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Design, System, Application Statement 
This study provides an approach to efficiently optimize the composition of lanthanide-based 
metal-organic frameworks (MOFs), MIL-103, which shows white light emission, by adopting the 
Bayesian optimization method. Predicting the lanthanide ion composition that can result in the 
desired luminescence color is often difficult because it requires rigorous experimentation based 
on intuition and experience. The use of Bayesian optimization methods for composition 
optimization can help resolve the problems associated with complex energy transfer processes 
and the presence of trace amounts of lanthanide impurities in lanthanide-based MOFs. The 
proposed approach is an effective means to overcome the challenges of compositional 
optimization beyond the limitations of the experimenter. We believe that our study makes a 
significant contribution to the literature because we successfully synthesized white-light-emitting 
MIL-103 using Bayesian optimization. 
Further, we believe that this paper will be of interest to the readership of your journal because the 
field of material informatics (MI) has gained significant attention, and a versatile method based 
on MI for composite optimization of MOFs is desired, as a limited number of studies have 
reported the application of machine learning to synthesize MOFs. 
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Bayesian optimization of the composition of the lanthanide 
metal-organic framework MIL-103 for white-light emission
Yu Kitamura,a Hiroki Toshima,a Akihiro Inokuchi,b and Daisuke Tanaka*a 

To realize lanthanide metal-organic frameworks (Ln-MOFs) with 
white light emission, it is necessary to adjust their RGB composition. 
We adopted the Bayesian optimization technique to optimize the 
stoichiometric ratio of metal-salts in Ln-MOFs. We successfully 
synthesized MIL-103 (Ln(BTB)(H2O), H3BTB = 1,3,5-tris(4-
carboxyphenyl)benzene), which emits white light.

Lanthanide-based metal-organic frameworks (Ln-MOFs) have 
gained significant attention in recent years because of their 
potential for use as multifunctional materials, including 
luminescence materials, sensors, proton conductors, and 
magnetic materials.1-8 Ln-MOFs are excellent luminescent 
materials because they can be freely tuned to various 
luminescent colors by mixing the appropriate amount of 
lanthanide metal ions. Furthermore, they can be used in diverse 
applications such as displays, image processing, and color 
barcodes.9-11 Ln-MOFs can cover the three primary color 
emissions (RGB; red, green, and blue), which allows their 
application in the design of materials with white light 
emission.12-14 However, controlling the emission color of Ln-
MOFs can be challenging because energy is generally 
transferred from blue-emission chromophores to green-
emission chromophores and from green-emission 
chromophores to red-emission chromophores, which is a 
complex process.15-17 Commercial lanthanide reagents contain 
trace amounts of other lanthanide metals,18 and the presence 
of Eu3+, a red-emission chromophore, as an impurity has a 
significant impact on the luminescent properties of such 
reagents because the excess energy transfer to Eu3+ results in 

reddish luminescence.19 Therefore, predicting the composition 
necessary to achieve the desired luminescence color is often 
difficult because it requires numerous experiments based on 
intuition and experience.

In recent years, the field of material informatics has gained 
significant attention and has been actively studied to facilitate 
the discovery of novel materials.18, 20-29 In particular, Bayesian 
optimization predicts the unknown function and suggests the 
next search condition where the probability of showing a 
maximum or minimum value is high.30 Bayesian optimization 
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Fig. 1. Research flow process. Data was collected by changing the stoichiometric 
ratio of the three lanthanide metal-salts and conducting 24 or 48 variations six 
times using a multiple vessel. Fluorescence measurements were performed using 
microplate readers to collect 24 spectra at a time. Based on this data, Bayesian 
optimization was performed to optimize the stoichiometric ratio that shows white-
light emission.
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methods are useful tools for yield improvement and 
composition optimization.31-41 The use of Bayesian optimization 
methods for composition optimization could help resolve the 
problems associated with the complex energy transfer and 
trace amounts of lanthanide impurities in Ln-MOFs. The 
Bayesian optimization searches for conditions that help achieve 
white luminescence properties using the amount of rare earth 
salts in the raw material as a parameter, eliminating the need 
for the experimenter to directly consider the amount of 
impurities and the efficiency of energy transfer. 

