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Abstract: The ligand HsL (6-(3-0x0-3-(2-
hydroxyphenyl)propionyl)-pyridine-2-carboxylic acid), which
exhibits two different coordination pockets, has been
exploited to engender and study energy transfer (ET) in two
dinuclear [Ln(lll)Ln(lll)’] analogues of interest, [EuYb] and
[NdYb]. Their structural and physical properties have been
compared with the also newly synthesised analogues
featuring no possible ET ([EuLu], [NdLu] and [GdYb],
respectively) and with the corresponding homometallic
[EuEu] and [NdNd] analogues, previously reported.
Photophysical data suggest that ET between Eu(lll) and
Yb(lll) does not occur to a significant extent, while emission
from Yb(Ill) originates via sensitization from the ligand. In
contrast, energy migration seems to be occurring between
the two Nd(lll) centers in [NdNd], as well as in [NdYb],
where Yb(lll) luminescence is thus in part sensitised by ET
from Nd. This study shows the versatility of this molecular
platform to further the investigation of lanthanide-to-
lanthanide ET phenomena in defined molecular systems.

Introduction

Lanthanides have contributed enormously towards the
development of advanced materials and technologies,
including catalysts, magnetic and electronic devices,

telecommunication systems, lasers, wind and solar
energy conversion materials as well as medical
applications.®!  The  potential towards these

technologies derives from their characteristic optical and
magnetic properties.’?* 21 Among those, their unique
photophysical features such as their line-like emission
spectra and long-lived excited state decays have
particular relevance. In addition, their emission
wavelengths span the visible range, as red europium -
Eu(lll)- or green terbium -Tb(lll)-, to the near infrared
range (NIR) with examples such as neodymium -Nd(Ill)-
or ytterbium -Yb(Ill)-.27%" NIR emission stands out
notably due to its potential application for night vision
devices, telecommunications and life sciences.! 33 30 31
Nevertheless, triggering direct intra-configurational f-f
transitions is hindered by the very low molar
absorptivity of lanthanide ions. The latter is the case
because these transitions are parity forbidden when
mediated by the electric dipole operator, while the
magnetically induced ones are very weak (due to the
low magnitude of the magnetic dipole operator in most
lanthanides). In addition, the transitions are often also



spin forbidden. To alleviate this problem, m-conjugated
organic ligands (and to a more limited extent metal-
organic chromophores, ie. complexes of a different
metal near the target Ln ion)B% 31 have been routinely
used as sensitisers of lanthanide emission.™*> 344 These
chromophores act by efficiently harvesting photons, and
then transferring the energy to the lanthanide ions,
usually after intersystem crossing. This process is more
generally known as the antenna effect. Alternatively,
other mechanisms such as energy transfer (ET) between
different lanthanide ions can also be considered, which
often results in improved sensitisation efficiencies, also
enhancing the range of absorption and emission
wavelengths.*>%11 Such Ln-to-Ln sensitization is very
useful for up-conversion phenomena, which allow the
conversion of low energy photons into photons of higher
energy®™ 33 or down-conversion, where the energy
transfer transforms photons from higher to lower
energy. However, this particular approach to
sensitisation is by far less studied, mainly restricted to
co-doped crystals, ceramics and glasses.® >’ There are
however some remarkable examples of homometallic or
heterometallic Ln-to-Ln ET studies taking place within
discrete molecules.! 4% 38661 Most of them are conducted
in solution, with polydentate ligands in the presence of
two different lanthanide ions.®®9 In many of these
systems, there is little-to-no control on the location of
each Ln(lll) in the molecular scaffold, as is mainly
dictated by statistical speciation.®® However, very
interesting studies relying on site-selectivity have been
performed in heterometallic compounds obtained
through consecutive synthetic steps,®* 7771 or in a rare
molecular  system featuring different metallic
environments, but lacking selectivity.® 58 The scarce
number of examples of selective systems obtained
thermodynamically from one pot reactions reflect on the
difficulties in developing molecular materials with more
than one type of lanthanide ion, predictably distributed
at selected positions within the molecular scaffold in
one-step. These problems are the consequence of the
very similar chemical behavior within this series of
metals. In this context, in the last years we have
developed a ligand-based strategy to promote dinuclear
heterometallic [Ln(lll)Ln(ll1)’'] lanthanide compounds with
a distribution of two 4f ions that can be highly selective
in many cases.’® Such control was achieved using the
asymmetric HsL ligand (HsL = 6-(3-0x0-3-(2-
hydroxyphenyl)propionyl)-pyridine-2-carboxylic acid),
which exhibits two different coordination pockets
(Scheme 1). One is a 0,0-type B-diketonate chelate
(when deprotonated) and the other a O,N,O dipicolinate
one. The former exhibits two closely lying donor atoms
and favors shorter Ln-O distances than the other pocket,
with more separate O-donor atoms. The combination of
this ligand with any lanthanide ion was found first to
produce a comprehensive series of asymmetric
dinuclear homometallic [Ln(III)Ln(llI)] compounds for the
entire 4f series: (Hpy)[Ln2(HL)3;(NOs)(py)(H.0)1.7*" This
study allowed a detailed crystallographic investigation,
revealing that the bond distances between the oxygen
donor atoms and each Ln (Scheme 1, Lnl, and Ln2) are
systematically larger for site 2 (Ln2) when compared to
site 1 (Lnl). This suggested the possibility to produce

