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A series of m-terphenyl-based ligands bearing three coordin-
ating oxyacetate and two amido or two sulfonamido groups,
(1a–b)H3 and (2)H3, respectively, have been synthesized and
characterized. The structures of the corresponding neutral
complexes have been studied using 1H-NMR spectroscopy
and luminescence experiments. The photophysical proper-
ties of the (1a–b)Eu, (2)Eu, (1a)Tb, and (2)Tb complexes have
been studied to determine the structure of the first coordina-
tion sphere in methanol. The first coordination sphere con-
sists of eight donor atoms provided by the ligand (three che-
lating oxyacetate groups and two amide or sulfonamide oxy-
gens), and one methanol molecule. The (1a)Dy and (1a)Sm

Introduction

There is a worldwide interest in complexes of the trivalent
rare earth or lanthanide cations for applications in fluoro-
immuno-assays,[1] laser systems,[2] and optical amplifica-
tion.[3] The unique luminescence properties of these rare
earth cations and their wide range of emission bands (500–
1550 nm)[4] make them very interesting for such purposes.
The lanthanide ions have narrow emission bands and rela-
tively long luminescence lifetimes as a result of optical
transitions within the 4f shell, which are, in principle, par-
ity-forbidden. Encapsulating ligands can enhance the lu-
minescence properties by shielding the ion from quenchers
such as the hydroxyl groups of the solvent. Luminescent
complexes of the lanthanide ions Eu31 and Tb31 are the
most widely studied, and these particular complexes are
used, for example, as long-lived luminescent probes in
fluoroimmuno-assays.[5] These complexes show lumines-
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complexes exhibited sensitized luminescence in the visible
spectral region, but the luminescence intensity was very
sensitive to quenching by C–H groups. The near-infrared
emitting (1a)Ln and (2)Ln complexes exhibited sensitized lu-
minescence at wavelengths (at 880, 1060, and 1330 nm for
Nd3+, at 980 nm for Yb3+, and at 1550 nm for Er3+) of interest
for applications in optical telecommunication devices. The
luminescence lifetimes of these complexes in DMSO and
[D6]DMSO are in the range of microseconds. The lumines-
cent state of the NIR emitting lanthanide ions is very effici-
ently quenched by high frequency oscillators (such as C–H
groups) in the solvent and the ligand.

cence in the visible spectral region with relatively long lu-
minescence lifetimes in the range of ms.[6,7] Recently, there
has been an increasing interest in complexes of the near-
infrared emitting lanthanide ions Yb31, Nd31, and Er31,
which have emission bands ranging from 880 to 1550 nm.
The Nd31 and Yb31 complexes are promising probes for
fluoroimmuno-assays and in vivo applications, because hu-
man tissue is relatively transparent to near-infrared light
around 1000 nm. In optical telecommunication networks
Er31-doped silica fiber amplifiers (EDFAs) are currently
used for amplification of light with a wavelength of about
1550 nm,[8] which corresponds to an optical transition of
Er31 (4I13/2R4I15/2 transition). Recently, a polymeric wave-
guide doped with the neodymium chloride salt has been
shown to amplify light of 1060 nm.[9]

This work is part of our research that is concerned with
the development of a polymer-based optical amplifier in
which lanthanide complexes bearing antenna-chromoph-
ores are incorporated in planar polymeric waveguides.[3,10]

By varying the lanthanide ion in the complex, various emis-
sion wavelengths become accessible, and hence optical sig-
nals of a range of wavelengths can be amplified. The poly-
mer-based amplifiers can be integrated in existing poly-
meric optical components such as splitters, switches, and
multiplexers.[11] The main advantage of polymer-based
components lies in their ease of processing, which enables
low-cost manufacturing technologies to be applied. Poly-
mer-based amplifiers can be monolithically integrated with
other polymer-based functionalities. Essential for our re-
search is the development of lanthanide complexes that: (i)
allow efficient excitation by means of an antenna chromo-
phore; (ii) have high luminescence quantum yields; and (iii)
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are soluble in organic solvents and the polymer matrix. Pre-
viously, we have reported the synthesis of oxyacetate-func-
tionalized m-terphenyl derivatives which form overall neut-
ral complexes with various lanthanide cations, such as
Eu31, Yb31, Nd31, and Er31.[3,12,13,14] It was particularly
demonstrated that partial deuteration of the ligand en-
hances the luminescence lifetime of the complexed lanthan-
ide ion.[12] In search of suitable sensitizers for Yb31, Nd31,
and Er31 luminescence, we[15] and others[16] have found that
fluorescein is an efficient antenna-chromophore for sensit-
ized emission of these lanthanide ions. Examples of other
reported ligand systems for lanthanide complexation are
cryptand-type ligands containing 2,29-bipyridine,[7,17]

DOTA derivatives,[18] and calix[4]arene-based iono-
phores.[6,19]

In this article we report the synthesis and photophysical
properties of m-terphenyl-based lanthanide complexes bear-
ing amido and sulfonamido functionalities. The m-ter-
phenyl-based ligands have been designed to shield the lan-
thanide ion efficiently from the solvent and the resulting
neutral complexes exhibit an enhanced solubility in organic
solvents.[12] The influence of the metal-coordinating func-
tionalities on the photophysical properties of the complexed
lanthanide ion has been investigated using Eu31 and Tb31

as models. Furthermore, the luminescence of the Dy31 or
Sm31 complexes has been studied. For optical signal ampli-
fication, the 1550 nm transition of Er31, the 1330 nm trans-
ition of Nd31, and the 980 nm transition of Yb31 are of
interest and the corresponding complexes of these near-
infrared emitting lanthanide ions were synthesized and their
photophysical properties evaluated. Figure 1 summarizes
the 4f energy levels of the seven Ln31 ions studied in this
paper.

