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Lanthanide ions have attracted great interest owing to their optical and magnetic properties. Single-
molecule magnet (SMM) behavior has been a fascinating science for thirty years. Moreover, chiral
lanthanide complexes allow the observation of remarkable circularly polarized luminescence (CPL).
However, the combination of both SMM and CPL behaviors in a single molecular system is very rare and
deserves attention in the design of multifunctional materials. Four chiral one-dimensional coordination
compounds involving 1,1’-Bi-2-naphtol (BINOL)-derived bisphosphate ligands and the Yb(n) centre were
synthesized and characterized by powder and single-crystal X-ray diffraction. All the Yb(i)-based polymers
displayed field-induced SMM behavior with magnetic relaxation occurring by applying Raman processes
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Introduction

Potential applications in high-density data storage,' quantum
computing® and spintronics® are making single-molecule mag-
nets (SMMs) very appealing owing to their slow magnetic
relaxation and magnetic bistability. Since the discovery of such
a magnetic phenomenon for a terbium mononuclear complex,
lanthanides have been holding a central place in the design of
SMMs. Such an important role was recently reinforced by the
observation of blocking temperature near the liquid nitrogen
boiling temperature for a series of lanthanide organometallic
complexes.”” Moreover, lanthanide ions are well-known for
their specific optical properties with emission line-like spectra
and long emission lifetimes ranging from microseconds to
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and near infrared CPL in the solid state.

milliseconds.” ™ Such characteristics open the routes to applica-
tions in bioimaging,"*™** optical telecommunication devices'*™® or
material science, for instance, OLED.*>?° In the context of mole-
cular magnetism, the lanthanide luminescence could be helpful
because it can be observed as a photograph of the energy diagram
of the ground-state multiplet under crystal field interaction, and
thus it can be correlated to the magnetic properties,”>* especially
in the case of luminescent SMMs.”*° The association of two or
more physical properties could lead to the appearance of a new
phenomenon. One of the most known associations concerns
chirality and magnetism leading to the observation of magneto-
chiral dichroism (MChD).** When the system displays slow
magnetic relaxation, chiral SMMs,*" ferroelectric SMMs,* chiral
luminescent SMMs**” and magneto-chiral SMMs***° can be
obtained. In the specific case of chirality-luminescence association,
circularly polarized luminescence (CPL) can be detected and
defined as the difference in intensity between the emissions of
left- and right-circularly polarized light.*>*! CPL active materials
have interest for potential applications in 3D-displays,”* data
storage® and biomolecular processes.***> The CPL activity is
commonly expressed by the dissymmetry factor g, defined as
Zium = 2(I, — R)/(I, + Iy), where I}, and I represent the intensity of
the left- and right-circularly polarized emissions, respectively. Thus,
the gium factor ranges from —2 to +2 limits. However, gjum
commonly ranges from 10°* to 10> for chiral organic
molecules.***® Further, lanthanide ions are ideal candidates for
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CPL observation owing to their allowed magnetic dipole transitions
(provided that AJ = 0, +1), leading to large rotatory strengths
compared with the electric dipole ones. Therefore, a remarkable
Zlum factor®® could be measured for Cs[Ln((+)-hfbc),] complex
(where hfbc = 3-heptafluorobutylryl-(+)-camphorato) (Ln = Eu(m),
Zium = 1.38;°° Ln = Yb(m), gium = 0.38°"), [(Binol);ErNa;] (where
Binol = 1,1-Bi-2-naphtol) (gium = 0.47)°* and [(R-Spinol);LnNag(thf)s]
(where Spinol = 1,1’-spirobiindane-7,7’-diol) (Ln = Sm(m), gium =
0.50; Tb(i1), gjum = 0.53 and Dy(m), gi,m = 0.53).>

To combine the SMM and CPL properties, we investigated
different couples of rare earth ions and chiral ligands. We
recently published a series of Dy(m) and Eu(m) polymeric
structures involving BINOL-derived bisphosphate ligands with
axial chirality.>*>¢

The Dy(m) derivatives displayed slow magnetic relaxation,
while the Eu(m) displayed CPL properties in both the solution
and solid states. To screen different sources of chirality, we also
studied chiral dipicolinamide (metal-centred chirality),”” B-
diketonate (point chirality)’® and helicenic (helical chirality)*®
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ligands associated with the Yb(wm) ion. In fact, the Yb(u) ion
seems to be an ideal candidate because it has a significant
magnetic anisotropy and a unique *F5, — >F, magnetic
dipole transition. Therefore, in our quest for the best materials
combining CPL and SMM, we investigate a new Yb(m) series
involving four binaphtyl-based ligands (Scheme 1). In this study,
we present the X-ray structures, chiroptical and magnetic proper-
ties of {[Yb(hfac);((S)/(R)-L)]s} ([(S)(R)-1]x), {[Yb(hfac)s((S,S,S)/
(BRI} ([(5,5, S)/(RR,R)-21,), {[Yb(hfac)(SY(RILLsh ([(S)
(R)-3],) and {[Yb(hac)s((S, S, S)/(R R R}LY b (I(S, S, S)/(R R R)-41,).

