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Abstract

Photophysical properties of europium (Eu(IIl)) complexes are affected by ligand-to-metal
charge transfer (LMCT) states. Two luminescent Eu(Ill) complexes with three
tetramethylheptadionates (tmh) and pyridine (py), [Eu(tmh)3(py)i] (seven-coordinated
monocapped-octahedral structure) and [Eu(tmh)s3(py)2] (eight-coordinated square anti-
prismatic structure), were synthesized for geometrical-induced LMCT level control. Distances
between Eu(Ill) and oxygen atoms of tmh ligands were estimated using single-crystal X-ray
analyses. The contribution percentages of n-4f mixing in HOMO and LUMO at the optimized-
structure in the ground state were calculated using DFT (LC-BLYP). The Eu-O distances and
their m-4f mixed orbitals affect the energy level of LMCT states in Eu(IIl) complexes. The
LMCT energy level of eight-coordinated Eu(Ill) complex was higher than that of seven-
coordinated Eu(Ill) complex. The energy transfer processes between LMCT and Eu(IIl) ion
were investigated using temperature-dependent and time-resolved emission lifetime
measurements of *Do—’F; transitions of Eu(IIl) ions. In this study, the LMCT-dependent
energy transfer processes of seven- and eight-coordinated Eu(Ill) complexes are demonstrated

for the first time.

Introduction

Luminescent metal complexes have been studied because of their versatile photophysical
properties for applications such as optical materials,'® light-emitting diodes,” cellular probes
and sensors.!%1 Their photophysical properties are strongly affected by coordination structure,
coordination number, and organic ligand moieties. Many types of luminescent metal complexes
with metal-to-ligand charge transfer (MLCT), metal-metal to ligand charge transfer (MMCLT)
and ligand-to-metal charge transfer (LMCT) bands have been reported.' In particular, there

have been a number of studies on the control of the MLCT emission processes of Ir(Ill) and
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Ru(Il) complexes.'”!® Recently, the control of the LMCT transition in Fe(II) complexes has
also been described.!” The charge-transfer bands are directly related to the electronic and
geometrical structures of the metal complex.

The electronic transitions of luminescent lanthanide complexes are significantly different
from those of transition metal complexes. Lanthanide complexes show characteristic
photophysical properties derived from the metal-centered 4/-4f transitions. The 4f-4f emission
is based on the electric-dipole transition with small offset (non-Stokes shifts)?’, which leads to
distinctive emission with high color purity (fwhm < 10 nm) and long emission lifetime (>1
us).?! Since the 4f-4f electric-dipole transitions in lanthanide complexes are Laporte-forbidden,
a mixed-parity state and field perturbations in 4f orbitals are required to partially allow the 4f-
4f transition.?>?* The charge-transfer bands in europium (Eu(IIl)) complexes have been also
reported.?* In this study, we focus on the 4f-4f emission process of Eu(Ill) complexes
depending on the LMCT bands.

The LMCT bands of Eu(IIl) complexes with organic anion ligands such as acetylacetonate

30,31 and

(acac)®, trimethylheptanoate (tmh)**2°, polycyclic aromatic hydrocarbons
dialkyldithiocarbamates®>*} have been reported. Faustino reported a theoretical approach for
understanding the influence of LMCT bands in lanthanide compounds and found that the
energy levels of triplet and LMCT bands are important for efficient europium ion
sensitization.>* Experimentally, the LMCT at low-lying energy level have been largely reported
as a quenching site for Eu(Ill)-based luminescence.’>® Miranda showed that effective
distortion and strain in tmh ligand of a di-nuclear Eu(IIl) complex promotes change in the
energy level of the LMCT states.?® The hybridized orbital between the non-bonding electron
of organic ligand and f orbital of lanthanide ion has also been reported.>’” We have recently

reported on a series of seven-coordinated Eu(IIl) complexes using tmh and phosphine oxide

ligands with several polyhedral structures around the Eu(IlI) ion.*® The radiative rate constant
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of the Eu(Ill) complex with a monocapped-octahedral structure (Point group: Csv) was larger
than those of Eu(Ill) complex with monocapped-trigonal-prismatic (Point group: C2v) and
pentagonal-bipyramidal structures (Point group: Dsr) because of larger mixing of LMCT states
into the 4f'states. Coordination polyhedral structure directly affects the electron density and the
distance between coordinating atoms and lanthanide ion, resulting in changes of the LMCT
states in the Eu(IIl) complex. The theoretical and experimental investigation of photophysical
relationship between geometrical structure and LMCT energy level leads to a well-
understanding of LMCT-dependent energy transfer process in Eu(Ill) complexes.

