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Factors affecting light energy transfer
in some samarium complexes
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Abstract. The photophysical properties of samarium ion in presence of 7-Acetoxy Coumarin 3-Carboxylic
acid (ACC) or 1-(4-methoxyphenyl) 3-(4-t-butyl phenyl) 1,3-propandione (MBPK), which act as antenna of
near-UV radiation, are studied in different homogeneous, and heterogeneous media as well as in rigid poly-
methylmethacrylate matrix (PMMA). High quantum yield value of the sensitized emission of (Sm3+-(ACC))
and (Sm3+-(MBPK)) in N,N-dimethylformamide and PMMA matrix are obtained pointing to an efficient ligand-
to-metal energy transfer. Moreover, luminescence mappings for pattern recognition analysis that could be
profitably exploited as a useful identification method in clinical chemistry and biochemistry have been ob-
tained from which the nature of the solvent and/or the ligand is clearly identified by inspection of the
corresponding excitation/emission matrix maps.

1. INTRODUCTION

The importance of energy transfer processes in solu-
tion of lanthanide complexes increases due to their
potential applications in luminescence assays for bio-
chemistry, liquid lasers, and electroluminescence and
telecommunication devices as well as for trace deter-
mination of lanthanide ions [1–3].

The phenomena of energy transfer from ligand
to lanthanide ions result, consequently, in a great
enhancement of lanthanide ion luminescence (ligand
sensitized luminescence) [4–7]. Lanthanide ions are
chelated with ligands that have intense absorption
bands in the UV region. In these systems, intense ion lu-
minescence originates from the intramolecular energy
transfer through the excited state of the ligand to the
emitting level of the lanthanide ion. Lehn [8] named
this phenomenon the “antenna effect” and proposed
that such complexes could be seen as light conversion
molecular devices because they are able to transform
light absorbed by ligand into emitted light by the ion
via an intramolecular energy transfer.

The chelate serves several purposes: it provides a
scaffold for covalently attaching the antenna in close
proximity to the lanthanide facilitating the transfer of
energy from the antenna to lanthanide; it displaces wa-
ter from the primary coordination sphere of lanthanide,
which would otherwise quench the lanthanide lumines-
cence [9, 10]. The low energy excited states responsible
for near-IR region (NIR) emission are easily quenched
by nearby O-H, N-H and C-H oscillators of the solvent,
play an important role in nonradiative energy dissipa-
tion from the lanthanide excited state [11].

The two most useful lanthanides, europium and
terbium, have unusual spectroscopic characteristics,
including millisecond lifetime, sharply spiked (few
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nm) emission spectra, and large (> 150 nm) Stokes’
shifts [12, 13]. Europium and terbium ions are used
as structural and analytical luminescent probes and
stains for bimolecular systems [2]. These probes are of
considerable interest in clinical diagnostics, fluoroim-
munoassays, life-sciences, drug-screening assays and
show considerable promise in luminescence imaging
and as sensors for certain bioactive ions [14–16].

In this article, the photophysical properties of
the sensitized luminescence emission of samarium
ion induced by the antenna chromophores, namely
7-Acetoxy Coumarin 3-Carboxylic acid (ACC) and
1-(4-methoxyphenyl) 3-(4-t-butyl phenyl) 1,3 propan-
dione (MBPK) in different solvents, mixed solvent
of methanol/N,N-dimethylformamide, microheteroge-
nous media and rigid media of polymethylmethacry-
late matrix (PMMA) are studied and discussed.
The luminescence quenching efficiency is evaluated
by Stern-Volmer constant (KSV) in methanol/N,N-
dimethylformamide mixed solvent. This will provide in-
formation about the mechanism of energy transfer.
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Moreover, luminescence mappings for pattern
recognition analysis will be obtained and discussed.

2. EXPERIMENTAL

Samarium (III) chloride anhydrous (Aldrich, 99.99%)
was used as received and 7-Acetoxy Coumarin
3-Carboxylic acid (ACC) and 1-(4-methoxyphenyl) 3-(4-
t-butyl phenyl) 1,3 propandione (MBPK) were of high
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purity grade and were used as received. Sm3+-(ACC) and
Sm3+-(MBPK) complexes were prepared in different sol-
vents. Pure grade solvents were used, and Polymethyl-
methacrylate (PMMA) were used as received. PMMA ma-
trix was prepared by dissolving appropriate amount
of PMMA in chloroform (8 gm PMMA/50 ml CHCl3) at
30 ◦C with vigorous stirring for 15 mins. Sm3+-(ACC)
and Sm3+-(MBPK) complexes were incorporated into
the PMMA matrix at 30 ◦C under vigorous stirring for
15 mins. PMMA thin film was prepared, the thickness
of the film was measured using micrometer and it was
found to be 0.33 mm.

