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Luminescence properties of m-terphenyl-based Eu31 and Nd31

complexes: visible and near-infrared emission
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Two novel m-terphenyl-based organic ligands (2 and 3) have been synthesized. Photophysical studies
show that the ligands form stable complexes with Eu31, since typical Eu31 luminescence is observed upon
excitation of  the ligand. The acyclic complex 2?Eu31 shows relatively long lifetimes in methanol (e.g.
ô = 0.72 ms in CH3OH). The acylic ligand 2 allows the additional coordination of  two solvent molecules
and their high-energy vibrational modes form the main quenching pathway for the Eu31 luminescence.
In comparison with 1?Eu31, the more rigid dioxolane-containing complex 3?Eu31 provides an additional
donor atom, which reduces the solvent coordination of  3?Eu31 (ô3?Eu31 = 1.42 ms compared to ô1?Eu31 =
0.75 ms in CH3OH). The high-energy vibrational modes of  the organic ligand 3 are the most important
quenchers. Typical near-infrared Nd31 emission at 1060 and 1350 nm resulting from 3?Nd31 has been
observed. Quenching by the solvent is still operative for 3?Nd31, because of  the larger ionic radius of
the Nd31 ion.

Introduction
Recently, we have published the luminescence properties of
Eu31 complexes of a series of novel preorganized hemispher-
and-based polydentates, such as 1.1 We have shown that this
ligand system reduces the solvent coordination to only 1 ± 0.5
O]H oscillator in the first coordination sphere of the Eu31 ion.
We have determined the rate constants for quenching by sev-
eral high-energy vibrational modes surrounding the Eu31 ion
by systematic deuteration of the ligand system. This leads to
the unambiguous conclusion that quenching by the encapsulat-
ing ligand 1 is of the same order of magnitude as quenching

by one coordinating solvent molecule. Recently, Dickins 2

and Hemmilä 3 and their co-workers also reported a signifi-
cant increase in luminescence lifetime upon ligand deuteration.
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The work described in this paper is part of our investigation
of the application of organic lanthanide ion complexes as
optical amplifiers in polymer-based waveguides and of the
delayed luminescence that is applicable in immunoassays.4 In
general long-lived luminescence in the near-infrared (NIR)
region of the electromagnetic spectrum is useful for application
in optical amplifiers, provided that the long luminescence life-
times do not lead to energy-consuming side processes. In this
paper, we use Eu31 as a model to study the effects of organic
ligands on luminescence properties, because Eu31 luminescence
can be easily measured and the luminescence properties of Eu31

complexes are well documented.5 In order to study the effect of
the flexibility of the encapsulating ligand, a novel acyclic m-
terphenyl-based ligand 2 was synthesized. This ligand contains
n-butoxyethoxy groups at the benzylic positions and provides
an additional donor atom in a more flexible structure compared
to 1. Since we have found that the shielding properties of the
highly preorganized ligand 1 were quite effective,1 an additional
functional group was introduced at the nitrogen atom in the
azacrown bridge, leading to the dioxolane-containing ligand 3.
It is expected that the lanthanide ion is shielded even more
effectively from the solvent molecules when complexed by this
preorganized macrocyclic ligand. In addition, the luminescence
properties of Nd31 complexes are interesting because the emis-
sion band at 1350 nm is compatible with the currently operative
telecommunication system.6 In this paper, the synthesis, photo-
physical studies and molecular modelling of the complexes
2?Eu31, 3?Eu31 and 3?Nd31 are reported.

Experimental

Synthesis
Melting points were determined with a Reichert melting point
apparatus and are uncorrected. 1H NMR and 13C NMR spectra
were recorded in CDCl3 (unless otherwise stated) with Me4Si as
internal standard on a Bruker AC 250 spectrometer. J values
are given in Hz. Mass spectra were recorded with a Finnigan
MAT 90 spectrometer using m-NBA (3-nitrobenzyl alcohol) as a
matrix, unless otherwise stated. IR spectra were obtained using
a Biorad 3200 or a Nicolet 5SXC FT-IR spectrophotometer.
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Elemental analysis† was performed using a Carlo Erba EA1106.
The Eu31 content was determined by destroying the ligand in
the presence of concentrated nitric acid and concentrated per-
chloric acid. The remaining acids were evaporated, the salts dis-
solved in Q2 water, followed by the addition of an acetate buffer
to keep the pH at 5–5.5, and a drop of pyridine was added.
After heating to 60 8C, a titration with an aqueous solution of
0.01  EDTA (ethylenediamine tetraacetate) was carried out
using xylenol orange as an indicator. CH2Cl2 was distilled from
CaCl2, and THF from Na–benzophenone prior to use. CH3CN
and MeOH were dried over molecular sieves (3 Å) for at least 3
days. NaH was a 55% dispersion in mineral oil and was used as
such. The complex Et3N?HCOOH was obtained prior to use by
distillation under reduced pressure (17 mmHg) of an equimolar
mixture of formic acid and Et3N at 70 8C. All other chemicals
were of reagent grade and were used without further purific-
ation. Column chromatography was performed using silica gel
60 (particle size: 0.040–0.063 mm, 2230–400 mesh) from Merck.
All reactions were carried out under an argon atmosphere. The
different rings of the terphenyl moiety will be expressed by ‘i’
and ‘o’ for the inner ring and the outer rings, respectively.

