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Abstract This work describes a rational planning of a
new light-conversion molecular device with high quan-
tum yield. For this, we made modifications in the
3-amino-2-carboxypyridine and 3-amino-2-carboxypir-
azine acid ligands, generating eight different complexes.
Theoretical methods have been used to calculate the
quantum yield of each of the complexes. We first used the
Sparkle model to calculate the ground-state geometries
of the eight complexes. These data were used to perform
theoretical predictions of the energy transitions using the
INDO/S-CI method. After having obtained the geome-
try and the energy transitions, the energy transfer rates
and quantum yield were calculated using a theoretical
approach based on the application of the 4f—4f transition
theory. The results show that the modifications in the 3-
amino-2-carboxypyridine ligand had generated three
complexes with high quantum yield (about 52.8, 51.6 and
52.8%). On the other hand, the modifications in the 3-
amino-2-carboxypirazine led to only one complex with
quantum yield larger than 50%, but it is the most efficient
complex projected.
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Introduction

The design of efficient light-conversion molecular de-
vices (LCMDs) based on lanthanide complexes have
been studied by several research groups [1-11]. The
reason for so much interest is the great applicability of
these devices as contrast agents in magnetic-resonance
imaging techniques (MRI) [12—15] such as luminescent
labels in fluoroimmunoassays [2, 16-19]; LCV dosime-
ters [20] and thin-film electroluminescent devices [21],
among others.

Obtaining efficient LCMDs is not a simple task. The
design of the complexes with high quantum yield is di-
rectly related to the understanding of each of the stages
involved in the luminescence process of these complexes.
In the first stage, the light in the UV regions is absorbed
by the ligands, which is why they are chosen by
absorption intensity. In the second stage, the energy is
transferred from the triplet state of the ligand to the
excited state of the lanthanide ion. When the triplet state
of the ligands is resonant with one of the excited states of
the lanthanide ion, in general, the ligands-ion energy
transfer is intense. In the last stage, the excited lantha-
nide ion decays to the ground state and most of the
energy must be emitted via photon emission in the vis-
ible region [22].

For some applications, the ligands chosen should
have specific properties. For example, water-soluble li-
gands are the choice suitable for the analysis of biolog-
ical systems.

The theoretical models developed by our group for
predicting the details of each one of these stages have
been used with success [11, 23-26]. Recently, we pub-
lished a new version of the Sparkle model [27]. We used
this model to calculate the ground state geometry of
Eu(Ill) complexes [28, 29]. This is the first step for
starting the design of new LCMDs. The energy-transfer
rates and quantum yield were determined by means of a
theoretical approach based on the application of the 4f—
4f transition theory [30].



The purpose of the present work is to find a new
complex with high quantum yield. For this we used the
theoretical models described below for studying lan-
thanide coordination complexes with ligands derived
from 3-amino-2-carboxypyridine and 3-amino-2-carb-
oxypirazine. This procedure has already been used suc-
cessfully in the prediction of the quantum yield of other
europium complexes. In recent work [23], the quantum
yield was calculated for the Eu(fod);phen—NO complex.
The calculated value, 41%, agrees well with the experi-
mental observed value, 43%.

Theoretical details
Sparkle model

In this model we postulate that the lanthanide ion can be
represented satisfactorily by the Coulombic potential
corresponding to a point charge of value identical to its
oxidation state, superimposed by a repulsive exponential
potential, both centered in the position of the nucleus of
the lanthanide ion [27]. This model gives good results
because the overlap between the 4f orbitals of the
lanthanide ion and the orbitals of the ligand atoms is
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Fig. 1 Schematic two-dimensional representation of the modified
ligands that have been used in the design of the new LCMD
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very small, conferring to the chemical bond (lanthanide—
ligand) largely electrostatic character.

In the newest version of our Sparkle model, SMLC II
[27], we sought to improve the Sparkle model, in various
ways: (1) by including the europium atomic mass, (2) by
reparameterizing the model within AMI for a new
response function, including all distances of the coordi-
nation polyhedron for tris(acetylacetonate)(1,10-phe-
nanthroline) Eu(IIl), (3) by implementing the model in
the software package MOPAC93r2 [31] and (4) by
including spherical Gaussian functions in the expression
that computes the core—core repulsion energy. All these
modifications have considerably improved the Sparkle
model.

