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Abstract: 

Lanthanide coordination compounds of the formula Na[Ln(L)4] (1Ln), where Ln = La3+, Eu3+, 

Gd3+, Tb3+, L = [L]− and HL = dimethyl(4-methylphenylsulfonyl)amidophosphate, were 

synthesized. Their structural and spectroscopic properties were discussed in detail based on 

X-ray diffraction measurements, IR spectroscopy, absorption and emission spectroscopy at 

293 and 77 K and theoretical calculations of the intramolecular energy transfer (IET) rates. 

DFT calculations were used to investigate the 1Ln electronic properties required to calculate 



the transition rates. 30 and 22 pathways of intramolecular nonradiative energy transfer were 

examined in the case of 1Eu and 1Tb, respectively. It was shown that the main pathway for 

sensitization of the lanthanide emission is either the triplet (1Eu) or singlet (1Tb) transfer, 

occurring mainly through the exchange mechanism. The energy rates for energy transfer from 

S1 and T1 equal �� = 1.53 × 10
s�  (1Eu), �� = 5.14 × 10�s�  (1Eu) and �� = 4.09 ×10�s� (1Tb), �� = 6.88 × 10
s� (1Tb). The crucial role of the 7F5 level in the energy 

transfer process of 1Tb andthe participation of the LMCT state in the depopulation of the 

ligand singlet state of 1Eu was demonstrated. The influence of the resonance effect on the 

splitting of the 7F1 level in 1Eu was analyzed. By comparing the properties of 1Ln with the 

properties of 2Ln coordination compounds, sharing the same ligand and crystallizing in the 

same crystallographic system (monoclinic), but with a different space group, it was 

demonstrated how slight structural changes can affect the photophysical properties of Ln 

compounds. 

 

1. Introduction 

Lanthanide compounds are intensively studied due to their interesting emission 

properties, such as: long micro- and milliseconds orders of emission lifetime; narrow emission 

bands, the location of which practically does not depend on the crystal field; high emission 

quantum yield; photostability. These features cause that lanthanide compounds are used as 

luminescent materials in biology and medical diagnostics, 1–3in lighting and OLED devices, 4 

in solar cells, 5-6. However, Ln3+ emission requires sensitization due to the low values of the 

molar absorption coefficient. 

One way to sensitize is to use an organic ligand as a sensitizer, which after the 

absorption process transfers the excitation energy via a nonradiative process to Ln3+ excited 

levels (antenna effect). 7 This allows the achieving of strong sensitized photoluminescence of 

lanthanide. In the context of the antenna effect, it is important to know the paths and 

mechanisms of energy transfer as well as the impact of structural modification on the 

sensitized emission of lanthanide. Knowledge of these issues is helpful in designing 

coordination compounds with specific luminescent properties. The aspects discussed in the 

paper raise the above-mentioned issues. 

In this paper, we demonstrate how small structural differences resulting from the 

presence or absence of solvent molecules in the second coordination sphere determine the 

photophysical properties of 1Ln and 2Ln. The work also focuses on the analysis of ligand-to-

metal energy transfer mechanisms with the participation of higher excited levels of 



lanthanides as well as assuming the population of the 7F5 and 7F1 levels of Tb3+ and Eu3+, 

respectively. An important element is also the correlation of structural and spectroscopic 

results for 1Eu in the context of some restrictions on the use of Eu3+ as a structural probe for 

monomeric compounds with one Eu3+ crystallographic position. The presented results are a 

continuation of the research on Ln coordination compounds with N-phosphorylated amides 8–

13 which were planned so as to eliminate from the chelate ring the atom groups of the C—H, 

N—H or C=O type responsible for high-energy vibrations. 

 

2. Experimental Section 

2.1 Synthesis 

Unless otherwise specified herein, reagents were of analytical grade, obtained from 

commercial suppliers, and used without further purification. The preparation of dimethyl(4-

methylphenylsulfonyl)amidophosphate (HL ) (Figure 1) as well as its sodium salt (1Na) was 

carried out according to the procedure described previously.  8, 14 

Complexes of 1Ln (Ln= Eu, Gd, Tb) were synthesized in the same manner as the Nd3+ 

complex.15Briefly, the hydrated nitrate (V) of corresponding lanthanide was dissolved in 

small amount of acetone and dehydrated by triethylorthoformate. Subsequently, the solution 

was treated with NaL in the 1:4 mole ratio in acetone. The resulting precipitate was separated 

by filtration. Clear filtrate was left for slow evaporation with mixture of acetone and propan-

2-ol in ratio 3:1 at room temperature. The crystals that formed after a few days were suitable 

for X-ray investigations. 

The synthesis of complexes 2Ln (Ln= Eu, Gd, Tb) has previously been described in 

the literature.8The 2Ln complexes were obtained by refluxing crystals of 1Ln with 

acetonitrile for 2 hours. Slow evaporation in the mixture of acetonitrile and isopropanol in the 

ratio 1:1 resulted in crystalline solids proper to study by single crystal X-ray diffraction. 

1Tb: yield 91%, IR(nujol): νmax = 2923, 1462, 1377, 1254, 1176, 1033, 864, 750, 665, 

562, 443, 341, 297, 152, 73, 57 cm−1; IR(fluorinated oil): νmax = 3006, 2956, 2853, 2328, 

1600, 1498, 1456, 1397, 1385 cm−1. 

2Eu: yield 85%, IR(nujol): νmax = 2916, 1464, 1377, 1252, 1173, 1051, 865, 745, 666, 

562, 444, 333, 297, 155, 100, 73, 56 cm−1; IR(fluorinated oil): νmax = 3002, 2956, 2854, 2319, 

1715, 1599, 1448, 1399, 1363 cm−1.8 

 

 

Figure 1. 



2.2 Crystal structure determination 

Diffraction data for 1Tb and 1Eu crystals were collected on an Agilent an Xcalibur 

four-circle diffractometer with Mo Kα radiation and a Ruby charge-coupled device detector. 

The collected diffraction data (1–2) were processed with the CrysAlis PRO program. 16 All 

structures were solved by direct methods using the SHELXS and refined by full-matrix least-

squares on F2 using the SHELXL programs. 17Analytical absorption corrections were applied. 

