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Abstract: 

In this study, we present a reversible pressure-sensing material with high sensitivity. Mixed β-
diketonate complexes of Tb3+ and Eu3+ [(Ln)(acac)3phen] are synthesized with phenanthroline as an 
ancillary ligand. The organic ligands provide the antenna effect to make the Ln3+ complex excitable at 
405 nm. Eu3+ emission results from efficient energy transfer (ET) from Tb3+. Under 405 nm excitation, 
the emission intensity of Tb3+ decreases whereas the emission intensity of Eu3+ increases with 
pressure, making this complex a potential pressure sensor based on luminescent-intensity-ratio (LIR) 
up to 700 MPa. This study then discusses the application of this Tb3+/Eu3+ complex for pressure 
sensing depending on measurement conditions. The addition of the optically neutral ion Y3+ to the 
system can reduce the impact of pressure-induced structural defects on the emission, thus improving 
the reversibility of the LIR variation as a function of pressure. Therefore, a self-calibrating, reliable, 
and reversible pressure-sensing material is proposed here, with remarkable pressure sensitivity 
compared to a peak shift-based pressure sensor.  

1 Introduction 

In recent decades, photoluminescent sensors have received increasing attention in various 
applications.[1–4] When light is used as an information carrier for a measurement device or sensor, 
advantages such as noncontact, high penetrability, and fast response allow substantial temporal and 
spatial resolution. Depending on the physicochemical characteristics of the materials, their 
photoluminescence can be sensitive to various physical variables. Among various photoluminescent 
(PL) sensors, [5,6,15–22,7–14] those related to pressure sensing are a hot topic in many fields of basic 
science, technology and engineering, such as biology,[23] tribology, [24,25] and optics.[26] Rare-earth 
based compounds are among the most interesting and reliable materials to develop thanks to their 
long emission lifetime, sharp emission peak, low toxicity, and high functionalizability. 
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In a photo-radiation system, as the dipole strength of 4f-4f transitions of Ln3+ ions is considerably low, 
direct excitation of the 4f levels requires a wavelength-specific energy source with considerable 
excitation power. Therefore, the sensitization of Ln3+ through other means, such as a good light 
absorber, has been studied and is known as the ‘Antenna effect’.[27] The energy donor is often an 
organic ligand.[28–35] In an organic complex, the antenna effect can be very effective due to the strong 
interaction between the ligand and the metal.[27,28,32,36–39] The singlet excited state S1 of the ligand can 
be deactivated by a non-relaxation process (NR) or intersystem crossing (IC) to the triplet T1, and 
energy transfer (ET) continues from T1 to the Ln3+ emissive level. Although the interaction between 
the ligand and the metal in a lanthanide organic complex is typically observed, energy transfer 
between the ligand and the metal (L-M and M-L ET) is not the only pathway. Structural imperfections 
in a solid system can lead to notable non-radiative relaxation, reducing or even canceling light 
emission. This phenomenon is usually observed in systems with a high concentration of Ln3+, where 
energy migration can occur (also known as concentration quenching).[34,40] The main mechanism is 
determined by the relative rate constant of the different processes involved. For example, M-M ET 
can easily occur when the interionic distance is sufficiently close.[41–45] Such ET can only occur if there 
is a spectral overlap between the emission of the sensitizer (donor) and the absorption of the emitter 
(acceptor). The theory of Förster resonance ET (FRET) was first proposed by Theodor Förster in 1946 
to determine the rate of ET between two dipoles.[41] When two Ln3+ are close enough to reach their 
critical distance (R0), the probability of energy transfer (ET) and spontaneous deactivation of the ion 
donor starts to equalize. The R0 can be as large as 10 Å in a dipole-dipole (metal-metal) FRET system, 
whereas the dipole-quadrupolar mechanism (ligand-metal) may need to reach 3 Å to equalize the ET 
efficiency.[34] In a dipole-dipole FRET system, the distance dependence of the ET rate is given by R6, 
resulting in a high sensitivity to crystal lattice contraction or distortion under increased pressure. To 
date, this methodology has been mainly applied to ET between Ln3+-Ln3+ in an inorganic host as high-
pressure-sensitive phosphors for various applications.[23,46] For example, Yb3+ and Tm3+ doped LaPO4, 
and YPO4 upconversion nanoparticles were developed as pressure sensors by Runowski et al.[17] The 
change in ET from Yb3+ to Tm3+ caused by many effects such as the decrease in Yb3+-Tm3+ distance 
with applied pressure, the increased multiphonon-relaxation, the improved covalency and increased 
crystal field strength,[47–50] results in the relative intensity (3H4 -> 3H6/1G4 -> 3H6), lifetime, peak 
position and FVHM of the Tm3+ peak varying with pressure up to 26 GPa. In a lower pressure range 
(≤10 GPa), the pressure-sensing properties of Yb3+/Er3+ doped upconversion nanoparticles have 
shown a red/green ratio, a lifetime and brightness of Er3+ varying with pressure.[18,51] Furthermore, 
the pressure sensitivity of SrF3: Yb3+, Er3+ have been reported by Runowski’s, with variations in 
lifetime, emission intensity, and peak centroid observed under compression ≤5.5 GPa.[12] Recent 
works have allowed increasing sensitivity to 9 nm/GPa in Eu2+:Sr8Si4O12Cl8 [47] and even to 23 nm/GPa 
in Cr3+:LiScGeO4

[52]. Moreover, with mechanoluminescent materials such as ZnS/CaZnOS:Mn2+, a very 
high sensitivity up to 6.2 nm/GPa has been achieved.[53] In the low-range pressure, pressure-
sensibility induced by the vacuum-enhanced light-to-heat conversion effect has also been 
demonstrated.[20,50,54] However, the utilization of lanthanide complexes for optical pressure sensing 
has been relatively unexplored thus far.  

Several studies on Ln complexes sensitive to high hydrostatic pressure have been reported based on 
the ET between Ln3+ and the organic ligand.[55–57] Wong et al. showed hydrostatic compression (<6 
GPa) leads to a decrease in the emission intensity of the Eu3+ β-diketonate complex because the 
shorter distances of the Ln3+-ligand and ligand-ligand increase the probability of nonradiative 
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relaxation.[56] Furthermore, pressure sensitivity under 140 kPa is well documented and related to 
oxygen-sensitivity.[58,59] However, the evolution of photoluminescence under pressure in a complex 
based on Ln3+-Ln3+ ET has not been developed to the best of our knowledge. 

