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a b s t r a c t

We report a computational study of the photophysical properties of two divalent europium cryptates.
Our calculations provide an explanation for the bright yellow luminescence of the EuII-containing
octaaza-cryptate compared to the less intense blue luminescence of the structurally similar EuII-con-
taining 222-cryptate. Calculations using time-dependent density functional theory with the B3PW91
functional, the StuttgardteDresden relativistic core potential basis for europium, and SMD implicit sol-
vation are used to compute the excitation and emission spectra of both complexes. Emission is also
calculated with state-specific solvation. The results are compared with experimental luminescence data
acquired in methanol. Natural-transition orbitals reveal similar spin-allowed transitions between the 4f
and 5d orbitals on the europium ion in both complexes. For the 222-cryptate, the emissive state is hidden
underneath the broad ultraviolet absorption; therefore, the state is not experimentally differentiated in
the spectra, despite being present in the calculated spectra. For the octaaza-cryptate, the emissive state is
observed as a separate band, shifted to lower energy than the broad ultraviolet absorption. Using ligand-
field arguments, sharp differences in luminescence and the bathochromic shift of the emissive state can
be attributed to a greater splitting of the 5d orbitals of the octaaza-cryptate relative to the 222-cryptate.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Divalent lanthanides have been a flourishing area of study,
especially with the recent completion of the divalent series by
Evans and co-workers [1e22]. Of the divalent lanthanides, euro-
pium is of specific interest due to the stability imparted by half-
filled 4f orbitals making the divalent state relatively easy to ac-
cess. Owing to the exceptional electronic stability and distinct
magnetic properties, divalent europium has become prevalent in
fields such as magnetic resonance imaging [14,19,23e27], photo-
chemistry [28,29], and lanthanide-activated phosphors [16,30,31].
Complexes of divalent europium, like 1 (Fig. 1), generally absorb UV
radiation, emit blue light, and have low quantum yields in solution
[32] (0.1% quantum yield for 1 in 6:4 methanol/water [33]; ~9.3%
quantumyield for 1 in methanol [34]). Recently, we reported a EuII-
legel), mallen@chem.wayne.
containing complex, 2, that exhibits yellow luminescence with an
exceptionally high quantum yield (26% in aqueous solution [13]).
The stark difference in luminescence properties between 1 and 2
highlights the need to more thoroughly understand the energetics
of 1 and 2 if new Eu-containing luminescent materials are to be
designed and studied.

Computational chemistry offers a unique way to investigate the
molecular orbitals involved in electronic transitions and predict
energies that can be applied to understanding ligand effects. There
are few computational studies that report UVevisible spectral
models for divalent lanthanide complexes in solution and examine
excited states [35e37], and to the best of our knowledge, calculated
emission spectra of divalent europium complexes in solution have
not been reported. This paucity is likely because a common
computational method for lanthanides employs f-in-core pseudo-
potentials that enforce fixed 4fn configurations [38]. While this
enforcementminimizes convergence problems, it precludes studies
of fed luminescence. The lack of reported divalent europium
emission studies could also be attributed to the anticipation that
EuII complexes in solution have low quantum yields, similar to 1
[32]. However, given the bright luminescence of 2 and its excitation
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Fig. 1. (left) EuII-containing 222-cryptate 1 and (right) EuII-containing octaaza-
cryptate 2.
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by visible light, along with other EuII-containing complexes
demonstrating high quantum yields [39e42], the number of
interesting systems that contain divalent europium that would
benefit from computational analysis is expanding.

In the present study, we used density functional theory to
examine the differences in luminescence between 1 and 2. Our
calculations reproduce the expected spin- and dipole-allowed
transition from the EuII ground state (4f7) to the excited state
(4f65d1), and from excited state to ground state [43]. In these
transitions, no spin flip is expected due to the strong exchange
interaction of EuII (spin multiplicity ¼ 8). We hypothesized, based
on ligand field theory, the difference in electronic energies is likely
due to the 5d orbitals that are influenced by the ligand field unlike
the shielded 4f orbitals. In our computational study, we compare 1
and 2 because these complexes are structurally similar and have
reported absorption, excitation, and emission spectra, with distinct
excitation and emission characteristics.
2. Materials and methods

