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Abstract: The present work introduces the synthesis and characterization of upper rim dibromo-

substituted bis-1,3-diketone calix[4]arenes with hydroxy and propyloxy groups at the lower rim 

as ligands for Gd3+ and Tb3+ complexes. The dibromo-substitution does not affect 1:1 complex 

formation with the lanthanide ions arising from their coordination via two 1,3-diketonate groups 

incorporated at the upper rim of the calix[4]arene. The analysis of the time-resolved 

luminescence spectra of the Gd3+ complexes clearly demonstrates the notable enhancement of 

the decay time of the ligand triplet state, while the energy of the triplet state for the new 

dibromo-bis-1,3-diketones remains practically unchanged versus its non-substituted analogues. 

The latter tendency points to the heavy-atom effect on the energy transfer from the excited state 

to vibration levels of the dibromo-substituted ligand resulting in a decreased radiationless decay 

contribution. Measurements of Tb3+-centered luminescence indicate a better antenna effect 

(~1.7) of dibromo-calix[4]arenes compared with its non-substituted counterpart. 
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1. Introduction 
 
The unique photophysical properties of lanthanide complexes make them promising 

building blocks in the development of advanced luminescent materials for bio-medical 

diagnostics,1-3 optoelectronics,4 OLED’s and solar energy conversion.5-7 The forbidden nature of 

4f-4f electronic transitions results in a low absorption of UV-visible light by lanthanide ions. 

Thus, the population of an excited state of lanthanide ion ligand-to-metal energy transfer is of 

great impact in a lanthanide-centered luminescence efficacy.8 This in turn emphasizes the 

importance of ligand’s spectral properties and complex formation ability in their antenna-effect 

on lanthanide-centered luminescence.9-13 

The substituent’s effect is a well-known tool in the design of both complexing ability and 

photophysical properties of ligands.14–16 The calix[4]arene backbone provides a convenient basis 

for embedding various substituents in order to guide the properties of the ligand. Our previous 

reports highlight a very promising synthetic route to introduce four or two 1,3-diketone-

substituents to calix[4]arene via its upper rim, while its lower rim also provides an opportunity 

for modification. The 1,3-diketone calix[4]arenes have been already reported for their good 

antenna-effect on Tb3+-centered luminescence,17-19 although the property opens a new window 

for further improvement. 

The antenna effect of a ligand is greatly affected by an efficacy of intersystem crossing. 

The introduction of halogen atoms into molecules can induce a strong spin–orbit coupling, which 

facilitates the intersystem crossing, well known as a heavy-atom effect.20-24 Thus, the dibromo-

substitution of 2-carboxamide-8-hydroxyquinoline enhances significantly its antenna-effect on 

near-IR lanthanide-centered luminescence in the complexes with Nd3+, Er3+, Yb3+.25  

The present work suggests a versatile synthetic strategy for preparing novel calix[4]arene 

derivatives with a distal location of 1,3-diketone groups and “heavy” bromine atoms at the upper 

rim. The synthesized calix[4]arene derivatives contain hydroxy or propyloxy groups at the lower 

rim of the macrocyclic platform. All new compounds were characterized by different techniques 

such as IR, NMR, elemental analyses, UV-Vis, MALDI mass spectrometry and X-ray analysis. 

The complex formation and photoluminescent properties of ligands and their Tb3+ and Gd3+ 

complexes are reported. Additional information on the geometry of Tb3+ complexes was obtained 

from quantum-chemical calculations using Sparkle/PM7. The influence of structural peculiarity 

of calix[4]arenes on spectral properties of ligands and their lanthanide complexes is also 

discussed. 
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2. Results and Discussion 

 

2.1. Synthesis and characterization of bis-1,3-diketone calix[4]arenes  

 

The synthetic pathways for the bis-1,3-diketones are presented in Scheme 1. Selective 

upper rim dibromo-substitution of calix[4]arenes has been achieved by using dibromo derivative 

4 as a key intermediate which was obtained by a sequential transformation of 

tetrahydroxycalix[4]arene 1 into 2, 3 and 4 applying the protection and deprotection procedures 

as it was described elsewhere.26 At the first synthetic stage, the distal substituted dibenzoyl 

product 2 was prepared. The bromination of 2 has been accomplished by using a slightly 

modified procedure where only 8 molar equivalents of Br2 instead of 20 have been applied, with 

the reaction time being increased up to 2 hours. The reaction was quenched by vigorous stirring 

with saturated solution of sodium thiosulfate. The deprotection procedure was accomplished in 

basicified boiling water-ethanol solution and resulted in dibromo derivative 4.  

 

Scheme 1. Synthetic routes and structural formulae of the investigated compounds 1-13. The 

similar numbering system of atoms for the compounds is used in the Table 1.  

 

Compound 4 was successfully applied as a key reagent both in the synthesis of bis-1,3-

diketones (7-9) having alkyl substituents at the low rim and for preparing unsubstituted analogue 

11. The tetra-alkyl derivative 5 has been synthesized by the interaction of calix[4]arene 4 with an 

excess of n-propyl iodide. The halogen methylation of 4 and 5 in the presence of an excess of 
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chloromethyl methyl ether and tin tetrachloride lead to the corresponding dichloromethyl 

derivatives 10 and 6 with good yields. The synthesis of bis-1,3-diketone derivatives 7-9 was 

fulfilled similarly to the synthesis of 3-substituted derivatives of pentane-2,4-dione.27-28 Addition 

of a sodium salt of the corresponding 1,3-diketone to the 5,17-bis-(chloromethyl)-25,26,27,28-

tetrapropyloxycalix[4]arene 6 in the mixture of methyl isobutyl ketone (MIBK) and DMF in the 

presence of NaI under heating at 60 oC brought about the desired products 7-9. The synthesis of 

bis-1,3-diketone derivative 11 has been performed at the room temperature using 1,4-dioxane as 

solvent. A possibility to carry out the reaction in the mild conditions can be explained by the 

transformation of bis-chloromethyl derivative 4 into the intermediate product having a quinone 

structure and possessing enhanced reaction ability in solution.18,19 Despite the difference in 

reaction behavior, the target calix[4]arenes were isolated in both cases with good yields (50%-

68% for 7-9 and 60% for 11). The obtained compounds were characterized by the combination 

of NMR, IR and MS techniques. The 3D-structure of 9 was finally established by a single crystal 

X-ray crystallography. 

IR-data are in accordance with the structures suggested for new bis-1,3-diketones. Thus, 

rather intense doublet absorption bands ν(C=O) are observed in the spectra of these compounds 

(Fig. S12-S15). The vibration frequencies of these bands become lower when phenyl substituents 

are introduced in the molecule. The introduction of the alkyl substituents at the lower 

calix[4]arene rim resulted in the disappearance of the intense absorptions ν(ОH) under going 

from bis-1,3-diketone 11 to 7-9. More broadened absorption bands at ~ 1600 cm-1 in the IR 

spectra of the compounds 7 and 11 in comparison with 8 and 9 are probably caused by the 

numerous spatial forms induced by the keto-enol tautomerism. 