In this study, we have investigated the pressure sensitivity of a mixed Tb3+ and Eu3+ β-diketonate 
complex with phenanthroline as an ancillary ligand. Building upon previous research on Tb3+ and Eu3+ 
β-diketonate complexes,[60–62] we developed [(Ln)(acac)3phen] complexes, where acac = 
acetylacetonate and phen = 1,10-phenanthroline. The addition of the [phen] ligand to the structure is 
designed to enhance the antenna effect and increase the intensity of photoluminescent 
emission.[32,63,72,64–71] This property has been used in electroluminescence since 1996.[73–75] More 
importantly, Tb3+ is a well-known sensitizer of Eu3+ due to the close energy level match (5D4 → 7F5 = 
7F1 → 5D1).[4,5,65,76–80] Furthermore, since the emission peaks of Tb3+ and Eu3+ are generally distinct, it is 
possible to analyze their emissions separately. Moreover, compared to a purely inorganic host, the 
organic ligand provides more structural flexibility,[81] facilitating structural changes under moderate 
pressure. Our intention is to utilize the Tb3+/Eu3+ β-diketonate complex as a highly sensitive pressure 
sensor in the pressure range of 0-1 GPa. Capitalizing on the distinct emission peaks of Tb3+ and Eu3+, 
we aim to use changes in the luminescent intensity ratio (LIR) to track changes in pressure. This 
method, which is independent of emission intensity and peak position, can be considered 'self-
calibrated.' Using the excitation of an organic ligand, the Tb3+-Eu3+ ET in the complex was studied as a 
function of various parameters, including Ln3+ concentration, dilution with Y3+ ions, temperature, and 
applied pressure. 

2 Results and discussion 

Here, we first present the structural characterization of the complex. Then, the optical analysis 
section will be divided into three parts: a) excitation and emission spectra at room temperature (298 
K) and at low temperatures (93 K); b) lifetime measurements of the complex at different 
compositions under two atmospheres (in air and in N2) for O2 quenching control; and c) lifetime 
measurements at different temperatures. 

2.1 Crystal structure analysis 

The prepared dry crystal is an opaque white, needle-shaped solid. After soft grinding, the powder 
was analyzed by X-ray diffraction. Figures 1a and S1 show the X-ray diffraction patterns of the 
complex in different compositions. The structure is similar to the reference (CCDC 1482080[67,82]): 
C27H29N2O6Ln (Ln3+= Tb3+, Eu3+), corresponding to one Ln, three [acac] ligands and one [phen] ligand 
per molecule. The slight difference in the peak around 12° can be explained by the polymorphism in 
the [phen] coordinated complex.[83] Structural resolution of the [Eu0.01Tb0.20Y0.79(acac)3phen] complex 
on a single crystal was conducted and confirms that it has the same structure as the monometallic Tb 
or Eu complexes.[84] The [Eu0.01Tb0.20Y0.79(acac)3phen] compound is a mononuclear complex in which 
the Ln3+ ion is coordinated by three deprotonated acac-ligands and one neutral phenanthroline. Its 
refined formula is therefore [Ln(acac)3phen] (Figure 1b). The metal position occupancy was refined to 
the following values: 85.5(8)% of Y3+

 and 14.5(8)% of Tb3+. It was impossible to highlight the presence 
of Eu3+, as its proportion during synthesis was of the order of 1% (molar). However, its presence was 
confirmed by optical measurements (Section 2.2). The data on the crystal lattice are given in Table S1. 
All C-O bond lengths in the complex are close to each other, ranging from 1.26(1) Å to 1.271(9) Å 
(Table S2), confirming that the charge, once the ligand is deprotonated by the base, is delocalized 
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throughout the β-diketone. All Tb/Y-O bond lengths, from 2.300(5) Å to 2.333(5) Å, and Tb/Y-N bond 
lengths, from 2.534(6) Å to 2.565(6) Å, agree with those already reported in the literature.[67,82] The 
Ln3+ ion is in a {O6N2} environment that can be likened to a square antiprism (D4d, Table S3). The 
shortest Tb/Y…Tb/Y distance is equal to 8.003 Å along the [011] direction within the unit cell (Figure 
1c). The homogeneity of the Ln3+ dispersion was confirmed by EDX analysis of the [Eu15Tb85], 
[Eu0.01Tb0.20Y0.79] and [Eu0.01Tb0.10Y0.79] complexes as an example, as shown in Figure S2 and Table S4. 

 

 

Figure 1: a) X-ray diffraction patterns of [Ln(acac)3phen] with different compositions, reference 
[Tb(acac)3phen] (CCDC 1842080) from Bukvetskii et al.[67]. b) Molecular structure of 

[Eu0.01Tb0.20Y0.79(acac)3phen]; c) Distances between the Ln atoms. 

The structure of the studied complex [Ln(acac)3phen] (Ln = Y, Tb, Eu) is not affected by the Eu/Tb/Y 
proportion. The presence of organic ligands (acac and phen) is also confirmed by FTIR analysis (Figure 
S3), which should optimize the emission of the complex,[32,63,72,64–71] whereas the interionic distance 
between Tb-Eu should be close enough to allow energy transfer (ET).[4,5,65,76–80]  
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2.2 Photoluminescent properties 

2.2.1 Energy transfer between Tb-Eu and the antenna effect in the complex: Emission and 
excitation spectra 

Under excitation at 405 nm, the complexes [Eu], [Tb], [Eu0.02Tb0.98], and [Eu0.01Tb0.20Y0.79] exhibit 
effective emissions due to the ‘Antenna effect’ of the organic ligand in the visible range, as shown in 
Figure 2a. Furthermore, the strong Eu3+emission can be observed even at low Eu3+ concentrations in 
the complex, so it can be assumed that the presence of Tb3+ optimizes the Eu3+ emission through 
energy transfer between them. 

 

Figure 2: a) Emission spectra of [Eu(acac)3phen], [Tb(acac)3phen], [Eu0.02Tb0.98(acac)3phen], and 
[Eu0.01Tb0.20Y0.79(acac)3phen] at 405 nm excitation at room temperature. b) Emission spectra of 

[Eu(acac)3phen] in red and [Tb(acac)3phen] in blue, with the main energy transitions (5D0 (Eu3+) and 
from 5D4 (Tb3+) written in red and in blue, respectively). c) Overlay of the Tb3+ emission spectrum 
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(blue) with Eu3+ excitation spectrum of the emission at 612 nm, for transition 5D0  7F2 (red line) in 
their pure complex, the assignment of the corresponding transitions of Eu3+ (in red) and Tb3+ (in blue), 
and the overlap noted as transitions A, B, C1 and C2. d) Proposed energy transfer pathways under 405 

nm laser excitation. 

The emission spectra of the [Eu] and [Tb] complexes under 365 nm excitation are shown in Figure 2b. 
The emissions of Eu3+ from 5D0 are at 574 nm (to 7F0), 580–590 nm (to 7F1), 600–625 nm (to 7F2), and 
695–705 nm (to 7F4). The emissions of Tb3+ from 5D4 are at 480–510 nm (to 7F6), 535–560 nm (to 7F5), 
575–600 nm (to 7F4), 610–630 nm (to 7F3), and 635–660 nm (to 7F2), respectively. The main intense 
peak of Eu3+ (612 nm) partially overlaps with a Tb3+emission peak (615 nm). In Figure 2c, the emission 
spectrum of Tb3+ is superimposed on the excitation spectrum of Eu3+ in its pure complex. The 
excitation spectrum of Eu3+ shows its main absorption: centered at 410 nm (7F2 to 5D3), 465 nm (7F0 to 
5D2), 485 nm (7F2 to 5D2), 525 nm (7F0 to 5D1), 535 nm (7F1 to 5D1), 580 nm (7F0 to 5D0), and 590 nm (7F1 
to 5D0). Very intense and broad absorption bands below 420 nm, from 220 to 410 nm, are also 
observed (Figure S4), and are attributed to the absorption of ligands. The absorption of Eu3+ in 
complex [Eu] from 7F0 to 5L6 is shown at 400 nm. Therefore, upon 405 nm excitation, the ligand will 
be excited, as well as the Eu3+.  