Herein, we focused on MIL-103 (Ln(BTB)(H2O), BTB = 1,3,5-
tris(4-carboxyphenyl)benzene), which has been reported to be 
synthesized with various lanthanide ions.42 The primary 
objective of the study was to optimize the composition of MIL-
103, which shows white light emission, by adopting the 
Bayesian optimization method (Fig. 1). However, in order to 
perform Bayesian optimization, a large initial data set is 
required. Therefore, in this study, synthesis was performed 
using a multiple vessel that can collect a large amount of data 
at a time, and fluorescence spectra were collected using a 
microplate reader.

MIL-103 (Ln = Eu3+, Gd3+, Tb3+) was synthesized using the 
solvothermal method, wherein three different lanthanide 
metals, Eu3+, Gd3+, and Tb3+ were used, following a previously 
reported synthetic method.42 The successful synthesis of MIL-
103 was confirmed through X-ray powder diffraction (XRPD; Fig. 
S1). The luminescence spectra of these three materials were 
recorded, and chromaticity diagrams were prepared 

accordingly; MIL-103(Eu) and MIL-103(Tb) emitted red and 
green luminescence, respectively, as expected (Fig. 2a-d and Fig. 
S2). However, MIL-103(Gd), which was expected to show light 
blue luminescence from the ligand, showed light purple 
luminescence. Thus, we recorded the luminescence spectrum 
of the ligand, H3BTB, and found that H3BTB emits blue 
luminescence (Fig. 2c). In addition to the expected band from 
H3BTB, the luminescence spectrum of MIL-103(Gd) showed 
peaks which can be attributed to Eu-derived peaks. This further 
indicates that the impurity Eu3+ was included in MIL-103(Gd) 
(Fig. 2c). To identify the origin of the impurity Eu3+, we focused 
on the starting material, the Gd3+ nitrate salt. In our previous 
work18, we performed inductively coupled plasma mass 
spectrometry measurements and demonstrated that 
Tb(NO3)3·6H2O contained 0.2% Eu and Gd(NO3)3·6H2O 
contained 0.1% Eu and Tb. These impurity ions endow light 
purple luminescence to MIL-103(Gd). These results indicate 
that, to synthesize MIL-103 with white light emission, only a 
small amount of Eu is required primarily because of the 
presence of Eu in Gd and Tb.

To realize white light emission, MIL-103(EuxGdyTbz) was 
synthesized according to various metal ion mixing ratios. The 
concentration ratio was determined based on the intuition and 
experience of the experimenter. A total of 156 different 
conditions were investigated over six trials (Table S1). The 
obtained products were characterized by XRPD, luminescence 
spectra were measured under 295 nm excitation wavelength, 
and the corresponding chromaticity diagram data were 

Fig. 2. Emission spectra at the excitation wavelength of 295 nm: (a) single MIL-103(Eu), (b) single MIL-103(Tb), and (c) single MIL-103(Gd) (blue) and organic ligand 
H3BTB (black). (d) CIE chromaticity diagram for single MIL-103(Eu, Gd, or Tb) and organic ligand H3BTB. (e) CIE chromaticity diagram for trial experiments 1–6.
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collected (Fig. 2e). In the first trial, only red luminescence was 
obtained. As the number of trials increased, orange and pink 
luminescence were obtained gradually. However, in this 
screening, the CIE chromaticity coordinates closest to white 
were (0.372, 0.308) at the changed ratio of MIL-103(EuxGdyTbz; 
Eu = 2.7×10-5, Tb = 5.6×10-3, Gd = 9.94×10-1), which shows light-
pink emission, while ideal white emission CIE coordinates were 
(0.333, 0.333), i.e., we could not obtain white-light emitting 
products (Fig. 2e and S3-4).