Results and discussion

Structural analysis

Recently, we reported the X-ray structure of the dysprosium analo-
gues of [(S)/(R)'l]na60 [(S,S,S)/(R,R R)2]s, [(S)(R)-3]. and [(S,S,S)/
(R,R,R)4],.>> The isomorphism of the Ytterbium derivatives and
their purity phase were checked by single-crystal X-ray diffraction

[(S,S,5)-4],

Scheme 1 Coordination reactions of the formation of [(S)-1l,, [(S,S,S)-2],, [(S)-3], and [(S,S,S)-4],, polymers with molecular structures of the (S)-
enantiomer of the four ligands emphasizing the difference between the ligands. The [(S,S,5)-4],, drawing was made from the X-ray structure of the

dysprosium analogue.
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(for the S enantiomers, (Fig. S1-S3 and Table S1, ESIf) and by
powder X-ray diffraction for both enantiomers (Fig. S4, ESIT).
For [(S,S,5)-4],, fast loss of crystallographic solvent molecules
led to a loss of crystallinity of the powder, and a determination
of the cell parameters was performed from a single crystal study
(Table S2, ESI+).

The equimolar reaction of the Yb(hfac);(H,O), precursor
and binaphtyl ligands led to the formation of one-
dimensional polymeric structures (Scheme 1). The Yb(hfac);
units are bridged by the binaphtyl-based ligands via the P—0
groups, and the Yb(m) ions are surrounded by eight oxygen
atoms in a square antiprism coordination polyhedron (D,q
symmetry). The cohesion of the crystal packing is assumed by
both n-CH interactions and F---H contacts without
stacking.

T—T

Magnetic properties

Static magnetic investigations. The temperature depen-
dences of yuT (where y is the molar magnetic susceptibility
and T is the temperature) for complexes [(S)-1],, [(S,S,S)-2]n,
[($)-3]. and [(S,S,S)-4],, are shown in Fig. 1. The room temperature
values are 2.46 cm® K mol ™, 2.44 cm® K mol™*, 2.46 cm® K mol™*
and 2.44 cm® K mol ™~ for [(S)-1],, [(S,S,5)-2]., [(S)-3].. and [(S,S,S)-
4],,, respectively. These values are close to the expected value of
2.57 cm® K mol " for one magnetically isolated Yb(m) ions with
ground state multiplet *F,, and g; = 8/7.°" On cooling to 2 K,
the ymT products decrease monotonically until the values of
1.60 cm® K mol™%, 1.49 em® K mol ™%, 1.64 ecm® K mol™! and
1.61 cm® K mol " for [(S)-1],, [(S,S,8)-2]., [(S)-3]. and [(S,S,S)-4]..,
respectively. The field dependence of magnetization measured at
2K (inset of Fig. 1) agrees with the magnetic behaviour for the
isolated Yb(m) centres. All the magnetization values at 50 kOe are

2.6
24
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Fig.1 Thermal dependence of ymT for (a) [(S)-1], (black squares), (b)
[(S,S,5)-2], (blue circles), (c) [(S)-3], (red up-triangles) and (d) [(S,S,S)-4],
(green down-triangles). Inset: Field variation of the magnetization mea-
sured at 2 K for [(S)-1], (black squares), (b) [(S,S,S)-2], (blue circles), (c) [(S)-
3], (red up-triangles) and (d) I(S,S,S)-4], (green down-triangles). Full lines
correspond to the ab initio computational results (see text for details).
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close to 1.9 Nf, which is far from the saturation values of 4 Nf§
expected for one magnetically isolated Yb(m) ion, which is a sign
of significant magnetic anisotropy.®*

To rationalize the magnetic properties of the polymers, SA-
CASSCF/RASSI-SO calculations were performed on similar
model systems previously used for the dysprosium analogues
(see Computational details).”>>> The experimental thermal
dependence of y\T and field dependence of the magnetization
were computed with the calculated energy splitting of the *F;,
multiplet (Table S3, ESIT) and the composition of the ground
doublet states (Fig. 1).

The temperature dependence of the magnetic susceptibility
and the magnetic field dependence of the magnetization
obtained from the ab initio-calculated energy levels agree fairly
with the experimental ones for all complexes, confirming the
correct crystal field splitting and the description of the ground
state of these systems. The ground states are mainly composed
of |£7/2> doublet, leading a to g, factor that ranges from 7.46
to 7.72 with significant non-zero transversal component values
(Table 1).

