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ABSTRACT

We describe a new organic/inorganic material emitting circularly polarized luminescence
(CPL). The hybrid system was obtained by the following steps: i) preliminary grafting of the
europium N,N-dibutylcarbamate [Eu(O,CNBu,)3] complex onto silica, ii) substitution of the
residual carbamato groups with anionic 1,3-diphenyl-1,3-propanedionato ligands (dbm), and
iii) subsequent introduction of the neutral tridentate chiral ligand 2,6-bis[isopropyl-2-
oxazolin-2-yl]-pyridine (‘Pr-PyBox) in the metal coordination sphere. The solid material is
stable to air and does not leach either the metal or the ligand. Samples of both the enantiomers
have been studied showing mirror image CPL spectra. The molecular compounds
[Eu(dbm)g(S)-(iPr-PyBox)] and [Eu(dbm)3(R)-(iPr-PyBox)] were prepared for comparison
purposes and their molecular structures studied by single crystal X-ray diffraction showing
mononuclear derivatives with a coordination number nine for europium. Powder-XRD
showed a single crystalline phase. Photoluminescence and CPL evidenced the presence of a

single emitting species.

INTRODUCTION
The chemistry of lanthanide elements continues to play a pivotal role in the development of
both molecular and materials science.® Particularly, in modern science and technology, the

synthesis of asymmetric lanthanide complexes is an important issue both in catalysis? and for



their unique luminescent properties.> A special interest is continuously rising for circularly
polarized luminescence (CPL) of chiral lanthanide complexes:* if the system is properly
designed, extremely high degrees of circular polarization in emission can be obtained.’

For such properties, chiral lanthanide systems are currently employed as probes for (bio)-
molecules,® or as the guest emitters in OLEDs able to directly emit highly circularly polarized
electroluminescence.’

Some of us recently developed a method to graft lanthanide(lll) ions onto the surface of
inorganic materials, thereby modifying their residual coordination sphere with functional
organic ligands. Our method utilizes N,N-dialkylcarbamato complexes [M(O,CNR2) L] for
grafting metal ions both of d and f blocks onto silica or other inorganic oxides.® These
complexes are an attractive alternative to organometallic precursors® since they are easy to
prepare (especially in the case of lanthanides) and generally highly soluble in non-polar
solvents. Moreover, they show a prompt reactivity toward protic agents releasing carbon
dioxide and amine (Eg. 1). Among protic acids, also Brgnsted acid sites on a material surface
can react with substitution of one or more carbamato ligands per metal center, in dependence

of the protic site proximity (Eq. 2).%
[M(O2CNR2)sLm] + n HA — MA ,Liy +n CO; +n NHR, 1)

###-H + [M(O2CNR2)nLm] — ##-M(O2CNRy)n-pLm + CO + HNR, )

### represents the support surface

The residual carbamato groups can be easily displaced by protolytic substitution and replaced
by ligands suitable to hit the desired target. By so doing, it is possible to transfer the peculiar
properties of molecular metal complexes, like for instance their reactivity or their optical
features, onto the material surface where they are dispersed. In our previous reports' we
demonstrated that, through the application of this synthetic sequential approach to rare earth
complexes, highly luminescent silica based materials could be achieved exploiting the
brilliant and sharp f-f sensitized emissions of Ln®*" ions. The grafting of [Tb(O,CNBu,)3] to
silica was observed to produce a CO, evolution corresponding to a CO2/Th molar ratio of
about 1. IR and XPS studies on the obtained silica confirmed the presence of residual
carbamato ligands after grafting. Moreover, after treatment of the material with Hdbm,
accompanied by CO, evolution, XPS and PL data supported the evidence of the protolytic

substitution of the coordinated carbamato ligands by the B-diketonato ions.



A further challenge in this line is represented by the introduction of a chiral ligand, able to
provide the necessary dissymmetric environment to elicit CPL. Indeed, there are only very
few reports of nano-structured and organic/inorganic hybrid functional materials endowed
with circularly polarized luminescence, such as CPL-active CdS quantum dots' or Tb
complexes embedded in SiO, xerogel'? or zirconium phosphate/phosphonate matrices.*® To
the best of our knowledge there is no report on CPL of materials containing Eu grafted onto
an inorganic surface.

