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The role of the antenna in the process of the host sensitized luminescence of the DOTA cage coordinated
with the Eu ion is investigated. The analysis of the optimal geometries of DOTA modified by several antennas
is based on the results of density functional theory (DFT) calculations. The physical environment of the
luminescence center (the lanthanide ion) is illustrated by charge density maps and described by the values of
the crystal field parameters directly evaluated. The conclusions derived from this theoretical analysis support
earlier observations that antennas attached to the cage play the sole role of harvesting and transferring the
energy to the lanthanide ion, whereas the cage perturbs the symmetry of the environment of the lanthanide
ion, giving rise to the sensitized luminescence. The implications of the separation of the two parts of the
organic chelate, cage and antenna, are discussed within the theoretical models of the energy transfer and of
forced f T f electric dipole transitions.

1. Introduction

Dotarem [Gd-DOTA], MagneVist [Gd-DTPA], Omniscan
[Gd-BMA-DTPA], andProHance[Gd-HPDOTA] are contrast
agents successfully used in clinical medicine to enhance NMR
signals and to make the diagnosis of pathology in certain organs
easier, or in some cases possible. However, there are recent
reports on a possible causal correlation between the gadolinium-
based contrast agents and development of a serious disease
(known as Nephrogenic Systemic Fibrosis/Nephrogenic Fibros-
ing Dermopathy) in patients with kidney failure.1 Such reports
from practice very often ruin the beautiful picture of experiment
and theory. At the same time a collision of the results of research
with the realistic clinical applications, to which the research is
originally addressed, is a very strong motivation for further
investigations to learn how the agents work, in addition to the
practical knowledge that they work.

From a physical point of view, the paramagnetic ion Gd is
the best candidate from all the lanthanides to enhance nuclear
magnetic resonance signals, because it possesses the highest
magnetic moment resulting from its specific electronic structure
of a half-filled shell of 4f symmetry. DOTA (1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid) and DTPA (dieethyl-
enetriaminepentaacetic acid) in the names of the contrast agents
above are examples of organic chelating ligands, which
coordinate with the lanthanide ion. Organic chelates coordinated
to other members of the lanthanide family are used to diagnose
cancerous changes in various tissues.2 The specific architecture
of the cage depends on the kind of the tissue that absorbs the
agent the most. In this case the interaction of the magnetic
moments with the applied magnetic field is not the origin of
the signal monitoring the cancer, but rather the luminescence
of the lanthanide ions embedded in a particular environment.
Because tumor cells absorb more of the agent than the healthy
cells, the luminescence of lanthanides sensitized by the chelate
has become a noninvasive and very sensitive tool for detecting

abnormal changes at the level of a few molecules. The use of
such tissue selective probes also makes it possible to treat the
attacked tissues and destroy the tumors through local radiation
when a radioactive lanthanide ion is used. There is also research
on the possibility of attaching to the organic chelate a specific
medicine to deliver it directly to the site. Such “dressing” of
the chelate by chemotherapeutic agents might make it possible
to replace standard chemotherapy, which is harmful not only
for the cancer cells but also for the whole body, by a local
treatment.

The results of experimental work performed on organic
chelates coordinated with the lanthanide ions provide a plethora
of information3 about the architecture of cages, efficiency of
the luminescence process, and correlation between the chemical
structure of the agent and the specific tissues to which it is
addressed. Unfortunately, theoretical investigations are very
much behind the experimental knowledge, and still there are
many unanswered questions awaiting reliable numerical analysis
and constructive conclusions that may aid in finding new tools
for diagnostic and therapeutic procedures.

To establish a reliable theoretical model of the spectroscopic
properties of organic chelates coordinated to the lanthanide ions,
a numerical analysis has been performed for derivatives of the
organic chelate DOTA for which much is known from earlier
experiments and theoretical investigations.4-7

2. Methodology

2.1. Model of Host Sensitized Luminescence.In general,
the sensitized luminescence, observed as a signal, results from
three consecutive steps, which are schematically represented in
the Figure 1.

Although it is possible to excite the lanthanide ion directly
with a powerful beam (which would be very harmful in clinical
applications), normally, the cages are built to indirectly sensitize
the luminescence. Therefore, in Figure 1 the organic chelate,
pictured as a closed cage with the lanthanide ion placed inside,
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is modified by an attached chromophore, which acts as an
antenna and harvests the light. As illustrated in the Jabłon´ski
diagram in Figure 1, there are indeed three steps in the process
from which sensitized luminescence originates as the final
signal:

1. harvesting the light from the external beam by a sensitizer,
which results in excitation of the antenna from the ground singlet
state to an excited singlet state, followed by a nonradiative
transition (inter-system crossing), leading to a triplet state;

2. energy transfer from the donor in its triplet state to the
acceptor, the lanthanide ion, which becomes the center of
luminescence; due to spin selection rules this energy transfer
occurs rather than radiation to the lower energy state of the
antenna. Sensitization (excitation) of the lanthanide is thermo-
dynamically favorable, if the energy of the antenna is greater
that the excitation energy of the lanthanide ion. Therefore, often
the lanthanide ion is excited to a very high energetic state, and
the lower excited state, from which the luminescence is observed
in the solution, is reached via nonradiative transitions;

3. luminescence of the lanthanide ion, which is observed as
a signal characterized by very sharp atomic-like spectral lines.

