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www.rsc.org/ We studied enantiopure chiral trivalent lanthanide (Ln* = La*, sSm*, Eu*, Gd*, Tm*, Yb**) complexes with two fluorinated

achiral tris(B-diketonate) ligands (HFA = hexafluoroacetylacetonate, TTA = 2-thenoyltrifluoroacetonate), and incorporating
a chiral bis(oxazolinyl)pyridine (PyBox) unit as a neutral ancillary ligand, by the combined use of optical and chiroptical
methods, ranging from UV to IR both in absorption and circular dichroism (CD) and including circularly polarized
luminescence (CPL). Ultimately, all the spectroscopic information integrate into a total and a chiroptical super-spectrum,
which allows one to characterize a multidimensional chemical space, spanned by the different Ln*" ion, the acidity and
steric demand of the diketone and the chirality of the PyBox ligand. In all cases, Ln>" ions endow the systems with peculiar
chiroptical properties, either allied to f-f transitions or induced by the metal onto the ligand. More in detail, we found that

Sm** complexes display interesting CPL features, which partly superimpose and partly integrate the more common Eu®**

properties. Especially in the context of security tags, the pair Sm/Eu may be a winning choice for chiroptical barcoding.

Introduction

Chiral (Ln®)
applications in extremely diverse areas of chemistry and material

trivalent lanthanide complexes find primary

sciences: enantioselective catalysis,1 biomedical imaging,2
chiroptical analysis,2°'3 magnetism,4 and luminescence.” At the basis
of such a broad interest, there are some unique chemical and
spectroscopic features of these elements, like for example variable
coordination number and geometries, paramagnetism, extremely
narrow absorption and emission lines with magnetic dipole and
electric quadrupole character.® For long time, we have been
interested in Ln®" chiroptical properties, in relation to the geometry
of the complexes,7 and recently, we further focused on circularly
polarized luminescence (CPL).8 Among many other applications, we
may recall that Ln*-based CPL has been profitably used in the

construction of circularly polarized OLEDs,Sb’ 9

2a-d, 2f, 2g

for bioanalytical

assays and imaging and it has a great perspective in the

development of security tags and anti-counterfeiting methods.”® *°
beside high

photoluminescence anisotropy factor (g,,,), the emitter must have

In order to take most advantage of CPL,

a high extinction coefficient and quantum yield,11 Jum is defined as
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and measures the relative degree of polarization of the emitted
photons (/, and I; are the intensities of left and right-circularly
light). A
luminescence is the 365 nm line of Hg lamps, which is also

polarized common illumination source to elicit
produced by inexpensive UV-B LEDs and ensures safe operation
with minimal eye and skin protection. In this context, diketonates
partly fulfil the high B, requirement, because they usually display
fairly good absorption at 365 nm and have suited triplet state to
%812 or even Yb* in the NIR,"
while they are less suited for T, Among a very large whole family,
HFA TTA (2-
thenoyltrifluoroacetonate), shown in Chart 1, stand out, because of

their optimal Eu®* sensitization due also to the very few (or no)

oy 3 3 ..
sensitize Eu®* and Sm™* red emission,

(hexafluoroacetylacetonate) and

protons in the close vicinity to the Ln**, which has the further merit
of preventing one of the most significant sources of luminescence
quenching, allied to C-H (as well as O-H and N-H) vibrational
phonons.®®*

Recently, several chiral complexes appeared in literature, where
the Ln(HFA); coordination sphere is completed by a chiral ancillary
Iigand;15 here we will consider pyridine bisoxazolines PyBox (Chart
1), a family of tridentate Iigands.16 Actually, Ln(TTA); and Ln(HFA);
complexes can be easily prepared and they are relatively stable
species, with 2 or 3 further coordination sites available. PyBox are
tridentate ligands, able to fill the Ln*" coordination sphere of
Ln(HFA); or Ln(TTA); and to endow it with well-defined chirality.
This gives us the opportunity to work on a highly flexible scaffold of

J. Name., 2018, 00, 1-3 | 1



= -ChemicaliScience ==

ARTICLE
o 0 o 0
Fstl\/u\CF3 S CF3
\
HHFA HTTA
® ®
~Z
0. N 0, O. NS O,
1 | I |
* N N * * N N *,
Pr-PyBox Ph-PyBox

Chart 1. Structures of B-diketones (top) and PyBox ligands (bottom) employed for the
screening of the chiroptical properties of Ln® complexes.