In all structures the H atoms of aromatic rings were treated as riding atoms in geometrically 

idealized positions, with C—H = 0.095 nm and Uiso(H) = 1.2 Ueq(C) as well as H atoms of 

methyl groups were introduced in positions calculated from geometry, with C—H = 0.098 nm 

and Uiso(H) = 1.5 Ueq(C). Moreover, some atoms in the —OCH3 substituent groups are 

disordered and were reined using a split model. The program used for molecular graphics is 

DIAMOND. 18Crystallographic data for the structures reported in this paper have been 

deposited as supplementary publication nos. CCDC 1968705 (1Eu) and CCDC 1968744 

(1Tb).These data can be obtained free of charge from The Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/data_request/cif. 

2.3 Methods 

Fourier transform infrared (FTIR) spectroscopy was performed using a Brücker 

IFS66/S FTIR spectrophotometer, in the range between 4000 and 50 cm−1 with a resolution of 

1 cm−1. An average of 8 scans was carried out for each sample. The samples were prepared 

using nujol and fluorinated oil emulsions (only in the near infrared range). 

Reflectance measurements were performed using a Cary-Varian 500 

spectrophotometer with barium sulfate as a reference at room temperature. Absorption spectra 

were recorded with a Cary 5000 Series UV/Vis-NIR Spectrophotometer. The spectra of 

samples as KBr pellets were measured at room temperature. 

The fluorescence spectra were measured using a SpectraPro 750 emission line from 

Action Research Corporation. The excitation source was a 450 W Xe arc lamp coupled with 

an excitation monochromator using an 1800 L/mm grating blazed at 250 nm and an emission 

monochromator using 1200 L/mm grating blaze at 500 nm. A photomultiplier Hamamatsu 

R928 was used for detection. Samples were measured at room temperature using a solid 

sample holder on special 1.5 mm deep plexiglass plates. High-resolution uncorrected emission 

spectra were recorded using the same device at room and low temperature (77 K) by placing 

the sample in a quartz test tube in a quartz Dewar cooled by liquid nitrogen. 



The corrected emission and excitation spectra of 1Eu and 1Tbwere recorded using an 

FSL 920 Spectrometer from Edinburgh Instruments. A Xe arc lamp (450 W) was used as the 

excitation source and a red-sensitive photomultiplier (Hamamatsu R-928) as a detector. The 

luminescence decay curves of studied compounds were also registered with the same device 

using µF920H 60 W Xe flash lamp for phosphorescence (at 77K) and luminescence from 

excited levels of Eu3+ and Tb3+ (at 293 and 77K). 

Emission quantum yield of europium and terbium complexes were determined in the 

same manner as described previously, 8using the comparative method in which the sample 

under examination is compared to a standard with known quantum yield. Gd2O2S:3%Eu 

(GOS:Eu, qst = 100%)and Gd2O2S:3%Tb (GOS:Tb, qst = 100%)were used as emission 

standards and BaSO4 as a reflectance standard(r = 91%). 

2.4 Theoretical calculations 

A DFT level of theory was employed to obtain the electronic properties like the 

composition of the excited triplet (T1) and singlet (S1) states of the ligand (i), the localization 

of molecular orbitals (LMOs) from the canonical ones (ii ), and to obtain the overlap integrals 

(iii ). 

(i) TD-DFT was performed using the Gaussian 09 program 19with the ωB97-XD 

functional 20 and aug-cc-pVTZ21 basis set (for H, C, N, O, P, and S atoms). 

(ii)  LMOs of the ligands were obtained using the Pipek-Mezey method. 22 The 

GAMESS program 23 with the ωB97-XD functional 20and aug-cc-pVTZ21 basis set 

was used for this procedure. 

(iii)  The overlap integrals (�) involved in the Ln3+–O (Ln = Eu or Tb) chemical bonds 

(first coordination sphere) were calculated with the ADF program 24 using the BP86 

functional, 25, 26 STO-TZ2P basis set, 27 and the inclusion of ZORA scalar 

relativistic effects. 28–30 

2.5 Energy transfer rates 

Energy transfer rates from S1 and T1 to Eu3+ and Tb3+ ions 

Here it is important to emphasize that the CGS system of units is used. The 

intramolecular energy transfer rates (IET) from the ligands (S1 and T1) to the Ln3+ ion were 

calculated taking into account the dipole–dipole (���� ), dipole–multipole (���� ), and 

exchange (���)	mechanisms, 31–34 according to Eqs. (1)–(3): 



���� = ���1 −  )!�2# + 1)% 4πℏ (!)��*Ω,-./012#234�,)31#5!67  (1)

���� = ���2# + 1)% 2π(!ℏ *�8 + 1) 〈:,〉!�)�,<!)! 0=3>�,)3=5!�1 −  ,)!012#234�,)31#5!6,  (2)

��� = �1 −  ?)!�2# + 1)% 8πℏ (!)�@ 012#2‖�‖1#5!BCDEF*GH�I)JK�I)L FE∗NC
!
6

K
 (3)

whereΩ,OPQ (in Eq. (1)) are the intensity parameters assigned exclusively to the forced electric 

dipole mechanism (original Judd-Ofelt theory 35, 36) and, in the present work, they were 

calculated using the Simple Overlap Model and the average energy denominator method 37, 38 

as expressed by Eq. (S2). 0 34�,)3 5!  are squared reduced matrix elements and their 

values are tabulated in Ref. 39. 

In Eqs. (1) and (2), �� is the dipole strength of the ligand transition involved in the IET 

process, 〈:,〉  are 4f radial integrals, %  is the degeneracy of the ligand donor state, 0 3>�,)3 5 is a monoelectronic reduced matrix element of the Racah’s tensor operators R�,), and �1 −  ,) are shielding factors. 34 

In Eq. (3), �1 −  ?)  can be estimated using the relationship �1 −  ?) =��)�ST )�⁄ )V.
 , where )�ST  is the shortest Ln–O distance. This formulation has been 

discussed in detail in Ref.40. �K is the spin operator in the ligand, GH is the dipole operator 

(itsW-component), and 012#2‖�‖1#5 is the reduced matrix elements of the lanthanide ion spin 

operator, which were calculated (Supporting Information) using free-ion wavefunctions in the 

intermediate coupling scheme (angular momentum operators are used in units of Planck’s 

constant over 2π). 41 

6 in Eqs. (1)–(3) is the spectral overlap integral that expresses the energy mismatch 

conditions between donor and acceptor energy levels. 40, 42 

6 = 1ℏXYZln	�2)π (�] ^ℏ_`abcT�!) (4)

Where ℏX� corresponds to the donor’s (ligand) bandwidths at half-height (in erg units). Δis 

the energy difference between the barycenter of the donor state (D) and the lanthanide 

acceptor state, Δ = f/ − f�T.There are four ligands coordinated with very close triplet states 



and very close singlet states that redistribute energy between them extremely fast. So that, this 

fact is taken into account upon evaluation of the band half-widths entering in calculation of 

the energy mismatch factor 6. 