2,6-Bis[3-(n-butoxyethoxymethyl)-5-methyl-2-(prop-2-enyl-
oxy)phenyl]-4-methyl-1-(prop-2-enyloxy)benzene (5). A solution
of dibromide 4 (2.02 g, 3.22 mmol) in THF (10 ml) and a solu-
tion of n-butoxyethanol (0.93 g, 7.11 mmol) in THF (10 ml)
were added dropwise to a refluxing suspension of NaH (0.56 g,
13 mmol) in THF (30 ml). After the addition was complete the
reaction mixture was refluxed for an additional hour followed
by cooling to room temperature and careful addition of water
(5 ml) to destroy the remaining NaH. Subsequently, the solvent
was evaporated and EtOAc (50 ml) was added to the residue.
The organic layer was washed twice with brine, separated and
dried with MgSO4. The organic layer was evaporated to give
compound 5 as a dark yellow oil in quantitative yield, which
was pure according to the 1H NMR spectrum. δH 7.23 (d, 2 H,
J 2.0, ArHo), 7.17 (s, 2 H, ArHi), 7.14 (d, 2 H, J 2.0, ArHo),
5.9–5.7 (m, 2 H, CH]]CH2

o), 5.5–5.3 (m, 1 H, CH]]CH2
i),

5.2–5.0 (m, 4 H, CH]]CH2
o), 4.9–4.7 (m, 2 H, CH]]CH2

i), 4.64
(s, 4 H, ArCH2O), 4.08 (d, 4 H, J 5.6, ArOCH2

o), 3.89 (d, 2 H,
J 5.6, ArOCH2

i), 3.7–3.6 (m, 8 H, OCH2), 3.47 (t, 4 H, J 6.6,
OCH2), 2.32 (s, 3 H, ArCH3

i), 2.31 (s, 6 H, ArCH3
o), 1.6–

1.5 (m, 4 H, CH2), 1.5–1.2 (m, 4 H, CH2), 0.90 (t, 6 H, J 7.3,
CH3); δC 152.5 (s, ArC]Oo), 152.2 (s, ArC]Oi), 134.2–129.4
(ArC and CH]]CH2), 116.9 (t, CH]]CH2

o), 116.4 (t, CH]]CH2
i),

74.4 (t, ArO]CH2
o), 73.6 (t, ArO]CH2

i), 71.2, 70.2 (t, OCH2),
69.9 (t, Ar]CH2O), 68.5 (t, OCH2), 31.8, 29.7 (t, CH2), 20.8
(q, Ar]CH3

o), 20.7 (q, Ar]CH3
i), 19.3 (t, CH2), 14.1, 13.9 (q,

CH3); m/z (FABMS) 700.8 [M1, calc. for C44H60O7: 700.4].
2,6-Bis[3-(n-butoxyethoxymethyl)-2-hydroxy-5-methylphen-

yl]-4-methylphenol (6). A mixture of 5 (2.34 g, 3.34 mmol),
Pd(PPh3)4 (0.27 g, 0.23 mmol), Et3N?HCOOH (1.48 g, 10.0
mmol) in EtOH (30 ml) and water (6 ml) was refluxed for 1 h.
After cooling the resulting mixture to room temperature, the
organic solvent was evaporated and the remaining mixture was
dissolved in EtOAc (50 ml) and washed with brine (2 × 50 ml).
The product was dried over MgSO4 and 6 was obtained in 86%
yield as a slightly yellow oil. The product, which was pure
according to 1H NMR spectroscopy, was used without further
purification. δH 7.14 (s, 2 H, ArHi), 7.13 (d, 2 H, J 2.0, ArHo),
7.02 (d, 2 H, J 2.0, ArHo), 4.75 (br s, 4 H, ArCH2O), 3.8–
3.6 (m, 4 H, OCH2), 3.7–3.5 (m, 4 H, OCH2), 3.45 (t, 4 H,
J 6.6, OCH2), 2.36 (s, 3 H, ArCH3

i), 2.33 (s, 6 H, ArCH3
o), 1.6–

1.4 (m, 4 H, CH2), 1.4–1.2 (m, 4 H, CH2), 0.86 (t, 6 H, J 7.3,
CH3); δC 149.6 (s, ArC]Oo), 147.7 (s, ArC]Oi), 130.2–126.4
(ArC), 71.0 (t, Ar]CH2O), 70.8, 69.3 (t, OCH2), 31.8 (t, CH2),

† The C content of the Eu31 complexes determined by elemental analy-
sis was too low, probably due to the formation of very stable Eu31

carbides (Tdec > 1800 8C). For 3?Eu31 no satisfactory elemental analysis
could be obtained.

20.4 (q, Ar]CH3
i), 20.3 (q, Ar]CH3

o), 19.6 (t, CH2), 13.6 (q,
CH3); m/z (FABMS) 579.5 [(M]H)2, calc. for C35H47O7: 579.3].

2,6-Bis[3-(n-butoxyethoxymethyl)-2-(ethoxycarbonylmeth-
oxy)-5-methylphenyl]-4-methyl-1-(ethoxycarbonylmethoxy)-
benzene (7). A mixture of triol 6 (2.40 g, 4.13 mmol), K2CO3

(2.28 g, 16.5 mmol) and ethyl bromoacetate (1.83 ml, 16.5
mmol) in CH3CN (50 ml) was refluxed overnight. After cooling
to room temperature, the salts were filtered off  and the filtrate
was concentrated to dryness. CH2Cl2 (50 ml) was added to the
residue and the organic solution was washed with brine, dried
with MgSO4 and concentrated to dryness. The product was
purified by column chromatography (EtOAc : n-hexane = 1 :2)
and obtained as a colorless oil in 82% yield. δH 7.17 (d, 2 H, J
2.0, ArHo), 7.2–7.1 (m, 4 H, ArHi and ArHo), 4.67 (br s, 4 H,
ArCH2O), 4.25 (br s, 4 H, ArOCH2

o), 4.12 (br s, 2 H, ArO-
CH2

i), 4.11 (q, 4 H, J 7.1, OCH2CH3
o), 3.94 (q, 2 H, J 7.1,

OCH2CH3
i), 3.7–3.6 (m, 4 H, OCH2), 3.6–3.5 (m, 4 H, OCH2),

3.45 (t, 4 H, J 6.6, OCH2), 2.35 (s, 9 H, ArCH3
i and ArCH3

o),
1.6–1.4 (m, 4 H, CH2), 1.4–1.2 (m, 4 H, CH2), 1.20 (t, 6 H, J 7.1,
OCH2CH3

o), 1.07 (t, 3 H, J 7.1, OCH2CH3
i), 0.90 (t, 6 H, J 7.4,

CH3); δC 169.2 (s, C]]Oo), 168.8 (s, C]]Oi), 152.2 (s, ArC]Oo),
151.7 (s, ArC]Oi), 135.9–129.2 (ArC), 71.2 (t, Ar]CH2O), 70.3
(t, ArO]CH2

