the long alkyl chain groups of
the ligand moieties do not affect the electronic configuration
surrounding the Eu ion and thus the series of EuLC, com-
plexes adopt similar molecular structures in chloroform. The
series of Gd complexes also shows corresponding bands in
chloroform, while, these bands are different from that of
EuLH in solutions.

The luminescence spectra of EuLCg, EuLC;,, EuLCyy,
EuLC,g, and EuLC,, in chloroform are shown in Fig. 5. EuLC,
also luminesces in the red wavelength region. EuLCg shows
luminescence bands at 581.0, 592.5, 615.3, 649.8, and
685.0 nm in chloroform and these bands are assigned to the
Dy = 'Fy, Dy — 'Fy, °Dy = 'F,, Dy — F3, and °D, — 'F,
transitions of Eu™, respectively. The corresponding bands of
EuLC,,, EuLC,4, EuLC,g, and EuLC,, with different chain
lengths appeared at the same positions. The spectral shapes of
the series of EuLC, are completely identical indicating that the
environment surrounding the Eu ion is similar for all the
members of the series. Each excitation spectrum monitored at
the f-f emission band positions reproduces well each elec-
tronic absorption spectrum assigned to the lowest excited state
of LC, (Fig. S57).

To evaluate the energy donor level of each ligand as well as
EuLH, Gd complexes with LC, were used to determine the
excited triplet state by the measurement of phosphorescence
at a low temperature (Fig. 6). The band of GdLC,; in solutions
at 77 K appears around 425-600 nm as a broad band with
some peaks and is slightly red-shifted more than that of
GdLH. The band is reproduced well for other Gd complexes
with LC,, meaning that a series of different alkylation ligands
LC, can maintain the triplet state in their n-electronic systems.
The fluorescence bands localized on the ligand of GdLC, at
332 nm in solutions reproduces that of GALH which remains
on the blue-side in GdL (Fig. S61). GALC, has a relatively clear
shoulder around 360 nm. These results will maintain the
possibility of a quasi-sp> conformation around the reduced
azomethine moieties of the ligand LC, after the complexation.

(a) (d)
3
s
— 2
; b @ e
;i (b) 2 (e))
2 £
2
2 N
= (c) 550 600 650 700 750
Wavelength (nm)
550 600 650 700 750

Wavelength (nm)

Fig. 5 Luminescence spectra of EuLCg (a), EuLCi, (b), EuLCys (c),
EuLCyg (d), and EuLC5; (e) in chloroform. i = 290 nm.
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Fig. 6 Phosphorescence spectra of GdLCg (a), GALC;, (b), GALCy4 (),
GdLC,5 (d), and GdLC5, (e) in ethanol at 77 K. 1 = 290 nm.

The photophysical properties of EuLCg, EULC;,, EULCyy,
EuLCyg, and EuLC,, are summarized in Table 2 and Fig. S7.7
After the introduction of two long alkyl chain groups into the
ligand, the values of ¢y _y,, were over 30% in a series of EuLC,
which drastically changed compared with that in EuLH.

The 7,5 value of EuLCg is 1.24 ms as a single component
and corresponds to those of EuLC,,, EuLC,4, EuLC;g, and
EuLC,, in chloroform. The value of kyg drastically decreased
after the introduction of alkyl chain groups. Thus, the two
long alkyl chain groups are important to suppress the non-
radiative relaxation process and sensitize the luminescence of
the Eu ion. The kg values of the series of EuLC, are similar,
indicating that the environments around the Eu ion of EuLC,
are the same. This is supported by spectral measurements.
The ng,r values of EuLC, are lower than that of EuLH. The
molecular size-controlled Eu complexes with long alkyl chains
were developed while maintaining the luminescence of the Eu
ion.

The difference of luminescence properties between EuLC,
and EuLH could be explained by the potential energy profiles
(Fig. 7). The triplet energy levels of LC, and LH were similar
because both of their excitations were localized on one of the
bpy moieties.

