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Water enhances photoluminescence intensity of europium (III),
terbium (III) and samarium (III) tris-b-diketonates in toluene

solutions and chemiluminescence intensity of europium
(III) and samarium (III) tris-b-diketonates in the

reaction with dioxetane
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Abstract

Water enhances photoluminescence quantum yield of concentrated >10−4 M toluene solutions of samarium, terbium and europium
tris-b-diketonates (Ln(L)3·nH2O) by shifting the dimer–monomer equilibrium of the chelate and by decreasing the nonradative losses
through the ligand-to-metal charge-transfer state. Water also alters the chemiluminescence intensity of Ln(L)3·nH2O excited from de-
composition of a dioxetane by changing both the chemiexcitation mechanism and the photoluminescence quantum yield of Ln3+. Water
quenches chemiluminescence of Tb3+, Dy3+, Yb3+, Nd3+ and of coordination-unsaturated Eu3+ b-diketonates, and enhances chemilu-
minescence of coordination-saturated Eu3+ and Sm3+ chelates. © 2000 Elsevier Science S.A. All rights reserved.

Keywords:Luminescence; Chemiluminescence;b-Diketonate complexes; Lanthanide; Terbium; Samarium; Europium; Dioxetane

1. Introduction

Photo- [1–14], electro- [15–17], thermo- [18], radio- [19],
tribo- [20–22], electrochemi- [23] and chemiluminescence
[24–28] of lanthanideb-diketonates is being extensively
studied in order to improve the Ln3+ luminescence effi-
ciency. The quenching of Ln3+ luminescence occurs by the
exchange of the Ln3+ electronic energy to the vibrations
of proximate bonds [1–14,29–31] and water molecules pos-
sessing high-energy OH-vibrations (ν = 3700 cm−1) are the
most efficient quenchers.

However, recently we have observed that photolumines-
cence of concentrated (>10−4 M) toluene solutions of Eu3+,
Sm3+ and Tb3+ tris-b-diketonates (Ln(L)3·nH2O) is enhan-
ced by water [32–34]. In concentrated solutions the chelate is
partially dimerized (Eq. (1)), and the luminescence quantum
yield (φ) of dimer is significantly lower than for monomer
due to a quenching in the ligand and cross-relaxation
of Ln3+. Addition of water shifts equilibrium (1) to the
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monomer and enhances Ln3+ luminescence quantum yield
and lifetime [34]. However, in diluted<10−4 M anhydrous
toluene solutions the chelate already exists as monomer and
addition of water quenches its luminescence.

2Ln(L)3 · nH2O � [Ln(L)3 · nH2O]2 (1)

Addition of water quenches luminescence of Dy3+, Nd3+
and Yb3+ chelates due to a high> 2×104 s−1 rate constant
of deactivation of these ions by OH-group (kOH), while water
enhances luminescence of Eu3+, Sm3+ and Tb3+ sincekOH
for these ions is< 2 × 104 s−1 [30].

Lanthanide chelates (b-diketonates [24–28], polyamino-
carboxylates [24,35], etc.) are used to enhance emission int-
ensity of various chemiluminescent reactions and it was of
interest to study the influence of water on the chemilumines-
cence of Ln3+. Herein, we have compared the influence of
water on the photoluminescence intensity of Sm3+, Eu3+,
Dy3+, Tb3+, Nd3+ and Yb3+ tris-b-diketonates in toluene
and on their chemiluminescence excited from decomposi-
tion of adamantylideneadamantane-1,2-dioxetane (AAD)
[25–28].
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2. Experimental

Synthesis of the chelates [25–26] and AAD [36] was de-
scribed elsewhere. Toluene was dried and distilled over Na;
H2O was bidistilled.

Photoluminescence of Ln3+ was collected at 180◦ relative
to excitation beam, in optically dense solutions. Water was
added by 1ml microsyringe to 2 ml of Ln(L)3·nH2O toluene
solution at 85◦C in quartz cell and dissolved until transpar-
ent homogeneous solutions were obtained. Concentration of
[H2O] = 0.056 M corresponds to the 2ml of H2O in 2 ml of
toluene.