2.1. UVevisible and fluorescence measurements

Commercially available chemicals were of reagent-grade purity
or better and were used without further purification unless
otherwise noted. Water was purified using a PURELAB Ultra Mk2
water purification system (ELGA). Anhydrous methanol was stored
over activated molecular sieves (3 Å) and degassed under reduced
pressure (0.2 Torr). The ligand for 1 (4,7,13,16,21,24-hexaoxa-1,10-
diazabicyclo[8.8.8]hexacosane) was purchased from TCI chem-
icals. The ligand for 2 (1,4,7,10,13,16,21,24-octaazabicyclo[8.8.8]
hexacosane) was prepared according to a reported procedure
[44,45]. Concentrations of Eu were determined using energy-
dispersive X-ray fluorescence spectroscopy with an EDX-7000
spectrometer (Shimadzu Scientific Instruments) at the Lumigen
Instrument Center at Wayne State University. A calibration curve
was used to determine the concentration of a stock solution of
EuCl2. The curve was created using the Eu fluorescence intensity at
5.485 keV for a 250e1000 ppm concentration range prepared using
a standard solution of europium (Europium Standard for ICP
1002 mg/L Eu in nitric acid, Sigma) and dilutions with water.

Samples of 1 and 2were complexed in a dry glove box under an
atmosphere of N2 in a 5 mL volumetric flask. Solutions of the
complexes were transferred into quartz cuvettes with screw-top
caps and sealed with electrical tape to maintain inert atmo-
sphere. UVevisible spectra were recorded using a Shimadzu
UVmini-1240 spectrophotometer. Emissions were recorded using a
HORIBA Jobin Yvon Fluoromaxe4 spectrophotometer. Slit widths of
1 and 0.5 nm were used for excitation and emission, respectively.
2.2. Computational details

All calculations were carried out with the Gaussian 09 suite of
programs [46]. Density-functional-theory (DFT) calculations
employed the hybrid B3PW91 functional [47e49], the Stutt-
gardteDresden relativistic core potential (SDD) [50,51] basis set for
europium, and the D95 basis set for the remaining elements [52].
Calculated structures were tested for self-consistent-field (SCF)
stability [53,54]. Solvent effects were modeled using the SMD im-
plicit solvation method [55] in methanol. The ground state geom-
etries of both cryptates were optimized in solution starting from
the reported crystal structures [13,26]. The absorption spectra were
calculated with time-dependent density functional theory (TD-DFT,
80 states) [56e58]. Spin-orbit effects broaden the 4fe5d transitions
of EuII compounds by 6000 cm�1 or more [43] but were not taken
into account in the present calculations. For the emission spectra,
the lowest energy 4fe5d transition with the highest oscillator
strength was chosen for optimization. Fluorescence energies were
calculated with state-specific solvation [59,60] and the width of the
Gaussian lineshape was adjusted to match experiment. Natural-
transition-orbital [61] calculations were used to characterize the
excitations. Molecular orbitals and spin densities were plotted with
GaussView [62].

3. Results and discussion

To augment the previously reported luminescence data for 1
and 2 [13,33,34], wemeasured UVevisible and fluorescence spectra
with similar concentrations (2e5 mM) in methanol at ambient
temperature. Methanol was chosen as the solvent because the re-
ported crystal structures of both 1 and 2 were obtained using
crystals grown from methanol, and our calculations used the re-
ported crystal structures as starting coordinates [13,26]. For 1, our
experimental data corresponded well to the reported spectra in
methanol [34] and water [33]. We experimentally measured the
absorbance maximum for 1 to be 259 nm (38,600 cm�1) and the
emissionmaximum to be 471 nm (21,200 cm�1). For 2, the reported
absorption and emission experiments were run in pH 12 solutions
of KOH, and the absorbance maximum was reported as 415 nm
(24,100 cm�1) with an emissionmaximum of 580 nm (17,200 cm�1)
[13]. In methanol, we experimentally measured the absorbance
maximum for 2 to be 400 nm (25,000 cm�1) and the emission
maximum to be 576 nm (17,400 cm�1). Our experimental excitation
and emission spectra in methanol differ from aqueous data by
4e15 nm [13], suggesting that computations in methanol serve as
good approximations for aqueous photophysical behaviors.

