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Abstract:  

Lanthanide complexes are attractive light emitters owing to their ideal high color purity. 

Sensitization using ligands with high absorption efficiency is a powerful approach to enhancing 

photoluminescence intensity. However, the development of antenna ligands that can be used for 

sensitization is limited due to difficulties in controlling the coordination structures of lanthanides. 

Here, we demonstrate a system comprising triazine-based host molecules and Eu(hfa)3(TPPO)2 

(hfa: hexafluoroacetylacetonato, TPPO: triphenylphosphine oxide), which shows drastically 

improved total photoluminescence intensity compared to conventional luminescent Eu(III) 

complexes. Time-resolved spectroscopic studies revealed that the energy transfer from the host 

molecules to Eu(III) occurs via the triplet states over several molecules with nearly unity 

efficiency. Our discovery paves the way for efficient light harvesting of Eu(III) complexes with 

simple fabrication using a solution process. 

 

Main text:  

Introduction 

Molecule-based light-emission technologies have been intensively developed over the 

last few decades owing to their various applications, such as display panels, bioimaging 

sensors, optical telecommunications, and laser diodes1-3. Light-emitting materials must 

emit narrow-band light to achieve high color purity in their applications. However, 

general organic molecular emitters exhibit broadband emissions with a full width at a 

half-maximum (FWHM) of 70–100 nm. Trivalent lanthanide (Ln(III)) complexes exhibit 

narrow-band emissions with FWHMs of 10–20 nm caused by transitions between f-

orbitals in Ln(III) that are shielded by electrons in the occupied 5s, 5p orbitals4; however, 

photoexciting the Laporte-forbidden f–f transition in Ln(III) directly with a small 

absorption coefficient (ε < 10 M–1 cm–1) is difficult5. Many efforts have been made to 

overcome this difficulty by synthesizing organic ligands with large absorption 

coefficients and appropriate energy levels, which play an important role in efficient 

photosensitizers and intra-molecular ligand-to-Ln(III) energy transfer in complexes6-8. 

The overall photoluminescence (PL) intensity (𝐼PL)9,10 of an Ln(III) complex in a 

dilute solution or thin film is expressed as 

     𝐼PL = 𝜀ligands × 𝜙tot                             (1) 

where 𝜀ligands and 𝜙tot represent the sum of all ligand absorption coefficients and the 

overall luminescence quantum yield of Ln(III) from ligand photoexcitation via intra-

molecular energy transfer, respectively. This equation indicates that high PL intensity 

requires high light-absorption ability and luminescence quantum yield. 

Eu(III)(hfa)3(DPPTO)2 (hfa: hexafluoroacetylacetonato, DPPTO: 2-ddiphenyl phosphoryl 

triphenylene Fig. S1) is one of the Ln(III) complexes with the highest luminescence 

intensity in solution, 𝐼PL = 90,000 M–1cm–1. The following three factors contribute to this 

high IPL: (i) high εligands = 170,000 M–1 cm–1 of the two DPPTO ligands owing to their 

triphenylene chromophores11, (ii) high 𝜙tot = 0.53 owing to suppression of nonradiative 

decay due to low vibrational frequencies of the phosphine-oxide linker in the DPPTO 

ligand and CF bonds in the hfa ligand12-16, and (iii) enhancement of transition intensities 

in Eu(III) due to the asymmetric structure17-21 formed by the hfa and DPPTO ligands. 

However, further improvement of luminescence intensity by designing new ligands is 

limited due to the difficulty in synthesizing ligands that simultaneously contain multiple 
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chromophores with a large absorption coefficient and stable coordination to Ln(III) 

compared to general transition metal ions. 

Here, we propose that the host-guest system comprising 𝜋-conjugated molecules and 

Ln(III) complex emitters is an ideal system to dramatically improve the PL intensity of 

Ln(III) complexes with simple fabrication. In this system, multiple 𝜋 -conjugated 

molecules with high absorption coefficients work as antennas for photosensitizing Ln(III) 

complexes; thus, a much higher absorption coefficient, denoted by 𝜀hosts in this case, is 

expected in Eq. (1) compared to the molecular Ln(III) complex. Moreover, it is not 

necessary to design linkers to coordinate with Ln(III). However, to achieve high 

𝜙tot, such a host-guest system must overcome additional challenges; not only intra-

molecular energy transfer but also inter-molecular energy transfer processes from host 

molecules to the Ln(III) complex are involved, and each process must be highly efficient. 

