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The regular MCM-41 type mesostructured silica material was used as a support for the 

incorporation of the highly luminescent tris(β-diketonate) complex Eu(tta)3ephen yielding the 

hybrid MCM-Eu material. Suitable characterization by powder X-ray diffraction (XRD), 

thermogravimetric analyses (TGA), diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS), 13C and 21Si solid state NMR spectroscopy and photoluminescence spectroscopy was 

accomplished. The combination of Ultraviolet-Visible spectroscopy (UV-Vis) and 

photoluminescence techniques shows that this incorporation seems to modify essentially the second 

Eu3+ coordination shell. For a material that has a simply impregnated lanthanide complex, the 

herein reported maximum 5D0 quantum yield (q) value of 0.31 is a significant high value, being 

almost in the same scale of the values obtained for the materials with covalently bonded 

complexes. A detailed theoretical photoluminescence study of the MCM-Eu with the recently 

developed Luminescence Package- LUMPAC is presented. The high accuracy of the theoretical 

calculations is achieved through the comparison with the experimental values. Aiming at a deeper 

understanding of the photoluminescence process, the ligand-to-Eu3+ intramolecular energy transfer 

and back–transfer rates were also predicted. The dominant pathway involves the energy transfer 

between the lowest energy ligand triplet and the 5D0 level (9.70 ×107 s-1). 
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The unique optical properties of luminescent lanthanide (Ln3+) complexes to emit well-defined 

narrow bands in different spectral ranges with relatively long lifetimes and high quantum yields 

makes them appropriate for technological applications1-4. The interest in these materials has 

progressively grown in the last two decades due to their wide range of potential photonic 

applications such as amplifiers for optical communications,5 components of the emitter layers in 

multilayer organic light-emitting diodes (OLEDs),6 tunable lasers,7 luminescent labels in advanced 

time-resolved fluoroimmunoassays,8 light concentrators for photovoltaic devices,9 luminescent 

thermometers10 and magnetic resonance imaging (MRI) contrast agents11. The design of new 

organic photosensitizers has dominated the development of Ln3+-based optical materials in view of 

their high molar absorption coefficients and their efficient sensitization ability of the metal-centered 

luminescence. Although a large number of anionic ligands have been developed and tested for their 

ability to sensitize Ln3+ luminescence, β-diketones appear to be adequate sensitizers to meet the 

requirements12,13. Up to date, the experimental quantum yield measured for Eu(tta)3ephen [tta-  =2-

thenoyltrifluoracetonate; ephen = 5,6-epoxy-5,6-dihydro-(1,10)phenanthroline], 82±8%, is one of 

the highest so far reported for solid-state europium complexes14. 

The rather low thermal and photochemical stability together with poor mechanical properties and 

photodegradation upon UV exposure represent important disadvantages concerning the 

technological applicability of the Ln3+ β-diketonate complexes. Their incorporation in polymers15,16, 

liquid crystals17, organic-inorganic hybrid materials14,18-24, Zeolite L25, mesoporous materials26,27, 

silica nanoparticles28,29 and multi-walled carbon nanotubes30 overcomes these drawbacks and 

provide Ln3+-containing hybrid materials with high potential for different applications4,19,23,24,31.  

Due to its peculiar characteristics, large internal surface area and favourable uniformity and easily 

controlled size of the pore, the regular MCM-41 type mesostructured silica material has attracted 

considerable interest in physics, chemistry, materials science and other relevant areas. These 

properties together with the thermal and mechanical stabilities make it an ideal host for 

incorporation of active/functional molecules and some work has already been devoted on this field 
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32-36. Several procedures have been extensively explored in the last few years to immobilize 

lanthanide complexes in MCM-4137-39.The most straightforward method that can be employed to 

encapsulate lanthanide ions in MCM-41 or MCM-48 supports involves simple embedding of the 

complex40-46 within prefunctionalized or as-prepared mesoporous silica networks by means of 

simple wet impregnation methods.  

In the last few years the use of theoretical models to determine the coordination geometry of a 

lanthanide complex47-49, the position and nature of the ligand excited states in the complex47-49, the 

4f–4f intensity parameters50,51, the ligand-to-lanthanide ion energy transfer rates50-52, and the 

luminescence quantum yields53 was very restricted. The main reason was the fact that these models 

are a somewhat difficult to apply and also because until now no software with the models for the 

luminescence properties calculations implemented had been developed. With the goal to contribute 

to the diffusion and use of theoretical methods to understanding and designing lanthanide-based 

luminescent systems, the easy-to-use computational package LUMPAC54 was recently developed.  

