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Near-IR Luminescent Rare Earth Ion—Sensitizer Complexes
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Rare earth ions, with relatively long luminescence lifetimes, have significant advantages for ap-
plication in fields as varied as diagnostics and optical amplification. In diagnostics the long lu-
minescence lifetimes allow for extremely sensitive time-gated detection, where the difference in
temporal behavior of scatter and background fluorescence and the long-lived rare earth lumines-
cence is utilized. In optical amplification the long excited-state lifetime makes it easier to obtain
population inversion, a requirement for effective stimulated emission. Unfortunately the absorption
cross section of rare earth ion transitions is extremely low. However, via sensitized excitation by
means of a suitable organic molecule, efficient excitation is obtained. It is shown that excitation
in the visible part of the spectrum can be used to excite rare earth ions which luminesce in the
near-IR, such as ytterbium, neodymium, and erbium, via a fluorescein-derivative as sensitizer. The
advantages of this approach are manifold. Low-cost light sources are available for the visible part
of the spectrum, and interferences from the matrix (scatter, absorption) are minimal. Detection in
the near-IR is almost interference-free. For optical amplification the wavelength regions around
1300 and 1550 nm, which can be covered with the neodymium and erbium complexes, respectively,
are the most important for applications in optical telecommunication.
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INTRODUCTION

Generally, attention in the literature is focused on
the rare earth ions europium(IIl) and terbium(III). These
two ions show efficient emission in the red and green
part of the optical spectrum and may give extremely
long luminescence lifetimes, up to several milliseconds.
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These properties make these rare earth ions attractive for
diagnostic applications, where the long luminescence
lifetimes are employed to obtain background-free time-
gated detection. One important disadvantage of the rare
earth ions is that they have extremely small absorption
cross sections, so that significant emission intensity may
be attained only by bringing them in close proximity to
a suitable organic sensitizer molecule. Moreover, due to
energetic constraints the sensitizer has to be excited in
the UV, which results in more background signals and
possible radiation-induced damage to the biological sam-
ple. Nevertheless, a variety of such rare earth ion-sen-
sitizer complexes for diagnostic applications has been
reported [1-5].

Recently, rare earth ions have also received atten-
tion for application in optical telecommunication. In par-
ticular erbium-doped fiber amplifiers (EDFAs) are used
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to compensate for signal losses in optical fibers [6-8].
For this application also the long lifetime of the excited
state is important, since it facilitates the inversion of the
population between the excited state and the ground
state, which is essential for effective amplification by
stimulated emission of photons. For applications in op-
tical telecommunication, in particular, the two optical
transmission windows, around 1300 and 1550 nm, are¢
of interest. The fiber amplifiers which have been cur-
rently reported are all based on inorganic materials
doped with erbium ions (for the 1550-nm window) and
praseodymium (for the [300-nm window). Due to the
high sensitivity of the latter ion to phonon-mediated de-
activation of the excited state, an effective signal gain
could be obtained only in low-phonon glasses, such as
ZBLAN and chalcogenide-based materials [9-11]. Here,
also, the low-absorption cross sections of the rare earth
ions require high-intensity lasers for excitation.

In this paper a new concept is discussed which, in
principle, would allow both the sensitive detection of
analytes in diagnostic applications and the effective ex-
citation of rare carth ions for optical amplification. The
concept is based on the use of near-IR luminescent rare
earth ions in combination with efficient organic sensi-
tizer molecules. Such sensitizers may be excited in the
visible part of the spectrum due to the relatively low
energy of the excited state of the rare earth ion which
needs to be populated. The use of organic molecule-
based rare earth ion complexes is particularly interesting
because of their compatibility with polymer-based opti-
cal components, which have many advantages for ap-
plication in optical telecommunication [12-14].