To achieve a very high IPL for the host-gust system, it is essential to understand the 

mechanisms of the entire energy transfer process and design lossless energy transfer 

processes. Focusing on those issues, we chose a simple Eu(III) complex, 

Eu(III)(hfa)3(TPPO)2 (TPPO: triphenylphosphine oxide)22,23, in which intra-molecular 

energy transfer occurs from the hfa ligands. We discovered that a host-guest system 

composed of a 2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine (mT2T) host and the Eu(III) 

complex achieves an IPL three orders of magnitude greater than the IPL of the Eu(III) 

complex itself and that ~40 host molecules work for light harvesting of one Eu(III) 

complex via lossless triplet–triplet inter-molecular energy transfer. 

In general, host-guest systems of Ln(III) complexes have been fabricated for an 

emitting layer in organic light-emitting diodes (OLEDs)24-26. Host molecules are known 

to affect the emission properties of Ln(III) complexes. Pietraszkiewicz et al. fabricated a 

5 wt% Eu(nta)3SFXPO-complex-doped host-guest film (nta:1-(2-naphthoyl)-3,3,3-

trifluoroacetonate, SFXPO: spiro-fluorene-xanthene diphosphine oxide) with a higher PL 

quantum yield (PLQY) of 0.86 than 0.64 in a neat film27. This shows that host-guest 

systems may improve the efficiency of energy transfer processes compared to molecular 

Ln(III) complexes. Nonetheless, there are no design strategies apart from matching the 

energy of their lowest excited states28-32, and there are few direct observations of inter- 

and intra-molecular energy transfer processes in host and guest systems33-37. 

We fabricated 10 wt% Eu(hfa)3(TPPO)2-doped films with the five host molecules 

demonstrated below, and a polymethyl methacrylate (PMMA) polymer with no 

photosensitization ability. We measured their  𝐼PL  and discovered that the mT2T host 

molecule exhibited the highest 𝐼PL = 3,900,000 M–1 cm–1, which was approximately five 

hundred times larger than the PMMA host (Fig. 1). To explore the origin of the quite high 

IPL, we investigated the emission mechanisms of the host-guest film using time-resolved 

photoluminescence spectroscopy (TR-PL) and femtosecond transient absorption 

spectroscopy (fs-TAS) in the multi-scale temporal range from sub-picoseconds to 

hundreds of microseconds. Beginning with the initial excitation of the host molecules and 

ending with the emission of the Eu(III) complex, we elucidated the mechanisms of all 

processes in the film: (1) the intersystem crossing (ISC) in the host molecule, (2) the 

inter-molecular energy transfer process from the host molecules to the ligands of the 

guest Eu(III) complex, (3) the intra-molecular energy transfer process from the ligands to 
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Eu(III), and (4) the emission processes of f–f transitions in Eu(III). Furthermore, we 

discovered that the yields of all energy transfer processes, (1)–(3), were nearly unity and 

that the yield of the Eu(III) emission process (4) determined the overall quantum yield of 

the film. This highly efficient PL is attributed to the ideal triplet sensitization processes: 

rapid and efficient ISC in mT2T leads to efficient triplet–triplet inter-molecular energy 

transfers without any losses.  

 
Fig. 1. Drastic improvement of the overall photoluminescence intensity (IPL) by 

efficient photosensitization from many host molecules. Schematic view of 

photo-sensitization by intra-molecular energy transfer from the ligands to Eu(III) 

in the Eu(hfa)3(TPPO)2-doped PMMA film (Eu-PMMA film, left) and light 

harvesting by inter-molecular energy transfer from many hosts to Eu(III) in the 

Eu(hfa)3(TPPO)2-doped mT2T film (Eu-mT2T film, right). 
 

