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ABSTRACT: Variable temperature electron paramagnetic resonance (VT-EPR) was used
to investigate the role of the environment and oxidation states of several coordinated Eu
compounds. We find that while Eu(III) chelating complexes are diamagnetic, simple
chemical reduction results in the formation of paramagnetic species. In agreement with the
distorted D3h symmetry of Eu molecular complexes investigated in this study, the EPR
spectrum of reduced complexes showed axially symmetric signals (g⊥ = 2.001 and g∥ =
1.994) that were successfully simulated with two Eu isotopes with nuclear spin 5/2 (151Eu
and 153Eu with 48% and 52% natural abundance, respectively) and nuclear g-factors
151Eu/153Eu = 2.27. Illumination of water-soluble complex Eu(dipic)3 at 4 K led to the
ligand-to-metal charge transfer (LMCT) that resulted in the formation of Eu(II) in a
rhombic environment (gx = 2.006, gy = 1.995, gz = 1.988). The existence of LMCT a!ects
the luminescence of Eu(dipic)3, and pre-reduction of the complex to Eu(II)(dipic)3
reversibly reduces red luminescence with the appearance of a weak CT blue luminescence.
Furthermore, encapsulation of a large portion of the dipic ligand with Cucurbit[7]uril, a pumpkin-shaped macrocycle, inhibited
ligand-to-metal charge transfer, preventing the formation of Eu(II) upon illumination.

■ INTRODUCTION
Europium (Eu) is a rare-earth metal known as a key element in
luminophore development owing to its narrow emission bands
and high light purity. It is used as red phosphorus (Eu3+) in
many di!erent solid-state applications, including upconver-
sion1 and light-emitting diodes,2 while high energy broad blue
emission of Eu2+ is used for broad excitation in white light-
emitting diodes (W-LED).3 Eu complexes in liquid solutions
are also used in a wide range of applications, with a recent
focus on the fluorescent probes in molecular imaging for
biology and medicine.4,5 Europium is unique among the rare
earth ions because it has two relatively stable oxidation states
that can be easily converted from one to the other; the redox
potentials in aqueous solutions are in the range of −0.4 V and
−0.8 V vs normal hydrogen electrode (NHE). These redox
properties enable simple chemical redox agents to be used for
switching between redox states.6 Because of this, Eu is also
proposed as a redox catalyst that can reflect the oxidation state
changes during redox-active processes.7
This feature makes europium complexes attractive candi-

dates as redox-sensitive contrasting agents for magnetic
resonance imaging (MRI), in which the contrast enhancement
generated by these complexes depends on the oxidation state
of the metal ion, thereby reporting on the redox properties of
its environment. Eu2+ has a significant magnetic moment
resulting in a strong EPR absorption due to seven unpaired
electrons in fully occupied half-filled 4f orbitals. This is

particularly important as Eu2+ is isoelectronic with the most
e!ective MRI relaxing agent gadeolinium,5 while Eu3+ is
magnetically inactive as it contains a nonmagnetic ground
state.8
In this study, we explore the magnetic properties of di!erent

oxidation states of Eu molecular complexes and assess their
conversion from nonmagnetic to paramagnetic states as
sensors of their redox environment. We study the magnetic
properties of Eu with ligands containing the strongly chelating
pyridine-2,6-dicarboxamide (pcam) and dipicolinate (dipic)
motifs, enabling Eu to be dissolved in aprotic and protic
solvents, respectively. Both ligands form strong complexes with
Eu3+9,10 that can be chemically reduced to paramagnetic
species with a significant magnetic moment resulting in strong
EPR absorption in agreement with seven unpaired electrons of
fully occupied half-filled 4f orbitals. Eu2+ in these molecular
chelating complexes has relatively small hyperfine coupling
compared to free ions coordinated with solvents due to strong
electronic exchange with the ligand. Illumination of Eu(dipic)
complexes also results in the formation of Eu2+. We employ
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STM studies to obtain structural (imaging) and electronic (dI/
dV spectroscopy) parameters of investigated Eu complexes.
Using time-dependent density functional theory (TD DFT)
calculations, we show that Eu/dipic complexes form a ground
state with mixed ligand-to-ligand and metal-to-ligand charge
transfer (LLCT/MLCT), while the excited state is indicative of
ligand-to-metal charge transfer (LMCT) with the formation of
Eu2+. Chemically reduced and illuminated Eu(dipic)3 shows
EPR spectra with similar magnetic parameters; however, the
axial symmetry of the chemically reduced sample is reduced to
rhombic symmetry after illumination. We propose that the
symmetry reduction is a consequence of oxidative decarbox-
ylation of the chelating ligand.