Absorption spectra were recorded on Heλios Uni-
cam spectrophotometer. A Shimadzu RF-5301 PC Spec-
trofluorophotometer was used to record the emission
spectra.

Luminescence quantum yield (Φ) was evaluated us-
ing the following equation (1) [6]:

Φu = Φr ·
(
n2

u/n2
r
) · (Ar/Au

) · (Fu/Fr
)

(1)

Where r and u stand for reference and unknown, respec-
tively, A is the absorbance of the exciting wavelength,
F is the area under the emission spectrum, n is the sol-
vent refractive index and Φr is the reference quantum
yield (Φr = 1 for Rhodamine 101 in ETOH).

3. RESULTS AND DISCUSSIONS

3.1. Absorption spectra. The absorption spectra
of ACC (9µM) and MBPK (30µM) in methanol show
intense broad bands in the UV region attributed to
π − π∗ transitions in ACC and MBPK. Figure 1 shows
the UV spectrum of ACC in ethanol and similar spec-
trum was observed for MBPK. These absorption bands
upon formation of Sm3+-(ACC) and Sm3+-(MBPK) com-
plexes are shifted to lower energy, as often observed
during complexation of heteroaromatic systems with
lanthanide cations [16] (Figure 1 curve 2). The same be-
havior is obtained in case of other solvents, in mixed
solvents methanol/N,N-dimethylformamide and in vis-
cous or polymeric matrix of PMMA.

Moreover, lanthanide ions do not contribute to the
spectra of their complexes since f-f transitions are
Laporte-forbidden and very weak (molar absorptivity
coefficients of the order of only 0.5–3.0 M−1 cm−1) [17].
On the other hand, charge-transfer bands involving lan-
thanide orbitals are also typically not observed in the
near-UV and spectral regions [18]. Hence the absorp-
tion bands of samarium complexes in different sol-
vents as well as in viscous or polymeric media are com-
pletely attributable to the ligand-centered (LC) transi-
tions, although with respect to the corresponding free
ligand, some perturbation is observable upon complex-
ation [7].

3.2. Metal-centered photophysical properties.
The luminescence of Ln3+-complexes upon excitation
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Figure 1. Absorption spectra of: (1) 9µM of ACC (2) 0.15 mM

of Sm3+ in presence of 9µM of ACC in ETOH.
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Figure 2. (A) Luminescence spectrum of 0.15 mM Sm3+ in

the presence of 9µM ACC in EtOH. (λex = 365 nm). (B) Lu-

minescence spectrum of 10µM Sm3+ in the presence of

30µM MBPK in MeOH. (λex = 365 nm).

into the ligand absorption band arises from the f-f
transitions of Ln3+ to its lower lying states. The excited
f-f levels of Sm3+ are populated as a result of energy
transfer from the triplet level of ACC or MBPK, which
is formed by rapid intersystem crossing [19] Ls

∗ → LT
∗

(kST ≈ 1010 s−1, where LS
∗ and LT

∗ are the first excited
singlet and triplet ligand states, respectively).

The sensitized luminescence spectrum of the Sm3+-
(ACC) ([Sm3+] = 0.15 mM and [ACC] = 9µM) in N,N-
dimethylformamide upon ligand excitation at λex =
365 nm is represented in Figure 2 as an example. Similar
behavior is obtained in case of Sm3+-(MBPK) ([Sm3+] =
10µM and [MBPK] = 30µM). The sensitized emis-
sion spectrum of the Sm3+-(ACC) and Sm3+-(MBPK)
shows the characteristic samarium spectrum, which
displays four main bands at 17762, 16584, 15361,
and 14205 cm−1 corresponding to the 4G5/2 → 6H5/2

at 564 nm, 4G5/2 → 6H7/2, at 599 nm, 4G5/2 → 6H9/2 at
644 nm, 4G5/2 → 6H11/2 at 707 nm transitions, respec-
tively [20].
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Table 1. Emission intensity ratio for 0.15 mM Sm3+ with

9µM ACC and 10µM Sm3+ with 30µM MBPK in different

solvents, at 25 ◦C (λex = 365 nm).