In order to gain insight into the factors which determine the quantum yield and other relevant 

properties of lanthanide complexes, our group has adopted the LUMPAC´s approach based on both 

theoretical and experimental work and therefore will be herein used to theoretically support the 

photoluminescence studies. The reported methodology offers an opportunity to calculate the 

photoluminescence properties of luminescent materials, being simple and precise enough to predict 

the emission quantum yields of hybrid materials. In fact, the suitability of the LUMPAC´s approach 

for modelling the photoluminescence properties of extended solids such as Metal-Organic 

Frameworks was recently assessed55. The incorporation of luminescent lanthanide materials in solid 

matrices with structural organization is of widespread interest in materials since as it affords 

functional materials with a variety of optical properties. Compared with the lanthanide complex, the 

MCM-based material provides an additional advantage, such as being able to be processed as silica-

based templates for optical centres (compatible with the silicon devices technology), opening up the 

possibility of designing new luminescent displays with highly oriented MCM-41 films impregnated 
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 5

with enhanced emitting centres. Therefore, in this paper, the incorporation of Eu(tta)3ephen into 

MCM-41 by impregnation method is described and the structure and photoluminescence features of 

a novel highly luminescent mesoporous material incorporating the Eu(tta)3ephen complex is 

investigated and theoretically explored. 

 

2. Experimental  

2.1 Synthetic procedures 

All reagents were obtained from Aldrich and used as received. Commercial grade solvents were 

dried and deoxygenated by standard procedures (CH2Cl2 over CaH2), distilled under nitrogen, and 

kept over 4 Å molecular sieves. Eu(tta)3ephen was prepared and characterized according to the 

literature14. MCM-41 was synthesized by adopting a methodology previously described, using 

[(C14H33)N(CH3)3]Br as template46. Template extraction from MCM-41 was performed by refluxing 

the materials with HCl acidified methanol instead of a calcination procedure 56. Prior to the grafting 

experiment, physisorbed water and methanol were removed by heating at 453 K in vacuum (10-2 Pa) 

for 2 h. A suspension of MCM (0.290 g) in dichloromethane reacts with a solution of Eu(tta)3ephen 

(0.081 g) in dichloromethane. The mixture was stirred overnight under N2 inert atmosphere, then 

filtered, washed with 2 x 10 mL of dichloromethane, and dried under vacuum during 3 h, to yield 

MCM-Eu. Elemental analysis (%): found C 4.70, S 1.06, N 0.31, H < 0.5. 

 

2.2 Characterization 

Solid state 29Si and 13C NMR measurements were performed at room temperature on a Bruker MSL 

300P spectrometer operating at 59.60 and 75.47 MHz for the observation of 29Si and 13C 

resonances, respectively. The standard magic angle spinning (MAS) cross polarization – dipolar 

decoupling RF pulse sequence (CP-DD) was used under about 4 kHz spinning rate. For the 

acquisition of 29Si spectra, 5 ms contact time was chosen, 6 s recycling delay, and a number of 

scans always higher than 3000 were selected; the Hartmann-Hahn condition was optimized using 

tetrakis-trimethylsilylsilane and tetramethylsilane (TMS) was the external reference to set the 
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chemical shift scale. 13C spectra were recorded with 2 ms contact time, 4 s recycling delay and a 

number of scans higher than 900. The Hartmann-Hahn condition was optimized using glycine, also 

the external reference to set the chemical shift scale (13CO at 176.1 ppm). 

Powder X-ray diffraction (XRD) measurements were taken on a Philips Analytical PW 3050/60 

X’Pert PRO (theta/2 theta) equipped with X’Celerator detector and with automatic data acquisition 

(X’Pert Data Collector (v2.0b) software), using a monochromatized Cu-Kα radiation as incident 

beam, 40 kV–30 mA. Thermogravimetric analyses (TGA) were performed using a Perkin-Elmer 

TGA7 thermobalance system at a heating rate of 10 K min-1 under N2 between 300 and 1073 K. 

Microanalyses were performed at the Elemental Analysis Service of IST. DRIFT spectra were 

acquired with a MATTSON 7000 FTIR Spectrometer fitted with Spectra-Tech diffuse reflectance 

(diffuse reflectance infrared Fourier transform-DRIFT) accessory. Spectra were measured in the 

400-4000 cm-1 range using 2 cm-1 resolution. The Ultraviolet-Visible (UV-Vis) absorption spectra 

of the ethanolic solutions were measured at room temperature on a JASCO V–560 instrument with 

a scan range of 220-850 nm, at 200 nm min-1and a resolution of 0.5 nm.  

The photoluminescence spectra were recorded at room temperature and at 12K with a modular 

double grating excitation spectrofluorimeter with a TRIAX 320 emission monochromator 

(Fluorolog-3, Horiba Scientific) coupled to a R928 Hamamatsu photomultiplier, using a front face 

acquisition mode. The excitation source was a 450 W Xe arc lamp. The emission spectra were 

corrected for detection and optical spectral response of the spectrofluorimeter and the excitation 

spectra were corrected for the spectral distribution of the lamp intensity using a photodiode 

reference detector. The emission monochromator has a linear spectral density of 2.64 nm.mm-1 and 

the slits width was 0.03 nm, yielding a spectral resolution around 2.3 cm-1.  