In order to analyze the energy transfer process related to the LMCT state, we prepared seven-
and eight-coordinated Eu(III) complexes using tmh and pyridine (py) ligands, [Eu(tmh)s(py)1]
(Eu-pyl) and [Eu(tmh)3(py)2] (Eu-py2) (Figure 1). Their coordination structures were
characterized using single-crystal X-ray analyses. The photophysical processes of the Eu(III)
complexes were evaluated using diffuse reflectance spectra, emission spectra, lifetimes and
quantum yields. The quantum chemical calculations were performed to provide insights into
the LMCT states in seven- and eight-coordinated structures. The LMCT energy level of eight-
coordinated Eu(IIl) complex was higher than that of seven-coordinated Eu(IIl) complex. The
temperature-dependent and time-resolved emission lifetimes were also recorded to understand
the characteristic energy transfer pathways related to the LMCT state of each Eu(IIl) complex.
In this study, the LMCT-controlled energy transfer processes for photosensitized luminescence

of seven- and eight-coordinated Eu(IIl) complexes are demonstrated.
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Figure 1. Effect of coordination geometrical structures in the distance and orbital mixing of

coordinating ligands and Eu(III) ion.

Experimental Section

General Methods. All chemicals were reagent grade and used without further purification.
Infrared spectra were recorded on a JASCO FT/IR-4200 spectrometer. Elemental analyses
were performed on a J-Science Lab JM 10 Micro Corder and an Exeter Analytical CE440.
Mass spectrometry (ESI-MS) were recorded on a JEOL JMS-T100LP.

Preparation of [Eu(tmh)3(py)i] (Eu-pyl) and [Gd(tmh)s(py):] (Gd-py1l). The precursor
complex, [Euz(tmh)s], was synthesized as described in the previous report.>* Eu-py1 synthesis
was based on the previous report*” of the same compound with minor adaptations. [Euz(tmh)s]
(0.17 g,0.120 mmol) and pyridine (0.04 g, 0.5 mmol) were dissolved in methanol. The solution
was heated at reflux while stirring for 3 h. The solution was evaporated and the obtained solid
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was washed with distilled water and dichloromethane. Then, they were recrystallized in
methanol giving yellowish crystals for Eu-pyl.

Eu-pyl: Yield: 0.12 g (70%). IR (ATR) v = 2830-3003 (m, C-H), 1569 (s, C=0) cm..
Elemental analysis calc.(%) for [C3sHe2NOsEu] + 0.5 CH2Cl2+ 0.5 H20: C, 55.56; H, 7.75; N,
1.68. Found C, 55.58; H, 7.73; N, 1.67.

Gd-pyl was synthesized with the same method as Eu-pyl. Recrystallized crystals were
transparent for Gd-py1.

Gd-pyl: Yield: 0.12 g (70%). IR (ATR) v = 2830-3003 (m, C-H), 1569 (s, C=0) cm..
Elemental analysis calc.(%) for [C3sHe2NOeGd]: C, 58.06; H, 7.95; N, 1.78. Found C, 57.88;
H, 7.97; N, 1.75.

Preparation of [Eu(tmh)s3(py):] (Eu-py2) and [Gd(tmh);(py):] (Gd-py2). Eu-py2
synthesis was based on the previous report*' of the same compound with minor adaptations.
[Euz(tmh)s] (0.17 g, 0.120 mmol) was dissolved directly into pyridine and the solution was
heated at reflux while stirring for 30 min. The solution was evaporated and the obtained solid
was washed with distilled water and dichloromethane. Then, they were recrystallized in
pyridine giving slight yellow crystals for Eu-py2. These compounds were not stable under
temperatures higher than 30 °C, so proper storage is recommended (refrigerator or under
pyridine gas storage).