Because the UV light is usually absorbed by the organic
chelate with visible light being produced as a signal, the caged
lanthanide plays the role of a light-converting device. However,
there is an intensive search for compounds that absorb light in
the visible region. The most desirable for in vivo applications
are chelates coordinated with the lanthanides that luminesce in
the near IR, because in such cases the energy of the excited
states of the lanthanide ion is low enough to use a beam of
visible light to excite the antenna. Furthermore infrared radiation
is better for work with biological samples, because its penetra-
tion depth is much greater than in the case of visible light.

To be able to predict, design, and build effective and
noninvasive diagnostic tools, theoretical studies are now directed

toward understanding all the distinct steps of the process of
sensitized luminescence illustrated in Figure 1, the results of
which research are presented here.

2.2. Design of an Efficient Chelate.The scheme in Figure
1 demonstrates that certain conditions have to be satisfied to
obtain a chelate with the required properties. To understand the
physics of the sensitized luminescence of organic chelates
coordinated with the lanthanide ions, extensive studies reported
here were performed for several compounds. In particular, to
analyze and establish the role of antennas in the cancer detecting
signals, an analysis was performed for parent DOTA coordinated
with the Eu ion along with its derivatives containing various
antennas attached to the cage via different bridges.

The Eu ion is the most stable ion of the lanthanides and has
more predictable properties than the other lanthanides. Its energy
scheme is rather simple, and its spectroscopic properties are
defined by specific selection rules resulting from the symmetry
of the ground state,7F0. The first excited state, from which the
luminescence is observed as a signal, is of5DJ symmetry.
Among all possible electric dipole transitions between the
ground and excited states, the transition between the levels
5D0 T 7F0 is of greatest interest. This particular transition is
used as a criterion for the identification of the structure of the
compound and its symmetry. This is how it was verified that
the DOTA chelate exists in two isomeric forms, because in the
spectrum of the chelate coordinated with Eu two sharp lines
resulting from the electric dipole transition 0T 0 are observed.4

This has been experimentally confirmed by the results of
numerical calculations (density functional theory, DFT) for the
DOTA chelate coordinated with all lanthanide ions.7

The structures taken into account in our analysis, for which
the DFT calculations of the optimized geometry have been
carried out, are presented in Figure 2. The abbreviations used
for various chelates are the following: PA, aniline attached to

Figure 1. Scheme of the sensitized luminescence of the lanthanide ion coordinated with the cage of the organic chelating ligand; the Jabłon´ski
diagram is presented below in the illustration.
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the cage via the amide bridge; Q, quinoline attached to the cage
via a methylene group; QA, quinoline attached via the amide
bridge; C, coumarin; csA, carbostyril 124 attached via an amide
bridge. The atoms indicated by an arrow in Figure 2 are those
of the antennas, which are found to be coordinated with the
central ion instead of the original acetate oxygen of the parent
system. These investigations for DOTA were performed to
satisfy the “design principles” summarized by T. Gunnlaugsson
and J. P. Leonard in their review article:8

1. The hydration state of the environment of the lanthanide
ion should beq ) 0, whereq is the number of coordinated
water molecules, as defined by Parker; this condition leads to
the maximum quantum yield, because possibly present water
molecules quench the lanthanide luminescence.9

2. In accordance with the Dexter’s electrostatic model of
energy transfer, the attached antenna should be close to the
lanthanide ion to maximize the efficiency of the sensitization.

3. The absorption of the antenna should be correlated with
the excitation requirements of the caged lanthanide ion.

The ligands should encapsulate the lanthanide ion tightly to
give a compact cage that is stable thermodynamically and
kinetically. This condition is of especial importance for in vivo
applications, because it limits the toxicity of the lanthanides by
separating them from the biological environment.

The calculations of the optimal geometry of the analyzed
complexes were carried out using the program GAUSSIAN 03.10

All calculations were done with DFT (B3LYP functional) and
utilized the 6-31G* basis set11 for all atoms except for the
lanthanides. For the lanthanide ions the quasi-relativistic effec-
tive core potential (ECP) of Dolg and the related (5s4p3d)-GTO
valence basis sets were applied.12 This means that for the tri-
positive lanthanides 46+ 4fN electrons are included in the core,
and the remaining electrons are treated explicitly. In all cases
full geometry optimizations were performed and the resulting
geometries were confirmed by the computation of the second
derivatives of the energy to be minima on the potential surface
(all positive eigenvalues of the Hessian).

2.3. Charge Density Maps.To study the actual changes in
the vicinity of the lanthanide ion, charge density maps have
been generated. These maps reflect the physical reality sur-
rounding the lanthanide ion, which as a center of the lumines-
cence, is sensitive to its environment. The charge density is
defined in a standard way, namely

whereN is the number of electrons andm denotes the number
of nuclei. The wave function depends on the coordinates of all
electrons,xi ≡ rbiσ, and in a parametric way on the positions of
all nuclei. In the maps presented below the step between two
iso-charge lines is 0.025 au; the outermost external line
corresponds to this initial value, and the charge density increases
in the direction of the nuclei.

3. Results and Discussion

3.1. Optimal (DFT) Geometry. In Figure 3 optimized
structures obtained for parent DOTA and five examples of the
cage with the attached antennas PA, csA, Q, C, and QA are
presented.

In parent DOTA the organic chelate has a structure of a cage
built of four nitrogen atoms (N2, N3, N4, and N5 in Figure 2),
which form the basal plane, and of four oxygen atoms from
the acetate arms that are coordinated with the lanthanide ion
and form the capping plane that closes the cage (O6, O7, O8,
and O9 in Figure 2). The definition of these planes is presented
in Figure 4, in which a third plane that contains the lanthanide
ion and which is parallel to the basal plane is also shown.