Results and Discussion 

Contribution of host molecules to IPL   

Five different host molecules were used to fabricate Eu(hfa)3(TPPO)2-doped films: 

mT2T, 2-(9,9'-spirobi[fluoren]-3-yl)-4,6-diphenyl-1,3,5-triazine (SF3TRZ), 3,3′-di(9H-

carbazol-9-yl)biphenyl (mCBP), 4,4′-N,N′-dicarbazole-biphenyl (CBP), and 2,4,6-

tris(1,1′-biphenyl-4-yl)-[1,3,5]triazine (T2T) (Fig. 2, S2). These host molecules have 

been used in conventional OLED applications. To evaluate the intrinsic optical properties 

of isolated Eu(hfa)3(TPPO)2, we also fabricated an Eu(hfa)3(TPPO)2-doped PMMA (Eu-

PMMA) film. Because PMMA is transparent in the >250 nm range38, the absorption 

spectrum of the Eu-PMMA film in the >250 nm range is identical to that of 

Eu(hfa)3(TPPO)2. The absorption range of 250–350 nm for isolated Eu(hfa)3(TPPO)2 is 

primarily assigned to the S0–Sn transition of the hfa ligands39, and the absorption of TPPO 

in this range is much weaker (Fig. S3A). The host-guest systems significantly enhanced 

their overall absorption coefficients because all of the host molecules have higher 

absorption coefficients in the range of 250–280 nm than the hfa ligands (Table 1, Fig. 

S3B). 
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Fig. 2. Chemical structures. (A) Eu(hfa)3(TPPO)2, (B) PMMA, (C) mT2T, (D) SF3TRZ, 

(E) mCBP, (F) CBP, and (G) T2T.  

To investigate the sensitization ability of the host molecules, we compared the PL 

properties of the host-guest films to those of the Eu-PMMA film (Fig. 3A). After 

photoexciting the Eu-PMMA film with 315 nm light, emission bands from Eu(III) were 

observed at 581, 594, 615, 654, and 701 nm (Fig. S4) and are assigned to the transitions 
5D0→

7FJ and J = 0, 1, 2, 3, and 4, respectively4. Since the excitation at 315 nm 

selectively excites the hfa ligands (Fig. S3A), the Eu(III) sensitization by the hfa ligands 

in the Eu-PMMA film was confirmed. Also, after photoexcitation with 260–267 nm light, 

the same emission bands in Eu(III) were observed in all of the host-guest films (Fig. 3B, 

S5). Given that the absorption coefficients of the host molecules in this wavelength range 

are much larger than those of the guest complex (Fig. S3), this indicates that inter-

molecular energy transfer from the host molecules to Eu(III) occurs in all host-guest 

films.  

The sensitization efficiencies of the host-guest films are discussed qualitatively based 

on their emission spectra. A broad emission band located at around 400 nm was observed 

for Eu(hfa)3(TPPO)2-doped SF3TRZ (Eu-SF3TRZ), mCBP (Eu-mCBP), CBP (Eu-CBP), 

and T2T (Eu-T2T) films, in addition to the emission from Eu(III) (Fig. S5). These bands 

were assigned to the fluorescence from the lowest singlet excited state (S1) of each host 

molecule (Fig. S6), indicating imperfect energy transfer to the Eu(III) complex. In 

contrast, no host molecule emission band was observed in the Eu(hfa)3(TPPO)2-doped 

mT2T (Eu-mT2T) film (Fig. 3B). This result suggests that inter-molecular energy 

transfer from the host mT2T molecules to the Eu(III) complex occurs extremely 

efficiently in the film. In fact, 𝜙tot of Eu-mT2T (𝜙tot = 0.84) was significantly higher 

than Eu-PMMA (𝜙tot = 0.60) (Table 1). The efficient sensitization is further supported 

by the excitation spectra probed at the Eu(III) emission coincided with the absorption 

spectra of these films (Fig. 3B, 3C). 
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Fig. 3. Optical properties of Eu(hfa)3(TPPO)2-doped films. (A) Photos of emission 

from the fabricated films upon photoexcitation with 254 nm. (B) Absorption 

(solid line), excitation probed at 615 nm (broken line), and emission (red line) 

spectra of the Eu-mT2T film. (C) Absorption spectra of the Eu-PMMA film (pink 

line), Eu-mT2T film (black line), and mT2T neat film (sky blue line). 

 

To estimate the number of host molecules that contributed to one Eu(III) emission, we 

measured the photophysical properties of the Eu-mT2T films with different doping ratios 

of Eu(III) complex to mT2T (Table 1). As a results, 𝜙tot was independent of the mixing 

ratio in the 10–50% range, implying that approximately ten host molecules contributed to 

the emission of one Eu(III) complex via energy transfer between the host and guest 

molecules. Considering this result, 𝐼PL of host-guest films can be expressed as  

  𝐼PL = 𝜀hosts × 𝜙tot = 𝜀host
mol × 𝑛host × 𝜙tot    (2) 

where 𝜀host
mol  and 𝑛host represent the molar absorption coefficient of the host molecule and 

the number of host molecules that contributed to one Eu(III) emission, respectively. The 
𝐼PL is plotted as a function of 𝑛host in Fig. 4. The 𝐼PLfor the Eu(hfa)3(TPPO)2-doped films 

increases monotonically even when 𝑛host = 40, indicating that more than 40 host 

molecules work as photosensitizers for one Eu(III) complex. Note that the maximum 𝐼PL 
is more than one order of magnitude higher than that of the conventional highly 

luminescent complex Eu(hfa)3(DPPTO)2
11. 