Here we show that a CPL emitting material can be prepared by following our versatile
protocol with the addition of a further step where the coordinative demand of the metal
centers is saturated by a chiral neutral ligand. Lanthanides show usually high coordination
numbers (7-9) subject to a certain flexibility in dependence of the ligand peculiarities.
Europium N,N-dibutylcarbamate, [Eu(O,CNBuU,)3], was used as precursor to graft the metal to
the silica surface and the residual carbamato ligands were then substituted by reaction with
1,3-diphenyl-1,3-propanedione (Hdbm). The sequence was finalized with the addition of the
neutral 2,6-bis[isopropyl-2-oxazolin-2-yl]-pyridine (‘Pr-PyBox) as chiral inducer. The success
of these consecutive steps was confirmed by photoluminescence (PL) and CPL
measurements, and validated by the preparation and complete characterization of both
enantiomers of the molecular species [Eu(dbm)s(‘Pr-PyBox)].

Experimental Section

Materials and instrumentations. All manipulations were performed in anhydrous conditions
under a dinitrogen atmosphere. [Eu(O,CNBuUy)s]** and [Eu(dbm)s] & were prepared as
described in the literature. 2,6-bis[(4S)-isopropyl-2-oxazolin-2-yl]pyridine [(S)-"Pr-PyBox
(Aldrich, 99%)], 2,6-Bis[(4R)-isopropyl-2-oxazolin-2-yl]pyridine [(R)-'Pr-PyBox (Aldrich,
99%)], 1,3-diphenyl-1,3-propanedione [Hdbm, (Fluka)] were used without further
purification. Commercial silica (Grace, EP 17G, surface area 325 m” g, pore volume 1.82
cm® g, irregular particles of size in the range 60-20 um) was treated at 160 °C over P401q for
20 h under vacuum up to a constant weight and then stored in flame-sealed vials under dry N,
atmosphere. On the basis of our past experience,8*” this type of pretreatment eliminates most
of the hydrogen-bonded water from the surface, leaving most of the hydroxyl groups (Si-OH)
which are chemically reactive towards metal precursors. The total silanol content (2.02 mmol
g™) was estimated from mass loss upon further heating at 850°C.

ICP analyses were carried out with a Quadropole X7 ICP-MS ThermoFisher instrument.



A rare-earth multi-element standard containing europium (Inorganic Venture) was used.
Samples were mineralized by acid attack (HNO3).

SEM-EDX analyses were carried out with a FEI Quanta FEG-450 microscope supplied with a
Philips XL 30 instrument. Sample disks were prepared by pressing the powders in a Specac
manual hydraulic press.

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) spectra in
the solid state were recorded with a PerkinElmer “Spectrum One” spectrometer. Volumetric
analyses of the lanthanide content via EDTA complexometry were carried out on the filtrates
of the grafting and functionalization processes.™ The luminescence spectra were recorded on
sample powders at room temperature in a front-face acquisition geometry with a
spectrofluorimeter (Fluorolog-3, Horiba Jobin Yvon) equipped with double-grating
monochromator in both the excitation and emission sides coupled to a R928P Hamamatsu
photomultiplier and a 450 W Xe arc lamp as the excitation source. The emission spectra were
corrected for detection and optical spectral response of the spectrofluorimeter supplied by the
manufacturer. The excitation spectra were corrected for the spectral distribution of the lamp
intensity using a photodiode reference detector. The Iluminescence lifetimes in the
microsecond—millisecond scales were measured by a pulsed Xe lamp with variable repetition
rate and elaborated with standard software fitting procedures. The experimental uncertainty
on 7 values is £10%. Circularly Polarized Luminescence spectra were measured using a
home-made instrument, described elsewhere,™® using diffuse 365 nm excitation from a 20 cm
mercury fluorescent tube ensuring isotropic illumination of the whole solid sample. The
measurements were carried out on depositions prepared by suspending the silica samples in
toluene and depositing the resulting slurry onto a quartz plate. For each deposition, several
spectra were acquired after rotating the sample (by 90°, 180° around the optical axis and by
flipping it front to back, to record both faces). These spectra did not differ significantly,
confirming that no artifact due to linearly polarized components was present in the film. All
the spectra were normalized to the corresponding luminescence intensity of the >Dy—'F, band
in the emission spectrum (measured simultaneously with CPL) and then averaged. The
dissymmetry factor g was calculated according to the definition, see below.