The forward energy transfer rates were calculated by the sum over Eqs. (1), (2) and (3) �� = ���� +W��� +���) for each IET pathway under the following assumptions: 

1) In the case of the Eu3+ ion, the thermal populations of the 7F0 (0.64) and the 7F1 

(0.33), at 300 K, were taken into account. In the case of the IET pathway involving 

the 7F0 → 5D0 transition, the J-mixing between the 7F0 and 7F2 levels (of the order 

of 5%) was considered. 

2) In the case of the Tb3+ ion, once the first excited state, 7F5, is curiously known to 

have an abnormally long decay lifetime (from 2.8 to 22 ms) 43–45 it plays a very 

important role in the IET kinetics, and consequently, in the emission quantum yield. 

3) In both cases, when Δ is negative (the ligand donor state barycenter lies below the 

lanthanide acceptor level), the IET rates were multiplied by the barrier factor 

(�] |^|ijka, where lm is Boltzmann’s constant and n is the temperature. 

Energy transfer rates involving the LMCT state 

According to the theoretical approach in Ref.46, the energy transfer between ligand 
and LMCT states is given by:  

�op = 2qℏ (@�)�)! 04=|q∗5!0E?|π5!6 (5)

Where )Y is the distance from the Eu3+ ion to the electronic barycenter of the LMCT, which is 

expected to be shorter than the )� value for IET rates in the previous cases (from S1 and T1 to 

Ln3+ states). 04=|π∗5 can be estimated using the same relationship as described to obtain �1 −  ?)�04=|q∗5 = ��)�ST )�⁄ )V.
). 0E?|π5 is the intramolecular overlap integral. Since, in 

this case, the bandwidths at half-height (Xop and X�) are of the same order of magnitude, the 

energy mismatch factor is given by 40, 46: 



6 = ln�2)√π 1ℏ!X�Xop st] 1ℏXopa! + ] 1ℏX�a!u ln�2)v
�wb

× exp {14 | !}�ℏ~�)b ln2�!�| ℏ~���! + | ℏ~��!� ln2 − ] ΔℏX�a! ln�2)� 
(6)

Where the quantities Xop and X� are the bandwidths at half-height of the LMCT and the ligand 

states. Eq. (6) has the same meaning as Eq. (4) which is a simplified form of Eq. (6) when one 

of the bandwidths at half-height is much larger than the other one, As in the case of 

intramolecular energy transfer ligand-lanthanide ion (X� ≫ X�T). The quantity Δ is also the 

energy difference, but in this case, between the barycenter of the donor state (S1) and the 

LMCT. 

Concerning Eq. (5), we estimate (in ad-hoc mode) )� = 0.48	nm and 0E?|π5 = 0.05. 

 

3. Results and discussion 

3.1 X-ray analysis 

1Ln coordination compounds (where Ln = La3+, Eu3+, Gd3+, Tb3+) crystallize in a 

monoclinic system in the P21/c group and are isostructural. The crystallographic data for 1Eu 

and 1Tb are listed in Table S1. The coordination in 1Ln is of the same kind as in other 

lanthanide coordination compounds with N-phosphorylated sulfonamides. 8–15, 47–49The first 

coordination sphere consists of four bidentate deprotonatedligands(L-), each of which is 

coordinated by two oxygen atoms of the sulfonyl and phosphoryl groups. The created anionic 

units [LnL4]
 − are connected in a one-dimensional polymeric network with sodium ions. 

Figure 2 shows the 1Eu crystal structure (CN = 8), crystal packing along the c-axis and a 

coordination polyhedron of the Eu3+ ion. Coordination polyhedrons of the metal ions in 1Eu 

and 1Tb were analyzed based on the SHAPE program, designed by Llunell et al. 50Continous 

Shape Measures (CShMs) of the coordination geometry for the Ln3+ ions in 1Eu, 1Tb, 2Eu, 

2Tb and point groupsare summarized in Table 1. 1Ln and 2Ln contain in their structure the 

same ligands which are also coordinated in the same manner by the metal ions. Despite such 

strong similarities, these compounds exhibit significantly different spectroscopic properties. 

This was the motivation for careful analysis of the structural properties of 1Ln and 

comparison with crystallographic data of 2Ln published in ref. 8. It should be emphasized 

that in both compound types the metal ion occupies a single crystallographic position with 

low point symmetry. Basing on the data from Table 1, the coordination polyhedrons in 



1Lncanbedescribedas a distortedsquareantiprism, while the 2Ln as a distorted 

triangulardodecahedron. 

 

Table 1. 

 

Ln–O bond lengths of 1Eu, 1Tb, 2Eu and 2Tb are listed in Table S2. Ln–O(P) bond 

lengths in 1Ln and 2Ln are comparable. On the other hand, all of the Ln–O(S) bond lengths 

are shorter in the case of 1Ln in comparison with 2Ln. Their average values are 2.445 (2) and 

0.21.415 (3) nm in 1Eu and 1Tb, while they are equal to 0.2487 (2) and 0.2473 (2) nm in 2Eu 

and 2Tb. The angle values in the 1Ln and 2Ln chelate rings are comparable, and their 

average values are listed in Table S3. The Ln–Ln and Ln–Na distances in the chain are shorter 

in 1Ln in comparison with 2Ln by about 0.03 and 0.008 nm, respectively. Sodium ions have 

a coordination number of 6 in both types of compounds. They connect the anionic units 

[LnL4]
− via two oxygen atoms and one nitrogen atom of each unit. 