Chemiluminescence was studied on home-built equip-
ment [25–26]. Water was added by microsyringe to 2 ml
of Ln(L)3·nH2O and AAD toluene solution at 85◦C and

Table 1
Photoluminescence quantum yields (φ) at 25 and 85◦C, relative chemiluminescence intensities (φCL) and influence of water on the photoluminescence
and chemiluminescence of Ln3+ b-diketonates in toluene solutions

Quantum yields (%)a φ(H2O)/φc at 85◦C φCL
d at 85◦C φCL(H2O)/φCL

e at 85◦C

φ (25◦C) φ (85◦C)

AAD – – – – 1.0

Sm(BTFA)3·2H2O 0.05 0.03 2.4 100 1.1
Sm(TTA)3·2H2O 0.06 0.03 2.3 89 1.2

Eu(BTFA)3·2H2O 0.7 0.02 4.3 1 1.8
Eu(TTA)3·2H2O 0.9 0.008 4.3 1 1.6
Eu(FOD)3 1.2 0.06 11 100 0.3
Eu(DPM)3 0.1 0.03 21 1 0.5

Tb(AA)3·3H2O 15 8.8 1.5 100 0.7
Tb(BTFA)3·2H2O 0.07 0.008 1.6 4 0.5
Tb(TTA)3·2H2O <0.001 – – 2 0.5

Dy(DPM)3 0.27 0.06 0.3 100 0.2
Dy(AA)3·3H2O 0.005 – – 1 <0.8
Dy(BTFA)3·2H2O <0.001 – – <1 <0.7
Dy(TTA)3·2H2O <0.001 – – <1 <1

Yb(TTA)3·2H2O 100b – 0.8 72 0.8
Yb(BTFA)3·2H2O 80b – 0.8 100 0.7

Nd(BTFA)3·2H2O 31b 43 0.7 0.5

a Photoluminescence quantum yields of 10−3 M chelate solutions, determined as described in [34].
b Only relative photoluminescence intensities are given for Yb3+ and Nd3+ that can be compared between each other [25].
c Influence of water on the photoluminescence quantum yield of Ln3+. [Ln(L)3 · nH2O] = 0.02 M, [H2O] = 0.056 M. Given is the ratio of

photoluminescence quantum yield in the presence of water —φ(H2O) to that in anhydrous solution —φ. Photoluminescence spectra of Ln3+ (except
Eu3+) are not altered by water and emission intensity was measured by the height of the most intense peak. For Eu3+ the change of photoluminescence
intensity of 5D0 → 7F2 transition at 610 nm was measured.

d Relative chemiluminescence intensities of Ln3+. [AAD] = 10−3 M, [Ln(L)3 · nH2O] = 0.02 M. CL emission intensity was measured by selecting
the required spectral range by cut-off filters. Relative CL intensities can be compared only between different chelates of the same Ln3+ ion.

e Influence of water on the chemiluminescence intensity of Ln3+. [AAD] = 5 × 10−4 M, [Ln(L)3 · nH2O] = 0.02 M, [H2O] = 0.056 M. Given is the
ratio of chemiluminescence intensity in the presence of water —φCL(H2O) to that in anhydrous solution —φCL.

dissolved. The conversion of AAD during experiment was
<0.5%. Uncorrected CL spectra (Figs. 3 and 4) were
recorded in toluene at 95◦C with [Ln(L)3 · nH2O] =
2 × 10−2 M and [AAD] = 5 × 10−3 M.

For more experimental details see notes to the Table 1.

3. Results and discussion

3.1. Photoluminescence of Ln3+ β-diketonates

Absorption spectra of lanthanideb-diketonates consist of
intense broad ligand bands in UV and weak ff-absorption
lines of Ln3+ ion (Fig. 1). Excitation of chelate to the ligand
or ion results in the ff-luminescence of Ln3+. In the former
case the Ln3+ levels are populated by intramolecular energy
transfer: LS∗ → LT

∗ → Ln3+∗, where LS∗ and LT
∗ are the

first excited singlet and the triplet ligand states, respectively
[1–14].

Photoluminescence of Sm3+, Tb3+, Dy3+, Nd3+ and
Yb3+ b-diketonates is observed from resonant level only.
Only for Eu3+ the luminescence arises from two excited
levels, resonant5D0 and upper-lying5D1 level (Fig. 2).
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Fig. 1. Absorption spectra of 0.02 M solutions of Eu(DPM)3 and Pr(DPM)3
in anhydrous toluene and in toluene with [H2O] = 0.056 M. Weak line-like
bands are ff-absorptions of Ln3+ ion. LMCT state appears in the absorption
of Eu(DPM)3 as a long wavelength shoulder that is absent in the Pr(DPM)3

spectrum. Addition of water blue-shifts LMCT absorption of Eu(DPM)3

to a larger extent than the ligand absorption of Pr(DPM)3.