Acquisition parameters: time constant: 4 sec; scan-speed: 0.2 nm/sec; PMT voltage: 750 V.
The CPL of molecular species was measured on depositions prepared by dissolving
completely the samples in CH,Cl, and drop-casting the solution onto a quartz plate. The same

acquisition and data analysis protocol detailed above was followed.



Grafting of [Eu(O,CNBu,)3] on silica. A pale yellow solution of [Eu(O,CNBuy)3] (5.51 g,
8.25 mmol) in toluene (100 mL) was reacted under dinitrogen atmosphere with SiO; (7.76 Q)
The suspension was stirred for 3 days under dinitrogen atmosphere, repeating
vacuum/dinitrogen cycles. The solid was then filtered, washed with toluene (2 x 10 mL) and
dried in vacuo at room temperature. The product was labeled as SIL1. ATR-FTIR (bands in
the range 1700-1250 cm ): 1495, 1430, 1379, 1325. Analysis of the metal content of the pale

yellow filtrate could establish that about 0.53 mmol per gram of silica had been loaded.

Functionalization of SIL1 with Hdbm and (R)-'Pr-PyBox or (S)-'Pr-PyBox. A sample of
silica functionalized with europium, SIL1, (0.15 g, 0.08 mmol of Eu) was suspended in
toluene (5 mL) and reacted with Hdbm (0.04 g, 0.18 mmol). The suspension turned to light-
yellow with carbon dioxide evolution. After 24 h stirring, regularly repeating
vacuum/dinitrogen cycles, the suspension was filtered. The solid was then suspended in fresh
toluene (5 mL) and (R)-'Pr-PyBox (0.02 g, 0.10 mmol) was added. The bright yellow
suspension was stirred for 24 h and then filtered. The filtrate contained only traces of metal.
The solid was washed with toluene (2 x 3 mL) and dried in vacuo at room temperature.
Europium content was assessed by ICP analysis and corresponded to 0.65(+0.08) mmol Eu/g
SiO,. The product was labeled as SIL2R. ATR-FTIR (bands in the range 1700-1250 cm™):
1600, 1558, 1519, 1480, 1422, 1385. The same procedure was repeated using (S)-'Pr-PyBox.
In this case, SIL1 (0.21 g, 0.10 mmol of Eu) was suspended in toluene (5 mL) and reacted
with Hdbm (0.05 g, 0.20 mmol). After 24 h of vigorous stirring the solid was filtered and
suspended in fresh toluene (5 mL) with (S)-'Pr-PyBox (0.03 g, 0.10 mmol). The bright yellow
suspension was stirred for 24 h and filtered. No metal leaching was observed in the filtrate.
The solid, labeled as SIL2S, was washed with toluene (2 x 3 mL) and dried in vacuo at room
temperature. Europium content was assessed by ICP analysis and corresponded to 0.62(+0.08)
mmol Eu/g SiO,. ATR-FTIR (bands in the range 1700-1250 cm*): 1601, 1556, 1519, 1480,
1462, 1407. PL and CPL studies were carried out for both the enantiomer forms of the
functionalized sample. EDX measurements on both SIL2R and SIL2S revealed the presence

of Eu, N and C in the approximate 1:2:43 molar ratio.

Synthesis of [Eu(dbm)s(Pr-PyBox)]. [Eu(dbm)s] (0.16 g, 0.19 mmol) was dissolved in
toluene (20 mL) and (S)-'Pr-PyBox (0.06 g, 0.20 mmol) was added to the yellow solution.
After two hour stirring at room temperature the solution was concentrated, the bright yellow

product was precipitated adding heptane (10 mL) and dried in vacuo (0.15 g; 0.13 mmol 68%