From the triplet state, the energy transfer to Eu and
quenching via the intersystem crossing could take place
through the minimum energy crossing points between poten-
tial energy surfaces. The activation barrier for the quenching
via the intersystem crossing between the triplet state and the

Table 2 Quantum yields (lex = 300 nm), luminescence lifetimes (lex =
280 nm and Amon = 618 nm) and photophysical data of EuLCg, EuLC;5,
EuLCyy4, EULCls, EuLC5,, and EuLH

@P1L-Ln T (ms) kr (5_1) knr (S_l) @PLn-Ln NEnT
EuLCg 38.6% 1.24 539 261 67% 57%
EuLC,, 37.4% 1.25 539 261 67% 56%
EulLCy, 35.6% 1.25 543 257 68% 52%
EuLC;g 38.6% 1.25 538 262 68% 58%
EuLC,, 35.2% 1.25 543 258 68% 52%
EuLH 5.3% 0.27 267 3437 7% 74%

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Potential energy profiles (in kcal mol™) and spin densities on the
ligand-centered triplet states of Eu(LC,)>(NOs), (a) and EuLH(NOs), (b)
calculated using the DFT method with the ®B97XD functional. The
double triangles represent the minimum energy crossing points
between two potential energy surfaces.

ground state of EuLH was larger than that of EuLC,, which
resulted in a larger kxr of EuLH. The activation barriers for the
energy transfer were almost zero both for EuLC, and EuLH.
However, the rate of the energy transfer for EuLC, could be
slower than that of EuLH because the distance between Eu
and excited bpy moieties in EuLC, was longer than that in
EuLH,'® which is consistent with a smaller 51 of EULC,.

2.3 Luminescence properties of TbLH in acetonitrile and
TbLC,; in chloroform

As reported previously, Eu and Tb complexes with the mother
ligand L adopt the same molecular shape in the helicate form
and luminesce from the center metals by UV excitation. To
explore the possibilities of other Ln metals, we synthesized a
Tb complex with LC,4 as a white powder (see the Experimental
section).

The electronic absorption and luminescence spectra of
TbLH and TbLC;g in chloroform are shown in Fig. 8. The n-n*
absorption bands of TbLH in acetonitrile appear at the corres-
ponding positions of EuLH. TbLC,s shows absorption bands
at 290, 300 (sh) and 315 (sh) nm assigned to the n-n* tran-
sition. The absorption band position of TbLC,g appeared at a
shorter wavelength than that of TbL,'® indicating that the elec-

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Electronic absorption and luminescence spectra of TbLH (top:
Jex = 305 nm) in acetonitrile and TbLC,g (bottom: Ae, = 290 nm) in
chloroform.

tronic state of the ligand changed after the reduction of the
azomethine moieties and the introduction of the alkyl chain
groups.

We recently suggested that the reduction of L to LH will
theoretically enhance the strong luminescence of the terbium
ion."” Consequently, we experimentally realized the strong f-f
emission of TbLH in acetonitrile. Thus, the band positions at
491.0, 545.0, 583.5, 624.5, and 647.5 nm are assigned to the
°D, — ’Fg, °Dy — Fs, °Dy — 'Fy, °D, — ’F3, and °D, — 'F,
transitions of Tb™, respectively, and the luminescence
quantum yield becomes 48.7%, which is much higher than
that of TbL (<0.1%) in acetonitrile.'® In the case of TbL, the
lowest minimum energy crossing from T; to S, is only
0.4 kcal mol™" and the relaxation from the T, to S, occurs pre-
ferentially to transfer energy from the T, to °D, resulting in a
low quantum yield. In contrast, the energy level of the T; state
of TbLH becomes higher than that of TbL as mentioned above
(section 2.2.1). The energy barrier between the T; and S, also
becomes higher. Thus, the absolute quantum yield in TbLH
remarkably increased with the comparison of that in TbL. The
luminescence decay curve demonstrates a single component
with a lifetime of 1.66 ms (Fig. S8(a)7).

The luminescence bands of TbLC,g in chloroform observed
at 492.3, 547.2, 584.1, 625.9, and 650.1 nm are assigned to the
°D, —» 'Fg, °D, — ’Fs, °Dy — 'Fy, °D, — ’F3, and °D, — 'F,
transitions of Tb™, respectively. The mother molecule TbL
shows negligibly weak luminescence in acetonitrile,'® whereas
the absolute luminescence quantum yield of TbLC;g in chloro-
form is 55%, which is significantly higher than that of TbLH.
The luminescence lifetime of this compound is 1.48 ms
(Fig. S8(b)T). Thus, the reduction of the azomethine moieties
and the introduction of the alkyl chain groups clearly affect
the Iuminescence properties of Tb™ in solutions. The alkyl-
ation of the ligand in the Tb complex such as TbLC,g results
in more efficient luminescence than those in EuLC;g. It was

Dalton Trans., 2018, 47, 7135-7143 | 7139
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caused by a higher energy donor level of the ligand LC;5 posi-
tioning at the acceptor level of Tb™ compared with the mother
molecule L.

