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Abstract

We report a detailed study of the photophysical properties of Eu"' and Tb"' complexes with two ligands
based on a 3,6,10,13-tetraaza-1,8(2,6)-dipyridinacyclotetradecaphane platform containing either four
pyridine-2yl-methyl (L) or four hydroxyethyl (L°) pendant arms. The [TbL']**and [TbL?** complexes
present moderate luminescence quantum yields upon excitation through the ligand bands (¢4,0 = 7.4 and
21%, respectively). The [EuL?]** complex displays a relatively low quantum yield in H,O (¢,0 = 1.6%) that
increases considerably in D,O (¢p20 = 5.3%), which highlights the strong quenching effect of the four ligand
O-H oscillators. The emission spectrum of [EuL']**is rather unusual in that it shows a relatively high
intensity of the °Dy — 7F5,6 transitions, which appears to be also related to the distorted D4g Symmetry of the
coordination polyhedron. Surprisingly, the quantum yield of the [EuL']** complex is very low (¢y,0 =
0.10%), considering the good protection of the Eu'"' coordination environment offered by the ligand. Cyclic
voltammograms recorded from aqueous solutions of [EuL']** display a reversible curve with a half-wave
potential of =620 mV (versus Ag/AgCl), while [EuL?]** presents a reduction peak at more negative potential
(—1040 mV). Thus, the L' ligand provides a rather good stabilisation of divalent Eu compared to the
L? analogue, suggesting that the presence of a low-lying ligand-to-metal charge-transfer (LMCT) state might
be responsible for the low quantum yield determined for [EuL']**. A density functional theory (DFT) study
provides very similar energies for the ligand-centered excited singlet (‘mn*) and triplet (nn*) states of
[EuL']** and [EuL?]**. The energy of the °LMCT state of [EuL']*" was estimated to be 20 760 cm ™' by using
all-electron relativistic calculations based on the DKH2 approach, a value that decreases to 15940 cm™' upon
geometry relaxation.
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Introduction

Luminescent lanthanide(iii) (Ln"") complexes have received great attention in the last two decades due to

their important applications in bioanalytical assays,' in cellulo studies? and optical imaging.® Most of this
attention was devoted to complexes of Eu"' and Tb"', which emit in the visible region of the spectrum and
present long emission lifetimes in the ms range.* Complexes of these metal ions to be used as luminescent
labels must meet a number of requirements including high stability in competitive biological media, a good
protection from the environment to minimise vibrational quenching effects due to the presence of
coordinated water molecules,” and the presence of chromophoric units to collect the excitation photons and
transfer the energy from the ligand-centred excited state(s) to the excited state of the Ln"" ion.® Besides high
luminescence quantum yields, Ln"' complexes for application as luminescent labels should be also endowed
with high absorption coefficients at the excitation wavelength, resulting in bright probes.” Finally, long
excitation wavelengths are also beneficial for biological applications, as they reduce phototoxicity in living
systems and limit auto-fluorescence of biological samples.®

The vast majority of Ln"' luminescent complexes developed for application as optical probes in optical
imaging or in cellulo studies are derivatives of cyclen.*® This macrocyclic platform has the advantage of
ensuring a high thermodynamic stability of the complexes.'® Furthermore, the synthetic chemistry of cyclen
is well developed, allowing for the introduction of different types and numbers of pendant arms at
will.** However, other macrocyclic platforms such as tacn'? or cryptands®® were also shown to present
advantageous properties for the development of Ln""'-based luminescent complexes.

The lanthanide complexes of the ligand L* (Scheme 1), which is based on a 18-membered macrocycle, were
reported by some of us already in 2006. The structure of the complexes both in the solid state and in
solution was investigated in detail, showing the formation of 10-coordinate complexes in which the ten
nitrogen atoms of the ligand coordinate to the Ln"" ions. More recently, we also explored the Ln"' complexes
of the related ligand L2, which were proposed as Magnetic Resonance Imaging (MRI) PARACEST contrast
agents.®*® These complexes were found to be particularly inert with respect to their dissociation in strongly
competitive media (1 M HCI). Given these interesting results, we decided to revisit the complexes of L%,
which contain up to six pyridyl chromophoric units in the ligand backbone. Herein we report the results of
this study, which includes a detailed investigation of the photophysical properties of the Eu''and
Tb" complexes. To rationalize the results of the photophysical study, we also performed cyclic voltammetry
experiments and DFT calculations. These techniques provided support for the presence of a charge-transfer
state of the Eu'"' complex that quenches rather efficiently the metal-centred luminescence of [EuL']**.