The absolute emission quantum yields (q) were measured at room temperature using a quantum 

yield measurement system C9920-02 from Hamamatsu with a 150 W Xenon lamp coupled to a 

monochromator for wavelength discrimination, an integrating sphere as sample chamber and a 
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multi channel analyser for signal detection. Three measurements were made for each sample so that 

the average value is reported. The method is accurate to within 10 %. 

 

2.3 Theoretical calculations 

The hybrid MCM-Eu system´s ground state geometry was based on a Eu(tta)3ephen complex 

molecule impregnated in a truncated MCM-41 pore. The 3D hexagonal structure model of an 

MCM-41 channel was built using an online application57. The model channel obtained in this way 

has all silanol groups in the wall’s outer surface. They were then inverted to the inner surface wall 

using Moldraw software58. This was accomplished by aligning a single side of the hexagon along 

the xy plane and then mathematically inverting the signal of the negative sign of all the OH groups 

on that surface. The procedure was replicated five more times by rotating the channel 60° prior to it. 

This allowed all hydroxyl groups to lie on the inner surface of the channel. All silicon atoms 

saturated by oxygen atoms and oxygen atoms with less than two silicon atoms attached to them are 

saturated by hydrogen atoms. The model channel was optimized with the UFF molecular mechanics 

method available in the Gaussian 03W - Revision D.02 program package59. 

Due to the large size of the hybrid system (708 atoms) the geometry optimization was performed 

with the semiempirical Sparkle model 60-64 implemented in MOPAC2012 65. The choice of which 

Sparkle model to be used is related with the impact of AM1 (Austin Model 1), PM3 (Parametric 

Method 3), PM6 (Parametric Method 6), RM1 (Recife Model 1) or PM7 (Parametric Method 7), on 

the quantum chemical modelling of the specific atoms of the system under study. The optimization 

of the ground state geometry by the Sparkle/AM1 model allows accurate geometry prediction as ab 

initio/ECP (effective core potential) calculations on lanthanide complexes, while being hundreds of 

time faster60,66. Additionally, as it was successfully applied in Eu3+-based organic-inorganic 

hybrids67, we decide to perform Sparkle/AM160 calculations. The keywords used were: AM1; 

SPARKLE; PRECISE; GNORM=0.25; T=10D; GEO-OK and XYZ: The singlet and triplet excited 

states energies were performed by using the semiempirical INDO/S-CIS68,69 (Intermediate Neglect 

of Differential Overlap/Spectroscopic - Configuration Interaction Single) implemented in ORCA70. 
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The luminescent properties: intensity parameters, radiative and non-radiative rates, energy transfer 

and back-transfer rates, quantum efficiency and quantum yield were calculated using the LUMPAC 

software54. The methodologies implemented in LUMPAC to calculate these luminescent properties 

are detailed in reference71 and in the LUMPAC´s homepage (http://www.lumpac.pro.br/theory). 

 

3. Results and discussion 

The MCM-41 material was prepared using myristyltrimethylammonium bromide 

([(C14H33)N(CH3)3]Br) as surfactant, according to a literature procedure46. Afterward, the 

Eu(tta)3ephen complex (Scheme 1) was impregnated on the inner surface of the material. The Eu 

complex was introduced by suspending the MCM material in dichloromethane and then adding the 

precursor complex as a dichloromethane solution. This afforded MCM-Eu material, and according 

to elemental analysis, the CHN analyses for MCM-Eu material revealed values of 4.7 %C, 0.31 

%N, 1.06 %S, and %H < 0.5. Based on the N and S content, these results show that the loading of 

Eu(tta)3ephen derivative inside the pores is 0.11 mmol g-1.The material was conveniently 

characterized by DRIFT, powder XRD, TGA and 29Si and 13C CP-MAS SS/NMR. All 

spectroscopic features discussed in the following lines were found to be in agreement with related 

mesoporous materials. 

  

[Scheme 1] 

 

3.1 Synthesis and characterization 

The powder XRD patterns of MCM and MCM-Eu are given in Figure 1. The pattern of the parent, 

calcined MCM material, shows four reflections in the 2º < 2θ < 10º range, indexed to a hexagonal 

cell as (100), (110), (200), and (210). The d value of the (100) reflection is 38.3 Å, corresponding to 

a lattice constant of a = 44.3 Å (= 2d100/√3). For material MCM-Eu the d value of the (100) 

reflection is 37.7 Å, corresponding to a lattice constant of a = 44.3 Å (= 2d100/√3). 

 

[Figure 1] 
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After the inclusion of the Eu(tta)3ephen complex, the characteristic reflections are still observed at 

about the same positions, demonstrating that the long-range hexagonal symmetry of the mesoporous 

host was preserved. The observed peak intensity reduction is common to materials containing guest 

species. This is not due to a crystallinity loss, but rather to an X-ray scattering contrast reduction 

between the silica walls and pore-filling material. This has been observed for other types of 

materials and is well described in the literature72-74. 

