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Abstract

We report the synthesis, characterization, spectroscopic properties, structure prediction and intensity parameters of the
Eu(fod);phen-NO (fod =6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octadionate and phen-NO = 1,10-phenanthroline N-oxide).
Both the elementary analysis and the IR vibrational data are consistent with the formula of the cited complex. The absorption
spectrum in ethanol shows a maximum at 272 nm, which is shifted from 293 nm in relation to Eu(fod);. This is an indication of the
coordination of phen-NO. The emission spectra at room temperature and at 77 K show a very high intensity for the hypersensitive
>Dy— "F, transition, pointing to a highly polarizable chemical environment around the Eu®* ion. The complex has a decay time, 7,
lower than the Eu(fod);2H,0. It can be attributed to a considerable resonance of the ligand triplet with the excited levels of the
lanthanide ion. The sparkle and INDO/S-CI models were used to calculate the structure and electronic spectrum of this complex.
Good agreement between theoretical and experimental UV absorption spectra has been obtained. Structural data were used to
perform theoretical predictions of the Judd—Ofelt intensity parameters (Q;,1 = 2,4), the *Dy—"Fy/°Dy—F, intensity ratio and
3Do—F) transition splitting using the simple overlap model. The satisfactory results obtained are an indication that the models used

can lead to reliable prediction of the structure and 4f —4f intensities.

© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The design of luminescent lanthanide complexes has
been intensively studied in the past decade, in particular
with regard to the applications to highly efficient light
conversion molecular devices (LCMD) as described by
Lehn [1]. This interest is motivated by the possibility to
use such complexes as luminescent materials, as solvent
extraction agents, NMR shift reagents, as well as laser
materials [2,3]. To function as an LCMD several
processes must be present: (I) Ligand absorption, (II)
an efficient ligand to metal energy transfer, (I11) efficient
luminescence of the metal ion.
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Besides the synthesis and experimental investigation
of the photophysical properties of new lanthanide
complexes, our group has been successfully developing
theoretical models to determine the coordination
geometry of lanthanide complexes [4-7], the position
and nature of the ligand excited states in the correspon-
dent complexes [4-7], the 4f —4f intensity parameters
[4-7], the ligand-to-lanthanide ion energy transfer rates
[4], and the luminescence quantum yields [5]. The
synthesis and characterization of Ln(fod); with 1-10-
phenanthroline (phen) and 2,2'bipyridyl(bipy) have been
reported in the literature [8].

In the present paper we will describe the synthesis,
characterization, spectroscopic, and photophysical
properties theoretically and experimentally, as well
the structure and quantum yield (q) calculations of
the new Eu(fod);phen-NO complex (fod=6,6,7,7,8,8,
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8-heptafluoro-2,2-dimethyl-3,5-octadionate and phen-
NO =1,10-phenanthroline N-oxide). The sparkle model
for lanthanide complex within the AMI1 approach
(SMLC/AM1) [9,10], was used to calculate the geometry
of this complex. From the determined geometry, sparkle
was replaced by a point charge, + 3e, to account for the
charge of the lanthanide ion. The electronic spectrum of
the complexed ligands coordinated to the lanthanide
was then calculated by the INDO/S-CI method [11].
Furthermore, the theoretical and experimental intensi-
ties of the Dy— "F, | 2.4 transitions of the Eu(IIT) ion in
the complex Eu(fod);phen-NO are analyzed and dis-
cussed. The experimental analysis of the Q, and Q4
intensity parameters will be made through the Dy — "F,
and °Dy—'F, transitions taking as reference the
magnetic dipole *Dy—F, transition. The theoretical
analysis of these parameters is based on the simple
overlap model (SOM) for the ligand field and the
average energy denominator method to treat the forced
electric dipole contribution to the intensities. The
dynamic coupling mechanism is also taken into account
on the basis of the point dipole ligand polarization
approximation [12].

