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Perfluorinated Aromatic Spacers for Sensitizing Europium(III) Centers
in Dinuclear Oligomers: Better than the Best by Chemical Design ?**

Jean-Francois Lemonnier, Lucille Babel, Laure Guénée, Prasun Mukherjee, David H. Waldeck,*
Svetlana V. Eliseeva, Stéphane Petoud,* and Claude Piguet*

The unique optical characteristics of lanthanide ions (Ln™)
have driven their use in a wide range of applications;
however, the efficiency of populating their electronic states
directly is limited, and thus there is a great need to create an
antenna to capture energy and generate excited Ln™ ions. In
this context, metal-organic frameworks, hybrid materials, and
nanoparticles randomly doped with homo- or heterometallic
mixtures of luminescent lanthanide cations (Ln"™) are inten-
sively being investigated for engineering luminescent devices
for bright-white lighting, for upconversion, and as sensing
agents."! Although the exact location of the various metals in
the final material is crucial for dual ligand-centered/metal-
centered emission,""™ for upconversion,!'¥ and for directional
light-conversion®®’ processes, the preparation of organized
polymetallic 4f-4f oligomers and polymers remains rare and
challenging.”! A statistical mechanics (Ising model) analysis
suggests that standard repulsive nearest neighbor intermetal-
lic interactions operating in linear polymers with regularly
spaced binding sites should provide the targeted ordered ...-
Ln'-Ln%-Ln'-Ln’... microstates.** Pioneering work in this
field has relied on the bulk electropolymerization of didentate
1,10-phenanthroline with thienyl spacers,”! and the acyclic
diene metathesis of tridentate 2,6-bis(benzimidazol-2-yl)pyr-
idine, followed by reaction with [Eu(p-diketonate);] or
Eu(NO;); to yield red-emitting metallopolymers. A reliable
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exploitation of this concept for the development of lumines-
cent materials, however, requires the efficient sensitization of
the luminophore through the rational optimization of each
photophysical step by using chemical tools.

As a first step toward this goal, the rigid segmental ligand
strands L1-L3, made of two tridentate binding units sepa-
rated by a rigid and electronically tunable aromatic spacer,
have been treated with trivalent europium to give the
dinuclear complexes [Eu,(L)(hfac)s] (Scheme 1; hfac =hexa-

Scheme 1. Chemical structures of complexes [Eu, (L) (hfac)].

fluoroacetonato).” The use of a simple method for decipher-
ing the various contributions to the sensitization mechanism
clearly showed that [Eu,(L3)(hfac)s] had the largest global
emission quantum yield [@L, =0.206(7), Egs. (1) and (2)]
because of an efficient L3 —Eu energy transfer step [} =

0.47(14); Eq. (3), see the dark gray bars in Figure 1]."
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Theoretical considerations suggest that - F could ben-

efit from a shift of the L(*n*) state to higher energy through
perfluorination of the central aromatic spacer to give L4
(Scheme 2).® Correspondingly, the expected decrease in the
ktand kE" values, and of the so-called m-conjugation length
A, [Eq. (5)]” in [Euy(L4)(hfac)],” should optimize both the
intersystem crossing efficiency [r;5c =0.6(1), Eq. (2)] and the
intrinsic Eu-centered quantum yield [@f" =0.76(2), Eq. (4)]
of those previously measured for [Eu,(L3)(hfac),] (dark gray
bars in Figure 1).
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Figure 1. Simplified Jablonski diagram for [Eu,(L) (hfac)e] (L=L2-L4)
showing the ligand-centered triplet-mediated sensitization mechanism
of the two Eu*" ions."™ The photophysical processes are described by
the rate constants: k¥ for the ligand fluorescence, ki, for the internal
nonradiative conversion of the ligand, k for the ligand phosphores-
cence, k” for nonradiative relaxation from the ligand triplet state, k™
for the emission of Eu’, k2 for the nonradiative decay of Eu”, k¢ for
ligand intersystem crossing, and k%', for the ligand-to-metal energy
transfer. The efficiencies of intersystem crossing (1,sc), energy transfer
(n52), intrinsic quantum yield (@g), and quantum yield (&},) for
the global ligand-mediated sensitization of Eu" in [Eu, (L) (hfac)q]

(solid-state, 293 K) are also shown.
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Scheme 2. Synthesis of the perfluorinated ligand L4.
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The centrosymmetrical perfluorinated ligand L4 is
obtained through two successive palladium-catalyzed
Suzuki-Myaura cross-coupling reactions (Scheme 2; see also
Figures S1 and S2 in the Supporting Information). Mixing
stoichiometric amounts of L4 with [Ln(hfac);(diglyme)]
(2.0 equiv) in chloroform gives [Ln,(L4)(hfac)s] (Ln=Gd,
Eu) in 80% yield. Slow evaporation of concentrated aceto-
nitrile/chloroform solutions containing the europium com-
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plex, provided X-ray quality prisms (see Table S1 in the
Supporting Information) including S-shaped centrosymmet-
rical neutral [Eu,(L4)(hfac)s] complexes, in which the Eu
atoms are separated by 14.667(1) A (Figure 2). Each metal

Figure 2. Perspective view of the molecular structure and numbering
scheme of [Eu,(L4) (hfac)e], as obtained from X-ray diffraction. Thermal
ellipsoids are represented at the 30% probability level and hydrogen
atoms are omitted for clarity.