Dynamic magnetic investigations. Dynamic magnetic mea-
surements were performed to investigate slow magnetic relaxation
behaviour. The field dependencies of the magnetic susceptibilities
are shown in Fig. S5 (ESIt). In the absence of a static applied field,
no out-of-phase " component was observed for any compound.
This is attributed to relaxation via fast Quantum Tunnelling of the
Magnetization (QTM) due to the non-zero g, and g, components.
QTM can be suppressed by applying an external magnetic field.
Moreover, z\’ maxima were detected for all complexes under
modest static fields. The magnetization relaxation times (7) were
extracted using an extended Debye model accounting for a single
relaxation contribution (eqn. (S1), ESIt) for [(S)-1]., [(S)-3]. and
[(S,S,S)-4], (Table S4-S6, ESIt). The complex [(S)-1], with three
crystallographic centres demonstrates only one contribution of
magnetization relaxation, as already observed for its dysprosium
analogue.® The broadness of the y,,” signal suggests the presence
of multiple contributions for the relaxation of the magnetization
of [(S,S,S)-2],.- Thus, an extended Debye model considering two t
(eqn (S2), ESIt) was used (Table S7, ESIt) for [(S,S,S)-2],. This
might be due to an intramolecular mechanism observed for
[Dy(hfac);((S)-L")],>* or to the loss of crystallization solvent mole-
cules. The latter could induce a partial collapse of the crystal
structure as a result of partial variation in atomic positions.
The log(z) vs. H plots are depicted in Fig. 2. The three compounds
[($)-1]n [(S)3]. and [(S,S,S)4], and the high frequency (HF)

Table 1 Energy splitting of the 2F7,, multiplet state with composition and
g factor values for each Kramers Doublet (KD)

Compounds g s 2 GS A (em™)
U(S)-1]n 017 035 750  90%|+7/2> 261
[(S,S,5)-2]. 0.09 011 772 95%]|+7/2> 263
[(5)-3]. 0.11 0.13 7.47 89%|+7/2> 280
[(S,S,5)-4].. 049 073 746  91%|+7/2> 181

“ The given values are the average values of the three crystallographi-
cally independent Yb(in) centres.

J. Mater. Chem. C, 2023, 11, 7299-7310 | 7301
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Fig. 2 Field dependence of the relaxation times for [(S)-11, (full black
squares), [(S,S,S)-21, (full blue lozenges for LF contribution and empty blue
lozenges for HF contribution)), [(S)-3], (full red up-triangles) and [(S,S,S)-
4], (full green circles). Black lines are the best-fitted curves.

contribution of [(S,S,5)-2],, display similar t field dependencies.
Conversely, the low-frequency (LF) contribution for [(S,S,S)-2],
exhibits a significantly slower magnetization relaxation rate. The
log(t) vs. H data can be fitted by eqn (1), and the fit parameters are
shown in Table S8 (ESI}).

( Uetf)

B

1 + ’Ealﬁ’ kgT +CT" (1)
—_——

-1 4
T,H)=AH'T + ———
v (T, H) T B

K(T)

From left to right, the terms are the expressions of Direct,
QTM and thermally activated (Orbach and Raman) contribu-
tions. As expected, the values of parameters for [(S)-1],, [(S)-3].
and [(S,S,S)-4],, are close to each other. Surprisingly, [(S,S,S)-2],
presents a different behaviour because it has two contributions:
HF and LF. Although the B; and k(7) values for the HF
parameter are close to those of the other three compounds,
the values for the LF contribution are significantly different
from the HF ones for [(S,S,5)-2], and the other compounds.
Such differences highlight the singular magnetic behaviour for
the LF contribution of [(8,S,S)-2],. In any case, the field depen-
dence of the relaxation times, as depicted in the data in Table
S8 (ESIt), suggests that at 1000 Oe, the tunnelling phenomena
should be largely diminished for all compounds, but direct
processes should not be strongly activated yet (Fig. S6, ESIT).

Thus, a field of 1000 Oe was selected to study the tempera-
ture dependence of the magnetic susceptibilities. For all com-
pounds, the y\” maxima clearly shift to higher frequencies as
the temperature increases (Fig. S7, ESIf). The temperature
variation in the magnetic susceptibility can be analysed in the
framework of an extended Debye model accounting for a single
7 (eqn (S1), ESIT) in the case of [(S)-1],, [(S)-3]. and [(S,S,S)-4].
(Tables S9-S11, ESIt). Normalized Argand plot attested that
95% of the samples are involved in slow magnetic relaxation
(Fig. S8, ESIt). For [(S,S,5)-2],, an extended Debye model is
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Fig. 3 Temperature variations in the relaxation times in the range of
2—-4.5 K under 1000 Oe for [(S)-1], (full black squares), [(S,S,S)-2], (full
blue lozenges for LF contribution and empty blue lozenges for HF con-
tribution)), [(S)-31,, (full red up-triangles) and [(S,S,S)-41, (full green circles).
The black lines depict the best fits with the parameters given in the text.