o), 70.0 (t, ArO]CH2
i), 69.9, 68.8 (t, OCH2), 60.9

(t, OCH2CH3
o), 60.7 (t, OCH2CH3

i), 32.0 (t, OCH2), 21.0 (q,
Ar]CH3

o), 20.8 (q, Ar]CH3
i), 19.4 (t, CH2), 14.1, 13.9 (q,

OCH2CH3); m/z (FABMS) 861.1 [(M 1 Na)1, calc. for
C47H66O13Na: 861.5].

2,6-Bis[3-(n-butoxyethoxymethyl)-2-(hydroxycarbonylmeth-
oxy)-5-methylphenyl]-4-methyl-1-(hydroxycarbonylmethoxy)-
benzene (8). Triester 7 (1.79 g, 2.14 mmol) was dissolved in
MeOH (15 ml) after which a solution of NaOMe [Na (0.26 g,
10.7 mmol) and 5 ml of MeOH] was added, followed by the
addition of water (0.23 ml, 12.8 mmol). According to TLC
(MeOH:CH2Cl2 = 1 :9), the reaction was completed after stir-
ring for 1 week. Subsequently, EtOAc was added and then the
reaction mixture was acidified with 1  HCl in water to pH < 1.
The solvent was evaporated, after which EtOAc (20 ml) was
added and the solution was subsequently washed with water
(2×) and brine (1×). The solution was concentrated and prod-
uct 8 was dried by extracting twice with toluene (20 ml). The
product was obtained in almost quantitative yield as a slightly
yellow oil which was pure according to 1H NMR spectroscopy.
δH 7.98 (br s, 3 H, OH), 7.2–7.0 (m, 6 H, ArHi and ArHo), 4.62
(br s, 4 H, ArCH2O), 4.17 (br s, 4 H, ArOCH2

o), 4.00 (br s, 2 H,
ArOCH2

i), 3.7–3.6 (m, 4 H, OCH2), 3.6–3.5 (m, 4 H, OCH2),
3.43 (t, 4 H, J 6.8, CH2), 2.36 (s, 3 H, ArCH3

i), 2.31 (s, 6 H,
ArCH3

o), 1.6–1.5 (m, 4 H, CH2), 1.4–1.2 (m, 4 H, CH2), 0.86 (t,
6 H, J 7.2, CH3); δC 170.4 (s, C]]Oi), 170.1 (s, C]]Oo), 152.3 (s,
ArC]Oo and ArC]Oi), 134.2–129.5 (ArC), 71.3 (t, Ar]CH2O),
70.5 (t, ArO]CH2

i), 69.8 (t, ArO]CH2
o), 69.4 (t, OCH2), 31.4

(t, CH2), 20.7 (q, Ar]CH3
i and Ar]CH3

o), 19.2 (t, CH2), 13.9
(q, CH3); νmax(KBr)/cm21 1750 (C]]O); m/z (FABMS) 777.0
[(M 1 Na)1, calc. for C41H54O13Na: 777.4].

2,6-Bis[3-(n-butoxyethoxymethyl)-2-(carboxylatomethoxy)-5-
methylphenyl]-4-methyl-1-(carboxylatomethoxy)benzene euro-
pium() (2?Eu31). Triacid 8 (0.10 g, 0.13 mmol) was dissolved in
methanol (2 ml), after which three equivalents of Et3N (55 µl,
0.40 mmol) were added using a microsyringe. Subsequently, a
solution of EuCl3?6H2O (50 mg, 0.14 mmol) in methanol (1 ml)
was added in one portion. The reaction mixture was stirred
overnight, followed by evaporation of the organic solvent,
and subsequent addition of water (2 ml). The complex was
extracted with CH2Cl2 and the organic layer was dried over
MgSO4. Complex 2?Eu31 was obtained as a slightly yellow solid
in almost quantitative yield, mp >300 8C; νmax(KBr)/cm21 1611
(COO2) (Calc. for C41H51O13Eu: H, 5.69; Eu31, 16.8. Found:
H, 5.83; Eu31, 15.3%‡).

‡ No satisfactory mass spectrum of the acyclic complex 2?Eu31 could
be obtained.



J. Chem. Soc., Perkin Trans. 2, 1997 2277

2,29-(1,3-Dioxolan-2-ylmethyl)aminodiethanol (9). A solution
of 2-bromomethyl-1,3-dioxolane (1.00 g, 9.66 mmol), dieth-
anolamine (5.08 g, 48.3 mol) and a catalytic amount of KI was
refluxed in CH3CN (30 ml) for 3 days. After cooling the reac-
tion mixture to room temperature, the salts were filtered off,
and the organic solvent was evaporated. The residue was dis-
solved in CH2Cl2 and washed subsequently with brine (2×). The
organic layer was separated and dried with Na2SO4. After
evaporation of the solvent, a blank oil was obtained in 65%
yield. δH 4.88 (t, 1 H, J 4.2, CH), 3.9–3.7 (m, 4 H, OCH2

diox),
3.60 (br s, 2 H, OH), 3.6–3.5 (m, 4 H, OCH2), 2.8–2.6 (m, 6 H,
NCH2); δC 103.1 (d, CH), 64.8 (t, OCH2

diox), 59.6 (t, OCH2),
57.7 (t, NCH2), 57.0 (t, NCH2

chain); m/z (EIMS) 191.1 (M1, calc.
for C8H17NO4: 191.1).