2. Experimental details
2.1. Synthesis

The FEu(fod); complex and 1,10-phenanthroline
monohydrate 99.99% were purchased from Aldrich
and used as received. The ligand phen-NO was prepared
following the method reported by Corey et al. [13], and
was characterized by C, H, N microanalysis, melting
point, IR vibrational and UV-visible spectroscopic
analysis and gas chromatography. The complex Eu
(fod)sphen-NO was prepared by adding 40mL of a
warm ethanolic solution of phen-NO (1 mmol) to an
ethanolic solution containing 1 mmol of Eu(fod);2H,0.
The pure product was obtained by repeated crystal-
lization from ethanol and dried over P,Os; under
reduced pressure (less than 1 mm Hg). The chemical
analytical data for the complex indicates that the
formula of the complex corresponds to Eu(fod)s;phen-
NO as expected. The complex was characterized
by means of chemical analysis, IR vibrational and
UV-visible absorption spectroscopy, luminescence spec-
troscopy, and excited state lifetimes.

2.2. Spectroscopic measurements

The IR spectrum was recorded using a KBr pellet and
a spectrophotometer (4000400 cm '), BRUKER model
IFS 66. The absorption spectrum was recorded on a
Perkin Elmer LAMBDA 6 UV-visible spectrophoto-
meter.

For the excitation and luminescence spectra the
sample was excited using a 150 W xenon lamp. The
appropriate wavelengths were selected by a 0.25 mono-
chromator (Jobin Yvon model H-10). The emission
spectra were analyzed using a Jobin Yvon double
monochromator, model U-1000 and the fluorescence
signal detected by a water-cooled RCA C31034-02
photomultiplier was processed by a Jobin Yvon
Spectralink system. The signal excitation spectra were
recorded by an EG&G Princeton Applied Research
Boxcar, a Gated Integration model 4422 and processed
by a model 4402. The lifetime measurement was made at
298 K using a nitrogen laser for excitation model VSL-
337ND of Laser Science Inc. and the same Boxcar
system for data acquisition described previously [14].
The quantum yield of the Eu®" complex was determined
by comparison with standard phosphors (Y,03:Eu), the
efficiencies of which have previously been determined by
absolute measurements. This method provides absolute
efficiencies while avoiding absolute measurements and
has been described in detail [15].

3. Theoretical details
3.1. Ligand-rare earth ion energy transfer rate

The procedure to obtain the ligand-rare earth ion
energy transfer rates follows three steps. For step (i) the
SMLC/AMI (sparkle model for lanthanide compounds/
Austin Model 1) method [16] has been used to determine
the molecular structure of the Eu(fod);phen-NO com-
plex. The set of parameters for the sparkle species has
been presented elsewhere [9] and includes the Gaussian
functions for the core—core repulsion interaction accord-
ing to the AM1 method [9]. For step (ii) the INDO/S-CI
(intermediate neglect of differential overlap/singlet—
configuration interaction) method [17] implemented in
the ZINDO program [18] has been used to calculate the
transition energies and oscillator strength of the ligands
in the presence of a 3+ point charge [9]. By using the
results obtained in steps (i) and (ii), the energy transfer
rates between the ligands and the lanthanide ion in step
(iii) were obtained with a model recently developed in
our group which includes the direct and exchange
Coulomb interactions in the perturbation operator
[19,20].

3.2. Quantum yield

The numerical solution of the rate equations describ-
ing the kinetics of the 4f —4f luminescence was carried
out according to the model developed in Ref. [21]. These
numerical solutions of the rate equations yield the time
dependence of the energy level populations, which
reach the steady-state regime after 107 °-~107>s. These
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steady-state populations were then used to calculate the
emission quantum yield which is given by the following
equation.

Atn,
q= ) 1
ém ( )

where the sub-indices 1 and 2 indicate the ground state
and the emitting level (°Dy), in the complex, At is the
sum of the coefficient for spontaneous emission for the
>Do—"Fy 1.4 transitions and ¢ is the pumping rate.