■ EXPERIMENTAL SECTION
Preparation and Characterization of the Samples. Ligand 1

(as lithium salt) was prepared from chelidamic acid in 3 steps (49%
overall yield) after treatment with phosphorus pentabromide followed
by in situ esterification of the resulting acyl bromide, Suzuki coupling
to p-tolylboronic acid, and saponification with lithium hydroxide.
Complexes Eu(dipic)3 and Eu(dipic) (as lithium salts) were prepared
quantitatively and selectively (see the SI section for synthetic details
and characterization).
X-Band EPR Measurements. CW EPR spectroscopy was acquired

with a Bruker ELEXYS E500 spectrometer operating at X-band (9.4
GHz) frequencies equipped with an Oxford ESR900 He flow cryostat
with an ITC-5025 temperature controller and a Bruker High QE
(HQE) cavity resonator (ER 4122SHQE) at the Center for
Nanoscale Materials, Argonne National Laboratory. g tensors were
calibrated for accuracy using a known 1,3-bisdiphenylene-2-phenyl-
allyl (BDPA) standard, and the field was calibrated using Mn2+ in
SrO.11 The CW EPR spectra were collected at 4.2−100 K. If not
stated otherwise, the EPR parameters were 0.1 mW microwave power,
2 G modulation amplitude, 100 KHz modulation frequency, and 60
ms conversion time. The simulations were performed by EasySpin
using the Eu spin system.12
Scanning Tunneling Microscopy (STM). The experiments were

performed with a Createc GmbH ultrahigh vacuum (UHV) STM
operated at liquid helium temperatures.13 The Au(111) and Cu[111]
single crystal surfaces were used as the supporting substrates were
cleaned by cycles of Ne-ion sputtering and annealing. The Eu
complexes were deposited on an atomically clean Au(111) substrate
between 50 and 300 K substrate temperatures by thermal evaporation
under the UHV environment. The sample temperature was then
reduced to 5 K for the experiments. Tunneling spectroscopy data
were acquired using a lock-in amplifier by adding 20 mV, 725 Hz ac
modulation. An electrochemically etched tungsten wire was used as
the STM tip, and the tip was further prepared in situ by dipping it into
the substrate. The tip quality was checked by determining the well-
known Au(111) or Cu(111) surface states prior to each spectroscopic
measurement.14
DFT and TD-DFT Calculations. In the current work, we first

employed first-principles DFT calculations, including range-separated
exchange−correlation functional HSE06.15 We used HSE06 hybrid
functional over PBE in VASP to obtain accurate band gaps. To
compute optical properties, we utilized PBE1PBE (which is also a
hybrid functional) as it is known to accurately reproduce experimental
transition energies.16 Within the HSE06 approach, the value used of
exact Hartree−Fock (HF) nonlocal exchange (α) was 25%. The
screening parameter that controls the extent of the range of the
exchange interactions was 0.2. DFT calculations were performed
using the Vienna Ab Initio Simulation Package (VASP), which is a
plane-wave implementation of DFT.17 The valence electrons were
described in terms of Kohn−Sham (KS) single-electron orbitals,
which were expanded in a plane-wave basis with an energy cuto! of
400 eV. Core electrons were defined within the PAW methodology.
For the calculations with the HSE06 hybrid functional, we employed a
Γ-point- 1 × 1 × 1 k-point mesh. All of the atoms were allowed to

relax until the net force per atom was less than 0.001 eV/Å. We
passed the relaxed structure of the complexes for further investigation
using time-dependent density-functional theory (TDDFT).18

TDDFT calculations based on time-dependent response theory
were performed on the optimized geometry of Eu(dipic) complex,
using the PBE1PBE19 functional with the def2-TZVP20 basis set as
implemented in Gaussian 1621 code to obtain singlet state excited
state properties. In our calculations, we computed the first 40
transition excited states.