yield). Anal. Calcd for Cg,HssN3EUOg: C, 66.3; H, 5.0; N, 3.7. Found: C, 66.2; H, 4.7; N, 3.6.
ATR-FTIR (bands in the range 1700-1250 cm): 1599, 1557, 1514, 1477, 1456, 1405, 1368,
1305, 1273. The same procedure was repeated using (R)-'Pr-PyBox. To a solution of
Eu(dbm)s (0.43 g, 0.53 mmol) in toluene (40 mL), a stoichiometric amount of (R)-'"Pr-PyBox
(0.16 g, 0.53 mmol) was added. After two hour stirring at room temperature the solution was
concentrated to one third of the initial volume. The bright yellow product was precipitated
adding heptane (10 mL), filtered and dried in vacuo (0.42 g; 0.37 mmol 71% vyield). Anal.
Calcd for CgHssN3EUOg: C, 66.3; H, 5.0; N, 3.7. Found: C, 66.2; H, 4,9; N, 3,7. ATR-FTIR
(bands in the range 1700-1250 cm): 1599, 1557, 1514, 1477, 1456, 1405, 1368, 1305, 1273.
Both molecular compounds are air stable and quite soluble in toluene. PL and CPL studies

were carried out for both the enantiomer forms.

X-ray Diffraction studies. Crystals of [Eu(dbm)s(S)-(‘Pr-PyBox)] and [Eu(dbm)s(R)-('Pr-
PyBox)] were selected at room temperature (293 K), glued to glass fibers and analyzed with a
Bruker Smart Breeze CCD diffractometer. Intensity data were collected up to a max 26 angle
of 26.3 deg and 33.2 deg, respectively. Both the crystals have monoclinic symmetry and their
diffraction patterns showed systematic extinctions due to a screw helix. The lattice parameters
and some collection details are summarized in Table 1. The standard deviations coming from
the collection software'’ are probably underestimated. After correction for Lorentz and
polarization effects and for absorption, the structure solutions were obtained on both the data
series using the direct methods contained in SHELXS program®. The asymmetric units of
both crystal structures, consist of two independent molecules with slightly different
conformations. The molecules present a europium ion coordinated by three dbm ligands and
one 'Pr-PyBox ligand. During the structure refinement, the displacement parameters of the
carbon atoms of a phenyl moiety of two dbm ligands and those of an isopropyl group of 'Pr-
PyBox became too large, suggesting the presence of disorder. These moieties were finally
refined as distributed in two limit positions fixing to one the total occupancy of the site. The
final reliability factors and some details of the refinement procedure are listed in Table 1. The
structure refinement calculations were carried out using SHELXL program;™ other control

calculations were performed with the programs contained in the suite WINGX.?

X-ray crystallographic data of [Eu(dbm)s((S)-iPr-PyBox)] and [Eu(dbm)s((R)-iPr-PyBox)] in
CIF format (CCDC 1523915-1523916) can be obtained free of charge from the Cambridge
Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336

033; or e-mail; deposit@ccdc.cam.ac.uk.
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Table 1. Crystal data and structure refinements

Compound [Eu(dbm)s(S)-(Pr-PyBox)] [Eu(dbm)s(R)-(Pr-PyBox)]
chemical formula Ce2HssN3sOgEU Ce2HssN3OsEU
fw 1123.06 1123.06
Crystal system Monoclinic Monoclinic
Space group P2, (No. 4) P2; (No. 4)

a, A 15.4298(8) 15.4150(3)

b, A 20.8882(10) 20.8733(5)

¢, A 18.7141(9) 18.6935(5)

B, deg 114.0970(10) 114.0700(10)
v, A® 5505.9(5) 5491.8(2)

z 4 4

temp, K 296(2) 296(2)

Deatca, G- €M™ 1.355 1.358

4, mm™ 1.196 1.199

Gmax, deg 26.284 33.161

no. measured 46705 74163

no. unique [Rind] 19079 [0.0323] 37672 [0.0241]
no. parameters 1459 1471

Ri, WRz [I>25(1)] #
R1, WR; [all data] ?