[Figure 2] 

 

Figure 2 shows the thermogravimetric analyses (TGA) of materials (host and composite) discussed 

in the present work. Both materials show mass losses till 400 K corresponding to physisorbed 

water.  For the MCM parent material, after the plateau between 400 and 550 K, there is further mass 

loss due to water molecules involved in stronger interactions with the host matrix up until ca. 700 

K. After this temperature mass loss is mostly due to dehydroxilation of surface silanol groups. On 

the other hand, TGA analysis of MCM-Eu shows a degradation step occurring between 400–1073 K 

with a loss of 10.70% due to the presence of the Eu complex inside the pores of the host material. 

This weight loss corresponds to a loading of 0.11 mmol g-1 (0.011 mol %) of the complex inside the 

MCM pores. This loading matches exactly the value determined by elemental analysis based on the 

N and S contents, as discussed earlier in this work. 

The materials were also characterized by 29Si CP MAS-DD solid state NMR. The 29Si CP MAS-DD 

NMR spectrum of pristine MCM, displays three resonances at -109.7, -100.5 and -91.8 ppm, 

characteristic of Q4, Q3 and Q2 species of the silica framework, respectively (Fig. 3). For material 

MCM-Eu three resonances were also observed at -110.1, -100.8 and -91.5 ppm, characteristic of Q4, 

Q3 and Q2 species. 

 [Figure 3] 

 

The DRIFT spectra (850-1750 cm-1) of the Eu(tta)3ephen, MCM and MCM-Eu are presented in Fig. 

4 (the complete DRIFT are depicted in Figure S1 of the SI). The DRIFT spectrum of the MCM host 
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material is typical of a silicate evidencing a broad band in the 3600-2600 cm-1 range due to 

hydrogen bonding silanol groups (Figure S1, SI). Other important features comprise the band at 

ca.1640 cm-1due to δOH bending modes while the intense broad band at 900-1260 cm-1 is assigned 

to the asymmetric stretching vibration modes of the mesoporous framework (νSi-O-Si) 75. After the 

Eu(tta)3ephen incorporation, the DRIFT spectrum shows an overall similar profile dominated by the 

strong and broad bands of the host MCM material and most of the bands due to Euttaephen are not 

evident. However, news bands (highlighted in Fig.4, red line) were detected evidencing the 

Eu(tta)3ephen presence within the pores. 

 [Figure 4] 

 

Figure 5 shows the normalised UV-Vis absorption spectra of Eu(tta)3ephen and the MCM-Eu 

sample in ethanol solutions. The electronic absorption spectrum of complex Eu(tta)3ephen shows 

five broad bands with maxima at 267, 288, 299, 309 and 340 nm arising from the sum of the tta and 

ephen ligands14. On the basis of the molecular orbitals involved in the dominant excitation of each 

absorption, the observed bands at 288, 309 and 340 nm (with correspondence with the calculated 

ones at 276, 290, 324 nm) are assigned to excitations predominantly involving singlet intraligand 

(1IL) π→π*tta transitions although with some minor contributions from the ephen ligand. In turn, the 

bands at 267 and 299 nm (with correspondence with the calculated ones at 234 and 286 nm) 

receives a great contribution of the 1IL π→π*ephen transitions14. Comparing the absorption spectrum 

of the MCM-Eu sample with that of Eu(tta)3ephen obvious differences in the absorption bands 

attributed to both tta and ephen ligands are observed. The corresponding red shift (340 → 344 nm) 

is observed, suggesting that the electron distribution of the conjugated system involving the tta 

chelated ring changed when the Eu(tta)3ephen was incorporated into the MCM-41 matrix. 

Additionally, a significant intensity increase is observed for the bands with maxima at 288, 299 and 

309 nm, suggesting that both tta and ephen ligands are slightly affected with the incorporation of 

Eu(tta)3ephen within the constrained environment of the channels of the MCM-41 matrices. As 

these results demonstrate the integrity of the first-sphere ligands in the hybrid material, the 
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structural changes are expected to occur outside the coordination polyhedron, modifying essentially 

the second Eu3+ coordination shell, most likely by the establishment of intermolecular interactions. 

The same conclusion has already been observed for the hybrid system based on the Eu(tta)3ephen 

complex and the tri-ureasil matrix14  as well as for an analogous hybrid system based on the 

Eu(tta)3phen (phen =1,10-phenantroline) and the poly(ε-caprolactone)siloxane organic-inorganic 

biohybrid76. 