formula Ln Ls L*, where the Ln* can span the whole series, L
represents a diketonate, and L may be in principle any PyBox. This
is interesting, because there are several chiral PyBoxes
commercially available and a wider set can be obtained from
inexpensive chirality pool compounds. In 2011, Yuasa et al.
demonstrated that such strategy allows one to obtain luminescence
complexes endowed with high quantum vyield (41%) and high gjum
(up to 0.46)."%* "

In our study, we decide to investigate in-depth a set of Ln*
complexes (Ln3+ = La, Sm, Eu, Gd, Tm, Yb) of two
aforementioned B-diketonates, namely HFA and TTA (Chart 1),
selected with respect to their different steric hindrance and
acidity. As a chiral auxiliary ligand, two Bis(oxazoline)pyridines
(PyBox), e.g. 2,6-Bis(4-isopropyl-2-oxazolin-2-yl) pyridine
(iPrPyBox) and 2,6-Bis(4-phenyl-2-oxazolin-2-yl)  pyridine
(PhPyBox) were used, since they are commercially available in
both enantiomers.

Besides these properties, which can be considered metal-
centred, a further aspect of interest relies in an induced
property onto the organic ligand: which we dubbed
lanthanide-induced vibrational CD (VCD) enhancement or
LIVE."® We noticed that the VCD spectra of several
paramagnetic Ln** compounds display strong signals, which
are nicely reproduced from one element to the other one. The
theoretical basis to understand this effect is still missing,
possibly also on account a somewhat limited number of
experimental cases. To summarize, Fig. 1 schematically
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represents the utility of diverse chiroptical methods in a study
of Ln*' complexes. Here absorption (ECD, VCD) and emission
(CPL) chiroptical responses combine. In order to make this
picture clearer and more practical, we emphasized the
electromagnetic ranges in which each chiroptical method
works, so that on y-axis we put the whole range from about
0.1 to 6 eV utilized by commercially available instruments, i.e.
from the mid-IR (900 cm™) via the NIR and the VIS to the UV
(200 nm). On x-axis, we indicate which of the 15 Ln*" ions, are
amenable to each technique.

It is worth to stress that although CPL spectroscopy can be
applied efficiently only for ~25% of overall of Ln*, i.e. Eu*",
Tb*, sm*', Dy** and possibly®® (but rarely) Yb*" and Nd*' in the
commonly attainable measurement spectral rangeSa (VIS and a
small part of NIR), this technique in comparison to CD is much
more sensitive to the Ln** environment and plays a critical role
in the study of chiral L Moreover, in the case of organic
molecules usually absorption and emission dissymmetry
factors are correlated™ (if the electronic states involved in
absorption and emission are not different), while in the case of
Ln*", a prediction of the sign and magnitude of CPL cannot be
inferred from their absorption properties alone, and therefore
a more extended study of their chiroptical properties is
required.

Since Eu*
our examination we put primary importance on sm*
and Yb*". Additionally, to support some parts of discussion we
obtained also analogous complexes with La**, Eu®*" and Gd*".

We are well aware that CPL instruments are still not
available in most laboratories and thus we were motivated to
identify factors ensuring high Bgp, which is relevant for most
practical applications and to provide easy and broadly
amenable measurements that can guide the selection of good
candidates to be submitted to CPL measurements.

complexes were largely investigated so far, in
, Tm®*

Results and Discussion

Interestingly, we could not find a satisfactory analysis of the ECD
and VCD spectra of 'PrPyBox and PhPyBox, in spite of their

. . . . . 1le, 22
widespread use in enantioselective synthesis.™®
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Figure 1. Representation of the utility of Ln3+ ions in the context of optical and chiroptical techniques. Notice that IR/VCD and UV/ECD refer to ligand-centred
transitions and only NIR/NIR-CD or VIS/CPL refer to Ln3+-centered transition. To be precise, NIR-CD is a manifestation of electronic CD, because it is allied with f-f

transitions. In common language, ECD normally refers to UV-VIS. The bottom arrows remind us the number of f-electrons of the Ln
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** ion and the trend of the ionic radii.
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For this reason, we provide experimental data of these chiral
ligands and their interpretation in the ESI. They display similar ECD
spectra: the main differences are in the intensity of bands, with
PhPyBox giving ~2.5 times more intense bands with respect to
iPrPyBox. Also, the main sequence of VCD bands remains pretty
similar. The most noticeable differences are in the narrow range
1500-1445 cm™, where the pyridine and -CH,- vibrations from
oxazolines are overlapped with C—H bending or C-C stretching
vibrations due to 'Pr- or Ph- groups, respectively.