center is nine-coordinate in a highly distorted monocapped
square antiprismatic polyhedron, produced by the three
nitrogen atoms of the bound tridentate aromatic unit and by
the six oxygen atoms of the three didentate hexafluoroace-
tylacetonate moieties, with N1 occupying the capping position
(see the Supporting Information). All the bond distances and
bond angles are standard (see Tables S2-S4 in the Supporting
Information) and the solid-state molecular structures of
[Yb,(L3)(hfac)s] and [Eu,(L4)(hfac)s] are almost superim-
posable, except for the interannular phenyl-benzimidazole
twist angle, which increases from 54.1(1)° to 66.2(1)° (see
Figure S3 and Table S5 in the Supporting Information).
Irradiation into the allowed ligand-centered 'm*—!m
transition of [Eu,(L4)(hfac)s] at 7., =28170 cm™' produces
an intense long-lived red emission signal arising from L4—
Eu™ energy transfer followed by an Eu(°D,)- and Eu(°D,)-
centered luminescence (see Figure S4 in the Supporting
Information). The emission spectrum is dominated by the
hypersensitive forced electric dipolar Eu(*D,—’F,) transition
centered at 16340 cm™', which leads to the largest global
absolute quantum yields in this series (@5, =0.26(1), solid
state, 293 K; Table 1, entry 6)."") Using Einstein’s result for
the spontaneous radiative emission rate,'? the radiative rate
constant k™ Table 1, entry 2) is deduced from the I,,/Iyp
ratio, where I, is the integrated emission for the Eu(°Dg)
level °Dy—'F,, J =0-4) and Iy, is the integrated intensity of
the magnetic dipolar Eu(*D,—'F,) transition (Table 1,
entry 1). In combination with the characteristic lifetime
T, =0.90(1) ms  (Table 1, entry3), we  calculate
@E" =0.77(1) for the intrinsic Eu-centered quantum yield
[Eq. (4); Table1, entry4], a value identical to that
obtained for [Eu,(L3)(hfac)s]. This finding implies that
the gain in global quantum yields can be assigned
specifically to the improved sensitization process
Nsens = Miscimii® = @f /DE" =0.34(1) operating in [Eu,(L4)-
(hfac)¢] [Eq. (1); Table 1, entry 7). Given that the experimen-
tal ligand-centered fluorescence lifetimes measured for the
[Gd,(L)(hfac)s] complexes (L =L1-L4, Table S6) are only

www.angewandte.org


http://www.angewandte.org

11304 www.angewandte.org

Angewandte

Communications

Table 1: Experimental global (®¢,) and intrinsic (®5) quantum yields,
luminescence lifetimes (rg,) as well as calculated energy migration
efficiencies (17isc, 775, £") and rate constants (k™, k&, k&, k7, kP, kisc) for

[Eu, (L) (hfac)g] in the solid state at 293 K (k=2-4).1""

Compound [Euy(L2) (hfac)s]  [Eu,(L3)(hfac)g]  [Eu,(L4)(hfac)e]
Eu-centered luminescence

Lot/ Ivp 17.5(3) 18.2(3) 17.2(2)
Lot/ o [Ms ] 0.86(2) 0.90(2) 0.85(1)
k& [ms] 0.88(4) 0.83(15) 0.90(1)
Lo 0.76(4) 0.75(1) 0.77(1)
K [ms™ 0.21(1) 0.23(4) 0.200(4)
global quantum yield and sensitization efficiency

Dp, 0.092(3) 0.206(7) 0.26(1)
Mschom e 0.122(7) 0.28(5) 0.34(1)
energy migration and associated rate constants

K&t ns™] 10.0(6) 9(2) 30(4)
K+ Kk [ns7'] 6.71(5) 6.25(3) 4.00(5)
Misc 0.60(3) 0.59(12) 0.88(15)
nLE 0.20(2) 0.47(14) 0.39(6)
2kE [ms™] 2.1(3) 5.5(2.3) 5.7(2.1)
K+ kP Ims™] 8.1(5) 6.3(8) 9.1(2.5)
reference 7] 7 this work

30-60 ps, one can assume that the energy migration processes
in [Eu,(L)(hfac),] are described well by the exclusive
contribution of the triplet state, as shown in Figure 1.
Considering that 1) the sum of the radiative and internal
nonradiative conversion rate constants k- + k- controlling
the relaxation of the 'm* excited state in the free ligand are the
same in the gadolinium complex [Gd,(L4)(hfac)s] and that
2) ki < kG414 because of the paramagnetic and heavy atom
effects generated by the Gd™ center,™ the introduction of
the experimental characteristic lifetimes of 'm* measured in
L4  (r*('n*) =025(2)ns) and in  [Gdy(L4)(hfac)]
[774 ™ ("n*) =0.029(6) ns; see also Table S6 in the Supporting
Information) into Equation (6) gives ke " =30(4) ns™

1 1 _
LRy~ (%) (ki + ke + Kise™) = (kf + ke, + kisc) ©)
= kge — kise " ~ kige ®
(Table 1, entry8) and k& + kL =4.00(5)ns™' (Tablel,

entry 9), from which #5c=0.88(15) can be deduced with
Equation (2) (Table 1, entry 10).7

Finally, the energy transfer efficiency
NEEY = 9ens/Misc =0.39(6) and the associated rate constant
2L, = gk /(1= )] (K + A7) =5.7(2.0) ms
[Eq. (3), with (k! + k..) = 1/77"" (*n*) =9.1(2.5) ms™'] cal-
culated for [Eu,(L4)(hfac)] (Table 1, entries 11 and 12)
indicates no noticeable improvement in these parameters on
changing from the difluorinated (L3) to the perfluorinated
(L4) spacer, despite the 500-1000 cm™' blue shift of the
ligand-centered 'm* (Figure S5 in the Supporting Informa-
tion) and *m* (Figure S6 in the Supporting Information)
excited states. Our simple method for dissecting the sensiti-
zation mechanism!”! shows that the gain in the global quantum
yield @f, for the complex [Eu,(L4)(hfac)s] compared to
[Eu,(L3)(hfac)] indeed results from an optimization of the
intersystem crossing process 7;sc (Figure 1).