16-(1,3-Dioxolan-2-ylmethyl)-4,9,23-trimethyl-13,19-dioxa-
16-azatetracyclo[19.3.1.12,6.17,11]heptacosa-1(25),2,4,6(27),7,9,
11(26),21,23-nonaene-25,26,27-triol (10). The macrocyclization
was performed in the same way as described for 1,1 using a
solution of dibromide 4 (4.55 g, 7.26 mmol) in THF (25 ml),
a solution of diol 9 (1.53 g, 8.00 mmol) in THF (25 ml) and a
suspension of NaH (1.27 g, 29 mmol) in THF (400 ml). The
phenolic groups were deprotected by refluxing the crude prod-
uct with Pd(PPh3)4 (0.74 g, 0.82 mmol) and Et3N?HCOOH
(4.04 g, 27.4 mmol) in a mixture of EtOH (100 ml) and water
(20 ml) for 2 h. After cooling the resulting mixture to room
temperature, most of the solvent was evaporated and the resi-
due was dissolved in CH2Cl2. The organic layer was washed
twice with brine and dried over MgSO4. Purification was
performed by flash column chromatography (MeOH:
CHCl3 = 2 :98) and a slightly yellow solid was obtained in 18%
yield, mp 201–203 8C. δH 7.16 (s, 4 H, ArH), 6.90 (s, 2 H, ArH),
6.32 (br s, 3 H, OH), 4.87 (t, 1 H, J 4.4, CH), 4.71 (br s, 4 H,
ArCH2O), 3.9–3.7 (m, 2 H, OCH2

diox), 3.7–3.6 (m, 2 H, O-
CH2

diox), 3.68 (t, 4 H, J 5.8, OCH2), 2.89 (t, 4 H, J 5.8, NCH2),
2.76 (d, 2 H, J 4.4, NCH2

chain), 2.40 (s, 3 H, ArCH3
i), 2.31 (s,

6 H, ArCH3
o); δC 151.1 (s, ArC]Oo), 149.1 (s, ArC]Oi), 130.7–

122.9 (ArC), 103.0 (d, CH), 71.4 (t, Ar]CH2O), 68.2 (t, OCH2),
64.7 (t, OCH2

diox), 56.6 (t, NCH2), 56.5 (t, NCH2
chain), 20.9 (q,

CH3
i), 20.6 (q, CH3

o); m/z (FABMS) 536.4 [(M 1 H)1, calc.
for C31H38NO7: 536.3] (Calc. for C31H37NO7: C, 69.51; H, 6.96;
N, 2.61. Found: C, 69.64; H, 7.50; N, 2.58%).

16-(1,3-Dioxolan-2-ylmethyl)-25,26,27-tris(methoxycarbonyl-
methoxy)-4,9,23-trimethyl-13,19-dioxa-16-azatetracyclo-
[19.3.1.12,6.17,11]heptacosa-1(25),2,4,6(27),7,9,11(26),21,23-
nonaene (11). Triester 11 was obtained via the previously
described procedure,1 as the NaClO4 complex, in quantitative
yield, using triol 10 (0.40 g, 0.75 mmol), K2CO3 (1.03 g, 7.45
mmol), NaClO4 (1.37 g, 11.2 mmol), methyl bromoacetate (0.28
ml, 3.01 mmol) and CH3CN (25 ml). The slightly yellow foam
was pure according to 1H NMR spectroscopy. δH 7.28 (s, 2 H,
ArHi), 7.05 (d, 2 H, J 2.0, ArHo), 7.01 (d, 2 H, J 2.0, ArHo), 5.10
(t, 1 H, J 4.4, CH), 4.99 and 4.05 (AB-q, 4 H, J 9.9, ArCH2O),
4.0–3.8 (m, 8 H, ArOCH2

o, OCH2 and OCH2
diox), 3.8–3.7 (m, 2

H, OCH2
diox), 3.62 (s, 6 H, OCH3

o), 3.44 (s, 3 H, OCH3
i), 3.5–

3.4 (m, 2 H, OCH2), 3.0–2.9 (m, 6 H, NCH2 and NCH2
chain),

2.93 (s, 2 H, ArOCH2
i), 2.45 (s, 3 H, ArCH3

i), 2.27 (s, 6 H,
ArCH3

o); δC 169.8 (s, C]]Oo), 169.1 (s, C]]Oi), 154.0 (s, ArC]Oo),
149.1 (s, ArC]Oi), 137.1–129.2 (ArC), 100.1 (d, CH), 71.7 (t,
Ar]CH2O), 70.9 (t, ArO]CH2

o), 67.9 (t, ArO]CH2
i), 67.7 (t,

OCH2), 64.8 (t, OCH2
diox), 55.8 (t, NCH2), 52.4 (q, OCH3

o),
52.4 (t, OCH3

i), 49.8 (t, NCH2
chain), 21.3 (q, CH3

i), 20.8 (q,
CH3

o); m/z (FABMS) 774.3 [(M 1 Na)1, calc. for C40H49NO13-
Na: 774.3], 700.3 [(M 1 Na 2 CH2COOCH3)

1], 626.3 [(M 1
Na 2 2 × CH2COOCH3)

1].
16-(1,3-Dioxolan-2-ylmethyl)-25,26,27-tris(hydroxycarbonyl-

methoxy)-4,9,23-trimethyl-13,19-dioxa-16-azatetracyclo-
[19.3.1.12,6.17,11]heptacosa-1(25),2,4,6(27),7,9,11(26),21,23-
nonaene (12). Triacid 12 was synthesized as described for 8,
using triester 11 (0.25 g, 0.33 mmol), MeOH (20 ml), NaOMe
[Na (40 mg, 1.7 mmol) and 5 ml of MeOH] (2×) and water (40 µl,

2.2 mmol) (2×). The product was obtained in almost quanti-
tative yield as an off-white foam. νmax(KBr)/cm21 1749, 1718
(C]]O); m/z (FABMS) 732.3 [(M 1 Na)1, calc. for C37H43NO13-
Na: 732.3], 710.3 [(M 1 H)1].