In recent work, we analyzed the efficacy of the
Sparkle model compared to ECP ab initio calculations
[32]. The results show that the calculation of the ground
state geometries of Eu(IIl) complexes can be carried out
using the Sparkle model with satisfactory accuracy and
low CPU time.

The energy transfer rates and quantum yield

The models used to obtain the energy transfer rates
between the ligands and the lanthanide ion, the numer-
ical solution of the rate equations and the emission
quantum yield are described in Refs. [30, 33, 34].

Methodology
Design of the LCMD

The design of the new complex was made by modifying
the 3-amino-2-carboxypyridine acid and 3-amino-2-
carboxypirazine acid ligands. In the first simulation, the
objective was to analyze the effect of changing of the
amine group to an amide group. In the other simulations
larger groups such as benzoyl chloride, were connected
to the amide to diminish the complex polarity and in-
crease the solubility in organic solvents. Figure 1 shows
the modified ligands that had been used in the design of
the new LCMD.

Geometry optimization and calculation of the transition
energies

The complexes studied are composed of three ligands
and two water molecules coordinated to the lanthanide
ion—Eu(L);-2H,0, where L are the modified ligands
shown in Fig. 1. The ground-state geometry of the eight
complexes was calculated with the Sparkle model using
the MOPAC93r2 package [31]. The MOPAC keywords
used in all Sparkle/AM1 calculations were: GNORM =
0.25, SCFCRT = 1D — 10 (in order to increase the SCF
convergence criterion) and XYZ (the geometry optimi-
zations were performed in Cartesian coordinates). The
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intermediate neglect of differential overlap/spectro-
scopic—configuration interaction (INDO/S—CI) method
[35, 36] implemented in the ZINDO program [37] was
used to calculate the transition energies of the Eu(III)
complexes. The CIS space was gradually increased until
there were no further meaningful changes in the calcu-
lated transitions.

Ligand-lanthanide ion energy transfer and quantum
yield

Some restrictions were taken into account in the calcu-
lation of the energy-transfer rates and in the emission
quantum yields. These restrictions were based on
experimental data (electronic spectra and energy transfer
rate) taken from several lanthanide compounds found in
the literature. Such restrictions were necessary because
the electronic spectra calculations generally provide too
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Fig. 2 Diagram relating the singlet and triplet levels of the eight
ligands studied with the emitting level > Dy, > D, and > Dy of the
lanthanide ion
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Fig. 3 Calculated ground state geometry of the four complexes with ligands derivatives of 3-amino-2-carboxypyridine acid
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Compound 2b

Compound 4b

Fig. 4 Calculated ground state geometry of the four complexes with ligands derivatives of 3-amino-2-carboxypirazine acid

much data, which create complications in posterior
analyses. These restrictions were:

1. The oscillator strength of the singlet states must be
larger than 0.2.

2. Only the triplet state of lowest energy was considered,
which is related to the singlet state chosen in item 1.

3. The singlet state must have energy below
40.000,00 cm ™" .

4. In the calculation of the energy-transfer rate, the
singlet (S) or triplet (T) states and the > D, or °> D,
levels should present energy difference AE = E(S or
T) — EC D)) below 9,000 cm ™'

In the study of the energy-transfer process of the li-
gand = lanthanide, the energy diagram shown in Fig. 2
was used. For compound 2a, item (4) of the restrictions
was taken into consideration. Only the five energy levels

So. S, T, ° Dy and ° D, were considered. In the studsy of
the other compounds, these five levels and also the ° D,
energy level were considered. With the above restric-
tions, energy transfer involving the triplet state and the °
D, and ° D, levels was obtained only for the 1a, 1b, 3a,
3b and 4b compounds, because the 2b, 2a and 4a com-
pounds have energy differences between the donor and
acceptor states larger than 9,000 cm™' . The transfers
involving the triplet state and the °> Dy level were cal-
culated only for the 2a, 2b and 4a compounds because of
a good resonance condition between these states.