Figure 1. Energy diagram of the 4f energy levels responsible for
the lanthanide luminescence; a filled circle represents the lowest
luminescent excited state, an open circle represents the highest non-
luminescent state. Adapted from G. Stein, E. Würzberg, J. Chem.
Phys. 1975, 62, 208

The ligands (1a–b)H3 and (2)H3 have been designed to
provide eight hard oxygen donor atoms for encapsulation of
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the lanthanide ion: three ether oxygens and three negatively
charged carboxylate oxygens, and two additional amide or
sulfonamide oxygens (see Scheme 1). The amide carbonyl
oxygen is known to strongly coordinate to lanthanide
ions.[18] A route for the synthesis of these ligands has been
developed, which allows for the incorporation of different
sensitizers at the amide and sulfonamide positions, without
changing either the synthetic route or the coordinating na-
ture of the ligand. To demonstrate this, the acetamido and
the benzamido group have been incorporated as coordinat-
ing moieties, and the luminescence properties of the com-
plexes evaluated.

Scheme 1

Results and Discussion

Synthesis

The ligands (1a–b)H3 were synthesized starting from the
diformyl terphenyl 3[12] (see Scheme 2). Diformyl terphenyl
3 was treated with tert-butyl bromoacetate in acetonitrile in
the presence of K2CO3 giving triester 4 in 90% yield. The
1H-NMR spectrum of 4 shows the signals at δ 5 1.38 and
1.21 for the outer tert-butyl groups and the inner tert-butyl
group, respectively, with a relative intensity of 2:1. Reduct-
ive amination of 4 with n-butoxy propylamine and hydro-
gen gas in the presence of 10% Pd/C as a catalyst yielded
the bisamine 5 in quantitative yield. Reaction of 5 with the
appropriate acid chloride in CH2Cl2 with Et3N as a base
gave the bis(amides) 6a–b in 60 to 80% yield. Mild hydro-
lysis of the tert-butyl esters with trifluoroacetic acid gave
the triacid derivatives (1a–b)H3 in quantitative yield. Com-
plete hydrolysis was confirmed by the 1H NMR spectra in
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Scheme 2. Reaction conditions: (a) tert-butyl bromoacetate, K2CO3, CH3CN; (b) n-butoxy propylamine, H2, 10% Pd/C, EtOH; (c) appro-
priate acid chloride or p-toluenesulfonyl chloride, CH2Cl2, Et3N; (d) TFA

which the signals for the tert-butyl groups are absent, and
by the IR spectrum in which a peak at ca. 1750 cm–1 is
observed for the carboxylic acids (νC5O).

The triacid sulfonamide ligand (2)H3 was synthesized
analogously to (1a–b)H3 (see Scheme 2). Reaction of 5 with
p-toluenesulfonyl chloride in CH2Cl2 with Et3N as a base
gave the bis(sulfonamide) 7 in 80% yield. Mild hydrolysis
of the tert-butyl esters with trifluoroacetic acid gave (2)H3

in quantitative yield. The corresponding lanthanide com-
plexes were readily formed upon addition of lanthanide ni-
trate salts to solutions of the ligands in methanol in the
presence of Et3N as a base. FAB Mass spectrometry (see
Supporting Information) indicated that all complexes have
a 1:1 stoichiometry.[20]

Structure of the (1a)Y and (2)Y Complexes

The diamagnetic complexes (1a)Y and (2)Y were charac-
terized by 1H NMR spectroscopy. At room temperature,
the spectrum of (1a)Y in [D6]DMSO is broadened due to
hindered rotation around the tertiary amide and the phenyl
groups. The spectrum taken at 100 °C is sharp (see Fig-
ure 2), and a time-averaged plane of Cs symmetry is appar-
ent. The benzyl protons and the protons at the α-position
of the outer carboxylates in the (1a)Y complex appear as an
AB system, whereas in the free ligand (1a)H3, these protons
appear as singlets. These AB patterns confirm the rigidity
of the complex and the coordination of the amide carbonyls
to the lanthanide ion. The assignment of the peaks was con-
firmed by COSY[21] and TOCSY[22] experiments. The IR
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spectra of the (1a–b)Ln complexes show that all carboxylic
acids are deprotonated. The peak corresponding to the
amide carbonyl is located at 1630 cm–1 (νNC5O), and is not
shifted relative to the amide carbonyl in the free ligand.

Figure 2. 1H NMR (400 MHz) spectrum of (1a)Y in [D6]DMSO at
100 °C

The proton NMR spectrum of (2)Y is sharp at room tem-
perature (see Figure 3) and is similar to the spectrum of
(1a)Y at 100 °C. The observed AB pattern for the benzyl
protons confirms the coordination of the sulfonamide oxy-
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Figure 3. 1H NMR (300 MHz) spectrum of (2)Y in [D6]DMSO at
room temperature

gens to the lanthanide ion. Rotation around the sulfonam-
ide bond appeared to be rapid, even at room temperature,
and no loss of the appars Cs symmetry is observed despite
the chirality generated[23] at the sulfur atoms by the monod-
entate coordination of the sulfonamide oxygen. This can be
attributed to the weaker sulfonamide coordination bonds as
compared to the amide bonds, which provide a more rapid
de- and recoordination equilibrium leading to the apparent
Cs symmetry. The spectrum shows two sharp doublets for
the tosyl protons indicating that the tosyl groups can rotate
freely at room temperature, contrary to the benzoyl groups
in (1a)Y. In the IR spectra of the (2)Ln complexes, the
peaks of the coordinating sulfonamide carbonyls are not
shifted relative to the free ligand (2)H3.