16-(1,3-Dioxolan-2-ylmethyl)-25,26,27-tris(carboxylatometh-
oxy)-4,9,23-trimethyl-13,19-dioxa-16-azatetracyclo[19.3.1.12,6.
17,11]heptacosa-1(25),2,4,6(27),7,9,11(26),21,23-nonaene euro-
pium(III) (3?Eu31). The reaction was carried out using triacid
12 (0.80 g, 0.83 mmol) and Et3N (0.34 ml, 2.47 mol) in
MeOH (10 ml), and EuCl3?6H2O (0.34 g, 0.93 mmol) in MeOH
(3 ml). The off-white solid 3?Eu31 was obtained in quanti-
tative yield, mp >300 8C; νmax(KBr)/cm21 1608 (COO2); m/z
(FABMS/PEG200) 858.2 [(M 1 H)1, calc. for C37H41NO13Eu:
858.2].

16-(1,3-Dioxolan-2-ylmethyl)-25,26,27-tris(carboxylato-
methoxy)-4,9,23-trimethyl-13,19-dioxa-16-azatetracyclo[19.3.
1.12,6.17,11]heptacosa-1(25),2,4,6(27),7,9,11(26),21,23-nonaene
neodymium(III) (3?Nd31). The reaction was carried out using
triacid 12 (42 mg, 59 µmol) and Et3N (25 µl, 0.18 mmol) in
MeOH (2 ml), and Nd(NO3)3?5H2O (31 mg, 71 µmol) in MeOH
(1 ml). The off-white solid 3?Nd31 was obtained in quanti-
tative yield, mp >300 8C; νmax(KBr)/cm21 1608 (COO2); m/z
(FABMS) 849.2 [(M 1 H)1, calc. for C37H41NO13Nd: 849.2].

Molecular modelling
The protocol for molecular mechanics and dynamics is
described by van Veggel and Reinhoudt.7

Photophysical studies
Steady-state luminescence measurements were performed with
a PTI (Photon Technology International) Alphascan spectro-
fluorimeter. For excitation, a 75 W quartz–tungsten–halogen
lamp followed by a SPEX 1680 double monochromator was
used. A PTI 0.25 m single monochromator was used for separ-
ation of the emitted light, which was detected at an angle of
908. The signal from the Hamamatsu R928 photomultiplier was
fed to a photon counting interface. For the ‘slow’ time-resolved
measurements in the phase resolved mode, the excitation beam
was modulated in intensity at a frequency of 30–400 Hz by
means of an optical chopper. The modulated luminescence sig-
nal was subsequently analyzed with a Stanford Research SR530
lock-in amplifier. The frequency dependence of the phase shift
and demodulation of the luminescence signal was fitted to well-
known expressions applied for phase-resolved luminescence
data.8 For fast time-resolved luminescence measurements, an
Edinburgh Analytical Instruments LP900 system was used,
which consisted of a pulsed Xe lamp followed by a 0.25 m
monochromator for excitation and another 0.25 m monochro-
mator, used for the separation of light, positioned at an angle
of 908 with respect to the first one. The near-IR photons were
transformed into electric signals by means of a NorthCoast
EO817P liquid nitrogen cooled germanium detector and fed to
a Tektronix fast digital oscilloscope. The emission quantum
yields were evaluated with a Perkin-Elmer 650-40 following
the method described by Haas and Stein,9 using Ru(bpy)3

21

(φ = 0.028 in aerated water 10) as a standard (experimental
error ≈ 10%).

Because of the sensitivity of the Eu31 luminescence lifetimes
and intensities to the water content of the solutions, methanol
was dried over molecular sieves (3 Å) prior to use and the life-
times and luminescence spectra were recorded using freshly
prepared samples.

Results and discussion

Synthesis
The lanthanide ion complexes 2?Eu31 (Scheme 1), 3?Eu31 and
3?Nd31 (Scheme 2) were synthesized starting from the bis-
(bromomethyl)terphenyl 4.1 The alkylation reaction of n-
butoxyethanol with bis(bromomethyl)terphenyl 4 in refluxing
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THF, in the presence of NaH as a base, gave 5 in quantitative
yield. The 1H NMR spectrum shows a singlet for the benzylic
protons at 4.64 ppm. The mass of 5 (m/z 700.8, FAB mass
spectrometry) corresponds to the calculated value for M1

(C44H60O7: 700.4). The hydroxy groups in 5 were deprotected
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with Pd(PPh3)4 and Et3N?HCOOH in a refluxing mixture of
ethanol and water (v/v 5 :1) 11 giving 6 in 86% yield. Triester 7
was synthesized by alkylation of the hydroxy groups with ethyl
bromoacetate in acetonitrile using K2CO3 as a base. After puri-
fication by column chromatography 7 was obtained in 82%
yield; the 1H NMR spectrum shows two broad singlets at 4.25
and 4.12 ppm for the methylene hydrogens of the outer and
inner pendant arms, respectively, and the FAB mass spectrum
shows the highest peak at m/z 861.1 which is attributed to (M 1
Na)1 (C47H66O13Na: 861.5). The base-catalyzed hydrolysis of 7
was carried out in methanol in the presence of NaOMe–H2O
leading to triacid 8 in almost quantitative yield. The broad sig-
nal at 7.98 ppm in the 1H NMR spectrum with a relative inten-
sity of three hydrogens is attributed to the carboxylic acids and
the highest peak in the FAB mass spectrum at m/z 777.0 is
attributed to (M 1 Na)1 (C41H54O13Na: 777.4). Complexation
of Eu31 was achieved by reaction of one equivalent of
EuCl3?6H2O with triacid 8 in methanol, in the presence of three
equivalents of Et3N as a base. The complex 2?Eu31 was isolated
by evaporation of the solvent, followed by the addition of water
and subsequent extraction with CH2Cl2. Complete deproton-
ation is obvious from the peak in the IR spectrum at 1611 cm21,
which is attributed to the COO2 stretching vibration.