Table 1. Absorption and emission properties of the Eu(hfa)3(DPPTO)2 and 

Eu(hfa)3(TPPO)2-doped films. The values of 𝜀host
mol  and 𝜀ligands  of 

Eu(hfa)3(DPPTO)2-PMMA film were evaluated at 267 nm. The values of 𝜀ligands 

of Eu(hfa)3(TPPO)2-PMMA film was evaluated at 315 nm. 𝐼PL  was calculated 

using eq. (1) and eq. (2). The PLQYs (𝜙tot) were measured each photoexcitation 

wavelength (𝜆ex) (𝜀ligands, 𝜀host
mol , 𝑛host, 𝐼PL; see text for details). 

guest host 
Eu conc. 

/wt% 

𝜺𝐥𝐢𝐠𝐚𝐧𝐝𝐬 

/M–1cm–1 

𝜺𝐡𝐨𝐬𝐭
𝐦𝐨𝐥   

/M–1cm–1 
𝒏𝐡𝐨𝐬𝐭 𝝓𝐭𝐨𝐭 

𝝀𝐞𝐱 
/nm 

𝑰𝐏𝐋 
/M–1cm–1 

Eu(hfa)3(DPPTO)2 PMMA 10 1.7 × 105 - - 0.55 267 9.4 × 104 

Eu(hfa)3(TPPO)2 PMMA 10 1.4 × 104 - - 0.60 315 8.4 × 103 

mT2T 

5 

10 

30 

50 

- 1.0 × 105 

47 

22 

5.8 

2.5 

0.76 

0.84  

0.83  

0.78 

267 

3.9 × 106 

1.9 × 106 

4.8 × 105 

2.1 × 105 

SF3TRZ 10 - 1.1 × 105 22 0.76 267 1.9 × 106 

mCBP 10 - 4.6 × 104 25 0.33 267 3.8 × 105 

CBP 10 - 4.0 × 104 25 0.29 267 2.6 × 105 

T2T 10 - 1.2 × 104 22 0.16 267 4.4 × 104 
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Fig. 4. Host and its ratio dependence of overall luminescence intensities (𝑰𝐏𝐋). 𝐼PL of 

Eu(hfa)3(DPPTO)2-doped PMMA film (black plus marker), Eu(hfa)3(TPPO)2-

doped PMMA film (black cross marker), Eu-mT2T film (sky blue star markers), 

Eu-SF3TRZ film (blue star marker), Eu-mCBP film (yellow green star marker), 

and Eu-T2T film (red star marker), calculated using Eq. (1) and Eq. (2). 𝑛host is 

the number of host molecules contributed to one Eu(III) emission. 

 

Initial process after photoexcitation: rapid and efficient ISC in mT2T  

Understanding the mechanisms of intra- and inter-molecular energy transfer processes 

requires understanding the photophysical processes occurring within host molecules. To 

investigate the processes in the time domain, we measured and compared the fs-TAS 

spectra of the Eu-mT2T film (Fig. 5A) and the mT2T neat film (Fig. S7A). The 

absorbance change (Abs.) of the Eu-mT2T film increased in the <600 nm range, 

whereas it decreased in the >600 nm range, with an isosbestic point at 600 nm. We 

performed a global analysis of the fs-TAS spectra, assuming a sequential model with two 

components because the isosbestic point indicates an exclusive transition between two 

states40. With a time constant of 71.2 ± 0.6 ps, the first component was converted to the 

second component (Fig. 5B). The evolution associated spectra (EAS) and concentration 

kinetics of the two components are shown in Fig. 5C and 5D, respectively. We analyzed 

the fs-TAS of the mT2T neat film in the same way to assign the observed species. The 

global analysis also resulted in similar EASs (Fig. S7C), with a time constant of 