used, considering two 7 until 2.6 K and a single 7 for higher
temperatures (Table S12, ESIt). For [(S,S,S)-2],, satisfying fit-
tings can be reached with eqn (1) by considering only Raman
(CT") relaxation processes (Fig. 3). The fit parameters are shown
in Table 2. The Raman process at a given temperature is similar
for [(S)-1],, [(S;S,S)-2]. (HF), [(S)-3]. and [(S,S,S)-4],.. In particular,
the exponents display lower values than the expected theoretical
one (n = 9).°> Such deviations might suggest the participation of
optical phonons (molecular vibration modes) in the relaxation
processes.®® Conversely, the parameters for the [(S,S,5)-2], (LF)
contribution show significantly different values. The C para-
meter is three orders of magnitude lower than that of the other
compounds. The n exponent is equal to 6.92(4), a value closer to
the theoretical one, indicating a major involvement in acoustic
phonons (lattice vibrations) in the relaxation mechanism. No
general conclusions can be extracted, but the data seem to
indicate that for similar systems, optical phonons could allow
faster Raman magnetization relaxation than acoustic phonons.

Photo-physical Properties

UV visible absorption and CD investigations. The UV-visible
absorption and ECD spectra for the complexes [(S/R)-1], [(S,S,S/
R,R,R)-2], [(S/R)-3] and [(S,S,S/R,R,R)-4] in CH,Cl, solution are
presented in Fig. S9 (ESIt). The fragmentation of the polymeric
structures upon solubilisation and the reorganisation of both

Table 2 Fit parameters for the Raman relaxation processes extracted
from the t temperature dependences

Compound Cls K™ n
[(S)-1]. 124(1) 3.83(10)
[(S,5,8)-2], (HF) 357(1) 2.71(48)
[(8)-3]. 130(1) 3.78(9)
[(S,S,8)-4]. 257(23) 3.47(8)
[(S,S,8)-2]. (LF) 0.77(28) 6.92(4)

This journal is © The Royal Society of Chemistry 2023
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hfac™ anions and binaphtyl-based ligands was previously
demonstrated by NMR studies and DFT calculations.’® Thus,
n = 1 for the complexes in the solution. The two UV-visible
absorptions and ECD spectra are very similar to those observed
for their Eu(m) analogues, and they are briefly described as
reminders. The experimental absorption curves of the complexes
are composed of broad bands localized at 30-37 000 cm ™" and
43-45000 cm™ ' (or higher energy for partially hydrogenated
binaphtyl ligands), which are mainly attributed to the mn-m*
transitions of the binaphthyl-like moieties with a contribution
of the n-n* transitions of the hfac™ anions.**

The enantiomeric nature of the complexes in the CH,Cl,
solution at room temperature was confirmed by the ECD spectra.
The ECD signals of the complexes with the fully aromatic ligands
[(S/R)-1] and [(S,S,S/R,R,R)-2] appear more intense than those of
the complexes involving partially hydrogenated binaphtyl-based
ligands. The larger structural changes previously suggested after
coordination to the Yb(hfac); units for (S)/(R)-L' and (S)/(R)-L*
than for (S,S,S)/(R,RR)-L*> and (S,S,S)/(R,RR)-L* induce exalta-
tions of the ECD signals centred at 30000 cm™* (333 nm) and
34000 cm™ " (294 nm) for [(S/R)-1] and [(S/R)-3] similarly to what
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was observed for the Dy(ir) and Eu(m) analogues.>>®* The largest
absolute values of the dissymmetry factor |g.ps| display magni-
tude order of 10~ (eqn (S3) and Table S13, ESI¥).

In line with the exaltation of the low-energy ECD contribu-
tions after metal coordination, the complexes [(S/R)-1]
(3.50 x 107 at 333 nm) and [(S/R)-3] (2.92 x 10~ at 333 nm)
display stronger |g.ps| values than the corresponding free
ligands at the same wavelength. Such an increase at 294-
333 nm was not observed for the complexes [(S,S,S/R,R R)-2]
and [(S,S,S/R,R,R)-4], and the maximum g, values are deter-
mined at a higher wavelength (3.61 x 10~ for [(S,S,S/R,R,R)-2]
at 260 nm) and (1.10 x 10° for [(S,S,S/R,R,R)-4] at 244 nm)
(Table S13, ESI¥).

Luminescence and CPL investigations. For all complexes,
near-infrared (NIR) light emission can be detected upon excitation
at 280 nm (35 714 cm ™) in CH,Cl, solution at room temperature.
Such emission is characteristic of the *Fs, — *F-, transition for a
Yb(m) ion.*® Thus, the four binaphtyl-based ligands can act as
antennae chromophores for sensitization of the Yb(m) lumines-
cence via the antenna effect mechanism.®® The room temperature
emission spectra in the CH,Cl, solution are poorly resolved and
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Fig. 4 Total emission (top) and CPL spectra (bottom) measured in CH,Cl, solution under 280 nm (35714 cm™) irradiation at room temperature for (a) [(S)-1]
(gray line) and [(R)-1] (black line) (C = 1 x 10~ mol L), (b) [(5,5,5)-2] (light blue line) and [(R,R,R)-2] (dark blue line) (C = 1 x 107> mol LY, (c) [(S)-3] (light red
line) and [(R)-3] (dark red line) (C = 1 x 10~* mol L™%) and (d) [(S,S,5)-4] (light green line) and [(R,R,R)-4] (dark green line) (C = 5 x 107> mol L™).
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could be a consequence of additional contributions (hot bands)
and vibrational motions.”®*”