Luminescence Properties of the Eu31 and Tb31 Complexes

The luminescence properties of the Eu31 and Tb31 com-
plexes were evaluated to obtain structural information on
the complexes. Previous work has shown that the terphenyl
moiety, which is in close proximity to the lanthanide ion,
can act as an antenna-chromophore.[12] The transfer of en-
ergy from the antenna to the lanthanide ion is generally
considered to take place through the triplet level of the
chromophore by means of a Dexter mechanism, which is
strongly distance-dependent.[24] The terphenyl triplet energy
state of 24,600 cm–1 was estimated from the phosphores-
cence spectrum of (1a)Gd and (2)Gd[25] at 77 K, which was
in agreement with previously reported values.[3] The excita-
tion spectra of (1a)Eu and (2)Eu show a band at 280 nm
that correspond to the absorption band of the terphenyl
moiety, and clearly indicate that the Eu31 ion can be excited
through the terphenyl moiety. The emission spectra of these
complexes in methanol, excited at 300 nm, show the lumin-
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escence bands that correspond to the typical Eu31

5D0R7Fn transitions, with the strongest emissions in the
5D0R7F1 (around 593 nm) and 5D0R7F2 (around 615 nm)
transition regions (solid lines in Figure 4 and Figure 5). The
(1b)Eu complex has a similar emission spectrum (not
shown). Deaeration of the samples only resulted in a slight
increase in the luminescence intensity (less than 10%), indic-
ating that the terphenyl triplet state is hardly quenched by
oxygen and thus that the energy transfer to the Eu31 ion is
fast (. 108 s–1).[26]

Figure 4. Emission spectra of the (1a)Eu (solid line) and (1a)Tb
(dashed line) complexes in methanol (0.1 m) upon excitation of
the terphenyl ligand at 300 nm

Figure 5. Emission spectra of the (2)Eu (solid line) and (2)Tb
(dashed line) complexes in methanol (0.1 m) upon excitation of
the terphenyl ligand at 300 nm

For (1a–b)Eu and (2)Eu, a peak is observed for the
5D0R7F0 emission at 579 nm, indicating that the symmetry
of the first coordination sphere is not centrosymmetric.
Since the 7F0 state is nondegenerate, the single peak indic-
ated that there is only one time-averaged luminescent Eu31

species in solution. The Eu31 spectra further show a split-
ting of the 5D0R7F1 emission (around 593 nm) and a split-
ting of the 5D0R7F2 emission (around 615 nm) caused by
the ligand field. Strictly, three sublevels are expected for the
7F1 level and five sublevels for the 7F2 level, when the Eu31

ion is in a Cs symmetry environment. Under the given con-
ditions, i.e. at room temperature and with an emission
bandwidth of 1 nm, only two sublevels are observed for
each of these J-levels. From these data, the Eu(7F1) and
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Eu(7F2) energy levels can be determined (see Table 1). The
values of the ligand field splitting are approximately 200
cm–1 for the 7F1 state and 130 cm–1 for the 7F2 state, and
are in agreement with previously reported values for or-
ganic Eu31 complexes. [4,27]

Table 1. Eu(7F1) and Eu(7F2) energy levels (in cm–1) relative to the
Eu(7F0) level in the m-terphenyl-based complexes, calculated from
the luminescence spectra in methanol

Energy level (1a)Eu [cm–1] (1b)Eu [cm–1] (2)Eu [cm–1]

7F1 321 292 292
491 491 491

7F2 928 928 928
1060 1060 1060

Kirby and Richardson have established that the intensity
ratio of the 5D0R7F2 transition to the 5D0R7F1 transition
is a good measure of the symmetry of the first coordination
sphere of the Eu31 ion.[28] In a centrosymmetric environ-
ment, the magnetic dipole 5D0R7F1 transition of Eu31

dominates, whereas distortion of the symmetry around the
ion causes an intensity enhancement of electric dipole
transitions such as the hypersensitive 5D0R7F2 transition.
They found that this ratio is 8.0 for a single crystal
Eu(DBM)3.H2O (DBM 5 1,3-diphenyl-1,3-propanedion-
ate) in which the Eu31 ion has an asymmetric coordination
sphere, whereas an intensity ratio of 0.67 for the centrosym-
metric [Eu(ODA)3] complex (ODA 5 oxydiacetate) was
found. In the present case, the (5D0R7F2)/(5D0R7F1) ratio
is approximately 4 for all complexes, which is significantly
higher than the value of 0.67. This can be expected since
the first coordination sphere is not centrosymmetric, but
has a time-averaged Cs symmetry, as has been concluded
from the 1H-NMR data of the (1a)Y and (2)Y complexes.
The emission spectrum of (1a)Eu in [H6]DMSO (not
shown) closely resembles the corresponding spectrum in
methanol, demonstrating that the structure of the first co-
ordination sphere is essentially the same in both solvents.

The (1a)Tb and (2)Tb complexes exhibit bright green lu-
minescence in methanol upon excitation of the terphenyl
unit at 300 nm (dashed lines in Figure 4 and 5). The peaks
in the emission spectrum correspond to the 5D4R7Fn trans-
itions, with the strongest emission corresponding to the
5D4R7F5 transition around 545 nm. The spectra show some
structuring within the emission bands, but they do not pro-
vide the basis for a reliable diagnostic probe of the sym-
metry of the complex, as is the case for the Eu31 spectra.[29]

The time-resolved luminescence spectra of the (1a–b)Eu,
(2)Eu, (1a)Tb, and (2)Tb complexes in [H1]methanol show
mono-exponential decays, with luminescence lifetimes of
approximately 0.80 ms for the Eu31 complexes and 1.80 ms
for the Tb31 complexes. The known sensitivity of Eu31 and
Tb31 luminescence towards quenching by hydroxyl groups
of the solvent[30] provides an experimental tool to estimate
the degree of shielding by the ligands. An empirical rela-
tionship has been established that estimates the number of
coordinated methanol molecules (n): [31,32]

n 5 q(1/τh – 1/τd – kcorr) (1)
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where q is 2.1 for Eu31 and 8.4 for Tb31, τh is the lumines-
cence lifetime of the complex in [H4]methanol- and τd is the
luminescence lifetime of the complex in [D1]methanol, kcorr

is a factor to correct for methanol molecules which coordin-
ate in the second sphere and is 0.125 ms–1 for Eu31 and
0.03 ms–1 for Tb31. The luminescence lifetimes of the (1a–
b)Eu, (2)Eu, (1a)Tb, and (2)Tb complexes are significantly
longer than those of the free Eu31 (0.27 ms) and Tb31 ions
(0.65 ms) in [H4]methanol, showing that effective solvent
shielding has been achieved by complexation of the ions in
the terphenyl ligands (see Table 2). Using Equation (1), our
experiments showed that only one methanol molecule is co-
ordinated to the complexed lanthanide ion in (1a–b)Ln and
one to two methanol molecules are coordinated to the com-
plexed lanthanide ion in (2)Ln (see Table 2).