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Scrutiny of the various rate constants (Table 1 and see
Table S7 in the Supporting Information) reveals that the
decrease in the radiative and internal conversion rate
constants kf + k¥, for the ligand-centered L('m*) state along
the series L2 > L3 > L4 acts to improve ;5 [Eq. (2)], but it is
the remarkable increase in kjg." of [Ln,(L4)(hfac),] which
eventually controls the overall intersystem crossing efficiency.

The physical origin of this beneficial effect can be traced
back to the golden-rule expression for radiationless transi-
tions [Eq. (7)]:"

kisc = %’T (‘7| Hso[’n* Y’ FCWDS @)

where FCWDS is the Franck—Condon weighted density of
states. It accounts for the density of vibrational states in the
triplet state and their vibrational overlap with the singlet
vibrational state. A model that accounts for the thermal
population of levels and uses a single quantum mode of
frequency @ is commonly associated with the Marcus—
Levich-Jortner theory for electron transfer [Eq. (8)]:"*

o Qn

exp(—S8) & {
FCWDS = —exp|—
4nRT e

=

(AE + nha + 2)
AART 8)

n=0

The spin-orbit coupling matrix element ('7*|Hgol[’n™)
reaches a maximum for nonplanar polyaromatic molecules
containing heavy paramagnetic atoms in the molecular
frame;!'%') two conditions which are fulfilled by all the
[Eu,(L)(hfac)s] complexes described in this study. We note,
however, that the deviation from planarity, as measured by
the interplanar phenyl-benzimidazole angles, increases along
the series L2 (25.26(4)°) < L3 (54.1(1)°) < L4 (66.2(1)°), in
line with the kg values [Eq. (7) and Table 1). The Franck-
Condon weighted density of states (FCWDS) depends on the
singlet-triplet energy splitting AE = E('n*)—E(*n*) and on
the reorganization energy A, which corresponds to the energy
difference between the triplet and the singlet state at its
equilibrium geometry [Eq. (8)]."") Within the limitation of
parabolic surfaces, this energy parameter, along with the
AE value, provides the energy gap for n=0. The successive
fluorination of the ligands along the series [Eu,(L)(hfac)g]
(L2-L4) is known to significantly affect the frontier orbitals,
and hence the 1 as well as AE and FCWDS values in
Equation (8).” While a quantitative understanding of the
changes in 4 requires sophisticated theoretical calculations of
the vibrational coupling scheme controlling the Huang-Rhys
factors (S),'1%1 Equations (7) and (8) predict that the
increasing ligand-centered energy gap AE observed along
the series L2 (3550 cm ') ~ L3 (3230 cm ') < L4 (5200 cm ™)
should lower the kisc and #5c values. The apparent contra-
diction with our experimental results (Table 1, entries 8 and
10) can be resolved by including higher lying triplet states
33‘:2‘;1 in the model, an approach used successfully for
oligothiophenes™ and helicenes."™ This counterintuitive
correlation was noticed empirically for other polyaromatic
chromophores, and it was suggested as a “rule-of-thumb” that
a singlet—triplet gap of E('n*)—E(m*)>5000 cm ' warrants
inclusion of quantitative intersystem crossing processes in Tb

Angew. Chem. Int. Ed. 2012, 51, 11302 -11305


http://www.angewandte.org

and Eu complexes.'”) Given that the singlet-triplet energy
gap can be readily calculated by using DFT") or semiempir-
ical® methods, computations may be useful for identifying
simple chemical and structural modifications that will
enhance the quantum efficiency further.

In conclusion, the application of this simple method for
analyzing the various contributions to the sensitization of
Eu™ luminescence shows that perfluorination of the remote
phenyl spacer in the rigid single-stranded dumbbell-shaped
[Eu,(L4)(hfac)s] oligomer optimizes both intersystem cross-
ing efficiency and the intrinsic Eu™ quantum yield, thus
maximizing the global quantum yields in these polyaromatic
rigid complexes (red bars in Figure 1).
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Experimental Section

Chemicals were purchased from Strem, Acros, Fluka AG, and Aldrich, and used without further
purification unless otherwise stated. Compound 1 was obtained from a literature procedure.!”’ The
lanthanide hexafluoroacetylacetonates [Ln(hfac);(diglyme)] were prepared from the corresponding
oxide (Aldrich, 99.99%).5") Acetonitrile and dichloromethane were distilled over calcium hydride.
Silica gel plates Merck 60 F,s4 were used for thin layer chromatography (TLC) and Fluka silica gel
60 (0.04-0.063 mm) or Acros neutral activated alumina (0.050-0.200 mm) was used for preparative
column chromatography.