Solvent
(I(6H7/2)/I(6H9/2)) (I(6H7/2)/I(6H9/2))

Sm3+-(ACC) Sm3+-(MBPK)

1. Water 0.00 0.00

2. Methanol 1.67 0.30

3. Ethanol 1.74 0.00

4. n-Butanol 1.75 0.23

5. Acetonitrile 1.12 0.30

6. DMSO 1.65 0.52

7. DMF 1.65 0.52

8. 1,4-dioxane 1.40 0.45

9. Ethylacetate 1.18 0.00

10. Acetone 0.00 0.00

11. Dichloroethane 1.14 0.36

12. Cyclohexane 0.00 0.00

The emission bands of samarium remain narrow
even in an organic polymeric matrix and in solution
due to the fact that the partially filled 4f orbitals are
shielded from the environment by the filled 5s and 5p
orbitals. Similar results are obtained in case of the other
solvents.

In the case of samarium metal ion, the intensity,
splitting and energy of the luminescence bands as well
as the relative intensities of the different bands are very
sensitive to the symmetry and the detailed nature of the
ligand environment; Figure 2 [21, 22].

3.2.1 Complex formation and solvent effect on the
sensitized luminescence spectra

Figure 2 shows a magnification of the 564 nm, 599 nm,
644 nm and 707 nm emission bands corresponding to
the 4G5/2 → 6H5/2, 4G5/2 → 6H7/2, 4G5/2 → 6H9/2 and
4G5/2 → 6H11/2 transitions.

The same behavior is obtained in case of ACC, and
emission intensity ratio I(6H7/2)/I(6H9/2) of each Sm3+-
(ACC) and Sm3+-(MBPK) in different solvents (λex =
365 nm) is reported in Table 1.

To have a more quantitative measure of the
strength of the formed complexes, we applied Benesi
and Hildebrand equation [23] (2),

1
Aobs −A0

= 1
Ac −A0

+ 1
Kapp(Ac −A0)[Sm3+]

(2)

Aobs: The absorbance of the antenna solution contain-
ing different concentrations of samarium ion
A0: The absorbance of antenna
Ac: The absorbance of the complex {Sm3+-antenna}
The spectrophotometrically determined formation con-
stants are listed in Table 2 (and obtained graphically
from the slopes and intercept of insets in Figures 3

Table 2. Formation constant data of the (Sm3+-(ACC)) and

(Sm3+-(MBPK)) in ethanol at 25 ◦C (λex = 365 nm).

Complex K, M−1

Sm3+-(ACC) 59.7

Sm3+-(MBPK) 8.3

Table 3. Emission quantum yield of 0.15 mM Sm3+ with

9µM ACC and 10µM Sm3+ with 30µM MBPK in different

solvents at 25 ◦C (λex = 365 nm).

Solvent Φ(Sm3+-(ACC)) Φ(Sm3+-(MBPK))

1. Water 0.000 0.000

2. Methanol 0.043 0.004

3. Ethanol 0.039 0.002

4. n-Butanol 0.045 0.008

5. Acetonitrile 0.030 0.005

6. DMSO 0.039 0.009

7. DMF 0.099 0.012

8. 1,4-dioxane 0.031 0.000

9. Ethylacetate 0.000 0.000

10. Acetone 0.022 0.010

11. Dichloroethane 0.000 0.000

12. Cyclohexane 0.010 0.000

and 4). It is clear that strong complexes are formed
and the data shows that K(Sm3+-(ACC)) is larger than
K(Sm3+-(MBPK)).

This is reflected in the quantum yields of the sen-
sitized emission of Sm3+-(ACC) and Sm3+-(MBPK) in
dimethylformamide aerated solutions, which are given
in Table 3. Data in Table 2 is consistent with data of
Table 3 and show that ACC antenna is clearly the more
efficient sensitizer for Sm3+ than MBPK.

Moreover, the sensitized luminescence of Sm3+-
(ACC) ([Sm3+] = 0.15 mM, [ACC] = 9µM) and Sm3+-
(MBPK) ([Sm3+] = 10µM and [MBPK] = 30µM) com-
plexes in water and alcohols (solvents containing O-H
bonds) is inefficient λ, which is attributed to the ra-
diative and nonradiative decay processes of the Sm3+
4G5/2 emitting state. Nonradiative deactivation via vi-
bronic coupling is very common for lanthanide ions co-
ordinated by solvent molecules containing high-energy
OH oscillators [11, 24, 25]. Complete quenching of
the sensitized luminescence of Sm3+-(ACC) and Sm3+-
(MBPK) observed in water and low quantum yield val-
ues are obtained in alcoholic solvents (Table 3). Con-
sequently, the energy of the excited ligand state being
transferred onto the metal ion, but the energy is then
partially or completely dissipated through nonradia-
tive processes via vibronic coupling with the O-H [11]
(νsym = 3500 cm−1) oscillators of water and alcohols.