3. Experimental
3.1 Reagents and materials

Commercially available reagents and spectral-grade solvents
(Wako Pure Chemical Industries Ltd, Tokyo Chemical Industry
Ltd, and Kanto Chemical Co. Inc.) were generally used without
further purification.

"H-NMR spectra were recorded on a JEOL JMN-500 II
spectrometer in CDCl; with tetramethylsilane. The X-ray struc-
tural data for EuULH were collected on a Bruker Smart APEX-II
CCD diffractometer equipped with graphite monochromated
Mo Ka radiation at 90 K. The data were collected to a
maximum 2 h value of 55° and processed using the Bruker
APEX-II software package.'® The structure was solved by direct
methods and refined by full-matrix least-squares calculations
using a SHELX-97."°7>" All non-hydrogen atoms were refined
anisotropically, and all hydrogen atoms were located at the
idealized positions. A summary of the fundamental crystal
data and experimental parameters used to determine the struc-
ture of EuLH is given in the ESLf CCDC 1813448.f Fast
Atomic Bombardment (FAB-MS) was performed using the
MStation JMS-700A (JEOL). Electron spray ionization mass
spectroscopy (ESI-MS) was carried out by using JMS-T100CS
(JEOL) and LCMS-8040 (Shimadzu) for EuLCg in acetonitrile
and EuLC;g and TbLC;; in chloroform. Electronic absorption
spectra were observed by using a UV-3600S (Shimadzu).
Luminescence and excitation spectra were recorded on a
Fluorolog 3-22 (Horiba Jobin Yvon). Absolute luminescence
quantum yields and luminescence lifetimes were determined
using an absolute luminescence 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.

3.2 Syntheses

3.2.1 EuLH and TbLH. The starting compound LH was syn-
thesized using a previously reported method.'” LH (100.0 mg,
252.2 pmol) and Eu(NO3;);-6H,0 (114.6 mg, 0.2570 pmol) were
stirred in methanol (1 mL) for 3 hours. The precipitate was
obtained after filtration. Yield: 115 mg (63%). MS (FAB'); m/z,
673 [M — (NO;7)]" (caled. 673.10).

TbLH was prepared similarly to EuLH using Tb(NO3);-6H,0
(50.4 mg, 111.2 pmol). Yield: 58.1 mg (76%). MS (FAB'); m/z,
679 [M — (NO;7)]" (caled. 679.43).

3.2.2 N,N-(Ethane-1,2-diyl)bis(N-([2,2"-bipyridin]-6-ylmethyl)
octanamide) (LCg). LH (181.9 mg, 458.8 umol) was dissolved in
tetrahydrofuran (10 mL) and n-octanoyl chloride (188.2 mg,
1157 pmol) in tetrahydrofuran (1 mL) was slowly added. Next,
triethylamine (1553 mg, 15.36 mmol) in tetrahydrofuran
(1 mL) was added to the mixture and the reaction mixture was
stirred overnight. A white precipitate was filtered out and the
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filtrate was evaporated to dryness. The product was purified by
column chromatography (chloroform/ethyl acetate, 7:3).
vield: 215.7 mg (72%). 'H-NMR [500.00 MHz, CDCl;,
Fig. S9(a)t]: 6 8.66 (m, 2H), 8.30 (m, 4H), 7.75 (m, 4H), 7.29 (m,
4H), 4.78 (m, 4H), 3.70 (s, 4H), 2.38 (t, 4H), 1.60 (m, 4H), 1.25
(m, 16H), 0.88 (t, 6H). MS (FAB'): m/z 648 [M + H']" (calcd.
648.42). Elemental analysis, caled for [LCg] (C40H5,NgO,): C
74.04, H 8.08, N 12.95; found: C 73.89, H 7.91, N 12.89.