The emission decay curves can be fitted by mono-exponential
functions (Fig. S10, ESIt), confirming the presence of a single
spectroscopic Yb(i) site, thus supporting the existence of single
monomeric species in the solution. The order of magnitude of
the observed lifetimes (tops) is the same for all the samples with
Tops = 23.8 s, 23.2 ps, 22.3 ps and 12.2 ps for [(S/R)-1], [(S,S,S/
R,R,R)-2], [(S/R)-3] and [(S,S,S/R,R,R)-4], respectively.

Symmetrical CPL signals are recorded for each enantiomeric
pair (Fig. 4). Thus, the following discussion is given for (S)
enantiomers. A clear correspondence between the CPL and
luminescence transitions can be observed (Fig. 4) as well as
similarities between the CPL spectra of the different com-
pounds. All the CPL spectra are composed of four contributions
localized around 965 nm (10363 cm™ '), 980 nm (10204 cm ™ 1),
995 nm (10050 cm™') and 1030 nm (9709 cm™"). Transitions
from the ytterbium ion seem not to be environment dependent
for the transition location in wavelength, while the CPL has
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many changes in relative intensities and signs, as described
hereinafter. The shape of the CPL spectra, including the sign
and intensity of the four contributions, is similar for the two
[(S)-1] and [(S)-3] complexes as well as for the two [(S,S,S)-2] and
[(S,S,S)-4] complexes. Hence, the general feature of the CPL
spectra might be associated with the number of stereogenic
elements, one for [(S)-1] and [(S)-3] and three for [(S,S,S5)-2] and
[(S,S,5)-4], leading to different steric hindrances and variations in
the coordination spheres around the Yb(ur) centres. Interestingly,
such observations were already made for Eu(m) analogues,
demonstrating that the nature of the metal centres has no effect.
To provide a more detailed description of the CPL spectra, one
could observe that the four CPL contributions have positive/
negative/negative/positive (+/—/—/+) sign for both [(S)-1] and [(S)-
3] complexes, while the two other CPL spectra for [(S,S,S)-2] and
[(S5,S,5)-4] complexes have negative/positive/positive/negative
(—/+/+/—) signs. Moreover, the highest-energy CPL contribution
(corresponding to a hot band in the emission spectrum) is more
intense for [(S)-1] and [(S)-3] than for [(S,S,$)-2] and [(S,S,S)-4],
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Fig. 5 (a) (top) Total emission and (bottom) CPL spectra measured in solid-state under 280 nm (35714 cm™Y) irradiation at room temperature for [(S)-11,,
(gray line) and [(R)-1l, (black line) (C = 1 x 107> mol L™, (b) I(S,S,5)-2, (light blue line) and [(R,R,R)-2], (dark blue line) (C = 1 x 10> mol L), (c) [(S)-3],
(light red line) and [(R)-3], (dark red line) (C = 1 x 10~* mol LY and (d) [(5,S,5)-41, (light green line) and [(R,R,R)-4],, (dark green line) (C = 5 x 107> mol L™%).
(top) Total emission in solid-state under 350 nm (28 571 cm ™Y irradiation at 10 K (brown line) with vertical sticks representing the calculated energy splitting

of the ?F, level for (a) [(S)-11,, (b) [(S,S,5)-2],, (c) [(S)-3], and (d) I(S,S,S)-4],,.
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while the opposite trend is observed for the CPL contributions
centred at 995 nm (10050 cm ™).

The gium values are presented in Table S13 (ESIf). The
average maximum |g,m| values between the two enantiomers
for [(S/R)1] (|™glum| = 4.57 x 1072 at 980 nm), [(S,S,S/R,R,R)-2]
(I™*gium| = 5.23 x 10> at 977 nm), [(S/R)-3] (|™*Gium| = 4.63 x
1072 at 982 nm) and [(S,S,S/R,R,R)}-4] (| ™ Grum| = 2.64 x 10~ at
978 nm) display comparable values, which are in range of classical
Zium value for Yb(m) coordination systems.’®”® The nature of the
ligand does not seem to affect the |gj,m|of the zero phonon line at
980 nm, while other transitions, for instance, the hot band
localized at 960 nm, are more affected by the change in the ligand
(Table S14, ESIt).