Preparation of 2. Pinalcodiboron ester (2.7 g, 10.6 mmol) and potassium acetate (1 g, 10 mmol) in
degassed dioxane (40 mL) were added dropwise for 10 h to 1 (1.6 g, 3.6 mmol) and Pd(dppf)ClL,
(150 mg, 0.18 mmol) in degassed dioxane (30 mL). The red solution was heated at 60°C during 4
days, during which the color slowly turned brown, then black. Agq. sat. NaCl solution (200 mL) was
added and the resulting mixture was extracted with dichloromethane (4x200 mL). The dark organic
phase was dried (Na,SO,) filtered and evaporated to dryness. The crude black oil was purified by
column chromatography (Silicagel, CH,Cl,:CH3OH = 100:0—98:2) to give 2 as an orange oil (1.44
g, 2.9 mmol, yield 80 %). ESI-MS (positive mode/CH;OH): m/z 494.3 ([2+H]"). 'H NMR (400
MHz, CDCl3): & (ppm) 1.31 (t, >J=7.0 Hz, 3H), 1.32 (t, *J=7.0 Hz, 3H), 1.35 (s, 12H), 4.75 (q,
3J=7.0 Hz, 4H), 7.31 (m, 2H), 7.43 (d, >J=9.0 Hz, 1H), 7.44(d, *J=7.9 Hz, 1H), 7.80 (d, *J=7.9 Hz,
1H), 7.85 (d, *J=9.0 Hz, 1H), 8.00 (t, >J=7.9 Hz, 1H), 8.33 (d, *J=7.9 Hz, 2H), 8.36 (s, 1H). "C
NMR (101 MHz, CDCls) ¢ (ppm) 150.15, 149.94, 149.79, 142.86, 142.68, 138.20, 138.02, 135.91,
129.63, 127.67, 125.77, 125.65, 123.48, 122.71, 120.26, 110.22, 109.59, 83.65, 39.74, 24.86, 15.36.

Preparation of L4. Compound 2 (1.44 g, 2.6 mmol) in freshly distilled degassed dioxane (10 mL)
was added dropwise for 4 h to CsF (0.9 g, 5.9 mmol), 1,4-dibromo-2,3,5,6-tetrafluorobenzene (370
mg, 1.2 mmol) and Pd(PPhs)s (0.24 mmol, 270 mg) in freshly distilled degassed dioxane (5 mL).
During the addition, the reacting mixture was stepwise heated to reflux and the color evolved from
yellow to orange, brown and finally black. Aq. half-sat. Na,CO3; (200 mL) was added and the
cooled mixture was extracted with dichloromethane (3x200 mL). The organic phase was washed
with aq. half-sat. Na,CO3 (200 mL), dried (Na,SO,), filtered and evaporated to dryness. The crude
brown oil was purified by column chromatography (Silicagel, CH,Cl,:CH3OH = 100:0—97:3) and
yielded a brown solid, which was dissolved in hot ethanol and precipitated with water to give L4 as
a pale yellow solid (440 mg, 0.49 mmol, yield 40%). ESI-MS (positive mode/CH3OH): m/z 881.0
([L4+H]"), 1761.0 ([2L4+H]"). '"H NMR (400 MHz, CDCl3): & (ppm) 1.39 (t, >J=7.2 Hz, 3H), 1.42
(t, *J=7.2 Hz, 3H), 4.81 (q, >J=7.2 Hz, 2H), 4.85 (q, *J=7.2 Hz, 2H), 7.37 (m, 2H), 7.50 (d, *J=8.0
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Hz, 1H), 7.54 (d, >J=8.3 Hz, 1H), 7.63 (d, *J=8.3 Hz, 1H), 7.89 (d, *J=7.2 Hz, 1H), 8.08 (t, >J=7.9
Hz, 1H), 8.08 (s, 1H), 8.37 (d, >J=7.9 Hz, 1H), 8.39 (d, *J=7.9 Hz, 1H). Elemental Analysis: calcd
for Cs;HoN10F4:0.66H,0 C 69.94% H 4.66% N 15.68%, found C 69.94% H 4.61% N 15.63%.

Preparation of the complexes [Ln,(L4)(hfac)s] (Ln = Gd, Eu). [Ln(hfac);(diglyme)] (0.025
mmol) was dissolved in chloroform (1 mL) and added to L.4 (11 mg, 0.025 mmol) in chloroform (1
mL). Precipitation occurred immediately and the complexes were collected as white off
microcrystalline powders by filtration and dried under vacuum at 70 °C (yield = 80 %). Elemental
Analysis: calcd for [Euy(CsFsO,H)e(CsaHaoN1oF4)] C 40.58% H 1.91% N 5.77, found C 40.34% H
1.96% N 5.71%. Calcd for [Gda(CsFsO,H)s(Cs2HaoN1oF4)] C 40.40% H 1.90% N 5.74%, found C
40.42% H 2.07% N 5.60%. Monocrystals suitable for X-Ray diffraction were obtained by reacting
0.025 mmol of [Ln(hfac)s;(diglyme)] in acetonitrile (1 mL) with 0.0125 mmol of ligand in

chloroform (1 mL). Slow evaporation yielded white prisms.

Spectroscopic measurements: 'H, "’F and C NMR spectra were recorded at 298 K on Bruker
Avance 400 MHz and Bruker DRX-300 MHz spectrometers. Chemical shifts are given in ppm with
respect to TMS. Pneumatically-assisted electrospray (ESI-MS) mass spectra were recorded from
10* M solutions on an Applied Biosystems API 150EX LC/MS System equipped with a Turbo
lonspray source”. Elemental analyses were performed by K. L. Buchwalder from the
Microchemical Laboratory of the University of Geneva. Electronic absorption spectra in the UV-
Vis were recorded at 20 °C from solutions in CH,Cl, with a Perkin-Elmer Lambda 900
spectrometer using quartz cells of 10 or 1 mm path length. Some of the excitation and emission
spectra were recorded on a Perkin-Elmer LS-50B spectrometer equipped for low-temperature
measurements And the other with a Jobin Yvon—Horiba Fluorolog-322 spectrofluorimeter equipped
with a Hamamatsu R928 photomultiplier tube. Spectra were corrected for both excitation and
emission responses (excitation lamp, detector and both excitation and emission monochromator
responses). Quartz tube sample holders were employed. The quantum yields @ for the free ligands
in solution have been recorded through the relative method with respect to quinine sulfate 6.42 10
M in 0.05 M H,SOy (refractive index 1.338 and quantum yield 0.546),%% and calculated using the
equation