Weak intramolecular C—H···π interactions (—OCH3 group with the 4-methylphenyl 

ring) are present in 1Ln and 2Ln. The hydrogen atom of the —OCH3 group is directed 

towards the center of the 4-methylphenyl ring of the same ligand and the distance between the 

aforementioned hydrogen atom and the center of the aromatic ring equals about 0.3 nm (see 

Table S4and Figure S1). There are no hydrogen bonds or intermolecular interactions in 

neither 1Ln nor 2Ln. The C—H···π interaction constitutes one of the important factors in 

controlling the crystal packing of the 1Ln and 2Ln molecules. An additional factor 

responsible for the packing in the 2Ln molecule is the presence of disordered solvent 

molecules (acetonitrile) in the outer coordination sphere. In turn, in the 1Lnstructure, there is 

a disorder of the two —OCH3groupsoftheligandsandofoneoxygenatomofthephosphorylgroup. 

 

Figure 2. 

 

3.2 Spectroscopic Analysis 

3.2.1 IR Spectroscopy 

Due to a large number of chemical bonds and the fact that most of the FTIR bands of 

the title compounds are located in the fingerprint region, the FTIR spectra are difficult to 

interpret, although it is still possible to observe some general common features between them.  

The FTIR spectra of lanthanide complexes 1Ln and 2Ln were recorded in the range 4000–50 

cm−1. Fig.3 and Fig.S2 show the 1Tb and 2Eu spectra as an example. It is noted that both 



spectra are almost identical without noticeable shifts of band positions characteristic for the 

O=S=O and P=O groups, which occur at 1254 and 1177 cm−1 for 1Tb and 1252 and 1173 

cm−1 for 2Eu. This phenomenon can be attributed to the fact that the complexes are almost 

identical and exhibit the same type of coordination. This was confirmed by comparison of the 

far infrared regions of the spectra (Figure S2), where the vibration bands of O–Ln–O fragment 

related to the chelate ring formed by the coordination is located. 

Moreover, in contrast to the free ligand, in the FTIR spectra of both compounds, the 

absence of stretching vibrations of N–H group between 2850 and 2430 cm−1 can be observed. 

This confirms the complete deprotonation of nitrogen atoms in the complexes. Additionally, 

the lack of characteristic O–H stretching vibrations in the 3550–3200 cm−1 range indicates the 

absence of water molecules in the structure, which proves the purity of obtained complexes 

and is in good agreement with the crystallographic data. We would like to emphasize that the 

analysis of vibration bands in the range of 4000–1300 cm−1 was based on the spectra 

measured in fluorinated oil to eliminate the nujol bands. 

Figure 3 

 

3.2.2 Electronic state of the ligand 

The 1Gd and 1Tb profiles of diffuse reflectance spectra recorded in the UV range are 

identical and the bands correspond to the π* ←π ligand absorption transitions. In contrast, the 

1Eu band is clearly broadened in the energy range 280–325 nm, which is shown in Figure 4. 

This widening indicates the contribution of the LMCT transition in the UV absorption region 

of 1Eu. A comparison of the diffuse reflectance or absorption (tablets with KBr) spectra of 

the isostructural compounds of Eu3+ and Gd3+ or Eu3+ and La3+ (Y3+) is a typical procedure for 

determining the contribution of LMCT transition in the absorption spectrum of the Eu3+ ion. 40 

 

Figure 4 

 

For the experimental determination of the ligand triplet and singlet energy, the 

phosphorescence and fluorescence spectra of the ligand were measured for 1Na, 1La and 

1Gd at 77 and 293 K. The barycenter of the ligand triplet and singlet states of 1Ln was 

determined as 23000 and 33000 cm−1 . The 1Gd and 1La phosphorescence spectra are shown 

in Figure 5 while the fluorescence spectra in Figure S3. The phosphorescence appears only at 

77 K as a wide band in the range of about 370 to 550 nm for 1Na, 1La, and 1Gd. No 

phosphorescence is observed in 1Eu and 1Tb emission spectra at low-temperature, which 



indicates the appearance of additional channels of depopulation on the T1 ligand state as 

compared to the 1Gd one. The phosphorescence and fluorescence excitation spectra are 

almost identical and are presented in Figure 6. 

The fluorescence of the ligand for1Na, 1La, 1Tb and 1Eu is shown in Figure S3. In contrast 

to the ligand phosphorescence (1Na, 1La, 1Gd), the 1Ln band undergoes widening by about 

40 nm towards lower energies and a shift of the maximum by about 10 nm in comparison with 

1Na. From quantitative measurements of fluorescence intensity, it can be seen that the 1Eu 

one is very weak in comparison with 1Tb. As will be demonstrated in the latter part of this 

work, 1Eu is characterized by much lower overall emission quantum yield in comparison 

with 1Tb, which suggests that the opposite situation could be expected. Such low value of 

fluorescence intensity of 1Eu implies the existence of an additional depopulation channel of 

the S1 ligand state. Based on experimental data and theoretical calculations, the contribution 

of the charge transfer state (LMCT) to the depopulation of the S1 ligand state was examined 

and the mechanism is discussed in paragraphs 3.2.3.2 and 3.3. 

 

Figure 5. 

Figure 6. 

 

3.2.3 Photophysical properties of coordination compounds  

3.2.3.1 Emission spectra – resonance effect 

The 1Eu and 1Tb coordination compounds exhibit typical 5D0 and 5D4 emission at 

300 and 77 K under excitation of either the lanthanide ion or the ligand. The emission spectra 

are presented in Figures S4 and S5. 1Tb emission spectra are dominated by the 5D4→7F5 

transition band, while the 1Eu emission spectra are dominated by the 5D0→7F2 transition. The 
5D0→7F0 transition is present in 1Eu emission spectra, proving that the Eu3+ ion is 

characterized by low point symmetry in the structure. The half-width of the 5D0→7F0 band 

equals 9.8 cm−1 at 300 K and remains unchanged with the decrease of the temperature. The 

half-width value and the fact that it does not change after lowering the temperature are both 

caused by the disorder of the phosphoryl oxygen atomandofthetwo—

OCH3groupsoftheligands, which is demonstrated in Figure S6. When moving from a 

temperature of 300 to 77 K, a redshift of the 5D0→7F0 band equals to 11.3 cm−1 is observed. 

The redshift of the 5D0→7F0 band in the order of 10 cm−1 is known to take place in all Ln 

coordination compounds with N-phosphorylated sulfonamides. At 77 K, the 5D0→7F0 band of 



1Eu is characterized by a single symmetrical component, implying that the Eu3+ ion occupies 

one equivalent crystallographic position in the structure. This observation is also consistent 

with the crystallographic results. However, the number of components of the 5D0→7F1 

transition raises doubts. At 77 K, double number of electron components is observed in the 

form of zero-phonon line splitting or clearly visible bends present in the other electron lines. 