Assignment of signals in the NMR spectra (Fig. S6-S11 in ESI) was accomplished by 

means of 2D COSY, 1H, 13C HSQC and 1H, 13C HMBC experiments (Table 1). According to 1H 

NMR data, CDCl3 solutions of the compounds 7 and 11 contain ~35% and ~30% (CL = 30 mM) 

of the enol form, correspondingly. A similar content of the enol form (~39%) is observed for 

1319 which is the non-substituted structural counterpart of 11. Thus, dibromo-substitution results 

in an insignificant effect on the keto-enol equilibrium. However, the replacement of methyl 

substituents for the phenyl ones leads to a decrease of the amount of enol form under 8% for 8 

and makes it practically undetectable for 9. Вis-1,3-diketone 7 bearing alkyl substituents at the 

lower rim is characterized by narrow and more resolved signals in the 1H NMR spectrum in 

comparison with its unsubstituted analogue 11.This allowed us to establish the content of the 

three main forms for the compound 7 in CDCl3 solution: ketone-ketone - 50%, ketone-enol - 

30% and enol-enol -20%. 
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Table 1. 1H and 13C chemical shiftsa (ppm) and spin-spin coupling constants (Hz) observed for 

calix[4]arenes 6-11 in CDCl3. 

atom compound 
 6 7b,c 8 9 10 11b 
 1Н 13C 1Н 13C 1Н 13C 1Н 13C 1Н 13C 1Н 13C 
1   (16.84 (OH)) 204.2 

(192.1) 
(17.12 
(OH)) 

203.9  195.7   (16.85 
(OH)) 

203.5 
(192.2) 

2   4.07 70.5 
(109.2) 

4.78 65.3 5.46 t, 
3J=6.5 

59.9   3.91 t, 
3J=7.3 

70.4 
(108.1) 

3      195.8       
4 4.33 45.8 3.09 k; 3.10 

e (3.61 k, 
3.58 e) 

34.4 
(32.8; 
32.7) 

3.21 34.6 3.32 d, 
3J=6.5 

34.9 4.47 45.8 3.01 d, 
3J=7.3 
(3.50) 

33.4 
(32.1) 

5  131.4  132.0 
(131.9) 

 132.2  133.1  131.9  132.5 
(135.0) 

5'    115.2  115.2  115.2  114.4  114.3 
6 6.66 128.9 6.86 k; 6.84 

e (6.80 k; 
6.79 e) 

129.6 
129.5 

(128.7, 
128.2) 

6.82 129.7 6.82 129.5 7.11 129.9 6.87 
(6.82) 

129.6 
(128.0) 

6' 6.81  6.35 k, 6.34 
e (6.37 e) 

130.4 k, 
130.3 e 

(130.5 e) 

6.41 130.5 6.37 130.5 7.20 131.9 7.15 131.8 

7  134.9  136.5 
(136.2) 

 136.0  135.8  130.1  130.4 
(130.2) 

7'    135.8  135.9  135.8  128.0  130.2 
8  156.9  156.3 к 

156.2 е 
(156.0 к; 
155.9 е) 

 156.1  156.2 10.03 
(OH) 

149.1 
 

9.98 
(OH) 

147.8 
(147.4) 

8'  155.8  154.6  154.9  154.8 10.03 
(OH) 

148.2 9.98 
(OH) 

148.0 

9 3.12 eq d, 
2J=13.4 

4.40 ax d, 
2J=13.4 

31.0 3.07 eq d, 
2J=13.3 

 4.36 ax d, 
2J=13.3 

31.0 3.05 eq s, br 
4.34 ax s, br 

31.3 3.02 eq d, 
2J=13.3 

4.29 ax d, 
2J=13.3 

31.0 3.52 eq 
s, br 

4.22 ax 
s, br 

31.1 3.45 eq 
s, br 

4.18 ax 
s,br 

31.6 

10 3.84 m 77.0 3.94 76.8 3.89 76.8 3.85 d, 
3J=6.9 

76.7     

10'   3.67 77.5 3.68 77.3 3.65 d, 
3J=6.9 

77.3     

11 1.90 m 23.3, 
23.4 

1.88 23.5 1.87 23.1 1.85 m 23.0     

11'   1.94 23.1 1.87 23.5 1.83 m 23.5     
12 0.99 t, 

3J=7.4 
10.4 0.89 10.0 0.89 10.1 0.90 t, 

3J=7.4 
10.0     

12'   1.07 10.8 1.05 10.8    1.04 t, 
3J=7.4 

10.8     

13   2.18 
(2.13) 

30.7 
(23.6) 

2.16 29.5     2.15 
(2.05) 

29.9 
(23.4) 

14      136.8  136.4     
15     7.96 d, 

3J=7.9 
129.0 7.93 d, 

3J=7.7 
128.8     

16     7.48 t, 
3J=7.9 

128.9 7.44 t, 
3J=7.7 

129.0     

17     7.58 t, 
3J=7.9 

133.7 7.54 t, 
3J=7.4 

133.7     

a Numbering according to Scheme 1 
b The assignment for the enol form of bis-1,3-diketone is given in parentheses 
с Indexes k and e indicate the keto and enol forms of neighboring 1,3-diketone substituents 
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Similar to the parent compounds 6 and 10, the new bis-1,3-diketones 7-9, 11 have only a single 

peak of methylene-bridged carbon atoms in their spectra. According to the “de Mendoza rule”,29 the 

determined values of chemical shifts (δ 13С(9) = 31.0-31.6 ppm) indicate a cone isomer form for all 

investigated calix[4]arenes. Evidently, the observed picture is a result of a spatial averaging for three 

conformations: “boat 1”- “cone” – “boat 2”. An introduction of the substituents into the calix[4]arene 

platform substantially affects the inter-conversion process of the spatial forms, which is evident from 

the difference in chemical shifts (∆1H(9)) between the axial and equatorial methylene protons of 

ArCH2Ar groups.30 The value of ∆1H(9) for the propyl substituted calix[4]arenes 6-9 is 1.27-1.29 ppm 

and for tetrahydroxycalix[4]arenes 10 and 11 it is 0.7-0.73 ppm. 

 The colorless crystals of bis-1,3-diketone 9 suitable for X-ray analysis were obtained by the 

recrystallization of their crude products from MeOH-CH2Cl2. Compound 9 crystallizes in monoclinic 

P2/c space group without inclusion solvate molecules in the crystal (Fig. 1). The calix[4]arene 

molecule is located in a special position in the crystal, notably on the two-fold rotational axis, therefore 

only one half of the molecule forms the symmetry independent part of the unit cell. The dihedral 

angles between the aromatic moieties and the plane defined by four carbon atoms of methylene bridges 

were determined as 84.4° and 139.8°, which indicates the “flattened cone” (“boat”) conformation of 

the molecule in crystal. In this conformation two opposite phenolic rings with 1,3-diketone 

substituents are turned out from the cavity and two Br-phenolic rings have an almost perpendicular 

orientation relative to the main plane of the macrocycle. The propyl groups are disordered over two 

positions with relative occupancy ratios of 0.58:0.42 and 0.69:0.31, respectively. It is worth noting that 

one pair of the propyl substituents is directed along the axial axis and the another is located in the 

equatorial plane of the calix[4]arene macrocycle. Both 1,3-diketone fragments of the molecule in the 

crystal exist in the keto form like in the solution of CDCl3 and turn out from the cavity.  