Diol 9 was obtained in 65% yield by the alkylation of dieth-
anolamine with 2-bromomethyl-1,3-dioxolane in refluxing
acetonitrile in the presence of a catalytic amount of KI. The
macrocyclization of 4 with 9 was achieved according to the
procedure we published previously.1 The 1H NMR spectrum of
the reaction product shows an AB system at 4.57 and 4.25 ppm,
which is attributed to the benzylic hydrogen atoms of the cyclic
structure, indicating that the macrocycle was formed. All efforts
to purify the product were unsuccessful and therefore the
hydroxy groups of the crude product were deprotected in the
same way as for 6. After purification by flash column chrom-
atography, triol 10 was obtained in 18% yield. The 1H NMR
spectrum shows a broad singlet for the benzylic hydrogen atoms
at 4.71 ppm, whereas the broad singlet at 6.32 ppm is attributed
to the protons of the hydroxy groups. The FAB mass spectrum
shows the highest peak at 536.4, which corresponds to the cal-
culated value of (M 1 H)1. Triol 10 was alkylated with methyl
bromoacetate in acetonitrile with K2CO3 as a base, followed by
hydrolysis in methanol in the presence of NaOMe–H2O giving
triacid 12. Triacid 12 was complexed with one equivalent of the
appropriate lanthanide salt in the presence of three equivalents
of Et3N as a base, analogous to 1?Eu31.1 The complexes precipi-
tated and were characterized by FAB mass spectrometry, show-
ing the highest peak for 3?Eu31 at m/z 858.2 and for 3?Nd31

at m/z 849.2, which can both be attributed to (M 1 H)1

(C37H41NO13Ln: 858.2 and 849.2, respectively). The corres-
ponding peaks in the FAB mass spectra clearly show the lan-
thanide isotope pattern. Furthermore, the IR spectra of both
complexes show the COO2 stretch vibration at 1608 cm21.

Molecular modelling
The structures of the acyclic and the dioxolane containing Eu31

complexes 2?Eu31 and 3?Eu31 were minimized in the gas phase
and subjected to molecular dynamics simulations in a cubic
OPLS box of methanol.7 These calculations show that the acy-
clic ligand 2 leaves apparently more space in the first coordin-
ation sphere of the Eu31 ion [Fig. 1(a)] compared to the macro-
cyclic ligand 1, leading to the coordination of two molecules of
methanol to 2?Eu31 compared to one in 1?Eu31.1 Despite the
coordination of one of the oxygen atoms of the dioxolane group
to the Eu31 ion in 3?Eu31, this ion can still accommodate one
molecule of methanol in its first coordination sphere [Fig. 1(b)].

Photophysical studies
The photophysical properties of Eu31 complexed by the two
new organic ligands 2 and 3 were studied in the same way as
reported for 1?Eu31.1 The excitation spectrum of 2?Eu31
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together with that of 1?Eu31 is depicted in Fig. 2(a) showing a
stronger luminescence over the entire wavelength region of the
spectrum for 2?Eu31 compared to the spectrum for 1?Eu31. At
287 nm the difference in intensity is approximately a factor of
six. This may be due to a difference in the energy of the triplet
states of the acyclic ligand 2 and the cyclic ligand 1, leading to a
more efficient energy transfer from the ligand 2 to the Eu31 ion.§
The absorption of ligand 2 is only 1.3 times higher than the
absorption of ligand 1 and consequently this cannot be the only
reason for the large difference in luminescence.

The emission spectrum of 2?Eu31 in [2H]methanol after exci-
tation at 287 nm shows the typical Eu31 luminescence [Fig.
2(b)];5 for comparison the emission spectrum of 1?Eu31 is also
shown in Fig. 2(b). After ligand-mediated excitation, the lumi-
nescence intensity of the acyclic complex 2?Eu31 is a factor of
nine larger than that of 1?Eu31, which can be explained by the
relatively efficient energy transfer in 2?Eu31. The luminescence
quantum yield (φlum) can be expressed by eqn. (1).4,5c

φlum = φiscφetkradτ (1)

In eqn. (1), φisc is the efficiency of intersystem crossing within
the chromophoric group, which is assumed to be similar for
both complexes,¶ φet is the efficiency of the ligand-to-metal
energy transfer, krad is the radiative rate constant, which is
assumed to be the same for all Eu31 complexes and τ is the

Fig. 1 Typical structures during the MD calculations (front view) of
(a) 2?Eu31 and (b) 3?Eu31. The dotted circle represents the Eu31 ion and
the grey circles the heteroatoms.

§ The energy transfer efficiency is increasing with a shorter distance
between the aromatic system and Eu31 (ket ∝ R26 or e2R); molecular
modelling indicated that this distance is larger in 2?Eu31 than in 1?Eu31,
and can thus not contribute to the more efficient energy transfer.
¶ Since the rate of intersystem crossing is much higher than the rate of
energy transfer: kisc @ ket.

observed luminescence lifetime. Hence, the luminescence inten-
sity is mainly affected by τ and/or φet. The significantly larger
increase in φlum compared to the increase in τ (Table 1) is con-
sequently an effect of the more efficient energy transfer from
the ligand to the Eu31 ion. The quantum yield of 2?Eu31 in
[2H4]methanol was determined to be 0.022, whereas in ordinary
methanol this quantity is lowered to 0.004 due to solvent
quenching. It was not possible to determine the quantum yield
for 1?Eu31, because the luminescence signal is too weak. The
shape of the peak at 614 nm in the emission spectra of 1?Eu31

and 2?Eu31 is only slightly different, and moreover, the ratio
between the intensity of the 5D0→7F1 transition (at 580 nm)
and the intensity of the hypersensitive 5D0→7F2 transition (at
620 nm) is approximately equal. This implies that the symmetry
around the Eu31 ion, induced by the ligands and the solvent, is
nearly constant, and therefore it is legitimate to compare the
luminescence properties of the Eu31 complexes notwithstand-
ing variations in the ligand structure.12