0.0344, 0.0654
0.0700, 0.0756

0.0388, 0.0817
0.0706, 0.0953

absolut struct. parameter —0.008(6) —0.029(4)

goodness of fit2on F2  0.985 1.007

aR(F) =2 [Fol=|Fel | /2 1Fol; RW(Fe?) = [E[W(F2-F:A? 1/ S[W(F A% ;w=1/
[o? (F) + (AQ)? + BQ] where Q = [MAX(F,2,0) + 2F:?] / 3; GOF = [Z [W(Fo~
F2)2)/(N-P)]* where N, P are the numbers of observations and parameters, respectively

Results and Discussion

The europium dibutylcarbamato derivative, [Eu(O,CNBuU,)s], prepared in a convenient and high
yield route according to a recently developed method,** is highly soluble in hydrocarbon solvents. It
was reacted in toluene at room temperature, according to the protocol previously described for the
analogous terbium derivative® with a commercial silica thermally pre-treated to remove any
adsorbed water. Carbon dioxide evolution can be noticed upon metal grafting. After filtration, the
resulting europium loaded matrix was repeatedly washed with toluene to eliminate any metal center
unbonded to the support. The metal covalently bonded to the inorganic surface retained in its
coordination sphere unreacted carbamato ligands showing characteristic bands in the ATR-IR
spectrum in the 1600-1300 cm™* region. The metal loading, estimated from the difference between
the initially used amount and the metal content in the filtrate, was in keeping with previous
experiments (around half a mmol per gram of silica). As previously reported for terbium,® residual
carbamato ligands were displaced using a weak protic agent as 1,3-diphenyl-1,3-propanedione
(Hdbm) (pKa = 8.95). The protolysis occurs at room temperature with evolution of CO, and
releasing of dibutylamine and the material obtained was washed several times and dried. The
chosen ligand exemplifies here an efficient “antenna”, an excellent and widely used europium

luminescence sensitizer.?*



It is well known that lanthanide centers show a marked preference toward high coordination
numbers without a strict preference towards a particular geometry so that variable coordination
geometry is often dictated by the steric requirement of the ligands. Besides, since a B-diketonato
ligand normally prefers a bidentate chelate coordination mode, it appeared possible to introduce a
basic neutral multidentate ligand into the coordination sphere of the silica-grafted metal. Beyond a
further functionalization of the surface, this achievement could minimize luminescence quenching
mechanisms due to both the coordination of adventitious water or of proximal surface hydroxyl

groups to the metal.

® © ®
Sio; “H SiO-{ “Eu(O,CNBu.), Sio, {—kEu(dbm): Sioz{ ~Eu(dbm),
< : ] ® ] Pybox
u(O,CNBu ) \ Hdbm " Pybox »
o, —@ -Co, —® ' —~@
~NHBu, ~NHBu, ’T
- % N 1o pro
‘-“ Eu(O,CNBu.) ﬂ Eu(dbm) ’ Eu(dbm)
‘).—O/H }—0/ }—0/ }_J

Scheme 1. A sketch of the grafting of an europium carbamato complex to a surface followed by further functionalizations: reaction with Hdbm and
addition of 'Pr-PyBox.

The further functionalization of the inorganic surface was obtained here by coordinating a neutral
chiral heteroaromatic base to the grafted metal centers. By adding one equivalent per Eu®" metal
center of R or S enantiomer of 2,6-bis[isopropyl-2-oxazolin-2-yl]-pyridine ['Pr-PyBox]4* ** (Fig. 1)

a material showing chiroptical emission properties was obtained.

Figure 1. (R)-(Pr-PyBox)

We used a PyBox/Eu molar ratio equal to 1 having confidence that also on the silica surface the
addition of PyBox proceeds smoothly, as at molecular level (see below). Anyway, we cannot
exclude the presence of europium ions uncoordinated to PyBox. Although the complexity of the
system prevents a detailed description at the level of the europium coordination sphere and
geometry at any depicted step, a sketch describing the chemical sequences of the grafting and

functionalization processes is reported in Scheme 1



The europium content was checked by ICP analysis, corresponding to about 0.6 mmol of metal per
gram of silica for both SIL2R and SIL2S. Moreover, SEM-EDX analysis showed a homogeneous
distribution of europium on the surface and allowed an evaluation of the Eu:N:C molar ratios that
resulted 1:2:43 for both species. These semi-quantitative data do not largely deviate from the
expected values for a mixture of fragments of the type #SiO-Ln(dbm),(PyBox) and (#SiO-
).Ln(dbm)(PyBox) on the surface. A nitrogen/europium ratio lower than expected can be due to the
analytical limits of the employed method or to an incomplete coordination of PyBox to the
europium centers. Indeed, poor accessibility of some sites could hamper the efficient interaction of
the metal atoms with PyBox ligands.