heterometallic [Ln(lI)Ln(lll)’] compounds with high
purity in many cases by combining two Ln ions with
different ionic radii, expecting the smaller one to
selectively coordinate to the position suited for shorter
Ln-O bonds (site 1) and the larger one in site 2 (where
longer Ln-O bonds are preferred). This approach
successfully led to several (Hpy)[LnLn’(HL)3(NOs)(py)
(H20)] compounds with unprecedented purity and
featuring various [Ln(lll)Ln(lll)’] combinations. 8 80-82]
This molecular platform thus furnishes an ideal scenario
to study and evaluate the nature of lanthanide-to-
lanthanide ET phenomena, with the additional benefit
that this family of complexes is characterised by a
relatively short distance (around 3.8 A) between both
lanthanide ions. This distance is very favorable for
efficient ET, since it allows the mechanisms that require
orbital overlap (ie. Dexter energy transfer)* in addition
to dipolar through-space pathways.!®* 8! Following this
strategy, a series of five new heterometallic complexes
[EuYb] (1), [NdYb] (2), [EuLu] (3), [NdLu] (4), [GdYb] (5)
were synthesised and photophysically characterised.
This family allowed investigation of visible-to-NIR ET in
[EuYb], as well as NIR-to-NIR ET in [NdYb] to a great
level of detail. Indeed, the photophysical properties of
these systems could be directly compared with their
homometallic ([EuEu]l and [NdNd]) and heterometallic
([EuLul, [NdLu]l and [GdYb]), analogues the latter
including examples where no ET processes can occur.

2

Scheme 1. Schematic representation of the complex anion in (Hpy)
[Ln1Ln2(HL)s(NOs)(py)(H20)1, emphasizing the coordination
environment produced by the ligands and the two different cavities
of the system (site 1 for Lnl (red) and site 2 for Ln2 (blue)).

Results and Discussion

Synthesis. Considering the remarkable difference
between the ionic radii of Nd(lll) or Eu(lll) with respect to
Yb(lll), both [EuYb] (1) and [NdYb] (2) compounds were
expected to exhibit a selective metallic distribution. In
order to complete the study and evaluate the properties
that each individual metal would have in these two
molecules, [EuLu] (3), [NdLu]l (4) and [GdYb] (5)
complexes were also synthesized. The five
heterometallic compounds were obtained following the
same procedure reported for the previous [Ln(lII)Ln(lll)’]



systems.!’® & 81 Thys, three equivalents of HsL were
mixed in pyridine with one equivalent of the nitrate salt
of each of the two required lanthanides under aerobic
conditions. Slow diffusion of diethyl ether into the
resulting solutions afforded yellow needle-like crystals of
(Hpy)[LnLn’(HL)3(NOs)(py)(H20)] in moderate yields (see
Experimental Section), as expected from previous
studies. Each compound was evaluated by elemental
analysis, as well as by SCXRD and MS, supporting its
essentially heterometallic nature (see below).

Structural characterization. The five new compounds
are quasi-isostructural and crystallize in the monoclinic
P2,/c space group (Table S1). The asymmetric unit
exhibits one [LnLn’(HL)3(NOs)(py)(H.O)]~ anion, one
pyridinium cation (Hpy*) and four (or five for compound
4) molecules of pyridine. The structure shows three
twice-deprotonated HL?* ligands wrapping the two
lanthanide ions in a helicoidal manner with a head-to-
head-to-tail conformation (Figure 1). This consequently
produces two different coordination sites with distinct
encapsulation features. Site 1 is formed by two
B—diketonate (0,0) chelating pockets and one
dipicolinate-like unit (O,N,0). Nonacoordination around
the Ln** ion at this site is completed by one molecule of
water and one of pyridine, respectively. On the other
hand, site 2 is produced by one B—diketonate unit and
two dipicolinate-like donors, together with a NOs™ ligand.
For compounds 1, 3 and 5 ([EuYb], [EuLu] and [GdYb],
respectively) the latter exhibits a monodentate
coordination mode, providing a coordination number
nine to the Ln** ion (Figures 1, top, S1 and S2). In
contrast, for compounds 2 and 4 ([NdYb] and [NdLul),
the NOs anion shows a bidentate mode due to the larger
size of the Nd** ion, promoting ten-coordination at site 2
(Figures 1, bottom, and S3). The negative charge of
these anionic complexes is compensated in all
compounds by the pyridinium cation, which interacts
with one of the carboxylate groups of the complex
through a H-bond (Figure S4).

Figure 1. Representation of the anionic complex in compounds 1
([EuYb], top) and 2 ([NdYb], bottom). Eu, Nd, Yb, C, N and O atoms
are shown in purple, orange, green, grey, blue and red, respectively.
H atoms are not shown for clarity.

In order to determine the nature of the Ln(lll) ion at each
site, the crystal structure of each compound was refined
by considering the four possible metallic distributions:
heterometallic with site 2 featuring the largest cation,
heterometallic with site 1 encapsulating the largest
cation, and both possible homometallic systems. The
most representative agreement factors (R:, wR, and S)
as well as the displacement parameters were collected
for each case. The data for compounds of the type
[LnYb] (1, 2 and 5) are shown in Table S2, while
compounds 3 and 4 ([LnLu]) are evaluated in Table S3.
As expected, based on the significant differences in ionic
radii, all complexes show best refinement parameters
for a heterometallic system where the largest Ln3* is
encapsulated in site 2. In contrast, the inversed
distribution of the ions shows the worst agreement.

Considering these distributions, the average of the Ln-O
bond distances involving the O donor atoms (Tables S4
and S5) from the HL?* ligands, avg.(Ln-0), were collected



and compared (Table 1). As expected, the avg.(Ln2-0)
values in the [LnYb] compounds (2.44, 2.49 and 2.42 A
for [EuYb], [NdYb] and [GdYb]l, respectively) are
considerably larger than the avg.(Yb1l-O) ones (2.35,
2.36 and 2.35 A, respectively). Similarly, [EuLu] and
[NdLu] compounds exhibit larger avg.(Ln2-O) values
(2.43 and 2.49 A, respectively) than the ones observed
for avg.(Lul-O) (2.34 and 2.36 A, respectively). It should
be also noted that all the avg.(Ln-O) values found in
compounds 1 - 5 are very similar to these observed in
the corresponding sites for the respective homometallic
dinuclear compounds,” and that they follow the
expected trend derived from the lanthanide contraction
(Table 1). However, the difference of average bond
lengths between site 1 and site 2 (AO) in each
heterometallic molecular system was found to be
systematically larger than the one observed for their
respective pair of homometallic compounds, evidencing
the structural effect in this molecular scaffold when
hosting two different Ln3** ions with large and small ionic
radii, respectively.