Results and discussion

Synthesis of the complexes

The complexes of L' reported earlier were isolated as [LnL'][(Ln(NOs)s(H,0),] salts, which contained
[(Ln(NO3)s(H,0),J]* anions.* The presence of the nitrate complex as counterion may be problematic for the
characterisation of the complexes using certain techniques (i.e. cyclic voltammetry measurements). Thus, we
prepared and isolated the Eu", Gd"'and Tb"' complexes of L'as simple nitrate salts with formula
[LnL'](NO3);-xH,0. Elemental analysis and mass spectral studies confirm the formation of the complexes
(see Experimental section below). The *H NMR spectrum of the Eu"' complex recorded in D,O solution
presents 12 well-resolved signals (Fig. S1, ESI'), suggesting the presence of a single species in solution
(within the detection limit of NMR) with an effective D, symmetry. The *H NMR spectrum recorded in ds-
MeOD at low temperature (193 K) is also in line with D, symmetry (Fig. S2, ESI'), with no evidence of
fluxional behaviour being observed.



() N \
N N/
N L
\ Ho A I~"on
N |/ N \/
N ~
l_1 l.2

Scheme 1. Structures of the ligands discussed in this work.

Photophysical properties of the [TbL']** complex

The UV-visible spectrum of [TbL']** recorded in aqueous solution at pH = 7.0 is characterized by a strong
absorption band centred at 266 nm (¢ = 18450 M 'cm™), which accounts for the 1 — n* transitions of the
pyridyl rings. Exciting into this transition gave rise to the typical emission pattern characteristic of
the °D, — F; (J = 6-3) transitions of the Th" ion (Fig. 1).2* As expected, the excitation spectrum recorded
upon metal-centred emission is very similar to the corresponding absorption spectrum, as a result of the
antenna effect.

The luminescence decay profiles of the [TbL']** complex could be perfectly fitted to mono-exponential
decays with lifetimes in water and deuterated water of 74,0 = 3.27 ms and 7p,O = 4.08 ms, which are
indicative of the absence of water molecules in the first coordination sphere.*” Despite these long lifetimes,
quantum yields are rather low and values of ¢14,0 = 7.4 and ¢p,0 = 8.9% have been measured at pH = 7.0
and pD = 7.3, respectively, using Rhodamine 6G in aerated water as a reference (¢ = 0.76).'® Although low,
these low quantum yields are in agreement with literature data for pyridyl-based Th"' complexes."

1-|3+

Photophysical properties of the [EUL™]"" complex

When recorded in H,0, the high resolution emission spectrum of [EuL']** (Fig. 1) indicates the presence of a
major species, with a very faint emission of the °Dy — 'F, transition around 579.5 nm and with three main
components centred at 582.5, 592.4 nm and 595.5 nm, respectively, accounting for the three sublevels of
the °Dy — 'F; transitions expected in the case of a complex with low symmetry.'® Sensitized emission
guantum yields of less than 1% have been measured in H,O and in D,O by comparison with [Ru(bpy)s]Cl, as
a reference® (Table 1), showing that this species is weakly luminescent. Interestingly, one can also notice the
presence of weak emission peaks, which increased in D,O solution, at 585.5, 590.5 and 597.6 nm, indicative
of a second species in solution (Fig. 2). A remarkable feature of this emission spectrum is the high relative
intensity  of  the °Dy — 'F, transition  observed atca.684 nm. Also worthy of interest,
the °Dy — 7F5,6 transitions centered around 747 and 825 nm could be easily observed, amounting
to ca. 6(1)% and 12(1)% of the total intensity. Considering that the instrumental response of the conventional
red photomultiplier (PM, Hamamatsu R928) is generally important in this spectral region, the spectrum was
also recorded with a NIR sensitive PM (Hamamatsu R5509-72), confirming the previous results. The
observation of the °Dy — "Fs transitions is rather rare,”* and must be related to the particular symmetry of