Table 2. Luminescence lifetimes of the Eu31 and Tb31 complexes
measured in CH3OH (τh) and CH3OD (τd) as well as the number
of coordinated solvent molecules (n) determined from Equation (1)

Complex τh [ms] τd [ms] n

(1a)Eu 0.80 1.74 1.2 ± 0.5
(1b)Eu 0.80 1.62 1.1 ± 0.5
(2)Eu 0.68 1.79 1.7 ± 0.5
(1a)Tb 1.83 2.68 1.2 ± 1.5
(2)Tb 1.80 2.42 0.94 ± 1.5

A model for the structure which is in agreement with the
photophysical data of the Eu31 and Tb31 complexes in-
volves coordination of the lanthanide ion to three ether
oxygens, three carboxylate oxygens, two amide oxygens, and
one methanol molecule, in the case of the (1a–b)Ln com-
plexes, resulting in a coordination number of nine for the
first coordination sphere. This is in agreement with the ex-
perimentally determined coordination number of 9 of Eu31

and Tb31 ions in methanol.[33] The model also applies to
the (2)Ln complexes. The photophysical data, however, sug-
gest that a coordinated sulfonamide oxygen can be tempor-
arily replaced by a methanol molecule. Despite the fact that
the 1H NMR data of (1a)Y at room temperature indicate
that amide pendant arms in the (1a–b)Eu complexes can be
in slightly different conformations owing to the hindered
rotation around the tertiary amide, the photophysical data
clearly indicate that this does not affect the first coordina-
tion sphere of the Eu31 ion. A change in amide C-substitu-
ent (acetyl or benzoyl) also does not cause a change in the
first coordination sphere.

Luminescence Properties of the Dy31 and Sm31 Complexes

Two other lanthanide ions that have emission bands in
the visible region are Dy31 and Sm31, but the luminescence
of these ions is more sensitive to quenching by solvent hy-
droxyl groups than the Eu31 and Tb31 luminescence.[3]

Therefore, the emission spectra were recorded in
[H6]DMSO, a strongly coordinating solvent without effici-
ent quenching hydroxyl groups. Upon excitation of the
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Figure 6. Emission spectra of 1 m solutions of (1a)Sm in
[H6]DMSO (dashed line) and [D6]DMSO (solid line) upon excita-
tion of the terphenyl ligand at 300 nm

Figure 7. Emission spectra of 1 m solutions of (1a)Dy in
[H6]DMSO (dashed line) and [D6]DMSO (solid line) upon excita-
tion of the terphenyl ligand at 300 nm

(1a)Sm (see Figure 6) and (1a)Dy (see Figure 7 complexes
at 300 nm, the typical luminescence bands are observed,
corresponding to the 4F9/2R6Hj transitions, and 4G5/2R6Hj

transitions, respectively. The (1a)Sm complex show two in-
tense emission bands at 600 and 640 nm, and two weaker
bands at 560 and 700 nm. The (1a)Dy complex show four
emission bands in the visible region, two strong bands at
475 and 575 nm and two weaker bands at 655 nm and at
745 nm. The luminescence intensity increases dramatically
upon changing the solvent from [H6]DMSO (dashed lines
in Figure 6 and 7) to [D6]DMSO (solid lines in Figure 6 and
7) demonstrating the sensitivity of Dy31 and Sm31 towards
quenching by C–H vibrations, even though these vibrations
are less energetic than O–H vibrations. [3]

Luminescence Properties of the Er31, Nd31, and Yb31

Complexes

Although sensitized emission has been studied in detail
for Eu31 and Tb31 complexes,[6,7,34] and efficient antenna-
chromophores with appropriate triplet energy levels have
been reported, the field of sensitized near-infrared lanthan-
ide luminescence is still relatively unexplored. The main dif-
ference between the sensitization of Eu31 and Tb31 and the
sensitization of Nd31, Yb31, and Er31 is that the former
require chromophores with triplet states above about 22,000
cm–1, whereas the latter lanthanide ions can be excited
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through chromophores with much lower triplet states (see
Figure 1). However, it has been reported that Nd31, Yb31,
and Er31 can also accept the excitation energy from chrom-
ophores with high lying triplet states. Indeed, after laser ex-
citation at 350 nm, sensitized emission at 1540 nm is ob-
served for (1a)Er, at 880, 1060, and 1330 nm for (1a)Nd,
and at 980 nm for (1a)Yb (see Figure 8).