@ AWDLHD,
@ AW (P)nD,

T

where x refers to the sample and r to the reference; 4 is the absorbance, v the excitation
wavenumber used, / the intensity of the excitation light at this energy, » the refractive index and D

the integrated emission intensity
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Quantum yield measurements of the solid state samples were measured on quartz tubes with the
help an integration sphere developed by Frédéric Gumy and Jean-Claude G. Biinzli (Laboratory of
Lanthanide Supramolecular Chemistry, Ecole Polytechnique Féderale de Lausanne (EPFL), BCH
1402, CH-1015 Lausanne, Switzerland) commercialized by GMP S.A. (Renens, Switzerland). Long
luminescence lifetimes: triplet states (on Eu’™ and Gd®" complexes ) and lanthanide-centered
luminescence lifetimes were measured at 293K using either a Nd:YAG Quantel YG 980 (354 nm,
third harmonic) as the excitation source. Emission was collected at a right angle to the excitation
beam and wavelengths were selected with interference filters. The signal was monitored by a
Hamamatsu R928 photomultiplier tube, and was collected on a 500 MHz band pass digital
oscilloscope (Tektronix TDS 724C). Experimental luminescence decay curves were treated with
Origin 8.0 software using exponential fitting models. Three decay curves were collected on each
sample, and reported lifetimes are an average of at least two successful independent measurements.
Rapid decays analysis (singlet states). The time-resolved luminescence decay kinetics was
measured using the time-correlated single-photon counting (TCSPC) technique. Samples were
excited with the frequency-doubled output (centered at ~330 nm) of a synchronously pumped
cavity dumped dye laser (Coherent, Santa Clara, CA, model 599) using 4-(dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) as the gain medium; emission from the sample
was collected at different wavelengths using a monochromator. The instrument response function
had a full-width-at-half-maximum (fwhm) of ~50 ps. A 1 cm path length quartz cuvette was used
for all the time-resolved measurements in solutions. Measurements with solid samples were
performed in a quartz capillary. All measurements were performed at room temperature.
Experiments were performed with a IMHz laser repetition rate. Lifetime decay traces were fitted
by an iterative reconvolution method with IBH DAS 6 decay analysis software. Note that the short

lifetimes observed for the L-Gd complexes may be limited by the instrument resolution.

X-Ray Crystallography. Summary of crystal data, intensity measurements and structure
refinements for [Euy(L4)(hfac)s] are given in Table S1. The crystal was mounted on quartz fibers
with protection oil. Cell dimensions and intensities were measured at 180 K on a Agilent
Supernova diffractometer with graphite-monochromated Cu[Ka] radiation (A = 1.54187 A) and
CCD camera. Data were corrected for Lorentz and polarization effects and for absorption. The
structures were solved by direct methods (SIR97),%*! all other calculation were performed with
Shelx1®* systems and ORTEP™Y programs. CCDC-874682 contains the supplementary
crystallographic  data. The «cif files can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre,

12 Union Road, Cambridge CB2 1EZ, UK; fax: (+ 44) 1223-336-033; or deposit@ccdc.cam.ac.uk).
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Table S1 Summary of Crystal Data, Intensity Measurements and Structure Refinements for

[Eus(L4)(hfac)q].

[Eux(L4)(hfac)e]

Empirical formula

Formula weight
Temperature

Wavelength

Crystal System, Space group

Unit cell dimensions

Volume in A’

Z, Calculated density
Absorption coefficient

F(000)

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta

Data / restraints / parameters

Goodness-of-fit on F>

Final R indices [/>2c(])]

R indices (all data)

Largest diff. peak and hole

CgoHaEurF4oN10O012
242721

180(2) K
1.54184 A
Triclinic, P-1
a=12.5477(3) A
b=12.7655(4) A
c=14.4370(4) A
a=93.650(2)°
B=102.812(2)°
7=102.714(2)°
2184.20(11) A’
1, 1.845 Mg/m’
11.569 mm™
1190

3.16 to 73.43 °
-12<=h<=15,
-15<=k<=15,
-17<=I<=17
24859 / 8583
[R(int) = 0.0362]
66.97° / 99.9%
8583 /0 /660
1.156

R, =0.0341,
@R, = 0.0900

R, =0.0371,
@R, = 0.0927

0.759 and -0.745 e.A




Table S2 Selected Bond Distances (A), Bond Angles (°) in [Eu(L4)(hfac)s].

Bond distances (A)
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Eu(1) O(1) 2.387(2) Eu(1) N(1) 2.547(2)
Eu(1) 0(2) 2.466(2) Eu(1) N(4) 2.535(3)
Eu(1) 0(6) 2.430(2) Eu(1) 0(5) 2.491(2)
Eu(1) 0(4) 2.396(2) Eu(1) N(@3) 2.626(2)
Eu(1) 0(3) 2.398(2) Eu(1) Eu(1)’ 14.667(1)
Symmetry operation (’) -x,1-y,1-z.