EXPERIMENTAL

Instrumental

Steady-state luminescence measurements were
done with a modified Photon Technology International
(PTI) Alphascan spectrofluorimeter. For excitation either
the light from a 75-W quartz—tungsten—halogen lamp
was focused into a SPEX 1680 double monochromator
and subsequently onto the sample or the light from an
Argon-ion laser (488 nm) was applied. The excitation
light was modulated by a mechanical chopper at 35-70
Hz. The emitted light was collected under an angle of
90°, separated by a PTI 0.25-m monochromator and de-
tected with a NorthCoast 817L liquid nitrogen-cooled
Germanium detector coupled to a Stanford Research
SRS 530 lock-in amplifier.
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Time-resolved luminescence measurements were
done with an Edinburgh Instruments LP900 system, us-
ing a Laser Technik Berlin LTB nitrogen laser/dye laser
for excitation and a NorthCoast 817P liquid nitrogen-
cooled Germanium detector coupled to a Tektronix fast
digital oscilloscope for detection. The pulse width of the
nitrogen laser is about 500 ps; the response of the de-
tector is 250 ns and, therefore, determines the attainable
lifetime resolution. The shortest lifetime which can be
determined with reasonable accuracy (<10%) with this
setup is 100 ns. The instrument response function was
obtained by recording the evolution of the signal of the
near-IR emitting dye IR140 in ethanol. The fluorescence
lifetime of this dye is shorter than 1 ns, which is signif-
icantly shorter than the time scale set by the instrument
response.

Materials

The preparation of the complexes has been de-
scribed in detail in separate papers [15,16]. The prepa-
ration of the water-soluble diethylenetriamine penta-
acetic anhydride (DTPA) complex was based on direct
reaction of the anhydride with S-aminofluorescein, fol-
lowed by chromatographic purification of the reaction
mixture [15]. The chelate was prepared by adding an
aqueous solution of the rare earth ion and excess ion
was washed away using a solid-phase extraction column
to hold the chelate. The calix[4]arene-based complexes
were conceived so that they are soluble in apolar sol-
vents and, thus, more suitable for application in polymer
matrices. The monofunctionalized calix[4]arenetrieth-
ylester, containing a primary (propyl- or hexyl-) amine
group, is reacted with fluoresceinisothiocyanate; subse-
quently the triacid is obtained by hydrolysis with potas-
siumhydroxide in methanol under reflux conditions. The
rare earth ion complex was obtained by adding the ions
to the triacid dissolved in a THF solution containing 4
equiv of triethylamine as a base [16]. The two types of
complexes are shown in Fig. 1.

The photophysical properties of the complexes
were characterized in solution. As solvents D,0 (99.9%),
Tris-d,, buffer, and DCI (as a 35% solution in D,0) from
Aldrich were used. Methanol and DMSO were acquired
from Baker; methanol-d, was from Cambridge Isotopes.
Experiments were done on 107° M, or less concentrated,
to prevent intermolecular or photophysical interferences.

RESULTS AND DISCUSSION

Two types of complexes were prepared, based on
the same basic structure, i.e., the combination of a flu-
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Fig. 1. Structures of the DTPA—fluorescein chelate (1) and the
Calix[4]arene—fluorescein complex (2).

orescein derivative as organic sensitizer molecule and a
separate, ionic, structure for complexation of the rare
earth ion (see Fig. 1). For diagnostic application, how-
ever, the complex should be water soluble, and for ap-
plication in an optical amplifier, the complex
preferentially should dissolve in an organic solvent and
be compatible with a polymer matrix. Obviously, these
conditions require the use of different structures to bind
the ions.

DTPA-Based Complexes

The stable binding of a rare earth ion in a water-
soluble macromolecule requires a very strong binding
chelate, since the water molecules themselves bind
strongly to the ion. Such a chelate is, for instance,
DTPA, a polyaminocarboxylic acid, which offers—after
coupling to the sensitizer molecule—four carboxylic
acid groups for binding the lanthanide ion.