Once the nature of the lanthanide ion at each site
determined, their corresponding coordination
polyhedron was evaluated by means of Continuous
Shape Measures (CShMs).[® 86 Both lanthanide ions in
compounds 1, 3 and 5 ([EuYb], [EuLu] and [GdYb],
respectively) are nine-coordinate, and were thus
compared with ideal nine-vertex polyhedra (Table S6).
The results show that site 1 can be described as a
spherical capped square antiprism with C,, symmetry or
as a spherical tricapped trigonal prism (Dsn) symmetry.
In contrast, no ideal polyhedron was found to accurately
define with sufficient accuracy the low symmetry site 2,
the closest one showing Cs symmetry described as
“muffin”. Similarly, the small lanthanide ions in site 1 for
complexes [NdYb] (2) and [NdLu] (4) (Yb®** and Lu®",
respectively) show also coordination nine and are best
defined as a spherical capped square antiprism or a
spherical tricapped trigonal prism (Table S7). On the
other hand, Nd**, encapsulated in site 2, is ten-
coordinated, with very low symmetry as none of the
ideal polyhedra can satisfactorily define the coordination
environment. The closest ones are the sphenocorona
(C2v) and the staggered dodecahedron (D,), respectively.

Mass spectrometry. Electrospray ionization mass
spectrometry (ESI-MS) was used to explore the stability
and selectivity of the compounds under discussion in

solution. Experiments in a mixture of MeOH/DMSO
indicate that the heterometallic nature for all 1 - 5
compounds is, in essence maintained, since the

spectrograms show prominent peaks corresponding to
the isotopic distribution of the heterometallic moiety
observed in the solid state. Nevertheless, in some cases,
additional peaks resulting from the corresponding
homometallic analogues were also found in relatively
small abundances. This feature results from a partial
scrambling of the lanthanide ions in solution due to the
dissociation of the H,O, py and NOs terminal ligands,
which slightly relaxes the structure and therefore the
selectivity, as previously observed and calculated by
DFT for related analogues.®® 8 For compounds 2 and 4,
where the difference between the ionic radii of the two
Ln(lll) ions is large, the signals for homometallic
moieties are marginal (Figures 2 and S5). For
compounds 1, 3 and 5, which feature a smaller size
difference between the corresponding ions, the
homometallic moieties are more visible, although still
weaker than the heterometallic distribution (Figures S6
to S8). It must be considered that MS is not a
quantitative analytical technique, since the relative
intensity of the signals detected depends in part on how
efficiently the particles associated to them reach the
detector. Attempts to use of 'H NMR to obtain
information on the stability of the compounds in solution
are hampered by the complexity of the spectra (Figs. S9
to S17). lllustrative examples are described in the
following. The spectrum of [NdYb] (2) approximately
incorporates the signals observed in that of [NdNd] plus
additional resonances, with no systematic intensity
variation. This can be explained by the fact that both
possible immediate environments around Nd are present
in both compounds (Figs. S10 and S11) and the results
are thus consistent with the MS experiments. The same
observation is made for the [EuYb] complex (as
compared with [EuEu]) with additional weaker
resonances (Figs. 12 and 13). This clearly suggests the
presence of impurities, as was already inferred by MS.
Interestingly, the same spectra collected in DMSO (Figs.
14 to 17) exhibit much higher complexity, revealing that
the complexes are not stable in this solvent. The MS
results indicate that 10% DMSO in methanol is not
sufficient to cause this decomposition. A detailed
analysis of the 'H NMR spectra is beyond the scope of
this paper, while the preliminary results do not
contradict the conclusions reached here.

Table 1. Average Ln-O and Lnl--Ln2 values (A) observed for compounds 1-5. For comparison, the average Ln-O values of each Ln in the
corresponding site for the respective homometallic dinuclear compounds have been included, as well as the Ln---Ln separations.!?

[EuYb] (1) [NdYb] [EuLu] (3) [NdLu] [GdYb] [EuEulisie  [NdNdlsie [GAGdlste [YbYblsite
(2) (4) (5) 2) 2) 2) n
avg.(Ln2- 2.44 2.49 2.43 2.49 2.42 2.46 2.50 2.43 ---
0)
avg.(Lnl- 2.35 2.36 2.34 2.36 2.35 -- --- --- 2.34
0)
Lnl---Lnl 3.7656(9) 3.8229(6) 3.7556(8) 3.8196(7) 3.7530(9) 3.8173(8) 3.8814(5) 3.8038(11) 3.7245(7)




Table 2. Photophysical summary data for the europium containing
complexes.

3+
Media  Aem/NM Tobs(EUT)/ s :R (Eu )/“'S(D:E(Eu“)
Solid 675" + 980° - -
[EuYb] (1) MeOH 675° + 980° - -
Glass 6169 + 980° 597 1070 0.558
Solid 675° - -
[EuEu] MeOH 675° - -
Glass 616¢ 578 930 0.622
[EuLu] (3) Glass 6164 512 1070 0.479
exp.
—— calc. [NdYb]
—— calc. [NdNd]
—— calc. [YbYb]
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Figure 2. Selected region of the experimental (black line) ESI-MS
spectra of compound 2 ([NdYb]), together with the calculated signals
corresponding to [NdYb] (blue line), [NdNd] (green line) and [YbYb]
(red line), which emphasizes the absence of homometallic fragments
in the experimental plot.