 

 

Fig. 1. Two projections of the molecule 9 with partial numbering scheme. Hydrogen atoms are omitted 

for clarity. All disordered propyl fragments are shown at the positions with greater occupancies.  
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Fig. 2. Mutual arrangement of supramolecular layers (one of them is shown in orange color) in the 

crystal of 9. C-H…O (blue color) and C-H…π (red color) interactions are shown by dashed lines (a). 

Fragment of C-H…O bonded (blue dashed lines) column in the crystal of 9 (b). Calix[4]arene 

molecules with the front and back orientations of macrocyclic cavity are shown in the “ball-stick” and 

“stick” model styles.  

Table 2. Parameters of the intermolecular H-bonds and C-H…π contacts in the crystal of 9. 

D–H⋅⋅⋅A H⋅⋅⋅A, Å D⋅⋅⋅A, Å ∠ DHA, о 
Symmetry 

operation 

C25-H25...O14’ 2.61 3.319(8) 134 x,-1+y,z 

C3-H3...O21’’ 2.69 3.434(4) 138 x,1-y,1/2+z 

C-H …Cga H..Cg, Å C-H..Cg, Å        C..Cg, Å  

(C10-H10)… (С15-С20)* 2.89 158 3.769(4) 1-x,1-y,-z 

(C20-H20)…  (С2-С7)** 2.99 117 3.509(4) x,1-y,-1/2+z 
a Cg – aromatic ring centroid. 

 

 The absence of donor groups capable of forming classical hydrogen bonds in the molecule 
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leads to another type of the structure-forming interactions in the crystal of 9 such as С-Н…О and CH-

π contacts, their parameters are presented in Table 2. It should be noted that all observed hydrogen 

bonds are paired due to the symmetry of molecule in crystal. A presence of paired hydrogen bonds С-

Н…О realized between the calix[4]arene molecules (С25-Н25…О14) connected by a simple 

translation along the crystallographic axis 0b results in the formation of the H-bonded stack columns 

of the molecules arranged along the unit cell crystallographic axis 0b (Fig. 2). The integration of these 

columns is realized by means of paired hydrogen bonds С-Н…О between the oxygen of the carbonyl 

group О21 and the hydrogen Н3 belonged to the phenol fragment of the calix[4]arene framework. 

Additionally, the С-Н…π contacts between H20 of the phenyl substituent and the π-system of the 

phenol fragment (С2-С7) of the calix[4]arene contribute to the process as well. The combination of 

these interactions leads to the formation of 2D-supramolecular layers arranged along 0bc plane in the 

crystal with an opposite location of the stack structures (the front or back oriented macrocyclic cavity). 

The layers are interconnected by means of the С-Н…π interactions Н10… Cg(C15-C20) ( Table 2). 

 

2.2. Electronic absorption spectroscopy 

 

Both wavelength and efficacy of an electronic absorption are the most important criteria for the 

application of an organic ligand as a sensitizer of Ln3+-centered luminescence. Moreover, coordination 

ability of the new ligands with Tb3+ and Gd3+ ions can be also monitored through UV absorption 

spectra. Thus, UV absorption spectral measurements were performed with the aim to highlight the 

impact of the bromo-substitution on the coordination ability and antenna properties of the new bis-1,3-

diketones 7-9 and 11. For this reason, the absorption spectra were compared with those of 

calix[4]arenes 1, 4, 5, 12 and 13. The comparative results are represented in Fig. 3 and Table 3. 

A comparison of UV spectra of the calix[4]arenes 1 and 4 demonstrates that incorporation of 

two Br atoms at the upper rim of the macrocyclic platform leads to both bathochromic shift of the main 

absorption band derived from π-π* transitions and the increased molar absorption coefficients (∆λmax = 

9 nm and ∆εmax = 0.51×103 M-1cm-1). An attachment of the alkyl substituents at the low rim of 

calix[4]arene is followed by an opposite effect. Thus, the molar absorption coefficients become lower 

by approximately ~7-8×103 M-1cm-1 when going from 11 to 7 and from 4 to 5. However, a bathochromic 

shift (∆λmax ~ 4-5 nm) in such cases is also observed. The difference in the spectral features of 7 and 

11, as well as 5 and 4 results from the contribution of phenolate groups to electronic absorption due to 

the deprotonation of the phenolic moieties, which are involved into the cyclic hydrogen bonding of the 

lower calix[4]arene rim.31 Moreover, literature data32 indicate that bromo-substitution should 

additionally enhance the deprotonation of the phenolic groups. 
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Figure 3. UV spectra for compounds 1, 4, 5, 7-9, and 11-13 in DMF (C = 0.1 mM). 

 

Table 3. UV spectral data for compounds 1, 4, 5, 7-9 and 11-13 in DMF. 

Compound λmax (nm) εmax (103 M-1cm-1) Compound λmax (nm) εmax (103 M-1cm-1) 

1 275; 282 9.22; 8.83 9 280 9.98 

4 284 9.73 11  289 15.71 

5 279 2.62 12 278 2.04 

7 285 7.72 13 288 13.42 

8 280 9.06    

 

UV spectral patterns for 1,3-diketone derivatives are complicated by the additional absorption 

of ketone and enol forms. The shoulders at ~ 310-320 nm in the spectra of 7 and 11 can be attributed to 

the singlet-singlet 1π-π enolic transitions in the 1,3-diketone moieties. The substitution of methyl 

groups by the phenyl ones in these fragments appeared as a broad absorption band in the range of 310-

360 nm for 8 and as rather intense peak at 310-380 nm for 9. 