the crystal field around the Eu" cation. The X-ray structures of the La" and Tm"' complexes evidenced a
bicapped square antiprismatic coordination polyhedron. DFT calculations performed on the
[EUL'T** complex point to a D, symmetry of the complex and confirm the bicapped square antiprismatic
coordination polyhedron (see DFT study below). This provides a coordination polyhedron with a
distorted Dyg symmetry.  In Dy symmetry the °Dy — 'F transition is symmetry forbidden, while
the °Dy — 'F4 transition is intense due to the absence of an inversion centred. This explains the very
intense °Dy — 'F,4 transition compared to the °Dy — 'F, one in [EuL']**, a situation that is also commonly
observed for Eu'"' DOTA derivatives showing capped square antiprismatic coordination.?? The relatively high
intensity of the 5D0—>7F5,6 transitions appears to be also related to the distorted D4y Symmetry of the
coordination polyhedron (see below). The asymmetry ratio, R, defined as the ratio between the forced
electric dipole °Dy — 'F, and the magnetic dipole °Dy — ’F; transitions,”® was determined to be 0.93, which
is in agreement with spectra observed for other Eu complexes with D, symmetry.?*
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Fig. 1. UV/Vis absorption spectra (blue), excitation spectra (black, Ln = Eu, Aem = 610.5 nm; Ln = Th, Ay, = 545 nm)
and high resolution emission spectra (fex. = 265 nm) recorded in aqueous solution at r.t for the ([LnL']**) complexes
(top: Ln =Thb, pH = 7.0, 9.1 x 10 °> M, green; bottom: Ln = Eu, pH = 7.0, 8.8 x 10 ° M, red).
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Fig. 2. High resolution emission spectra (Zexc = 265 nm, emission slits = 0.3 nm, 2 pt nm ™) recorded for [EuL']** in
H,O (black, 8.8 x 10> M, pH = 7.0) and in D,0 (red, 9.0 x 10> M, pD = 7.3), normalized at 582 nm. Inset: Zoom of
the °Dy — 'Fo and °Dy — F; emission bands in the same conditions (except for an increment of 10 pt nm ), showing

the signature of the two species (m and ), see text.

Table 1. Selected photophysical data for [LnL']*" and [LnL?]** complexes (Ln = Eu, Tb) in aqueous

solutions, pH = 7.0 in H,O and pD = 7.3 in D,0, I.t. A = 265 nm?.

Ln e(Mlem ™)/ (hm) 0 (%) 0 (%) O (Ms) w0 (ms) g
[EuL'* 18200/265 0.10 0.24 =14 =211 0.0

7, =0.47 7,=1.30 1.3
[EuL?® 7900/270 1.6 5.3 0.49 1.36 See text
[ToLY?* 18 500/266 7.4 8.9 3.27 4.08 0.0
[TbL??* 8800 /268 21.0 40.6 2.12 3.87

3 Estimated errors: +10% on lifetimes, +15% on quantum yields. ® According to ref. 17.

Table 2. Lifetimes of [EuL']*" in H,O (8.8 x 10°M, pH = 7.0)
at various emission wavelengths (r.t, lexc = 265 nm).

Aem/NM 71 (Ms)/B,? (%) 7, (Ms)/B,® (%)
582 1.409(2)/9 0.403(1)/91
610.5 1.47(7)/25 0.478(3)/75
682 1.3(1)/9 0.404(1)/91

& B; are the normalized pre-exponential factors (B; + B, = 100) obtained
from the fit of the emission decay curves to a bi-exponential model.



The luminescence decay profiles recorded at various emission wavelengths did not give strictly mono-
exponential decay profiles (Table 2), confirming the presence of the second species in solution with
contributions varying from 9 to 25% in H,O depending on the emission wavelengths. The strong difference
between the values of the measured lifetimes probably arises from the presence of a mono-hydrated species
(with 7, ~ 0.43 ms) and a non-hydrated species (with 7; ~ 1.4 ms).

Another striking result was observed when H,0 was replaced by D,O. As seen in Fig. 2, significant changes
in the shape of the emission spectrum of the Eu"' complex were observed, which also strongly supports the
presence of two species with different hydration states in solution.”® Due to the reduction of vibrational
guenching in D,0, several transitions are increased and more particularly the Dy — 'F, transition at 610.5
nm and the °D, — 'F, transitions centred around 578.9 nm. On the latest, high resolution was performed and
the corresponding spectrum is depicted in Fig. 3.
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Fig. 3. The high resolution emission spectrum of [EuL']** (D,0, Aexc = 265 nm) of the °Dy — 'Fy region
showing the experimental points (m), the fitting to the sum of two Lorentzian peaks (=) and the
individual Lorentzian contributions (==, —).