Photophysical properties. Compounds 1 to 5 were
prepared as an excellent platform to investigate ET
between different Ln* centers within a molecular
framework. Thus, an extensive investigation of the
photophysical properties of these dinuclear lanthanide
compounds has been carried out. Compounds [EuYb] (1)
and [NdYb] (2) were thus selected as ideal to investigate
visible-to-NIR and NIR-to-NIR ET phenomena,
respectively. In the case of 1, the expected energy
transfer would potentially occur from the 5D, excited
state of Eu(lll) to the 2Fs, excited state of Yb(lll). In order
to determine the occurrence of ET, a comparison with

the photophysical properties of the compound [EuEu]
(the synthesis of which had been previously reported)”®
and of the new [EuLu] (3) analogue was performed. On
the other hand, with compound 2 ET was anticipated to
take place from the *F;, state of Nd(lll) to the *Fs, state
of Yb(Ill). Similarly to 1, a direct photophysical
comparison was accomplished with the previously
published compound [NdNd]"® and with the new
complex [NdLul (4). Finally, [GdYb] (5) was also
investigated in order to have a reference compound
presenting exclusive emission from Yb(lll) via
sensitisation from the organic chromophore (i.e. the
ligand). The photophysical properties were investigated
in the solid state and as diluted methanolic solution at
room temperature, as well as at 77 K in some instances.
These studies included the excitation and emission
spectra as well as the lifetime decays for each
compound at their maximum emission wavelength. A
summary of the photophysical data is compiled in Tables
2 and 3.

Before any ET mechanism was studied, the triplet state
of the HL?" ligand was established. With this purpose,
the emission of the previously synthesized [GdGd]"?
analogue was measured at room temperature and at 77
K in methanolic solution. The phosphorescent emission
band was enhanced in the frozen matrix and could thus
be distinguished from the fluorescent emission, more
predominant at room temperature (Figure 3).
Deconvolution of the phosphorescent band (Figure S18)
allowed evaluation of the energy of the triplet state of
the ligand as the 0-phonon transition at ~19,050 cm™.
This energy is sufficiently high to sensitise the emission
from the *Fs),; state of Nd(lll) (~11,260 cm™) and from the
2F5;, state of Yb(lll) (~10,250 cm™). On the other hand, it
is close to the energy of the *D; and °D, states of Eu(lll)
(~19,000 and ~17,200 cm™, respectively), hence some
back energy transfer (BET) might be expected.

[a] Calculated from the emission spectrum following Eq. 1. [b] Ligand
emission. [c] Yb3* emission. [d] Eu3* emission.

Visible-to-NIR Energy Transfer. To investigate ET
between Eu(lll) and Yb(lll), the previously published
[EuEu] complex was first analysed as a reference. The
emission spectra in the solid state and in methanol at
room temperature clearly show a broad band
corresponding to the phosphorescent emission of the
ligand, along with sharper peaks originating from the
Eu(lll) ion (Figures S19 and S20). This result indicates
that thermally activated BET might be occurring at room
temperature. Generally, a difference of at least 2,500
cm? is required to provide efficient energy transfer
between the triplet state of a ligand and the excited
state of a Ln(lll) ion with no BET.®” The close proximity
between the ligand triplet state and the Eu(lll) accepting
states does therefore justify the presence of BET.
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Figure 3. Emission spectra of [GAGd] (Aexe= 375 nm) in methanol at
room temperature (black trace) and 77K (red trace).

To verify this hypothesis, the emission spectrum was
recorded in a frozen matrix at 77 K. In this case, the
spectrum displays exclusively emission from the Eu(lll)
cation (Figure 4).

The broad excitation spectra recorded in all cases,
spanning an analogous wavelength range as the
absorption spectrum of the ligand, supports the
conclusion that the Eu(lll) emission is sensitised by the
ligand. The emission spectrum presents the
characteristic Eu(lll) like line bands that can be
attributed to the series of ’Fj<°D, () = 0 - 4) transitions in
the region of 550 - 725 nm (Figure 4).1%! The peak at 577
nm corresponds to the "Fo«<>D, transition, only observed
when Eu(lll) occupies a low symmetry site, as it is the
case for both Eu(lll) centres in this molecule. Since the
crystal structure shows that the two Eu®* ions occupy
non-identical positions, two peaks are expected for this
transition. In fact, the observed transition results into a
relatively broad peak that can be fitted with two
Gaussian functions centered at 17,275 and 17,262 cm™*
with full-width at half-maximum (FWHM) of 25 and 17
cm?, respectively (Figure S21). In this emission
spectrum, the magnetic dipole allowed transition
("F1<°Dy) is observed between 585 and 600 nm. The
splitting of this band was best fitted to four Gaussian
functions (Figure S22), indicating the presence of more
than one centre in this molecule, as the maximum
splitting for one unique centre is three.®® The observed
excited state lifetime decay at 616 nm was fitted with a
mono-exponential function with a value of 578 us
(Figure S23).
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Figure 4. Normalised excitation (Aen= 616 nm) (black trace) and
emission (Aexe= 375 nm) (red trace) spectra of [EuEuU] in methanol at
77K. Insight: zoom of the D, to ’F, and ’F; transitions, respectively.