44.9 ± 0.4 ps (Fig. S7D). The two EAS components were reasonably assigned to S1 and 

the lowest triplet excited state (T1) in the case of the neat film, and the time constant 

represented the ISC rate. Therefore, the two components observed in the Eu-mT2T film 

were assigned to S1 and T1 of the host mT2T molecule. These time constants are much 

faster than those of the ISC process for aromatic organic molecules in general, which can 

be explained by the presence of lone pairs in the triazine moieties in mT2T accelerating 

the ISC rate41,42. We conclude that mT2T undergoes a rapid and nearly unity ISC before 

exciton diffusion and energy transfer in the host-guest film. 
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Fig. 5. fs-TAS spectra and the results of their global analysis for the Eu-mT2T film. 

(A) Temporal evolutions of the fs-TAS spectra after photoexcitation at 267 nm. 

(B) Temporal profiles of the fs-TAS spectra at 510 nm (blue circles) and 690 nm 

(red circles) and corresponding fitting curves resulted from the global analysis. 

(C) EAS. (D) Corresponding concentration kinetics were obtained from the global 

analysis. 

 

Quantum yields of each energy transfer process  

Given that rapid ISC occurs first in the host film, Fig. 6 shows the predicted energy 

transfer processes in the Eu-mT2T film after photoexcitation. We first estimated the 

luminescence quantum yield of Eu(III) (𝜙Eu ) in the host-guest films to estimate the 

quantum yield of each process. The natural radiative rate constant of Eu(III) (𝑘r
Eu) can be 

calculated from the ratio of the electric dipole transition (5D0→7F0, 2, 3, 4) to the magnetic 

dipole transition (5D0→7F1) in the observed emission spectrum of Eu(III) (Fig. 3B, Eq. 

(S1); see the supplemental text for details)43. 𝜙Eu is also determined by the ratio of 𝑘r
Eu to 

the observed rate constant of the 5D0→7F2 transition (𝑘obs
Eu ) (Eq. (S2) and (S3)). The 

estimated 𝜙Eu, rate constants, and parameters are summarized in Table S1. We calculated 

𝜂sens because 𝜙tot represents the product of 𝜙Eu and overall photosensitization efficiency 

(𝜂sens; Eq. (S4); Table S1). Note that 𝜂sens in the 10 wt% Eu-mT2T film is nearly unity, 

with 𝜂sens
Eu−mT2T = 0.97. This indicates almost perfect sensitization of photoexcited mT2T 

to Eu(III) in the Eu-mT2T film, which is more efficient than sensitization of hfa ligands 

in the Eu-PMMA film, 𝜂sens
Eu−PMMA = 0.71. 
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Fig. 6. Overview of inter- and intra-molecular energy transfer processes in the Eu-

mT2T film. (A) Schematic in real space. (B) Schematic in energy levels. 𝜙ISC
host, 

𝜁ET, 𝜅ET, 𝜙Eu represent the quantum yields of (1) ISC in mT2T, (2) inter-

molecular energy transfer from mT2T to the hfa ligands, (3) intra-molecular 

energy transfer from the hfa ligands to Eu(III), and (4) the emission in Eu(III), 

respectively. 𝜂sens
Eu−mT2T is the overall photosensitization efficiency in the Eu-

mT2T film (Eq. (4)). 

 

To identify the factor that improves energy transfer efficiency in the Eu-mT2T film, 

we compared the sensitization efficiencies of intra-molecular energy transfer in the Eu-

PMMA film (𝜂sens
Eu−PMMA) and the inter- and intra-molecular energy transfer in the Eu-

mT2T film (𝜂sens
Eu−mT2T). 𝜂sens

Eu−PMMA is expressed as follows: 

𝜂sens
Eu−PMMA = 𝜙ISC

ligand
× 𝜅ET                                       (3) 

where 𝜙ISC
ligand

 and 𝜅ET represent the ISC yield of the ligand and the efficiency of intra-

molecular energy transfer, respectively. In contrast, 𝜂sens
Eu−mT2Tis expressed as 

𝜂sens
Eu−mT2T = 𝜙ISC

host × 𝜁ET × 𝜅ET                                (4)  

 

where 𝜙ISC
host and 𝜁ET represent the yield of ISC of the host and the efficiency of inter-

molecular energy transfer, respectively. Fig. 6B shows the symbols for the Eu-mT2T film. 