The spectrum of Fig. 3 could be deconvoluted as a sum of two Lorentzian curves (R? = 0.983) with maxima
at 578.8 nm and 579.4 nm, respectively. Time-resolved decay measurements were registered at various
specific wavelengths of this transition (with narrow emission slits of 0.2 nm) and the data were fitted to bi-
exponential decay functions with a fixed long lifetime parameter of r; = 2.11 ms, while the shorter
lifetime, ,, and the two pre-exponential factors were varied. Single exponential decays corresponding
with 7; = 2.11 ms were observed in the 578.0-578.2 nm region. Between 578.3 and 580.5 nm, all decays
could be fitted with 7, values ranging from 1.28 to 1.37 ms. Variations of the respective pre-exponential
factors (B;) are represented in Fig. S3 (ESI') and are in agreement with the formation of the two species
identified by the peak analysis. The shorter value of 7, and the hyperchromicity of this peculiar transition in
D,0 is in agreement with a [EuL*(D,0)]** species, in which a pyridine ring would be decoordinated, leaving
the space for a water molecule in the first coordination sphere. We thus assumed that z; accounts for a
species with q = 0 and bicapped square-antiprismatic geometry.?* These hypothesis is in agreement with the
hydration numbers calculated for the two species from the equation of Beeby et al. (see Table 1)."



The presence of two complex species in solution is in sharp contrast with the simple '"H NMR spectrum
recorded in D,O solution (Fig. S1, ESI). Given the different concentration ranges typically used for
luminescence (UM) and NMR (mM) measurements, we recorded luminescence measurements in more
concentrated solutions upon selective excitation into the f—f absorption bands at 395, 399 or 412 nm (Fig. S4,
ESI’). These spectra were virtually identical with a single transition for the °Dy — 'Fo band at 582 nm and
two components for the °Dy — F transition. The °Dy — 'F, massive is weakly emitting, whereas the
transitions to ‘F5 and ‘F, are surprisingly intense. When exciting at high energy (300 nm), new bands could
be observed in the spectrum at 578.0 and 584.5 nm, around 616 nm and in the 690-700 nm region.
Interestingly, the appearance of these new bands is in agreement with the results obtained when measuring
the samples at lower concentration (9 x 107 M, e = 265 nm) changing the solvent from H,O to D,O (Fig.
S4, ESIY).

The presence of two species in solution evidenced by the photophysical study of [EUL']** is rather surprising
considering the presence of a single species in solution with an effective D, symmetry observed by NMR.
Given the very low emission quantum yield of [EuL']** (0.1%), we attribute the second (minor) species
present in solution to a complex presenting a much higher emission quantum yield, so that it provides a
sizeable contribution to the overall emission spectrum in spite of its low concentration (below the detection
limit of NMR). This species could be for instance a nine-coordinated complex in which one of the pendant
arms is not bound to the metal ion. Such nine-coordinate species were found to be the major species in
solution for complexes with the small Ln"" ions based on the same 18-membered macrocycle and containing
acetate pendant arms.?®

2]3+

Photophysical properties of the [LnL“]"" complexes (Ln = Eu and Th)

The photophysical properties of the previously reported [LnL?]** complexes were investigated to gain insight
into the peculiar behaviour of the corresponding complexes of L. The UV-visible spectra of the two
complexes in aqueous solutions at pH = 7.0 are characterized by a strong absorption band centred at 266268
nm, which accounts for the m — n* transitions of the pyridyl rings (Table 1). Exciting into these transitions
gave rise to the typical emission patterns characteristic of the °Dy — 'F; (J = 0-4) and °D, — 'F, (J = 6-3)
transitions of the Eu"' and Th"" ions, respectively (Fig. S4 and S5, ESI'). As expected, the excitation spectra
recorded upon metal-centred emission are very similar to the corresponding absorption spectra, as a result of
the antenna effect.

As previously observed for the L* analogue (see above), the emission spectrum of [EuL?]* displays a very
peculiar pattern. In particular, the °Dy — 'F, transition is very intense with a maximum at 683 nm and is only
weakly degenerated with two main transitions (Fig. S5, ESIY). The luminescence decay profiles of the
Eu"' complex could be perfectly fitted to mono-exponential decays to give the following lifetimes: 7,0 =
0.49 ms in water and 75,0 = 1.36 ms in deuterated water. The luminescence decay profiles of the
Tb" complex could also be fitted to mono-exponential decays to yielding 7,0 = 2.12 ms in water
and 7p,0 = 3.78 ms in deuterated water. The much longer emission lifetimes determined in D,O solution
reflect the quenching effect of the O—H oscillators of the four coordinated alcohol groups. The structure of
the [EuL?]** complex in solution is similar to that of [EuL']**, with four O—H oscillators of the alcohol
groups of the pendant arms being directly coordinated to the metal ion.>*® The use of Beeby's method to
compute the number of coordinated O—H oscillators,'” assuming that each coordinated alcohol group
provides a quenching effect equal to half of that provided by a water molecule, provides values of 2.6 and
1.6 oscillators for the Eu'" and Th"' complexes, respectively. Since four O—H oscillators are coordinated to
the metal ion and that mono-exponential decays are measured, one can assume that the quenching results
from the oscillators of the hydroxyethyl groups (with an estimated koy = 325 s for Eu and koy = 52 s for
Tb) hence providing a quenching effect that is lower than those of coordinated water molecules.