Similar results were obtained for the analogous
photophysical study of the [EuLu] (3) complex (Figures
S24 to S26). In this case, one unique "Fo<>D, transition is
observed at 17,272 cm™ with a FWHM of 36 cm™ (Figure
S27). Meanwhile, the ’F1<°Doy band splits in three
different peaks, which agrees with a unique Eu®* ion with
C: symmetry (Figure S28). These data further confirm
the that the heterometallic nature of [EuLu] is retained
solution, confirming that the presence of the
homometallic moieties previously detected by mass
spectrometry is only marginal (see above). The excited
state lifetime decay at 616 nm was satisfactorily fitted
with a mono-exponential function with a value of 512 ps
(Figure S23), comparable to that observed for [EuEul.
The similarity between the lifetime values seems to
suggest that intramolecular Eu-Eu energy migration is
not a dominant process, in accordance with previous
examples where the europium centres occupy non-
identical positions.!® However, in order to be able to
gain further information of the energy migration within
the molecule, the lifetime measurements should be
performed at various characteristic emission
wavelengths specific for site 1 or site 2 individually, as
previously presented in the literature.®® Unfortunately,
in our system no significant difference was found
between the emission spectrum of [EuEu] and [EulLul
(Figure S23) and therefore, the presence or absence of
Eu-Eu energy migration cannot be proven conclusively.

The emission spectra of [EuYb] (1) present similar trends
in the visible region, with a mixture of ligand
phosphorescence and Eu-centred peaks in the solid
state and methanolic solution at room temperature, and
exclusive emission from Eu(lll) at 77 K (Figures 5, S29
and S30). Consistently with the structure, one unique
"Foe>Dy transition is observed at 17,263 cm™ with a peak
FWHM of 27 cm?, while the splitting of the F1«°D, band
could be assigned to three different peaks in agreement
with the C; symmetry of the coordination site (Figures
S31 to S33). The characteristic Yb(lll) NIR centred
emission from the 2F;,«2Fs, transition was observed in



the 900 - 1100 nm region (Figures 5, S29 and S30). The
excitation spectra recorded while monitoring emission at
980 nm reveal the typically broad bands associated to
the ligand, suggesting that the Yb(lll) emission is
sensitised by the organic chromophore (Figures S29 and
S30). The excited state lifetime decay of the Eu(lll)
emission at 616 nm in [EuYb] was monoexponential and
determined to be 597 ps (Figure S23). The lack of
decrease in the excited state lifetime decay between
[EuLn] (Ln(lll) = Eu(lll), Lu(lll)) and [EuYb] suggests that
no ET is occurring from Eu(lll) to Yb(lll). To further
support the hypothesis that the Yb(lll) emission is
originating through sensitisation from the ligand, the
newly  synthesised [GdYb] (5) analogue was
investigated. The excitation and emission spectra in the
solid state and in methanol at room temperature
(Figures S34 to S36) are comparable to those of [EuYb].
The study of the lifetime decays at 980 nm (Yb(Ill)
emission) of both complexes, [EuYb] (2.05 us, 1.66 us )
and [GdYb] (2.02 ps, 1.62 ps) in solution and the solid
state respectively, also corroborate the absence of Eu-
Yb energy transfer (Figures S37 and S38). If present, the
emission intensity of Yb(lll) in [EuYb] should increase
during a short period of time, depending on the rate of
the energy transfer, which is not the case.®® In this
case, the lifetime found for [EuYb] upon excitation at
375 nm (ligand centered) or at direct excitation of
europium shows the absence of time rise. The excited
state decays associated with the Yb(lll) in the latter
complex have comparable shape to these of [GdYb],
where only sensitisation from the ligand can occur
(Figures S37 to S39). The intrinsic quantum yield for the
Eu(lll) emission was found to be similar in all cases,
ranging between 0.479 and 0.622. These values were
estimated by determining the radiative decay from the
emission spectra (Table 2). This extensive study allows
to confirm that no visible-to-NIR ET takes place within
the [EuYb] complex.

NIR-to-NIR Energy Transfer. The photophysical
properties of the [NdNd] species were first investigated.
The emission spectra found in the solid state and in
methanol at room temperature show the characteristic
Nd(lll) bands corresponding to the transitions *l«<*Fs; (J
= 9/2, 11/2, 13/2), with maxima at 910 nm, 1060 nm
and 1350 nm, respectively (Figure 6). The excited state
decay for the 1060 nm maximum was determined to be
189 ns and 154 ns in the solid state and solution,
respectively (Figure S40). The relative short values of
the Nd(Ill) excited state lifetimes can be explained by
the high susceptibility to quenching by O-H oscillators,
as can be proven by the enhancement of this value
when measured in deuterated methanol. The possible
molecule of methanol directly coordinated to the Nd(1)
centre could also have an effect. Unfortunately, the q
value cannot be calculated do to the simultaneous high
dependent on the number of close diffusing C-H.[°!
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Table 3. Photophysical summary data for the neodymium and ytterbium containing complexes.

Solid 675° + 980° B 1.66 B
[EuYb] (1)
Methanol 675° + 980° - 2.05 492 0.004
i C d -
INAYb] Solid 980° + 1060 183 1.58
(2) Methanol 980° + 1060¢ 143 (740)¢ 1.98 (32.52)¢ 615 0.003
Solid 1060° 189 B B
[NdNd]
Methanol 1060¢ 154 (961)¢ - -
Solid 1060° 331 - -
[NdLu] (4)
Methanol 1060¢ 178 (1097)¢
Ti E - 1.62 -
[GdYb] Solid 980 6
(5) Methanol 980¢ - 2.02 454 0.004

[a] Calculated from the emission spectrum following Eq. 2. [b] Ligand emission. [c] Yb3* emission. [d] Nd3* emission. [e] lifetime measured in

MeOD.