Natural transition orbitals (NTOs)22 were calculated to identify the
character of the 1st excited state involved in absorption. For this
paper, NTOs are obtained by performing unitary transformations of
the transition densities as implemented in the Gaussian 1610 software
package. Using this method, the highest occupied (HOTO or hole)
and lowest unoccupied (LUTO or electron) transition orbital plots at
each excited state were obtained. These plots characterize the
transitions in the electron densities upon photoexcitation.

Computational Details of Optimizing the Complex Eu(dipic)·
6H2O·CB[7]+ Using GFN2-xTB. First, conformations of Complex
[Eu(H2O)9]3+ were screened at the semi-empirical GFN2-xTB level23
in conjunction with the GBSA solvation model for water.24 Three
water molecules were then extruded and replaced by the dipic ligand
before subsequent re-optimization with the same method. Finally, the
tolyl substituent of the dipic ligand was encapsulated with pre-
optimized CB[7], and the complex was re-optimized with the same
method.

■ RESULTS AND DISCUSSION
Alike to other trivalent rare earth metals, Eu3+ complexes can
be synthesized in square antiprism or trigonal symmetry with a
coordination number varying from 6 to 12, with 8 and 9 being
the most common. The coordination geometry of Eu3+
depends on the ligand, reaction medium, solvent, and
conditions such as the ligand-to-metal ratio. Square antiprism
coordination of Eu ions with DOTA macrocycles has been
studied most extensively,25 and in these structures, Eu3+ ions
were found to be coordinated to the four nitrogen atoms of the
macrocycle and four oxygen atoms of the pendant arms.26 In
this system, an additional coordination position is occupied by
a water molecule which caps Eu3+ within the macrocycle.
Herein, we have synthesized Eu3+ with tripodal ligands, one
ligand that enables trigonal coordination in organic solvents
(2,6-pyridine dicarboxamide; pcam), and the other with
trigonal coordination in aqueous solution (dipicolinate;
dipic). These ligands were chosen because of their strong
a#nity toward rare earth elements and their well-defined
coordination mode in di!erent solvents.9,27,28
Figure 1 shows structure and STM images of single

Eu(dipic)3 and Eu (pcam)3 complexes deposited on Cu and
Au surfaces, respectively. Clear trigonal coordination of the
central Eu metal ion with three ligands can be observed. In this
coordination, one pyridine nitrogen and two carbonyl oxygen
atoms from each ligand coordinate the central Eu cation
(Figure 1a). This structure results in a distorted D3h
symmetry.9,27,29 The same Eu-distorted pseudo-tricapped
trigonal prism coordination with pcam ligands was observed
using X-ray di!raction, confirming a similar coordination of
Eu(pcam)3 in solution and on Cu[111] substrates (Figure
S1).9,30
Eu3+ is generally EPR-silent due to its nonmagnetic ground

state; however, Eu2+ has a large magnetic moment, resulting in
strong EPR absorption caused by its seven unpaired electrons
in fully occupied half-filled 4f orbitals. So far, few studies have
investigated the structure and paramagnetic properties of Eu2+
in solution (ammonia,31 water,32 and acetonitrile33). They
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show intense signals at g = 1.992 for ammonia-coordinated
Eu2+ and g = 1.993 for acetonitrile-coordinated ions, in
agreement with Eu2+ spherically symmetric electronic config-
uration 4f75s25p6 of its ionic state 8S7/2. Eu2+ EPR signals also
reflect the presence of the nuclear magnetic moment of two Eu
isotopes (151Eu = 47.8% abundant, I = 5/2 and 153Eu = 52.2%
abundant, I = 5/2) that provide yet another magnetic probe of
the Eu environment via the hyperfine interactions. The
hyperfine interaction of Eu2+ coordinated with ammonia
show hyperfine couplings of 35.6 and 15.6 G for 151Eu and
153Eu, respectively, while the hyperfine constants in water and
acetonitrile are somewhat larger (37.7 and 16.6 G) for 151Eu
and 153Eu, respectively, reflecting contributions of di!erent
electronic properties of di!erent coordinating solvents.
We apply variable temperature electron paramagnetic