Once the three near-IR emitting rare earth ions have
been brought into contact with the chelate, the typical
emission is detected: for neodymium(IIl) luminescence
is observed at 876 nm (from the ‘I, < “F,,, transition),
at 1064 nm (*I,,, « “F,,), and at 1337 nm (*[,,, <
4F,,,); for the ytterbium(IIl) chelate, at 981 nm (°F,, «
?F,,); and for the erbium(IIl) chelate, at 1522 nm (*I,5,
« “%l,3,). For all three complexes the same excitation
spectrum was recorded, which shows a maximum at 491
nm. The excitation spectrum exactly matches the ab-
sorption spectrum of the fluorescein-derivative attached
to the DTPA unit. At the absorption maximum the sen-
sitizer has an extinction coefficient of 5.10* M~' em~',
which is more than 4 orders of magnitude higher than
the extinction coefficients for direct excitation of the
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near-IR transitions of the rare earth ions themselves.
Sensitized excitation hence provides a much more effi-
cient pathway to obtain excited rare earth ions than di-
rect excitation. The excitation spectra corroborate this
observation, since no evidence of direct excitation [e.g.,
the 580-nm absorption band for neodymium(IiI) or the
540-nm band for erbium (IIT), bands with extinction co-
efficients of 6 and 2.5 M~' cm~!, respectively [17]] is
visible in the spectra. The emission spectra obtained for
all three ions and the excitation spectrum for the ytter-
bium(lll)-containing chelate (the spectra for the two
other chelates are exactly the same) are depicted in Fig.
2.

The total yield of sensitized luminescence is deter-
mined by three factors (see also Fig. 3):

D = Do * B * O, 0y

1sc

where @, represents the triplet yield of the sensitizer,
which is determined by two processes: (1) the rate of
intersystem crossing from the excited singlet state of the
sensitizer to its triplet state and (2) the rate of population
of the excited singlet state of the sensitizer {since the
triplet state of the sensitizer and the accepting state of
the lanthanide ion may be long-lived, population bottle-
necks may occur somewhere in the system, so that non-
linear effects may play a role). @, is the efficiency of
energy transfer from the triplet state of the sensitizer to
the excited state of the rare earth ion, which is deter-
mined by the effectiveness of competing deactivating
pathways of the triplet state; in solution this is predom-
inantly oxygen-induced quenching. @, is the efficiency
of luminescence from the excited rare earth ion. For
near-IR luminescent rare earth ions the quenching of the
excited state of the ion by high-energy vibrational modes
of nearby groups (from the chelate or from the solvent)
is predominant; in particular, O—H vibrations (with a vi-
brational energy of about 3400 cm~!') and N-H vibra-
tions (at 3200 cm™') are very efficient. But for the
near-IR luminescent ions with low-energy excited states,
also quenching by the abundant C—H vibrations (at 3000
cm~') may also play a role. To gain insight into the
efficiency of the [uminescence obtained from the che-
lates, two types of experiments were done. First, the ef-
fect of deoxygenation on the luminescence intensity was
examined by comparing the luminescence intensity be-
fore and after purging of the solution with argon, which
gives direct information on ®;. Second, the lumines-
cence lifetime of the rare earth ions was determined,
which is a direct reflection of ®,,. Under the applied
experimental conditions, no nonlinear effects were ob-
served when the intensity of the exciting radiation was
varied, so the triplet yield is determined by the sensitizer
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Fig. 2. Luminescence emission and excitation spectra of the near-IR luminescent rare earth ion chelates of
DTPA-fluorescein (1).
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Fig. 3. Energy scheme, illustrating the sensitization of the rare earth ion by the fluorescein derivative
and showing the competing deactivation pathways.

Table 1. Change in Luminescence Intensity Due to Deaeration and
Luminescence Lifetimes of Near-IR Luminescent Rare Earth lons
Complexed with DTPA-Based Chelates

Ton Licac Lo DB, ens” Tum (U8)
Nd** 1.2 0.10 0.6
Yb+ 5.8 0.26 8.5
Er+ 1.1 0.13 t.0

¢ The quantum yield of the sensitizer has been determined with ref-
erence to free fluorescein in 0.01 M NaOH (pH = 12), with &,, =
0.92™, The quantum yield of the aminofluoresceine~-DTPA com-
pound, without rare earth ion, in this solution is 0.75.

and its direct environment. The intrinsic triplet yield of
fluorescein is low (P = 0.02 [18]), but the presence
of the rare earth ion will result in an enhancement of the
intersystem crossing rate due to the heavy atom effect.
The triplet yield of the chelate could not be determined
yet, but the increase in triplet yield is demonstrated by
the reduction of the fluorescence of the sensitizer after

chelation of the rare earth ion. For complexes with the
three near-IR luminescent rare earth ions the reduction
amounts to 65-85% (see Table I). Since the absorption
spectrum shows only minor changes upon chelation, the
reduction of the fluorescence must be due mainly to en-
hanced intersystem crossing.