The luminescence lifetime (Table 1) of 2?Eu31 in methanol is
as long as for 1?Eu31, whereas the lifetimes of 2?Eu31 in
[2H]methanol and [2H4]methanol are almost double. Using
‘Horrocks equation’:13 n = 2.1(τCH3OH

21 2 τCH3OD
21) to esti-

mate the number of coordinating O]H oscillators n in the
first coordination sphere of the Eu31 ion leads to 1.9 ± 0.5
coordinating methanol molecules in 2?Eu31 compared to
(0.9 2 1.2 ± 0.5) in 1?Eu31. This number was also determined
from the radial distribution function of the molecular dynamics
simulations, leading to 2.0 coordinating solvent molecules. This
indicates that the shielding of the Eu31 ion is decreased in the
acyclic complex relative to the macrocyclic complex. Upon
solvent deuteration the lifetime of 2?Eu31 is increased by a fac-
tor of 2.8 compared to a factor of 1.5 for 1?Eu31. This is also
indicative of a higher rate constant for quenching by the O]H
modes, as a result of the larger number of coordinating solvent
molecules to the Eu31 ions in 2?Eu31 (Table 1). This rate con-
stant is approximately double for 2?Eu31 relative to 1?Eu31. On
the other hand, quenching by the acyclic ligand is not very
efficient as can be concluded from the long luminescence life-
time of 2.41 ms in [2H4]methanol compared to 2.53 ms for free
Eu31 ions in this solvent (kC]H

lig = 0.02 ms21).1 This can be
attributed to the relatively large distance between the high-
energy vibrational modes of the acyclic ligand and the Eu31

ion. On the other hand, quenching by the high-energy vibra-
tional C]H modes of the macrocyclic complex 1?Eu31 is of the
same order of magnitude as quenching by one solvent mol-
ecule.1 The luminescence lifetime of 2?Eu31 in [2H4]methanol is
further increased by a factor of 1.2 due to the absence of the
quenching C]H modes of the solvent. The rate constants for
non-radiative decay via the O]H groups of the solvent, the C]H
vibrations of the solvent, and the C]H groups of the organic

Fig. 2 (a) Excitation spectra detected at 617 nm and (b) emission spectra after excitation at 287 nm of 1024  solutions of 1?Eu31 and 2?Eu31 in
[2H]methanol
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Table 1 Luminescence lifetimes (in ms) of 1024  methanol solutions of 1?Eu31, 2?Eu31 and 3?Eu31, the number of coordinating methanol
molecules calculated from the luminescence lifetimes and by MD simulations and the calculated rate constants (in ms21) of the various quenching
mechanisms

2?Eu31

3?Eu31

1?Eu31

τCH3OH

0.72
1.42
0.75

τCH3OD

2.05
1.53
1.17

τCD3OD

2.41
1.61
1.33

n a

1.9
0.1
1.0

MD b

2.0
0.8
0.9

kO]H
c

0.90
0.05
0.48

kC]H
solv d

0.07
0.03
0.10

kC]H
lig e

0.02
0.23
0.36

a ±0.5, calculated from: n = 2.1(τCH3OH
21 2 τCH3OD

21). b The radial distribution function (RDF) can be calculated from the production phase, and
the integrated area of the peak around 2.3 Å gives the number of coordinating solvent molecules. c kO]H = τCH3OH

21 2 τCH3OD
21. d kC]H

solv =
τCH3OD

21 2 τCD3OD
21. e kC]H

lig = (τcomplex
21 2 τEuCl3

21)CD3OD.

Fig. 3 (a) Excitation spectrum detected at 614 nm and (b) emission spectra after excitation at 287 nm of a 1024  solution of 3?Eu31 in
[2H4]methanol

ligand || were calculated by the equations given in Table 1. These
values clearly show that quenching by the O]H groups of the
solvent is strongly dominating over quenching by both types of
C]H modes.

Preorganization 14 of  the encapsulating organic ligand seems
to be important for its ability to shield lanthanide ions as was
concluded from the decreased shielding in 2?Eu31 relative to
1?Eu31. Therefore, we introduced an extra coordination site in
the preorganized ligand in the form of a dioxolane group in
3?Eu31, and investigated its luminescence properties by the
same type of photophysical studies. The excitation spectrum of
a 1024  solution of 3?Eu31 in [2H4]methanol, depicted in Fig.
3(a), closely resembles the excitation spectrum of 1?Eu31, clear-
ly showing the Eu31 excitation band at 393 nm, whereas the
emission spectrum [Fig. 3(b)] shows the typical Eu31 lumi-
nescence.5 In order to improve the splitting of the 5D0→7F2 emis-
sion band, the slit widths were narrowed to 1 nm [Fig. 3(b)].
With these narrow slit widths, the non-degenerate 5D0→7F0

transition is split into two bands, indicating the coexistence of
two different Eu31 ions that experience a different symmetry
from the ligand. Comparison of the emission spectra depicted
in Figs. 2(b) and 3(b) show that the (5D0→7F2)/(

5D0→7F1) ratio
is different for 3?Eu31, indicating that a direct comparison
with 1?Eu31 and 2?Eu31 is not possible.12 The difference in
symmetry might be induced by the coordination of a molecule
of methanol or water into the first coordination sphere and the
two 5D0→7F0 transitions might originate from 3?Eu31 with and
without an additional solvent molecule coordinating to the
Eu31 ion.