The parent system is ofC4 symmetry, which has been
confirmed computationally.6,7 When one of the acetate arms of
the parent system is replaced by an antenna, theC4 symmetry
is obviously disturbed. The main goal of the present investiga-
tions is to verify to what extent this distortion occurs in each
of the modified chelates, and what influence it has on the
spectroscopic features of the compound.

As seen in Figure 3 for DOTA-PA, the oxygen atom from
the amide bridge linking the antenna to the main cage is the
fourth atom of the capping plane, and it is coordinated with the
lanthanide ion to close the cage. It replaces the oxygen atom of
the original acetate arm of parent system. The antenna in
DOTA-Q is attached to the cage directly, and the nitrogen atom
from the quinoline was found to be coordinated to the central
ion. As anticipated, it is seen that indeed theC4 symmetry of
the cage is disturbed by the incorporation of these antennas.
However, at this point of analysis, the question remains
unanswered whether this perturbation of the symmetry affects
the physical environment of the lanthanide ion to the extent
that the complex would display different spectroscopic proper-
ties.

When the quinoline antenna is attached to the cage via the
amide bridge, as in DOTA-QA, instead of the nitrogen of the
previous case, now the carbonyl oxygen atom of the amide
bridge is coordinated to the central ion. Although the antenna
is pushed away from the cage, the coordination sphere and
vicinity of the lanthanide ion are more symmetrical than in the
case of cage with the antenna attached directly. These observa-
tions are supported by detailed examination of the DFT
structures. The distances of the coordinated atoms from the
central ion for the optimal DFT geometry of each given in Figure
3 as well those of the other coordinated atoms (oxygen and

Figure 2. Schematic illustration of the organic chelates DOTA
coordinated with Eu ion and modified by various antennas. The atom
of the antenna, which coordinates with the Eu is designated by a small
arrow.

F( rbi) ≡ F( rbi,RB1,...,RBm) )

N ∑
spin

∫drb1 ... drbi-1 drbi+1 ... drbN |Ψ(x1,...,xN;RB1,...,RBm)|2
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nitrogen). In all cases an oxygen atom of the antenna, (which
belongs in most cases to the amide linkage) is coordinated,
except for DOTA-Q, in which the fourth coordinated atom is
nitrogen.

Inspection of the structures evaluated for the four complexes
with their antennas attached via the amide linkage, and their
comparison to those of the symmetric cage of parent DOTA,
suggests that the antenna is not important in the description of
the environment of the luminescence center (lanthanide ion).
The average distances from the lanthanide ion of all nitrogen
atoms, as well as all the oxygen atoms in DOTA-PA, DOTA-

csA, and DOTA-QA, are very close to their respective distances
in the parent system. These are the chelates in which the antenna
is attached via an amide bridge, and its oxygen atom completes
the 8-fold coordination of the central ion. This conclusion is
supported also by comparison of the results obtained for DOTA-
QA and DOTA-Q. These two chelates differ only by the linkage
of the same antenna to the cage (see Figures 2 and 3). As
mentioned above, when the amide bridge is used, the antenna
is moved away from the cage in comparison to its position when
it is attached directly to the cage. These results demonstrate
that the shape of the cage of DOTA-QA, as expected, is closer
to that of the parent system, which is ofC4 symmetry. Therefore,
the optimal geometry of DOTA-QA is more symmetrical than
that of DOTA-Q. This means that it is possible to treat the eight
coordinated atoms (four nitrogens from the basal plane and four
oxygen atoms from the capping plane) as the most important
and influential neighborhood of the lanthanide ion. As a
consequence, the physical situation in all these complexes,
DOTA, DOTA-PA, DOTA-csA, DOTA-C, and DOTA-QA, as
seenor felt by the lanthanide ion, is almost the same. This
conclusion provides strong theoretical support for Li and
Selvin’s suggestion,13 based on spectroscopic evidence obtained
by them for several cases, that antennas connected to the cage
by the amide bridge have the carbonyl oxygen coordinated to
the lanthanide ion. The computational results presented here
also support their suggestion that the environment of the

Figure 3. Optimal geometry of DOTA and DOTA modified by various antennas; results of numerical DFT calculations. Numbers (in Ångstroms)
shown on the figures are the bond distances between oxygen and nitrogens atoms and the Eu+3 ion. Nitrogen atoms are black and oxygens are gray.

Figure 4. Definition of basal, Eu, and capping planes.
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lanthanide chelated to DOTA with an antenna linked via an
amide bridge is not greatly perturbed from that of the parent
DOTA (without the antenna). In fact, it is not surprising that
the oxygen of the amide linkage mimics the negative charge of
the oxygen of the carboxylate anion so well. Indeed, it has long
been known that the high stability of the amide functional group
results from a significant contribution of the resonance structure
in which there is a negative charge on the oxygen atom:

In the chelate, contributions from this type of resonance structure
involve not separation of charge as in the amide functional group
by itself, but rather delocalization of the positive charge of the
central europium ion.

This significant preservation of theC4 symmetry also explains
the observation that for several complexes the luminescence
spectra are almost independent of the kind of attached antenna.
The conclusion reached from the results of our calculations
require further analysis to confirm their validity by means of
the standard crystal field theory, which is presented below.

When such an analysis is performed, however, keeping in
mind the requirements that must be met to build an efficient
diagnostic agent, a dilemma has to be solved. The question is
whether to construct agents with the symmetry of the parent
system preserved as much as possible (at least in the vicinity
of the luminescent center) and attach the antenna via the amide
bridge as in the case of DOTA-QA or connect the antenna
directly to the cage as in the case of DOTA-Q, which results in
moving the antenna closer to the lanthanide ion, but at the same
time causing a distortion of the symmetry of parent system.
The problem of symmetry or asymmetry (or rather disturbed
symmetry) of the organic chelates modified by various antennas
is one of the points that stimulated the present investigations.