The number of Stark components of the 5D0→7F1 transition is used to assess the number of 

crystallographic positions occupied by the Eu3+ ion in the crystal structure.51 However, in the 

case of the 5D0→7F2 and 5D0→7F4 transitions, no more than 2J + 1 electronic components are 

observed, which is shown in Figure 7. In the same figure, the emission transitions on 2Eu are 

also seen, but they will be referred to in the latter part of this work. 

 

Figure 7. 

 

Due to the apparent inconsistency in the spectroscopic results for 1Eu, measurements 

of emission and excitation spectra at 300 and 77 K were repeated for a single crystal, whose 

structure was confirmed by crystallography before the spectroscopic measurements. The 

measurement of the emission of such a small single crystal was possible due to the very large 

intrinsic emission quantum yield of 1Eu. The obtained spectroscopic results were identical to 

the ones acquired in the case of several larger single crystals. The observed effect can be 

explained by the phenomenon of resonance effect. For achieving a confirmation on this, an 

analysis of the vibrational components was required. It should be emphasized that the purpose 

of this work was not to make a full analysis of the vibrational components, but to examine the 

vibrational coupling for the purpose of explaining the resonant effect. 

In Figures S7 and S8 the vibrational components in the transition area of 5D0→7F0, 
5D0→7F2 and 5D0←7F0, 

5D2←7F0 are presented. The vibrational components extracted from 

the emission and excitation spectra are designated νn. Frequencies visible as vibrational 

components in the emission and excitation spectra are marked with an asterisk (*) in the FTIR 

spectra (see Figures3 and S2). The locations and frequencies of the vibrational components 

related to the vibrations in the IR spectrum are summarized in Table 2. The vibrational 

components correspond to the vibrations in the ligand (ν(PO),δ(OPO), ν(SO)) and vibrations 

in the chelate ring (ν(PO), ν(SN), ν(LnO),δ(OLnO) and γ(OLnO)) in 1Eu. The crystal-field 

levels of the 7F1 multiplet of the 1Eu lie within the energy region of ν(Ln–O), their possible 

interactions result in "non-Born-Oppenheimer" states being the terminal states in the 5D0→7F1 



emission process. The mechanism of this phenomenon, in which a vibroniclevel is in 

resonance or near resonance with an electronic level was discussed by Malta.52 Malta 

concluded that as a result of such resonance, the electronic line splitting occurs. Depending on 

the strength of the vibronic coupling and the degree of resonance, the resulting two lines may 

exhibit similar intensities. In the case of 1Eu (see Figure 7), the splitting of the zero-phonon 

line of the 5D0→7F1 transition (splitting value = 12.4 cm−1) is observed as two components 

with almost identical intensities. The remaining two Stark components have clear bends and 

the use of the Lorentz distribution yields the following energy values: 16896.8 and 16879.4 

cm−1, 16790.9 and 16765.6 cm−1. The resonance effect was also observed by the other authors 

in Ln coordination compounds with organic ligands 53–55and inorganic ones as well. 56, 57 In 

the 1Eu excitation spectrum, the resonance effect was not observed and the number of Stark 

components of the 5D1←7F0 transition in 77 K is 2J + 1 (see Figure S9). The half-width of the 

zero-phonon line (maximum at 19027 cm−1) is 10 cm−1. Due to equipment limitations, 

measurements of excitation spectra were not available at a higher resolution.  

 

Table 2. 

 

The analyzed example of 1Eu demonstrates some restrictions on the usability of Eu3+ 

as a structural probe in compounds in which either the Eu3+ ion is well isolated by ligand 

molecules or the ones in which there is no Eu–Eu type energy transfer. 

The resonance effect was not observed in the case of 2Eu, even though the structural 

differences between 1Eu and 2Eu (see the crystallographic part of the paper) are seemingly 

minor. When comparing the 5D0 emission in 1Eu and 2Eu, it turns out that the crystal field 

splitting values of the 7FJ multiplet levels are much smaller in the case of 2Eu. The splitting 

values of those levels in 2Eu and 1Eu equal 75 (7F1), 43 (7F2), 183 cm−1 (7F4) and 223 (7F1), 

111 (7F2), 223 cm−1 (7F4), respectively (see Figure 7). The much smaller value of the 7FJ levels 

splitting in 2Eu is due to the fact that the point symmetry of the Eu3+ ion in 2Eu is closer to 

the distorted dodecahedron and it mimics the spherical arrangement of donor atoms around 

the metal ion. In turn, the point symmetry of the Eu3+ ion in 1Eu corresponds to a distorted 

squareantiprism (see Table 1). 

It was also shown that 1Eu can be obtained directly from 2Eu by storing the crystal in 

air and evaporating the solvent from the second coordination sphere. This was confirmed by a 

simple experiment consisting of periodic measurements of emission of the (formerly 

structurally confirmed) 2Eu stored in air ambiance. After several days, the measured 



spectroscopic and structural properties started to correspond to 1Eu what is shown in Figure 

S10. The single crystal did neither cloud nor fall apart. 

 

3.2.3.2 Excitation spectra 

Figures 7 and 8 present the 1Tb and 1Eu excitation spectra acquired at 77 and 293 K. 

The 1Tb spectra are dominated by the ligand band in the range of 210–310 nm, which 

indicates good efficiency in sensitizing the Tb3+ emission. On the other hand, Eu3+ emission is 

not effectively sensitized by the ligand at neither 293 nor 77 K. Although the increase in 

ligand band intensity is observed at 77 K, the excitation spectrum is still dominated by the 

intra-configurational 4f* ← 4f transitions. The impact of slight structural changes between 

1Ln and 2Ln on the excitation spectra is illustrated in Figure 10. It turned out that the ligand 

band undergoes a shift and it is positioned in the 210–310 nm in the case of 1Ln, while it is 

found within 240–333 nm in the case of 2Ln. 

 

Figure 8. 

 

Figure 9. 

 

Figure 10. 

 

Analysis of the absorption spectra of 1Tb and 2Tb (see Figure S11) shows that the 

changes in the excitation spectra correlate with the change of the absorption band range. The 

edge of the 1Tb absorption band lies at higher energy (about 300 nm) in comparison with the 

2Tb absorption band (about 330 nm). The presence of disordered solvent molecules in the 

second 2Ln coordination sphere is considered responsible for the broadening of the 

absorption band of 2Tb in relation to the one of 1Tb. Furthermore, it is also possible that the 

presence of weak non-covalent interactions in the structure may contribute to the effect. 