As a matter of fact, a well measurable set of CPL signals could be observed from a deposition of the
functionalized silica on a quartz plate, as shown in Fig. 2. The curves obtained for the two
enantiomer samples (SIL2S and SIL2R) are mirror images as expected, confirming the reliability
of the measurement. The CPL spectrum is very rich, which is due to the fact that different
coordination environments around the metal center are present (see below, photophysical
characterization). In particular, several bands with opposite sign are visible for the *Do—'F,
transition. The positive band (for SIL2R) at 621 nm, the positive shoulder (617 nm) and the intense
positive band (612 nm) are allied with the multiplicity featured by the hypersensitive transition in

the luminescence spectrum (Fig. 2).

In order to observe any chiroptical activity, the europium centers must interact with a chiral
environment, which in our case is provided by the PyBox ligand, therefore an europium centered
CPL is a strong indication that also the neutral PyBox ligand is bonded to the metal.

The intensity of a CPL signal is quantified by the dissymmetry factor gum defined as
2(I.-1R)/(1.+1R), with I_and Ig being the intensities of the left and right polarized components of the
emission. The CPL band associated with the magnetic °*Dy—'F; transition shows a Qum factor of
+3.8 x 10 (positive for SIL2S and negative for SIL2R), the gium factors are reported on the top of
each band in Fig. 2.
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Figure 2. CPL spectra of SIL2S and SIL2R. Dissymmetry factors and transition assignments are shown on top of each band. The spectra are
normalized to the luminescence intensitiy of the Do—'F, band taken as unity. In this way, the gy, value for this band corresponds to the value read
on the vertical scale, while for all the other transitions they were separately calculated.

The europium derivatives SIL2S and SIL2R show a bright red emission when irradiated with
ultraviolet and near visible light. Excitation spectra (Figure 3, inset) appear as broad bands centered
around 370 nm with a long tail in the visible region up to 450 nm. These features are related to the
coordinated dbm moieties. In fact, PyBox-based ligands are able to sensitize europium emission
only through UV radiation.”® The corresponding PL spectra, reported in Fig. 3, display the
characteristic sharp bands associated to 5Dy — ‘Fy, J = 0—4 transitions of Eu®" ions. Similarly to
what observed in previously reported silica-based materials prepared via europium smart grafting,®
the spectra are dominated by the Dy — 'F, transition. The insertion of the chiral ligand in the
complex does not modify the overall spectral profile but results in the variation of the shape and the
relative intensities of the different J-manifold. Instead, the spectra of the R and S derivatives are

almost identical, as expected.
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Figure 3. a) Room temperature emission spectra of SIL2S and SIL2R powders excited at 370 nm. Inset: Photoluminescence excitation spectra

monitored on the °Dy — "F, transition b) Expansion of the spectral region covering the *Dy — ’Fy and °Dy — 'F; transitions.

As discussed above, CPL experiments showed results compatible with the presence of more than
one coordination sites for europium. To this regard PL spectra can give further information. As
clearly visible in Fig. 3b, the °Dy — Fq has a tail in the low wavelength side thus suggesting the
presence of at least two europium sites for which this transition is observable. In fact, due to non-
degeneracy of the Dy and 'Fo levels, one peak is at maximum expected if a single emitting species
is present. However, the number of non-equivalent sites can not be exactly determined from the
study of >Dy — "Fy transition since this is observable only when europium ions occupy sites with
particular symmetry.?* Further evidences for multiple non-equivalent Eu®* centers are given by the
Dy — 'F1 bands for which, on the basis of level degeneracy considerations, a maximum of three
components can be observed for a single site. In our case the broad band profile is characterized by
at least two maxima and two shoulders clearly indicating multiple emitting species. It is worth to
note that R and S derivatives have the same behavior.