In the emission spectrum of Tb3+, four main overlaps with the excitation spectrum of Eu3+are 
observed. According to the theory of Förster and Dexter,[42,44] these transitions centered at 486 nm, 
540 nm, and 585 nm could be considered as the main pathways for Tb3+-Eu3+ ETs at room 
temperature: 5D4 → 7F6 = 7F2 → 5D2, 5D4 → 7F5 = 7F1 → 5D1, and 5D4 → 7F4 = 7F0 (or 7F1) →5D0, respectively. 
These possible energy transfer pathways are denoted for simplicity as ET A, B, C1, and C2 in the 
proposed ET mechanism (Figure 2d). 

The excitation spectra of Eu3+ and Tb3+ are then analyzed at room temperature and at low 
temperature in the complex at different Ln3+ concentrations to analyze the impact of temperature on 
Tb3+-Eu3+ ET. At low temperature, Eu3+ electrons can be de-excited from the 7F2 or 7F1 to 7F0, making 
ET pathways A or even B and C2 impossible. At room temperature, the [Eu] and [Tb] complexes 
absorb energy from the organic ligand, as shown by a broad excitation band (405–420 nm)[28,85] at the 
top of Figure 3a & 3b, respectively. In the [Eu] complex, upon irradiation at 405 nm, electrons can be 
excited to level 5L6, but there are no excited levels at this position for the [Tb] complex (Figure 2d). 
Thus, after excitation at 405 nm, Eu3+ can be excited by the organic ligand to the 5D1 level[71,86–89] or 
irradiation to level 5L6, whereas Tb3+ can be excited only by the energy transferred from the organic 
ligand (Figure 2d).[32] The excitation spectra of the complexes [Eu0.02Tb0.98] and [Eu0.01Tb0.2Y0.79] are 
shown in the middle and bottom of Figure 3, respectively. Here, compared to the [Eu] complex, the 
presence of Tb3+ adds an intense absorption peak centered at 485 nm, corresponding to the 
transition of Tb3+ from 7F6 to 5D4. However, the presence of Eu3+ does not have a significant impact on 
the Tb3+ excitation spectra, meaning that the back-energy transfer (BET) of Eu3+ to Tb3+ is negligible in 
this current complex. 
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Figure 3: Excitation spectra of a) Eu3+ (emission 612 nm for the transition 5D0 to 7F2) and b) Tb3+ 

(emission 550 nm for the transition 5D4 to 7F5) in their pure complexes, and in [Eu0.02Tb0.98(acac)3phen] 
and [Eu0.01Tb0.2Y0.79(acac)3phen] at 298 K and 93 K; The peak distributions of Eu3+ are presented in the 

table inserted. (The ‘Int. X N‘ stands for Normalized intensity times, N) 

The impact of temperature can be observed in the overall excitation spectra of the [Eu] complex: the 
excitation intensity decreases considerably at 93 K compared to room temperature, whereas the 
excitation pathways from level 7F2 disappear (peaks 3 and 7) as expected. The same peaks also 
disappear in the [Eu0.02Tb0.98] and [Eu0.01Tb0.2Y0.79] complexes. The absorption of the organic ligand 
toward Tb3+ decreases at 93 K (Figure 3b, top). The effects of temperature on the Tb-Eu ET can also 
be observed in the [Eu0.02Tb0.98] and [Eu0.01Tb0.2Y0.79] complexes. The Tb3+absorption (peaks 6, 8 and 9, 
in the violet line) decreases significantly in the Eu3+ excitation spectra at low temperature due to the 
reduction in ET from Tb3+ (Figure 3a, middle and bottom). Furthermore, an increase in the overall 
excitation intensity of Tb3+, and more significant at 486 nm (Figure 3b) allows us to confirm this 
deduction (Figure 3b, middle and bottom). Here, upon excitation at 405 nm, the cross-relaxation of 
Tb3+ is not considered, because the highest energy level reached by Tb3+ through the ET ligand will be 
the 5D4 level. However, cross-relaxation of Eu3+ should be observed when the Eu concentration is 
high.[76] However, these processes will not be problematic for our future experiments given the low 
concentration of Eu in the complex. 

2.2.2 Impacts of Ln3+ composition on Tb-Eu ET: Time-resolved measurements 

Upon excitation at 405 nm, the organic ligands are activated, and the electrons from the S1 state then 
move to the T1 state through nonradiative relaxation or IC, for further ET to Ln3+ (L-M). Based on 
previous structural analysis, we assume that the distance between ligands is too great for - 
interaction to occur, and therefore there is no ET between the ligands in this system.[28,90] As 
mentioned earlier, both Tb3+ and Eu3+ accept the energy transferred from the organic ligand to reach 
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their excited state, Tb3+ to 5D4 and Eu3+ to 5D2, respectively. Furthermore, Eu3+ can also be partially 
excited by laser irradiation at the same wavelength. Subsequently, the excited electrons of Ln3+ are 
deactivated through radiative decay or ET. The interaction between the ligand and the emitted 
center, Ln3+in this case, enhances Ln3+ emission upon ligand excitation, a phenomenon typically 
referred to as the ‘antenna effect’. As observed previously, with 405 nm irradiation, ligand 
absorption is intense in the excitation process of both Tb3+ and Eu3+. Considering the energy transfer 
between Tb3+-Eu3+ in the system, Eu3+ could be excited by a) direct irradiation with a 405-nm laser, b) 
ligand-Eu3+ ET, or c) Tb3+-Eu3+ ET. Furthermore, other nonradiative ET pathways must also be 
considered.[40]  

Intermolecular Tb3+-Eu3+ ET with different composition [EuTb] 

In Figure 4a and b, the lifetimes of Tb3+ and Eu3+ are shown for different Eu3+ concentrations, 
respectively. The rise time of Tb3+ has not been observed because the ligand-Tb3+ ET is too fast (in the 
nanoseconds range).[28,91] However, a rise time of Eu3+ is presented in Figure 4b, thus besides the fast 
ligand-Eu3+ ET, the Ln3+-Ln3+ ET occurs with Eu3+ as an acceptor. At room temperature, interionic ET 
between Tb3+ and Eu3+ is an important mechanism when the interionic distance is smaller than the 
critical distance R0.[76,77] The considerable reduction in the decay time of the Tb3+ emission in 
complexes with Eu3+ indicates the transfer of energy from the 5D4 level of Tb3+ to excite Eu3+.[65,90,92] 
Figure 4a shows that the decay time of Tb3+ emission decreases with increasing Eu3+ concentration, 
corresponding to the same variation in Eu3+ rise time (Figure 4b), which can be described by the 
simplified model equation 1: [5,78,79,93–95] 

 

𝑛 = 𝑛 + 𝑛 1 − exp
−𝑡


exp

−𝑡


 

eq. 1 

Where n and n0 are the number of electrons in the excited level at time t ant t0, respectively; 2 is the 
decay time from the upper level; n1 presents the number of electrons in the feeding level; and 1 is 
the time for feeding this level. This model will be used to fit the Eu3+ decay-time curves (Equation S1), 
where 1 is the decay time of Tb3+, fitted by the biexponential decay function (Equation S2). The fitted 
curve is shown in Figure S5 for all the complexes and values are reported in Table 1. The fitted decay 
time for Tb3+ (transition 5D47F5 at 550 nm) and Eu3+ (transition 5D07F2 at 612 nm) in their pure 
complexes agree well with reported values.[79,96,97] 
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Table 1: Fitted lifetime of Tb3+ and Eu3+ in the complexes in air and in N2, Tb3+ emission at 550 nm and 
Eu3+ emission at 612 nm under 405 nm excitation. 