However, due to the disorder of the solvent molecules, it is impossible to unambiguously 

discuss the non-covalent interactions and their participation basing solely on X-ray 

measurements. On the other hand, the occurrence of the surface quenching phenomenon 

causes a situation in which the maximum of the ligand band in the excitation spectrum does 

not correspond to the energy at the maximum of the band in the absorption spectrum, instead 

it falls only within the tail range of the absorption band. 58, 59 Surface quenching can be 

considered as a kind of internal filter effect, relying on the fact that electromagnetic radiation 



from the high absorption range is strongly absorbed by the surface and as such does not reach 

the deeper layers of the sample. Less absorbed radiation stimulates both the outer and inner 

layers of the sample to emit and as a result, greater emission intensity is observed in this range 

of excitation radiation. The phenomenon of surface quenching causes that the shift of the 

absorption band edge by 30 nm can be easily noticed in the excitation spectrum. Differences 

in the photophysical properties of 1Ln and 2Ln compounds due to small structural changes 

also manifest themselves in the values of the overall emission quantum yield (�Y�Y )	as well as 

in the temperature dependences of the sensitized Eu3+ emission efficiency. 

Table 3 lists the values of intrinsic (��T�T)	and overall emission quantum yield, 

efficiency of sensitization (η) and decay times established for 1Eu, 1Tb, 2Eu and 2Tb. The ��T�  is higher in the case of 1Tb (58%) than the one of 2Tb (36%). As the first coordination 

sphere is nearly identical in both cases, this result can be considered surprising. However, the 

increase in sensitized emission intensity between 1Tb and 2Tb is visually noticeable, in the 

same manner as the decrease in sensitized emission intensity is observed between 1Eu and 

2Eu. The increase of ��T�  in the case of 1Tb is tied to the shorter lengths of all of the Tb–O 

bonds (O of the sulfonyl group), which are on average 0.0058 nm shorter than in 2Tb. 

Another important factor is the population of long-lived 7F5 level of Tb3+ in 1Tb,as 

demonstrated by the theoretical calculations of non-radiative rates and the overall emission 

quantum yield (see paragraph 3.3). Such calculations also prove to be very useful to 

investigate the impact of the LMCT (ligand-to-metal charge transfer) state on the reduction of 

the efficiency of sensitized emission in 1Eu and 2Eu. The location of the LMCT state for 1Eu 

was estimated by comparing the diffuse reflectance spectra profiles of 1Eu and 1Gd (Figure 

4).  

It is well known 40 that the LMCT state can be an important quenching channel for the 

excited states of both ligand and Eu3+. Depending on the energy of the LMCT state and the 

value of its parabola offset relative to the ligand and Eu3+ levels, non-radiative ligand → 

LMCT or Eu3+ → LMCT energy transfer may occur. The LMCT state can depopulate the S1 

or T1 state of the ligand, reducing the sensitization efficiency of Eu3+ emission and thus 

yielding a lower ��T� . The magnitude of the LMCT effect on the value of ��T�  depends on the 

value of the overlap integral between the wavefunctions of the LMCT and π states. The 

energy of the LMCT state is strongly temperature dependent, and as such the influence of 

LMCT on sensitized Eu3+ emission should be temperature dependent as well. This is observed 

in the case of 1Eu (see Figure 9), in contrast to 2Eu. 8Lifetime of the 1Eu5D0 emission is 



independent of both temperature and excitation wavelength. This behavior reflects the 

absence of thermally activated non-radiative processes, either vibrational or electronic in 

nature, including the 5D0 emitting levels. The decayprofilesof1Eu (5D0) and1Tb (5D4) 

emissionaremonoexponential. The values of 1Ln and 2Ln emission lifetimes are summarized 

in Table 3. In order to describe the effects of the LMCT states on the Ln3+ emission, models 

for the description of the energy transfer processes Ln3+ → LMCT and ligand → LMCT have 

been developed. 60 This model is used to prove the participation of LMCT in the energy 

transfer process in 1Eu.  

 

Table 3. 

 

3.3 Theoretical calculations 

3.3.1 Intramolecular energy transfer rates. 

To rationalize the experimental results and to propose the ligand-to-metal energy 

transfer mechanism intramolecular energy transfer (IET) rates were calculated for 1Eu and 

1Tb. In the calculations for 1Eu, the energy transfer between the ligand and the LMCT state 

was taken into account. As discussed earlier, the diffuse reflectance spectrum for the 1Eu 

complex, shown in Figure 4, a LMCT band around 33300 cm−1 is clearly identified, in 

contrast to the case of 2Eu8 where this band is possibly hidden and mixed with the S1 state. 

The donors–acceptor distances ()Y ) are crucial information for the energy transfer 

evaluation, and, in this work, they were obtained from TD-DFT calculations (item (i) in the 

experimental section) by isolating the ligands from the crystallographic structure. The donors 

(Singlet and Triplet states) centers are localized at the aromatic rings, as depicted inFigure 11. 

Therefore, we can assume that )� is an average between the distances from the middle of the 

aromatic rings to the Ln3+ ion, leading to a value of 5.8 Å. This is represented in Figure S12. 

 

Figure 11. 

 

On the other hand, the distance from the Eu3+ ion to the electronic barycenter of the 

LMCT state was estimated as 0.48	nm (see experimental section). 

We have analyzed a total of 30 and 22 pathways for Eu3+ and Tb3+, respectively. All 

pathways were chosen based on selection rules and theΔ values. 40 The necessary quantities 



for the evaluations of the IET rates are displayed in Tables S5and S6 and the results (IET for 

each pathway) are shown in Tables S7and S8. 

According to Tables S7 andS8, it can be noticed that, for 1Eu, the dominant pathways 

come from the T1 state, while for the case of 1Tb the most relevant pathways come via S1. 

The total energy transfer from S1 and T1 are equal to �� = 1.53 × 10
s� (1Eu), �p =5.14 × 10�s�(1Eu) and �� = 4.09 × 10�s� (1Tb), �p = 6.88 × 10
s�(1Tb). This is a 

noteworthy aspect in comparison with the results obtained for 2Eu. 8 In our interpretation, this 

is due to the action of a LMCT state close to the ligand singlet state. The LMCT state has 

usually a very short decay lifetime (of the order or shorter than nanoseconds), and in the 

present case, it would quite suppress the action of the singlet S1 in feeding the state T1. It is 

important to notice that the LMCT state is about 300 cm−1 above the ligand S1 state, and it is 

energetically much far apart (~10000 cm−1) from the ligand state T1. The energy transfer from 

the S1 to the LMCT state is equal to �op = 4.82 × 10�s�. 
 