Luminescence quantum yields of 10−3 M toluene solutions
of Ln(L)3·nH2O are listed in Table 1. At higher [Ln3+] the
concentration quenching of Ln3+ luminescence is observed
caused by dimerization (Eq. (1)) [34].

Fig. 2. Photoluminescence spectrum of Eu(FOD)3 (emission slit: 5 nm).
Luminescence of Eu3+ is due to a transitions from resonant5D0 and
upper-lying 5D1 level to 7FJ levels. The band at 540 nm is due to
5D1 → 7F0 transition, the band at 610 nm is5D0 → 7F2 transition.
Influence of temperature (upper and middle spectra) and addition of
water (middle and lower spectra) on the5D1-luminescence of Eu3+. The
concentration of H2O after addition was 0.056 M. Intensities cannot be
compared. Spectra were recorded on Hitachi MPF-4 spectrofluorimeter.

Temperature rise in the 25–85◦C range lowers theφ of all
Ln3+ chelates, except Nd3+ for which 30% enhancement of
φ is observed. For Eu3+ the contribution of5D1-emission to
the total intensity increases at higher temperatures (Fig. 2)
[5]. This indicates that5D1 level is thermally populated from
5D0 level [37] (1E ∼ 1750 cm−1).

3.2. Chemiluminescence of Ln3+ β-diketonates

The reaction of AAD decomposition giving adaman-
tanone in lowest excited singlet (Ad==OS

∗) and triplet
(Ad==OT

∗) states (Eq. (2)) is practically a stationary source
of excited species, since the rate constantk1 in Eq. (2) is
<10−6 s−1 up to 100◦C [36]. Chemiluminescence of AAD
is due to the fluorescence of Ad= O(λmax = 420 nm).

AAD
k1→1.83Ad==O + 0.15Ad==OT

∗ + 0.02Ad==OS
∗,

Ad==OS
∗ → Ad==O + hν, λmax = 420 nm (2)

Emission bands of Ln3+ appear in the CL spectrum of
AAD in the presence of the lanthanideb-diketonates stud-
ied. Chemiluminescence spectra of Ln3+ are given in Figs. 3
and 4, and relative chemiluminescence intensities (φCL) in
Table 1. For all Ln3+ chelates, except Eu3+, the photolu-
minescence and chemiluminescence spectra coincide. For
Eu3+, e.g. for Eu(FOD)3 the chemiluminescence is observed
from 5D0 and 5D1 levels and5D1-chemiluminescence at
540 nm is much more efficient than photoluminescence

Fig. 3. Chemiluminescence spectra of Sm(BTFA)3·2H2O, Dy(DPM)3 and
Tb(AA)3·3H2O. Emission of Sm3+ is due to transitions from resonant
4G5/2 to 6HJ levels; Dy3+ — due to transitions4F9/2 →6 HJ; Tb3+
— due to transitions5D4 →7 FJ. In all cases photoluminescence and
chemiluminescence spectra coincide.
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Fig. 4. Chemiluminescence spectra of Eu(FOD)3 in anhydrous toluene
and in toluene with [H2O] = 0.056 M. Chemiluminescence and photolu-
minescence (Fig. 2) spectra of Eu3+ do not coincide, since in the former
the 5D1-emission at 540 nm is more efficient.

(compare Figs. 2 and 4) [28]. The CL of Nd3+ and Yb3+
was studied in [25,26].

3.3. Chemiluminescence intensity and chemiexcitation
mechanisms of Ln3+ β-diketonates

Chemiexcitation of Ln3+ in the system studied might oc-
cur by intermolecular and intracomplex energy transfer from
Ad==O∗ [25,26].

Intermolecular energy transfer. Includes singlet–singlet
energy transfer from Ad==OS

∗ to the ligand singlet state
(Eq. (3)). This process was shown [25,26] to be possible
only for TTA and BTFA chelates of Ln3+ since their LS∗
states are lower in energy than Ad==OS

∗ (Fig. 5)

Ad==OS
∗ → LS

∗ → LT
∗ → Ln3+∗

(for BTFA and TTA chelates) (3)

Also, all the chelates can be excited by exothermic
triplet–triplet energy transfer from Ad==OT

∗ to the ligand
triplet (Fig. 5) and further to the Ln3+ levels (Eq. (4)) [38]

Fig. 5. Energy levels of Ad==O andb-diketonate ligands of Ln(L)3·nH2O
[25]. Energy of DPMT

∗ is assumed to be equal to AAT
∗. Energy of

LMCT state Eu(DPM)3 is taken from [12].