3.2. Charge Density Maps.The charge density maps are
generated along three planes, which are defined in Figure 4:
the basal plane, the plane in which Eu is placed (which is parallel
to the basal plane), and the capping plane. In the last case, when
the fourth coordinated atom of the capping plane comes from
the connecting bridge or directly from the antenna, the capping
plane, is distorted by tenths of a degree from the planar
arrangement. This is why in all such cases the capping plane is
defined by the three oxygen atoms from the remaining three
original acetate arms of the parent system.

The optimal DFT geometries of the analyzed systems suggest
that in all cases the modifications of the structure of the parent
system are not large, if the antenna replaces one of the acetate
arms. As seen from Figure 3, the most stable part of the cage,
almost independent of the attached antenna, is the basal plane,
which is determined by the four nitrogen atoms coordinated
with the lanthanide ion (see the distances between the central
ion and the black circles, which in Figure 3 represent the
nitrogen atoms). This stability of the base of the cage is very
well illustrated in the maps presented in Figure 5.

The maps in Figure 5 reflect the physical situation on the
basal planes of three different cages: parent DOTA (for
comparison), DOTA-PA, and DOTA-csA. In all these cases the
large maxima correspond to the four nitrogen atoms. Other local
maxima are produced by the hydrogen atoms, which are out of
the basal plane, but close enough to contribute to the map of
the charge density. The central ion is above the basal plane and
therefore is not visible in these maps. As anticipated from the
discussion of the optimal geometries of the chelates, it is seen
also from this figure that the distribution of the charge density
is practically the same in all these cases. The values of Mulliken
charges (in au) localized on the nitrogen atoms from the basal
plane are also presented in the Figure 5. It is seen that these
charges in the case of derivatives of the Eu-DOTA complex
are only slightly changed from those for the parent system and
are practically the same for all systems. Thus, it is justified to
conclude that, to a good approximation, theC4 symmetry of
the basal plane is preserved when the antennas are attached. In
fact, it should be pointed out that the atoms of both antennas
are far from the basal plane (both are attached via the amide
bridge, which provides the oxygen atom to complete the
coordination with the lanthanide ion), and they indeed do not
contribute to the physical conditions at the level of basal plane.

The lanthanide ion contributes to the charge density at the
level of its position in the cage. This situation is shown in Figure
6, where the charge density maps obtained for the Eu-plane of
DOTA-PA and DOTA-csA are compared with the map for parent
DOTA. The central maximum in each map corresponds to the
position of the Eu ion in the cage. It is interesting to note that
there is some accumulation of charge density along the directions
between the central ion and the coordinated oxygen atoms. This
particular part of the map is rather characteristic of the distortion
of the spherical cloud, and it corresponds to the shift of some
amount of the charge from the oxygens toward the central ion.
This electrostatic interaction is responsible for the stability of

Figure 5. Charge density maps at the basal plane of parent DOTA, and two examples of the parent complex modified by an antenna, DOTA-PA

and DOTA-csA. The values presented in the figure are the Mulliken charges (in au) for the coordinated nitrogen atoms.
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the system and also plays the role of a physical mechanism,
which is the origin of the spectroscopic properties of these
systems.

The innermost sets of four numbers are the Mulliken charges
that are calculated for the coordinated oxygen atoms of the four
arms. These four oxygen atoms in all three cases lie in the
capping plane and hence are barely visible in Figure 6. In the
case of the parent system, all of these coordinated oxygens arise
from carboxyl groups. For the two derivatives (with antennas)
one of these coordinated oxygens is part of the amide group,
as indicated in Figure 3. The next set away from the central
ion are Mulliken charges that arise from the uncoordinated
oxygen atoms of the arms (carbonyl oxygens), except for the
arms which incorporate the antennas in which case they arise
from the nitrogen of the amide group. Finally the outermost set
of Mulliken charges arise from the carbons of the carboxylate
and amide groups.

It is seen from Figure 6 that first of all the charge distribution
is essentially independent of the antenna, because almost the
same maps are obtained for PA and csA. This result again
supports the observation that the luminescence spectra of a given
lanthanide ion is almost the same when the various antennas
are attached to the main cage of the organic chelate. Does it
mean that the crystal field and its perturbing influence upon

the lanthanide ion (responsible for thef T f electric dipole
transitions) is the same in all these cases? Although these charge
density maps provide some insight into the understanding of
the propertiaues of chelates, some additional crystal field
analysis is still required to derive reliable conclusions. This is
why the physical environment of the central ion illustrated in
Figure 6 is analyzed below in terms of the crystal field theory.

The charge density maps obtained for the capping planes
(Figure 7) show again that the closest environment of the
luminescence center is almost the same in all cases. The origin
of the values of the Mulliken charge densities is clearly
presented in Figure 7 where the charge clouds close up the
vicinity of the central ion from above.

It is seen from Figure 7 that the central ion enters the capping
plane, because there is a charge accumulation in the center of
each map. It is interesting to analyze the maps for the cages
with antennas, while remembering that the fourth coordinated
atom (oxygen) comes from the amide bridge; these are the
maxima closest to the central one, and their Mulliken charges
(in au) are shown by the four inner values on each map. The
more distant maxima originate from the noncoordinated oxygen
atoms of the carboxyl arms (three) and from the nitrogen atom
(not coordinated) of the amide bridge; their Mulliken charges
are given by the outer values on each map. Only the structures

Figure 6. Charge density maps taken from the plane of the Eu ion. The values presented in the figure are the Mulliken charges (in au). The four
numbers in the center of each map correspond to the four coordinated oxygen atoms. The next four values from the center correspond to the oxygen
atoms of the carboxyl groups except in the case of DOTA-PA and DOTA-csA, where one of these Mulliken charges (the closest to the antenna)
arises from the nitrogen of the amide bridge. The four outermost values correspond to the four carbon atoms of the carbonyl groups.