3.3.2 The role of the Tb3+7F5 level in IET processes 

Due to a large decay lifetime of the 7F5 level (from 2.8 to 22 ms) 43–45this level 

population, in the steady-state regime, has important participation as acceptor state, as it can 

be clearly seen in the 7F5→5D4, pathways 9, 10 and 17 in Table S8. The abnormal long 

lifetime of this level is still not understandable, once one could easily raise the point on the 

multiphonon decay to the 7F6 ground state. However, this is an experimental fact, 44, 45 and 

taking this into account may explain much of the emission quantum yield properties of Tb3+ 

compounds. 

 

3.3.3 Emission quantum yields 

From the appropriate rate equations in the steady-state regime (Supporting 

Information), the level normalized populations (��) and subsequently the emission quantum 

yields ��T�  were calculated based on the energy levels diagrams in Figure 12. 

 

Figure 12. 

 ��T�  is then given by (Supporting Information): 



��T� ≅ �����@E  (7) 

We assume that the ground states normalized populations are very little depleted and, 

therefore, they are taken approximately equal to 1. In this procedure, it is not difficult to see 

that the pumping rate E cancels and ��T�  turns out to be independent of it. However, this does 

not mean that ��T�  could not eventually depend on the pumping excitation energy. In Eq. (7), 

the radiative rate ���� is the sum of all radiative channels from the emitting lanthanide level. 

The results are summarized in Table 4. 

 

Table 4. 
 

It is known that the S1 and T1 lifetimes drop down dramatically to the ranges of 

nanosecond and microsecond, respectively, at room temperature. We can obtain a perfect 

agreement between theory and experiment for both complexes, as shown in Table 4, taking 

the values of τS = 10 ns and τT = 2 ms. From the rate equations, it can be checked that the 

overall quantum yield values will not change significantly if lifetimes values around these 

ones are taken. We considered that these results corroborate the usefulness of the present 

model. 

In the case of 1Tb, �op = 0 in Eqs. (S11) and (S14), due to the absence of the LMCT 

state. As discussed before, the LMCT state has a very short lifetime and is far apart from T1 

and Eu3+ acceptor levels. Therefore, we have not considered energy transfer from the LMCT 

to any other state. Another important point is the extremely resonance condition between S1 

and 7F5→5F5(∆=114 cm-1) and 7F6→5H6(∆=109 cm-1) states (pathways 10 and 3 in Table S8, 

respectively). This enables a high backward energy transfer rate ��.p� in the same order of 

magnitude (1.04×107 and 0.50×107 s-1, respectively) of the forward IET rate. If this is not 

considered, the value of the theoretical ��T�  grows to 67.6%, not agreeing so well with the 

experimental one. 

As discussed before, the role of 7F5 as an acceptor is crucial to describe the theoretical ��T�  of the 1Tb. Otherwise, without its participation, the total �p would decrease five orders 

of magnitude resulting in a ��T�  of 1.5%. 

 

4 Conclusions 



Based on the detailed crystallographic and spectroscopic analysis and theoretical 

calculations, it was demonstrated how a minor modification in the structure of Ln 

coordination compounds can result in major changes in their photophysical properties. The 

analysis was carried out on the example of Ln (1Ln and 2Ln) coordination compounds with 

dimethyl(4-methylphenylsulfonyl)amidophosphate, crystallizing in the P21/c (1Ln) and C2/c 

(2Ln) space groups of the monoclinic system. The compounds share an identical first 

coordination sphere, while they differ in terms of presence of solvent molecules in the second 

coordination sphere (1Ln- does not contain solvent molecules, 2Ln - contains solvent 

molecules). 

Using the theoretical calculations of the nonradiative transition rates, the varying 

effect of shortening the Ln–O bonds (where O is the oxygen atom in the sulfonyl group) 

leading to either the increase (1Tb) or the decrease (1Eu) of the overall emission quantum 

yield was explained. The participation of the LMCT state in the depopulation of the ligand 

singlet state in the case of 1Eu and the crucial role of the 7F5 level in the energy transfer 

process in 1Tb were demonstrated. Various energy transfer pathways were analyzed and it 

has been shown that the main pathways for sensitization of lanthanide emission are the triplet 

(1Eu) and singlet (1Tb) transfer, which in these cases occur mainly through the exchange 

mechanism. 

It was shown and explained that a slight structural change in 1Ln causes a blue shift of 

its excitation band in relation to the band observed for 2Ln, while the maxima of the 

corresponding bands in absorption spectra remain unchanged. Furthermore, it was proved that 

additional splitting of the 7F1 level of 1Eu was a result of the resonance effect. 

The analysis of properties of 1Ln and 2Ln and their subsequent comparison led to the 

conclusion that in addition to the proper chromophore selection, luminescent properties of the 

compounds in question can be noticeably modified through minor structural changes. 

Furthermore, it also showed that Ln coordination compounds in which the singlet transfer 

dominates may be characterized by high overall emission quantum yield. In addition, 

analyzing the properties of 1Eu allowed to demonstrate some restrictions on the use of Eu3+ 

as a structural probe, for compounds in which the Eu3+ ion is well isolated by ligand 

molecules as well as the ones in which the Eu–Eu type energy transfer is absent. 
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Table 1.Continous Shape Measures (CShMs) of the coordination geometry for the Ln3+ ions 
in 1Eu, 1Tb, 2Eu and 2Tb 50. 

label polyhedron’s name 
point 
group 

CShM, Ln = 
1Eu 

 
1Tb 

 
2Eu 

 
2Tb 

 
CU-8 cube Oh 8.471 8.539 8.072 7.835 
SAPR-8 square antiprism D4d 0.738 0.648 2.290 2.144 
TDD-8 triangular dodecahedron D2d 1.139 1.247 0.183 0.252 
JGBF-8 johnson – gyrobifastigium (J26) D2d 15.503 15.604 14.498 14.654 

JETBPY-8 
johnson - elongated triangular 
bipyramid (J14) 