3.2.3 N,N-(Ethane-1,2-diyl)bis(N-([2,2"-bipyridin]-6-ylmethyl)
dodecanamide) (LC;,). LH (182.5 mg, 460.3 pmol) was dis-
solved in tetrahydrofuran (10 mL) and n-lauroyl chloride
(226.8 mg, 1037 pmol) in tetrahydrofuran (1 mL) was slowly
added. Next, triethylamine (1000 mg, 9.882 mmol) in tetra-
hydrofuran (1 mL) was added to the mixture and the reaction
mixture was stirred overnight. A white precipitate was filtered
out and the filtrate was evaporated to dryness. The product
was purified by column chromatography (chloroform/ethyl
acetate, 6:4). Yield: 288.5 mg (82%). 'H-NMR [500.00 MHz,
CDCl;, Fig. S9(b)]: 6 8.67 (m, 2H), 8.31 (m, 4H), 7.75 (m, 4H),
7.30 (m, 4H), 4.78 (m, 4H), 3.71 (s, 4H), 2.41 (t, 4H), 1.64 (m,
4H), 1.21 (m, 32H), 0.87 (t, 6H). MS (FAB'): m/z 760 [M + H']"
(caled. 760.54).

3.2.4 N,N-(Ethane-1,2-diyl)bis(N-([2,2"-bipyridin]-6-ylmethyl)
tetradecanamide) (LC,4). LH (124.2 mg, 152.0 pmol) was dis-
solved in tetrahydrofuran (10 mL) and n-myristoyl chloride
(161.6 mg, 654.7 pmol) in tetrahydrofuran (1 mL) was slowly
added. Next, triethylamine (912.2 mg, 9.014 mmol) in tetra-
hydrofuran (1 mL) was added to the mixture and the reaction
mixture was stirred overnight. A white precipitate was filtered
out and the filtrate was evaporated to dryness. The product
was purified by column chromatography (chloroform/ethyl
acetate, 6:4). Yield: 216.7 mg (80%). 'H-NMR [500.00 MHz,
CDCl;, Fig. S9(c)f]: § 8.66 (m, 2H), 8.32 (m, 4H), 7.79 (m, 4H),
7.30 (m, 4H), 4.78 (m, 4H), 3.70 (s, 4H), 2.38 (t, 4H), 1.62 (m,
4H), 1.24 (m, 40H), 0.87 (t, 6H). MS (FAB'): m/z 816 [M + H']"
(caled. 816.60).

3.2.5 N,N-(Ethane-1,2-diyl)bis(N-([2,2"-bipyridin]-6-ylmethyl)
stearamide) (LCyg). LH (164.4 mg, 414.6 pmol) was dissolved in
tetrahydrofuran (10 mL) and n-stearoyl chloride (276.9 mg,
914.1 pmol) in tetrahydrofuran (1 mL) was slowly added. Next,
triethylamine (855.2 mg, 8.451 mmol) in tetrahydrofuran (1 mL)
was added to the mixture and the reaction mixture was stirred
overnight. A white precipitate was filtered out and the filtrate
was evaporated to dryness. The product was purified by column
chromatography (chloroform/ethyl acetate, 6:4). Yield:
253.5 mg (66%). 'H-NMR [500.00 MHz, CDCl;, Fig. S9(d)}]:
5 8.68 (m, 2H), 8.32 (m, 4H), 7.80 (m, 4H), 7.31 (m, 4H), 4.79
(m, 4H), 3.72 (s, 4H), 2.40 (t, 4H), 1.64 (m, 4H), 1.27 (d, 56H),
0.89 (t, 6H). MS (FAB"): m/z 930 [M + H']" (caled. 929.73).