Considering that this series of Yb(m)-based complexes
allowed us to observe slow magnetization relaxation in a solid
state, optical studies are also presented for the complexes in a
solid state. Moreover, the solid state allows emission measure-
ments at a low temperature (10 K), which may help to define the
crystal field splitting of the lanthanide ground state. Character-
istic NIR Yb(i)-centred emission can be observed for all species
upon excitation between 280 nm (35714 cm™ ') at room tem-
perature and 350 nm (28571 cm™ ') at 10 K (Fig. 5). Therefore,
the selected ligand systems act as antennas for the Yb(r) ion in
the solid state. As observed in the solution, the NIR total
emission spectra are scarcely resolved at room temperature
(Fig. 5). Three contributions can be recognized in each spectrum
centred at about 975 nm (10256 cm™ '), 1012 nm (9881 cm ™)
and 1033 nm (9681 cm ‘). Low-temperature measurements
at 10 K were performed for the four coordination polymers
(S enantiomers). The resolution of the spectra improved con-
siderably. Each spectrum at 10 K displays the four main signals
expected at a *Fs;, — °Fy transition (Table S14, ESIt). The
energy differences between each M; doublets experimentally
observed are equal to 285 cm™*, 397 cm™ " and 540 cm™ " for
[($)1]s; 314 ecm ™, 431 em ' and 558 cm ™' for [(S,S,S)-2],;
295 cm ™, 402 em ™' and 539 cm ! for [(S)-3], and 290 cm ™,
411 em ' and 535 em™! for [(S,S,S)-4],. Such total splitting
values indicate low symmetrical coordination environments for
the metal.””®® The minor differences observed between the
spectra (e.g. splitting, shape, and relative peak intensities) might
be attributed to the structural variations provoked by the enan-
tiopure ligands. It is well known, since the pioneering work of
Sessoli and coll,*" that magneto-structural correlation can be
done between magnetic properties and experimental lumines-
cence for a wide selection of lanthanide ions.?*™* Thus, the
®Fs;, — °Fy, energy splitting is compared to computed energy
splitting. The calculation at the CASSCF level gave the energy
splitting for the *F-, ground state depicted in the brown sticks in
Fig. 5, which is in good agreement with the energy position of
the emissive lines. The computed energy barrier values range
from 181 cm ™ * to 280 cm ™!, which are greater than the extracted
values from the ac magnetic measurements, thereby confirming
the absence of the Orbach process in the magnetic relaxation.

The differential emission between left and right circularly
polarized light was detected for all Yb(m)-based complexes in
the solid state at room temperature (Fig. 5). Almost symmetrical
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CPL spectra were recorded for each enantiomeric pair. The
signal intensity for complex [(S)/(R)-1], is particularly low, and
the CPL contribution in correspondence of the emission band
at 978 nm (10256 cm ') is not clearly detected. Two CPL
contributions can be unambiguously observed at approximately
985 nm (10152 ecm ™ ') and 1020 nm (9804 cm ). All the other
complexes present three well-defined CPL contributions with a
fourth weak CPL contribution at 960 nm for [(S)-3], (Fig. 5¢)
and [(S,S,5)-4],, (Fig. 5d). Both CPL signals at lower (975 nm)
and higher (1020 nm) wavelengths are positioned in correspon-
dence with the four peaks in the total emission. Conversely, the
central CPL signals around 960 and 985 nm do not correspond
with any main signal in the total emission. This is particularly well
highlighted when compared with the total emission studies at
10 K. Based on these considerations, it might be tempting to
assign these two CPL signals to “hot band” emissions. The gjum
values are close to 107> for [(S,S,S)/(R,R,R)-2],, [(S)/(R)-3], and
[(S,S,S)/(R,R,R)-4],, but weaker for [(S)/(R)-1], (Table S15). The
conversion of the polymeric nature of the compounds in solid-
state into monomeric ones in CH,Cl, solution did not induce any
obvious relation between CPL measurements in solution and
solid-state and did not allow rationalization for the inversion of
CPL contribution signs from solution to solid-state for some
compounds.®>#*

Conclusions

In conclusion, the four Yb(m) polymeric analogues of formulas
{[Yb(hfac);((S)/(R)-L)]}» (x = 1 and 3) and {[Yb(hfac)s((S,S,S)/
(RR.R)-L)]}, (x = 2 and 4) are synthetized and characterized by
SCXRD and PXRD, respectively. All the compounds displayed
field-induced SMM behaviour in the solid state with slow
magnetic relaxation occurring through the Raman process.
The binaphtyl-based ligands acted as organic chromophores
for the sensitization of the NIR *F5;, — F,,, Yb(ur) emission in
both the solution and solid states. The magnetic properties are
rationalized by ab initio calculations, and the computed crystal
field splitting is rationalized by the magneto-structural correla-
tion between magnetic and emissive properties. Finally, NIR-CPL
was detected in both the solution and solid states. A correlation
between the shape of the NIR-CPL and the nature of the chiral
ligand could be done, but such an investigation is more com-
plicated for solid-state measurements at this stage. This series of
compounds can be classified as field-induced SMMs emitting
CPL, and they are growing the short list of molecular systems
that display both SMM and CPL behaviors.>” %>