UV absorption spectra provide a sensitive tool to monitor the complex formation of 1,3-

diketones with lanthanides, which was successfully used in evaluation of the complex formation in our 

previous reports.17-19 According to NMR data, the investigated bis-1,3-diketones are preferably in the 

ketone form. An addition of triethylamine (TEA) to the DMF solutions of the ligands did not lead to 

any changes in their spectra (Fig. S1a-c in ESI), while the changes observed for 25,26,27,28-
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tetrahydroxycalix[4]arene 11 result from the contribution of phenolate-groups (Fig. S1d). Addition of 

Tb3+ ions to the basified DMF solutions of the ligands 7, 8 and 9 results in the enhanced electronic 

absorption at 308 nm, 325 nm and 347 nm, respectively (Fig. S1 a-c). Similar changes were observed 

on the addition of Gd3+ ions (Fig. S1 a-c). The more pronounced changes for ligand 11 arise from the 

contribution of the deprotonated phenolic rim, although the predominant coordination of the lanthanide 

ions occurs via 1,3-diketonate groups due to the greater thermodynamic stability of the coordination 

via two 1,3-diketonates versus phenolate groups.19  

The stoichiometry of Tb3+ complexes with bis-1,3-diketones 7, 8 and 11 in DMF solutions has 

been estimated by using a Job plot analysis (Fig. 4). The maxima on the Job plots (Fig.4a,c) are not 

sharp, but they clearly point to the predominance of 1:1 complex formation for ligands 7 and 11. It is 

worth noting that time-dependent complex formation for the compound 8 and especially for 9 was 

observed. In the latter case, however, the equilibrium has not been achieved even after 3 days of 

solution storage. In particular, the complexes with 2:1 (L:Tb3+) stoichiometry are accumulated in the 

initial solutions in the case of 8, followed by the time dependent transformation into more 

thermodynamically stable 1:1 complexes. Nevertheless, the Job plot shows greater deviations from the 

1:1 binding for 8 than for 7 and 11 (Fig. 4). It is also worth noting that the storage of the initial 

solutions for 3 days improves the Job plots towards the 1:1 binding for all studied ligands. Thus, no 

reasonable data can be obtained in case of 9 because of too slow complex formation. The same effect 

of bulky α- and β-substituents on the keto-enol transformation of 1,3-diketone calix[4]arene 

derivatives in alkaline conditions was previously reported as the reason for the observed tendency.17,19 

 

Figure 4. The Job plot profiles of DMF solutions at the varied time of solution storage (3h and 3 days) 

and L:Tb3+ molar ratios: (a) λ =310 nm, [Tb3+] + [7] = 0.1 mM, L:TEA (1:4); (b) λ =330 nm, [Tb3+] + 

[8] = 0.1 mM, L:TEA (1:4); (c) λ =320 nm, [Tb3+] + [11] = 0.1 mM, L:TEA (1:6). αL = 

[L]/([L]+[Tb 3+]). 
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Figure 5. ∆A of the DMF solutions of 7 (λ =310 nm), 11 (λ =320 nm) (a) and 8 (λ =325 nm) (b) with 

Tb(NO3)3 ([7] = [8] = [11] = [Tb3+] = 0.1mM) at varied TEA:L molar ratios and time of solutions 

storage 3 h (a), 3 h and 3 days (b). 

 

The spectroscopic titration experiments were performed for ligands 7 and 11 at 1:1 (Tb: L) molar 

ratio with varying TEA:L molar ratio with the aim of evaluating the number of deprotonated groups in 

their Tb3+ complexes. The results are plotted as ∆A (∆A=A-A 0, where A and A0 are the absorbances in 

basicified and in neutral solutions correspondingly) vs TEA:L molar ratio in Fig. 5. The results (Fig. 

5a) confirm the participation of the both 1,3-diketonate groups of 7 in complex formation with Tb3+. 

The deprotonation of a third proton for the compound 11 in its Tb3+ complexes arises from the lower 

phenolic rim.  

A time resolved titration reveals the elimination of one proton only in the initial solution of 

ligand 8 within 3 hours (Fig. 5b), while the deprotonation of both 1,3-diketone groups requires 3 days 

of solution storage. This provides one more confirmation of the slow keto-enol transformation as the 

reason for the kinetically retarded complex formation.  

 

2.3. The quantum-chemical calculation of structures of ligand 11 and its Tb3+ complexes 

 

The obtained NMR and X-Ray data reveal the predominance of the cone isomer for new bis-1,3-

diketones 7-9 and 11 both in the crystal state and in solution. The presence of bulky propyl substituents 

at the lower rim of the calix[4]arenes 7-9 prevents the conformational inversion of the molecule. In the 

case of the compound 11, the situation is more complicated. The cyclic hydrogen bonding at the lower 

phenolic rim is the proposed reason for favoring the cone conformation. 31] However, the step-wise 

deprotonation of the phenolic groups in alkaline conditions can promote conformation shift from cone 

to the partial cone or 1,3-alternate. It is worth noting that the UV spectral titration experiments for 11 

indicate such a probability. Nevertheless, the presence of bulky bromine atoms neighbouring to 1,3-

diketonate groups can act as a factor influencing the conformation flexibility of 11.  

The geometry of ligand 11 and its complexes with Tb3+ can be revealed from quantum-chemical 
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calculations using the MOPAC 2012. Relative heat of formation for the conformers of calix[4]arene 11 

and its complexes [Tb3+Ln-] after semiempirical SPARKLE/PM7 optimization are presented in Table 4 

and Figure 6. The obtained data show that the cone conformation is the most stable form for the ligand, 

and the 1,3-alternate is the least efficient one. In the case of [Tb3+L2-] complexes with two 

deprotonated 1,3-diketone groups, a similar order of the complex stability is observed: cone > partial 

cone > 1,3-alternate. 

 

Figure 6. Sparkle/PM7 model optimized structures of three conformers of 11 and their Tb3+ 

complexes. Hydrogen atoms are omitted for clarity with the exception of the phenolic hydrogens. 

 

Table 4. Relative heat of formations calculated for conformers of calix[4]arene 11 and its complexes 

[Tb3+Ln-]. 

 

 
compound ∆Ho

298 (kcal/mol) 

 cone partial cone 1,3-alternate 

L 0 21.08 24.87 

[Tb3+L2-] 0 15.97 33.25 

[Tb3+L3-] 0 16.33 34.87 
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The comparison of the quantum-chemical calculation data obtained for 11 and its analogue 13 

without bromine atoms at the upper rim19 demonstrates that the dibromo-substitution favors the 

complexes with the ligand in the cone conformation against the complexes, where the ligand is in 

partial cone and 1,3-alternate conformations by ~2.6 kcal/mol and ~5.9 kcal/mol, respectively. 

Thus, the bromine atoms attached at the upper rim of bis-1,3-diketone calix[4]arene 11 result in 

the additional stabilization of the calix[4]arene backbone in cone conformation under the coordination 

of Tb3+ ion via two 1,3-diketonate groups of the ligand. 

 

2.4. Photoluminescence spectroscopy 

 

A comparative analysis of the photophysical properties of the lanthanide complexes with ligands 

7, 11 and 13 is required to reveal the impact of bromo-substitution on the antenna effect of the new 

ligands. Since, a sensitizing ability of any ligand is greatly guided by an efficacy of intersystem 

crossing, the photophysical properties of Gd3+ complexes with ligands 7, 8, 11 and 13 were measured. 

The main aim of the measurements is to detect the effect of both the upper and lower rim substituents 

on the ability of the ligands to sensitize Tb3+-centered luminescence.  