[Figure 5] 

 

3.2 Photoluminescence studies 

The MCM-Eu sample displays room-temperature emission ascribed to the Eu3+ 5D0→
7F0-4 

transitions, Figure 6. The excitation paths for the intra-4f6 emission can be visualised in the 

excitation spectra monitored around the 5D0→
7F2 transition (Figure 6). The spectrum is formed of a 

broad band (240-420 nm) peaking at ~375 nm. The high- and low-wavelength regions were recently 

ascribed to the preferential excitation of the ephen and tta excited states, respectively14. The 

presence of a very-low intense Eu3+ transition (7F0→
5D2) readily indicates that the Eu3+ ions are 

mainly sensitized by the ligands, rather than by direct intra-4f6 excitation. The maximum quantum 

yield value (q) (0.31±0.03) was found under excitation at 320 nm. Similar values (within the 

experimental error) were measured under excitation at 275 and 375 nm (0.26±0.03). 

[Figure 6] 

 

For a material that has a simply impregnated lanthanide complex, the herein reported maximum 

η value of 0.31 is a very significant value. In fact, it’s higher than those reported for lanthanide 

complexes that are immobilized in the host with weak interactions or with pre-functionalized 

matrix44,76, being almost in the same scale of those values obtained for the materials with 

covalently bonded complexes.37-39,77,78   

Aiming at further discussing the Eu3+-local environment, Figure 7a displays the intra-4f6 transitions 

scanned with higher resolution at 10 K under distinct excitation wavelengths. The emission spectra 
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are independent of the excitation wavelength in good agreement with the presence of a single 

average Eu3+-local environment. Moreover, the non-degenerated 5D0→
7F0 transition is well 

described by a single Gaussian a function (Figures 7b and c) peaking at 17252.5±0.3 cm−1 with a 

full-width-at-half-maximum (fwhm) of 24.7±0.2 cm−1. Furthermore, the fact that the 7F1,2 levels 

split into 3 and 5 Stark components (marked with arrows in Figure 7a) and the higher intensity of 

the 5D0→
7F2 transition point out that the Eu3+ ions in the occupy the same average local 

environment characterized by a low-symmetry group without an inversion centre. We should note 

that the values of the energy and fwhm of 5D0→
7F0 transition are higher than those previously 

reported for the isolated complex (17249.0±0.1 cm−1, fwhm of 13.7±0.2 cm−1) as also observed for 

the same complex incorporated into the tri-ureasil host14. The larger fwhm, often termed as 

inhomogeneous broadening induced site-to-site variation reflects the complex accommodation into 

the host materials. 

[Figure 7] 

 

The 5D0 lifetime value was measured under excitation at 275 and 375 nm (Figure S2, SI) through 

the monitoring of the emission decay curves around the 5D0→
7F2 transition. Both curves are well 

described by a single exponential function (Figure S2, SI), in good agreement with the presence of a 

single Eu3+-local environment yielding lifetime values of 0.635±0.001 (275 nm) and 0.671±0.001 

(375 nm). Although smaller than those measured for the complex (0.896±0.004, excited at 270 nm 

insert value) and after incorporation into the tri-ureasil host14, (0.750±0.003, excited at 270 nm), the 

5D0 lifetime dependence with the excitation wavelength was also observed for the same complex 

and indicates that ligand-to-Eu3+energy transfer processes are operative and mediated by an 

intermediate state (such as the triplet states of the ligands) in near-resonance with the intra-4f6 

levels79.  

All these aspects, in particular the transitions broadening and lifetime decrease seem to indicate that 

impregnation of the complex into the channels of the MCM-41 matrices modifies essentially the 
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second Eu3+ coordination shell. The transitions broadening is in accordance with a higher non-

homogeneous distribution of similar Eu3+ chemical environments due to changes outside the 

coordination polyhedron, essentially related with the amorphous local structure of the host that 

accommodates in slightly different ways the Eu3+ first-coordination sphere (and also leading to 

slight modifications in the phonon density distribution)80.   

Aiming at a further theoretical rationalization of the photoluminescence properties, the experimental 

5D0 radiative (kr) and non-radiative (knr) transition probabilities and the 5D0 quantum efficiency 

(η), η=kr/(kr + knr) were also estimated and compared with the theoretical values (discussed 

hereinafter). The procedure to estimate these values was based on the 5D0→7F0-4 integrated 

areas and 5D0 lifetime, recorded at room temperature for the same excitation wavelength of 375 

nm19. The experimental intensity parameters Ω2 and Ω4 were determined from the emission 

spectra of Figure 7a(2) using the 5D0→7F2 and 5D0→7F4 transitions, respectively. The Ω6 

parameter was not determined since the 5D0→
7F6 transition is not observed experimentally. The 

obtained Ω2, Ω4, kr, knr and η values are displayed in Table 1. 

[Table 1] 

 

3.3 Theoretical rationalization of the photoluminescence properties.  

Owing to the recent development of the Luminescence Package- LUMPAC54, it was decided to 

carry out a study to assess whether this software, freely available to the scientific community, could 

be used with confidence to theoretically rationalize the photoluminescence properties of the hybrid 

MCM-Eu material. As such, a report on the feasibility of using LUMPAC calculations is presented 

by comparing the obtained theoretical values with the experimental ones.  