Figure 7. Charge density maps for the capping planes. The values presented in the figure are the Mulliken charges (in au). The four inner values
on the map correspond to the four coordinated oxygen atoms. The outer values on each map correspond to oxygen atoms from carboxyl groups;
in the case of DOTA-PA and DOTA-csA the value near to antenna is the Mulliken charge for nitrogen from amide bridge.
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of the compounds drawn in the background of these maps show
the differences between these figures, because the maps are
almost the same as that for the parent system (where all four
oxygen atoms come from the carboxyl arms).

As illustrated in Figure 7, the values of atomic charges for
the coordinated oxygens of the acetate arms slightly decrease
(it is a larger negative charge) in the Eu-DOTA derivatives in
comparison to the corresponding values for parent system; this
means that electronic charge for these atoms increases. The
opposite situation is in the case of the coordinated oxygen atom
from the amide bridge, for which the electronic charge density
diminishes. Finally, it is seen that the corresponding Mulliken
charges for DOTA-PA and DOTA-csA are practically the same.

It is interesting to compare the charge distribution for the
DOTA cage with the quinoline antenna attached via the amide
bridge (more compact chelate), DOTA-QA, and when it is
attached directly (via CH2), DOTA-Q. The situation is illustrated
in Figure 8 where the charge density maps taken from the
capping plane, as an example, are compared to that of DOTA.
Even without a detailed analysis of numerical results it is seen
that the physical reality represented by the charge densities in
the case of DOTA-QA is very close to that in the parent DOTA.
As a consequence, to a good approximation DOTA-QA may be
treated as having axial symmetry. This means that in these two
cases, DOTA and DOTA-QA, the lanthanide ionfeels the
potential, although of different physical origin, but of the same
symmetry. In the case of DOTA-Q (map at the right-hand side
of Figure 8) the situation is different, and there is a perturbation
around the charge, which is localized on the carbon atom of
quinoline; in this case the symmetry of the lanthanide environ-
ment is disturbed. This observation is confirmed by inspection
of the Mulliken charges presented (in au) in the Figure 8. It is
seen that the trends of changes of the values of the Mulliken

charges are the same as in the case of the situation presented in
Figure 7. In addition, it is interesting to note that the Mulliken
charges for the appropriate atoms of the Eu-DOTA-QA complex
are practically the same as those for Eu-DOTA-PA and Eu-
DOTA-csA complexes illustrated in Figure 7.

The change of the environment of the central ion in the Eu-
DOTA-Q complex is manifested by different values of the
Mulliken charges in comparison to their counterparts from the
systems, where the antenna is attached to the cage via an amide
bridge. The results of this analysis lead to the very important
conclusion that a crucial role in the perturbing influence of the
environment upon the lanthanide ion is played by the linkage
of an antenna to the cage.

The above conclusions, which are derived from the analysis
of the charge density maps, make the search for the answer to
the question about the role of antenna in the whole process of
the sensitized luminescence of the lanthanide ion even more
urgent. To find additional information about the environment
of the central ion, it is possible to analyze the charge density
distribution as a function of many coordinates trying to find its
minima and maxima using standard analytical geometry. This
is the reason that the Laplacian of the charge density has been
investigated. As an example, in Figure 9, the cage sliced by
the plane containing two nitrogen atoms of the basal plane and
the C4 axis (vertical slice) is presented in terms of the charge
density map and the map of the negative values of the Laplacian
of charge density. If the latter are positive, they indicate the
local accumulation (concentration) of the charge density, and
they are drawn as blue lines; the negative values mean a local
depletion of the charge density, and they are drawn in red.

From all the charge density maps presented here it is evident
that there is coordination between the lanthanide ion and the
four nitrogen atoms and four oxygen atoms (like in the DOTA

Figure 8. Charge density maps for the capping planes. The values presented in the figure are the Mulliken charges (in au). The four inner values
on the maps for DOTA and DOTA-QA correspond to four coordinated oxygen atoms, and for DOTA-Q the fourth charge density originates from
the coordinated nitrogen atom of Q. The outer values on each map correspond to oxygen atoms from carboxyl groups; in the case of DOTA-QA

and DOTA-Q the value near to antenna is the Mulliken charge for nitrogen from amide bridge and carbon from quinoline, respectively.

Figure 9. Charge density map and the map of∇2F for parent DOTA taken along the vertical slice (two nitrogen atoms andC4 axis).
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parent system), but not a chemical bond, which could be
understood in a standard way as “sharing” the electrons by
bonded atoms. This coordination rather than the chemical
bonding is also seen in Figure 9, especially in its right-hand
part, where∇2F is pictured. Indeed, in the space between the
Eu ion and the neighboring nitrogen atoms there is a region
with positive values of the Laplacian, which means that there
is a relative depletion of the charge density. This picture
demonstrates thatcoordination(chelating) holds the atoms of
the cage and the lanthanide ion together rather than a chemical
bond.