3.2.6 N,N-(Ethane-1,2-diyl)bis(N-([2,2"-bipyridin]-6-ylmethyl)
behenamide) (LC,,). Docosanoic acid (398.1 mg, 1169 pmol)
and thionyl chloride (6 mL) were stirred for 3 h at 333 K in
toluene (10 mL) with a drop of N,N-dimethylformamide.
n-Docosanoyl chloride was obtained after the evaporation of
the mixture, which was used directly for the next reaction
without further purification.
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LH (166.2 mg, 419.1 pmol) was dissolved in tetrahydrofuran
(10 mL) and n-docosanoyl chloride in tetrahydrofuran (2 mL)
was slowly added. Next, triethylamine (1030 mg, 10.1 mmol) in
tetrahydrofuran (1 mL) was added to the mixture and the reac-
tion mixture was stirred overnight. A white precipitate was fil-
tered out and the filtrate was evaporated to dryness. The
product was purified by column chromatography (chloroform/
ethyl acetate, 6:4). Yield: 346.3 mg (79%). 'H-NMR
(500.00 MHz, CDCl3, Fig. S9(e)t): & 8.66 (m, 2H), 8.31 (m, 4H),
7.79 (m, 4H), 7.30 (m, 4H), 4.78 (m, 4H), 3.70 (m, 4H), 2.39
(m, 4H), 1.62 (m, 4H), 1.26 (m, 72H), 0.88 (t, 6H). MS (FAB"):
m/z 1041 [M + H]" (caled. 1040.85).

3.2.7 EuLCg and GdLCg. LCg (148.5 mg, 228.8 pmol) was
dispersed into hot ethanol (7 mL) and completely dissolved.
After cooling the solution, Eu(NO;);-6H,O (131.8 mg,
295.5 pmol) in ethanol (1 mL) was slowly added to the solution
and the reaction mixture was stirred for 30 minutes. A white
precipitate was filtered and washed with cold ethanol. Yield:
156.8 mg (69%). FAB'MS: m/z 925 [M — (NO;7)]" (calced.
924.87). ESI-MS in acetonitrile: m/z 925.74 for EuLCg (calced.
924.87) (Fig. S2(a)f) and m/z 1574.85 for Eu(LCg),
(caled. 1574.64) (Fig. S2(a)f) without each NO;~ as a cation
[M - (NO;7)]. Elemental analysis, caled for [EuLCg]
(Ca4oHs5,EuNyO,;): C 48.68, H 5.31, N 12.77; found: C 48.95, H
5.58, N 12.45.

GdLCg was prepared similarly to EuLCg using Gd
(NO3)3-6H,0 (13.6 mg, 31.3 pmol). Yield: 21.3 mg (71%). MS
(FAB"): m/z 930 [M — (NO57)]" (caled. 930.15). Elemental ana-
lysis, caled for [GALCg] (C4oH5,GdNgOy,): C 48.42, H 5.28, N
12.71; found: C 48.79, H 5.50, N 12.52.

3.2.8 EuLC;, and GdLC;,. LC;, (154.8 mg, 189.4 pmol) was
dispersed into hot ethanol (5 mL) and completely dissolved.
After cooling the solution, Eu(NO;);-6H,O (106.1 mg,
237.9 pmol) in ethanol (0.5 mL) was slowly added to the solu-
tion and the reaction mixture was stirred for 30 minutes.
A white precipitate was filtered and washed with cold ethanol.
Yield: 158.5 mg (78%). MS (FAB'): m/z 1037 [M — (NO57)]"
(caled. 1037.08).

GdLC;, was prepared similarly to EuLC;, using
Gd(NO;);-6H,0 (47.4 mg, 105 pmol). Yield: 71.2 mg (67%). MS
(FAB"): m/z 1042 [M — (NO;7)]" (caled. 1042.37).

3.2.9 EuLCy, and GdLC,,. LCy, (154.8 mg, 189.4 pmol) was
dispersed into hot ethanol (5 mL) and completely dissolved.
After cooling the solution, Eu(NO;);-6H,0 (101.4 mg,
227.3 pmol) in ethanol (0.5 mL) was slowly added to the solu-
tion and the reaction mixture was stirred for 30 minutes.
A white precipitate was filtered and washed with cold ethanol.
Yield: 157.8 mg (72%). MS (FAB'): m/z 1093 [M — (NO;7)]"
(caled. 1093.19). Elemental analysis, caled for [EuLCi4]
(Cs5H,4EuNyO,;): C 54.07, H 6.63, N 10.91; found: C 54.49, H
6.98, N 10.55.