In case of Sm3+-(MBPK) in 1,4-dioxane and Sm3+-
(ACC) in ethylacetate also complete quenching is
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Figure 3. Absorption spectrum of 9µM ACC in presence of different concentrations of 0.15 mM Sm3+ in ethanol.
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Figure 4. Absorption spectrum of 30µM MBPK in presence of different concentrations of 50µM Sm3+ in ethanol.

observed (quantum yield values � 0) and weak lumi-
nescence is observed in acetone for both ligands. These
results may indicate that the energy transfer does occur
from the ligand to the Sm3+ ion, but the energy is then
dissipated through nonradiative processes from ligand
to the solvent [22].

The C=O (νC=O = 1700 cm−1) or C-H (νsym =
2900 cm−1) groups quench the excited state in a man-
ner similar to that of coordinated azide ion [27]. How-
ever, even in 1,4-dioxane a solvent that is known to ef-
fectively displace water and alcohol molecules from the
inner coordination sphere of the lanthanide ion [19], the
Sm3+-(MBPK) studied show no luminescence efficiency

indicating that excited ligand is quenched by the vibra-
tions of C-H of 1,4-dioxane.

In general, higher quantum yield values are ob-
tained for (Sm3+-(ACC)) (Table 3) in almost all solvents
indicating a high efficiency of the ligand-metal energy
transfer for this chromophore.

3.2.2 Effect of mixed solvent

The sensitized luminescence emission spectrum of
Sm3+ in presence of MBPK (30µM) in DMF at vari-
ous methanol concentrations is shown in Figure 5.
Same behavior is obtained in case of ACC. Addition of
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Figure 5. Quenching of the 644 nm emission band of Sm3+ in the presence of MBPK by different concentrations of MeOH

in DMF. Inset shows Stern-Volmer plot (λex = 365 nm).

Table 4. Stern-Volmer constants, critical concentration, and

critical radius of Sm3+-(ACC) and Sm3+-(MBPK) Com-

plexes.

Complex KSV (l mol−1) C01/2 (mol l−1) R0 (Å)

Sm3+-(ACC) 0.9304 1.074 6.83

Sm3+-(MBPK) 0.9517 1.050 7.23

methanol to DMF solutions of (Sm3+-(ACC)) and (Sm3+-
(MBPK)) quenched the sensitized Sm3+ luminescence
intensity upon excitation at (λex = 365 nm). These re-
sults are a consequence of the large nonradiative deac-
tivation effects of the O-H oscillators of the methanol
molecules [11], which interact with the first and second
coordination sphere of Sm3+.

The luminescence quenching efficiency is evaluated
by Stern-Volmer constant (KSV). Quenching plots are
constructed according to the following Stern-Volmer
equation (3) [27]:

(
F0/F

)− 1 = KSV[Q] (3)

where F0 and F are the luminescent intensity in ab-
sence and presence of quencher, respectively, KSV is the
Stern-Volmer constant and [Q] is the quencher concen-
tration, The linear plot of [F0/F]− 1 versus [Q] (inset
of Figure 5), indicates that luminescence quenching is
dynamic in nature. From the slope of the fitted data the
Stern-Volmer constants KSV can be calculated (Table 4).

Moreover, an apparent critical concentration [C01/2]
for luminescence quenching can be experimentally
determined. This parameter is defined as the accep-
tor concentration at which the luminescence quantum
yield of the donor is reduced to 0.5 Φ0 [28], eq. (4)

C01/2 = 1/Ksv (4)

Table 5. Quantum yields of the Sm3+-(ACC) and Sm3+-

(MBPK) in PMMA (λex = 365 nm).

Complexes PMMA

Sm3+-(ACC) 0.270

Sm3+-(MBPK) 0.150

The corresponding apparent critical radius [29] (R0) can
also be calculated from eq. (5):

R0 = 7.35/
[
C01/2

]1/3
(5)

The calculated critical concentrations and the cor-
responding critical radii calculated by eqs. (4) and (5)
are listed in Table 4.

Since the calculated critical radii R0 < 10 A◦, it
could be concluded that the quenching process is of the
exchange type (i.e., Dexter type), which requires direct
contact of donor and acceptor.