3.3. Crystal Field Analysis. The charge density maps
generated for various planes of the organic chelates provide data
for the crystal field potential in which the lanthanide ion is
embedded. From a physical point of view this potential is
responsible for the energy transfer and the process of lumines-
cence. Although we realize how crude the model of a crystal
field based on the point charge approximation is, to gather
additional information about the cages and various antennas
attached to them, some preliminary calculations have been
performed. Due to the lack of a reliable model for the direct
evaluation of the crystal field parameters, our attempts under-
taken here are not a step backward but should be understood as
the only practical possibility for the description of the environ-
ment of the lanthanide ion in a complex in terms of a physical
quantity. To further justify this step of numerical analysis, it
should be pointed out that all the complexes analyzed here are
very similar to each other, and therefore, it may be expected
that in the numerical calculations performed in a uniform way
for all systems, at least the same errors are made by scaling the
results. This means that not quantitative but rather qualitative
conclusions are derived from the obtained results.

Using the charge densities illustrated here in all the maps,
the crystal field potential was generated for the optimized DFT
geometry of each system by applying the point charges localized
on the atoms obtained from the Mulliken population analysis.
Thus, the evaluated crystal field potentials should reflect the
differences and similarities between the derivatives of Eu-DOTA
complex that are observed in the analysis of the optimized
geometry and charge density distribution presented in the maps.
As mentioned, these calculations have been performed not to
evaluate directly the impact of the crystal field upon the
lanthanide ion but only to verify through the comparison of the
results which differences, in a physical sense, are introduced
by various antennas attached to the parent DOTA.

For future numerical analysis of the efficiency of the energy
transfer between the antenna and the lanthanide ion, and also
of the yield of the luminescence, it is crucial to establish a

theoretical method for the evaluation of the crystal field
parameters. In the best possible scenario, which is the avail-
ability of the energy levels of the lanthanide ion in the cage
obtained from the assignment of spectroscopic lines and
measurements, only the even rank crystal field parameters may
be determined from the fitting procedure. This procedure has
been used in a very interesting paper by Kang et al.,14 where
the even rank crystal field parameters have been determined
for Eu-DOTA (parent system) and Eu-TETA (1,4,8,11-tetraza-
cyclotetradecane-1,4,8,11 tetraacetate). Unfortunately, the au-
thors of this paper ignored the helical structure of the arms of
parent DOTA and, as a consequence, performed the fitting
procedure with the assumption that the cage is ofC2V symmetry,
instead ofC4. Therefore, it is impossible to compare the results
of their calculations with the values of even rank crystal field
parameters evaluated and presented here. It would be ideal to
also perform similar experiments for the chelates modified by
various antennas. To our knowledge, however, there are no such
results yet reported in the literature, and therefore, the numerical
analysis has to be limited to the results of direct calculations,
as presented here.

As mentioned, a fitting procedure14 is the best source of the
crystal field parameters of even ranks. However, to evaluate
directly the amplitudes of energy transfer and thef T f
transitions, the odd rank crystal field parameters are required.
Because the latter do not contribute to the energy, they cannot
be determined through the fitting procedure and, therefore, have
to be evaluated directly. In fact, in the case of the intensities of
thef T f transitions the intensity parameters might be determined
via the semiempirical procedure based on Judd-Ofelt theory15,16

or the relativistic parametrization scheme,17 if the data of
spectroscopic measurements are rich enough. Although this
procedure would reproduce the observations of the intensities,
it would not provide any insight into the origin of the
spectroscopic properties of the chelates. Onlyab initio type
calculations are a reliable source of information that would allow
one to better understand the physical conditions necessary for
obtaining efficient signals. This issue is especially important in
the case of understanding energy transfer, which initiates the
luminescence process, because still so little is known and
understood about its physical reality.

In Table 1 the values of the structural parameters evaluated
within the point charge model approximation for DOTA,
DOTA-PA, DOTA-csA, DOTA-QA, and DOTA-Q are collected
(for simplicity of presentation, for the parameters with the rank
t ) 4, 5, 6 only the values for the componentsp ) 0 are
included). These are simply the values of the crystal sums, which
are determined by the angular parts and radial termR-t, for t )

TABLE 1: Values of the Structural Parameters Bp
t (in 10-4 au) for DOTA, DOTA-P A, DOTA-csA, DOTA-QA, and DOTA-Q

Bp
t DOTA DOTA-PA DOTA-csA DOTA-QA DOTA-Q

t pa Re Im Re Im Re Im Re Im Re Im

1 0 2.64 5.35 5.13 5.66 -29.33
1 -40.48 -56.31 -41.57 -59.57 -41.63 -55.88 -64.29 -51.17

2 0 -52.84 -45.78 -44.56 -45.11 -50.53
1 -2.29 -3.98 -2.28 -4.35 -2.00 -4.05 -9.90 -8.47
2 5.27 -8.50 5.45 -8.48 5.37 -8.48 -0.99 -14.21

3 0 -14.05 -14.04 -14.05 -14.05 -12.88
1 0.70 -0.51 0.63 -0.60 0.73 -0.57 -0.18 0.48
2 0.44 -2.98 0.46 -3.09 0.42 -2.99 -0.24 -3.35
3 7.29 -2.81 7.57 -2.87 7.45 -2.74 6.38 -3.59

4 0 -2.10 -2.67 -2.80 -2.77 -2.66
5 0 1.28 1.28 1.27 1.27 -1.23
6 0 0.13 0.16 0.16 0.16 0.16

a (Bp
t )* ) (-1)pB-p

t .
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1, 2, ..., 7, whereR is the distance of the point charges localized
on various atoms from the central ion. Due to this radial
dependence, the structural parameters for lower ranks are more
sensitive to the distances, and consequently, to the geometry of
the cage. Thus it is expected that the changes of the geometry
of the parent system resulting from the replacement of one
acetate arm by an antenna are reflected more strongly by values
of the lower rank parameters. Indeed, it is seen from Table 1
that the most sensitive are the values of crystal field parameters
for t ) 1, whereas fort g 3 their values are almost the same
for all systems.