resonance (VT-EPR) to investigate the role of environment
on the oxidation states of Eu. We find that while pcam- and
dipic-chelated complexes of Eu3+ are EPR-silent, simple
chemical reduction results in the formation of paramagnetic
species (Figure 2). Both reduced Eu(dipic)3 and Eu(pcam)3
show similar spectra after chemical reduction with reducing
agents that are soluble in their respective solvents (sodium
borohydride NaBH4 for water and sodium biphenyl for
acetonitrile). The EPR spectrum has weak temperature
dependence in the 4−77 K range (Figure S2) due to the
slow spin relaxation of Eu2+ Kramer ions with fully occupied
half-filled 4f orbitals. The first excited state of Eu half-filled 4f
orbitals is at higher energy than other lanthanides, thereby
enabling the observation of their EPR features even at room
temperature.34 EPR spectra were successfully simulated with
the axially symmetric signal with Lande g-factor g ⊥ = 2.001
and g∥ = 1.994 for Eu(dipic)3 considering natural abundance of
Eu isotopes of 48% 151Eu and 52% 153Eu, both with nuclear
spin 5/2. At the wings of the spectrum, one can recognize the
outermost lines of 151Eu hyperfine sextet (shown in blue in the
simulation in Figure 2b) since its nuclear hyperfine constant is

2.27 times larger than that of 153Eu (shown in magenta in
Figure 2b). The center of the spectra is composed of four inner
lines of 151Eu and superimposed with six lines of 153Eu.
However, the absolute value of hyperfine constants reflects a
very di!erent coordination environment for chelated Eu
complexes compared to free Eu ions in coordinating
solvents.31,33 Hyperfine constants for 151Eu and 153Eu used
for simulating the spectrum are 6.6 and 2.9 G for dipic and 6.2
and 2.7 G for pcam, respectively, much smaller than hyperfine
constants for solvent-coordinated cations.
However, the ratio of hyperfine constants for 151Eu/153Eu

remains at 2.27. Small hyperfine constants reflect strong
binding of pcam and dipic ligands to the central Eu2+ ion in
which the electronic density of Eu is a!ected by coordinating
ligands, thereby reducing the spin density of the central Eu
atoms (Table S1).
We also observe the formation of Eu2+ upon illumination of

water-soluble Eu(dipic)3 at 4 K (Figure 2d). The formation of
reduced Eu2+ upon illumination is unprecedented and is the
consequence of the internal redistribution of electronic density
within the complex and ligand-to-metal charge transfer
(LMCT) at low temperatures. Light-induced LMCT formation
between dipic ligands and the Eu3+ central atom was also
confirmed using TD-DFT calculations (Figure 2e). In the
ground state of Eu(dipic)3, the electronic density indicates the
existence of MLCT in both HOMO and LUMO states. In the
excited state, the LUMO state gains additional electron density
on Eu while the hole becomes delocalized solely on the dipic
ligand.
However, EPR spectra of the light-induced excited state

show that the symmetry of the Eu2+ coordination has changed
compared to the D3h crystalline environment (g⊥ = 2.001 and
g∥ = 1.994) observed in the reduced samples (Figure 2a,b).
Instead, we find that Eu2+ obtained by light excitation is
consistent with Eu2+ in a rhombic environment (gx = 2.006, gy
= 1.995, gz = 1.988). The formation of Eu2+ and its
coordination environment are not reversible at 4 K.
Illumination of Eu(pcam)3 does not result in LMCT with
the formation of Eu2+. These results suggest that the
carboxylate groups from the dipicolinate ligand participate in
the LMCT and that oxidative decarboxylation35 of dipic is
most probably responsible for the nonreversible symmetry
change, which causes departure from the axial symmetry upon
illumination (Scheme S2).
We have also investigated the electronic structure of a