We conducted time-resolved measurements in Eu(hfa)3(TPPO)2-doped neat (Eu-neat) and 

Gd(hfa)3(TPPO)2-doped neat (Gd-neat) films to estimate the 𝜅ET of the Eu(III) complex 

(Fig. S8, S9). We can observe intrinsic emission from the hfa ligands in the Gd-neat film 

because there is no intra-molecular energy transfer to Gd(III) due to the energy level 

mismatch (Fig. S9A, B, C). We compared the time constants of the fs-TAS and TR-PL 

measurements to analyze each time constant in the energy transfer process (Fig. S10). 
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The 𝜅ET of the Eu(III) complex was >0.99 when the lifetimes of the T1 ligands between 

in the Eu-neat film and the Gd-neat film were compared (Table S2, Eq. (S5)). We 

conclude that the quantum yield of the ISC at the ligands, 𝜙ISC
ligand

, in the Eu-PMMA film 

is the dominant factor in the relatively low 𝜂sens
Eu−PMMA. Sensitization processes in the case 

of the Eu-mT2T film, in contrast, occur via inter-molecular energy transfer via T1 states 

between the mT2T and hfa ligands. Because the quantum yield of ISC in mT2T is nearly 

unity, the Eu-T2T film achieves more efficient sensitization. 

  

 

Time-domain view of the whole sensitization processes 

Multiscale TR-PL measurements were performed to quantify energy transfer 

processes in the time domain. The pseudo-2D color plot of the TR-PL of the Eu-mT2T 

film after photoexcitation at 267 nm is shown in Fig. 7A–C. Following photoexcitation, a 

broad emission band in the 350–500 nm range was observed (Fig. 7A, 7D). This band 

shape is approximately identical to the fluorescence observed in the mT2T neat film (Fig. 

S11); this emission is attributed to the S1 emission in the mT2T. Note that no emission 

from mT2T was observed in the steady-state emission spectrum (Fig. 3B) because its 

time-integrated intensity was much smaller than that of Eu(III). The decay time constant 

of mT2T emission was estimated to be <100 ps (Fig. 7G), which agrees with the time 

constant of ISC in mT2T (~70 ps) estimated from fs-TAS spectra. 

Following the rapid decay of the fluorescence from mT2T, narrow-band emissions in 

the nanosecond to microsecond time range were observed (Fig. 7B, 7C, 7E, 7F). 

According to Dicke’s diagram, all of these emission bands were assigned to the f–f 

transitions in Eu(III)44. The 535, 555, and 585 nm bands in the nanosecond region (Fig. 

7A, 7E) were assigned to the transitions 5D1→7F1, 
5D1→7F2, and 5D1→7F3, respectively. 

The bands at 590 and 615 nm in the microsecond region (Fig. 7B, 7F) were assigned to 
5D0→7F1 and 5D0→7F2, respectively. The rise time constant of the 5D1→7F3 transition was 

estimated to be 41.0 ± 0.8 ns (Fig. 7H), which is much longer than the time constant of 

the ISC in mT2T (<100 ps). This result indicates that the energy transfer to Eu(III) is ~40 

ns and is mediated via the T1 states.  

 



 

11 

 

 

Fig. 7. TR-PL spectra and their temporal profiles. (A–C) Pseudo-2D plot of the 

emission from the Eu-mT2T film after photoexcitation at 267 nm in the time range of (A) 

0–130 ns, (B) 0.5–8 µs, and (C) 0.01–0.8 ms. For clarity, the intensities above 520 nm 

are magnified by a factor of 360. (D–F) Normalized emission intensity spectra were 

obtained from the streak images by the time integration of (D) 0.05–0.15 ns, (E) 145–

155 ns, and (F) 6.5–7.5 µs. (G) Temporal profiles of the emission at 400 nm after 

photoexcitation of the Eu-mT2T film (solid black line) and the mT2T neat film (broken 

sky blue line) together with the instrumental response function (IRF, solid blue line). (H) 

Temporal profiles of the emission at 585 nm subtracted the overlapped fluorescence of 

the host molecules after photoexcitation of the Eu-mT2T film (orange line) and fitting 

curve (broken orange line). 