Ad==OT
∗ → LT

∗ → Ln3+∗ (for all chelates studied)

(4)

It should be noted that both chelate monomers and dimers
may act as energy acceptors in Eqs. (3) and (4).

Intracomplex energy transfer to the excited levels of
Ln3+. The title mechanism is realized by decomposition of
AAD ·Ln(L)3 complex (Eq. (5))

AAD + Ln(L)3
K

�AAD · Ln(L)3
k2→φLn

∗[Ln(L)3
∗ · 2Ad==O]

+ (1 − φLn
∗)[Ln(L)3 · 2Ad==O] (5)

The Ln3+ in the complex is coordinated by AAD oxy-
gens, and catalyzes its decomposition. The rate constant of
AAD ·Ln(L)3 decay —k2 in Eq. (5) is usually 102–103 times
higher thank1 in Eq. (2) [27]. Since the CL intensity is pro-
portional to the rate of chemiluminescent reaction, one may
expect that Ln3+ emission would be higher for chelate that
catalyzes AAD decomposition according to Eq. (5), than for
chelate that acts only as an energy acceptor of Ad==O∗ in
Eqs. (3) and (4).

Formation of AAD·Ln(L)3 and intracomplex chemiexci-
tation is probable for coordination-unsaturated DPM and
FOD chelates [25,27], where only six out of eight to nine
coordination sites of Ln3+ are occupied. Intracomplex ex-
citation is less probable for coordination-saturated hydrated
TTA, BTFA and AA chelates, however, even their chemi-
luminescence can be largely determined by the reaction (5)
[25], due to formation of trace amounts of AAD·Ln(L)3 and
high rate constantk2.

In fact, the highest chemiluminescence emission is ob-
served for the chelates that catalyze AAD decomposition,
e.g. Eu(FOD)3 and Dy(DPM)3. CL emission of Eu(FOD)3
is 100 times higher than for TTA and BTFA chelates of Eu3+
(Table 1). Actually, intracomplex excitation (Eq. (5)) is the
reason for the unusually efficient CL emission of Eu3+ from
5D1 level (Figs. 2 and 4) [28].φCL for Eu(DPM)3 is lower
than for Eu(FOD)3 since the former inefficiently catalyzes
AAD decomposition [27].

High φCL may also be observed for coordination-
saturated chelates provided that they possess highφ, e.g.
Tb(AA)3·3H2O (Table 1).

3.4. Enhancement of photoluminescence intensity of Eu3+,
Tb3+ and Sm3+ β-diketonates by water

Addition of water ([H2O] = 0.056 M) to the 0.02 M
toluene solutions of chelates enhancesφ of Eu3+, Sm3+ and
Tb3+ and quenchesφ of Dy3+, Nd3+, Yb3+ (Table 1). The
φ(H2O)/φ ratio for a given ligand decreases in the order
Eu3+ > Sm3+ > Tb3+.

Nonradiative deactivation for Eu3+ b-diketonates may oc-
cur by ligand-to-metal charge transfer (LMCT), especially
at elevated temperatures [5,11,12,14]. LMCT-absorption is
observed as a long wavelength shoulder in the Eu(DPM)3
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absorption spectrum [12]. This shoulder is absent in the
Ln(DPM)3 spectra, where Ln= Pr3+, Dy3+, (Fig. 1). In-
troduction of electron-accepting groups to the ligand (e.g.
fluorine atoms) increases the energy of LMCT state and en-
hances Eu3+ luminescence efficiency [14].

Probably, water enhances theφ of Eu3+ chelates not
only by shifting the equilibrium (1), but also by increas-
ing the energy of LMCT state. Actually, addition of water
blue-shifts LMCT-absorption of Eu(DPM)3, and this shift is
larger than the one observed for ligand-centered absorption
of Pr(DPM)3 (Fig. 1).

The photoluminescence spectrum of Eu3+ is changed
by water, the5D0-emission intensity is significantly en-
hanced relative to5D1-emission (Fig. 2). This is probably
caused by quenching of5D1-level through energy exchange
of 5D1 →5 D0 transition to the O–H vibrations.

3.5. Enhancement of chemiluminescence intensity of BTFA
and TTA chelates of Eu3+ and Sm3+ by water

Since the water changes theφ of lanthanideb-diketonates
it should also influence their chemiluminescence emission.
Water does not change the CL intensity of AAD, while it
significantly alters emission of Ln3+ in AAD-Ln(L) 3·nH2O
system (Table 1, Fig. 6).