Fitted lifetime (ms) In air Under 1 atm N2 

Sample (Tb) R²A (Eu) R²B (Tb) R²A (Eu) R²B 

[Tb] 0.7143 0.9971   0.7143 0.9975   

[Eu]   0.7131 0.9997   0.7087 0.9998 

[Tb0.20Y0.80] 0.7143 0.9722   0.7143 0.9974   

[Tb0.10Y0.90] 0.6805 0.9991   0.7143 0.9962   

[Tb0.05Y0.95] 0.4310 0.9967   0.6646 0.9975   

[Tb0.005Y0.995] 0.4005 0.9981   0.7135 0.9985   

[Eu0.20Y0.80]   0.6795 0.9998   0.6677 0.9998 

[Eu0.02Y0.98]   0.7143 0.9974   0.7143 0.9973 

[Eu0.005Y0.995]   0.7091 0.9955   0.6972 0.9932 

[Eu0.15Tb0.85] 0.2225 0.999 0.7434 0.9792 0.2243 0.9989 0.746 0.9786 

[Eu0.02Tb0.98] 0.4481 0.9996 0.7692 0.9914 0.4497 0.9996 0.7042 0.9904 

[Eu0.01Tb0.99] 0.6632 0.9969 0.7692 0.9869 0.6761 0.9944 0.7692 0.9866 

[Eu0.005Tb0.995] 0.6632 0.9969 0.7692 0.9869 0.6761 0.9944 0.7692 0.9866 

[Eu0.01Tb0.20Y0.79] 0.4252 0.9985 0.7404 0.9922 0.4315 0.9977 0.7452 0.9920 

[Eu0.01Tb0.10Y0.89] 0.3984 0.9722 0.6530 0.9806 0.4317 0.9842 0.7033 0.9879 

[Eu0.01Tb0.01Y0.98] 0.1132 0.9881 0.5765 0.9628 0.1001 0.7002* 0.6227 0.9697 

*Fitted R² not satisfactory due to the extremely small quantity of Tb3+ in the complex [Eu0.01Tb0.01Y0.98], the 
curve can be found in Figure S5.  
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Figure 4: Lifetime measurements of a) Tb3+ and b) Eu3+ in complex [EuxTb1-x(acac)3phen]. 

Therefore, in a system with such a high concentration of Tb3+ relative to Eu3+, Tb3-Eu3+ ET still occurs 
even if the concentration of Eu3+ is low (0.5 mol %). It can be considered that the doped Eu3+ ions are 
always surrounded by their sensitizer (Tb3+). Thus, the more Eu3+ in the complex, the more Tb3+ ions 
are deactivated by Eu3+, resulting in a decrease in Tb3+ decay time with increasing Eu3+ concentration 
(from 0.66 to 0.22 ms) (Table 1). Furthermore, assuming that the proportion of excited Tb3+ ions via 
non-radiative relaxation is negligible, the rise time of Eu3+ is equal to the Tb3+ decay time, which 
corresponds to the feeding time of Eu3+ by Tb3+. However, the decay time of Eu3+ is not significantly 
influenced by the presence of Tb3+(Table 1). 

Addition of yttrium as an optical diluent 

The impact of the Y3+ diluent on the Tb3+-Eu3+ ET was studied in different compositions. First, lifetime 
measurements of Tb3+ of the complex were performed. As shown in Figure 5a and Table 1, the 
Tb3+decay time of [Tb] is identical to that of [Tb0.2Y0.8], and from 80 mol.% of Y3+, increasing the 
dilution by Y3+ leads to a decrease in the Tb3+ decay time (from 0.68 to 0.40 ms). The decrease in Tb3+ 

decay time has also previously been observed due to adding Eu3+, which has been assumed to be an 
indicator of ET. As there is no ion acceptor in [TbxY1-x] complexes, O2 present in air may be the main 
cause of the decrease in Tb3+ decay time, because the presence of O2 disrupts the ligand-Ln3+ ET 
because O2 replaces Ln3+ as an energy acceptor. When the O2 molecule is close enough to the ligand 
to activate energy quenching, rather than exciting Ln3+, the ligand transfers energy to the triplet state 
of O2. This phenomenon is known as O2 quenching in ligand-excited phosphor.[9,59] Because of O2 
quenching, the highly diluted (>80 mol %) complex shows significant reductions in the Tb3+ decay 
time (from 0.42 to 0.11 ms). As the Y3+ concentration increases, the Tb3+ concentration decreases in 
the [TbxY1-x] complex, and under ambient pressure in air, the O2 quenching effect is greater at lower 
Tb3+ concentrations. 

Subsequently, 1 mol % Eu3+ was added to the system, and the Tb3+ lifetime was measured for the 
complexes [Eu0.01TbxY0.99-x], where x = 0.99, 0.20, 0.10, and 0.1. As shown in Figure 5b, adding 1 mol % 
Eu3+ in the dilute system further decreases the Tb3+ decay time, besides interfering with O2 quenching. 
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The reduction in Tb3+ decay time is greater with increasing Y3+ concentration (Table 1). The reason 
may be that the decrease in Tb3+ concentration makes Tb3+-Eu3+ ET more efficient, or when the O2-
quenching effect is greater, or both. Therefore, to reduce the O2-quenching effect, the sample was 
confined in a closed cell for 5 min of N2 flow to minimize the O2 concentration in the measurement 
environment. Lifetime measurements were again performed for the complex at the same 
compositions under N2 flow. As shown in Figure 5c and in Table 1, in contrast to the previous 
measurement in air, the Tb3+

 decay curves under N2 are all identical regardless of the Tb3+ 
concentration and are identical to the Tb3+ decay curve in [Tb] in air. This is because O2 quenching 
causes Tb3+

 decay time to decrease and the N2 atmosphere has reduced O2 quenching. Furthermore, 
when O2 quenching no longer disrupts the ligand-Tb3+ interaction, Eu3+-induced decreases in Tb3+

 

decay times are still observed (from 0.67 to 0.22 ms), but they are slightly lower than measurements 
in air (Figure 5d & Table 1). Therefore, O2 quenching does not affect the Tb3+-Eu3+ ET in the complex. 