Eu-py2: Yield: 0.07 g (40%). IR (ATR) v = 2831-3006 (m, C-H), 1569 (s, C=0) cm™..
Elemental analysis calc.(%) for [Ca3sHe7N20¢Eu] + 0.2 CH2Cl2: C, 59.17; H, 7.75; N, 3.19.
Found C, 59.22; H, 7.82; N, 3.05.

Gd-py2 was synthesized with the same method as Eu-py2. Recrystallized crystals were

transparent for Gd-py?2.



Gd-py2: Yield: 0.12 g (70%). IR (ATR) v = 2831-3006 (m, C-H), 1569 (s, C=0) cm..
Elemental analysis calc.(%) for [C43Hs7N206Gd] + 0.25 CH2Cla: C, 58.60; H, 7.68; N, 3.16.
Found C, 58.61; H, 7.75; N, 3.02.

Optical Measurements. Diffuse reflection spectra were obtained using a JASCO V-670
spectrophotometer with an ISN-723 integrating-sphere unit. Emission and excitation spectra
were recorded on a HORIBA Fluorolog-3 spectrofluorometer and corrected for the response of
the detector system. Emission lifetimes (zobs) were measured using the third harmonics (355
nm) of a Q-switched Nd:YAG laser (Spectra Physics, INDI-50, fwhm = 5 ns, A = 1064 nm)
and a photomultiplier (Hamamatsu Photonics, R5108, response time < 1.1 ns). The Nd:YAG
laser response was monitored with a digital oscilloscope (Sony Tektronix, TDS3052, /= 500
MHz) synchronized to the single-pulse excitation. Emission lifetimes were determined from
the slope of logarithmic plots of the decay profiles. The emission quantum yields excited at
330 (DPrz*), 400 (DrLmcr), 464 (Dy) and 530 nm (Dy) were estimated using a JASCO F-6300-H
spectrometer attached with a JASCO ILF-533 integrating sphere unit (¢ = 100 nm) under air
and argon. The wavelength dependence of the detector response and the beam intensity of the
Xe light source for each spectrum were calibrated using a standard light source.

Detection of time-resolved photoluminescence measurements were performed using a streak
camera (Hamamatsu C4334) coupled to a polychromator (SpectraPro-150, spectral resolution:
~ 10 nm, Acton Research Corporation). The detection system was synchronized to a
regenerative Ti:Sapphire amplifier (Spitfire Ace, ~120 fs, 1 kHz, 4 mJ/pulse, 800 nm, Spectra
Physics) or an optical parametric oscillator (OPO) system (EKSPLA NT220, central
wavelength : tunable 400 - 2000 nm, pulse duration: 3 ns). The samples were pumped by the
second harmonic generation (SHG; 400 nm), or third harmonic generation (THG; 267 nm) of
a fundamental pulse from the amplifier, or the output from the OPO (465 nm). The polarization

angles of the light for pumping and detection were set to the magic angle (54.7 deg) to avoid
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distortion of the temporal profiles from molecular orientation.*? Emission lifetimes in the range
of 250-325 K were measured using a cryostat (Thermal Block Company, SA-SB245T) and a
temperature controller (Oxford Instruments, ITC 502S).

Seven-coordinated Eu-pyl was unstable at many solvent conditions (ex: methanol, acetone,
dichloromethane), where pyridine ligand is easily dissociated. For Eu-py2, the complex
dissolved in pyridine itself showed good stability. Therefore, in this paper, we focused on the
crystal samples of Eu-pyl and Eu-py2 only.

Crystallography. The X-ray crystal structures and crystallographic data for Ln-pyl and Ln-
py2 are shown in Figure 2 and Table S1 (see supporting information). Identical structures of
Eu(Ill) and Gd(III) complexes were obtained. All measurements were made on a Rigaku
XtaLAB PRO MMO007 imaging plate area detector with graphite monochromatic Mo-Kq
radiation. Corrections for decay and Lorentz-polarization effects were made using empirical
absorption correction, solved by direct methods and expanded using Fourier techniques. Non-
hydrogen atoms were refined anisotropically using the SHELX system.** Hydrogen atoms were
refined using the riding model. All calculations were performed using the crystal structure
crystallographic and Olex 2 software package.** The CIF data was confirmed by the
checkCIF/PLATON service. CCDC-1979576 (for Eu-pyl), CCDC-1979572 (for Eu-py2),
CCDC-1979575 (for Gd-pyl), CCDC-1979571 (for Gd-py2) contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational Details. Quantum chemical calculations were performed by the density
functional theory (DFT) using the Gaussian 16 package.*> Geometry optimization was carried
out using DFT with B3LYP-D3 functional,**“*® while excited states were investigated using
time-depended (TD) DFT with the long-range corrected (LC) BLYP functional.**>! The