Figure 8. Near-infrared emission spectra of (1a)Nd, (1a)Yb and
(1a)Er in [H6]DMSO (1 m) upon laser excitation of the terphenyl
ligand at 350 nm

Table 3. Luminescence lifetimes measured in [H6]DMSO (τh) and
[D6]DMSO (τd) as well as the quenching rate constants by the
methyl groups of [H6]DMSO (kq)

Complex τh [µs] τd [µs] kq [104 s–1][a]

(1a)Yb 9.1 19.9 6.0
(2)Yb 10.3 23.6 5.5
(1a)Er 2.1 3.3 16.3
(2)Er 2.4 3.5 13.3
(1a)Nd 1.2 2.5 47.1
(2)Nd 1.2 2.5 40.8
(1a)Eu 1.86 ms 2.30 ms 0.010
(2)Eu 1.87 ms 2.25 ms 0.009

[a] kq [H6]DMSO 5 1/τh – 1/τd

Time-resolved luminescence experiments showed lumin-
escence lifetimes of the complexes in [H6]DMSO (τh) and
[D6]DMSO (τd) in the range of microseconds (see Table 3),
with the Yb31 complexes having the longest lifetimes and
the Nd31 complexes the shortest. The lifetimes compare
favorably with the recently published data on Yb31 and
Nd31 in these solvents.[35,36] Upon changing the solvent
from [H6]DMSO to [D6]DMSO, the lifetimes increase signi-
ficantly indicating that for this class of lanthanide ions, the
C–H oscillators are efficient quenchers of the excited lumin-
escent state. The relative quenching rate constants of the C–
H oscillators of the solvent molecules (kq, see Table 3) were
calculated using Equation (2).

kq 5 1/τh – 1/τd (2)

The calculations show that the quenching rates are the
highest for Nd31 complexes, and lowest for the Yb31 com-
plexes. This is in accordance with the well-established en-
ergy gap law[37] that states that the smaller the harmonic
number of vibrational quanta that is required to match the
energy gap between the lowest luminescent state and the
highest nonluminescent state of the lanthanide ion, the
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more effective the vibronic quenching is (see also Figure 1).
For the C–H vibration with vibrational quanta of 2950 cm–

1, the number of harmonics (nh) necessary to match the en-
ergy gap is largest for Yb31 (nh 5 3–4), followed by Er31

(nh 5 2–3) and smallest for Nd31 (nh 5 1–2). For compar-
ison, the lifetimes of the Eu31 complexes have been added
to Table 3. The energy gap between the lowest luminescent
state and highest nonluminescent state of Eu31 (with nh 5
6–7) is much larger than the energy gap of the NIR-emit-
ting lanthanide ions. The calculated quenching rate con-
stants in Table 3 are not absolute values that allow direct
comparison, because the C–D vibration also quenches the
lanthanide excited state (but less efficiently than the C–H
vibration), and therefore the quenching rate constants are
lower limits. The observed trend, however, demonstrates
that quenching becomes rapidly more efficient when nh de-
creases.

For future applications in polymer waveguide optical
amplifiers, the near-infrared emitting complexes must have
high luminescence quantum yields. The intrinsic lumines-
cence quantum yield (φlum) of the complexed ions is given
by Equation (3):

φum 5 τ/τ0 (3)

where τ0 is the natural lifetime (i.e. the luminescence life-
time in the absence of quenching processes) and τ is the
observed luminescence lifetime. The natural lifetimes of the
4I13/2R4I15/2 transition of Er31 and the 2F5/2R2F7/2 trans-
ition of Yb31 have been calculated from their respective ab-
sorption spectra, and are 14 ms for (1a)Er and 2 ms for
(1a)Yb. The natural lifetime of Nd31 cannot be determined
in this way, since the emissions do not involve a transition
back to the ground state. Instead a literature value of 0.25
ms was taken for Nd31.[38] This leads to intrinsic lumines-
cence quantum yields of 0.02% for (1a)Er, of 0.78% for
(1a)Yb, and of 0.84% for (1a)Nd in [D6]DMSO. These low
luminescence quantum yields are caused by the fact that
the C–H vibrations in the ligand are efficient quenchers.
Deuteration of the ligands will improve the luminescence
quantum yields, as has been demonstrated for Eu31 com-
plexes.[3,12,39]

Conclusion

In summary, the m-terphenyl-based ligands reported here
bearing amide or sulfonamide functionalities form neutral
complexes with trivalent lanthanide cations. The known lu-
minescence behavior of Eu31 was used to establish the
structure of the complexes showing that the ligand occupies
eight of the coordination sites of the ion, and a solvent
molecule occupies the remaining coordination site. It has
been demonstrated that by incorporating different lanthan-
ide ions, various emission wavelengths become accessible,
ranging from 500 to 1550 nm. The near-infrared emitting
complexes exhibit sensitized-emission with a luminescence
lifetime in the microsecond time-scale. The complexes are
very soluble in organic solvents, which is essential for the
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production of polymer-based optical amplifiers. Further
improvements of these complexes for future applications in
optical amplifiers are deuteration of the ligands, and the
incorporation of dyes to facilitate sensitized excitation in
the visible region around 630 nm.

Experimental Section

General: Melting points were determined with a Reichert melting
point apparatus and are uncorrected. – Mass spectra were recorded
on a Finnigan MAT 90 spectrometer using m-NBA (nitrobenzyl
alcohol) as a matrix, unless stated otherwise. – IR spectra were
recorded with a Biorad 3200 or a Nicolet 5SXC FT-IR spectropho-
tometer using KBr pellets. – Elemental analyses were performed on
a Carlo Erba EA 1106 apparatus. – 1H-NMR (250 MHz) and 13C-
NMR (62.7 MHz) spectra were recorded with a Bruker AC 250
spectrometer in CDCl3 unless stated otherwise, using residual
CHCl3 (δ 5 7.26) and CDCl3 (δ 5 77.0) as the internal standard,
respectively. – Preparative column chromatography separations
were performed on Merck silica gel (particle size 0.040–0.063 mm,
230–400 mesh). CH2Cl2, CHCl3, and hexane (mixture of isomers)
were distilled from CaCl2 and stored over molecular sieves (4 Å).
Ethyl acetate was distilled from K2CO3 and stored over molecular
sieves (4 Å). Triethylamine (Et3N) was distilled in vacuo and stored
over KOH. Acetonitrile and ethanol were of analytical grade and
were dried over molecular sieves (4 Å) prior to use. n-Butoxypropy-
lamine, tert-butyl bromoacetate, and the Ln(NO3)3⋅xH2O salts were
purchased from Aldrich and used without further purification. All
reactions were carried out under an argon atmosphere. Standard
workup involved washing the organic layers with water, drying over
magnesium sulfate, filtration of the salts, and concentrating to dry-
ness in vacuo.