Initial screening synthesis could not yield MIL-103 with 
white-light emission under an excitation wavelength of 295 nm. 
It is known that the luminescence spectrum of lanthanide 
compounds is dependent on the excitation wavelength. 
Therefore, we performed tuning experiments by varying the 
excitation wavelengths in the range 250–310 nm. Thus, nearly 
white light emission (0.327, 0.340) was successfully obtained at 
an excitation wavelength of 250 nm when the metal ions (Eu, 
Gd, and Tb) were added at a concentration ratio of 8.3×10-5: 
9.92×10-1: 8.1×10-3; i.e. when MIL-103(EuxGdyTbz; Eu = 8.3×10-5, 
Tb = 8.1×10-3, Gd = 9.92×10-1) was prepared (Fig. 3). 

To synthesize white-light emitting MIL-103 under a longer 
excitation wavelength, we tried to optimize the composition of 
the lanthanide metal contents using a Bayesian optimization 
technique. For the purpose of analysis, the 156 chromaticity 

coordinate data collected in the initial screening and synthetic 
conditions for the lanthanide metal mixing ratio were used. The 
distance between the white color (0.333, 0.333) and the 
chromaticity diagram coordinates obtained using the screening 
synthesis was calculated (eq. 1), and Bayesian optimization was 
performed to minimize this distance to “0.” 

Distance =   (eq. 1)(𝑥𝑖 ― 0.333)2 + (𝑦𝑖 ― 0.333)2

(  : x-coordinate of any chromaticity diagram𝑥𝑖

 : y-coordinate of any chromaticity diagram)𝑦𝑖

The Bayesian optimization yielded an optimized amount of 
Eu(NO3)3·6H2O = 9.90×10-7, Tb(NO3)3·6H2O = 1.96×10-4, and 
Gd(NO3)3·6H2O = 3.75×10-2 mmol for each lanthanide metal salt. 
Based on this information on the optimized preparation ratio, 
10 synthetic conditions were examined (Table S2). We 
characterized the obtained powder via XRPD. We then 
measured luminescence spectra and subsequently generated 
chromaticity coordinates. Although we could not obtain white 
color emission in the initial screening synthesis, all the MIL-103 
synthesized according to Bayesian optimization successfully 
yielded a near-white-light emission (Fig. 4b-c and S5-6). The 
closest white-light emission was achieved for MIL-
103(EuxGdyTbz; Eu = 2.9×10-5, Tb = 5.1×10-3, Gd = 9.95×10-1), 

Fig. 4. (a) CIE chromaticity diagram after Bayesian optimization. Red star is the white color (0.333, 0.333). Circles are experimental results with lanthanide metal content 
optimized using Bayesian optimization. Orange circle is the result closest to white-light emission (0.332, 0.341). Gray squares are results from initial screening synthesis. 
(b) Enlarged view of Fig. 4b. (c) Emission spectra of white-light emission of MIL-103(EuxGdyTbz; Eu = 2.9×10-5, Tb = 5.1×10-3, Gd = 9.95×10-1). Excitation wavelength was 
295 nm.

Fig. 3. (a) Emission spectra and (b) CIE chromaticity diagram of MIL-103(EuxGdyTbz; Eu = 8.3×10-5, Tb = 8.1×10-3, Gd = 9.92×10-1) at various excitation wavelengths. (c) 
Enlarged view of Fig. 3b.
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which showed white-light emission with (0.332, 0.341) under 
295 nm excitation (Fig. 4a). Though the experimenter could not 
obtain white luminescence by intuition and experience, the 
desired luminescence could be successfully achieved based on 
the results of Bayesian optimization.

In summary, we successfully synthesized white-light-
emitting MIL-103 using two different approaches: adjusting the 
excitation wavelength and optimizing the lanthanide metal 
content using Bayesian optimization. The initial screening 
synthesis was performed by relying on the intuition and 
experience of the experimenter. Although the experimenter's 
intuition was cultivated as the number of trials increased, it was 
difficult to synthesize white-light-emitting MIL-103. Meanwhile, 
the composition of lanthanide metals in MIL-103 could be 
optimized efficiently through Bayesian optimization. Thus, this 
method is an effective means to overcome the challenges of 
composition optimization beyond the limitations of the 
experimenter and is expected to facilitate material discovery.
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