Experimental section

Materials

The precursors Yb(hfac);(H,0), (hfac™ = 1,1,1,5,5,5-hexafluoro-
acetylacetonate anion),*® ((S)/(R))-L* (x = 1 and 3) and ((S,S,S)/
(R,R,R))-L* (x = 2 and 4) ligands®” were synthesized following
previously reported methods. All other reagents were purchased
from Merck Co., Inc. and used without further purification.
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Synthesis

{[Yb(hfac)s((S)/(R)-LY]s}. ([(S)/(R)-1]n). 24.9 mg (0.03 mmol)
of [Yb(hfac);(H,0),] were added to a solution containing
22.5 mg (0.03 mmol) of (S)-L" or (R)}-L' in 1.5 mL of CH,Cl,.
After 15 minutes of stirring, 60 mL of n-hexane were layered.
After several days, the solution slowly evaporated, leading to a
colourless and microcrystalline solid. 28.3 mg, 61% yield for
[($)-1],, and 39.9 mg, 86% yield for [(R)-1],. Anal. Calcd (%) for
C177H105Yb3F5404,P6 ([(S)-1],): C 45.83, H 2.27; found: C 45.94,
H 2.33. Anal. Calcd (%) for Cy77H105Yb3F5,045P6 ([(R)-1],): C
45.83, H 2.27; found: C 45.87, H 2.31. L. R. (KBr, range 3200-
400 cm™1): 1656 (w), 1591 (m), 1558 (m), 1527 (m), 1501 (s),
1489 (s), 1456 (w), 1255 (s), 1191 (s), 1143 (s), 1102 (m), 1079
(m), 1029 (s), 1015 (s), 1005 (m), 994 (m), 966 (m), 951 (m), 902
(w), 875 (w), 869 (w), 850 (w), 807 (m), 796 (m), 779 (m), 763 (m),
753 (m), 740 (w), 704 (w), 686 (m), 662 (m), 615 (w), 585 (m), 558
(w), 554 (W), 526(w), 517 (W), 502(w), 495 (W), 482 (W), 464 (W)
and 457 (w) em ™ for [(S)-1] and for [(R)-1] (¢ = 1.0, CHCl;).

{[Yb(hfac)s(S,S,SVRRR)L )} ((S,S,S)(RRR)}2L). A
solution of 49.8 mg (0.06 mmol) of [Yb(hfac);(H,0),] in 5 mL
of CH,Cl, was added to a solution of 56.8 mg (0.06 mmol) of
(S,5,8)-L* or (RR,R)-L* in 5 mL of CH,Cl,. After 15 minutes of
stirring, 30 mL of n-hexane were layered. Slow diffusion led to
colourless single crystals that were suitable for X-ray studies.
74.4 mg, 71% yield in crystals for [(S,S,S)-2], and 81.7 mg, 78%
yield in crystals for [(R,R,R)-2],. Anal. caled (%) for C,5H3oYb-
F13014P, [(5,S,5)-2],: C 51.72, H 2.24; found: C 51.81, H 2.29. 1.
R. Anal. caled (%) for C;5H39YbF15014P; [(R,R,R)-2],: C 51.72, H
2.24; found: C 51.88, H 2.23. Representative L.R (KBr, range
1800-400 cm 1): 1654 (s), 1593 (w), 1558 (m), 1530 (m), 1507
(m), 1466 (m), 1257 (s), 1204 (s), 1147 (s), 1102 (m), 1072 (m),
1038 (m), 1014 (m), 973 (m), 898 (w), 813 (m), 798 (w), 750 (w),
662 (m), 587 (w) and 572 (w) cm™* for [(S,S,5)-2] and for
[(R,R,R)-2] (c = 1.0, CHCl,).

{[Yb(hfac)s((S)/(R)-L)]}. ([(S)/(R)-1],). 24.9 mg (0.03 mmol)
of [Yb(hfac);(H,0),] were added to a solution containing 22.8 mg
(0.03 mmol) of (S)-L? or (R)-L? in 1.5 mL of CH,Cl,. After 15 minutes
of stirring, 60 mL of n-hexane were layered. After several days, the
solution slowly evaporated, leading to a colourless and microcrys-
talline solid. 39.1 mg, 84% yield for [(S)-3], and 41.9 mg, 90% yield
for [(R)-3],.. Anal. Calcd (%) for CsoH,3YDF;5014P; ([(S)-3],): C 45.59,
H 2.77; found: C 45.64, H 2.79. Anal. Caled (%) for CsoH,3Yb-
F15014P; ([(S)-3].): C 45.59, H 2.77; found: C 45.55, H 2.86. L R.
(KBr, range 3200-400 cm ™ Y): 3079 (w), 2936 (w), 2863 (W), 1655 (s),
1591 (W), 1557 (m), 1527 (m), 1491 (s), 1256 (s), 1201 (s), 1147 (), 1102
(m), 1074 (m), 1027 (m), 1018 (m), 992 (m), 971 (W), 962 (W), 808 (W),
798 (m), 778 (W), 754 (m), 741 (W), 687 (W), 661 (m), 586 (m), 527 (W),
507 (w) and 466 (w) cm ™" for [(S)-3] and for [(R)-3] (c = 1.0, CHCL,).