Angles (°)

At. 1 At.2 At 3 angle At. 1 At. 2 At. 3 angle
o(1) Eu(l) 0O(2) 69.17(8) 04) Eu(1) N(4) 84.42(8)
O(1) Eu(l) 0O(6) 144.60(8) 0(3) Eu(1) N(4) 140.85(8)
0(2) Eu(l) 0O(6) 131.04(8) N(1) Eu(1) N(4) 125.99(8)
O(1) Eu(l) 0O®@4) 135.90(8) O(1) Eu(1) 0(5) 127.59(8)
0(2) Eu(l) O(4) 69.34(8) 0(2) Eu(1) 0o(5) 127.48(8)
0(6) Eu(l) 0O@4) 77.00(8) 0(6) Eu(1) 0(5) 67.96(8)
O(1) Eu(l) 0OQ@3) 78.19(8) 0(4) Eu(1) 0(5) 70.64(7)
0(2) Eu(l) 0O(@3) 69.87(8) 0(3) Eu(1) 0(5) 67.53(8)
0(6) Eu(l) 0OQ@3) 132.76(8) N(1) Eu(1) o(5) 72.33(8)
0(4) Eu(l) 0OQ@3) 74.17(8) N(4) Eu(1) 0(5) 134.93(8)
O(1) Eu(l) N(1) 68.20(8) O(1) Eu(1) N(@3) 73.10(8)
0(2) Eu(l) N(1) 135.19(9) 0(2) Eu(1) N(@3) 116.11(8)
0(6) Eu(l) N(1) 92.65(8) 0(6) Eu(1) N(@3) 71.64(8)
0(4) Eu(l) N(1) 142.78(8) 0(4) Eu(1) N(@3) 140.78(8)
0(3) Eu(l) N(1) 88.45(8) 0(3) Eu(1) N(@3) 145.05(8)
O(1) Eu(l) N@4) 96.53(9) N(1) Eu(1) N(@3) 62.70(8)
0(2) Eu(l) N(4) 72.03(8) N(4) Eu(1) N(@3) 63.29(8)
0(6) Eu(l) N(4) 70.22(8) 0(5) Eu(1) N(@3) 116.41(7)




Table S3  Selected Least-Squares Planes Data for in [Euy(LL4)(hfac)e].

Least-Squares Planes

Least-squares planes description Abbreviation Max. deviation/A Atom
Benzimidazole 1 Bzl

CIC2C3C4C5C6N2CT7NI1 0.038(1) C7
Pyridine Py

N3 C10Cl11C12C13 Cl14 0.011(1) C13
Benzimidazole 3 Bz3

CISN5C16 C17 C18 C19 C20 C21 N4 0.029(1) N4
Phenyl Ph

C24 C25 C26 C24° C25° C26° 0.000

Interplanar angles (°)

Bz1 Py Bz3 Ph
Bzl 10.85(3) | 21.96(2) | 76.35(7)
Py 20.36(3) | 83.02(9)
Bz3 66.2(1)
Ph
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Table S4 Bond Distances (Jky;), Bond Valences (v, J)[a] and Total Atom Valence (VEu)[b] in the
Crystal Structure of [Euy(L4)(hfac)e].

Atom

Donor type O/ A VEu

(o) hfac 2.387 0.389

02 hfac 2.466 0.315

03 hfac 2.398 0.378

04 hfac 2.396 0.380

05 hfac 2.491 0.294 Average O-hfac

06 hfac 2.430 0.347 0.35(4)

NI bzim 2.547 0.350

N3 py 2.626 0.285 Average N-heterocyclic
N4 bzim 2.535 0.364 0.33(4)

VEu 3.102

ly, = e[(RL"/ o)) , whereby 1, is the Ln-donor atom j distance with b = 0.37A ((a) Brown, . D.;

Lnj

Altermatt, D. Acta Cryst B 1985, 41, 244-247. (b) N. E. Breese, M. O’Keeffe, Acta Cryst. B 1991,
47,192-197. (c) 1. D. Brown, Acta Cryst B 1992, 48, 553-572. (d) 1. D. Brown, The Chemical Bond
in Inorganic Chemistry, Oxford University Press, Oxford, 2002. (e) I. D. Brown, Chem. Rev. 2009,

109, 6858-6919). The valence bond parameters Ry,n and Rpno are taken from A. Trzesowska, R.
Kruszynski, T. J. Bartczak, Acta Cryst B 2004, 60, 174-178 and A. Trzesowska, R. Kruszynski, T.

J. Bartczak, Acta Cryst B 2005, 61,429-434. ™V V, =>"v, .
J
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Table S5 Ln--Ln, Ln-N and Ln-O Distances (A), Bond Valences (vi,;) and Bond Valence Sums

(Vin) in the Crystal Structures of [Yby(L2)(hfac)s], [Yby(L3)(hfac)s] and
[Eua(L4)(hfac)s].™!

[Yby(L2)(hfac)s]  [Yba(L3)(hfac)s] [Eun(L4)(hfac)s]

Ln-Npim ™ /A 2.443(4) 2.476(4) 2.541(9)
Ln-N,, /A 2.519 2.526 2.626
Ln-O 1 /A 2.38(8) 2.36(7) 2.43(4)
Ln~Ln /A 12.624 14.77 14.668
VLo Nebzim) 0.359(4) 0.328(4) 0.358(8)
VLo NGpy) 0.292 0.287 0.285
Vino© 0.33(6) 0.34(6) 0.35(4)
Vin 2.964 2.980 3.102
Reference 7 7 This work

[ See Table S4 for the definitions of Vin; and Vi, ®) I¢] Bach value is the average of two” or six‘
bond distances and the numbers between brackets correspond to the standard deviations affecting
the average values (the original uncertainties affecting each bond length are given in Tables S4;

bzim = benzimidazole and py = pyridine).
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Table S6. Ligand-centered Absorption and Emission Properties of L.2-L.4 and of their Complexes [Gd,(Lk)(hfac)s].