The analogue [NdLu] (4) was also synthesised to
investigate energy migration between the two Nd(lll)
ions. The emission spectra (Figures S41 and S42) are
comparable to those of [NdNd], with particularly longer
lifetimes in the solid state (331 ns) and only modestly
(178 ns) in solution, respectively (Figure S43). These
differences suggest that the photophysical properties of
[NdNd] could be influenced by cross relaxation
mechanisms between the two lanthanide ions, which
could be explained by a greater overlap between the
absorption and emission spectra of both Nd(lll) centres
than seen for the Eu(lll) ions in [EUEU].®®® The emission
spectra for [NdYb] (2) in the solid state and in methanol
at room temperature show emission from both Yb(lll)
and Nd(lll) (Figure 7). While the emission of Yb(lll) may
have been sensitised by the excited state of Nd(lll), the
ligand can also directly sensitise the 2F;,«%Fs;; transition
of this emissive center, as shown before. The lifetime
decays of Nd(Ill) in [NdYb] (2) at 1060 nm were
calculated at values of 183 ns and 143 ns for the solid
state and in methanol solution, respectively (Figure
S44). These values are also slightly shorter than the
decays found for [NdLu] (4) where no energy transfer is
possible, suggesting ET from Nd(lll) to Yb(lll). To
corroborate this hypothesis, the Yb(lll) lifetime decay

was also measured in the solid state (1.58 us) as well as
in MeOH (1.98 ps) and MeOD (32.52 us), giving a q value
of 1 in correspondence to the crystal structure (Figure
S44 and S45). The excited state lifetime enhancement
seen in MeOD, was also observed for the Nd(IIl) emission
line (961, 1097 and 740 ns for [NdNd], [NdLu] and
[NdYb], respectively; Figures. S46, S47 and S48). After
excitation of the ligand (375 nm) a subtle rise-time was
observed in the solid state as well as solution at room
temperature (Figure 8 and S44). This time rise was
clearly more pronounced upon direct excitation of Nd(lll)
(584 nm) in the solid state (Figure 8). The presence of
this time rise is suggestive of ET as it has been
previously demonstrated in the literature®®°** with other
lanthanide pairs such as Tb-Eu.?. The time rise was
then fit to 80, 60 and 200 ns for the solid state, MeOH
and MeOD solution, respectively, by use of Eq. 7
(Figures S49 to S51). Since these values are shorter
than the corresponding lifetime decays of Nd(lll), the Nd-
to-Yb ET does not take place to completion, and other
deactivating processes come simultaneously into play.
Using Eq. 9, the ET efficiency is estimated to be 55%,
10% and 67% in the solid state, in MeOH and in MeOD
solution, respectively. These differences underscore the
effect of multiphonon deactivation also on ET rates.
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Further corroboration of the analogous coordination
geometry is the measured total splitting of the ground
state 2F;, of Yb(Ill) at low temperature, with very similar
values of 390 cm?, 386 cm® and 371 cm™ found
respectively for the three complexes ([EuYb], [GdYb],
and [NdYb], Figure S52). Moreover, the observable
lifetime decays of these emissions were also found to be
comparable, being 1.66 us, 1.62 us and 1.98 us in the
solid state or 2.05 ps , 2.02 us and 2.26 ps in methanol
at room temperature for [EuYb], [GdYb], and [NdYb],
respectively. Through their radiative decays (Table 3),
the sensitization efficiency for Yb(lll) emission s
estimated at similar values around 0.4%. The fact that
the values of lifetime for the [NdYb] at 980 nm (Yb(lll)
emission) are comparable to those for the other Yb(lll)
containing species seems to suggest the absence of BET
in [NdYb], which has previously been presented as a
possible mechanism at room temperature for the
quenching of this Yb(lll) excited state.™

Conclusion

The ability of the versatile family of complexes with
formulae (Hpy)[LnLn’(HL)s(NOs)(py)(H.O)] to allocate
with high selectivity two unequal lanthanide ions at two
different positions of the molecule has been exploited to
control and promote the Ln-to-Ln energy transfer
phenomenon in a delivered manner. Five new
[Ln(HT)Ln(III)'] analogues have been synthesized and
structurally characterized both in the solid state and in
solution. These studies have corroborated the
essentially heterometallic nature of each system. A
comprehensive photophysical study has been performed
to explore both visible-to-NIR and NIR-to-NIR energy
transfer phenomena on the [EuYb] and [NdYb]
analogues, respectively. The emission of both lanthanide
ions in [EuYb] has been found to be sensitised only by
the ligand, since no differences were observed when
compared to [EuLu] (or [EuEuU]) and [GdYb], respectively.
In contrast, energy transfer from the *Fs, state of Nd** to



the 2Fs, of Yb(ll) has been observed for the [NdYb]
compound, confirmed by the presence of a rise-time in
the excited state decay of Yb(lll) in [NdYb]. This work
has demonstrated the versatile use of a versatile
molecular platform that allows in-depth study of the
lanthanide-to-lanthanide energy transfer.

Experimental Section
Synthesis

All reactions were performed in air, using the reagents as
received. The ligand 6-(3-0x0-3-(2-
hydroxyphenyl)propionyl)pyridine-2-carboxylic acid (HsL) was
synthesized according to the approach described previously by
us.%! Each [Ln(ll1)Ln(ll1)’'] compound was synthesized following
the same procedure reported for the previous [Ln(lll)Ln(ll)’]
systems,[78 80. 811

(Hpy)[EuYb(HL)3(NOs)(py)(H.0)] (1). A yellow solution of HsL
(30.0 mg, 0.105 mmol) in pyridine (10 mL) was added dropwise
with stirring to a colorless solution of Eu(NOs);:5H.0 (15.0 mg,
0.035 mmol) and Yb(NOs);:5H.O0 (15.7 mg, 0.035 mmol) in
pyridine (10 mL). The resulting yellow solution was stirred for 2
h and layered with diethyl ether. After 1 week, yellow crystals of
1 were obtained (30 % yield). IR (KBr pellet): ¥ 3417 (mb), 1619
(s), 1585 (s), 1560 (m), 1527 (s), 1464 (m), 1400 (s), 1385 (s),
1326 (w), 1298 (m), 1239 (w), 1207 (w), 1147 (m), 1121 (w),
1059 (m), 950 (m), 756 (w), 707 (m), 665 (w), 635 (w). MS: m/z
1175.00 [EuYb(HL)>(H.L)]*. Anal. Calcd for 1-(-py)-4.7H,0: C,
42.31; H, 3.15; N, 4.93. Found: C, 41.86; H, 2.67; N, 5.43.