The results in Table 1 provide numerical support for the
conclusions derived from the graphical representation of the
charge densities presented above in the form of the maps. Thus
it is possible to conclude that the lanthanide ion placed inside
the cages DOTA-PA, DOTA-csA, and DOTA-QA (in all three
cases the antennas are attached via the amide bridge) feels
essentially the same influence of the physical environment
(crystal field potential) as for the parent DOTA; in terms of the
values of the charge densities localized on various atoms the
situation is indeed illustrated in Figures 5-7. The situation is
different in the case of DOTA-Q for which the discrepancy
between the appropriate parameters in comparison to those for
the other complexes is rather large (see the results displayed in
Figure 8). The tendency of changes in the values of the structural
factors for various ranks is also different from the previous cases.
It is interesting to recall again that the quinoline antenna in
DOTA-Q is attached directly to the cage, and the coordination
of the nitrogen ion with Eu makes the whole chelate more
compact, because the antenna is bent toward the central ion.

The results collected in the last two columns of Table 1 are
the numerical representation of the differences observed between
the charge density maps for DOTA-QA and DOTA-Q in Figure
8. It is seen especially from the last column of this Table that
indeed the distortion of the geometry of the parent complex (as
presented in Figure 3 and on the maps of the charge distribu-
tions) is reflected by the values of the crystal field parameters;
in this particular derivative of DOTA the central ion is embedded
in a crystal field potential, which is different from the potential
in the other systems.

The general conclusion derived from the analysis of results
collected in Table 1 shows that, even for lower ranks, the crystal
field parameters are rather independent of the kind of attached
antenna. Indeed, the values of crystal field parameters for
DOTA-PA, DOTA-csA, and DOTA-QA are almost the same in
spite of the fact that the antennas are different; note that in all
these cases the antennas are attached via the amide bridge. In

the light of this conclusion it would be interesting to analyze
distinct contributions to the values of crystal field parameters
that originate from three separate groups of atoms. Namely, the
crystal sums are divided into components caused by the main
cage (parent DOTA without one arm), bridge and antenna. As
an example, the results of such an analysis performed for
DOTA-PA are presented in Table 2.

It is striking when inspecting the values collected in Table 2
that for all cases except fort ) 1, there are no contributions
originating from the antenna. A similar distribution of various
contributions to the crystal sums is also observed for the other
complexes in which the antenna is attached via the amide bridge.

Thus, this is additional evidence that the antenna does not
contribute to the crystal field potential surrounding the lan-
thanide ion, but rather it plays the sole role of harvesting of the
energy, its transfer, and sensitization of the luminescence. This
conclusion, although requiring more numerical verification,
allows one to separate various parts of the chelate and assign
to them distinct roles in the luminescence process, as presented
in Figure 1. At the same time, this approximation simplifies
the theoretical description of the energy transfer and thef T f
transitions, which are the actual signals monitoring the presence
of cancerous cells.

Some additional comments regarding the crystal field pa-
rameters fort ) 1 are required. The observed sensitivity of these
parameters to the environment can be understood, because of
all the parameters they depend the strongest on the distance of
the ligand from the origin. However the fact thatB0

1 ) 5.35 for
DOTA-PA and 5.13 for DOTA-csA demonstrates that, regardless
of the kind of antenna, the lanthanide ion feels almost the same
crystal field potential in both systems. However, from the
comparison of these values with 2.64 for parent DOTA, it is
possible to determine that the geometry of the original cage is
distorted (rather slightly, as seen in Figure 3) when the antenna
is attached. Following this trend of thought one should remember
that not the numerical values, but rather the relative magnitude
of these parameters evaluated within the point charge model
are important. It is also interesting to recall that the crystal field
parameters witht ) 1 are those which determine the amplitude
of the f T f hypersensitive transitions. This means that, already
at this point of theoretical investigations devoted to the optimal
geometry of the chelates, it is possible to foresee the source of
problems with the description and reproduction of the hyper-
sensitive electric dipole transitions known from the literature.

TABLE 2: Structural Parameters Bp
t (in 10-4 au) for DOTA-PA Divided into Components Resulting from Various Groups of

Atoms

bridge

Bp
t cage coord. atom rest antenna total

t pa Re Im Re Im Re Im Re Im Re Im

1 0 -34.89 65.82 -5.52 -20.07 5.3
2 0 -38.72 -17.52 10.06 0.40 -45.78
3 0 -11.02 -3.71 0.49 0.20 -14.04
4 0 -2.66 0.18 -0.20 0.02 -2.67

4 -2.93 -1.78 -0.69 -0.58 -0.02 0.19 0.01 0.00 -3.63 -2.17
5 0 1.15 0.15 -0.02 0.00 1.28

4 -1.30 -0.48 -0.13 -0.11 -0.01 0.01 0.00 0.00 -1.43 -0.57
6 0 0.14 0.01 0.00 0.00 0.16

4 0.05 -0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.06 -0.03
7 0 -0.04 0.01 0.00 0.00 -0.04

4 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 -0.03 0.02

a (Bp
t )* ) (-1)pB-p

t .
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4. Conclusions

The analysis presented here starts with the optimal geometry
evaluated by means of the DFT model for the parent DOTA
system and its modification by various antennas. The results of
these calculations have been transformed into the physical
quantity of charge density, the distributions of which are
presented graphically by maps generated at various slices of
the analyzed complexes. Using the simple concept of crystal
sums, the maps have been translated into the numerical values
of the crystal field parameters that define the crystal field
potential influencing the lanthanide ion; this potential is the
physical origin of spectroscopic properties of the chelates. As
the title of this paper indicates, the main aim of performed
investigations was to establish the role of the antenna in the
process of the host-sensitized luminescence illustrated schemati-
cally in the Figure 1.