Grimme's D3 dispersion correction is incorporated since the intramolecular dispersion
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interaction plays significant role for the stabilization of these systems including many aromatic
rings. The cc-pVDZ basis set> was used for all elements, except for Eu(I1I), in which Stuttgart

RECP (ECP28MWB) basis set was used.>

Results

Structure
Seven-coordinated (CN-7) and eight-coordinated (CN-8) Eu(IIl) complexes with tmh and py

ligands were independently synthesized using different methods. [Eu(tmh)3(py):] (Eu-py1l) was
synthesized by the complexation of pyridine (4 eq) with precursor [Euz(tmh)s] in methanol for
3h (SI: Scheme S1). On the other hand, [Eu(tmh)s3(py)2] (Eu-py2) was prepared by the
complexation of precursor [Euz(tmh)s] in pyridine solvent for 30 min (SI: Scheme S1). The
single crystals of Eu-pyl and Eu-py2 were obtained by recrystallization from methanol and
pyridine solutions, respectively. The structures of Eu-pyl and Eu-py2 were analyzed using X-
ray single-crystal measurements (Figure 2a and Figure 2b). The Eu-pyl is composed of three
tmh and one pyridine ligands, forming a seven-coordinated structure. For Eu-py2, two
pyridines are coordinated to an Eu(tmh)3 unit, resulting in the formation of an eight-coordinated

structure.’*



Figure 2. View of a) Ln-pyl (CN-7) and b) Ln-py2 (CN-8) showing 50% probability
displacement ellipsoids. ¢) n/n interactions in Ln-pyl crystal structure. Pyridine ligands

glowing for emphasis.

The bidentate B-diketonate ligands present average Eu-Own distances of 2.296 A for Eu-py1
and 2.325 A for Eu-py2, respectively. The minimum and maximum Eu-Owmn distances were
also found to be 2.252 A and 2.314 A for Eu-py1, 2.286 A and 2.347 A for Eu-py2, respectively.
Pyridine ligands show average Eu-N distances of 2.538 A for Eu-py1 and 2.601 A for Eu-py2

(Eu-N1: 2.598 A, Eu-N2: 2.603 A). The distances for Eu-py2 (CN-8) between coordinated
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atoms and Eu(IIl) ion are larger than those for Eu-pyl (CN-7). We also observed specific
intermolecular CH/n and n/z interactions in the Eu-py1 structure (Figure 2c). These specific
interactions can stabilize the characteristic CN-7 structure. The degree of planarity deviation
of tmh ligands in Eu-py1 is similar to that of Eu-py2.>°> The structures of Gd-py1 and Gd-py2
are isostructural with the corresponding Eu-py1 and Eu-py2, respectively (SI: Table S1).
Based on the crystal structures, we performed continuous shape measures (CShM)
calculations using SHAPE>®# to determine the coordination geometrical structures around the
Eu(IIl) ions in the first coordination sphere. The Scsnm criterion represents the degree of

deviation from ideal coordination structure, and is given by the following equation:

Mo, - Pl
S, = min———— x100 1),
T oo @

where Ok is the vertices of an actual structure, Qo is the center of mass of an actual structure,
Py 1s the vertices of an ideal structure, and N is the number of vertices. The estimated Scsim
values of the Eu(Ill) complexes are summarized in Table S2 and Table S3 (see supporting
information). Based on the minimum value of Scshm, the pseudo-coordination polyhedral
structures of Eu-pyl and Eu-py2 were categorized to be 7-MCO (monocapped-octahedron,
point group: C3y) and 8-SAP (Square antiprism, point group: Dag), respectively. The
coordination geometry of Eu-pyl (CN-7) is more asymmetric than that of Eu-py2 (CN-8).
According to the crystal-field perturbation theories,?>?* Eu-pyl is expected to show larger

radiative rate constant 4.