1-[(tert-Butoxycarbonyl)methoxy]-2,6-bis{29-[(tert-butoxycarbonyl)-
methoxy]-39-formyl-59-methylphenyl}-4-methylbenzene (4): To a
mixture of 3 (1.9 g, 5.1 mmol) and K2CO3 (2.7 g, 20.2 mmol) in
acetonitrile (250 mL) was added tert-butyl bromoacetate (3.2 g,
16.1 mmol) and the mixture was heated at reflux for 8 h. Sub-
sequently, the reaction mixture was filtered and the filtrate was con-
centrated in vacuo. The residue was redissolved in CH2Cl2
(200 mL) and washed twice with 0.5  HCl, followed by standard
workup. The crude product was purified by flash column chroma-
tography [ethyl acetate/hexane 1:3 (v/v)] to give triester 4 as an off-
white solid: yield 80%, m.p. 130–132 °C. – 1H NMR (CDCl3): δ 5

10.6 (s, 2 H), 7.67 (d, J 5 2.3 Hz, 2 H), 7.43 (d, J 5 2.3 Hz, 2 H),
7.21 (s, 2 H), 4.20 (s, 4 H), 3.90 (s, 2 H), 2.38 (s, 3 H), 2.36 (s, 6
H), 1.38 (s, 18 H), 1.21 (s, 9 H). – 13C NMR (CDCl3): δ 5 191.2,
167.7, 167.0, 157.0, 151.6, 138.6–127.9, 82.3, 81.4, 70.9, 69.7, 28.0,
27.8, 20.7, 20.6. – MS (FAB): m/z 741.2 [(M 1 Na)1]. – C41H50O11:
calcd. C 68.51, H 7.01; found: C 68.75, H 7.08.

1-[(tert-Butoxycarbonyl)methoxy]-2,6-bis{29-[(tert-butoxycarbonyl)-
methoxy]-39-(n-butoxypropylaminomethyl)-59-methylphenyl}-4-
methylbenzene (5): To a solution of 4 (1.54 g, 2.14 mmol) in ethanol
(150 mL) was added n-butoxypropylamine (0.56 g, 4.28 mmol) and
the solution was stirred at room temperature for 30 min. Sub-
sequently, Pd/C (10%, 100 mg) was added and the suspension was
stirred overnight at room temperature under a hydrogen atmo-
sphere. The reaction mixture was filtered over Hyflo filter aid and
the filtrate was concentrated in vacuo. The bisamine 5 was obtained
as a colorless oil in quantitative yield. – 1H NMR (CDCl3): δ 5

7.11 (s, 2 H), 7.08 (d, J 5 2.0 Hz, 2 H), 7.05 (d, J 5 2.0 Hz, 2 H),
4.12 (s, 4 H), 3.94 (s, 2 H), 3.86 (s, 4 H), 3.49 (t, J 5 6.5 Hz, 4 H,),
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3.40 (t, J 5 6.5 Hz, 4 H,), 2.73 (t, J 5 7.0 Hz, 4 H,), 2.32 (s, 3 H),
2.29 (s, 6 H), 1.80 (m, 4 H), 1.57 (m, 4 H), 1.40 (s, 18 H), 1.36 (m,
4 H), 1.23 (s, 9 H), 0.90 (t, J 5 7.2 Hz, 6 H). – 13C NMR (CDCl3):
δ 5 168.3, 167.5, 152.6, 151.4, 133.1–130.2, 81.4, 80.8, 70.6, 70.4,
69.7, 69.3, 68.9, 53.4, 49.4, 46.8, 39.6, 33.4, 31.8, 30.1, 28.0, 27.8,
20.7, 19.3, 13.9. – MS (FAB): m/z 949.4 [(M 1 H)1, calcd. for
C55H85N2O11: 949.6].

Typical Procedure for the Synthesis of 6a–b and 7: To a solution of
5 (0.5 g, 0.53 mmol) and Et3N (0.20 g, 2.0 mmol) in CH2Cl2
(75 mL) was added 3 mmol of the appropriate acid chloride or p-
toluenesulfonyl chloride, and the resulting solution was stirred
overnight at room temperature. After the addition of CH2Cl2
(100 mL), the reaction mixture was washed twice with 0.5  HCl,
followed by standard workup. The crude product was purified by
flash column chromatography.

1-[tert-Butoxycarbonyl)methoxy]-2,6-bis{29-[(tert-butoxycarbonyl)-
methoxy]-39-[(N-(n-butoxypropyl)benzoylamidomethyl]-59-methyl-
phenyl}-4-methylbenzene (6a): The crude product was purified by
flash column chromatography [ethyl acetate/hexane 2:3 (v/v)] to
give the bis(benzoylamide) 6a as a colorless oil: yield 80%. – 1H
NMR (CDCl3): δ 5 7.54–7.31 (m, 10 H), 7.20–7.00 (m, 6 H), 5.03
(s, 2 H), 4.77 (s, 2 H), 4.22–4.08 (m, 2 H), 4.02–3.82 (m, 4 H), 3.72–
3.50 (m, 4 H), 3.48–3.16 (m, 8 H), 2.33 (s, 9 H), 2.10–1.96 (m, 2
H), 1.92–1.78 (m, 2 H), 1.64–1.52 (m, 2 H), 1.50–1.15 (m, 33 H),
0.97–0.82 (m, 6 H). – 13C NMR (CDCl3): δ 5 172.3, 167.9, 167.1,
151.9, 151.3, 136.5–126.6, 81.5, 80.9, 70.6, 70.4, 69.6, 68.4, 67.6,
60.4, 48.4, 46.3, 43.1, 42.3, 31.9, 28.7, 27.9, 21.0, 20.7, 19.3, 13.9. –
MS (FAB): m/z 1157.6 [(M 1 H)1, calcd. for C69H93N2O13:
1157.7].