(Hpy)I[NdYb(HL)3(NO;s)(py)(H>0)] (2). A yellow solution of HsL
(30.0 mg, 0.105 mmol) in pyridine (10 mL) was added dropwise
with stirring to a colorless solution of Nd(NO3);-6H,0 (15.3 mg,
0.035 mmol) and Yb(NOs);:5H.O0 (15.7 mg, 0.035 mmol) in
pyridine (10 mL). The resulting yellow solution was stirred for 2
h and layered with diethyl ether. After 1 week, yellow crystals of
2 were obtained (75 % yield). IR (KBr pellet): ¥ 3422 (mb), 1619
(s), 1584 (s), 1560 (m), 1528 (s), 1464 (m), 1401 (s), 1385 (s),
1326 (w), 1299 (m), 1239 (w), 1205 (w), 1148 (w), 1121 (w),
1058 (m), 951 (m), 892 (w), 762 (w), 707 (m), 664 (w), 636 (w),
569 (w). MS: m/z 1167.99 [NdYb(HL),(H,L)]*. Anal. Calcd for 2:(-
py)-2.5H;0: C, 43.77; H, 2.94; N, 5.10. Found: C, 43.37; H, 2.65;
N, 5.53.

(Hpy)[EuLu(HL)3(NOs)(py)(H20)1 (3). A yellow solution of HsL
(30.0 mg, 0.105 mmol) in pyridine (10 mL) was added dropwise
with stirring to a colorless solution of Eu(NOs);:5H,0 (15.0 mg,
0.035 mmol) and Lu(NOs);:5H,0 (15.8 mg, 0.035 mmol) in
pyridine (10 mL). The resulting yellow solution was stirred for 2
h and layered with diethyl ether. After 1 week, yellow crystals of
3 were obtained (20 % vyield). IR (KBr pellet): ¥ 3420 (mb), 1619
(s), 1586 (s), 1561 (m), 1529 (s), 1465 (m), 1400 (s), 1384 (s),
1300 (m), 1239 (w), 1209 (w), 1121 (w), 1061 (m), 947 (m), 893
(w), 756 (w), 708 (m), 669 (w), 637 (w), 569 (w). MS: m/z
1177.86 [EuLu(HL)2(H:L)]*. Anal. Calcd for 3(-py)-1.5H,0: C,
44.03; H, 2.81; N, 5.14. Found: C, 43.54; H, 2.66; N, 5.63.

(Hpy)INdLu(HL)3:(NOs)(py)(H20)] (4). A yellow solution of HsL
(30.0 mg, 0.105 mmol) in pyridine (10 mL) was added dropwise
with stirring to a colorless solution of Nd(NOs);'6H,0 (15.3 mg,
0.035 mmol) and Lu(NOs);:5H,0 (15.8 mg, 0.035 mmol) in
pyridine (10 mL). The resulting yellow solution was stirred for 2
h and layered with diethyl ether. After 1 week, yellow crystals of
4 were obtained (20 % yield). IR: ¥ 3418 (mb), 1619 (s), 1584
(s), 1559 (m), 1530 (s), 1464 (m), 1402 (s), 1384 (s), 1300 (m),

10

1239 (w), 1201 (w), 1147 (m), 1120 (w), 1059 (m), 952 (m), 891
(w), 755 (w), 707 (m), 663 (w), 635 (w), 569 (w). MS: m/z
1169.00 [NdLu(HL)z(H:L)]*. Anal. Calcd for 4:(-py)-5H.0: C,
42.32; H, 3.20; N, 4.94. Found: C, 41.60; H, 2.75; N, 5.76.

(Hpy)[GdYb(HL)3(NO:)(py)(H-0)1 (5). A yellow solution of HsL
(30.0 mg, 0.105 mmol) in pyridine (10 mL) was added dropwise
with stirring to a colorless solution of Gd(NO3);-6H,0 (15.8 mg,
0.035 mmol) and Yb(NOs3);:5H.0 (15.7 mg, 0.035 mmol) in
pyridine (10 mL). The resulting yellow solution was stirred for 2
h and layered with diethyl ether. After 1 week, yellow crystals of
5 were obtained (45 % yield). IR: ¥ 3417 (mb), 1619 (s), 1585
(s), 1560 (m), 1529 (s), 1465 (m), 1401 (s), 1384 (s), 1325 (w),
1298 (m), 1239 (w), 1208 (w), 1121 (w), 1059 (m), 950 (m), 892
(m), 758 (w), 708 (m), 666 (w), 636 (w), 570 (w). MS: m/z
1181.02 [GdYb(HL)>(H.L)]*. Anal. Calcd for 5-(-py)-5.4H,0: C,
41.78; H, 3.21; N, 4.87. Found: C, 41.23; H, 2.69; N, 5.44.