In contrast to [EuL']**, the high resolution emission spectra of [EuL?]*" indicates the presence of a single
species with a very faint emission of the °Dy — "F, transition around 579 nm, in accordance with the mono-
exponential decay. The quantum yields have also been calculated with values of &,0 = 1.6% and &p,0 =
5.4% (at pH = 7.0 and pD = 7.4, respectively, using [Ru(bipy)s]Cl, in aerated water as a reference (& =
4%)).”° The quantum yields are ca. 20 times higher than those determined for [EuL']*" (Table 1). The
quantum yields of the Th"' complex have also been calculated with values of @.,0 = 21.0% and @p,0 =
40.7% (at pH = 7.0 and pD = 7.4, respectively). These values also represent an important improvement with
respect to the L* analogue, but the effect is far less important than in the case of the Eu'"' complexes. The
higher quantum yields determined for [TbL?]** compared to [TbL']** suggest different efficiencies of the
energy transfer from the pyridyl units of the ligand. This energy transfer is likely more efficient when
involving the pyridyl units of the macrocycle, which are tightly bound to the metal ion, than in the case of
the pyridyl pendant arms, as the latter are characterized by considerably longer Ln—N distances (Table 3).
Thus, four of the six pyridyl chromophores of [EuL']** would be less efficient in transferring their energy to
the metal ion than the two pyridyl units of the macrocycle.

Table 3. Calculated bond distances (A) of the Eu coordination environments obtained
for [EUL']*" and [EuL?]*" using 46 + 4f° and 46 + 4f" core definitions®

Core Eu—Nam Eu—Npy Eu—Narm Eu-O
[EuL'** 46 + 4f° 2.702 2.598 2.829 —
[EuL'P*® 46 + 4f' 2.718 2.675 2.795 —
2.812 2.742 2.885
3.006 3.153
4.320 5.998
[EuL??* 46 + 4f° 2.689 2.590 — 2.556
[EuL?P® 46 + 4f' 2.692 2.609 — 2.735
2.729 2.677 2.779
2.836 2.835
3.447 2.884

#Nam:» Npy and N, denote amine nitrogen atoms, pyridyl nitrogen atoms of the macrocycle
and nitrogen atoms of the pyridyl pendants, respectively. ® Spin-unrestricted calculations
using a pseudo-doublet configuration.

Cyclic voltammetry experiments

The very low emission quantum yield of [EuL']** might be related to the presence of a ligand-to-metal
charge-transfer (LMCT) state. Indeed, low lying LMCT states are known to quench rather efficiently the
Eu"" luminescence, as proposed for instance for Eu" acetylacetonates,”” complexes with tridentate aromatic
units?®® containing nitrogen donor atoms or calixarene complexes.?® However, with some exceptions,” LMCT
states are usually not directly observed in the absorption spectra of complexes with aromatic units, being
hidden by the much more intense © — 7* absorption bands.”® These LMCT transitions are the result of an
electron transfer process in which the Eu"'ion is formally reduced to Eu". Thus, cyclic voltammetry
experiments were carried out in aqueous 0.1 M KCI to assess the ability of L* to stabilize divalent Eu.

The CV curves (Fig. 4) are typical of a reversible system with a half-wave potential of —620 mV and a
difference between the anodic and cathodic waves of AE = 64 mV. This indicates that the divalent Eu



complex is stable under the conditions used for cyclic voltammetry experiments. In contrast, the cyclic
voltammogram of the [EuL?]** complex (Fig. S7, ESI') presents a reduction peak at more negative potential
(—1040 mV) with respect to [EuL']** (—652 mV), showing that replacing the pyridyl pendant arms of L' by
harder hydroxyethyl donors is unfavourable for the stabilization of Eu". The reverse scan of [EuL?]** shows
an anodic peak in the range —560 to —610 mV depending on the scan rate. Thus, the cyclic voltammogram of
[EuL?® is characteristic of an irreversible system. In the case of [EuL']** both the anodic and cathodic peak
currents show a linear relationship with the square root of the scan rate, which points to a diffusion
controlled process (Fig. S8, ESI').
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Fig. 4. Cyclic voltammograms of [EuL']** recorded from a 1 mM agueous solution (0.1 M KCI, pH 7.0)
at varying scan rates.