 

Mechanisms of efficient triplet-state mediated energy transfer and sensitization 

Here, we discuss the origins of efficient inter-molecular energy transfer in the Eu-

mT2T film in terms of T1 energy matching. We compared the T1 energies of the mT2T 

molecule to those of the hfa ligands of the Eu(III) complex. The T1 energies for mT2T 

and hfa were estimated from the phosphorescence spectra (Fig. S12) to be 2.66 and 2.70 

eV, respectively. Due to the close proximity of the energies, an efficient energy transfer 

from mT2T to the Eu(III) complex is anticipated. We also compared the T1 energies of 

the other host molecules to those of hfa, confirming that energetically resonant conditions 

in the T1 energies of the host and hfa are important for the higher PLQYs in the host-

guest films (Fig. S12G). This indicates that inter-molecular energy transfer from host 

molecules to Eu(III) occurs via the T1 of hfa. Furthermore, the phosphorescence of hfa 

ligands was observed following energy transfer from T1 in mT2T (Fig. S12A, S13) in the 

Gd(hfa)3(TPPO)2-doped mT2T (Gd-mT2T) film, confirming efficient host-to-hfa energy 
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transfer. We concluded that the energy resonance in T1 between mT2T and hfa causes 

highly efficient inter-molecular energy transfer sensitization (𝜁ET ~1.0).  

Finally, we discuss triplet exciton diffusion in the host matrix by comparing energy 

transfer to Eu(III) and PLQYs in Eu-mT2T films with different mT2T and Eu(III) 

complex ratios (Fig. S14, Table S3). As the concentration of the Eu(III) complex 

increased, so did the rise time constant of 5D1 (Fig. S14). The rise time constant of the 

low ratio of the mT2T (Eu(III) concentration of 50 wt%) film exhibits the fastest rise time 

constant (~29 ns). Because the lifetime of T1 in mT2T is likely to be much longer than the 

diffusion time scale, sensitization processes mediated by triplet–triplet energy transfer are 

effective in realizing ideal sensitization for Eu(III) emission. 

 

Summary 

We demonstrated highly efficient light harvesting of Eu(III) in complex-doped host-

guest films with Eu(hfa)3(TPPO)2. We achieved an extremely large improvement in the 

luminescence intensity of Eu(III) when we used mT2T, which is a one of the triazine 

derivatives that works as a good energy harvesting antenna. After photoexcitation to 

Eu(III) emission, we estimated the quantum yields of all energy transfer processes and 

discovered that all energy transfer processes occur with almost unity quantum yield. We 

conclude from the TR-PL and fs-TAS measurements that efficient energy transfer occurs 

via resonant energy transfer from T1 of mT2T to T1 of hfa following rapid and highly 

efficient ISC in mT2T. This mechanism can avoid energy loss in the ISC process in the 

hfa ligands of an Eu(III) complex and overcome the intrinsic limitations of conventional 

direct sensitization by the ligands. Based on this result, we propose a novel light 
harvesting method for Ln(III) with simple fabrication: a host-guest film composed of host 

molecules with efficient ISC, which works as an efficient photosensitizer, and a guest 

Ln(III) complex with ligands having a T1 state whose energy matches that of T1 in the 

host, which works as an efficient energy accepter and emitter.  

 

 

Materials and Methods 

Materials 

A previously reported procedure was used to synthesize Eu(hfa)3(TPPO)2 (22). mT2T, 

SF3TRZ, and mCBP were purchased from the NARD Institute Ltd. (Hyogo, Japan). CBP 

was purchased from Angene International Ltd. (Nanjing, China). T2T was purchased 

from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). mT2T, SF3TRZ, mCBP, and 

CBP were purified via sublimation. Chloroform, dichloromethane, and methanol were 

purchased from Kanto Kagaku Co., Ltd. (Tokyo, Japan). Without further purification, all 

solvents were used as received. 

Fabrication of thin films 

Thin films for optical measurements were fabricated by spin-coating on quartz substrates. 

The quartz substrates were washed by ultrasonic cleaning with acetone and isopropanol. 

For the preparation of neat films, the emitter compounds were dissolved in chloroform 

(10 wt%). To prepare the host-guest films, a weight ratio of 1:9 of the guest molecule and 

the host molecule was dissolved in chloroform to obtain an overall concentration of 10 

wt%. Before use, the solution was filtered through a 0.2 µm filter, and the quartz 
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substrates were heated to 80 °C. The solution was spin-coated onto quartz substrates for 

60 s at 1000 rpm and then annealed at 70 °C for 10 min. Table S4 shows the thicknesses 

of the films.  