Single Crystal X-ray Diffraction

Data for compounds 2 and 4 were collected using a Bruker
APEX Il CCD diffractometer on the Advanced Light Source
beamline 11.3.1 at Lawrence Berkeley National Laboratory,
from a silicon 111 monochromator (A 0.7749 A). Data
reduction and absorption corrections were performed by using
SAINT and SADABS, respectively.®® Data for compounds 1, 3
and 5 were collected on a single-axis HUBER diffractometer on
station BM16 of the European Synchrotron Radiation Facility,
Grenoble, France (A = 0.738 A). Cell refinement, data reduction
and absorption corrections were done with HKL-2000 suite.®”]
The structures were solved using SHELXT!® and refined with
full-matrix least squares on F? by using SHELXL-2014.°°7 The
heterometallic nature of the compounds was confirmed by
evaluating the most representative agreement factors (R1, wR,
and S) as well as the displacement parameters of the
corresponding lanthanides, considering the four possible
combinations (LnLn’, Ln’Ln, LnLn, and Ln’Ln’) as summarized in
Tables S1 and S2. All details can be found in the
supplementary crystallographic data for this paper in CIF format
with CCDC numbers 2009856 (1), 2009857 (2), 2009858 (3),
2009859 (4) and 2009860 (5). These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Experimental details

Infrared spectroscopy. IR spectra were recorded in the range
of 4000—400 cm™! by using a Nicolet 5700 FT-IR spectrometer.

Mass spectrometry. Positive-ion ESI mass spectrometry
experiments were performed by using a LC/MSD-TOF instrument
(Agilent Technologies) with a dual source equipped with a lock
spray for internal reference introduction, at the Unitat
d’Espectrometria de Masses (SSR) from the Universitat de
Barcelona. Experimental parameters: capillary voltage 4 kV, gas
temperature 325 °C, nebulizing gas pressure 103.42 kPa, drying
gas flow 7.0 L min~!, and fragmentor voltage 175-250 V.
Internal reference masses were m/z 121.05087 (purine) and
922.00979 (HP-0921). Samples were dissolved in a MeOH/DMSO
mixture (uL) and introduced into the source by using a HPLC
system (Agilent 110) with an H.O/CHs;CN mixture (1/1) as the
eluent (200 yL min™).

Elemental Analysis. C, H, and N analyses were performed by
using a Thermo EA Flash 2000 (Thermo Scientific) analyzer at
the Centres Cientifics i Tecnoldgics from the Universitat de
Barcelona (CCiT-UB).



Photophysical Measurements. Absorption spectra were
recorded at room temperature using a Perkin ElImer Lambda 35
UV/Vis spectrometer. Uncorrected steady state emission and
excitation spectra were recorded using an Edinburgh FLSP980-
stm spectrometer equipped with a 450 W xenon arc lamp,
double excitation and emission monochromators, a Peltier
cooled Hamamatsu R928P photomultiplier (185-850 nm) and a
Hamamatsu R5509-42 photomultiplier for detection of NIR
radiation (800-1400 nm). Emission and excitation spectra were
corrected for source intensity (lamp and grating) and emission
spectral response (detector and grating) by a calibration curve
supplied with the instrument. Quantum yields were measured
with the use of an integrating sphere coated with BenFlect. !
Excited-state decays (t) were recorded on the same Edinburgh
FLSP980-stm spectrometer using a microsecond flashlamp, set
at excitation wavelength of 350 nm, and monitored at the
maximum emission wavelength being 980 nm, 1060 nm and
616 nm Yb3*, Nd3*, Eu** complexes, respectively. In the case of
the Nd3* derivatives excitation wavelength of 584 nm was also
used to promote absorption to the *Gs;, and %G, excited states
of Nd3*. The goodness of fit was assessed by minimizing the
reduced x? function and by visual inspection of the weighted
residuals always from 40 ns onwards to remove the diffusion
contribution of the 350 nm excitation beam. To record the
luminescence spectra at 77 K, the samples were placed in
quartz tubes (2 mm diameter) and inserted in a quartz Dewar
filled with liquid nitrogen. All the solvents used in the
preparation of the solutions for the photophysical investigations
were of spectrometric grade.

Selected Equations

The valu =S of the radiative lifetime (tr), and intrinsic quantum
yield (@),,) can be calculated with the following equations.

1

I Tot
T

14655 'xn’x

— = (1)
In equation 1, the refractive index (n) of the solvent is used
(assumed value of 1.5 in the solid state). The value 14.65 s is
the spontaneous emission probability of the 7F1<°D, transition
reported previously.'®® | is the total integrated intensity of the
Eu3* emission spectrum, and Iup is the integrated intensity of
the "F1<°Do band.
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In equation 2, N, is Avogadro’s number (6.023[010% mol?),
whereas J and J’ are the quantum numbers for the ground and
excited state of Yb?*, respectively.10

In__ T obs

n—

p (3)
In equation 3, T is the observed lifetime. Radiative and non-
radiative constants can also be calculated from the radiative
and observed lifetime decays, following equations 4 and 5.

1
Tobs =T < (4)
1
Tr: T (5)

The sensitization efﬁci'ency (Nsens) can be determined using
equation 6, where @lnis the overall quantum yield obtained
experimentally with an integrating sphere.
@L
_ In
one— T (6)

The time-rise in the decay of Yb(lll) at 1060 nm was fit using
Equation 7.

11

It)=1,lexp (—t/T)—exp (—t/1,)] )
The rate of energy transfer (ker) and quantum efficiency of
energy transfer (®g) can be calculated according to the
following equations:

1 1
kpr=——— (8)

Tq
CDFTzl_,.._ (9)

where T4 and T, are the *F3;, decay lifetime of Nd3* in the
presence or absence of the quencher (Yb3*), respectively.
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A new method to prepare a large number of different heterometallic [LnLn’] dinuclear complexes is exploited for a

unique visible-to-NIR and NIR-to-NIR energy transfer within molecules, using the [EuYb] and the [NdYb] analogues,
respectively. This has allowed to demonstrate intramolecular sensitization of Yb3* by Nd3*, acting as ET donor.
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