The molecular structure determination is the first step in the rationalization and prediction of the 

luminescent properties. In fact, from the optimized geometry, we can proceed to calculate many 

photoluminescent properties such as: singlet and triplet energy states, intensity parameters, radiative 

and nonradiative rates, energy transfer and back-transfer rates, quantum efficiency and quantum 
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yied. However, the recognition of the molecular model to be used must be done in a way to justify 

the experimental results as a whole. It should be take into account that organized media can 

significantly influence the photophysical processes on guest molecules. These hosts are able to 

provide a variety of different microchemical environments for the guest molecule, ultimating the 

occurrence of intermolecular interactions with the host81. UV-Vis results together with the 

photoluminescence data led to a picture where the impregnation of the complex into the channels of 

the MCM-41 matrices modifies essentially the second Eu3+ coordination shell, most likely by the 

establishment of intermolecular interactions. These spectroscopic results gave us confidence to 

build a molecular model to contemplate such interactions. For that reason, one of the possible 

MCM-Eu system´s ground state geometry, based on a Eu(tta)3ephen complex molecule impregnated 

in a truncated MCM-41 pore (for further details see Section 2.3), evidencing the presence of C-

H…O intermolecular interactions between C-H groups of both tta an ephen ligands and the silanol 

oxygen from the MCM-41 host, is shown in Figure 8. The complete optimization was achieved with 

the Sparkle/AM1 model and performed in module 1 of LUMPAC. It should be emphasized that, 

due to the good agreement between the experimental and theoretical results (discussed hereinafter) 

this simplified model efficiently represents the real system with respect to the electronic properties. 

[Figure 8] 

 

The optimized coordinates of the MCM-Eu system were used as input data to calculate the singlet 

(S1) and triplet (T1) energy levels as well as the theoretical intensity parameters Ω2, Ω4 and Ω6 of 

the Eu(tta)3ephen coordination polyhedron. The theoretical intensity parameters (Table 1) were 

obtained from a set of values of charge factors (g) and polarizabilities (α) associated with each 

europium-atom-ligand bond (Table 2) that were adjusted to reproduce the experimental intensity 

parameters Ω2 and Ω4.  

[Table 2] 
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These calculations were performed, respectively, in modules 2 and 3 of LUMPAC. The obtained 

Ω2, Ω4 and Ω6 values are listed in Table 1 and the S1 and T1 energies are 33742 cm-1and 18985 cm-

1, respectively.  It should be noted that although the lowest triplet state (18985 cm-1) lies below the 

acceptor level 5D1 of the Eu3+ ion 82, an efficient ligand-to-metal energy transfer is possible. In 

fact, there are some reports on the literature related with europium complexes with T1 energy 

levels between 5D1 (19027 cm-1)82 and the 5D0 emitting level (17293 cm-1)82, with highly 

efficient energy transfer rates83-88.  

These theoretical parameters were used to calculate the theoretical 5D0 radiative (kr) and non-

radiative (knr) transition probabilities, as well as the 5D0 emission quantum efficiency (η) and 

quantum yield (q) values. The comparison between all the calculated theoretical values and the 

experimental ones can be found in Table 1.  

The theoretical and experimental values are in very good agreement which allow us to assert that 

the LUMPAC calculations are able to support photoluminescence studies in extended solids in a 

very accurately way, provided the appropriate molecular model. The very low value calculated for 

the Ω6 parameter is also in good agreement with the negligible intensity of the 5D0→
7F6 transition. 

The values of charge factors (g) and the ligating ion polarizability (α) were adjusted using a non-

linear minimization of a six-dimension response surface. The Generate Simulating Annealing 

(GSA) method aimed at finding one of its local minima, which ideally should be the global 

minimum and for this reason we cannot attribute physical meaning to the adjusted values. However, 

if an incorrect coordination polyhedron is considered, the values of the Ω2 and Ω4 intensity 

parameters are not well adjusted. In other words, the perfect fit of the theoretical values to the 

respective Ω2 and Ω4 experimental parameters shown in Table 1, confirm that the Sparkle/AM1 

modeled structure corresponding to the synthesized structure. In the fitting procedure the response 

function, Fresp , was thus defined as: 

ExpCalc

i

ExpCalc

respF 44

2

1
22 Ω−Ω+Ω−Ω= ∑

=

   (1) 
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where i runs over Sparkle/AM1 geometry, Calc

2Ω  and Calc

4Ω  were the intensity parameters calculated 

and Exp

2Ω  and Exp

4Ω  were the intensity parameters obtained from the experimental emission 

spectrum. 

Aiming at a deeper understanding of the photoluminescence process, the intramolecular energy 

transfer and back–transfer rates for the Eu(tta)3ephen complex supported in the MCM matrix were 

predicted by using the module 3 of LUMPAC. The theoretical model used to describe the ligand-to-

Eu3+ energy transfer process was developed by Malta and collaborators for lanthanide coordination 

complexes50-52. According to the model, the energy transfer rates can be inferred from the 

contributions of the multipolar and exchange mechanisms. The intramolecular energy transfer 

depends on the distance between the acceptor and the donor states in the energy transfer process 

(RL). The RL values were calculated as 4.84 and 4.99 Å, for RL(singlet) and RL(triplet), respectively. 