central Eu3+ ion using STM by measuring dI/dV tunneling
spectra. To distinguish the contribution of the central metal
ion and chelating ligands to the LUMO, we have measured dI/
dV tunneling spectra on top of the central Eu ion as well as on
the surrounding ligands (Figure 3). Due to the mobility of the
molecules on the surface during spectra acquisition, the
measurements were performed on an Eu(dipic)3 complex
located next to a counter ion present on the surface. The
counter ion was used in these experiments to stabilize the
negatively charged Eu(dipic)3 complex on the Cu(111) surface
during the spectroscopic data acquisition, but it does not
significantly influence the electronic structure of the complex
itself (Figure 3a). Within the measured bias range of ±2 V,
only LUMO of the Eu(dipic)3 is observed at ∼+1.5 V (Figure
3b). In the dI/dV spectra, the LUMO peak of the central Eu
ion reveals a significantly higher intensity as compared to the
three surrounding dipic ligands.

Figure 1. Structure of Eu(dipic)3 and Eu(pcam)3 complexes (a) a
model structure of the Eu(dpic)3 complex. (b) STM image of
Eu(dpic)3 on Cu(111) at 5 K. [tunneling parameters: Vt = 0.2 V, It =
0.1 nA]. (c) Model structure of the Eu(pcam)3 complex. (d) STM
image of Eu(pcam)3 on Au(111) at 5 K [tunneling parameters: Vt =
0.5 V, It = 30 pA].
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Such intensity di!erences in LUMO between the Eu ion and
the corresponding dipic ligands suggest that the Eu ion has a
more considerable a#nity toward electrons than the three
dipic ligands. The counterion, which is firmly bound to the
copper substrate, shows an even smaller electron a#nity
(Figure 3b). These spectroscopy data are in agreement with
EPR results shown in Figure 2a,d that show chemically

reduced and light-induced charge transfer to the central Eu
cation and formation of paramagnetic Eu2+ species.
To probe the contribution of ligand in ligand-to-metal

charge transfer states, we have also synthesized a mono-
coordinated, singly charged 1:1 Eu(dipic) complex that
strongly interacts with Cucurbit[7]uril (CB[7]), a pumpkin-
shape, hollow macrocycle that forms tight complexes with
positive amphiphilic guests in water.36 CB[7] encapsulates the

Figure 2. EPR spectra of (A) Eu(dipic)3 and Eu(pcam)3 after reduction with NaBH4 and sodium biphenyl, respectively, in conjunction with their
simulations (B) and(C), respectively. Both samples show axially symmetric signal with g = [2.001 1.994] and g = [1.999 1.995], for dipic and pcam,
respectively; (D) complex Eu(dipic)3 after illumination at 4 K exhibits a rhombic spectrum with g = [2.006 1.995 1.988] and hyperfine coupling of
6.6 G (18.5 MHz) and 2.9 G (8.0 MHz) for 151Eu and 153Eu, respectively (same as reduced Eu(dipic)3). (E) TD-DFT calculations of complex
Eu(dipic)3 in its ground state (MLCT) and its excited state (LMCT).
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tolyl portion of the dipic ligand with an a#nity of 6.3 × 104
M−1, as obtained by isothermal titration calorimetry (see
Figure S16). Tolyl hydrogen nuclei in 1H-NMR spectra
undergo downfield shifts (1.04 and 0.27 ppm for aromatic
hydrogens and 0.71 ppm for the methyl group) once
encapsulated by CB[7] (see Figure 4a). The number of
water molecules q within the first coordination sphere of the
Eu3+ complex in an aqueous solution was calculated using the
luminescence lifetimes τ−1 of the complex in H2O and D2O
and Horrock’s formula (see eq 1):37

(1)