Absorption, excitation and emission properties

The energy level of LMCT influences the energy transfer processes of Eu(Ill) complexes
directly. The low-lying LMCT bands (close to Eu(III) excited states) can work as quenching
sites for the Eu(Ill)-based luminescence.>>*® In order to observe the LMCT bands in Eu(III)
complexes, the diffuse reflection spectra were measured (Figure 3). For the estimation of

LMCT bands, the spectra for Gd-pyl and Gd-py2 were also shown in Figure 3.> The
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absorption bands at 320 nm (31250 cm™!) for Eu-py1 and Eu-py2 were assigned to singlet m—
n* and/or o—n* transitions of the tmh ligands, which agree with the absorption spectra of Gd-
pyl and Gd-py2. We also observed absorption bands at around 370 nm (27,000 cm™") for the
Eu(IIl) complexes. The absorption bands at 370 nm for Gd(III) complexes were not observed.
Considering the absorption spectra of the Eu(Ill) and Gd(III) complexes, the absorption band
at around 370 nm is contributed to the LMCT transition. The absorption in LMCT band in Eu-
pyl is slightly red-shifted compared to Eu-py2 (SI: Figure S3). Their absorption bands were
assigned to 'LMCT transitions by using TD-DFT calculations (Table 3 and Table 4). These
findings suggest that shorter Eu-Omn distance in Eu-pyl (CN-7) provides stronger electronic
interactions between the -diketonate ligands and Eu(III) center, resulting in formation of lower

LMCT energy level.

Normalized absorption / a.u.

250 300 350 400 450
Wavelength/ nm
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Figure 3. Diffuse reflection spectra of Eu-py1 (a: black line) and Gd-py1 (a: black dash line)

on the top, Eu-py2 (b: red line) and Gd-py2 (b: red dash line) on the bottom.

Excitation and emission spectra of Eu-pyl and Eu-py2 in solids are shown in Figure 4. They
were normalized concerning their maximum peaks.*® Distinguishable 4f intra-configurational
excitation bands, 'Fs (J/ = 0, 1 and 2) to L, °D3, D2 and D1 were observed. For Eu-py2,
slightly enhanced bands at around 330 nm were observed in the excitation spectra. These bands
indicate that Eu-py2 shows photosensitized energy transfer from tmh ligands to Eu(III) center.
The emission bands of Eu-pyl and Eu-py2 were observed at around 580, 590, 610, 650, and
700 nm, being attributed to the 4£-4f transitions of the Eu(III) ion (°Do—"Fo-4). The spectral
configuration and Stark splittings of Eu-pyl are much different from those of Eu-py2 for all
observed transitions. The characteristic Stark splittings and spectral shapes of the transitions
are attributed to each coordination geometry. For Eu-pyl, relative strong *Do—’Fo emission
was found, and the number of splittings for each transition are larger than the number for Eu-
py2. This suggests stronger crystal fields in seven-coordinated structure, which is related to its

asymmetry.
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Figure 4. Excitation (left) and emission (right) spectra of Eu-pyl (black line) and Eu-py2 (red
line) in solid state at room temperature. Excitation spectra were recorded with emission at 612

nm (°Do—"F2). Emission spectra were excited at 380 nm. Data normalized at their peak tops.
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Figure 5. Emission decay profiles of Eu-py1 (black dots) and Eu-py2 (red dots) under 356 nm
excitation at room temperature. Detection wavelength was set to 612 nm (°Do—'F2). The

emission lifetimes were obtained from single-exponential analyses.

Emission lifetime (Figure 5), quantum yields and radiative/non-radiative rate constants for
Eu-pyl and Eu-py2 were summarized in Table 1. In order to avoid the contribution of LMCT
band, intrinsic quantum yields ®sr are measured using photo-irradiation at 530 nm (°D1<'F1).
The measured @i values of Eu-pyl and Eu-py2 were found to be 60% and 63%, respectively
(Check SI: Table S8 for detailed information). The 4: value for Eu-pyl was slightly larger than
that for Eu-py2.