Results

The geometries calculated for the Sparkle model are
shown in Figs. 3 and 4. Figure 3 shows the optimized
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geometries of the four complexes with ligands deriva-
tives of 3-amino-2-carboxypyridine acid and the opti-
mized atomic coordinates for the coordination
polyhedron of the complexes are shown in Table 1. The
coordination polyhedron of each complex is formed
by the nitrogens and oxygens of the three modified
ligands and two oxygens (O8, O9) from the water
molecules.

Figure 4 shows the optimized geometries of the
four complexes with ligands derivatives of 3-amino-2-
carboxypirazine acid. Table 2 presents the optimized
atomic coordinates for the coordination polyhedron of
the complexes. In this case, the atoms of the coordina-

tion polyhedron are ordered in the same way as in
Table 1.

The parameters obtained from the Sparkle model and
INDO/S—CI used in the energy transfer rate calculation
are given in Table 3. These parameters are the singlet
and triplet-energy positions (medium value), the value of
the Ry and the transition moment. The parameters
Yuriplet (triplet state bandwidth), 4,,4 (taken as the sum of
the spontaneous emission coefficients of the transitions
Dy — Fo.12.4) and ' (° Dy) (emitter level lifetime)
used in the calculation of the emission quantum yield
were obtained from the electronic spectra of a com-
pound similar to the one analyzed in this work [38].

Table 1 Interatomic distances for the coordination polyhedron of the four complexes with ligands derivatives of 3-amino-2-carboxy-

pyridine acid

Atoms X (A) Y (A) Z (A) X (A) Y (A) Z (A)
Compound 1a Compound 2a
Eu(III) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
N2 —1.9060 1.1350 —1.1380 2.5270 0.0000 0.0000
N3 —1.2910 0.9030 2.1330 —0.7880 2.4010 0.0000
N4 0.6550 —1.1970 —2.1950 0.4630 —2.0110 —1.4570
05 1.1140 1.1790 —1.1730 0.2070 —2.0930 1.1020
06 —1.5620 —1.2800 —0.1340 1.0710 0.9860 —1.8790
o7 1.0440 —0.2660 1.6680 —1.7550 0.5550 1.5050
08 0.5060 —2.3820 0.5650 —2.1880 —0.5280 —0.8070
09 0.3490 2.8020 0.4250 0.5630 0.1350 2.3250
Compound 3a Compound 4a
Eu(I1D) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
N2 —2.3400 1.1350 0.2710 2.5310 —0.0380 0.0720
N3 0.4570 1.2830 2.1600 —0.3800 2.4940 0.1940
N4 —0.1890 —0.3680 —2.4560 0.2950 0.5990 —2.4430
05 0.2760 1.7380 —0.9510 —1.9820 0.2130 —1.3050
06 —1.4170 —1.3190 0.4080 1.0620 —2.0990 —0.3440
o7 1.6750 —0.6450 0.8190 0.5700 1.0200 2.0660
08 0.5940 —2.4470 —0.4300 —1.2820 —1.9810 —0.5830
09 —0.3600 4.5600 —0.3840 —1.9950 —0.3740 1.2630

Table 2 Interatomic distances for the coordination polyhedron of the four complexes with ligands derivatives of 3-amino-2-carboxy-

pirazine acid

Atoms X (A) Y (A) Z (A) X (A) Y (A) Z (A)
Compound 1b Compound 2b
Eu(I1I) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
N2 —2.0650 1.1510 —0.9690 2.5260 0.0000 0.0000
N3 —1.1930 0.9360 2.2400 —0.9020 2.3600 0.0000
N4 0.3310 —1.1460 —2.4470 0.5280 —1.9330 —1.5350
(O8] 1.0130 1.1200 —1.2730 0.2860 —2.1270 1.0170
06 —1.5430 —1.2800 —0.0670 1.0730 1.1030 —1.8140
o7 1.0960 —0.2680 1.6230 —1.7540 0.4820 1.5330
08 0.6750 —2.3200 0.3750 —2.1770 —0.5610 —0.8110
09 0.3270 2.7710 0.3290 0.5740 0.0860 2.3240
Compound 3b Compound 4b
Eu(I1) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
N2 —1.9490 1.5430 0.5070 2.5300 —0.1020 0.0360
N3 0.3130 —2.9890 3.3310 —0.4510 2.4850 0.1720
N4 0.9290 —1.4330 —1.9670 0.2880 0.6440 —2.4320
(O] 0.9830 1.1480 —1.2940 —1.9840 0.2020 —1.3060
06 —1.6770 —0.8260 —0.6090 1.0120 —2.1100 —0.4260
o7 0.4590 —0.5880 1.8010 0.6850 1.0900 1.9950
08 2.4920 0.1660 0.3890 —1.3380 —1.9700 —0.4820
09 1.0130 1.9440 1.1320 —1.9910 —0.2680 1.2970