According to the previous evidences, the °Dy lifetime values were obtained by fitting the decay
curves with three-exponential functions corresponding to three different Eu®" environments. Their
average values are ts; »s = 0.65 ms and s,z = 0.69 ms.

The presence of non-equivalent Eu®* centers highlighted from both CPL and PL experiments is
indeed expected, in view of the nature of the support. An accurate description of the amorphous
silica surface properties at atomic level is difficult to obtain by experimental measurements,
however some models obtained by computational methods have been reported.” The surface of
amorphous silica exhibits silanols that can be of different types: isolated, vicinal or geminal, and
their number depends on the thermal treatment that the material underwent. In the grafting process

here described the surface silanols are the reactive sites affording the metal ions anchorage, so their



number and distribution is important. A simple hypothesis concerning the evolution of the system
and the nature of the grafted moieties is depicted in Scheme 1, reporting anchorages of the type
#Si0-Ln(O,CNR3), or (#SiO-),Ln(O,CNR;), associable to reactions with isolated or vicinal
silanols, respectively. In addition, a local variability in the geometry of the sites can contribute to
enhance the non-equivalence of the metal centers, as for example the possibility that silicon
bridging oxygen can occupy coordination sites when in favorable position.

In order to gain more insight into these materials, it was useful to compare these spectroscopic
results with a molecular model system. Therefore, we synthesized the molecular enantiomeric
complexes [Eu(dbm)s(S)-"Pr-PyBox] and [Eu(dbm)s(R)-'"Pr-PyBox] by reacting [Eu(dbm)s] with the
appropriate enantiomer of 'Pr-PyBox.®

Single crystal X-ray diffraction showed for both complexes a mononuclear structure with the
expected composition where 'Pr-PyBox is behaving as a tridentate ligand and the europium center
has coordination number nine. The asymmetric unit in the crystal structure of both enantiomers
contains two independent molecules, distinguished by little conformational differences. Fig. 4
shows a sketch of the two couples of molecules and Table 2 lists the corresponding bond lengths
around the metal center. The coordination polyhedron may be described as a slightly distorted
capped square antiprism as shown in Fig. 5. A view of the core structure of the molecule is shown
in the right side of the same figure. The sketch is traced for one of the two independent molecules of
the (R) enantiomer, but it shows only little differences either with the other molecule of the (R)
enantiomer or with the molecules of the (S) one. For what concerns the close surrounding of the
metal, the Eu(dbm); section of the molecules either R or S are approximately mirror symmetrical,
as it can be seen looking at the Fig. 5 or Fig. 6, where the molecules are viewed along this pseudo
mirror. Therefore, the dissymmetry in the coordination of the metal and the chirality are essentially
due to 'Pr-PyBox ligand, which binds just on this plane. Its iso-propyl legs remove the mirror

symmetry and define the chirality.



Figure 4. View of the two independent molecules present in the crystal structure of R Eu(dbm)s(R)(Pr-PyBox) and S Eu(dbm)s(S)(Pr-PyBox).
Ellipsoids are at 50% probability. Hydrogen atoms are omitted for clarity.

Table 2. Selected bond lengths in the structures of Eu(dbm)s(Pr-PyBox)

Eu(dbm)s(R)(Pr-PyBox) Eu(dbm)s(S)(Pr-PyBox)
Eul-N1 2.687(6) Eu2-N4 2.685(5) Eul-N1 2.685(7) Eu2-N4 2.692(8)
Eul-N2 2.703(5) Eu2-N5 2.724(4) Eul-N2 2.741(7) Eu2-N5 2.703(8)
Eul-N3 2.712(5) Eu2-N6 2.738(5) Eul-N3 2.743(6) Eu2-N6 2.710(7)
Eu1-01 2.440(5) Eu2-09 2.399(5) Eul-O1 2.429(7) Eu2-09 2.392(8)
Eul-02 2.363(5) Eu2-010 2.378(4) Eul-02 2.364(7) Eu2-010 2.387(6)
Eu1-03 2.378(4) Eu2-011 2.382(5) Eu1-03 2.380(6) Eu2-011 2.369(7)
Eul-04 2.388(5) Eu2-012 2.430(5) Eul-04 2.408(7) Eu2-012 2.445(7)
Eu1-05 2.420(4) Eu2-013 2.400(4) Eu1-05 2.407(7) Eu2-013 2.383(6)
Eu1-06 2.387(4) Eu2-014 2.397(5) Eul-06 2.408(6) Eu2-014 2.412(7)
N(2)

0(s)

Figure 5. Coordination polyhedron around Eu in one of the two
independent molecules of (R) Eu(dbm)s(Pr-PyBox) and view of the
core structure of the molecule showing only minor differences either
in (S) or in (R) enantiomers.