Compound T/K Amax.abs /cm™ Amax.ftu /om” Lifetime /ns Amax.phos Jem™ Lifetime /ms Reference
'n'n" 'n'ln T (17T*) n T (37T*)

Solution (CH,Cl,)

L2 293 34250(57000)/ 29850(69500) 23900/ 24650  2.04(7) 20200 [b] [7]

L3 293 37480(43400)/ 29860(73300)  25400/25500  1.374(4) 20240 [b] [7]

L4 293 37300(59000)/ 30400(87000) 25600/ 24400  1.05(3) 20800 [b] This work

Solid state

L2 293 29850 23350 0.149(12) - - [7]
77 - 23310 - 18720 [b]

L3 293 29660 24180 0.160(3) - - [7]
77 - 25250 - 19480 [b]

L4 293 30300 24400 0.25(2) - - This work
77 - 25700 - 21000 [b]

[Gdy(L2)(hfac)g] 293 28650 22620 0.060(2) 19070 0.123(7) [7]
77 - 22600 19070 0.69(5)

[Gda(L3)(hfac)s] 293 28650 23820 0.066(14) 19470 0.16(2) [7]
77 - 22700 - 19470 0.67(5)

[Gdy(L4)(hfac)s] 293 30300 23260 0.029(6) 20300 0.11(3) This work
77 - 25500 - 20300 1.70(5)

[ The molar absorption coefficients ¢ are given between parentheses in M™-cm™. ) The intensity is too weak to obtain reliable lifetime measurements.
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Table S7. Fluorescence Quantum Yields (CDi(‘n*)) and Lifetimes (7.('n’)), Computed Rate Constants (k', k' and kg.) and n-Conjugation Lengths

(4,) for L2-L4 and for their Complexes [Gd,(Lk)(hfac)e] at 293K.

Compound Conc/M ¥ /em” () cpi(ln*) 7('n’) ns kKEmst kD 4 kg ke ™ Mee ™ kE ] A,
/M e /ns’ /ns” /ns’!

Solution (CH,Cl,)

QS0, 6.42:10° 27780 8100 0.546 - - - - - - 0.18

L2 10° 27780 4000 0.80(8) 2.04(7) 0.39(4)  0.10(7) - - - 1.39(6)

L3 10° 27780 4300 0.74(8) 1.374(4) 0.54(6)  0.17(2) - - - 1.05(7)

L4 10° 28650 7980 0.69(8) 1.05(3) 0.66(8)  0.3(1) - - - 0.80(7)

Solid state

L2 - 29550 - 0.045(2) 0.149(12) 0.30(3)  6.41(4) - - - -3.05(3)

L3 - 29550 - 0.049(2) 0.160(3) 031(1)  5.94(2) - - - -2.97(3)

L4 - 28170 - 0.045(5) 0.25(2) 0.18(2)  3.82(4) - - - -3.06(7)

[Gdy(L2)(hfac)e] - 29850 - 0.00316(7)  0.060(2) 0.053(2) 16.6(7) 10.0(6) 0.60(3)  6.7(8) -4.84(5)

[Gdy(L3)(hfac)e] - 29850 - 0.0035(5) 0.066(14)  0.05(1) 15(4) 9(2) 0.59(13) 6(4) -4.8(3)

[Gdy(L4)(hfac)e] - 28170 - 0.0037(2) 0.029(6) 0.13(1)  34(4) 30(4) 0.88(15) 4(5) -3.4(6)

(8] fsc is estimated for [Gdy(Lk)(hfac)s] with eq. 6 and 7;5c with eq. 2 (see text). (bl kfr = (1 /T, (ln*)) — kg —krF e Quinine sulphate in H,SO4 0.05

M.[S2]
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Figure S1 '"H NMR spectra of the ligands L2-L4 (CDCls, 293 K).
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Figure S2 '"F NMR spectra of the ligands L3-L4 (CDCls, 293 K).
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Figure S3 Superimposition of the molecular structures of [Euy(L4)(hfac)s] (red) and

[Ybs(L3)(hfac)s] (blue).”
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Figure S4 Emission spectrum of [Euy(L4)(hfac)e] (solid state, 293 K, v, . = 28200 cm™).
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Figure S5 Emission spectra showing the ligand-centered 'n"—'n fluorescence in a) Lk and b)

[Gdy(Lk)(hfac)e] (solid state, 77 K, v, . = 28200 cm™). Color code: L2 = green, L3 =
blue, L4 = red.



b)

17

=3
=
2
g
D
=
22000 20000 18000 16000 14000
v /cm!
=
=
2
=
S
RS
22000 20000 18000 16000 14000
v /cm!

Figure S6 Emission spectra showing the ligand-centered *n'—'n phosphorescence in a) Lk and b)

[Gdy(Lk)(hfac)s] (solid state, 77 K, v, . = 28200 cm’, delay time 0.05 ms). Color
code: L2 = green, L3 = blue, L4 = red.
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Appendix I: Geometrical analysis of the Eu(IIl) coordination sphere in [Eu,(L.4)(hfac)e]