The CV curves obtained for [EuL']** and [EuL?]** highlight the effect that the presence of softer donor atoms
in the ligand scaffold has on the stabilization of divalent Eu. A similar effect was observed previously by
replacing oxygen atoms of cryptands by softer S donor atoms,® or harder negatively charged carboxylate
donors by neutral amides.®! Furthermore, the relatively large cavity of the macrocyclic fragment of L' also
contributes to the stabilization of divalent Eu".** Nevertheless, the [EuL']*" complex still possesses a lower
stability against oxidation than the aquated ion,* for which a half-wave potential of =585 mV was reported
(=620 mV for [EuL']*").

Computational study

Aiming to find additional support for the presence of a LMCT state that quenches the Eu'"'-centred emission

of [EuL']*" we carried out a computational DFT study. Geometry optimizations of the [EuL']*"and
[EuL?]®** systems were carried out at the TPSSh/LCRECP/6-31G(d,p) level following the methodology
described before® (see also computational details below). These calculations employed the large-core
approximation, which includes the 4f electrons in the core, and were thus carried out with the spin-restricted
formalism. The optimized geometries of the complexes provide molecular geometries very similar to those
reported previously on the basis of both X-ray diffraction studies and DFT calculations.* For [EuL']**, the
Eu-N distances involving donor atoms of the pendant arms (2.829 A, Table 3) are longer than those to the



pyridyl donor atoms of the macrocycle (2.598 A), while the bond distances involving amine nitrogen atoms
take an intermediate value (2.702 A). The coordination polyhedron (Fig. 5) can be described as a bicapped
square antiprism, where two nitrogen atoms of the pendant arms and two amine nitrogen define the square
faces of the polyhedron (rms deviation 0.152 A). The mean twist angle of the two square faces (48°) is very
close to that expected for a square antiprism (45°). The nitrogen atoms of the two remaining dangling pyridyl
units of the macrocycle are each capping one of the square faces.

Fig. 5. Two views of the bicapped square antiprismatic coordination polyhedron in [EuL']**. The geometry of the
complex was obtained with DFT calculations.



DFT calculations were also used to estimate the energies of the lowest-energy ligand-centred triplet states of
[EuL'* and [EuL?]*". For this purpose the triplet states were optimized at the TPSSh/LCRECP/6-31G(d,p)
level and their energies with respect to the singlet ground state were obtained (ASCF method).** Thus, the
energies of the lowest-energy excited triplet states include the relaxation effects in the triplet excited states.
The results (Table 4) indicate that the energies of the lowest-energy *nn* states of [EuL']*" and [EuL?]** are
virtually identical (~28 610 cm"). Furthermore, the low energy triplet state was estimated from the low
temperature luminescence spectrum of the parent [GdL']** complex (Fig. S16'). The intercept between the
slope of the high energy tail of the emission spectrum and the energy axis led to a triplet state at 26 810 cm ™',
slightly lower than the calculated one. The values calculated for the energies of the *nn* states are in
excellent agreement with the experimental value determined for DO3A derivatives containing pyridyl
pendant arms (28 500 cm').** Thus, the results shown in Table 4 indicate that the energies of the ligand-
centred lowest-energy *nn* and ‘nn* states do not explain the very different emission quantum yields of the

complexes with L* and L%

Table 4. Energies of the ligand-centered singlet (*zn*) and triplet (*nn*) excited states

and the excited ligand-to-metal charge transfer states ("LMCT) of [EuL']**and [EuL?]**

obtained with DFT calculations. All values are in cm ™.

[EUL1]3+ [EuL2]3+
L@ 36526 38225
S 28 609 28619
‘LMCT ¢ 20763 22537
)LMCT ¢ 15937 16728

2 Obtained with TDDFT calculations and the LCRECP approach. ® Obtained
with ASCF calculations and the LCRECP approach. ° Obtained with ASCF
calculations (DKH2 approach) using the ground-state geometry. ¢ Obtained
with ASCF calculations (DKH2 approach) using the relaxed excited-state
geometry (See text).

Geometry optimization of the [EuL']** complex was followed by the calculation of the excited singlet states
using TDDFT calculations. The absorption profiles obtained from these calculations are in reasonably good
agreement with the experimental ones. The absorption maxima calculated with TDDFT are 251 and 241 nm
for [EuL']** and [EuL?]**, respectively. The energies of the ligand-centred excited singlet states with the
lowest energy are given in Table 4.

The modelling of the LMCT states of [EuL']** and [EuL?]** was found to be more challenging. We initially
attempted TDDFT calculations on the septet ground state of [EuL']** using a SCRECP, which includes the 4f
electrons in the valence space.* Unfortunately, these calculations did not achieve convergence because of
the presence of many low-lying excited states. We then focused our attention on the °LMCT state, which
should correspond to a system with a Eu 4f sub-configuration. All-electron relativistic calculations based on
the DKH2 approach (see computational details below) were therefore performed to obtain the expected
septet ground state, in which the alpha LUMO corresponded to one of the Eu 4f orbitals. The alpha HOMO,
which does not have significant Eu 4f contribution, and the alpha LUMO, were then rotated. The subsequent
SCF calculation converged to the desired °CT state, in which all Eu 4f orbitals are occupied.