Electronic CD

UV and ECD spectra of Ln(ﬂA)g—(R)—iPrPyBox and Ln(TTA);-(R)-
PhPyBox (Ln = La, Sm, Eu, Gd, Tm, Yb) in CH,Cl, are presented in Fig.
2. The UV and ECD spectra of Ln(TTA)3-(R)-iPrPyBox and of Ln(TTA);-
(R)-PhPyBox are consistent in terms of position of bands. As
expected they are substantially different from those of the free
PyBox ligand, as one can see, comparing Fig. 2 and Fig. S2 in ESI. The
major absorption bands are dominanted by the m-mt* transitions
both from B-diketonate and the PyBox ligand. All Ln3+, both with 'Pr-
and Ph- ligand, show high coherence: the most prominent band is
centered at ~345 nm, and two less intense ones are in the range of
250-300 nm, overlapped with the absorption band from free ligand.
The noticeable intensity differences may be related to the presence
of complex solvolysis, which is fast in very diluted solutions of Ln**
(spectra were recorded in ~0.4 mM), so the Ln** complexes and the
free B-diketone are simultaneously present in solution in variable
ratio, mainly affecting the range 310-400 nm. As we shall see later,
at much higher concentration (>10 mM, as used e.g. for NIR-CD or
for VCD), solvolysis is not an issue, therefore all bands display
almost identical magnitude.

For ECD (Fig. 2, left), the enantiomeric compounds give mirror-
image profiles (ESI, Fig. S3). As expected, the intensity of ECD bands
are fluctuating too, however, the main bands remain essentially the
same as for position and relative amplitudes: two negative ones
centered at ~295 nm and ~370 nm, and a positive one at ~275 nm.
The order of magnitude of |g,| factor for the band at ~335 nm is
in the range of 4 — 8 x 10™. The homogeneity of these spectra upon
changing the metal ion is consistent with other literature data and
confirms that f-orbitals are not significantly mixed with the ligand
ones. Only, the small variation of the size of Ln®" may slightly impact
on the complex geometry and consequently be responsible for
minor modulations of the ECD spectra. For the second set of
complexes with the general formula Ln(HFA)3—fPrPyBox and
Ln(HFA)s-PhPyBox, as expected, the same structural homogeneity
described for the TTA analogues is present (ESI, Fig. S4). The spectra
are consistent with the ones reported by Yuasa et. al. for analogous
Eu* and Tb** complexes.16 Thus, for the sake of clarity and ease of
comprehension in this section we shall keep the discussion mainly
based on various Sm** complexes, and the conclusions will be
extended to analogous Ln®" complexes: all the experimental data on
the other lanthanides we studied can be found in the Fig. S3 in ESI.
In Fig. 3 we show the ECD and UV spectra of the two enantiomers
of Sm L3 L in CH,Cl, for both the complexes with L = HFA, TTA and
L= iPrPyBox, PhPyBox ligands.

This journal is © The Royal Society of Chemistry 20xx

The UV spectra of Sm(HFA)S-iPrPyBox and Sm(HFA);-PhPyBox
complexes are very similar and have one band centered at 308 nm,
which is allied to HFA transitions. The same occurs for Sm(TTA)3-
iPrPyBox and Sm(TTA);-PhPyBox, where the maximum UV is at
~345 nm, owing to the extended conjugation due to the thiophene
group. Moreover, for the latter group a moderate increase of UV
intensity is observed. With the exception of Sm(HFA)s-iPrPyBox,
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Figure 2. ECD (left) and UV (right) spectra of a set of Ln(TTA)3-(R)-iPrPyBox and
Ln(TTA)3-(R)-Ph-PyBox (Ln = La, Sm, Eu, Gd, Tm, Yb) recorded in CH2CI2.
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Figure 3. ECD and UV spectra of sm* complexes recorded in CH,Cl,.
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the ECD spectra are characterized by a null point very close to the
absorption maximum, which strongly calls for a degenerate exciton
coupling between the n-m  transitions of the B-diketonate
chromophore. So, the ECD spectra of Sm(TTA)3-iPrPyBox, Sm(TTA);-
PhPybox and Sm(HFA);-PhPyBox show negative exciton couplets for
the (R) enantiomers and positive ones for the (S) enantiomers. This
is reasonably associated to the major electric transition dipole
moment of B-diketonates, which is directed along the two oxygen
atoms, and centered close to the central carbon of the diketonate.
For Sm(HFA)3-iPrPyBox, the null point does not correspond to the
UV maximum and the couplet feature cannot be assigned easily. At
any rate, even if it has weak rotatory strength, the lowest energy
transition (338 nm) is of the same sign as the corresponding
couplets of all the analogous compounds. Indeed, we must recall
that the complexes can belong at highest to a C, point group and
thus the three diketonate ligands cannot be equivalent, thus
possibly originating a situation which is more complex than a simple
exciton couplet.