As expected, six water molecules were found to coordinate
Eu(dipic) in the absence and presence of CB[7] (lumines-
cence lifetimes are 0.171 ms in the absence and
presence of CB[7]; are 2.61 and 2.02 ms, respectively,

returning q = 6.0 and 5.9; see Table S2). Our measured
lifetimes in water are in excellent agreement with that
published for Eu(2,6-dipicolinate)3 (0.169 ms).37 We also
note that an ion peak corresponding to complex Eu(dipic)·
6H2O was observed by electrospray ionization mass spectrom-
etry (see Figure S17).
Figure 5 shows TD-DFT calculations and EPR spectra

showcasing the change in the electronic density of Eu(dipic)
after light excitation. It was found that similar to the triply
coordinated complex (Figure 2), Eu(dipic) undergoes a
mixture of LLCT/MLCT in the ground state (Figure 5A,
left), making the Eu atom prone to accepting additional
electronic density. EPR spectra in Figure 5B confirm that the
illumination of 10 mM aqueous solution of complex Eu(dipic)
results in the formation of Eu2+ with very similar magnetic
parameters (both electron and nuclear g-factors) as the one
obtained for Eu(dipic)3. In the presence of CB[7], however,

Figure 3. Electronic structure of the Eu(dipic)3 complex. (a) STM image of Eu-(dipic)3 complex located next to a counterion (indicated with an
oval). (b) dI/dV tunneling spectra correspond to marked locations in (a) [tunneling parameters: Vt = −0.2 V, It = 50 pA].

Figure 4. Structural and electronic properties of Eu(dipic)·CB[7]. (A) GFN2-xTB-optimized structure of complex Eu(dipic)·6H2O·CB[7]+. 1H-
NMR spectra of (a) dipic ligand (1.0 mM), (b) complex Eu(dipic), and (c) complex Eu(dipic)·CB[7] in D2O. Chemical shifts in ppm. (B) STM
image of complex Eu(dipic)·CB[7] on Cu(111) [tunneling parameters: Vt = −0.2 V, It = 0.1 nA] in conjunction with (C) dI/dV spectra acquired
over CB[7] and Eu(dipic) regions of the complex.
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the dipic ligand is at least in part encapsulated. TD-DFT
calculations show that upon encapsulation, the significant
orbital overlap between the dipic ligand and CB[7] orbitals
leads to delocalization in the ground state (Figure S18).
However, electronic density is redistributed upon excitation to
the CB[7] macrocycle rather than the Eu ion (Figure 5A
right). This delocalization prevents internal LMCT, which was
observed in the free complex, and the exposed Eu does not
convert to paramagnetic Eu2+. Indeed, EPR shows that while
Eu(dipic) undergoes LMCT with the characteristic formation
of Eu2+ in a rhombic environment, CB[7] stabilizes the
complex, and Eu remains in a nonmagnetic Eu3+ state upon
illumination. Figure 5C shows the EPR spectrum of a 1.0 mM
solution of Eu(dipic) in water that was illuminated with white
light at 4 K for 30 min (black) and the spectrum obtained by
illumination of complex Eu(dipic)·CB[7] at 4 K for 30 min
(blue). EPR spectra confirm TD-DFT calculations and show
that LMCT and oxidative decarboxylation of the dipic ligand is
prevented upon CB[7] encapsulation.
An STM image of a single Eu(dipic)·CB[7] complex

adsorbed on Cu(111) is shown in Figure 4B. The topology
of the complex shows two distinct lobes; the thicker lobe is
assigned to the CB[7] macrocycle, while the thinner lobe is
associated with hydrated Eu. To determine the energetic
positions of frontier orbitals of assembly Eu(dipic)·CB[7], dI/
dV tunneling spectra are separately acquired at the Eu ion
location and on the CB[7] macrocycle, respectively (Figure
4C). Tunneling spectroscopy data of Eu ions reveal the
HOMO and LUMO levels at −1.4 and +1.7 V, respectively,
thus revealing a HOMO−LUMO energy gap of 3.1 V. This

value is in a relatively good agreement with projected
HOMO−LUMO energy gap obtained by a Gaussian func-
tional of 3.6 eV (Figure S19). The dI/dV spectroscopy reveals
that the LUMO of Eu(dipic), +1.7 V, is energetically close to
Eu(dipic)3 (+1.5 V, Figure 3b) and the ability of Eu to receive
an electron does not change significantly with CB[7]
encapsulation. Moreover, by comparison with the gas-phase
electronic structure (Figure S19), we find that the LUMO level
has a significant contribution from Eu ion and its energetic
position is in agreement with 1.9 eV of the LUMO position of
the gas phase molecule.
We find, however, that Eu(dipic)·CB[7] shows a small