According to the selection rules, the 5D2, 
5L6, 

5G6 and 5D4 levels are good candidates to be involved 

in the energy transfer processes through the multipolar mechanism52, while through the exchange 

mechanism the 5D1 manifold is the strongest candidate88. Moreover, although direct energy transfer 

to the 5D0 level is not allowed through both processes, this rule is relaxed because of J-mixing 

effects and thermal population of the 7F1 level67. Therefore, we focus our discussion on the 

multipolar contribution for the 5D4 level (for the 5D2 level the matrix element of the U(λ) operator is 

too small to be taken into account88 while the 5L6 and 5G6 levels are not yet included in this 

LUMPAC version). For the exchange mechanism, the 5D1 and 5D0 levels will be considered (Table 

3). 

[Table 3] 

According to Table 3, the energy transfer rate via the ligand singlet states weakly affects the 

luminescence process due to its low value (~103 s-1 but with a back-transfer rate almost 

negligible), compared with the T1→
5D0 and T1←

5D1 transfer rates (~107 s-1). Accordingly, the 

most efficient luminescence pathway will be S0→S1→T1→(5D1,
5D0)→

7F0-6. Although the 

T1←
5D1 is quite elevated (9.18 ×107 s-1), the back transfer rate is also high (6.09 ×107 s-1), 
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causing a depopulation of the excited 5D1 level of the Eu3+ ion. Therefore, the dominant 

pathway is through the T1→
5D0 channel (9.70 ×107 s-1). Additionally, it should be noted that, in 

resemblance with the F.R.G. e Silva et al. work88, the T1←
5D1 is the direct transfer rate being 

higher than the T1→
5D1. 

The theoretical quantitative assessment of energy transfer mechanisms in organic-inorganic hybrids 

is particularly limited. In fact, up to date, only one report related with a sol-gel derived organic-

inorganic di-ureasil hybrid [d-U(600)] incorporating the Eu3+ complex [(Eu(btfa)3(4,4´-

bpy)(EtOH)] (btfa=benzoyltrifluoracetonate, 4,4´-bpy=4,4’-bipyridine] was performed 67. The 

comparison of the calculated values with those obtained for d-U(600)-[Eu(btfa)3((4,4-bipy] 67 

shows that the energy transfer rates for the S1→
5D4  and T1→(5D1,

5D0) channels are approximately 

104 and 103 lower. Although for the d-U(600)-[Eu(btfa)3((4,4-bipy] material67 the complex was 

anchored to specific functional groups of the hybrid di-ureasil matrix by the replacement of the 

ethanol molecule while herein the MCM-41 matrix was used only to support the complex, the 

observed differences are intrinsically associated with the considered Eu3+ β-diketonate complex. In 

fact, for the isolated [(Eu(btfa)3(4,4´-bpy)(EtOH)] complex, theoretical energy transfer rates of the 

same order as obtained with the hybrid d-ureasil were found (~107 s-1 for S1→
5D4  and ~1010 s-1 for 

T1→(5D1,
5D0) channels)20. Similarly, for the isolated Eu(tta)3ephen complex, the S1→

5D4 and 

T1→(5D1,
5D0) transfer rates were calculated to be at the same order (~103 s-1 and ~107 s-1, 

unpublished results) of those found for the hybrid MCM-Eu system.  

 

4. Conclusions 

Herein, the tris(β-diketonate) Eu(tta)3ephen complex incorporation within the MCM-41 framework 

was performed and the structural and optical properties of a highly luminescent material is 

presented and discussed. The combination of UV-Vis and photoluminescence techniques 

demonstrate the integrity of the first-sphere ligands in the hybrid material suggesting that the 

structural changes are expected to occur outside the coordination polyhedron, modifying essentially 
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the second Eu3+ coordination shell, most likely by the establishment of intermolecular interactions. 

For a material that has a simply impregnated lanthanide complex, the herein reported maximum 

5D0 quantum yield (q) value of 0.31 is a significant high value being almost in the same scale of 

the values obtained for the materials with covalently bonded complexes. 

A detailed theoretical photoluminescence study of MCM-Eu performed with the recently developed 

Luminescence Package- LUMPAC is presented. The high accuracy of the theoretically calculated 

5D0 radiative (kr) and non-radiative (knr) transition probabilities as well as the 5D0 emission 

quantum efficiency (η) and quantum yield (q) values is achieved through the comparison with the 

experimental values. Aiming at a deeper understanding of the photoluminescence process, the 

intramolecular energy transfer and back –transfer rates were also predicted. The 

S0→S1→T1→
5D0→

7F0-6 channel was found to be dominant pathway with a T1→
5D0 rate of 9.70 

×107 s-1. 