At least for Yb*' and Tm3+, there are relevant electronic
transitions in the NIR, where there are no contributions from
ligand-centered contributions. Noteworthy, the ones around 975
nm for Yb*' (2F7/292F5/2) and 1215 nm (*Hs>>He) for Tm** can be
classified as D /, i.e. characterized by a strong dissymmetry factor,
according to Richardson.” Fig. 4 displays the NIR-CD and associated
absorption spectra. In all cases, only one line is clearly apparent, in
spite of the fact that higher multiplicity of the terms may be
expected.6b
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Figure 4. NIR-CD and NIR spectra of Yb* (left) and ™ (right) complexes recorded in
CH,Cl,.
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We should underline that there are very only few NIR-CD spectra of
3 3H693H5 transition previously reported in the literature.® For
all cases, we observe the remarkably high dissymmetry factor g, =

0.1.

Tm

Circularly polarized luminescence

Similarly to what we have seen by NIR-CD, CPL has the distinct
feature of selectively responding only to the suitable chiral non-
racemic Ln** species, in contrast to ECD or VCD, which may respond
to free as well as to bound Iigands.3b' 6
complexes under investigation, in the spectral range (VIS) available

In practice, among the Ln**

to our analysis only sm>" and Eu®" are active. Naturally, we decided
to further probe their 3D structure, and in the next step select
system(s) with the highest |g,,,| factors. As stated before, in our
study we gave priority to sm®", since in the literature only little
attention has been paid to its CPL activity and only a few examples
are reported.u’ ** The largest | g.m| factor of sm*' reported so far is
for Cs[Sm((+)-hfbc),] and amounts to 1.15 at 553 nm."

The most obvious starting point is to record CPL and PL spectra
of both enantiomers within two target sets of complexes under
investigation, i.e. Sm(HFA);-PyBox and Sm(TTA);-PyBox. In Fig. 5, we
plotted separately the CPL and PL spectra measured in CH,Cl, for
both 'PrPyBox and PhPyBox ligands. The PL and CPL spectra in the
range of 540-700 nm are characterized by the three well-separated
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Figure 5. CPL and PL spectra of both enantiomers of Sm(HFA)3-PyBox and Sm(TTA)s-
PyBox recorded in CH,Cl,. The spectra were normalized with respect to the 4G5/296H9/z
transition at 640 nm.
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transitions, characterized by the three well-separated transitions,
ie. 465/296H5/2 at 561 nm (magnetic-dipole allowed), 4Gs/zéﬁHm at
596 nm (magnetic-dipole allowed), and 465/2 96H9/2 at 643 nm
(magnetic-dipole forbidden). Within each spectroscopic term, CPL
spectra display richer multiplets than PL counterparts, thanks to the
increased resolution stemming from the changeable sign of
chiroptical signals.®

In order to quantify the obtained data, in Tab. 1 we summarized
the | g.m| factors for all the CPL bands recorded. The highest | g;,m|
factors for Sm>" at the most intense CPL transition at 595 nm are
observed for complexes with iPrPyBox, ie. Sm(HFA)3—(R)—iPrPyBox
and Sm(TTA)g-(R)-iPrPyBox, and amount to |0.18] and |0.10],
respectively. In contrast, for complexes with PhPyBox, i.e.
Sm(HFA);-(R)-PhPyBox and Sm(TTA);-(R)-PhPyBox, this value is
smaller (~0.035). This difference may tentatively be assigned to a
somewhat bigger structural manifold for the PhPyBox than for
iPrPyBox complexes.6b This may be associated with the different
number of conformers displayed by the free ligands, whereby
iPrPyBox is well represented by a single species, PhPyBox is spread
into three conformers, as seen in ESI on Fig. S1.