Table 3 Parameters obtained from the Sparkle model and INDO/S—CI used in the energy transfer rate calculation

Compound Singlet states energy (cm™ ") Triplet state Ry (singlet) (A) Ry (triplet) (A) Electric dipole matrix
(medium value) energy (cm") element (W) (ues2 sz)
1a 33,486 19,064 6.25 4.76 1.15%x 1073¢
2a 39,309 37,229 7.53 7.67 1.36 x 1073°
3a 32,563 20,315 7.09 7.05 1.29 x 1073¢
4a 33,213 25,961 5.83 5.57 0.80 x 1073¢
1b 32,719 15,113 6.99 5.97 0.31 x 1073¢
2b 31,898 27,324 435 7.80 2.06 x 1073¢
3b 32,524 17,031 5.14 4.40 2.00 x 1073°
4b 30,025 24,651 5.43 4.86 1.14 x 1073¢

Table 4 Calculated values for
the energy transfer and back-
transfer rates in 1a, 2a, 3a, 4a,
1b, 2b, 3b and 4b compounds

¢ Dipole—dipole mechanism.

The following parameters were used: Yiriplet

Ligand state (cm™")

4f State (cm™")

Transfer rate (s~)

Back-transfer rate (s~')

Compound 1a

Triplet - > Dy (17,300)
Triplet « > D, (19,070)
Singlet - 5 Dy (27,600)
Compound 2a

Triplet - > D, (27,600)
Singlet - > D, (27,600)
Compound 3a

Triplet - 5> Dy (17,300)
Triplet - > Dy (19,070)
Singlet - 5D, (27,600)
Compound 4a

Triplet « 5 Dy (27,600)
Triplet - > D, (19,070)
Singlet - 5 Dy (27,600)
Compound 1b

Triplet « 5> Dy (17,300)
Triplet « > D, (19,070)
Singlet - 5 Dy (27,600)
Compound 2b

Triplet - 5D, (19,070)
Triplet « 5 Dy (27,600)
Singlet - 5 Dy (27,600)
Compound 3b

Triplet - > Dy (17,300)
Triplet . > D, (19,070)
Singlet - 5 Dy (27,600)
Compound 4b

Triplet - > Dy (17,300)
Triplet - > D, (19,070)
Singlet - > D, (27,600)

kas = 1.02 x 107
Ks» = 2.16 x 10
ks = 1.36 x 10>

Koy = 1.08 x 10°
k34 = 535“

kre = 1.09 x 10°
K>s = 2.71 x 10°
ks = 9.80 x 10*

k42 = 3.58 x 105
K>s = 8.39 x 10°
kg = 2.36 x 10>

ke = 2.26 x 10°
Ks» = 2.36 x 10°
kas = 9.98 x 10*

kys = 3.14 x 10°
Ki = 532 % 10*
k34 = 2.39 x 10611

Kos = 4.46 x 107
Ks» = 6.58 x 10°
ks = 6.87 x 10%

kre = 1.98 x 10°
K>s = 1.15x 10®
kas = 1.09 x 10%

K{,z = 546
kas = 2.10 x 10°
K43 is insignificant

k4> 1s insignificant
Ky; is insignificant

K()z = 0.015
Ks, = 7.19 x 10°
Kj; is insignificant

K24 = 1454
ks, is insignificant
Ky; is insignificant

Ky = 28.1
Kys = 0.015
K3 is insignificant

K5, is insignificant
kog = 1.42 x 10*
K43 = 135

K¢ = 3.84 x 107
krs = 3.98 x 10*
Ky3 is insignificant

Ky is insignificant
ks, is insignificant
K43 = 10.5

Table 5 Values of the emission quantum yield of the compounds

4,000 cm ™', A, = 900 s ' and ' C Dy) = 1,667 s .
A value of 10° s~! was assumed for all non-radiative
decay rates among the 4f-4f transitions. The back-
transfer rates were obtained by multiplying the energy
transfer rate by the Boltzmann factor e /A/#s7 at room
temperature. The direct transfer rate to the ° Dy level
was calculated assuming a factor of thermal population
equal to 0.17, at 300 K, for the ’ F, manifold and the
energy difference AE = E(triplet) — [ EC Do) — E(’ Fy)].