Table 1. Photophysical properties of Eu-pyl and Eu-py2 under air atmosphere

Coordination

Tobs/ ms D kil s knr/ s7!
structure
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Eu-pyl  7-MCO (Cs) 0.45 60 % 1.33x10°  8.89x10?

Eu-py2  8-SAP (Daa) 0.51 63 % 1.26x10°  7.06x10?

a: Measured using integrating sphere (Aex = 530 nm: *D1<"F1); kr = Pt X Tobs™'; knr= Tobs ' kr.

The emission quantum yields excited at predominant z-z* (330 nm) bands and predominant
LMCT (400 nm) bands were measured under air and argon (absorption band assignment:
Figure 3. Quantum yields results: Table 2). The @330 of Eu-pyl in air was similar to that of
@330 in argon. From this result, the photosensitized energy transfer process of Eu-pyl is
independent of the excited triplet state in tmh ligand. The energy transfer process of Eu-py?2 is
also not affected by the excited triplet state in tmh ligand (@330 air and @330 ar for Eu-py2;
@330 air and @330 ar for Eu-py2 under pyridine solution: SI, Table S9). We found that @330 air
and @330 ar are similar to the P400 air and D100 ar. Therefore, the excited state of Eu(IIl) ion is
achieved by the energy transfer of excited LMCT state under UV or blue light irradiation.

The average quantum yield @average Was calculated using the average quantum yield of @330 air,
@330 _Ar, D400 air and Paoo_arin Eu-pyl and Eu-py2. We calculated the photosensitized energy
transfer efficiency #sens based on the @average (Table 2) and intrinsic emission quantum yield ®sr
(Table 1). The energy transfer efficiency #sens of Eu-py2 (3.3%) is eight times as large as that
of Eu-py1 (0.4%). We conclude that the photosensitized energy transfer efficiency depends on
the coordination geometry, related to the LMCT band.

Table 2. Quantum yields and energy transfer efficiency for Eu-pyl and Eu-py2 under different

conditions

D33 Oiaira D33 07Ara @4007'¢1irb 454007Arb @average Nsens

Eu-pyl 0.24+0.03% 0.21+0.01% 031£0.03% 0.27+0.01 % 0.26% 0.4 %
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Eu-py2 22+02% 1.8+0.03% 22+0.1% 23£03% 21% 33%

a: Measured using integrating sphere (Aex = 330 nm); b: Measured using integrating sphere (Aex
=400 nm). #sens = Daverage xPyr!,

Theoretical calculations

In order to confirm the energy level and characteristics of LMCT bands in Eu-pyl and Eu-
py2, theoretical calculations were performed. After geometry-optimization in the ground states
by DFT (B3LYP-D3) (SI: Table S6 and Table S7), average Eu-Omn distances for Eu-py1 and
Eu-py2 were calculated to be 2.331 A and 2.362 A, respectively. Average Eu-N distances in
pyridine ligands for Eu-pyl and Eu-py2 were also estimated to be 2.614 A and 2.636 A,
respectively. Calculated distances in Eu-py2 were longer than those of Eu-pyl, which are

similar to the single-crystal data.
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Figure 6. Illustration of open-shell configurations of ground, excited and LMCT states with

their corresponding total spin multiplicity.

The open-shell configurations of LMCT states in Eu(Ill) complexes were illustrated in
Figure 6. Based on the photophysical analyses, the photosensitized energy transfers of Eu-pyl
and Eu-py2 occur from their LMCT states. The excited state calculations were focused on the
spin-allowed (considering energy transfer from singlet state) transition to 'LMCT in Figure 6.
The 'LMCT energy level for Eu-pyl (CN-7) was lower than that of Eu-py2 (CN-8) as shown
in Table 3 and Table 4. The LMCT states by the quantum chemical calculation agree with the
absorption reflectance spectra in Eu-pyl (CN-7) and Eu-py2 (CN-8). Spin-forbidden
(considering energy transfer from singlet state) transitions to "LMCT and LMCT were also

calculated, although their absorptions were not observed from their intrinsic small oscillator
18



strengths. The "LMCT/’LMCT levels of Eu-pyl and Eu-py2 were found to be 49,035/23,476
cm! and 49,936/24,239 cm! (SI: Table S10), respectively.