In Fig. 6 displays the CPL and PL spectra for Eu(TTA)s-(R)-
iPrPyBox and Eu(TTA)s-(R)-PhPyBox recorded in CH,Cl, (the HFA
analogues were reported previously by Yuasalea).

In contrast to Sm*' complexes, almost full mirrored-relationship
of CPL signals are observed between Eu** complexes with (R)-
absolute configuration of PyBox ligands. The highest | g;,,| value
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Figure 6. Normalized CPL (top) and PL (bottom) spectra of Eu(TTA)s-(R)-Pr-PyBox and
Eu(TTA)s-(R)-Ph-PyBox recorded in CH,Cl,. The spectra were normalized with respect to
the *Dg->"F, transition at 614 nm.

is measured at 595 nm and amounts to |0.24| for Eu(TTA);-
iPrPyBox, which is comparable with previously published one for
Eu(HFA)3—iPrPyBox (lguml| = 10.46] ).%% The relative values of | Glum |
factors for iPrPyBox vs. PhPyBox for Eu* complexes follow the same
trend observed with Sm>*.

Vibrational CD

It is well known that VCD spectra display weak bands, which are
usually from 10° to 10™ times smaller than the relative IR
absorptions. As early as in 1980, Mason reported that some
complexes of d-block elements, i.e. Ni** and Co™, display enhanced
VCD signals.25 There is now a substantial body of research on this
topic, which has been discussed and examined extensively using
plenty of examples.26 Nevertheless, the origin of this phenomena is
still not entirely clear. In 2012, we reported that some lanthanide
chelates display conserved sequences of enhanced VCD bands
throughout the Ln®* series (Lanthanide Induced VCD Enhancement,
LIVE) and as a function of the electronic configuration of Ln**"® we
observed that the spectra of Yb** and Tm** complexes are strongly
enhanced compared with those of La*" (4f%), Gd** (4f) and Lu**
(4f14), which on the contrary display usual intensities of the bands.

The foremost scope of this section is to check whether we can
disclose more details about the LIVE phenomena on our set of chiral
complexes.

Experimental VCD and IR spectra collected in the range
between 2000 and 950 cm " in CDCl; using the set of enantiomeric
Ln-complexes together with spectra of chiral PyBox ligands are
provided in Fig. 7.

All complexes under investigation exhibit much stronger VCD
and IR intensities with respect to the PyBox ligands, so for an easier
comparison on Fig. 7 we multiplied these data by 25 and 5,
respectively. IR spectra of Ln® complexes with HFA and TTA in
terms of € values reach 3700 and 2200 dm®mol™cm™, respectively.
On the contrary, €., intensity of PyBox ligands is limited to ~400
dm®mol™cm™. IR spectra of Ln*" complexes (Sm**, Tm*', Yb*') are
very different from PyBox ligands. However, one may find some
similarities by comparing spectra within the two sub-families of Ln®*
(HFA vs. TTA) to those of PyBox ligands.

Table 1. Summary of CPL data by using dissymmetry factors | gm| derived from spectra of sm* and Eu® of two investigated families of Ln(TTA)s-(R)-PyBox and Ln(HFA)s-(R)-PyBox

(Ln =Sm, Eu) recorded in CH,Cl,. Note: # taken from Ref. [16a].

| gum| factor
Complex “Gs/>°Hsy *Gs/=>°Hap “Gsjp >°Hop *De>'Fy *Do=>"F,
~560 nm ~595 nm ~645 nm ~595 nm ~614 nm
Sm(HFA)s(R)-Pr-PyBox 0.05 0.18 0.013
Sm(HFA)3(R)-Ph-PyBox 0.03 0.03 0.003
Sm(TTA)s(R)-Pr-PyBox 0.08 0.10 0.008
Sm(TTA)3(R)-Ph-PyBox 0.03 0.04 0.002
Eu(HFA)s(R)-Pr-PyBox" 0.46 0.03
Eu(HFA)3(R)-Ph-PyBox" 0.15 0.02
Eu(TTA)s(R)-Pr-PyBox 0.24 0.02
Eu(TTA)s(R)-Ph-PyBox 0.11 0.01

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. VCD (left) and IR (right) spectra of enantiomers of Ln® complexes recorded in CDCl; compared to enantiomers of 'PrPyBox and PhPyBox ligands.