Having no electronic energy levels below 32000 cm-1, Gd3+ cannot accept any energy from 

triplet states of 1,3-diketonate ligands, but it induces the same optical shift and eventually enhances 

singlet-triplet transitions in 1,3-diketonate ligands by its heavy-atom effect.33-35 Nevertheless, emission 

of the Gd3+ complexes monitored at room temperatures can be contributed by both fluorescence and 

phosphorescence, while Gd3+ complexes become phosphorescent in frozen solution at low 

temperature. Thus, the recording of time-resolved luminescence spectra at both room and low 

temperatures is a widely applied route to discriminate singlet- and triplet-derived luminescence of Gd3+ 

complexes and to determine the energy of the lowest triplet state (T1) of the ligands. 

For the Gd3+ complexes with acetylacetone-substituted ligands 7, 11 and 13 the emission bands 

in the spectral range of 350-412 nm could be associated to fluorescence from excited singlet states of 

the ligands, since the decay time value of the bands is less than 3 µs at both 143 K and room 

temperatures. In contrast, the emission bands in the spectral range of 412-650 nm have temperature-

dependent lifetime and therefore were attributed to the phosphorescence from the excited triplet states 

of the ligands (Figs S2, a, c, d in ESI). Similarly, for Gd3+ complex with acetylacetone-substituted 

ligand 8 the emission bands in the 350-430 nm and 430-730 nm regions were associated with 

fluorescence and phosphorescence, correspondingly (Figure S2, b in ESI).  

The luminescence of the Gd3+ complexes with the ligands 7 and 8 at room temperature and 143 

K is contributed by both fluorescence and phosphorescence. The time-resolved luminescence spectra 

of these complexes show that intensities of the fluorescence bands decrease very fast as the time delay 
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is increased, while the intensity of the phosphorescence bands increases and only the phosphorescence 

from ligand is displayed at T=143 K and time delays of 100 µs (Figs. S2, a, b in ESI). It is worth 

noting that the luminescence spectra of the Gd3+ complexes with 11 and 13 are not contributed by the 

fluorescence in the lower temperature conditions at both 1 and 100 µs delay time (Figs. S2, c, d in 

ESI), that indicates a high rate of intersystem crossing for the complex. These results show that the 

lower rim substitution on going from 11 to 7 is the reason for the restricted intersystem crossing.  

The excited state lifetime (τ) values for the luminescence of Gd3+ complexes with ligands 7, 8, 

11 and 13 were evaluated from the luminescence decay curves at 143 K on the basis of three-

exponential expansion. The equations for the calculation of the averaged τ-values are represented in 

detail in ESI. The phosphorescence of the Gd3+ complexes with 7, 11 and 13 at 143 K is characterized 

by the three-exponential decay with the average lifetime values being 785 µs, 927 µs and 738 µs, 

correspondingly (Figure S3, Table S1 in ESI). On the contrary, the phosphorescence of the Gd3+ 

complex with 8 is characterized by the two-exponential decay with the average lifetime values being 

1023 µs. The comparison of the average lifetime values for the complexes with 11 and 13 reveals the 

effect of dibromo-substitution on the decay time of the triplet state of the ligands.  

Figure 7 compares the phosphorescence spectra of Gd3+ complexes with ligands 7, 8, 11 and 13 

at 143 K. The phosphorescence spectra of the complexes are characterized by the broad bands with 

maxima at 460 nm (21739 cm-1), 506 nm (19763 cm-1), 468 nm (21367 cm-1) and 470 nm (21277 cm-

1), respectively. The T1 state energy of the ligands can be determined from the phosphorescence peak 

at the shortest wavelength corresponding to a 0-0 phonon transition.33 Since vibration structure of the 

phosphorescence spectra is not enough resolved, the decomposition of the spectra into Gaussian 

components was done for an accurate evaluation of the 0-0 phonon transition maxima (Figures S4 in 

ESI illustrate the decomposition of the spectra into Gaussian components). In particular, the 0-0 

transition for Gd3+ complexes with ligands 7, 8, 11 and 13 are 430 nm (23250 cm-1), 470 nm (21270 

cm-1), 438 nm (22830 cm-1) and 441 nm (22670 cm-1), correspondingly.  

The analysis of the luminescence spectra of the Gd3+ complexes reveals the insignificant effect 

of the dibromo-substitution on the values of the T1 states energies. Thus, the energy rise ∆T1 ~ 160 cm-

1 is observed under going from 13 to 11. The T1 state energy of alkyl substituted ligand 7 is also 

increased (~420 cm-1) in compare with the unsubstituted analogue 11. This tendency indicates that the 

T1 state energy of the new bis-1,3-diketonates is somewhat affected by the lower rim substituents. The 

significant red shift (~40 nm, ∆T1 = 1980 cm-1) on going from acetylacetone ligand 7 to the 

benzoylacetone one 8 is in good agreement with our previous report,19 where the benzoylacetone-

substituted counterpart of 13 was revealed as a convenient antenna for the near-IR luminescence of the 

Yb(III) complex.  
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Figure 7. Normalized phosphorescence spectra of the Gd3+ complexes with ligands 7, 8, 11 and 13 at 

100 µs time delay and T = 143 K. 

 

Summarizing the optical spectroscopy data it is worth noting that the T1 state energy is notably 

affected by the phenyl-substitution of 1,3-diketonate moieties (∆T1 = 1980 cm-1), while the lower rim 

substitution and dibromo-substitution results in very small if any effect on this value (∆T1 ~ 160-420 

cm-1). The average lifetime values are significantly enhanced by dibromo-substitution, although they 

are decreased by the lower rim substitution (Table S1). The revealed tendencies are of great impact in 

the antenna properties of the ligands, which was exemplified by the Tb3+-centered luminescence of the 

corresponding complexes with ligands 7 and 11, excluding the complex with 8, where the T1 state 

energy of the ligand (21270 cm-1) is too low to feed the excited state of Tb3+. 

 

Figure 8. Excitation (a) and luminescence spectra (b) of basicified DMF solutions of Tb3+ with ligands 

7 (λex=326 nm), 11 (λex=330 нм) and 13 (λex=325 nm) within one day after the sample preparation. CL 

= CTb
3+ = 0.1 mM, CTEA = 0.4 mM. 

 

The Tb3+-centered luminescence spectra of the Tb3+ complexes with ligands 7, 11 and 13 

presented in Figure 8 confirm the structural impact on the antenna effects of the ligands. Moreover, the 

increased steady state luminescence intensities (~1.7) for Tb3+ complexes with dibromo derivatives 11 

and 7 versus the similar value for 13 correlate with the lifetime values, which are 0.20 and 0.22 ms for 
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11 and 7 correspondingly. These values are greater than the τ = 0.12 ms previously reported for the 

Tb3+ complexes with 13.19 The decay curves for the Tb3+-centered luminescence are presented in Fig. 

S5.  

 

3. Conclusions 

In summary, we have synthesized novel upper-rim dibromo-substituted bis-acetylacetone 

derivatives of calix[4]arenes with hydroxy and propyloxy groups at the lower rim. Additionally, the 

bis-benzoylacetone and -dibenzoylmethane derivatives of 25,26,27,28-tetrapropyloxycalix[4]arene 

were also obtained. The NMR, X-Ray data and quantum chemical calculations indicate that all 

synthesized calix[4]arenes adopt a cone conformation.  