The results of the deaeration and the luminescence
lifetime experiments are assembled in Table 1. The
deaeration experiment clearly shows a significant in-
crease in the luminescence intensity of the rare earth ion
luminescence upon the removal of oxygen. The effect is
most important for ytterbium(Ill), which has the largest
energy gap between the accepting level and the sensitiz-
ing triplet state. The large oxygen quenching effects sug-
gest that the @, is less than 1, and for ytterbium(llI),
even much less than 1. In some cases even emission
signals from '0, at 1275 nm may be observed; this re-
active oxygen species is formed as a result of the triplet—
triplet annihilation process taking place when the triplet
state of the sensitizer molecule and molecular oxygen
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Fig. 4. Luminescence emission and excitation spectra for 5103 M solutions of the Nd**—calix[4]arene-propyl-
fluoresceine and —hexylfluoresceine complexes in methanol-d, and in DMSO. (a) Excitation spectra of (i) 2-
C6-Nd* in methanol-d,, (i) 2-C3-Nd** in methanol-d,, (iii) 2-C6-Nd** in DMSO, and (iv) 2-C3-Nd** in DMSO,
detected at 1060 nm. (b} Emission spectra of DMSO solutions of (i) 2~C6-Nd** excited at 310 nm, (ii) 2-
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C3-Nd* excited at 310 nm, (iii) 2-C6-Nd** excited at 515 nm, and (iv) 2-C3-Nd** excited at 515 nm.

interact [19]. The quenching by oxygen is a collision-
induced one; the quenching rate is therefore determined
by the product of the quenchers and the diffusion rate
(ko, = k, * [O,]); for aqueous solutions &, ~ 3+ 10" M~!
s7' [20], and [O,] ~ 1.3 - 107* M [21], so that the ox-
ygen-induced quenching rate is of the order of k,, = 4
+ 107 s!. The energy transfer rate from the triplet state
of the sensitizer to the accepting state of the rare earth
ion therefore is, at most, of the same order of magnitude
as the radiationless quenching rate.

Luminescence lifetime measurements indicate that
strong quenching of the excited states of the rare earth
ions takes place. The lifetimes are all in the microsecond
range, being significantly longer for ytterbium(III) than
for neodymium(IIl) and erbium(IIT). Comparison to data
for these ions in inorganic glasses, where high-energy
vibrational modes are absent, indicates that the vibra-
tional quenching in organic solution is substantial. For
instance, erbium(IIl) in QE-7 phosphate glass has a lu-
minescence lifetime of 8 ms and neodymium(III) in Q-
88 phosphate glass has a lifetime of 0.3 ms [22]. A ra-
diative lifetime of 22 ms was derived for erbium(1Il)-
doped soda—lime glass by extrapolation to extremely di-
lute solid solutions, in order to remove concentration
quenching effects [23]. Therefore the main factor deter-
mining the overall efficiency of the luminescence orig-
inating from the near-IR luminescent rare earth ion
chelate is the quenching due to the direct environment
of the ion. Comparison of the luminescence lifetimes
suggests that the luminescence yield of the organic com-
plex in solution is about 10-* of that of the ion in an
inorganic environment, but the loss in luminescence

yield is amply compensated by the increase in excitation
efficiency due to the use of the organic sensitizer.

Calix[4]arene-Based Complexes

The calix[4]arene-based complexes were designed
in such a way that they dissolve in nonaqueous solvents.
Such solvents are more suited for preparation of thin
polymer films, which is preferentially done by spin coat-
ing [12—14]. The calix[4]arene-based complexes contain
three carboxylic acid groups, so that the final rare earth
ion-containing ligand is electrically neutral; the presence
of the carboxylic acid moiety in the sensitizer may result
in additional shielding of the ion and will improve the
(distance-dependent; see above) energy transfer effi-
ciency. The complex thus obtained has advantages not
only in terms of improved solubility in apolar solvents,
which are preferred to reduce the water content, but also
for use in active optical components where electric fields
are applied across the polymer layer [14].