The analysis of the charges and spin-density values of the Eu atom, obtained with Mulliken population
analysis, confirm that our calculations converged to the excited °LMCT state (Table 5). The excited °LMCT
states of both [EuL']**and [EuL?]** are characterised by a lower atomic charge on Eu, as would be expected.
The total spin population of the ground state (~6.3) is in line with the expected 4f° configuration, being very
similar to those reported for other Eu"' complexes.®” The excited °LMCT state is characterized by a higher
spin population on the Eu atom (~7.0), which is characteristic of systems with a 4f’ configuration such as
Gd"' complexes.® Most of the spin population on the Eu atom resides on the 4f orbitals, with smaller
contribution from s, p and d orbitals.

Table 5. s, p, d, and f spin populations and atomic charges (Q) on the Eu atom calculated with relativistic
DKH2 calculations for the septet ground state and the excited *LMCT state of [EuL*]*" and [EuL?]**.

S p d f Total Q
[EuL'P**® 0.03 0.04 0.09 6.12 6.28 +2.35
[EuL'® 0.03 0.04 0.07 6.89 7.04 +1.51
[EuL?P+2 0.02 0.03 0.08 6.11 6.25 +2.10
[EuL?P® 0.03 0.05 0.08 6.87 7.03 +1.60

2 Ground state. ° °LMCT state.

The excited °LMCT state of [EuL']*" is calculated to lie 20 760 cm ™' above the ground state, an energy that is
close to that of the excited °Dy of Eu (17256 cm ™). It is worth noting that the energy of the excited °LMCT
state was calculated using the ground state geometry, and therefore corresponds to a vertical energy. These
calculations therefore confirm the presence of an excited °LMCT state for [EuL']** whose energy is likely
comparable to that of the excited °Dy level of Eu. The presence of this low-lying °LMCT state is possibly
responsible for the non-radiative deactivation of the Eu °Dy state, which results in a very weak Eu'"'-centred
emission. The harder nature of the oxygen donor atoms in [EuL?]** results in a somewhat higher energy of
the *LMCT state (22 537 cm "), which is therefore likely more difficult to access by thermal population from
the excited Eu °Dy state.

We next decided to assess the effects of geometry relaxation in the excited °LMCT states of both
[EuL'* and [EuL?J**. For that purpose we performed geometry optimizations of these systems within the
spin-unrestricted formalism using a pseudo-doublet configuration and a large-core quasi-relativistic
pseudopotential that incorporates 46 + 4f electrons in the core for Eu. These optimized geometries present
Eu-donor distances that are considerably longer than those obtained with the small core that includes 46 +
4f° electrons in the core, as would be expected considering that larger ionic radius of Eu" compared to Eu'"".
The calculated bond distances are shown in Table 3. Noteworthy, the optimised geometries obtained with the
46 + 4f" pseudopotential are very distorted, in contrast with the D, symmetry obtained for the ground state.
For [EuL']**, two of the amine nitrogen atoms and two nitrogen atoms of the pendant arms are either not
involved in coordination to the metal ion or provide a very weak interaction (Table 3). In the case of
[EuL?]*", one of the amine nitrogen atoms is not involved in coordination to the metal ion (Eu—-N = 3.447
A, Table 3). We therefore conclude that relaxed geometries of the excited °LMCT states present a
considerable distortion with respect to the ground state. The energies of the excited °LMCT states were
subsequently calculated using the relaxed geometries. The corresponding energies of the relaxed °LMCT
states are considerably lower, falling below the energy of the Eu(°Dy) state (Table 4). Geometry relaxation



lowers more significantly the energy of the *LMCT state of [EuL?]**, likely because of the more flexible
nature of the pendant arms.