The energy-transfer and back-transfer rates calcu-
lated for the levels > Dy, > D; and ° D, of the lanthanide
ion are given in Table 4. The exchange mechanism is the
most efficient, being hi§her than the energy-transfer
rates involving the level ° D; (about 10° —10* s7'). The
rates corresponding to the multipolar mechanism
involving the level > Dy are relatively low (about 10* —
10° s~1). However, they represent an efficient channel of

Compound Quantum yield (%)
1a 52.80

2a 0.47

3a 51.60

4a 52.82

1b 226 x x10°*

2b 41.20

3b 1.00

4b 53.41

Compound Quantum yield (%)
1a 52.80

2a 0.47

3a 51.60

4a 52.82

1b 2.26 x x107*

2b 41.20

3b 1.00

4b 53.41
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Fig. 5 Diagram of the most

probable states to be involved
in the energy transfer process in
the compound 4b. The rates
W, and the A4,,4 represent non-

radiative and radiative
processes, respectively

population for the emitting level > Dy, since that the
back-transfer is small. Table 5 shows the quantum yields
of the eight compounds.

Discussion

The compounds 1b (g= 2.26 X 107* %), 2a (¢ = 0.47%)
and 3b (¢ = 1%) are the ones that give the lowest
quantum yield. The compounds 1b and 3b have the
triplet state energy below the > D, emitting level or
resonant with it. This favors the energy transfer of the °
Dy (emitting level of the lanthanide ion) to the triplet
state, diminishing the emission quantum yield.

Compound 2a gives a low quantum yield because it
involves only the multipolar mechanism in the study of
the energy transfer process, whose values of transfer rate
are smaller than these obtained by the exchange mech-
anism. The exchange mechanism was not considered
because the energy of the triplet state is very high,
therefore excluding the appropriate conditions of reso-
nance of this state with the levels ° Dy and ° D,.

Compound 4b gave the highest quantum yield (¢ =
53.41%). This compound is favored because the energy
transfer rates to lanthanide levels Wgr (T — ° Dy and
S — ° Dy) are sufficiently high compared to the back-
transfer rates, which are small. This happens because the
singlet and triplet states are in an appropriate energy
position, disfavoring the energy back-transfer. This is
shown in Fig. 5. The energy-transfer rate between the
singlet state and the ° Dy level is 1.09 x 10° s~! while the
back-transfer rate is 10.5 s~ . This can also be observed
in the triplet state. The energy-transfer rates between the
triPlet state and the ° D; and ° D levels are 1.15 x 10°
s~ and 1.09 x 10° s~!, respectively, while the back-
transfer rates are small.

The compounds that possess a triplet state below the
3> Dy or are resonant with the °> Dy and ° D, levels are
the ones that give the lowest quantum yield because the
transfer rates > Doy or ° D; — T are high, making
possible the depopulation of the emitting level of the
lanthanide ion.

Energy (10°cm™)
]
1

6
-------------- k,=1.09x 10
s s
i K = 10.5 7
#_SDét
T [ e ...
K25= 1.15x 10 '8‘._.’
o D,
] 5
DO
Wnr
rad
S() R 7F
Ligand Eu(IIl) | 1=0....6
Conclusions

The design carried out indicates that the europium
coordination complex 4b gives the highest quantum
yield, while the compound 1b is one that gives the lowest
quantum yield. These results are associated to the po-
sition of the triplet state and to the values of the energy
transfer and back-transfer rates.

Our group is synthesizing the lanthanide complexes
that present the highest and lowest emission quantum
yields.

Supplementary material

Optimized geometries of the eight complexes with li-
gands derivatives of 3-amino-2-carboxypyridine acid
and 3-amino-2-carboxypirazine acid, respectively. This
material is available free of charge via the Internet.
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