The change in atmosphere will not have a significant impact on the Eu3+ decay time (Table 1) 
regardless of the Eu3+ concentration because Eu3+ can also be excited by the 405 nm laser (Figure 2d). 
As shown in Figure S6 and Table 1, even the Eu3+

 decay time in [Eu0.05Y99.5] (0.71 ms) is identical to 
that in [Eu] (0.71 ms), as expected. Furthermore, we noted in Table 1, Figure 5a and 6c that O2-
quenching interference was only significant at low Tb3+ concentration (<20%). To confirm this 
hypothesis, the measurement of the lifetime of [EuxTb1-x], where x = 0.15; 0.02; 0.01; 0.005; and 0, in 
the N2 atmosphere was also performed (Table 1 and Figure S7) to complement the previous 
measurement in Figure 4, which shows a negligible difference compared to the measurement in the 
air. As expected, O2 quenching has no significant effect on the undiluted system [EuxTb1-x]. 

In the Y3+-diluted system, it was found that Tb3+-Eu3+ ET still occurs even at low Tb3+ concentration, 
with a reduction in Tb3+ decay time (0.11 ms, Table 1), and Eu3+ rise time observed in the 
[Eu0.01Tb0.01Y0.98] complex (Figure 5d and S8, respectively). Therefore, Tb3+-Tb3+ energy migration may 
play a critical role in highly dilute systems on the enhancement of Tb3+-Eu3+ ET efficiency. 
Furthermore, increasing the concentration of Y3+ decreases the Tb3+ decay time (Figure 5d and Table 
1) and the Eu3+ rise time (Figure S8), which theoretically stands for the optimization of Tb3+-Eu3+ ET 
efficiency. However, in this study, increasing the concentration of Y3+ leads to a reduction in the 
absolute emission intensity of Tb3+ and Eu3+. This observation was not quantified using an emission 
intensity reference. Therefore, the decrease in Tb3+ decay time and the Eu3+ rise time may be caused 
by other quenching effects, but not the increase in Tb3+-Eu3+ ET efficiency. 

In conclusion, dilution with Y3+ induces a decrease in the Tb3+ concentration, which amplifies the O2-
quenching effect and leads to a reduction in the emission intensity of both Tb3+ and Eu3+. To date, 
dilution with Y3+ has only exhibited a negative impact on the photoluminescent emission of the 
complex. However, in a highly concentrated Tb3+ or Eu3+ system, the concentration quenching 
phenomenon must be carefully considered.[40,43,85] Dilution with optically neutral ions like Y3+ could 
potentially enhance emission intensity by protecting the emitter from concentration quenching.[98] 
However, in the current complex, the decay time of Tb3+ can still be accurately measured even at 
high Tb3+ concentration (Figure 5a). Furthermore, dilution with Y3+ does not affect the Tb3+ decay time 
when O2 quenching is eliminated (Figure 5c). These results suggest that Tb3+ concentration quenching 
may not be significant enough to be observed in the present system, possibly due to the well-
crystallized samples after synthesis, thus the structural defect could be negligible. Although Tb3+ 

concentration quenching has not been observed so far, it should be a concern for further pressure-
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sensing applications due to the potential pressure-induced structural defect. Therefore, in Sections 
2.3, Y3+-diluted complexes are studied, but only compositions with a high Tb3+ concentration (>20 
mol %) are considered to minimize interference from O2 quenching. 

 

Figure 5: Lifetime measurements of Tb3+ in the [TbxY1-x(acac)3phen] complex a). in air and c). 
under 1 atm N2; lifetime measurements of Tb3+ in the [Eu0.01TbxY0.99-x(acac)3phen] complex b). in 

air and d). under 1 atm N2. (Excitation at 405 nm; Tb emission at 550 nm) 

2.2.3 Impacts of temperature on energy transfer between Tb3+-Eu3+ 

Temperature has a significant impact on Tb3+-Eu3+ ET. At a given composition, low temperature 
perturbs the Tb3+-Eu3+ ET process due to the depopulation of Eu3+ 7F2 or 7F1 levels. To clarify the 
impact of temperature on the Tb3+-Eu3+ ET system, a composition [Eu0.01Tb0.2Y0.79] was chosen as an 
example. As shown in Figure S9, the energy transferred from Tb3+ to Eu3+ decreases considerably 
from room temperature (298 K) to 93 K; therefore, the rise time of Eu3+ disappears as the 
temperature decreases. This observation correlates with the previous results of the Eu3+ excitation 
spectrum at 93 K. The depopulation of the upper level of Eu3+ to the initial state eliminates the Tb3+-
Eu3+ ET pathway: 5D4 → 7F6 = 7F2 → 5D2, 5D4 → 7F5 = 7F1 → 5D1, and 5D4 → 7F4 = 7F1 → 5D0 (ET A, B, and C2 
in Figure 2d, respectively). This causes a significant decrease in the Tb3+-Eu3+ ET rate. Furthermore, 
the impact of temperature on the interaction rate between the ligand and Tb3+ has been reported, 
showing that the rate of the ligand-Tb3+ ET decreases with decreasing temperature.[99] 

Now that we have established that a significant ET occurs from Tb3+ to Eu3+ in the complex and that it 
is not affected by dilution with Y3+, the variation in the photoluminescent properties of these 
complexes under pressure can be examined. In Section 2.3, the pressure sensitivity based on the 
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luminescent-intensity-ratio of selected complexes is studied in a diamond anvil cell (DAC) up to a 
hydrostatic pressure of 1000 MPa. Furthermore, the effect of temperature on pressure sensitivity is 
also considered in the context of applications for pressure-temperature (P-T) sensing. 

 

2.3 Luminescent-intensity-ratio based pressure sensing 

The luminescent-intensity-ratio (LIR), or relative emission intensity, is a widely used parameter in 
optics. Calculating the ratio of two distinct emission intensities, the LIR allows for the neglection of 
any impact on the absolute intensity which might be challenging to control in real measurement. If 
the interaction between two emissive levels can be influenced by the environment, such as 
temperature, interionic distance, or the symmetry of the crystal structure, the LIR reflects their 
response to environmental variation. Therefore, the LIR is considered a popular variable in many 
sensing applications. In the Tb3+ and Eu3+ complex, the LIR of the Tb3+/Eu3+ emission can be calculated 
by considering their main peaks; the Tb3+ peak (at 540 nm, zone A) and the Eu3+ peak (620 nm, zone C) 
as shown in Figure 6a. In the present complex, assuming that the dispersion of Ln3+ is homogenous in 
the entire crystal, and that all the Eu3+ are excited by energy from Tb3+-Eu3+ ET, the LIR represents the 
ratio of Tb3+ electrons deactivated through radiative relaxation to those deactivated through Tb3+-
Eu3+ ET. Therefore, at room temperature, in the complex at a given concentration of Tb3+ and Eu3+, 
the LIR could be a parameter to quantify the amount of energy transferred from Tb3+ to Eu3+. 

To understand the impact of structure on the Tb-Eu ET process in the complex, the LIR is then used as 
a reliable variable to quantify the Tb3+-Eu3+ ET. First, the influence of the Ln3+ concentration is studied, 
the LIR of Tb3+/Eu3+ is plotted as a function of the Eu3+ concentration at room temperature (298 K), 
with different concentrations of Y3+ as the diluent in Figure 6b. The LIR strongly depends on the Eu3+ 

concentration: when the Eu3+ concentration ranges between 0 and 5 mol %, the LIR decreases rapidly 
with increasing % Eu. However, compared to the effect of Eu3+ concentration, the diluent Y3+ 
concentration has a negligible impact on the LIR value. The conclusion is consistent with the previous 
results on decay time. 