Neodymium(IIl) and erbium(IIl) complexes were
prepared, which are both of interest for application in
optical telecommunication (for the 1300- and for the
1550-nm wavelength region, respectively). A praseo-
dymium(lll) complex was prepared as well, but no
emission could be detected in the near-IR. Spectra ob-
tained for both types of complexes have been recorded
in methanol-d, and in DMSO. Emission and excitation
spectra for the neodymium(lIl) complexes are shown in
Fig. 4; those for the erbium(Ill) complexes, in Fig. 5.
The fluorescein-based sensitizer has been connected to
the calix[4]arene via a propyl or a hexyl bridge. As has
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Fig. 5. Luminescence emission and excitation spectra for 5:10-% M solutions of the Er**—calix[4]arene-pro-
pylfiuoresceine and-hexylfluoresceine complexes in DMSO. (a) Excitation spectra detected at 1535 nm and
(b) relative emission spectra after excitation at 515 nm, both of DMSO solutions of (i) 2—-C6-Er** and (ii)

2-C3-Er*.

Table II. Luminescence Lifetimes (us) of Neodymium(IlI) and
Erbium(III) Ions Complexed with Calix[4]arene-Based Complexes

Solvent C6-Nd** C3-Nd* C6-Er* C3-Er*
Methanol-d, 0.9 0.8 0.8 0.9
DMSO 1.2 1.3 1.7 1.6

been discussed for DTPA-based chelates, calix[4]arene
complexes also show clear evidence of near-IR rare
earth ion emission sensitized by the fluorescein moiety.
The excitation spectra clearly show the features of the
fluorescein chromophore, with a maximum at about 500
nm. The excitation spectra obtained for the ca-
lix[4]arene-complexes in methanol-d, and, in particular,
in DMSO are significantly red-shifted compared to the
excitation spectra obtained for the DTPA-based chelates.
The emission spectra are very similar for the two types
of complexes, the neodymium(Ill) complex showing
emission with a maximum at 1350 nm, and the er-
bivm(1Il) complex at 1535 nm.

The same experiments as described above for the
DTPA chelates to elucidate the luminescence efficiency,
by examination of the luminescence lifetime and of ox-
ygen quenching effects, were done for the calix[4]arene
complexes. Deaeration did not lead to a significant
change in luminescence intensity of the calix[4]arene-
based complexes, which indicates that the energy trans-
fer from the sensitizer to the rare earth ion is much more
efficient in these complexes than in the DTPA-based
ones. Since the energy transfer efficiency is strongly de-
pendent on the distance between sensitizer and acceptor,
this would imply that there is a stronger interaction be-
tween sensitizer and rare earth ion in the calix[4]arene-

based complexes than in the DTPA-based chelates. This
is also suggested by the observed red shift of the fluo-
rescein sensitizer in the former type of complexes. The
fluorescence intensity of the sensitizer is reduced upon
complexation, which is in line with the observed inter-
action of the sensitizer with the rare earth ion, pointing
to an increased singlet-to-triplet intersystem crossing rate
due to the heavy atom effect. The rate of energy transfer
from sensitizer to rare earth ion in the calix[4]arene com-
plexes must be significantly faster than 3 - 10% 37!, the
oxygen quenching rate in the two solvents applied (the
solubility of oxygen in methanol and DMSO is approx-
imately one order of magnitude higher than in water)
[21].

The luminescence lifetimes of the complexes are
given in Table II. The luminescence lifetimes for the
propylamine (C3) and hexylamine (C6) are similar and
very short, approximately 3 orders of magnitude shorter
than the lifetimes obtained in inorganic solids, which—
again—points to quenching by the high-energy vibra-
tional modes of the organic ligand. The luminescence
lifetimes in DMSO solution are significantly longer than
in deuterated methano! for both ions. DMSO forms a
relatively strong complex with the rare earth ions via the
sulfoxide groups. It is generally observed that rare earth
ions in DMSO containing solvents show enhanced lu-
minescence lifetimes [24]. The observed enhancement of
the luminescence lifetimes in DMSO suggests that the
solvent also contributes to the radiationless deactivation
of the excited state of the lanthanide ion.