Figure 6. Top view of the structure of the two couples of enantiomer
molecules pointing out the metal environment

In order to verify if the whole reaction product has the same crystal structure of the single crystal
studied, a crop of crystals of the two enantiomeric complexes were milled and their XRD patterns
were recorded. In Fig. 7 the XRD patterns of the two enantiomers are compared with the pattern
calculated from the single crystal structure of one enantiomer (R). Fitting of the calculated profile
was obtained by refining the background function, the profile function parameters, the sample
displacement and the preferred orientation using the PowderCell program.*® The good
correspondence of the three patterns suggests that in both cases we are dealing with phase pure

products.
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Figure 7. Comparison between XRD powder patterns of S (blue) and

R (red) Eu(dbm)s(Pr-PyBox) and the pattern calculated from the

single crystal structure (black).

The profiles of the emission spectra of the complexes (Fig. 8) are similar to what observed for
SIL2S and SIL2R, i.e. the °Dy — 'F, is the most intense transition, but all the bands appear

narrower and better resolved (cfr.Fig. 3).
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Figure 8. a) Room temperature emission spectra of Eu(dbm)s(S)(Pr-PyBox) and Eu(dbm)s(R)(Pr-PyBox) powders excited at 370 nm. b) Expansion

of the spectral region covering the *Dy — ’Fy and °Dy — ’F; transitions.

In this case, the Dy — 'Fo and Dy — 'F; spectra are simpler and from the number of observed
bands the presence of a single Eu®* emitting site can be deduced. This finding is confirmed by the
mono-exponential profile of the decay curves (t = 0.38 ms for both enantiomers). [Eu(dbm)s(S)('Pr-
PyBox)] and [Eu(dbm)s(R)('Pr-PyBox)] have in common ligands with SIL2S and SIL2R, and all
the observed differences are due to the Eu®* coordination sites saturated by the silica surface sites.

We recorded CPL spectra of the enantiomer molecular complexes on quartz plate depositions (Fig.
9). The obtained spectra are significantly distinct from the CPL spectra of the functionalized silica,
and this is a further evidence that the coordination environment around the europium centers is

completely different in the complex and on the inorganic substrate.

In the case of the molecular complex, the gum values are around 3 x 10 for the bands associated
with the °Do—'F; transition and 1.2 x 102 and 3 x 102 for the bands at 614 and 619 nm,
respectively. These values are of the same order of magnitude of those recorded for the grafted

material.
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Figure 9. CPL spectrum of Eu(dbm)s((S)-'Pr-PyBox) and Eu(dbm)s((R)-"Pr-PyBox) on a quartz plate deposition. Transition assignments are shown
on top of each band. The spectra are normalized to the luminescence intensitiy of the *Dy—’F, band, taken as unity. In this way, the gin value for this
band corresponds to the value read on the vertical scale, while for all the other transitions they were separately calculated.
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Conclusions

In this paper, the smart grafting protocol ® has been enriched with the further step of the sequential
functionalization. We show here that after the initial grafting of europium onto commercial silica
and the subsequent protolytic substitution of the residual carbamato groups, it is possible to
introduce in the coordination sphere of the grafted lanthanide an additional multidentate neutral
ligand in view of the availability of coordination sites. In the last step, the choice of a chiral
heteroaromatic base afforded spectroscopic evidence (CPL) of the success of this sequential

procedure.

In this way, for the first time, it was possible to obtain a silica material with grafted europium
centers featuring highly circularly polarized luminescence. The controlled step by step introduction
of suitable ligands in the coordination sphere of an initially grafted metal center is a powerful and

general route to prepare multifunctional materials.
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