The good agreement found between theoretical and experimental values provides a further support 

to the theoretical scheme that has been herein proposed for the modelling of the MCM-based 

lanthanide materials. In fact, this works addresses the challenge of building a theoretical 

methodology, through the LUMPAC, for modelling the luminescence properties of extended 

solids. This is a necessary step that must be taken in the near future for opening the way to a 

rational design of such materials. 
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Figures and Tables captions 

 

Table 1- Charge factors (g) and polarizabilities (α) for the hybrid MCM-Eu system; (1) refers to 

the oxygen atoms that belong to one side of the tta ligand with thenoyl group; (2) to the oxygen 

atoms that belong to one side of the tta ligand with CF3 group and (3) to the nitrogen from the 

ephen ligand. 

 

Table 2- Experimental (obtained with excitation wavelength of 375 nm) and theoretical values of 

intensity parameters (Ω), radiative (kr) and non-radiative (knr) transition probabilities and emission 

quantum efficiency (η) and quantum yield (q) values of the 5D0 emitting level calculated for the 

hybrid MCM-Eu system.  

 

Table 3- Theoretical values of intramolecular energy transfer and back –transfer rates (s-1) 

calculated for the hybrid MCM-Eu system. 

 

Scheme 1. Impregnation procedure for immobilization of the Eu(tta)3ephen complex inside MCM-

41 pores. 

 

Figure 1. X-ray diffraction (XRD) powder patterns of mesoporous materials MCM and MCM-Eu. 

 

Figure 2. Thermogravimetric analyses (TGA) profiles of MCM and MCM-Eu. 

 

Figure 3. 29Si CP MAS-DD spectra of MCM (bottom) and MCM-Eu (top). 

 

Figure 4. Normalised diffuse reflectance infrared Fourier transform (DRIFT) spectra of 

Eu(tta)3ephen (black line), MCM matrix (blue line) and the MCM-Eu sample (red line)  

 

Figure 5. Ultraviolet-Visible (UV-Vis) absorption spectra of Euttaephen (black line) and the 

MCM-Eu sample (red line) in ethanolic solutions. 

 

Figure 6. Room-temperature emission (PL) and excitation (PLE) spectra of the MCM-Eu sample 

excited at 375 nm and monitored at 612 nm, respectively. The inset shows a magnification of the 
7F0→

5D2 transition. 
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Figure 7. (a) 10 K intra-4f6 high-resolution emission spectra of MCM-Eu at (1) 275 nm and (2) 

375 nm. (b) Magnification of the 7F0→
5D0 transition. The solid lines correspond to the data best fit 

using a single Gaussian function (R>0.98). 8c) Residual plot resulting from the fit procedure. 

 

Figure 8. Partial schematic representation of the ground state geometry of the hybrid MCM-Eu 

system calculated by the Sparkle/AM1 model showing the establishment of different C-H…O 

intermolecular interactions (calculated intermolecular H…O distances in Å). 
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Table 1  

 

 Intensity parameters (10-20 cm2)     

MCM-Eu Ω2 Ω4 Ω6 kr (s
-1

) knr (s
-1

) η (%) q (%) 

Experimental 15.76 7.38 ......... 630 860 42 26 

Theoretical 15.76 7.38 0.18 638 853 43 35 
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Table 2 

 

 Charge factor Polarizability (Å)3 
MCM-Eu g(1) g(2) g(3) α(α(α(α(1)    α(α(α(α(2)    α(α(α(α(3)    

Theoretical 0.4319 0.1111 0.1809 3.2901 5.9361 6.0074 
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Table 3 

 

MCM-Eu Transfer rate (s-1) Back-transfer rate (s-1) 

S1→
5D4  5.97 ×10

3 (*)
 8.98 ×10

-10 (*)
 

T1←
5D1  9.18 ×10

7
  6.09 ×10

7
 

T1→
5D0 9.70 ×107  2.95 ×104 

 (*) multipolar mechanism 
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Scheme 1 
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Figure 1 
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Figure 2 
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Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-20 -40 -60 -80 -100 -120 -140 -160 -180

*

ppm
-20 -40 -60 -80 -100 -120 -140 -160 -180-20 -40 -60 -80 -100 -120 -140 -160 -180

*

ppm

Page 34 of 40Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



 35

Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Graphical abstract 

 

 

The mesoporous silica MCM-41 was used as a support for the incorporation of the highly 

luminescent tris(β-diketonate) complex Eu(tta)3ephen yielding the hybrid MCM-Eu material. 

Aiming at a deeper understanding of the photoluminescence process, a detailed theoretical 

photoluminescence study of the MCM-Eu with the recently developed Luminescence Package- 

LUMPAC is presented and the ligand-to-Eu3+ intramolecular energy transfer and back–transfer 

rates predicted. The dominant pathway involves the energy transfer between the lowest 

energy ligand triplet and the 
5
D0 level (9.70 ×10

7
 s

-1
). 

 

MCM-EuMCM

=

CH
2
Cl

2
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