D3h 28.759 28.688 29.773 29.495 

JBTP-8 
johnson - biaugmented trigonal 
prism (J50) 

C2v 2.222 2.211 2.681 2.629 

BTPR-8 biaugmented trigonal prism C2v 1.863 1.919 2.468 2.459 
JSD-8 snub disphenoid (J84) D2d 4.119 4.212 2.196 2.246 
TT-8 triakis tetrahedron Td 9.333 9.389 8.456 8.139 
HBPY-8 hexagonal bipyramid D6h 15.492 15.804 15.731 15.474 

 

Table 2.The location and frequencies of the vibrational components related to vibrations in 
the IR spectrum a) in the range of emission spectrum, b) in the range of excitation spectrum. 

a) 

Number Lines 
(cm−1) 

Frequencies 
(cm−1) 

Maxima in IR spectra 
(cm−1) 

Relative to 5D0→7F0 
ν1 17 087 176 [a] 

ν2 17 075 187 186 
ν3 17 050 213 217 
ν4 17 036 227 220 
ν5 16 664 599 595.5 
ν6 16 511 752 750 
ν7 16 444 819 814 
ν8 16 397 866 864 

Relative to 5D0→7F2(0,1,2) 
ν9 16 179 166 (0) 169 



ν11 16 131 159 (0) 155 
ν12 16 119 171 (1) 169 
ν13 16 108 182 (1) 186 
ν14 16 085 149 (2) 152 
ν15 16 062 172 (2) 169 
ν16 16 022 323 (0) 323 
ν17 15 962  328 (1) 323 
ν18 15 901 444 (0) 443 
ν19 15 795 550 (0) 550 
ν20 15 745 599 (0) 595.5 
ν21 15 540 750 (1) 750 
ν22 15 481 864 (0) 864 

[a] in the range from 195 to 135 cm−1broadband with maxima 186, 169, 155, 152 cm−1 
 

b) 

Number Lines 
(cm−1) 

Frequencies 
(cm−1) 

Maxima in IR spectra 
(cm−1) 

Relative to 5D0←7F0 
ν1 17 382 98 99.5 
ν2 17 477 193 186 
ν3 17 495 211 217 
ν4 18 147 863 864 
ν5 18 455 1171 1176 
ν6 18 750 1466 1462 
ν7 18 786 1502 1498 

Relative to 5D2←7F0 
ν7’ 21 714 160 155 
ν8’ 21 772 218 213 
ν9’ 21 857 296 296.5 
ν10’ 21 875 321 323 
ν11’ 21 898 344 341.5 
ν12 22 009 455 450 
ν13 22 153 599 595.5 
ν14 22 418 864 864 
ν15 22 617 1063 1058 
ν16 22 651 1097 1082 
ν17 22 707 1153 1158 
ν18 22 741 1187 1191 
ν19 24 398 2844 2851.5 
ν20 24 440 2870 2866 
ν21 24 468 2951 2955 

 

Table 3.Selected photophysical data of 1Ln and 2Ln. 

compound ττττ(ms) �����  (%) ����  (%) ηηηη (%) 

293 K 77 K 



1Eu 2.30 2.30 77 3.6[a] 4.7 
2Eu[8] 2.51 2.50 74 16.6 22 
1Tb 2.41 2.50  58[a]  

2Tb[8] 2.78 2.79 79 36 47 
Estimated error of 10% on the quantum yields ��T�T and ��T� ; [a]λexc = 275 nm. 

 

Table 4.Experimental and theoretical ��T�  for 1Eu and 1Tb. 

Coordination compounds 1Eu 1Tb ��T�  (experimental) 3.6% 58% ��T�  (theoretical) 3.6% 57% 

 

 

 

 

Figure Captions: 

Figure 1.Structural formulae of the ligands HL. 

Figure 2. The X-ray crystal structure of 1Eu: view of crystal packing along the c axis (A), 

molecular structure of 1Eu (H atoms are omitted for clarity and the disorder of —OCH3 

groups is marked in a transparent manner) (B), coordination polyhedron of the Eu ion (C). 

Figure 3.FTIR spectra of 1Tb and 2Eu, * denotes frequencies visible as vibrational 

components in emission and excitation spectra. 

Figure 4.The diffuse reflectancespectraof 1Eu and 1Gd at 293 K. 

Figure 5. The phosphorescent spectra of 1Na (λexc = 270 nm, orange line), 1La (blue line) 

and 1Gd (grey line) at λexc = 280 nm at 77 K and 293 K (black line).  

Figure 6. The excitation spectra of 1Gd (λmon= 430 nm) phosphorescence monitoring at 77K 

and 1La (λmon= 305 nm) at 293 K – fluorescence monitoring. 

Figure 7. The emission bands of 1Eu and 2Eu (λexc = =394.5 nm) corresponding to the 

transitions: 5D0 →
7F1 (top, (A)), 5D0 →

7F0, 2 (middle (B)), 5D0 →
7F4 (bottom (C)) at 77K. 

Figure 8. The excitation spectra of 1Tb at 293 and 77 K, λmon = 542.6 nm. 

Figure 9.The excitation spectra of 1Eu at 293 and 77 K, λmon = 613.0 nm. 

Figure10.The excitation spectra of 1Eu, 2Eu, 1Tb and 2Tb at 293 K. 

Figure 11.Molecular orbitals compositions for the formation of excited T1 (left panel) and 

S1(right panel) states. In both cases, the final molecular orbitals (the unoccupied ones; the 

ligand donor states) are located at the aromatic ring. 



Figure 12. Energy level diagrams for 1Eu (left panel) and 1Tb (right panel). E  is the 

pumping rate. ��, �p, �op, and �@ are the lifetimes of the S1, T1, LMCT, and emitting states, 

respectively. In order to facilitate the setup of the rate equations (Supporting Information), 

groups of levels have been represented in brackets |�5. However, and most importantly, is that 

each energy transfer rate pathway has been calculated individually as shown in Tables S7 and 

S8. 
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Highlights: 

 

- Two series of the Ln complexes with the same first coordination sphere were obtained. 

- It was shown how minor structural changes cause major consequences in their photophysical 

properties. 

- The crucial role of the 7F5 level and the LMCT state in the energy transfer process was 

demonstrated. 

- The main pathways for sensitization of the lanthanide emission are the triplet (1Eu) and 

singlet (1Tb) transfer  occurring mainly through the exchange mechanism. 
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