VCD spectra of enantiomers are mirror image and show strong
correspondences to the relevant IR. VCD spectra of Ln®* complexes
in terms of Ae values are much stronger than usual: for most bands
| Ag| are ranging from 0.3 to 0.7 dm>mol ™ cm™, with the maximum
observed only for Sm(HFA)g-iPrPyBox. This
clearly indicates the enhancement of VCD signal. The |gg,| values

~1.5 dm’mol”ecm™

amount to an average of ~10 for the most prominent bands, which
is about 10-times higher than the free ligands. A more detailed
examination revealed that the g, fluctuates and depends on the
complex. The highest values are observed for sm*" at ~1035 cm™,
iie.  SM(HFA);-PrPyBox (| gans|=1.5x107),  Sm(HFA)s-PhPyBox
(1Gans|=6.0x107) and Sm(TTA)3-PhPyBox (|gams|=2.0x107). As a
consequence, we were able to collect all the VCD spectra, with a
very high S/N ratio, within only 10 minutes, which in comparison to
typical VCD measurement (up to a few hours) for organic
compounds is an extremely short acquisition time.

As shown in Fig. 7, complexes with HFA give main VCD bands
centered at ~1655, ~1500, ~1256 and ~1035 cm™ (the latter one is
silent for Yb(HFA);-PhPyBox) which are attributed to the oxazoline
rings and B-diketonate moiety. In the second family of complexes
with TTA, the most characteristic bands are at ~1605, ~1462, ~1310
cm™, and for Sm(TTA);-(R)-PhPyBox and Sm(TTA)3-(R)-iPrPyBox also
~1140 and ~1040 cm™. This indicates clearly structural uniformity
within both families, and shows that all complexes have a well-
defined conformation, which is indeed frozen in a clear pattern of
VCD spectrum, ipso facto confirming that the replacement of Ln®*
ions does not affect the vibrational structure of our systems. The
VCD features resemble each other in the region of 1315-1255 cm'l,

This journal is © The Royal Society of Chemistry 20xx

corresponding with the two oxazoline rings vibrations, therefore we
shall analyze their 3D structure using only this region. In VCD
spectra with TTA there is one band in the range 1315-1308 cm™
which is positive for Sm(TTA)3—($)—iPrPyBox, and negative for both
SM(TTA);-(S)-PhPyBox and Tm(TTA)s-(S)-PhPyBox. The same
observation can be derived from the series of Ln>" with HFA, in the
slightly different range, i.e. 1258-1255 em ™ Analogously, the VCD
spectrum of Sm(HFA)3-(S)-iPrPyBox gives a positive Cotton Effect
(CE), while complexes containing (S)-PhPyBox, i.e. Yb(HFA)s-(S)-
PhPyBox and Sm(HFA);-(S)-PhPyBox, present a negative one.

To recap: the VCD results indicate pronounced evidence on
conformational homogeneity within the investigated series, further
confirming conclusions derived from the ECD spectra.

Calculations of vibrational properties are based on the ground-
state electronic structure, and they are considered to be more
reliable and easily captured by DFT simulations than their electronic
properties, which require accurate prediction of excited-state
transitions. This is particularly true for metal complexes. In order to
gain more insight into the relationship between the IR/VCD features
and structural properties of Ln-complexes in solution, we used as
input geometries the X-ray structures previously published by Yuasa
of Tb(HFA)s-(S)-PrPyBox and Tb(HFA)s-(S)-PhPyBox.’™ In the first
step we built our model by exchanging Tb with La, which is included
into commonly used functional and basis set used in DFT
simulations of vibrational transitions. Next, we submitted the
obtained model structures to geometry optimization, followed by
IR/VCD calculations. The calculations were carried out using the
B3LYP functional, and ‘mixed’ basis sets: 6-31G(d) forH,C, N, O, F
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and LanlL2DZ for La. Fig. 8 shows the comparison between the
experimental (for Sm3+) and calculated (for La3+) VCD and IR spectra
of Ln(HFA);-(S)-PhPyBox. In ESI, one can find results for the second
model used, i.e. La(HFA)3-(S)-iPrPyBox.