The obtained results highlight the effects of different substituents on the keto-enol and 

conformational transformations, which are of great importance on the complex formation with 

lanthanide ions. In particular, the dibromo-substitution of an upper rim of bis-acetylacetone 

calix[4]arene derivatives stabilizes the cone conformation without any detectable retardation of the 

keto-enol transformation. The dibromo-substitution does not influence the retardation of the keto-enol 

transformation when acetylacetone is substituted by benzoylacetone. Thus, dibromo-substituted bis-

acetylacetone calix[4]arene derivatives are revealed as most convenient ligands for Gd(III) and Tb(III) 

ions, where the coordination of lanthanide ions via two acetylacetonate moieties is facilitated by the 

stabilized cone conformation. 

The analysis of low temperature optical spectroscopy data of Gd(III) complexes with the 

differently substituted calix[4]arene derivatives reveals that the energy of the triplet state is 

significantly affected by the substitution of the acetylacetone to benzoylacetone groups. The time-

resolved measurements of the complexes demonstrate a significant heavy-atom effect on the triplet 

state lifetime of the ligands. In particular, an increase in averaged lifetime values is observed on going 

from bis-acetylacetone calix[4]arene to its dibromo-substituted analogue, while these values are 

somewhat decreased by lower rim substitution. 

The measurements of Tb3+-centered luminescence indicate the improvement of an antenna-effect 

of bis-acetylacetone calix[4]arene derivatives by dibromo-substitution. The increased steady state 

luminescence intensities (~1.7) for Tb3+ complexes with the dibromo-substituted derivatives correlate 

with the excited state lifetime values, which is in good confirmation with the heavy-atom effect on the 

decay of the triplet state of the dibromo-substituted ligands.  

The obtained results should contribute to further design of organic ligands for the development 

of new luminescent materials. 
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4. Experimental Section 

 

4.1. Materials 

 

 Acetylacetone was distilled before use. Methyl isobutyl ketone (MIBK) (Acros Organics) and 

N,N-dimethylformamide (DMF) (Acros Organics) was distilled over P2O5. CDCl3 (99.8% isotopic 

purity) from Aldrich was used for NMR spectroscopy. 1-Benzoylacetone, dibenzoylmethane, 

triethylamine (Acros Organics) and terbium nitrate (Tb(NO3)3•xH2O) (Alfa Aesar) were used as 

commercially received without further purification. 

Synthesis: The synthetic routes, the structural formulae and numbering of atoms of the investigated 

compounds are shown in Scheme 1. The calix[4]arenes 1,36 2-426 and sodium salts of acetylacetone 

(NaAA), 1-benzoylacetone (NaBA), dibenzoylmethane (NaDBM)19 were obtained as described in 

literature. 1H and 13C chemical shifts and spin-spin coupling constants observed for new synthesized 

calix[4]arenes 6-11 are presented in Table 1. 

 

4.2. Synthesis of 5,17-dibromo-25,26,27,28-tetra(1-propyloxy)calix[4]arene 5 

5,17-Dibromo-25,26,27,28-tetrahydroxycalix[4]arene 4 (1.75 g, 3 mmol) and 1-iodopropane (2.9 ml, 

30 mmol) were added to a suspension of NaH (0.96 g, 60%, 24 mmol) in DMF (50 ml), previously 

washed with n-hexane. After stirring for 3.5 days under argon at ambient temperature, the reaction 

mixture was quenched with 2 N HCl (40 ml). The resulting precipitate was washed sequentially with 

water and methanol. The solid was boiled in MeOH under stirring for 0.5 h. Then the colorless product 

was dried at 90 °C in vacuo to give 1.63 g (2.16 mmol, 72%) of the calix[4]arene 5. Mp. 247-252 ºC. 

Anal. calcd for С40H46Br2O4 (750.60): С, 64.01; H, 6.18, Br, 21.29. Found: C, 64.48; H, 6.35; Br, 

21.03. The spectroscopic parameters of the product 5 are the same as those obtained for this compound 

synthesized in another way.37,38 

 

4.3. Synthesis of 5,17-dibromo-11,23-bis-(chloromethyl)-25,26,27,28-tetra(1-propyloxy)-

calix[4]arene 6 

  Chloromethyl methyl ether (136 mmol, 21 ml (6.53 M/l)) was added to the calix[4]arene 5 

(2.55 g, 3.4 mmol) in a dry chloroform (50 mL) under argon atmosphere. The solution was cooled to -

60 oC, and tin tetrachloride (2.4 ml, 20 mmol) was added dropwise under vigorous stirring. Stirring 

was continued for 0.5 h and then the mixture was allowed to reach room temperature. Then after 

keeping a reaction mixture in such conditions for 1 h, the cold water (30 ml) was added. The solution 

was vigorously stirred until bleaching has been achieved. The organic layer was separated, washed 

twice with water (30 ml, 10%), dried over MgSO4 and concentrated by distillation. After trituration in 
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MeOH and evaporation of solvent at 65 °C in a high vacuo, the target calix[4]arene 6 was obtained as 

a white powder with a yield of 79% (2.29 g, 2.7 mmol). Mp. 198-203 ºC. Anal. calcd for 

С42H48Br2Cl2O4 (847.54): С, 59.52; H, 5.71. Found: C, 59.68; H, 5.47. 

 

4.4. General procedure for the synthesis of bis-1,3-diketone ligands 7-9 

 

NaI (0.269 g, 1.8 mmol) was added to the solution of calix[4]arene 6 (0.5 g, 0.6 mmol) in the mixture 

of MIBK (10 ml) and DMF (5 mL) under argon atmosphere. Mixture was stirring at 35 ºC for ~ 0.5 h 

un till a complete salt dissolving has been observed. After addition of a sodium salt of 1,3-diketone 

(1.8 mmol, 0.223 g of NaAA, 0.331g of NaBA or 0.443 g of NaDBM), the stirring of solution was 

continued for 1 day at 60 ºC. Then the solvent was removed from the reaction mixture by distillation at 

the reduced pressure. Dichloromethane (20 ml) and 2 M HCl (20 ml) were added to the residue at 

vigorous stirring. The organic layer was separated, sequentially washed with water, 10% Na2S2O3 

(15ml) and water again. The organic layer was then dried over MgSO4 and concentrated by distillation. 

Solvent residues were removed at 90 °C in vacuo. After trituration of the remainder in MeOH and 

evaporation of the solvent at 90 °C, the target calix[4]arenes 7-9 were obtained. 

4.4.1. Synthesis of 5,17-dibromo-11,23-bis-[(acetylaceton-3-yl)methyl)]-25,26,27,28-tetra(1-

propyloxy)-calix[4]arene 7. White powder, yield 51% (0.30 g, 0.31 mmol). Mp. 120-125 ºC. IR (nujol, 

cm-1): ν 3443 (vbr, ν(ОH)), 1728, 1701 (ν(С=О)), 1603, 1574 (ν(С=О) and ν(С=С)), 1458 (ν(Ph)), 

1378, 1356, 1306, 1253, 1224, 1199, 1169, 1154 (νas(CCC)), 1066, 1040, 1005, 963 (νs(CCC)). Anal. 

calcd for С52H62Br2O8 (974.85): С, 64.07; H, 6.41; Br, 16.39. Found: C, 64.26; H, 6.17; Br, 16.13. 