Table 3 - Excitation energies for 'LMCT states of Eu-py1 obtained by TD-DFT calculation

Excitation energy / cm’!
Oscillator strength  Main configuration
(wavelength / nm)

24,356 (410.58) 0.0057 HOMO — LUMO

24,401 (409.81) 0.0007 HOMO-1 — LUMO
26,204 (381.62) 0.0023 HOMO-2 — LUMO
27,438 (364.46) 0.0047 HOMO-3 — LUMO
28,268 (353.76) 0.0141 HOMO-4 — LUMO
29,075 (343.93) 0.0057 HOMO-5 — LUMO

Table 4 - Excitation energies for 'TLMCT states of Eu-py2 obtained by TD-DFT calculation

Excitation energy / cm™!
Oscillator strength  Main configuration
(wavelength / nm)

25,311 (395.08) 0.0031 HOMO — LUMO

26,448 (378.11) 0.0029 HOMO-1 — LUMO
27,288 (366.46) 0.0032 HOMO-2 — LUMO
28,394 (352.19) 0.0142 HOMO-3 — LUMO
29,332 (340.92) 0.0074 HOMO-4 — LUMO
29,997 (333.38) 0.0044 HOMO-5 — LUMO
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The n-4f mixing percentages' in HOMO and LUMO were calculated (Table 5, SI: Tables
S4-S5 and Figures S1-S2). Here, the structure was optimized with the B3LYP-D3 functional
while the LC-BLYP functional, used in the excited-state calculations, was adopted for
calculating MOs. The orbital mixing degree for Eu-py]1 is slightly larger than that for Eu-py2,
due to smaller average Eu-Omn distances. The contribution percentage of m (tmh) in LUMO
for Eu-pyl (4.2 %) is larger than that for Eu-py2 (3.9%). Therefore, larger n-4f orbital mixing
in Eu-py1 leads to the lowering of LUMO (4/) level of Eu(Ill) complex (SI: Table S4-S5).%!
Such a m-4f orbital mixing in Eu-pyl promotes the decrease of HOMO-LUMO energy gap in
LMCT band, which is in agreement with spectroscopic estimation based on the reflectance
spectra.

Table 5. Atomic orbital contributions of 4/ and = ligands in HOMO and LUMO of Eu-py1 and

Eu-py2, corresponding to the lowest 'LMCT state

4f(Eu(Ill)) = (tmh) = (py)

HOMO 0.6 % 982% 0.1%
Eu-pyl

LUMO 953 % 4.2 % 0.3 %

HOMO 03 % 983% 0.7%
Eu-py2

LUMO 95.7% 3.7% 0.4 %

Energy transfer analyses

From the photophysical and quantum chemical calculation results, we illustrated the

photosensitized energy transfer processes for Eu-py1 and Eu-py2 in Figure 7. The ligand triplet

! The contribution of the 4f orbitals to the focusing MO (p) was evaluated as sum of the overlap
integrals between AO ux and MO p over all f AOs in Eu, z < ,u| p> , while the contributions of the

uée f(Eu)
n(tmh)/n(py) were evaluated as sum of those over all AOs in tmh/py.
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L-T1 ((T1, 'F): Figure 6) energy level of Eu-pyl and Eu-py2 were estimated using
phosphorescence spectra of isostructural Gd-pyl and Gd-py2, which are found to be
approximately 25,000 cm™ for both complexes (SI: Figure S6). The photosensitized energy
transfer processes are independent of excited triplet states of tmh ligand and >LMCT/’LMCT
states, because the quantum yields are not affected by the presence of oxygen (Table 2 and SI:
Table S8). Time-resolved emission decay profiles also indicated that the rate constant of *Di
— Dy transition is the same for Eu-py1 and Eu-py2 (SI: Figure S5). We consider that the *Di

level of Eu(Ill) is independent of LMCT-based quenching processes.

a) Eu-py1 (CN-7) b) Eu-py2 (CN-8)

7LMCT
CN\Step 1
J

\

>(So,°D)

’LMCT /
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absorption
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EINE)

Nuclear coordinate Nuclear coordinate

Figure 7. Proposed energy transfer mechanisms of a) Eu-pyl and b) Eu-py2 at room

temperature under 400 nm light irradiation.