GdLC;; was prepared similarly to EuLC;; using
Gd(NO;);-6H,0 (27.5 mg, 60.9 pmol). Yield: 38.3 g (98%).
MS (FAB'): m/z 1098 [M — (NO57)]" (caled. 1098.48). Elemental
analysis, caled for [GALC,4] (Cs5,H76GdNgO;4): C 54.20, H 6.86,
N 10.61; found: C 53.82, H 6.60, N 10.86.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

3.2.10 FuLCy;s, GdLC,;3 and TbLCys. LCis (141.2 mg,
151.9 pmol) was dispersed into hot ethanol (30 mL) and com-
pletely dissolved. After cooling the solution, Eu(NO;);-6H,0
(79.47 mg, pmol) in ethanol (2 mL) was slowly added to the
solution and the reaction mixture was stirred for 1 hour.
A white precipitate was filtered and washed with cold ethanol.
Yield: 141.5 mg (73%). MS (FAB'): m/z 1205 [M — (NO; )]
(caled. 1205.62). ESI-MS in chloroform (Fig. S2(b)t): m/z 1205.6
[M — (NO;7)]" (caled. 1205.62).

GdLC;3 was prepared similarly to EuLC;g using
Gd(NO;);-6H,0 (19.2 mg, 42.7 pmol). Yield: 13.0 mg (25%).
MS (FAB'): m/z 1211 [M — (NO;7)]" (caled. 1210.69).

TbLC,s was also synthesized by using Tb(NO;);-6H,0
(16.0 mg, 35.7 pmol). Yield: 10.0 mg (26%), MS (FAB"): m/z
1212 [M - (NO;7)]" (caled. 1211.63). ESI-MS in chloroform
(Fig. S2(c)T): m/z 1211.7 [M — (NO37)]" (caled. 1211.63).

3.2.11 EuLC,, and GdLC,,. LC,, (157.9 mg, 146.8 pmol)
was dispersed into hot ethanol (10 mL) and completely dis-
solved. After cooling the solution, Eu(NO3);-6H,O (92.5 mg,
207.4 pmol) in ethanol (2 mL) was slowly added to the solution
and the reaction was stirred for 1 hour. A white precipitate was
filtered and washed with cold ethanol. Yield: 152.7 mg (75%).
MS (FAB'): m/z 1318 [M — (NO;7)]" (caled. 1317.62).

GdLC,, was prepared similarly to EuLC,, using
Gd(NO3);-6H,0 (11.1 mg, 24.7 pmol). Yield: 25.7 mg (75%).
MS (FAB'): m/z 1323 [M — (NO;7)]" (caled. 1322.91).

3.3 Computational

All the potential energy surfaces (PESs) were described using
density functional theory (DFT) with the ®B97XD functional.*
The basis sets for Eu’ and others were the (7s6p5d)/[554p3d]
Stuttgart-Dresden large-core RECP basis set*® and cc-pvDZ,**
respectively. The PESs of Eu*'-centered excited states (°Dj; J =
0, 1, and 2) were approximately represented by that of the
ground state corrected by energy shift parameters®
(17250 em™, 19 000 cm™", and 21 500 cm ™" for J = 0, 1, and 2,
respectively). The details of this approximation, called the
energy shift method, are shown in ref. 26 and 27. The geome-
try optimizations of local minima and minimum energy cross-
ing points were performed via the global reaction route
mapping (GRRM) program®® using the energies and energy
derivatives computed using the Gaussian09 program.>’

4. Conclusions

Five europium complexes with long alkyl chain groups were
successfully synthesized and their luminescence spectra were
obtained quantitatively by means of luminescence lifetimes
and quantum yields. Their periodical size change upon alkyl-
derivatization on the m-electronic skeleton did not influence
the luminescence of the resulting Eu complexes, EuLC,, except
for EuLH in solutions. Based on the DFT calculation con-
cerned with the luminescence properties, it was found that the
acyl groups of LC, coordinate to Eu instead of bpy moieties in
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solutions. Finally, it is known that the environments surround-
ing the Eu ion are similar to each other in solutions.

TbLH in acetonitrile shows enhanced luminescence based
on the theoretical approaches in our previous report. The
quantum yield of TbLH is quite high at 48.7% in comparison
with the mother compound TbL. Furthermore, after the alkyl-
ation of TbLH to form TbLCyg, the f—f emission ability in solu-
tions increases drastically.
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