 



14 
 

Figure 6: a) Distribution of the emission peak in the complex [Eu0.02Tb0.98(acac)3phen]: A for 5D4 to 
7F5 (Tb3+), B for 5D0 to 7F0&1 (Eu3+) and 5D4 to 7F4 (Tb3+), C for 5D0 to 7F2 (Eu3+) and 5D4 to 7F3 (Tb3+), D 

for 5D0 to 7F3 (Eu3+) and 5D4 to 7F2&1 (Tb3+), and F for 5D0 to 7F4 (Eu3+). b) Calculated luminescent-
intensity-ratio (LIR) at different compositions at 298 K with the estimated trend lines in the 

dotted line, the area of interest with 1 < LIR < 2. 

 

Impact of pressure on energy transfer between Tb3+/Eu3+ 

According to the previous conclusion, at a given temperature and in the same composition as Ln3+, 
the luminescent intensity ratio (LIR) depends on the significance of the Tb3+-Eu3+ ET process that 
occurred in the system. The expectation is that a decrease in the interionic distance of Tb3+-Eu3+ leads 
to a significant increase in the Tb3+-Eu3+ ET rate based on the FRET theory,[44,76] resulting in a decrease 
in the LIR Tb/Eu. In the spectrum presenting both Tb3+ and Eu3+ emission, the Tb3+-Eu3+ ET rate should 
be reflected by the LIR. For reliability, the Ln3+ concentration must be selected according to the 
suitable LIR value, which cannot be extremely large or small to avoid significant uncertainty caused 
by low emission intensity. Therefore, an area of interest is chosen with a LIR value between 1 and 2 
(Figure 6b). Among the three candidates, the compositions [Eu0.02Tb0.98] and [Eu0.01Tb0.2Y0.79] were 
selected for further analysis of structural variation. Crystals are compressed in a diamond anvil cell 
(DAC), confined by a pure solvent (Squalane), under hydrostatic pressure up to 1000 MPa at 20 °C 
(293 K). The liquid-confined medium of the crystal allows for the elimination of the presence of O2, 
thus protecting the crystal from luminescence quenching. As shown in Figure 7a and 7c, the emission 
intensity of Tb3+ (A for the 5D4 to 7F5 transition, at 550 nm) decreases whereas the intensity of Eu3+ (C 
for the 5D0 to 7F2 transition, at 612 nm) increases with increasing applied pressure in both complexes. 
Since the concentration and temperature remain constant during the measurement, the change in 
structure should be the only reason for the variation in emission intensity. The decrease in Tb3+ 

emission intensity with increasing pressure could be due to that the optimization of the efficiency of 
Tb3+-Eu3+ ET when the Tb3+-Eu3+ distance is shortened. 
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Figure 7: Emission spectra under hydrostatic pressure (in DAC) up to 1000 MPa for a) 
[Eu0.02Tb0.98(acac)3phen] and c) [Eu0.01Tb0.2Y0.79(acac)3phen], and their calibration curve of 

calculated LIR as a function of pressure (MPa) in b) and d), respectively. (LIR values are the 
averages of three subsequent measurements, the error bar is calculated by the standard 

deviation). 

As the overall crystal lattice is assumed to be compressed under pressure, the molecular volume 
should decrease. This change results in a reduction in intermolecular and interatomic distance as well 
as a modification of structural symmetry, and the orientations of ligands (geometry and parallelism). 
All these structural variations lead to changes in ET processes within the system. It’s challenging to 
distinguish the specific structural impacts on each ET process due to the complexity of the ET system. 

 To address this, the same experience was conducted using a physical mixture of pure Tb3+ and Eu3+ 
complexes. When a mixture with 50 wt. % of each complex was used, the emission spectrum 
exhibited both of their own distinct emissions (Figure 8a), with a LIR = 0.65 at ambient pressure in 
the DAC. Up to 1000 MPa, no significant changes were observed in the emission spectrum compared 
to that at ambient pressure, except for slight modifications in the emission peak shape due to 
structural change in the complex. However, those changes in emission peaks are rarely considered 
detectable and applicable for pressure sensing in such low pressure ranges. As shown in Figure 8b, 
the LIR varied randomly with pressure due to the inhomogeneity of the mixture. When using focused 
laser excitation, the laser spot is relatively small (~µm) and as the DAC reduces its confined volume 
during compression, it is challenging to maintain the same irradiation position during the 
measurement. Therefore, the homogeneity of the composition has a significant impact on the LIR 
values, which can explain the uncertainty obtained in the LIR calibration under pressure (Figure 7d 
and 8b). Furthermore, isolated Tb3+ and Eu3+ complexes have a negligible response to pressure 
(<1000 MPa) in terms of LIR variation. This behavior observed in a physical mixture of pure Tb3+ and 
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Eu3+ complexes indicates that the decrease in LIR under increasing pressure arises solely from the 
Tb3+-Eu3+ interaction. 

 

Figure 8: a) Emission spectra under hydrostatic pressure (in DAC) up to 1030 MPa* for a physical 
mixture of [Eu(acac)3phen] and [Tb(acac)3phen]. b) The calibration curve of the calculated LIR as a 
function of pressure (MPa). (LIR values are the averages of three subsequent measurements, the 
error bar is calculated by the standard deviation). 

The [Eu0.02Tb0.98] complex exhibits a higher LIR pressure sensitivity (Figure 7b) compared to the 
[Eu0.01Tb0.2Y0.79] complex (Figure 7d), resulting in a higher pressure sensitivity. However, both 
complexes shows limits in pressure sensitivity observed in the disappearance of the Tb3+ emission 
(approximately 700 MPa for both). This behavior is assumed to occur because the original LIR value is 
different due to the distinct composition of the complex, and the 700 MPa limit for pressure 
detection is inherently decided by structural flexibility. Unlike the complex with Y3+ as a diluent 
(Figure 7d), the [Eu0.02Tb0.98] complex (Figure 7b) shows only partial reversibility of the LIR under 
pressure up to 1000 MPa. This reversibility could be crucial for pressure measurement applications. 
Surface defects in the crystal or even slight cracking of the crystal lattice caused by compression 
should not be overlooked. Furthermore, structural defects may induce luminescence quenching of 
the Ln3+ emitter. The mechanical impact on the luminescent properties of the complex 
[Tb(acac)3phen] has been reported as triboluminescence.[67] Additionally, the decrease in the 
intensity of the Eu3+-complex under pressure-induced structural contraction has been observed in 
previous studies, with authors attributing it  to changes in the probability of non-radiative 
relaxation.[56] Here, the impact of defect quenching could be significant in the high Tb3+concentration 
complex, but not in the other. We assume that Y3+ diluents potentially allow the Tb3+ ions to be less 
trapped in structural defects, enabling good reversibility of the LIR value under pressure. Therefore, 
the reversibility of the complex may be lost after repeated compressions. It is noted that DAC 
experiments are limited to three compressions for the same sample due to the elasticity of the nickel 
seal, and collecting extremely small quantities of the sample after compression is challenging. The 
reproducibility of the results should be further investigated using other compression equipment. 
However, it has been verified that when the pressure is increased for the second time, the 
[Eu0.01Tb0.2Y0.79] complex behaves in the same way as when the pressure was increased for the first 
time (Figure S10). 
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The relative sensitivity (SR) to pressure was calculated for both complexes during their first 
compression, using an equation reported in Szymczak‘s works[52,100,101] (Equation S3). The SR was 
plotted as a function of the pressure up to 700 MPa, as shown in Figure S11. The best relative 
sensitivity to pressure is 0.1365 %/ MPa and 0.1435 %/MPa for the [Eu0.02Tb0.98] and [Eu0.01Tb0.2Y0.79] 
complex, respectively, observed around 500 MPa. Due to the significant impact of  compression on 
structural change and, thus, on the Tb3+-Eu3+ ET rate, the Tb3+/Eu3+ LIR could be an optical tool to 
reflect slight structural variation, that cannot be precisely observed in structural analysis. This 
method quantifies slight structural changes at relatively low pressure through the 
photoluminescence of the material, making it a potential pressure sensor with high sensitivity and 
reliable reversibility. Compared to the most commonly used methods based on shifting the spectral 
peak for pressure detection, the LIR method considers all transitions among electronic sublevels by 
integrating the peak area, simplifying data processing, and thereby optimizing measurement 
accuracy.  