In Figure 7, formations of "LMCT states for Eu-py1 and Eu-py2 are achieved by irradiation
at 400 nm (step 1: LMCT direct excitation). Energy transfer from LMCT to excited state of
Eu(IIT) occurs from cross-over in their respective potential curves (step 2: energy transfer from
"LMCT to 3(So, °D.)). Here, fast energy transfer (<100 ns) from "LMCT to Eu(IlI) excited states
5(So, °D1) is proposed according to the time-resolved emission decay profiles (SI: Figure S5).

We also consider the possibility of the energy transfer from "LMCT to higher Eu(IIl) excited
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states, °(So, °D2) or °(So, °D3). The step 2 process dominates the photosensitized energy transfer
efficiency. The energy transfer efficiency for Eu-py2 (3.3%) was higher than that for Eu-pyl
(0.4%). In order to investigate these energy transfer processes, we measured the back energy
transfer between >(So, Do) and 'LMCT using temperature-depended emission lifetimes (SI:

Figure S4 and Table S11).
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Figure 8. Arrhenius analyses of emission lifetime temperature dependence for Eu-py1 (black
dot and green fitting line) and Eu-py2 (red dot and pink fitting line). Arrhenius equation:

In (kct) = In (A4) — (Eo/ksT). ks is the Boltzmann constant.

From their Arrhenius analyses (300-325 K), the frequency factors, 4, of Eu-pyl and Eu-py2
were found to be 3.7 x 10> s and 7.2 x 105!, respectively (Figure 8). The 4 value is affected
by both the electronic coupling and the vibrational modes between 4f-4f excited electronic
configuration and the "TLMCT state.®*% Because the electronic coupling in the Eu-pyl seems
stronger than that in the Eu-py2 as estimated from the quantum chemical calculations, the
frequency factor difference can only be explained by the effect from vibrational modes. We
can conclude that small variations in the LMCT levels would cause substantial changes in the
energy transfer efficiency. Finally, the molecule transitions from the LMCT to the ground state
as a thermal relaxation (step 3). This thermal relaxation process causes an effective energy loss

and promote the small @average obtained for Eu-pyl and Eu-py2.
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In summary, the excited molecule reaches the emitting level of Eu(IIl) ion (*Do) through
LMCT states. The energy transfer processes in Eu-py1 and Eu-py2 are influenced by the energy
level of these LMCT states and geometry/vibrational modification between LMCT and °Dy

states.

Conclusion
Two Eu(Ill) complexes, Eu-pyl with monocapped octahedron (CN-7, pseudo-Csy symmetry)

and Eu-py2 with square antiprism (CN-8, pseudo-Dss symmetry) coordination environments,
were synthesized. TD-DFT calculations and reflectance spectra indicated that the energy level

of "LMCT states for Eu-pyl (24,355 cm™) is different from that for Eu-py2 (25,311 cm™).

The energy level difference in LMCT is dominated by Eu-Oiigand distance and n-4f orbital
mixing degree in Eu(Ill) complex. Eight-coordinated Eu(Ill) complex with longer Eu-Oiigand
distance shows lower degree of n-4f orbital mixing, which promotes LMCT states at higher
energy level. According to the Arrhenius analyses, not only the electronic degree of freedom,
but also the vibrational degree of freedom between 'LMCT and Dy states for Eu-py2 impact
the energy transfer. As a result, the higher "LMCT energy level and geometry difference in Eu-
py2 (CN-8) provide increase of the photosensitized energy transfer. Coordination geometry
plays an important role for LMCT-controlled photosensitized Eu(IIl) complex. We are
currently working on external stimulated crystal structure control in lanthanide complex. We
hope to open new possibilities of coordination geometry control and photophysical properties
for lanthanide complex.

Significant control on LMCT state through coordination structural change can also improve
the luminescence efficiency of Eu(Ill) complexes for optical applications, such as display
devices, thermal-sensing paints and biomedical sensors. Further geometrical-control on LMCT
state and energy transfer processes in Eu(IIl) complexes can expand their use for frontier 4f

photophysics.
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