The main conclusion derived as a result of present analysis
is that the antenna attached to the cage does not perturb the
physical environment of the lanthanide ion when compared to
that of the parent system. In spite of the fact that the attached
antenna disturbs the global symmetry of the chelate, in practice
the immediate environment of the lanthanide ion is not changed
and still is ofC4 symmetry. This is especially the case when an
amide linkage is used to tether the antenna to the cage, as in
DOTA-PA, DOTA-CSA, and DOTA-QA. In light of the numer-
ical results presented here it is a good approximation to regard
the neighborhood of the lanthanide ion as limited to the
coordinated atoms. This partitioning of the complex and
assignment to the antenna the sole role of harvesting the energy
and sensitizing the luminescence have serious implications,
which lead to a simplification of the theoretical model of energy
transfer andf T f transitions as presented in the Appendix.
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Appendix

It is standard procedure to describe the energy transfer
between the sensitizer and activator by Dexter’s expression,18

whereR is the distance between both centers andT6, T8, and
T10 are the terms associated with the dipole-dipole, dipole-
quadrupole, and quadrupole-quadrupole interactions, respec-
tively. These terms are usually treated as parameters. In direct
calculations they are determined by appropriate matrix elements
of the electric dipole, electric quadrupole, and higher multipole
radiation operators between the functions describing the energy
states of activator and sensitizer.

Taking into account the electrostatic interactions between the
rare earth ion (RE) and ligands (L), the amplitude of the energy
transfer is determined by the matrix element,19-22

where the distinct functions are localized on two different
centers, and therefore, the matrix element above is usually
separated into the product of two elements evaluated separately
for the central ion and the ligand. When the multipole expansion

is applied for the Coulomb interactions between both sub-
systems, the matrix element has the following form

wherek andm denote the ranks of the multipolesD(k) andD(m)

localized on the lanthanide ion and ligand, respectively. The
angular factor, together with the radial dependence on the
distance between the centers, describes the geometry of the
chelate. The matrix elements in eq 3 contribute to the parameters
T of Dexter’s simple expression. The distances in particular
powers in the denominators of eq 1 are evaluated from the
general expression (3) (squared because the matrix elements in
eq 3 define the energy transfer amplitude, not the intensity) for
k ) m ) 1 (dipole-dipole interactions), fork ) 1, m ) 2, and
k ) 2, m ) 1 (dipole-quadrupole interactions andVice Versa),
and finally fork ) m) 2 (quadrupole-quadrupole interactions)
(the higher order multipoles are neglected in eq 1). The wave
functions 4fNΨf and 4fNΨi describe in the best way possible
the final and initial states of the lanthanide ion prior to the
luminescence and after it. Using the achievements of theoretical
model of the electric dipolef T f transitions developed
previously,15,16 it is straightforward to deduce that to describe
the energy states of the lanthanide ion in a chelate, of all possible
physical mechanisms, first the corrections due to the perturbing
influence of the surrounding crystal field have to be taken into
account. This procedure requires the knowledge of the crystal
field parameters; for even rank multipoles, the even rank crystal
field parameters are required, and for the odd rank multipoles,
the odd rank crystal field parameters are required. Thus the
question remains how to evaluate the crystal field parameters.
The task is dramatically simplified if the crystal field in the
chelates is indeed created only by the cage limited to the
coordinated atoms, as concluded above.

The simplification due to the separation of the antenna from
the main cage is even more beneficial in the case of a direct
evaluation of the second matrix element in eq 3. In general, the
functionsΦi

L andΦf
L describe the energy states of the ligands

before and after energy transfer. Again, if the antenna is
responsible only for the harvesting of the energy and transferring
it to the luminescence center, these functions in practice describe
the energy states of antenna and not the whole organic chelate.
This is a major simplification, which makes practicalab initio
type calculations possible. The separation of the antenna from
the cage is even more important in the case of evaluation of
the contributions to the energy transfer amplitude originating
from the exchange interactions, which requires the evaluation
of two center integrals.23

These conclusions, and resulting from them simplifications
of the theoretical model, define very well a starting point for
further analysis of efficiency of the energy transfer and host
sensitized luminescence of lanthanide coordinated organic
chelates.

Note Added in Proof. Aita, Temma, Kuge and Saji have
reported (Luminescence, 2007, 22, 455) the synthesis of a DOTA
modified by fluorescein as an antenna attached to the cage by
an amide bridge as discussed here. This macrocycle when
coordinated with Nd(III) is a candidate for in vivo applications,
since the infrared luminescence is sensitized by visible light.

FsfA )
T6

R6
+

T8

R8
+

T10

R10
+ ... (1)

〈ΨRE(1) ΦL(2)|∑
k

r<
k

r>
k+1

(C(k)‚C(k))|Ψ′RE(1) Φ′L(2)〉 (2)

〈f|V|i〉 ) ∑
mµ

∑
kq

[k,m,k+m]1/2(4π)-3/2
C-q-µ

(k+m)(ΘΦ)
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×

Bkm
qµ〈4fNΨf|Dq

(k)|4fNΨi〉〈Φf
L|Dµ

(m)|Φi
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