The influence of water on photoluminescence and chemi-
luminescence of Ln3+ were studied in identical conditions,
i.e. at 85◦C at [Ln3+] = 0.02 M and with added [H2O] =
0.056 M and the results forφ(H2O)/φ andφCL(H2O)/φCL
entries in Table 1 can be compared.

If the Ln3+ chemiexcitation occuredonlyby AAD·Ln(L)3
decomposition, then the addition of water that expels AAD
by reaction (6) would decrease AAD·Ln(L)3 concentration
and quench Ln3+ chemiluminescence, independent of the
change ofφ

AAD · Ln(L)3 + H2O(excess)

→ Ln(L)3 · nH2O + AAD (6)

Fig. 6. Influence of water on the chemiluminescence intensity of Ln3+
b-diketonates in toluene.

However, if the Ln3+ chemiexcitation occuredonly by
intermolecular energy transfer (Eqs. (3) and (4)), then the
change ofφCL andφ by water would be identical.

Coordination-unsaturated FOD and DPM chelates:
Intracomplex chemiexcitation largely determines the CL

intensity of the title chelates. Water quenches chemilumi-
nescence of FOD and DPM chelates of Eu3+, by reaction
(6), and the loss of intracomplex chemiexcitation is not com-
pensated by a >10-fold increase ofφ of Eu3+ by water
(Table 1). Water changes the chemiluminescence spectrum
of Eu(FOD)3, by decreasing contribution of5D1-emission
(Fig. 4). Actually, in the presence of water, the triplet–triplet
excitation of Eu(FOD)3 (Eq. (4)) becomes important, and it
does not lead to efficient5D1-chemiluminescence of Eu3+
[28]. Similar changes of Eu(FOD)3 CL spectrum are ob-
served by addition of other competing complex forming
agents that expel AAD from inner coordination sphere of
Ln3+ [28]. Water also quenches emission of Dy(DPM)3 both
by reaction (6) and by additionally decreasing itsφ (Table 1).

Coordination-saturated BTFA, TTA and AA chelates:
For coordination-saturated chelates of Ln3+ the inter-

molecular and intracomplex chemiexcitations may give
comparable contribution toφCL [25,26]. Water quenches
chemiluminescence of Nd3+, Yb3+ and Dy3+ since it de-
creases theirφ. Water also quenches emission of Tb3+,
since the loss of intracomplex chemiexcitation is not com-
pensated by∼1.5-fold enhancement ofφ of Tb3+ by water.

However, water enhances chemiluminescence intensity of
BTFA and TTA chelates of Eu3+ and Sm3+ (Fig. 6). The
φCL(H2O)/φCL ratio is higher when concentrated chelate
solutions are used while in diluted solutions water quenches
chelate emission (Fig. 6). Both theφCL and φ for Eu3+
chelates are enhanced by water to a larger extent than for
Sm3+.

Probably at high chelate concentrations in anhydrous
solutions energy transfer from Ad==O∗ occurs both to the
dimers and monomers of Ln(L)3·nH2O. In the presence of
water only monomers act as energy acceptors, and since they
have higherφ than dimers, it results in the net enhancement
of Eu3+ and Sm3+ CL intensity. However intracomplex
chemiexcitation of Eu3+ and Sm3+ in anhydrous solutions
cannot be neglected since theφCL enhancement is∼2 times
lower than the enhancement ofφ (Table 1). If intracom-
plex route was negligible one would expectφ(H2O)/φ and
φCL(H2O)/φCL values to be equal. The quenching by water
of Sm3+ chemiluminescence at low chelate concentrations
(Fig. 6) is due to the quenching of monomer luminescence
[34].

4. Conclusions

Water enhances photoluminescence quantum yields
of Eu3+, Tb3+ and Sm3+ b-diketonates in concentrated
(>10−4 M) toluene solutions due to dissociation of weakly
luinescent dimers, and by decreasing energy losses through
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a LMCT state (for Eu3+). The influence of water on chemi-
luminescence of Ln3+ is dependent on its chemiexcitation
mechanism. In the case of intracomplex chemiexcitation
water always quenches CL intensity of Ln3+ independent of
change ofφ. In the case of intermolecular chemiexcitation,
enhancement ofφ by water may result in the enhancement
of φCL, e.g. BTFA and TTA chelates of Eu3+ and Sm3+.
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