4. Results and discussion

The IR spectrum of the Eu(fod);phen-NO complex
provides evidence that the metal ion is coordinated to
via the NO group. The N-O stretching frequencies shift
from 1273 and 1257 to 1344 and 1279 cm ™", respectively.
The coordination is also confirmed by the UV-visible
absorption spectrum. Furthermore, the vibrational
spectrum shows there are no water molecules coordi-
nated to the Eu’" ijon. If it is assumed that other
phenanthroline is also coordinated the coordination
number would be 8 for this complex, the same as for the
Eu(fod);phen previously studied [8].

The absorption spectrum of Eu(fod);2H,O recorded
in ethanol shows an intense band in the UV region with
a maximum at 290 nm [22], but it has shifted to a lower
wavelength (272 nm) with a higher intensity in the new
Eu(fod);phen-NO complex.

The Iuminescence spectrum of solid Eu(fod)s;phen-
NO at 298K is shown in Fig. 1. The luminescence
spectrum of the Eu’" ion in the complex is due to the
transition from the °Dj excited state to the ’F ground
state manifold. The substitution of water for phen-NO
in the first coordination sphere of the europium complex
results in an increase in the intensities of the Eu®" ion
transitions, as is most evident for the hypersensitive
>Dy—F, transition. The high intensity can be asso-
ciated with the low symmetry of the site. Some evidence
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Fig. 1. Luminescence spectra (Aexe = 370nm) of Eu(fod);phen-NO
in the solid at 300 K.

Table 1
Spheric atomic coordinates for coordination polyhedron of the
Eu(fod);phen-NO complex

Atoms r(A) 0 ¢ ()
Eu 0 0 0
0;-fod 2.381 90 0
0,-fod 2418 90 245.878
0;-fod 2.395 62.185 276.241
0,-fod 2.379 86.385 210.197
Os-fod 2.391 144.452 138.108
Og-fod 2378 145.858 287.114
N,-phen-NO 2.745 69.958 320.379
0,-phen-NO 2.402 17.944 256.852

of this low splitting of the Dy — F, transition is shown
in the spectrum of the Eu(fod);phen-NO complex shown
in Fig. 1. In the analogous Eu(fod);phen complex, the
square-antiprismatic coordination may be assigned to
the eight coordinate adducts. The SMLC optimization
with AM1 method predicts C, for the point group of the
Eu(fod);phen-NO complex.

Although no crystal structure was obtained, the
application of the SMLC/AM1 model for other system
has been satisfactory [6,10,11]. We have thus applied it
to the predict ion of the geometry of Eu(fod);phen-NO,
and have used this as the input geometry into INDO/
S-CI in order to predict the electronic absorption
spectrum.

Table 1 shows the atomic coordinates for the
coordination polyhedron of the complex as determined
by the sparkle model. The coordination sphere is
composed of the six bonding oxygens from the three
fod ligands and one oxygen and one nitrogen from the
phen-NO. The polyhedron of the complex is a distorted
square-antiprism as shown in Fig. 2.

From the emission spectrum shown in Fig. 1, we have
determined the experimental intensity parameters 2,
and Q4 by using the >Dy—'F, and °Dy— 'F) transitions,
respectively, and by expressing the emission intensity
I = hwAgN in terms of the areas under the emission
curve. Here hw is the transition energy, A, is the
corresponding coefficient of spontaneous emission and
N is the population of the emitting level (°D,). The
magnetic dipole allowed transition >Dy— 'F, was taken
as the reference. The 4,4 are given by

4e’w? « 2
Ana =55 ;QA<7Fj| U<‘)}5D0> . )

The appropriate reduced matrix elements of Eq. (2),
were taken from Ref. [23], and an average index of
refraction equal to 1.5 was used in the Lorentz local field
correction which enters in the expressions for the
coefficients of spontaneous emission. The procedure
for the calculation of the theoretical intensity para-
meters, £2,, are described in Refs. [7,12].
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Fig. 2. Calculated ground state geometry of the complex Eu(fod);
phen-NO.