opposite current at −1.35 V from the HOMO to the support
that was not observed in Eu(dipic)3 in this bias range, thereby
revealing the extra electronic density that is transferred to Eu
upon host−guest formation. The calculated density of states
confirms the major contribution from the dipic ligand to the
HOMO level (Figure S19) but its energetic position, found to
be −1.7 V in the gas phase calculations, compared to −1.4 V in
dI/dV curve, could indicate weak interaction with the
substrate. This additional localized electronic density can
also account for the absence of LMCT in the host−guest
assembly as observed by EPR spectroscopy.
The existence of light-induced LMCT and oxidation-

induced decarboxylation of dipic ligands can also account for
a relatively weak luminescence of Eu(dipic). Intercalation of
dipic ligand into CB[7], however, further reduces Eu
luminescence to half of its intensity, most probably due to
the delocalization and excess of dipic electronic density on the
Eu site in its HOMO ground state observed in TD-DFT

Figure 5. (A) TD-DFT calculations of excited state electronic distribution in Eu(dipic)·6H2O and Eu(dipic)·6H2O·CB[7] showing that upon light
excitation, Eu(dipic) undergoes a mixture of LLCT/LMCT. Upon encapsulation into CB[7], light excitation results in the electron density
delocalized around the CB[7] macrocycle with no CT to the central Eu ion. (B) EPR spectra of 10 mM Eu(dipic)3 (red), 10 mM Eu(dipic)+
(magenta) illuminated for 30 min at 4 K in conjunction with the NaBH4-reduced sample (blue). For comparison, the spectra of Eu(dipic)3 and
NaBH4 reduction with no illumination are also shown. (C) EPR spectra of illuminated 1.0 mM Eu(dipic) (black) and Eu(dipic)·CB[7] (blue) at 4
K.
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calculation (Figure S18) and STM measurements. This, in
turn, results in a less e#cient energy transfer to Eu3+ as a
consequence of the change in the relative position between the
energy levels of the blue emitting CT donating state and the
Eu 5D2,5D1,5D0 accepting states that lead to red lumines-
cence.10 Previous studies show that luminescence of Eu
complexes with π conjugated dipicolinate ligands proceeds
through an intermediate state with a CT character and can be
tuned using di!erent π-conjugated dipicolinic acid ligands of
the donor group or conjugated backbone.10 Indeed,
luminescence of Eu(dipic)3 is much stronger than Eu(dipic)
but slightly weaker than Eu(pcam)3 (Figure S20) in solutions
and in thin films. Here, we find that pre-reduction of the
complex to Eu(II)(dipic)3 with 1.5 redox equivalent of NaBH4
drastically reduced photoluminescence intensity of Eu3+
(narrow lines associated with 5D to 7F transitions) by 35
times, due to CT state cancellation upon Eu reduction. The
luminescence is reversible, and upon oxidation of Eu2+ in O2,
the luminescence fully recovers to its original intensity. The
weak blue luminescence of a CT donating state is not
enhanced upon reduction but rather decreased by a factor of 2,
confirming that it originates from a CT state rather than
reduced Eu2+.
In conclusion, we find that chelated Eu complexes show an

ability to report on the redox state of their environment due to
reversible chemical reduction of the central Eu3+ ion to Eu2+.
The reduction is observed both in EPR, with the formation of
paramagnetic Eu2+ and in photoluminescence with removal of
the red emission. Paramagnetic Eu2+ has a large magnetic
moment resulting in a strong EPR absorption that is almost
temperature-independent in agreement with its seven unpaired
electrons in fully occupied half-filled 4f orbitals. Illumination of
Eu(dipic) and Eu(dipic)3 also results in the appearance of
paramagnetic complex with the spin density localized on the
Eu central ion while the axial symmetry of the paramagnetic
complex is lowered to rhombic. Light-induced paramagnetic
transition is blocked when ligands are encapsulated into the
CB[7] macrocyclic host.
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