Mass spectrum (MALDI-TOF): m/z: = 995.2 [M+Na]+. 

 

4.4.2. Synthesis of 5,17-dibromo-11,23-bis-[(benzoylaceton-3-yl)methyl)]-25,26,27,28-tetra(1-

propyloxy)-calix[4]arene 8. White powder, yield 50% (0.33 g, 0.30 mmol). Mp. 98-103 ºC. IR (nujol, 

cm-1): ν = 3437 (vbr, ν(ОH)), 17180, 1678 (ν(С=О)), 1597, 1580 (ν(С=О) and ν(С=С)), 1458 (ν(Ph)), 

1378, 1356, 1261, 1220, 1199 (νas(CCC)), 1067, 1039, 1004, 964 (νs(CCC)). Anal. calcd for 

С62H66Br2O8 (1098.99): С, 67.76; H, 6.05; Br, 14.54. Found: C, 67.46; H, 6.18; Br, 14.77. Mass 

spectrum (MALDI-TOF): m/z: = 1119.3 [M+Na]+. 

 

4.4.3. Synthesis of 5,17-dibromo-11,23-bis-[(dibenzoylmethan-3-yl)methyl)]-25,26,27,28-tetra(1-

propyloxy)-calix[4]arene 9. White powder, yield 68% (0.50 g, 0.41 mmol). Mp. 115-120 ºC. IR (nujol, 

cm-1): ν = 3473 (vbr, ν(ОH)), 1693, 1672 (ν(С=О)), 1597, 1581 (ν(С=О) and ν(С=С)), 1458, (ν(Ph)), 

1377, 1338, 1268, 1227, 1197 (νas(CCC)), 1066, 1003, 963 (νs(CCC)). Anal. calcd for С72H70Br2O8 
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(1223.13): С, 70.70; H, 5.77; Br, 13.07. Found: C, 70.57; H, 5.98; Br, 13.29. Mass spectrum (MALDI-

TOF): m/z: = 1243.2 [M+Na]+. 

 

4.5. Synthesis of 5,17-dibromo-11,23-bis-(chloromethyl)-25,26,27,28-tetrahydroxy-calix[4]arene 

10 

 

Chloromethyl methyl ether (20 mmol, 3 ml (6.53 M)) was added to a solution of 5,17-dibromo-

25,26,27,28-tetrakishydroxycalix[4]arene 4 (0.29 g, 0.5 mmol) in dry chloroform (30 ml) under argon 

atmosphere at the room temperature. Tin tetrachloride (0.35 ml, 3 mmol) was added dropwise to the 

mixture under vigorous stirring. Stirring was continued for 1 day and then 1M HCl (30 ml) was added. 

The mixture was vigorously stirred until bleaching of the solution has been observed. The organic 

layer was separated, washed twice with dilute acetic acid (30 ml, 10%), dried over MgSO4 and 

concentrated by distillation. Solvent residues were removed at 55 °C in high vacuo. The target 

calix[4]arene 10 was obtained with the yield 83% (0.28 g, 0.42 mmol). Mp. > 260 ºC (decomp.). Anal. 

calcd for С30H24Br2Cl2O4 (679.23): С, 53.05; H, 3.56. Found: C, 53.28; H, 3.35. 

 

4.6. Synthesis of 5,17-dibromo-11,23-bis-[(acetylaceton-3-yl)methyl)]-25,26,27,28-tetrahydroxy-

calix[4]arene 11 

 

To a solution of 5,17-dibromo-11,23-bis-(chloromethyl)-25,26,27,28-tetrahydroxy-

calix[4]arene 10 (0.203 g, 0.3 mmol) in anhydrous dioxane (100 ml) NaAA (0.112 g, 0.9 mmol) was 

added under stirring. Addition of Na salt to the reaction mixture was accompanied by a grey-violet 

coloring. After stirring the reaction mixture at room temperature for 12 h, the dioxane was distilled off 

under reduced pressure. The residue was acidified by 1 M HCl (50 ml) and diluted with CH2Cl2 (50 

ml). The mixture was vigorously stirred until a clear solution formed. The organic layer was separated, 

washed several times with water, dried over MgSO4 and concentrated by distillation. The crude 

product was boiled thoroughly in a small amount of MeOH, filtered off and washed by MeOH again. 

After evaporating of the rest of solvent at 80 °C in a high vacuo, the target calix[4]arene 11 as a white 

powder was obtained. Yield 60% (0.15 g, 0.18 mmol). Mp. > 185 ºC (decomp.). IR (nujol, cm-1): ν = 

3171 (vbr, ν(ОH)), 1726, 1698 (ν(С=О)), 1603 (ν(С=О) and ν(С=С)), 1459 (ν(Ph)), 1377, 1260, 

1209, 1166 (νas(CCC)), 951 (νs(CCC)). Anal. calcd for С40H38Br2O8 (806.53): С, 59.57; H, 4.75; Br, 

19.81. Found: C, 59.32; H, 4.53; Br, 20.10. Mass spectrum (MALDI-TOF): m/z: = 827.2 [M+Na]+. 

 

4.7. Methods 
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Microanalyses of C and H were carried out with a EuroVector CHNS-O Elemental Analyser 

EA3000. Melting points of compounds were measured with a Boetius hotstage apparatus. MALDI 

mass spectra were detected on a Bruker Ultraflex III MALDI-TOF/TOF mass spectrometer. NMR 

experiments were performed on a Bruker AVANCE-600 spectrometer at 303K equipped of a 5 mm 

diameter broadband probe head working at 600.13 MHz in 1H and 150.864 MHz in 13C experiments. 

Chemical shifts in 1H and 13C spectra were done relative to the solvent as internal standard (CDCl3 

δ(1H) 7.27 ppm, δ(13C) 77.2 ppm). Assignment of signals of NMR spectra was accomplished by means 

of 2D COSY, 1H–13C HSQC and 1H–13C HMBC experiments. The pulse programs of the COSY, 

HSQC and HMBC experiments were taken from Bruker software library. IR absorption spectra were 

recorded on a Vector-22 Bruker FT-IR spectrophotometer with a resolution of 4 cm-1 as Nujol 

emulsions and KBr pellets of compounds. 

UV spectra have been recorded on a Lambda 35 spectrophotometer (Perkin-Elmer) in 10 mm 

quartz cuvettes. The Job plots and spectrometric titrations were done from monitoring absorbance (Аλ).  