The agreement between calculated and experimental IR/VCD
spectra is acceptable, making allowances for at least two facts: (i)
theoretical models for DFT calculations do not take into account the
effect of LLES; (ii) we used two (‘mixed’) basis sets. Despite these
limitations it is clear that both our model and level of calculations
are truthful enough to make a reliable assighment of all bands. In
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the calculated VCD however, there are some
inconsistencies mainly in the range of 1485-1465 em™ and 1200-
1150 cm™.
vibrational transitions due to overlap of oppositely signed bands
from the achiral HFA ligand. Calculations for Sm(HFA)s-(S)-PhPyBox
and Sm(HFA)a-(S)-iPrPyBox using the SDD
pseudopotential (ESI, Fig. S5), although very time-consuming, do
not reproduce satisfactory all VCD bands, and DFT calculations are
ultimately confirmed superior. For a more detailed examination of
the relevant intensities of VCD bands, in Fig. 9A we extended the
comparison to Gd** and La>*, where no VCD enhancement had been

reported before.™®

spectrum,

They are possibly related to the cancellation of

complexes

When we take into account these two ions, it appears clear that
we can separate three different regions: one around 1600 em™, one
around 1200 cm™ and a broad one between them. While the former
two display strong signals for the whole set of spectra, albeit with a
remarkably modest activity for La3+, the region in the middle is by
far dominated by Yb** and Tm3+, with intensities about one order of
magnitude larger than La* and Gd*' (remember that the IR spectra
are practically identical). Here again, we may observe that the La®
complexes display the weakest VCD intensities, which are generally
not more than half of the ones of the other ions. On the other hand,
Gd*" is somehow weaker in the 1600 cm™ region but of a similar
magnitude as Sm>*, Yb>" or Tm*® in proximity to 1200 cm™ which

again confirms the LIVE effect, we described in ref. [18].
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Figure 9. VCD (left) and IR (right) spectra of (A) Ln(TTA)3—(R)—"PrPyBox and (B) Ln(TTA)s-(S)-PhPyBox (Ln = La, Sm, Eu, Gd, Tm, Yb) recorded in CDCls.
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Figure 10. The idea of super-lanthanide probed by chiroptical (top) and optical (bottom) super-spectrum. See Experimental Section for measurements conditions.

The super-spectrum of the super-lanthanide

We collected and discussed a manifold of chiroptical data
of a whole set of structurally homogeneous complexes. In the
case of UV-ECD, where the transitions are genuinely ligand-
centered, all complexes display comparable features and
practically one may change lanthanide without even noticing.
In the IR, the situation is slightly more complex, owing to the
VCD enhancement, which is brought about by some ions more
than by other ones, notably conserving the overall shape (at
least region-by-region). Here again, the vibrational transitions
are to be considered ligand-centered, but they experience an
enhancement, thanks to the coupling with metal centered
properties. In other spectral fields, namely in the VIS and in the
NIR, the transitions are fully metal-centered and thus each and
every lanthanide may or may not contribute with a completely
distinct spectrum.

Recently, the concept of chiroptical super-spectrum has
been introduced,27 by making a cut-and-paste of spectra
measured on different instruments in different fields on the
same compound. Here, we wish to reproduce this concept
introducing one more degree of freedom, by treating a
structurally homogeneous set of Ln** complexes as a single
one, i.e. surfing between different ions in each spectral region.
This is ultimately presented in Fig. 10, which is a pastiche of
data taken on several complexes but is the most complete
chiroptical fingerprint of our complexes and entangles the
stereochemical information into one figure.

Conclusions

We addressed the problem of finding lanthanides with
relevant CPL, which means at the same time high brilliance and
high light polarization. A good strategy appears to use ternary
species, with an extremely efficient achiral sensitizer for a

This journal is © The Royal Society of Chemistry 20xx

given lanthanide and a chiral multidentate ligand, which
provides the necessary dissymmetry to the system. Presently
we focused on red-emitting compounds, where we found that
Eu®* and Sm** homologue compounds both display strong and
distinct CPL lines, in the same spectral region, which lends
itself to information transfer, including cryptography and
barcoding.

Thanks to a set of chiroptical spectra (ECD, NIR-CD, VCD),
we observed, that these complexes have homogenous
structures, which is clearly evidenced in (very) similar patterns
of chiroptical spectra. We wish to underpin that we included in
our analysis Sm*" CPL and Tm>®" NIR-CD, which have been only
rarely reported to-date, although they display interesting
features and deserve not to be neglected in the future for their
promising further practical applications.

Our investigation disclosed that Ln** complexes are very
easily handled by VCD spectroscopy. Even though additional
investigations are needed to learn more about the LIVE
phenomenon, our findings show beyond question that this
effect is highly suited to gain insight into the solution
structures of newly designed Ln*" complexes. This may be
interesting in a fast screening study for seeking eligible
properties, which in literature is still a very rare strategy.