To calculate electronic properties of the divalent-europium-
containing cryptates, we started by optimizing the ground-state
structures of 1 and 2. Although structurally comparable, the crys-
tal structures have slightly different geometries: 1 has an eclipsed
hula-hoop geometry and 2 has a distorted staggered hula-hoop
geometry. Upon optimization with implicit solvation, the struc-
tures showgood agreement with the reported crystallographic data
(Tables S1 and S2 in the Supporting Information). For 1, the calcu-
lated EuIIeO bond lengths range from 2.750 to 2.843 Å compared to
the experimental range of 2.659e2.707 Å, and the computed
EuIIeN bond lengths range from 2.936 to 3.084 Å compared to the
experimental range of 2.838e2.859 Å. The EuIIeCl bond lengths for
1 computed andmeasured from crystallographic data are 2.962 and
2.837 Å, respectively. The overall trend for the bonds in 1 shows
slightly longer computed bonds compared to crystallographically
measured bond lengths, but the differences are in the range re-
ported for the B3PW91 density functional and SDD basis set [63]. A
similar lengthening is found for 2, with the calculated EuIIeN bond
lengths ranging from 2.705 to 3.119 Å compared to the
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experimental values ranging from 2.675 to 2.958 Å. The calculated
EuIIeCl bond for 2 is 3.286 Å, which is considerably longer than the
bond length of 2.694 Å in the crystal structure.

Computational studies of lanthanide luminescence require
careful consideration of how spin multiplicity is affected by exci-
tation. For divalent europium in the ground state, the spin multi-
plicity is eight due to the seven unpaired 4f electrons. Because of
strong exchange interactions, the 5d electron in the excited state
aligns with the total spin vector, thus simplifying calculations and
leaving the spin multiplicity of the system unchanged throughout
the original optimization and subsequent calculations. Spin-
density plots show that the seven unpaired electrons in the
ground states of both 1 and 2 are localized on the metal (Fig. 2).

The broad luminescence curves present in all spectra (Fig. 3) are
indicative of a EuII-containing complex, in part due to spin-orbit
effects for the 4fe5d transitions. The TD-DFT calculated absorp-
tion spectrum for 1 (broad range of 200e400 nm; maximum
absorbance ¼ 277 nm, 36,100 cm�1) reproduced the experi-
mental values (broad range of 230e375 nm; maximum
absorbance ¼ 259 nm, 38,600 cm�1). Similarly, the results for 2 are
consistent with experiment; the calculated excitation (range of
380e600 nm; maximum absorbance ¼ 427 nm, 23,400 cm�1) are
comparable to the experimental values (broad range of
350e550 nm;maximum absorbance¼ 400 nm, 25,000 cm�1). Both
experimental and calculated spectra for 2 showed the same broad
higher-energy absorbance curve with the previously reported
visible-light excitation curve. Interestingly, the higher-energy curve
(experimental maximum absorbance ¼ 269 nm, 37,200 cm�1,
calculatedmaximum absorbance¼ 260 nm, 38,500 cm�1) is similar
in energy to the absorbance curve for 1.

The excited states in the absorption spectra of 1 and 2 were
interpreted by visualizing the natural-transition orbitals. The peak
in the absorption spectrum for 1 corresponds to a Laporte-allowed
Fig. 2. B3PW91/SDD optimized ground-state structures in SMD methanol: (top left)
optimized structure of 1; (top right) optimized structure of 2; (bottom left) spin
density (blue) mapped onto 1; (bottom right) spin density (blue) mapped onto 2.
4f7e4f65d1 excitation. Natural-transition-orbital calculations for
this state find that the electronic transition can be described as an
excitation from 4fz3 orbital to a 5dz2 orbital (Fig. 4). For 2, natural-
transition-orbital calculations reveal that the high-energy excited
state (260 nm calculated) involves a transition from a 4fz3 orbital to
a 5dz2 orbital. Structure 2 has the distinct visible-light absorbance
(400 nm experimental) that initiated interest in the complex.
Natural-transition-orbital calculations indicate that this peak cor-
responds to transition from 4f orbitals to a 5dxy orbital. Closer in-
spection of the calculated absorption spectrum of 1 (Figure S1 in
the Supporting Information) reveals a set of weaker excitations
than the maximum excitations for 1 forming a shoulder (around
365 nm, 27,400 cm�1 calculated) that also involves 4fe5dxy
transitions.

The changes in the energies of the 4f and 5d orbitals on going
from 1 to 2, and hence the changes in the excitation energies, can be
understood qualitatively in terms of ligand field theory. Similar
ligand-field arguments have been employed to explain 4fe5d
transitions for CeIII [64]. The strong-field character of the N-donors
of 2 induces a larger energy splitting (D) between the 5dz2 and 5dxy
orbitals compared to the O-donors of 1, in agreement with thewell-
established trends of the spectrochemical series (Fig. 5). Conse-
quently, the energy difference between the 5dxy and the 4fz3 or-
bitals in 2 is smaller than in 1; this transition experiences a
bathochromic shift in the absorbance spectra with 2 compared to 1,
and this difference in energy moves the transition far enough from
the high-energy excitation to appear as a separate peak. While the
4f orbitals are generally shielded from direct interaction with the
ligand orbitals, the greater electronegativity of the oxygens in 1
compared to the nitrogen atoms in 2 induces a small (0.40 eV)
lowering of the f orbital energies through longer range electrostatic
interactions relative to 2. As a result, the 4fe5dz2 energy difference
is nearly the same in the two complexes, and both have strong
absorbances near 270 nm.