Temperature impacts on pressure-sensing applications 

At pressures up to 700 MPa, the luminescent-intensity-ratio of Tb3+/Eu3+ in the 
[Eu0.01Tb0.2Y0.79(acac)3phen] complex shows remarkable sensitivity to pressure, and this LIR variation 
induced by the change in the Tb3+-Eu3+ interionic distance is reversible. Therefore, the 
[Eu0.01Tb0.2Y0.79(acac)3phen] complex can be a potential photoluminescent pressure sensor. Given the 
use of LIR as a variable, pressure detection is independent of the absolute intensity of emission. As 
the absolute intensity of emission is affected by the sensor concentration and the equipment 
parameter (laser power density), the pressure detection is thus not affected by them. However, 
many studies have highlighted the sensitivity of the Tb3+/Eu3+ LIR to temperature,[5,78,102,103] usually 
applied for thermometry sensor research. Additionally, the impact of temperature can be observed 
in Figure 6b and Figure 7d, where the LIR value of [Eu0.01Tb0.2Y0.79(acac)3phen] under ambient 
pressure varies at different temperatures (298 K (Figure 6b): LIR = 1.32; 293 K (Figure 7d): LIR = 1.46). 
Therefore, the influence of temperature on pressure sensing in the [Eu0.01Tb0.2Y0.79(acac)3phen] 
complex should be thoroughly investigated. 

The temperature-induced variation of the Tb3+/Eu3+ LIR is often attributed to the thermal population 
of Eu3+ electrons toward its upper level (7F1 or 7F2). This results from the Tb3+-Eu3+ ET process, where 
higher temperature favors ET from 7F2, decreasing the emission intensity of Tb3+ while increasing the 
emission intensity of Eu3+. Therefore, the Tb3+/Eu3+ LIR decreases with increasing temperature. The 
probability of thermally populated electrons of Eu3+ can be described by Boltzmann’s 
distribution.[34,65,104,105] However, the Tb3+/Eu3+ LIR can also be influenced by the Tb3+-Eu3+ ET rate, 
which can change with temperature, especially at low temperatures. The temperature calibration of 
the complex was conducted between 20 and 80 °C to prevent the sample from burning due to the 
high temperatures. A quasi-linear curve is observed up to 60 °C in Figure S12, following Boltzmann’s 
distribution. This aligns with the results of other studies,[5,65] indicating that Eu3+emission is 
temperature-sensitive up to 60 °C. 

The temperature-induced variation of the LIR cannot be overlooked in the pressure detection by the 
[Eu0.01Tb0.2Y0.79(acac)3phen] complex. The isothermal pressure calibrations at four temperatures are 
shown in Figure 9. The temperature calibration curve under constant ambient pressure, performed 
outside the DAC at the same temperatures, was plotted to compare the LIR values. Under ambient 
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pressure, the LIR obtained by the complex measured on a thermal plate for temperature calibration 
is the same as those confined in the DAC for pressure calibration. A coupled effect between pressure 
and temperature on LIR is observed (Figure 9). The LIR decreases with increasing pressure as before, 
but the slope decreases with temperature. The thermal sensitivity of the LIR disappears after 60 °C, 
which follows the temperature calibration curves, as shown previously. At increasing temperatures, 
the limit of pressure sensitivity slightly decreases as the initial LIR decreases significantly under 
ambient pressure. 

This result shows that this material can be used as a reliable pressure sensor in an isothermal 
environment. The working temperature range is confirmed up to 80 °C, limited by the relatively low 
stability of the organic complex at high temperatures. As the thermal stability of lanthanide 
complexes could be a limiting factor in the development of such pressure sensor materials, further 
studies are needed to optimize their thermal stability. Furthermore, as pressure sensitivity is more 
critical at lower temperature, the minimum working temperature for pressure measurement can be 
low, as long as the temperature allows the Tb3+-Eu3+ ET to occur in the system under ambient 
pressure. The impacts of temperature on LIR values exist, but they can be easily corrected by pre-
calibration of temperature. Although the pressure calibrated curves have not been accurately fitted 
so far and further studies are required, it can be envisioned that numerous applications of highly 
accurate pressure sensing by the Ln complex will be inspired by this study. 

 

 

Figure 9: The variation of LIR in complex [Eu0.01Tb0.2Y0.79(acac)3phen] under constant pressure 
(ambient pressure outside DAC) and under various pressures in isotherm medium at 20 °C (293 K) 

in blue, 40 °C (313 K) in green, 60 °C (333 K) in orange, and 80 °C (353 K) in red (in DAC). Error 
bars are calculated according to the standard deviation over three measurements. 

 

 

 

3 Conclusion 
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In this study, the [Ln(acac)3phen] (Ln = Y, Tb, Eu) complex shows an efficient Tb3+-Eu3+ ET process. 
Upon excitation of the ligand at 405 nm, the impact of structural change on the Tb3+-Eu3+ ET was 
investigated by compressing the complex in a DAC. At up to 700 MPa, the [Eu0.01Tb0.2Y0.79(acac)3phen] 
complex shows a significant pressure sensitivity on the Tb3+/Eu3+ LIR. Dilution by Y3+ in the system 
affects the evolution of Tb3+ emission under variation in hydrostatic pressure, so the variation in LIR 
induced by pressure becomes reversible with dilution by Y3+. The temperature-induced variation in 
the LIR is verified and can be corrected by temperature calibration for pressure measurement. 
Therefore, the [Ln(acac)3phen] (Ln3+ = Y3+, Tb3+, Eu3+) complex can be a reliable photoluminescent (PL) 
sensor in pressure-sensing applications in the range 0–700 MPa pressure, marking an important 
advance in short-range PL pressure sensors. 