Table 2
Experimental and theoretical values of the Q,, Q4 and A4,,4 obtained
from emission spectrum of the Eu(fod);phen-NO complex

Arad (Sil) @)} Q4

(*Do—"Fy.1.0) (107 cm?) (107 cm?)
Experimental 872 24.5 134
Theoretical — 22.9 2.76

Intensity parameters were calculated from the struc-
tural data in Table 1 and the theoretical procedure
described in Ref. [4]. The polarizability, «, and the
charge transfer factor, g, were treated as freely varying
parameters. These quantities should act in the sense of
reproducing the best effects of the chemical environment
on the rare earth ion. Table 2 presents the values of the
charge factors and polarizabilities used to obtain the €2,
and Q4 theoretical parameters. The ¢g’s and o’s are
restricted to ranges of physically acceptable values.

In Fig.3 is shown a comparison between the
experimental and the calculated spectra from the input
geometry SMLC/AMI1 to INDO/S-CI. The predicted
spectrum fits the experimental one with respect to the
number of main maxima and relative intensity, although
displaying a systematic blue shift, which may be due
mainly to solvent effects, which have not been con-
sidered in the calculation. The theoretical spectrum was
calculated for a molecule in vacuum whereas the
observed spectrum was obtained for ethanolic solutions
of the complex.
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Fig. 3. The experimental and the calculated spectra from input
geometry SMLC/AMI1 to INDO/S-CI.
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Fig. 4. Energy level diagram for the Eu(fod);phen-NO complex
showing the most probable channels for the intramolecular energy
transfer process. The solid and dashed arrows represent radiative (rate
Ard) and non-radiative (rate Wy,) processes, respectively. The
pumping rate is k3 and k3, is the intersystem crossing rate.

An energy level diagram for the compound Eu(fod);
phen-NO is shown in Fig 4. The UV absorption takes
place through the fod and phen-NO ligands. The
experimental energies of the singlet and the theoretical
energy of the triplet were used to set up the right part of
the diagram shown in Fig. 4. In this model, ligand-to-
metal energy transfer may occur through either the
singlet or triplet ligand states. There are five 4f states
that show appropriate resonance conditions with the
ligand excited states. The choice of Do, °Dy, °D,, °Gg
and °D, results from favorable resonance conditions and
from the selection rules discussed in Refs. [19,20]. The
figure also labels the energy levels involved in the
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Table 3

Calculated values for the energy transfer rates in the Eu(fod);phen-NO complex

Ligand state (cm™") 4f state (cm™")

Transfer rate Back-transfer rate

5Dy (17 300)
D, (19000)
5D, (21 500)
5Gg (26 750)
3Dy (27 600)

Triplet (22711)—
Triplet (22711)—
Triplet (22711)—
Singlet (27 027) —
Singlet (27 027) «

Joog = 3.46 x 10° kg ~0

k7 =1.376 x 10" k7 =288.1
kog=2.18 x 107 ke, =6.78 x 10*
ks =2.56 x 10°° ks3=6.84 % 10°
ka3 =9.79 x 10°° k3 =6.38 x 10°

2 Dipole-2' pole mechanism.
®Dipole-dipole mechanism.

mechanism as well as transfer and transition rates
involved (ky).