The steady-state and time-resolved Tb3+ centered luminescence spectra have been recorded on a 

spectrofluorometer FL3-221-NIR (Jobin Yvon) with SPEX FL-1042 phosphorimeter in 10 mm quartz 

cuvettes. Excitation of samples has been performed at the wavelength values designated in figure 

captions and emission detected at 545 nm for Tb3+ with 6/6 nm excitation and emission slits. Time-

resolved measurements have been performed on a spectrofluorometer FL3-221-NIR (Jobin Yvon) 

using the following parameters: time per flash-49.00 ms, flash count-200 ms, initial delay-0.02 ms and 

sample window-2 ms. The measurements were performed at room temperature in aerated conditions. 

The time-resolved luminescence spectra of the Gd3+ complexes were recorded using an optical 

spectrometer based on an MDR-23 grating monochromator (LOMO, Saint Petersburg, Russia) coupled 

to a FEU-100 photomultiplier tube.39 The luminescence was excited by an LGI-21 pulsed nitrogen 

laser (337 nm wavelength, 2.1 mW laser pulse average output power, 10 ns pulse duration, 100 Hz 

repetition rate). The average output power of the laser near the samples was 1.7 mW. The exposed 

surface areas of the samples were 7 mm2. The measurements were performed at different temperatures 

in aerated conditions. 

 

4.7.1. X-ray Crystallographic Details for Compound 9  

 

The X-ray diffraction data for the crystal of 9 was collected on a Bruker Kappa Apex II CCD 

diffractometer in the ω and φ-scan modes using graphite monochromated Mo Kα (λ = 0.71073 Ǻ) 

radiation at 296(2) K. Data were corrected for the absorption effect using SADABS program.40 The 

structure was solved by direct method and refined by the full matrix least-squares using SHELXTL41 

and WinGX42  programs. All non-hydrogen atoms were refined anisotropically. The hydrogen atoms 
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were inserted at calculated positions and refined using a riding models. Data collections: images were 

indexed, integrates and scaled using the APEX243  data reduction package. Analysis of the 

intermolecular interactions was performed using the program PLATON.44 Mercury program package45 

was used for figures preparation.  

Crystallographic data (excluding structure factors) for the structure 9 has been deposited in the 

Cambridge Crystallographic Data Centre as supplementary publication number CCDC 1544897. 

Copies of the data can be obtained free of charge upon application to CCDC, 12 Union Road, 

Cambridge CB2 1EZ, UK, (fax: 44(0)1223 336033 or e-mail: deposit@ccdc.cam.ac.uk). 

Crystallographic data for 9: C72H70O8Br2, colorless prism, size 0.49x0.35x0.21 mm3, M = 

1223.10, monoclinic, a = 11.785(2) Å, b = 10.0515(19) Å, c = 26.215(5) Å, β = 91.954(3)°, V = 

3103.7(10) Å3, T = 296(2) K, space group P 2/c, Z = 2, µ(Mo Kα) = 1.362 mm-1, ρcalc = 1.309 g⋅cm–3, 

F(000) = 1272, theta range for data collection  2.026 to 28.921°, 58527 reflections measured, 7938 

independent reflections (Rint = 0.0949), 393 parameters, 9 restraints. Final indices: R1 = 0.0567, wR2 = 

0.1428 (3723 reflections with I > 2σI), R1 = 0.1384 (all data), wR2 = 0.1814 (all data), GoF = 1.001, 

largest difference in peak and hole (0.458 and –0.477 eÅ–3). 

 

4.7.2. Quantum-chemical computations 

 

Structural modeling of complexes was performed with the use of MOPAC 2012 software.46 The 

PM7 semiempirical method was applied46 with using of Sparkle/PM7 Lanthanide Parameters47 for the 

Modeling of Tb3+ complexes which allowed to minimize computational time and resources and to 

maintain the accuracy comparable to non-empirical approaches. 
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Appendix A. Supplementary data 

 

Supplementary data (IR, UV, 1H and 13C NMR spectra, crystallographic data of compound 9, 

luminescence spectra and decay curves of complexes, the determination of the T1 state energy) related 

to this article can be found at http://dx.doi.org/XXXXXXXXXXX. 
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Captions for the illustrations: 

Scheme 1. Synthetic routes and structural formulae of the investigated compounds 1 - 11. The similar 

numbering system of atoms for the compounds is used in the Table 1.  

Fig. 1. Two projections of the molecule 9 with partial numbering scheme. Hydrogen atoms are omitted 

for clarity. All disordered propyl fragments are shown at the positions with greater occupancies.  

Fig. 2. Mutual arrangement of supramolecular layers (one of them is shown in orange color) in the 

crystal of 9. C-H…O (blue color) and C-H…π (red color) interactions are shown by dashed lines (a). 

Fragment of C-H…O bonded (blue dashed lines) column in the crystal of 9 (b). Calix[4]arene 

molecules with the front and back orientations of macrocyclic cavity are shown in the “ball-stick” and 

“stick” model styles.  

Figure 3. UV spectra for compounds 1, 4, 5, 7-9, and 11-13 in DMF (C = 0.1 mM). 

Figure 4. The Job plot profiles of DMF solutions at the varied time of solution storage (3h and 3 days) 

and L:Tb3+ molar ratios: (a) λ =310 nm, [Tb3+] + [7] = 0.1 mM, L:TEA (1:4); (b) λ =330 nm, [Tb3+] + 

[8] = 0.1 mM, L:TEA (1:4); (c) λ =320 nm, [Tb3+] + [11] = 0.1 mM, L:TEA (1:6). αL = 

[L]/([L]+[Tb 3+]). 

Figure 5. ∆A of the DMF solutions of 7 (λ =310 nm), 11 (λ =320 nm) (a) and 8 (λ =325 nm) (b) with 

Tb(NO3)3 ([7] = [8] = [11] = [Tb3+] = 0.1mM) at varied TEA:L molar ratios and time of solutions 

storage 3 h (a), 3 h and 3 days (b). 

Figure 6. Sparkle/PM7 model optimized structures of three conformers of 11 and their Tb3+ 

complexes. Hydrogen atoms are omitted for clarity with the exception of the phenolic hydrogens. 

Figure 7. Normalized phosphorescence spectra of the Gd3+ complexes with ligands 7, 8, 11 and 13 at 

100 µs time delay and T = 143 K. 

Figure 8. Excitation (a) and luminescence spectra (b) of basicified DMF solutions of Tb3+ with ligands 

7 (λex=326 nm), 11 (λex=330 нм) and 13 (λex=325 nm) within one day after the sample preparation. CL 

= CTb
3+ = 0.1 mM, CTEA = 0.4 mM. 
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Graphical Abstract 

 

 

New bis-1,3-diketone calix[4]arene derivatives 

adopting cone conformation with dibromo-

substituted upper rim of calix[4]arene backbone 

are introduced as ligands for lanthanide ions with 

improved sensitization of Tb3+-centered 

luminescence due to heavy-atom effect. 
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substituted upper rim of calix[4]arene backbone are introduced as ligands for lanthanide ions 

with improved sensitization of Tb3+-centered luminescence due to heavy-atom effect. 