4 Materials and methods 

4.1 Complex synthesis 

Commercial chemical reagents and solvents were used without further purification. The 
[(Ln)(acac)3phen] complexes were prepared based on literature synthesis.[60,62] The alcoholic solution 
of the 0.2 M mixed Ln(III) was prepared by dissolving hydrated LnCl3 (hydrated YCl3, 99.9% (Alfa Aesar, 
Haverhill, MA, USA), hexahydrated TbCl3 99.9% (Thermo Fisher Scientific, Waltham, MA, USA), 
hydrated EuCl3 99.9% (Alfa Aesar)) in methanol at different compositions. Then, the ligand 1,10-
phenanthroline (1,10-phenanthroline powder monohydrate, 99+%, Alfa Aesar) was added to the 
MeOH solution at a concentration of 0.2 M. After the solid compounds had dissolved, acetylacetone 
(2.4-pentanedion Reagent plus >99%, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) was 
added to the solution at a concentration of 0.6 M with mechanical stirring. The mixture was stirred 
for 30 min at room temperature and then triethylamine (Et3N, > 99.5%, Sigma-Aldrich) was added. 
The solution was then stirred for a further 15 min and stored in the refrigerator at 3–5 °C for 
subsequent crystallization. After 24–48 h, the formed colorless crystals were separated from the 
solution and washed with a small amount of EtOH. Attenuated total-reflectance (ATR) infrared (IR) 
spectra of pure solid samples were recorded on using a SAFRAS FT-IR spectrometer. FTIR (cm−1): 
ν(C=O) ∼ 1620(m); ν(C=C) ∼ 1591(m); ν(C=N) ∼ 1515. 

4.2 Structural characterizations 

The crystal structure was defined by an X-ray powder diffractometer (Bruker D8 Advance 
diffractometer, Bruker, Billerica, MA, USA), equipped with the Cu Kα radiation (λ = 1.54060 Å). 
Powder XRD diagrams were collected under 45 kV and 30 mA at room temperature. Scanning 
electron microscopy (SEM) images and elemental EDS spectra of the complex were captured by the 
Zeiss Merlin Compact (Zeiss, Germany) operating at 20 kV (Centre Technologique des 
Microstructures de l'Université de Lyon). These EDX measurements strongly support the monophasic 
character of all the samples. 

The [Eu0.01Tb0.2Y0.79(acac)3phen] single crystal was selected and mounted on an XtaLAB Synergy, 
Dualflex, HyPix-Arc 100° diffractometer (Rigaku, Tokyo, Japan). Data collection was achieved at 
100.0(3) K using Molybdenum X-ray radiation (= 0.71073 Å). Intensities were collected using the 
CrysalisPro software (Rigaku, Tokyo, Japan).[84] Reflection indexing, unit-cell parameter refinement, 
Lorentz-polarization correction, peak integration, and background determination were performed 
with the CrysalisPro software. 
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The Eu0.01Tb0.2Y0.79(acac)3phen] structure was solved by direct methods using ShelXT[106] and refined 
using ShelXL.[107] The structure was refined using full-matrix least squares on F2 within the Olex2 
suite.[108] All non-hydrogen atoms were refined with anisotropic displacement parameters unless 
specified otherwise. Disordered portions were modeled using refined partial occupancies. Geometric 
and vibrational restrictions were applied where appropriate to ensure physically reasonable models. 
With the metallic position within the mononuclear complex, the Tb3+ and Y3+ ions were fixed at the 
same crystallographic position and the restrictions on their position as well as their anisotropic 
displacement parameters were fixed. Their respective occupancies were refined by fixing the sum 
equal to 1. 

4.3 Optical characterizations 

The photoluminescent properties were analyzed by a modular spectrofluorometer, equipped with a 
pulsed multi-wavelength laser (EKSPLA NT230, 50 Hz). The laser spot was non-focused to protect the 
sample from being destroyed under high-power light. The emission spectra were obtained by a CCD 
detector (NewtonEM EMCCD Camera, Andor, Belfast, UK), and the excitation spectra and the lifetime 
measurements were performed by a PM detector (Photo-multiplicator, Short Focal Length Triple 
Grating Imaging Spectrographs, TRIAX 320 HORIBA, Kyoto, Japan). The temperature variation was 
controlled by a thermo-cell (Optical DSC600 cell, LINKAM, Tadworth, UK), supported by liquid 
nitrogen flux for low temperature (<293 K). Data were collected after 10 s of temperature 
stabilization. 

4.4 Emission spectra under pressure 

Pressure calibration experiments (≤1 GPa) were performed in a high-pressure DAC: MDAC type BHP 
for Biology 100° symmetrical aperture, Betsa, Paris, France). The DAC was coupled with a focused 
continued laser (405 nm) with a micron-scale rounded spot. The laser power was measured in front 
of the diamond window, at around 0.5 mW. The emission signals were collected and analyzed using a 
CCD detector (U1000 Horiba Jobin-Yvon Spectrometer, Kyoto, Japan). The mini crystals were 
dispersed in Squalane (C30H62) as a hydrostatic pressure medium. Based on our previous work,[24] the 
DAC was equipped with a culet diamond anvil (1.4 mm), a thick diamond window (400 mm), and a 
nickel gasket between them. This elastic gasket allows buffering of the applied pressure, which has 
about 0.2 mm of thickness, and a 0.5 mm diameter hole in the middle. An internal membrane 
inflated by N2 gas covers and closes the DAC to apply pressure. The temperature was regulated by a 
heating ring (External Heating System, Betsa) around the DAC, the inserted thermocouple was placed 
next to the metal gasket in the DAC, which allows measurement of the sample temperature with a 
precision of ±0.1 K. A small volume of suspended sample (<1 µL) was introduced into the gasket hole 
during measurement, and several ruby microparticles (>3 µm) were introduced with as a tool for 
internal pressure calibration. The resolution of pressure sensing is estimated to 30 MPa.[109] Data 
were collected after 20 min to ensure stabilization of pressure and temperature. Based on 
literature,[10,110] upon 405 nm excitation, the commercial ruby microparticles are used as a reliable 
pressure sensor by their photoluminescent wavelength shift R1 (around 694.3 nm at ambient 
pressure). The spectral wavelength was corrected by a Neon lamp (ORIEL 6032, Oriel Corp., Stratford, 
CT, USA) with a peak at 703.24 nm. 

4.5 Luminescent intensity ratio (LIR) and relative sensitivity (SR) calculations 
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The LIR of the emission of Tb3+ and Eu3+ were estimated by the integrated areas of the spectral band 
to include the overall emitted intensities for each sublevel’s transition,[111] calculated in the 
Simpson‘s rule MATLAB program. The integrated area ranges were 520–560 nm (Tb emission) and 
595–635 nm (Eu emission). The SR values are estimated by equation S3 below 700 MPa.  
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A highly sensitive reversible pressure sensor designed for short-range applications (below 700 MPa) 
is demonstrated, using a luminescent mixed lanthanide complex. This mononuclear complex, 
containing terbium, europium and yttrium enables pressure-sensitive Tb3+/Eu3+ energy transfer with 
reversibility. As pressure increases, the relative intensity of Tb3+/Eu3+ emission decreases, leading to 
exceptional pressure sensitivity based on luminescence intensity ratios. 

 

 

 