Fig. 6 illustrates the mechanism proposed for the non-radiative deactivation of the excited Eu(°Dy) state in
[EuL']**. Similar pathways were proposed previously by Berry for a Eu'" tris(acetylacetonate)
complex,?” and by Sabbatini for the Eu"' c 2.2.1 cryptate.* The Eu(°Dy) state presents a crossover to a low-
lying LMCT state, which can be populated overcoming a thermal barrier. The potential of the LMCT state is
shifted along the nuclear coordinate, as a consequence of the large distortion of the complex geometry on
going from the Eu(°Dy) to the LMCT state, as evidenced by the bond distances compiled in Table 3. The
LMCT state can subsequently experience an efficient relaxation to the 'F, states as a result of the large
displacement of the two potentials. An alternative mechanism that could contribute to the low emission
quantum yield of [EuL']** would involve an electron transfer from the ligand-centred excited singlet and/or
triplet states to the Eu"" ion, prior the formation of the °Dj, state of Eu.*’
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Fig. 6. Schematic representation of the non-radiative deactivation of the Eu(*Dy) state
through a low-lying LMCT state.

Conclusions

A detailed photophysical study of the [LnL']*" and [LnL*]*" complexes revealed some interesting features.
The luminescence quantum yields of the Tbh"' complexes are moderately high, particularly in the case of
[TOL?®* (4120 = 21%). The emission spectra of the [EuL']** complex shows rather intense °Dy — 'Fsg
transitions, which are often extremely weak. This has been related to the bicapped square antiprismatic
coordination around the Eu" ion, which results in a crystal field symmetry approaching D.g. The emission
quantum vyield of [EuL?]**(4,0 = 1.6%) is low, but this is expected because of the presence of four
coordinated OH oscillators from the hydroxyethyl pendant arms. The emission quantum yield of [EuL']*"is
~16 times lower, which is surprising considering the good protection of the Eu'"' coordination environment
offered by the ligand. The weak emission of [EuL']*" allowed us to detect a second emissive species in



solution, which is below the detection limit of NMR. The nature of this second species is not clear at this
point, but it could be related to a form of the complex in which one of the pendant arms remains
uncoordinated.

The low emission quantum yield of [EuL']** prompted us to perform a cyclic voltammetry study, which
showed that L stabilises divalent Eu rather well compared to L% These results suggested that the presence of
a LMCT state could be responsible for the weak emission observed for [EuL'J**. Indeed, the results obtained
with DFT calculations are consistent with the presence of a low-lying LMCT state in [EuL']*" whose energy
is close to that of the Eu(°Dy) state. The energy of the corresponding LMCT state in [EuL’]*" is ~2000
cm™" higher according to our DFT results, which is in line with the more pronounced stabilization of divalent
Eu by L' as a consequence of the softer nature of the donor atoms of the pendant arms. The results reported
in this work have profound implication for the development of Eu'"'-based luminescence materials.

Experimental section
Materials

The syntheses of compounds [EuL?](NO3)s;-3H,0 and [TbL?](NO;)s-5H,0 was described previously.™
Macrocycle L* was synthesised following the literature procedure.** All other chemicals purchased from
commercial sources were of the highest available purity and were not purified further. Hydrated
lanthanide(iii) nitrates were obtained from Aldrich. Solvents used were of reagent grade and purified by
usual methods.

Measurements

Elemental analyses were performed in a Carlo-Erba EA 1108 microanalyser. Attenuated total reflection
infrared (ATR-FTIR) spectra were recorded on a FP-6100 Jasco spectrometer. Electrospray-ionization (ESI)
mass spectra were recorded on amicroTOF (focus) mass spectrometer (Bruker Daltonics, Bremen,
Germany). lons were generated using an Apolloll (ESI) source and ionization was achieved by electrospray.
'H, NMR spectra were recorded in D,O solutions (pD = 7.0) on a Bruker ARX400 NMR spectrometer (9.4
T).

Cyclic voltammograms were recorded using a 797 VA Computrace potentiostat/galvanostat from Metrohm
(Herisau, Switzerland). The experiments were carried out with a typical three electrode cell: a glassy carbon
rotating disk electrode (RDE) was used as working electrode (stirring rate 2000 rpm), a platinum rod
electrode was employed as the counter electrode, and a Ag/AgCl electrode filled with 3 mol L™' KCI was
used as reference electrode. Solutions of the complexes for cyclic voltammetry measurements were prepared
by dissolving solid samples of the complexes in 0.1 M KCI and purged with high purity (99.999%) nitrogen
during 30 s prior recording the voltammograms. The starting and end potentials were —0.1 V, while the first
vertex potential was set to —0.9 or —1.2 V depending on the potentials of the cathodic peaks.

Preparation of the complexes

General procedure. A solution of Eu(NO3)s-5H,0 (0.0428 g, 0.1 mmol), Gd(NOs)-6H,O (0.0451 g, 0.1
mmol) or Tb(NO3)3-5H,0 (0.0435 g, 0.1 mmol) in methanol (5 mL) was added to a stirred solution of
L'(0.069 g, 0.1 mmol) in the same solvent (10 mL). The add