Eu(Ill) is nine-coordinated by the three nitrogen atoms of the tridentate aromatic of one binding unit
in L4 and by the six oxygen atoms of three didentate hexafluoroacetylacetonate anions. The donor
atoms occupy the vertice of a highly distorted polyhedron, which is usually analyzed as a distorted
monocapped square antiprism for ternary complexes [Ln(L)(hfac);], where L is a tridentate neutral
ligand.®®" When analogous geometries are to be compared, the use of the famous S angle of the
‘shape measure’ parameter is pertinent,”” but it is of limited interest for characterizing a single
structure, and we therefore resort to the vectorial shape analysis proposed by leBorgne et al.l**
Following this approach, the coordination sphere of Eu(Ill) can be described as a distorted
monocapped square antiprism (MSA), in which O2, 04, O6, N4 and O1, O3, O5, N3 define,
respectively, the lower and the upper tetragonal faces of the approximate antiprism, the latter being
capped by N1 (Fig S7a). The computed resulting vector R1 (resp. R2) corresponds to the sum of the
four Eu-donor atoms vectors forming the upper (resp. the lower) tetragonal face of the antiprism.
The 6 angles (40.0 < 85.9°, average 61(16)°) between each generating upper Eu-donor vector and
R1 (resp between each lower Eu-donor vector and R2), measure the flatening of the antiprism along
the pseudo-Cy axis defined by the R1-R2 direction, whereas the ¢ angle (170.5°) between R/ and R2
indicates a limited, but significant bending of the two tetragonal faces (¢ = 180° in an ideal MSA,
Table S8). The rather broad distribution of & combined with the noticeable deviation of the
capping N1 atom from the pseudo-Cy axis (o = 25.8°, Table S8 and Fig. S7a) suggest some severe

591 despite a rather regular

distortions from the idealized Johnson capped square antiprism
distribution of the @ angles between the projected vectors of the tetrapodes along the pseudo-C,
axis (intra-tetrapode = 90(15)°, ideal: 90° and inter-tetrapode = 45(14)°, ideal: 45°; Fig S7a right
and Table S8). According that all Eu-O and Eu-N bonds are comparable, vector normalization to
unit length®® does not significantly affect the geometrical analysis (Table S8). A more rigorous
analysis of the coordination sphere of nine-coordinate metal complexes based on the spherical

(891 shows that the distorted

relaxation of the five Johnson polyhedra possessing nine vertices
coordination sphere in [Euy(L4)(hfac)s] can be best described as a 2:5:2 hula hoop (HH), in which
the basal plane is defined by N1, N3, N4, O3, 04 related by a five-fold pseudo-symmetry axis with
two vertices (05, 0O6) and (O1,02), each related by a two-fold pseudo-symmetry axis, and located

).51 Only minor deviation from this ideal

on each opposite side of the central pentagone (Fig. S7b
geometry is demonstrated by the 0= 169.4° and y = 177.9° angles measured between the directing

vectors characterizing each didentate hfac anion (ideal 2:5:2 hula hoop: 6= y = 180°; Fig. S7c¢).



Table S8 Selected structural data for the lanthanide coordination spheres in [Euy(L4)(hfac)e].
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Angle ¢“/°
[Euy(L4)(hfac)s] Perfect MSA”
Standard Normalized
R'-Eu-R* 170.5 167.1 180
Angle a“/°
[Euy(L4)(hfac)s] Perfect MSA”
Standard Normalized 0
25.8 27.0 0
Angles 6,“/ ° (distal tetrapodes)
[Eux(L4)(hfac)s] Perfect MSA®
R'-Eu-01 517 51.3 D
R'-Eu-03  60.5 57.2 D
R'-Eu-05  76.8 76.6 D
R'-Eu-N3 859 88.9 D
R*-Eu-02  63.9 64.2 D
R*-Eu-O4 444 43.5 )
R*-Eu-06  67.1 66.9 P
R*-Eu-N4  40.0 40.9 D
Angles w; “/°
[Euy(L4)(hfac)s] Perfect MSA”
Standard Normalized
Proj[O1]-Eu-Proj[O3]° 92.9 93.9 90
Proj[03]-Eu-Proj[O5] 71.9 71.8 90
Proj[05]-Eu-Proj[N3] 120.3 120.0 90
Proj[N3]-Eu-Proj[O1] 75.0 74.5 90
Proj[02]-Eu-Proj[O4] 82.7 81.5 90
Proj[04]-Eu-Proj[O6] 97.5 98.5 90
Proj[06]-Eu-Proj[N4] 90.7 92.3 90
Proj[N4]-Eu-Proj[02] 89.2 87.7 90
Proj[O2]-Eu-Proj[O1] 40.0 40.1 45
Proj[O1]-Eu-Proj[N4] 49.2 47.7 45
Proj[N4]-Eu-Proj[N3] 25.8 27.5 45

Proj[N3]-Eu-Proj[06] 64.8 64.8 45
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Proj[O6]-Eu-Proj[O5] 55.5 55.3 45
Proj[O5]-Eu-Proj[O4] 42.1 43.5 45
Proj[O4]-Eu-Proj[ O3] 29.8 28.3 45
Proj[O3]-Eu-Proj[O2] 52.9 52.8 45

“ For the definition of ¢, , 6, and wy;, see Fig. S7a. The error in the angles is typically 0.5°. " MSA
= monocapped square antiprism. ° Proj[Oi] and Proj[Ni] are the projections of Oi and respectively
Ni along the R*-R' direction onto a perpendicular plane passing through the lanthanide atom. R' =

Eu-O1 + Eu-03 + Eu-O5 + Eu-N3 and R? = Eu-02 + Eu-04 + Eu-06 + Eu-N4.

R1-R2

c) Eu-O5+Eu-06

Eu-O3+Eu-04

Eu-O1+Eu-02

L
Eu-O3+Eu-04

Figure S3 Geometrical analyses of the Eu(IIl) coordination sphere in [Euy(L4)(hfac)s] as a) a
standard distorted monocapped square antiprismatic polyhedron,'®® b) and ¢) 2:5:2 hula
hoop (HH).!"!
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