Comparison of the photophysical data of the
DTPA-based chelates and the calix[4]arene-based com-
plexes shows that the luminescence lifetimes are similar,
suggesting that the deactivation of the excited rare earth
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ions is about the same in the two types of organic com-
plexes. The efficiency of the population of the excited
state of the rare earth ion, however, appears to be more
efficient for the calix[4]arene-based complex. These
complexes do not show deaeration effects, even though
the concentration of oxygen in the methanol and DMSO
solutions is about one order of magnitude higher than in
water. This difference may be due to the fact that the
fluorescein—which does contain a deprotonated carbox-
ylic acid group with complexating power—is able to
fold toward the rare earth ion in calix[4]arene. The com-
plexating ability of the chelate is higher than that of the
modified calix[4]arene. Thus, in the latter complex, the
lanthanide ion may be positioned between the ca-
lix[4]arene cavity and the fluorescein. This can explain
both the more efficient energy transfer and the large ef-
fect of the solvent on the luminescence properties of the
calix{4]arene-based complex. The effective distance of
the sensitizer to the rare earth ion is crucial for the ef-
ficiency of the energy transfer process.

On the basis of the measured (extinction coefficient,
luminescence lifetimes) and estimated (energy transfer
rates, triplet yield) photophysical parameters for the er-
bium(III) complex, a rough calculation was made of the
gain which may be reached using calix[4]arene-based
material as the medium for an optical amplifier. This
calculation indicates that the —more than 10%-fold in-
creased—excitation efficiency of the rare earth ion
brought into contact with the organic sensitizer more
than compensates for the reduced luminescence lifetime,
compared to the free rare earth ion in an inorganic com-
plex. Obviously, some loss in efficiency may be caused
by inefficient population of the sensitizer triplet state or
by inefficient energy transfer, represented by the factors
® and O, in Eq. (1). For a 2-um core waveguide
doped with an erbium(Ill)—organic sensitizer complex, a
1.7-dB/cm gain should be obtainable when only a 1.4-
mW pumping power is applied, which would mean a
significant improvement over inorganic glass-based er-
bium-doped fiber amplifiers [25].

CONCLUSION

The organic dye fluorescein, with absorption in the
green part of the spectrum, has been shown to be an
efficient sensitizer for rare earth ions which luminesce
in the near-IR. Two types of complexes, one based on
the polyaminocarboxylate DTPA and one based on a
tricarboxylate-calix[4]arene, were prepared with a flu-
orescein derivative covalently attached to it. Both show
sensitized luminescence for neodymium(IIl), ytter-
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bium(I1l), and erbium(IT). The luminescence lifetimes
which have been obtained are about three orders of
magnitude shorter than those of rare earth ions in in-
organic matrices, which demonstrates the effectiveness
of high-energy vibrational modes in deactivation of the
excited states of the ions. The loss in radiative lifetime,
however, is amply compensated by the significant in-
crease in excitation efficiency, which amounts to more
than four orders of magnitude when fluorescein is ap-
plied. The total luminescence yield is not determined
just by the efficiency of the excitation process and the
radiative lifetime of the ions. Also, the triplet yield of
the sensitizer and the efficiency of energy transfer from
the sensitizer to the rare earth ion are important. The
energy transfer efficiency is much higher in the ca-
lix[4]arene-based complex than in the DTPA-based
complex, since a significant increase in luminescence
intensity is observed upon deaeration in the latter com-
pound.

The new classes of compounds described in this
paper form the basis of new developments which hold
promise for application both in diagnostics and in optical
telecommunication. Remaining challenges are (1) the
improvement of the energy transfer efficiency from sen-
sitizer to rare earth ion; (2) the reduction of rapid de-
activation pathways, in order to increase the radiative
lifetime; and (3) a further shift of the excitation
wavelength to the red, so that low-cost excitation sources
may be applied.
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