Table 3 presents the theoretical values of the forward
and back-transfer rates calculated. The arrows in this
table indicate the direction of the energy transfer and the
energy level labelling is presented in Fig. 4. The forward
transfer rate to the °Dj level was calculated by assuming
a thermal population factor equal to 0.17, at 300 K, for
the ’F, manifold and an energy difference
A = E(triplet)—[E(°Dy)— E("F})]. The parameters used
in the calculations of the transfer rates were obtained
from the luminescence spectra, lifetime measurements
and sparkle model (structural data and ligand matrix
elements). The parameters for Eu(fod)sphen-NO were
RL=392A (average value), Jyiper = 4000 cm ™!,
At = 8725 ! and the theoretical value used for the z-
component of the electric dipole matrix element
(Eq. (19) in Ref. [4]), was 4.38 x 107%® (e.s.u.)’ cm?.
The inverse of the >Dy (Eu’® ") level lifetime (1 /7) was set
to 2114s~". In addition, the multipolar contributions to
the transfer rates were calculated by using the following
theoretical values for Q% (in 107*°cm?): Q% =
0.2,05% =023 and Q%% =0.39. It should also be
noticed that the back-transfer rates were calculated by
multiplying the forward transfer rates by the Boltzmann
factor e A/%8T at room temperature. We also have
assumed that the value of the non-radiative decay rate of
the 4f —4f transitions within a 4fN electronic config-
uration is 10°s™!, which corresponds to the decay from
the °D, to the °D, level .The following values for the
screening factors were assumed for these compounds,
0y = 0.67 04 = 0.139, o = —0.1 and o) = 0.989 [9]

The energy transfer rates are higher for the D, and
5D, levels, where the exchange interaction dominates,
than for the higher excited 4f levels, where the multi-
polar interactions are the most important ones. The
multipolar interactions include the dipole—dipole and
dipole-2/-dipole mechanisms.

The measured emission quantum yield for the Eu®™"
ion was 43% for the Eu(fod);phen-NO complex at room
temperature. To compare theory with experiment, the
numerical solution of the rate equations has been
performed and the steady-state populations have been
obtained for all the energy levels involved in the energy

transfer process shown in Fig. 4. These populations were
then employed in Eq. (1) to obtain the theoretical
emission quantum yields. The calculations were per-
formed by using the values of the energy transfer rates
presented in Table 3 and also the following values of
decay rates, kyy = 10587, k3 = 10857, k3 = 1005~
and k3 = 10*s™' [21]. We found an optimum emission
quantum yield of 41% for the Eu(fod);phen-NO
complex, which is in good agreement with the experi-
mental one.

The luminescence lifetime of solid Eu(fod);2H,O
showed a value of 0.62ms compared with the new
Eu(fod);phen-NO complex, for which obtained a decay
time 7 of 374us. The results clearly show that the
substitution of the water molecules by phen-NO leads to
lower decay times. This can be attributed to a
considerable resonance of the ligand triplets (fod and
phen-NO) with the excited levels of the Eu®* ion in the
Eu(fod);phen-NO complex making an energy back-
transfer of the Eu— ligand. Furthermore the dominant
non-radiative processes related to °Dj can be associated
to an excited level of the charge transfer Eu«ligand
[25].

5. Conclusions

The IR and UV-visible spectra as well as the
luminescence measurements provide evidence that metal
ion is coordinated to the ligands fod and phen-NO.

The low decay times of the Eu(fod);phen-NO com-
plex can be associated with the energy back-transfer of
the Eu—ligand. This can justify the lower quantum
yield ¢ compared with the similar complex [24].

We have studied theoretically the structure of the new
Eu(fod);phen-NO complex using an improved version
of the sparkle model [12]. The UV absorption spectrum
was calculated through excited state levels obtained
from the INDO/S-CI model. The absorption spectrum
of the complex obtained has been reproduced well by
the theory, providing confidence in the validity of the
structure model used for the theoretical calculation [26].
The same numbers of peaks and the relative intensities
sorted in the simulation of the absorption spectrum have
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stimulated the calculation of the Judd-Ofelt intensity
parameters using the SOM. The results for Q; indicate
that the dynamic coupling mechanism is dominant and,
therefore, that lanthanide ion is in a highly polarizable
chemical environment.
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