The luminescence lifetimes of 3?Eu31 were determined for
1024  methanol solutions, after excitation via the ligand at 300

|| In this case it is not possible to calculate the rate constant for quench-
ing by the ligand from a partially-deuterated and a non-deuterated
complex. Therefore, the lifetime of EuCl3 in [2H4]methanol was used as
the maximum lifetime and it is assumed that quenching takes place
mainly by the high-energy vibrational C]H modes of the ligand.

nm (Table 1). These lifetimes are relatively high, especially the
lifetime of 1.42 ms for the all-hydrogen complex 3?Eu31 dis-
solved in non-deuterated methanol. The lifetime is only slightly
increased (by a factor of 1.1) upon deuteration of the solvent,
which indicates that the effective quenching modes of the solv-
ent molecules are not present in the first coordination sphere of
the Eu31. This is further established by ‘Horrocks equation’:13

n = 2.1(τCH3OH
21 2 τCH3OD

21), giving an estimated number of
0.1 ± 0.5 O]H oscillators. It is assumed that quenching of the
luminescent excited state is mainly the result of solvent mol-
ecules present in the second coordination sphere around the
Eu31 ion that occasionally penetrate the first coordination
sphere of the ion.** Consequently, the presence of an extra donor
atom, which is capable of coordinating to the Eu31 ion (accord-
ing to molecular modelling), increases the luminescence lifetime
by a factor of 1.9 in non-deuterated methanol compared to
1?Eu31, as the result of the higher degree of shielding. The
RDF calculated for 3?Eu31 from the MD calculations is 0.8
which is higher than the experimentally determined value of
0.1 ± 0.5. A reason for the discrepancy between the values for
the number of coordinating solvent molecules lies in the use of
a Ca21 ion that is given the charge 31 as a model for Eu31. The
ionic radius of Ca21 is slightly larger than the radius of Eu31,
0.99 Å compared to 0.95 Å, respectively.††

The rate constants for quenching via the different pathways
that are operative are reported in Table 1. The rate constant for
quenching by the organic ligand is the most important one

** The MD calculations were performed with a production phase of 500
ps, which is too short to observe this type of exchange.
†† Quenching of the luminescence of 3?Nd31 by coordinating methanol
molecules is more pronounced (vide infra). The ionic radius of Nd31 is
0.995 Å, which is almost equal to the radius of Ca21. However, molecu-
lar dynamics in which the radius of the Eu31 ion is reduced by 4%, also
showed the coordination of one methanol molecule. In this case the
penetration of the first coordination sphere occurs at 32 ps whereas the
methanol already coordinates to the larger Eu31 ion at the beginning of
the production phase.
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Fig. 4 (a) Excitation spectrum detected at 1060 nm and (b) emission spectra after excitation at 300 nm of a 1024  solution of 3?Nd31 in
[2H4]methanol

in 3?Eu31. Compared to 1?Eu31, this rate constant is slightly
decreased from 0.36 ms21 to 0.23 ms21, which might be an effect
of small structural changes in the organic ligand. The dominat-
ing ligand quenching is a result of the very small number of
solvent molecules in the first coordination sphere of the Eu31

ion, and implies that the luminescent excited state of the Eu31

ion may live even longer upon deuteration of 3?Eu31.1–3

Because of the interesting emission bands of Nd31 in the
near-IR part of the electromagnetic spectrum, i.e. at 1060 and
1350 nm, luminescence studies were performed with 1024 
methanol solutions of 3?Nd31. The excitation spectrum,
depicted in Fig. 4(a), shows that the luminescence intensity is
profoundly increased upon ligand-mediated excitation of Nd31.
The luminescence lifetimes in different types of methanol are
reported in Table 2, and clearly show the quenching effect of
the solvent on the luminescence lifetime. Both O]H and C]H
modes of the solvent participate in efficient quenching due to a
smaller energy gap between the luminescent level and a lower-
lying state compared to Eu31. The results also indicate that
Nd31 leaves apparently more space for solvent coordination
relative to the analogous Eu31 complex, which might be the
result of the larger ionic radius of Nd31 (0.995 Å compared to
Eu31 0.95 Å). In addition, C]D and O]D vibrations of the
solvent are relatively efficient in quenching the luminescent
state of Nd31.15 This is the effect of the magnitude of the energy
gap between the luminescent, 4F3/2, state of Nd31 and the lower-
lying 4I15/2 level (∆ENd31 ≈ 5300 cm21), which is more or less
resonant with the first overtone of the O]D vibration
(νO]D ≈ 2400 cm21).16 Therefore, it is not possible to discriminate
between the several quenching processes and to calculate the
rate constants, as was possible for the Eu31 complexes.

Conclusions
Both complexes 2?Eu31 and 3?Eu31 show the typical Eu31 lumi-
nescence and both have relatively long luminescence lifetimes in
methanol solutions compared to 1?Eu31. The reason for the
long lifetime of 2?Eu31 is the very low efficiency of quenching

Table 2 Luminescence lifetimes of 1024  methanol solutions of
3?Nd31

CH3OH
CH3OD
CD3OD

τ/µs

<0.20 a

0.39
0.52

a Equal to the response time of the detector.

by the organic ligand, although the degree of shielding is sig-
nificantly decreased leading to the coordination of two strongly
quenching methanol molecules in the first coordination sphere
of the Eu31 ion in 2?Eu31. Consequently, the O]H vibrations of
the solvent form the main quenching pathway. Moreover, the
energy transfer from the organic ligand to the Eu31 ion is far
more efficient in the more flexible, acyclic, complex (2?Eu31),
which is thus the better sensitizer.

The long luminescence lifetime of 3?Eu31 is the result of the
high degree of shielding of the Eu31 ion; the number of solvent
molecules present in the first coordination sphere of the Eu31

ion is minimal, due to the additional coordination of an oxygen
atom of the dioxolane group to Eu31. Due to this improved
shielding, quenching via the organic ligand becomes dominant,
whereas the solvent molecules have only minor effects on the
luminescence lifetimes. Near-IR emission at 1060 and 1350 nm
was detected for 3?Nd31 after ligand-mediated excitation. Life-
time measurements proved that solvent molecules do coordin-
ate in the first coordination sphere of the larger ion Nd31, when
it is complexed by 3.
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