Thin films for refractive index measurements were fabricated on silicon substrates using 

vacuum vapor deposition at a pressure of less than 10−3 Pa. We used a fixed deposition 

rate of 0.5 nm/s and a thickness of 100 nm. 

 

General methods 

UV-vis absorption spectra were measured using a PerkinElmer LAMDA950 

spectrophotometer. Excitation and PL spectra of the Eu(hfa)3(TPPO)2-doped PMMA film 

(excitation wavelength for PL spectra: λex = 315 nm and probe wavelength for excitation 

spectra: λem = 615 nm), Eu(hfa)3(TPPO)2-doped mT2T film (λex = 267 nm, λem = 615 nm), 

Eu(hfa)3(TPPO)2-doped T2T film (λex = 260 nm, λem = 615 nm), Eu(hfa)3(TPPO)2-doped 

SF3TRZ film (λex = 267 nm, λem = 615 nm), Eu(hfa)3(TPPO)2-doped mCBP film (λex = 

267 nm, λem = 615 nm), and Eu(hfa)3(TPPO)2-doped CBP film (λex = 260 nm, λem = 615 

nm) were measured using spectrofluorometers (FP-8600, JASCO; PMA-12, Hamamatsu 

Photonics). The phosphorescence spectra of the neat films of Gd(hfa)3(TPPO)2, TPPO 

(λex = 335 nm), Gd(hfa)3(TPPO)2-doped mT2T (λex = 267 nm), mT2T (λex = 267 nm), 

T2T (λex = 315 nm), SF3TRZ (λex = 267 nm), mCBP (λex = 267 nm), and T2T (λex = 267 

nm) at 77 K were measured using a spectrofluorometer (FP-8600, JASCO; PMA-12, 

Hamamatsu Photonics).  

The photoluminescence quantum yields were measured using a Hamamatsu Photonics 

Quantaurus-QY instrument equipped with an integrating sphere. A time-correlated 

single-photon counting lifetime spectroscopy system (HAMAMATSU Quantaurus-Tau 

C11367-21, C11567-02, and M12977-01) was used to PL measure lifetimes. 

The refractive indexes and thicknesses of the films were measured using variable-angle 

spectroscopic ellipsometry (M-2000U, J. A. Woollam Co., Inc., United States).  

 

Time-resolved photoluminescence (TR-PL) 

TR-PL measurements were performed using a streak camera system (Hamamatsu C4780, 

time resolution <30 ps) synchronized with a Ti:sapphire regenerative amplifier (Spectra-

Physics, Spitfire Ace, pulse duration = 120 fs, repetition rate = 1 kHz, pulse energy = 4 

mJ/pulse, central wavelength = 800 nm)34. The samples were excited by the third 

harmonic of the fundamental pulse from an amplifier (267 nm). The polarization angle of 

the light for excitation and detection was set to the magic angle (54.7°)45. Before 

measuring, all films were encapsulated. The excitation energy was kept to less than 0.8 

mJ/cm2. 

Femtosecond transient absorption spectroscopy (fs-TAS) 

Transient absorption (TA) measurements were conducted using the pump-probe method46. 

The light source was a Ti:sapphire regenerative amplifier system (Spectra-Physics, 

Spitfire Ace, pulse duration = 120 fs, repetition rate = 1 kHz, pulse energy = 4 mJ/pulse, 

central wavelength = 800 nm) seeded by a Ti:sapphire femtosecond mode-locked laser 

(Spectra-Physics, Tsunami). The output of the amplifier was divided into two pulses for 
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the pump and probe. The samples were pumped by the third harmonic of the fundamental 

pulse from an amplifier (267 nm). The broadband probe pulse (450–750 nm) was 

generated using a sapphire crystal of 1 mm thickness. The angle between the pump and 

probe polarizations was set to the magic angle (~54.7 deg.). The pump and probe pulse 

beam sizes at the sample position were <0.7 mmϕ and <0.5 mmϕ, respectively. A PC-

controlled mechanical delay state was used to adjust the delay time between the pump 

and probe pulses. The probe pulse that passed through the sample films was dispersed by 

a polychromator (JASCO, CT-10, 300 grooves/500 nm), and the spectra were captured 

using a multichannel detection system with a CMOS sensor (UNISOKU, USP-PSMM-

NP). To avoid damage, all the films were encapsulated before being measured and were 

mechanically moved continuously. The excitation energy was kept to less than 0.4 

mJ/cm2. The recorded data was analyzed using a Python-based homemade program. 
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