Emission occurs from the lowest vibrational levels of the lowest
4f65d1 state that has significant oscillator strength for a transition
to the ground state (Fig. 4). Geometry optimization of the 4fe5dxy
transition of 1 using TD-DFT leads to an average shortening of the
EuIIeO and EuIIeN bonds by 0.05 and 0.09 Å, respectively, and a
0.04 Å shortening of the EuIIeCl bond (Table S1). These changes
stabilize the excited state by 1.23 kcal/mol, but the calculated
emission maximum at 380 nm (26,300 cm�1) differs considerably
from the observed maximum at 471 nm (21,200 cm�1). For 2, ge-
ometry optimization of the emitting state resulted in an average
shortening of the EuIIeN bonds by 0.2 Å (Table S2) and a stabili-
zation of the excited state by 11.4 kcal/mol. Interestingly, the bond
length of EuIIeCl extends to the point of full dissociation (4.54 Å),
and subsequently the cryptand ligand geometry for 2 changes to
become more symmetric, which did not occur for 1. The emission
maximum is calculated to be at 558 nm (17,900 cm�1) and com-
pares well with the observed emission maximum at 576 nm
(17,400 cm�1). The good agreement for emission in 2 suggests that
there might be another conformer for the lowest excited state of 1
with larger geometric changes and greater stabilization energy that
would have a calculated emission peak closer to the experimental
value.

In the TD-DFT calculations, solvent effects for the absorption
spectra are treated by linear response, which is adequate for states
with large transition dipoles [58]. State-specific solvation calcula-
tions for the absorption maximum in 1 caused a shift of 11 nm;
however, state-specific solvation calculations might be more
important for emission because solvation accounts for solvent
equilibration for the lowest-energy structure of the emitting state.
Considering the state-specific solvation effects on emission, the
calculated emission maximum for 1 is shifted to 402 nm, which is a



Fig. 3. UVevisible spectra from experiment and TD-DFT B3PW91/SDD calculations in SMD methanol. Experimental absorption (black solid line) and emission (black dashed line)
and calculated absorption (grey solid line) and emission (grey dashed line) of 1 (top) and 2 (bottom).

Fig. 4. Energy diagram depicting 4fe5d transitions and the respective natural-transition orbitals involved based on TD-DFT B3PW91/SDD calculations of ground-state-to-excited-
state and excited-state-to-ground-state transitions for (left) 1 and (right) 2.
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Fig. 5. Orbital energy diagram of the 5dz2, 5dxy, and 4fz3 orbitals for 1 (left) and 2
(right). The relatively large splitting energy in 2 is due to the presence of strong-field
amine donors in the octaaza-cryptate compared to ethers in 1.
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relatively closer value to the experimental value than the original
solvation method. For 2, the emission maxima with and without
state-specific solvation (582 nm and 558 nm) are both in good
agreement with the observed value of 576 nm.

The experimental quantum yield for 1 is ~9.3% in methanol, but
only 0.1% in water. This difference has been attributed to radia-
tionless deactivation by water [33]. For 2, the quantum yield in
aqueous solution is 26% [13]. Because the absorption and emission
involve the same electronic state, there is less opportunity for
radiationless deactivation, resulting in a significantly higher
quantum yield for 2 than for 1.
4. Conclusions

We reported the use of TD-DFT calculations as a method to
analyze the photophysical properties of divalent-europium-
containing complexes. Structurally similar cryptates 1 and 2 were
studied because of their different luminescence properties, and the
results showed excitation and emission data that reflected exper-
imental data. Natural-transition-orbital calculations provided vi-
sualizations of the orbitals of interest in the transition of one
electron from the degenerate 4f orbitals to the 5d orbitals. State-
specific solvation improved the calculated values for the emission
of both 1 and 2. Based on the strong-field properties of the octaaza-
cryptand ligand of 2, we conclude that the difference in lumines-
cence properties of 1 and 2 are due to a lowering in energy of the
emissive state of 2, resulting in a longer wavelength emission with
greater quantum yield than 1. The present study demonstrates the
utility of computational methods in unraveling the complexities of
photophysical properties of lanthanide complexes.
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