3.2.3 Effect of inclusion in polymeric matrix of PMMA

Furthermore, same sensitized emission spectrum
(λex = 365 nm) of the polymer (PMMA) doped with
Sm3+-(ACC) or Sm3+-(MBPK) complexes was observed
and show the typical narrow emission bands corre-
sponding to the Sm3+-centered 4G5/2 → 6HJ transitions
with the strongest emission located around 564 nm
originating from 4G5/2 → 6H5/2 transitions. Also ac-
cording to 4G5/2 → 6H7/2 transition at 599 nm, no split-
ting is observed when perturbed by the polymer around
Sm3+.

The enhancement of the sensitized luminescence
quantum yields of Sm3+ observed in PMMA matrix for
both ligands (Table 5) reflect the higher hypersensitiv-
ity behavior of the 4G5/2 → 6H7/2 transition. The results



56 E. Bakier and M. S. A. Abdel-Mottaleb Vol. 07

P
h

o
to

n
co

u
n

t

540 560 580 600 620 640 660 680 700

Wavelength (nm)

380

370

360

350

ex
ci
ta

tio
n

w
av

el
en

gt
h

(n
m

)

Figure 6. 3D-View of the emission spectrum of samarium

ion in (Sm3+-(MBPK)) complex in DMF at different excitation

wavelengths.

0
1750
3500
5250
7000
8750
1.050E4
1.225E4
1.400E4

564

599

644

707

Em
is

si
o
n

w
av

el
en

g
th

(n
m

)

350 360 370 380

Excitation wavelength (nm)

Figure 7. Contour view of the emission spectra of Sm3+ ion

in (Sm3+-(MBPK)) complex in DMF at different excitation

wavelengths.
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Figure 8. 3D-View of the emission spectrum of samarium

ion in (Sm3+-(MBPK)) complex in MeOH at different excita-

tion wavelengths.

can be interpreted in terms of free-volume availabil-
ity in PMMA matrix, which inhibits the vibration of the
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Figure 9. Contour view of the emission spectra of Sm3+ ion

in (Sm3+-(MBPK)) complex in MeOH at different excitation

wavelengths.
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Figure 10. 3D-View of the emission spectra of samarium

ion in Sm3+-(ACC) complex in DMF at different excitation

wavelengths.

ligand around Sm3+ ion and as a result the lumines-
cence intensity and quantum yield are increased in the
rigid medium.

3.3. Mapping as fingerprint. A three dimensional
plot could be exploited profitably as a powerful an-
alytical tool and is required for a complete descrip-
tion of the luminescence, which are given in Fig-
ures 6, 8, and 10. It may be represented as the so-called
excitation/emission matrix [30, 31].

Furthermore, connection of data points with the
same luminescence intensity (i.e., same height) by lines
results in tomograms of two-dimensional representa-
tion (luminescence mapping). Such diagrams always
represent a top view [31] as in Figures 7, 9, and 11.

This method seems to be useful as a qualita-
tive identification tool. In particular, the location and
relative intensity of peaks are suitable parameters
for pattern recognition analysis as well as a useful
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Figure 11. Contour view of the emission spectra of Sm3+

ion in (Sm3+-(ACC)) complex in DMF at different excitation

wavelengths.

identification method in clinical chemistry and bio-
chemistry [32–35]. The nature of the solvent and the
ligand is clearly identified by inspection of the corre-
sponding excitation/emission matrix maps in Figures 7,
9, and 11.

4. CONCLUSIONS

We have shown that the photophysical properties of
samarium ion in presence of ACC or MBPK antenna
molecules are sensitive to the nature of the medium
whether it is homogeneous, heterogeneous or rigid
PMMA. High quantum yield value of the sensitized
emission of (Sm3+-(ACC)) and (Sm3+-(MBPK)) in N,N-
dimethylformamide and PMMA matrix are obtained
pointing to an efficient ligand-to-metal energy transfer.
Low luminescence intensity observed in case of protic
solvents are due to radiationless energy dissipation via
vibronic coupling with the O-H oscillators of water and
alcohols. The determined 1 : 1 complex formation con-
stant shows that K(Sm3+-(ACC)) > K(Sm3+-(MBPK)),
which explains the obtained high quantum yield value
for Sm3+-(ACC) indicating more efficient ligand-metal
energy transfer for this chromophore. Moreover, lu-
minescence mappings for pattern recognition analysis
that could be profitably exploited as a useful identifi-
cation method in clinical chemistry and biochemistry
have been obtained from which the nature of the sol-
vent and/or the ligand is clearly identified by inspection
of the corresponding excitation/emission matrix maps.
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