1-[(tert-Butoxycarbonyl)methoxy]-2,6-bis{39-[N-(n-butoxypropyl)-
acetamidomethyl ] -29 - [ ( tert-butoxycarbonyl)methoxy]-5 9-
methylphenyl}-4-methylbenzene (6b): The crude product was puri-
fied by flash column chromatography [ethyl acetate/hexane 2:1 (v/
v)] to give the bis(acetamide) 6b as a colorless oil: yield 53%. – 1H
NMR (CDCl3): δ 5 7.11–7.07 (m, 2 H), 7.00 (s, 2 H), 6.90 (s, 1
H), 6.78 (d, J 5 2.8 Hz, 1 H), 4.76 (s, 4 H), 4.03 (s, 4 H), 3.89–
3.85 (m, 2 H), 3.48–3.30 (m, 12 H) 2.34–2.19 (m, 12 H), 2.06 (s, 4
H), 1.85–1.80 (m, 4 H), 1.53–1.42 (m, 4 H), 1.30–1.24 (m, 4 H),
1.20–1.18 (m, 4 H), 1.38 (s, 27 H), 0.89–0.81 (m, 6 H). – 13C NMR
(CDCl3): δ 5 171.8, 171.2, 168.3, 168.2, 168,0, 167.2, 167.1, 167.4,
152.3, 151.9, 151.4, 133.8–126.1, 81.8, 81.0, 70.9, 70.8, 70.6, 70.2,
69.8, 68.5, 67.3, 48.0, 45.2, 44.0, 42.4, 38.5, 31.8, 28.5, 27.9, 21.7,
21.3, 20.9, 19.4, 13.9. – MS (FAB) m/z 1033.5 [(M 1 H)1, calcd.
for C59H89N2O13: 1033.6].

1-[(tert-Butoxycarbonyl)methoxy]-2,6-bis{29-[(tert-butoxycarbonyl)-
methoxy]-39-[N-(n-butoxypropyl)-p-toluenesulfonylamidemethyl]-59-
methylphenyl}-4-methylbenzene (7): The crude product was purified
by flash column chromatography [ethyl acetate/hexane 1:3 (v/v)] to
give the bis(sulfonamide) 7 as a colorless oil: yield 69%. –1H NMR
(CDCl3): δ 5 7.73 (d, J 5 8.2 Hz, 4 H), 7.27 (d, J 5 8.3 Hz, 4 H),
7.19 (d, J 5 1.8 Hz, 2 H), 7.07 (s, 2 H), 7.03 (d, J 5 1.8 Hz, 2 H),
4.58 (s, 4 H), 4.01 (s, 4 H), 3.88 (s, 2 H), 3.33–3.24 (m, 12 H), 2.40
(s, 6 H), 2.29 (s, 3 H), 2.25 (s, 6 H), 1.74–1.63 (m, 4 H), 1.52–1.38
(m, 4 H),1.32 (s, 18 H), 1.27 (m, 4 H), 1.23 (s, 9 H), 0.86 (t, 6 H,
J 5 7.0 Hz). – 13C NMR (CDCl3): δ 5 168.1, 167.2, 152.0, 151.3,
143.0, 137.1–127.1, 81.5, 81.0, 70.5, 70.2, 69.6, 68.0, 46.9, 46.6,
31.7, 28.6, 27.9, 21.5, 20.8, 19.2, 13.9.–MS (FAB): m/z 1280.1 [(M
1 Na)1, calcd. for C69H96N2S2O15Na: 1279.6].

Typical Preparation of the Triacid Ligands (1a–b)H3 and (2)H3: A
solution of 0.30 mmol of the ligands 6a–b or 7 in TFA (50 mL)
was stirred overnight at room temperature. Subsequently, toluene
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(25 mL) was added and the TFA/toluene mixture was azeotrop-
ically evaporated. The residue was taken up in CH2Cl2 (100 mL)
and washed twice with 1  HCl, followed by standard workup. The
triacids were obtained as white solids in near quantitative yield.

2,6-Bis{3 9 - [N - (n -butoxypropyl )benzoylamidemethyl ] -2 9 -
[(hydroxycarbonyl)methoxy]-59-methylphenyl}-1-[(hydroxycarbonyl)-
methoxy]-4-methylbenzene [(1a)H3]: M.p.: 40–42 °C. – 1H NMR
(CD3OD): δ 5 7.50–7.30 (m, 10 H), 7.15–7.10 (m, 4 H), 6.98 (s, 2
H), 4.60 (s, 2 H), 4.10–3.75 (m, 6 H), 3.65–3.15 (m, 12 H), 2.30 (s,
9 H), 1.86 (m, 2 H), 1.75 (m, 2 H), 1.60–1.10 (m, 8 H), 0.84–0.71
(m, 6 H). – 13C NMR (CD3OD): δ 5 174.6, 172.2, 172.0, 153.5,
153.0, 137.6–127.7, 71.8, 71.5, 69.9, 68.7, 44.6, 44.0, 32.9, 32.8,
29.5, 28.5, 21.0, 20.4, 14.3. – MS (FAB): m/z 1012.0 [(M 1 Na)1,
calcd.: 1011.5].–IR (KBr): 1738 (C5Oacid), 1631 (C5Oamide) cm–

1. – C57H68N2O13.1H2O: calcd. C 67.97, H 7.01, N 2.78; found: C
68.32, H 7.03, N 2.80.