This study provides a platform for the development of 3D
structure-spectral correlations in solution, linking lanthanide
emission and absorption chiroptical spectroscopies. This easy-
to-handle route will enable one to characterize Ln** and can be
invaluable when the X-ray structure in not available.

EXPERIMENTAL SECTION

General

All reagents were purchased from commercial sources (Sigma
Aldrich, Alfa Aesar) at highest available purity and used without
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further purification. The structures of the obtained compounds
were confirmed by optical and chiroptical spectroscopies.

Spectroscopy

ECD and UV spectra were measured using a Jasco J-710
spectropolarimeter in the range of 190-800 nm in spectroscopic
grade solvents in various quartz cells. All spectra were registered
using a scanning speed of 100 nm min, a step size of 0.2 nm, a
bandwidth of 2 nm, a response time of 1s, and 4 scans. The spectra
were background—corrected using solvent spectra recorded under
the same conditions.

NIR-CD J-200D
spectropolarimeter in the range of 800-1300 nm in spectroscopic

spectra were measured using a Jasco
grade CH,Cl, (~¥16 mM) in a quartz cell with a path length of 1 cm.
All spectra were registered using a scanning speed of 50 nm min"}, a
step size of 0.2 nm, a bandwidth of ca. 10 nm, a response time of 2
s, and an accumulation of 3 scans. The spectra were background—
corrected using spectra of solvent recorded under the same
conditions.

NIR spectra were recorded in the range of 800-1300 nm in
spectroscopic grade CH,Cl, (~¥16 mM) in a quartz cell with a path
length 1 cm. All spectra were measured using a scanning speed of
100 nm min_l, a step size of 0.2 nm, a bandwidth of 8 nm, a fast
response time, and an accumulation of 3 scans. The spectra were
background—corrected using spectra of solvent recorded under the
same conditions.

CPL and PL measurements were recorded using our home-built
CPL spectrofluoropolarimeter described in Ref.®® All solutions in
CH,Cl, with concentration ~10 mM were placed in 1 cm cell, and
irradiated by a fluorescent UV lamp (A¢=365nm) using 90°
geometry. CPL and PL spectra were recorded using a scanning
speed of 20 nm/min, an emission slit width of ¥4 nm, an integration
time of 2's; each spectrum is the average of 3 accumulations. All
CPL spectra were normalized to the corresponding PL intensity
band in the emission spectrum, which was recorded together with
CPL. The dissymmetry factor g, was determined according to the
definition given in the Introduction.

VCD and IR spectra were recorded in CDCl; solution placed in
BaF, cell (100 um) using a Jasco FVS-6000 (Tokyo, Japan)
spectrometer with 4 cm " resolution in the range of 2000-850 cm ™.
The PEM was set at 1400 cm™* for all measurements. The spectra
were carried out within 10 min (1000 scans) in the case of Ln**
complexes using concentration ~40 mM, and for 2 h (12000 scans)
for PyBox ligands with solution concentration ~0.17 M. The spectra
were background—corrected using spectra of CDCl; recorded under
the same conditions. The VCD/IR spectra were background-
corrected by subtraction of the solvent spectrum measured under
the same conditions.

Computational details

As an input geometry X-ray structures of Tb(HFA)g—(S)—'PrPyBox and
Tb(HFA)s-(S)-PhPyBox'®
replacing Tb for La.

published by Yuasa were modified by
Then, they were submitted for DFT
in  Gaussian’09 (Revision D.01. Inc:

optimizations Gaussian,

This journal is © The Royal Society of Chemistry 20xx

Wallingford, CT; 2013), with default grids and convergence criteria,
using B3LYP functional, and two basis sets: 6-31G(d) for H, C, N, O, F
and LanlL2DZ for La. In the next step, at the same level of theory
VCD and IR spectrum was calculated and visualized using Lorentzian
functions with a half-width at half height of 6 cm ™ and a frequency
scale factor of 0.965. Furthermore, DFT calculations were repeated
based on aforementioned X-ray structure by using another model in
which Tb was exchanged for Sm. Calculations were run using B3LYP
functional, 6-31G(d) basis sets for H, C, N, O, F and the MWB28
pseudopotentials for Sm. The results are similar to those obtained
using LanL2DZ basis set for La, so for the sake of clarity we take into
considerations only these data.
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