2,6-Bis{39-[N-(n-butoxypropyl)acetamidemethyl]-29-[(hydroxycar-
bonyl)methoxy]-59-methylphenyl}-1-[(hydroxycarbonyl)methoxy]-4-
methylbenzene [(1b)H3]: M.p.: 51–53 °C. – 1H NMR (CD3OD): δ 5

7.14–7.11 (m, 2 H), 7.09–6.83 (m, 4 H), 4.71 (s, 2 H), 4.67 (s, 2 H),
4.15–3.95 (m, 6 H), 3.40–3.29 (m, 12 H), 3.23–3.21 (m, 4 H), 2.29
(s, 3 H), 2.25 (s, 3 H), 2.22 (s, 3 H), 2.12 (s, 3 H), 2.01 (s, 3 H),
1.83–1.60 (m, 4 H), 1.50–1.39 (m, 4 H), 1.32–1.20 (m, 4 H), 0.87–
0.79 (m, 6 H). – 13C NMR (CD3OD): δ 5 174.1, 173.7, 172.2,
153.4, 153.0, 152.4, 135.6–128.4, 71.8, 71.7, 70.6, 70.1, 69.5, 68.5,
46.5, 45.0, 44.0, 37.9, 32.9, 30.5, 29.4, 28.8, 21.8, 21.3, 21.0, 20.8,
20.4, 14.3. – MS (FAB) m/z 864.1 [(M – H)–, calcd. for
C47H63N2O13: 863.4]. – IR (KBr): 1740 (C5Oacid), 1630 (C5Oam-

ide) cm–1. – C47H64N2O13.1H2O: calcd. C 63.93, H 7.53, N 3.17;
found: C 64.09, H 7.74, N 3.36.

2,6-Bis{39-[N-(n-butoxypropyl)4-methylbenzenesulfonylamide-
methyl]-29-[(hydroxycarbonyl)methoxy]-59-methylphenyl}-1-
[(hydroxycarbonyl)-methoxy]-4-methylbenzene [(2)H3]: M.p.: 60–62
°C. – 1H NMR (CD3OD): δ 5 7.73 (d, J 5 7.7 Hz, 4 H), 7.38 (d,
J 5 7.7 Hz, 4 H), 7.16 (s, 2 H), 7.13 (s, 2 H), 7.12, (s, 2 H), 4.54
(s, 4 H), 4.14 (s, 4 H), 4.04 (s, 2 H), 3.35–3.20 (m, 12 H), 2.43 (s, 6
H), 2.36 (s, 3 H), 2.28 (s, 6 H), 1.72–1.58 (m, 4 H), 1.54–1.40 (m,
4 H), 1.40–1.20 (m, 4 H), 0.90 (t, J 5 7.2 Hz, 6 H). – 13C NMR
(CD3OD): δ 172.3, 170.5, 153.2, 152.1, 144.9–128.1, 71.7, 70.9,
69.1, 41.4, 32.8, 30.7, 29.8, 21.6, 20.9, 20.4, 14.5.–MS (FAB): m/z 5

1111.5 [(M 1 Na)1, calcd 1111.4].–IR (KBr):̃ 5 1740 (C5Oacid),
1337, 1159 (S5O) cm–1. – C57H72N2O15S2: calcd. C 62.85, H 6.66,
N 2.57, S 5.89; found C 62.50, H 6.73, N 3.06, S 6.09.

Typical Procedure for the Preparation of the Lanthanide Complexes:
To a solution of 0.05 mmol of triacids (1a–b)H3 or (2)H3 and Et3N
(0.25 mmol) in methanol (20 mL) was added the lanthanide nitrate
salt (0.07 mmol). The resulting solution was stirred for 2 h, after
which the solvent was evaporated. The complex was redissolved in
CHCl3 and washed twice with water, followed by standard workup.
The complexes were obtained as solids in quantitative yields. The
complexes were characterized by FAB-MS spectroscopy (see Supp.
Mat.) and IR spectroscopy. The bis(amide) complexes (1a–b)Ln all
gave similar IR spectra: A peak at 1640–1630 cm–1 (νNC5O) with a
shoulder around 1600 cm–1 (νC5O). In the IR spectra of the bis(sul-
fonamide) complexes (2)Ln a peak at 1595–1600 cm–1 (νC5O), and
two peaks around 1330 and 1160 cm–1 (νS5O) were observed.

Photophysical Studies. – Visible Region: Steady-state luminescence
measurements were performed with a Photon Technology Interna-
tional (PTI) Alphascan spectrofluorimeter. The samples were ex-
cited by a 75 W quartz-tungsten-halogen lamp followed by a SPEX
1680 double monochromator. The emitted light was detected at an
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angle of 90° by a Hamamatsu R928 photomultiplier, and sub-
sequently fed to a photon-counting interface. Time-resolved lumin-
escence measurements were performed with an Edinburgh Analyt-
ical Instruments FL900 system. The excitation source consisted of
a pulsed Xe-lamp (µs-pulsed output). The luminescence signal was
detected by a Hamamatsu R928 photomultiplier and fed to a time-
to-amplitude converter and a multichannel analyser (Time Correl-
ated Single Photon Detection). – NIR Region: Steady state photolu-
minescence measurements were performed using the 351.1/
363.8 nm lines of an Ar ion pump laser at a power of 60 mW for
excitation. The laser beam was modulated with an acousto-optic
modulator at a frequency of 40 Hz. The luminescence signal was
focused into a monochromator and detected with a liquid nitrogen
cooled Ge detector, using standard lock-in techniques. Lumines-
cence lifetime measurements (Edinburgh Analytical Instruments
LP900 system) were performed by monitoring the luminescence de-
cay after excitation with a 0.5 ns pulse of a LTB MSG 400 nitrogen
laser (λexc 5 337 nm, pulse energy 20 µJ, 10 Hz repetition rate).
Decay signals were recorded using a liquid nitrogen cooled Ge de-
tector with a time resolution of 0.3 µs. The signals were averaged
using a digitizing Tektronix oscilloscope. All decay curves were an-
alyzed by deconvolution of the measured detector response and
fitted with mono-exponential curves.

Supporting Information Available: The absorption spectra of the
complexed lanthanide ions in (1a)Er, (1a)Nd, and (1a)Yb, and the
FAB-MS data of the complexes. See footnote on the first page of
this article.
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