{[Yb(hfac)s((S,S,)/(RRR) LI},  ((5SS)/(RRR)4],). A
solution of 5 mL of toluene containing 58.3 mg (0.06 mmol) of
(5,5,5)-L* or (RRR)-L* was added to a suspension of 49.8 mg
(0.06 mmol) of [Yb(hfac);(H,0),] in 3 mL of toluene. The result-
ing solution was stirred for 15 minutes. The slow diffusion of
n-pentane led to colourless crystals suitable for X-ray studies.
65.8 mg, 62% yield in crystals for [(S,S,S$)-4], and 59.4 mg, 56%
yield in crystals for [(R,R,R)-4],. Anal. calecd (%) for C,sHgs-
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YbF;3014P, ([(S,S,5)4].): C 51.02, H 3.57; found: C 51.15, H
3.66. Anal. caled (%) for C,sHg3YbF13014P; ([(R,R,R)-4],): C
51.02, H 3.57; found: C 51.11, H 3.51. Representative I. R.
(KBr, range 3200-400): 3079 (w), 2936 (w), 2863 (w), 1655 (s),
1591 (w), 1557 (m), 1527 (m), 1491 (s), 1256 (s), 1201 (s), 1147 (s),
1102 (m), 1074 (m), 1027 (m), 1018 (m), 992 (m), 971 (W), 962 (W),
808 (w), 798 (m), 778 (w), 754 (m), 741 (w), 687 (W), 661 (m), 586
(m), 527 (w), 507 (w) and 466 (w). for [(S,S,S)-4] and for [(R,R,R)-4]
(c = 1.0, CHCl,).

Material characterization

All solid-state characterization studies (elementary analysis, IR,
PXRD, magnetic susceptibility and photophysical measure-
ments) were performed on dried samples and are considered
without solvent of crystallization. The elemental analyses of the
compounds were performed at the Centre Régional de Mesures
Physiques de 1’Ouest, Rennes.

X-ray structure analysis

Single crystals were mounted using a D8 VENTURE Bruker-AXS
diffractometer for data collection for [(S)-1]., [(S,S,S)-2]. and
[(S)-3]. (Table S1, ESIt) and cell determination for [(S,S,S)-4].
(Table S2) (MoKo. radiation source, 2 = 0.71073 A) from the
Centre de Diffractométrie X (CDIFX), Université de Rennes 1,
France. Structures were solved with direct methods using the
SHELXT Program®® and refined with a full matrix least-squares
method on F2 using the SHELXL-14/7 program.®® Crystallo-
graphic data for the structure reported in this paper were
deposited with the Cambridge Crystallographic Data Centre
(insert CCDC 2238387-2238389%1 for [(S)-3]., [(S,S,8)-2]. and
[(S)-1]»). Powder X-ray diffraction (PXRD) patterns for all samples
were recorded at room temperature in the 26 range of 5-30° with
a step size of 0.026° and a scan time per step of 600 s using
a PANalytical X’Pert Pro diffractometer (Cu-L2, L3 radiation, 1 =
1.5418 A, 40 kV, 40 mA, PIXcel 1D detector). Data collector and
HighScore Plus software were used, respectively, for recording
and analysing the patterns.

Spectroscopic analysis

Optical rotations were recorded using a PerkinElmer Model 341
polarimeter. Absorption spectra were recorded on a JASCO
V-650 spectrophotometer in diluted solution using spectropho-
tometric grade solvents. Electronic circular dichroism (ECD)
was measured on a Jasco J-815 Circular Dichroism Spectro-
meter (IFR140 facility - Biosit-Université de Rennes 1). Lumi-
nescence spectra were measured using a Horiba-Jobin Yvon
Fluorolog-3 spectrofluorimeter equipped with a three-slit dou-
ble grating monochromator. The solid samples (crystalline
powders) were placed in quartz tubes (0.5 mm diameter) and
inserted in a quartz dewar filled with liquid nitrogen. The
excitation was provided by unpolarized light from a 450 W
xenon CW lamp and detected at an angle of 90°. An 830 nm
long-pass filter was placed between the sample and the detectors
to avoid the presence of stray light due to excitation. Spectra
were corrected for the emission spectral response (detector and
grating). Near infra-red emissions were recorded using either a
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liquid nitrogen cooled, solid indium/gallium/arsenic detector
(850-1600 nm) or a Symphony™ II CCD detector. For low-
temperature measurements, the quartz tube containing the sam-
ple was sealed and set into an Oxford Instrument helium-cooled
cryostat (Optistat CF2) inserted directly into the sample chamber
of the spectrofluorimeter. For luminescence lifetimes, the sample
was excited using a pulsed Nd:YAG laser (SpectraPhysics) operat-
ing at 10 Hz. Light emitted at right angles to the excitation beam
was focused onto the slits of a monochromator (PTI120), which
was used to select the appropriate wavelength. The growth and
decay of the luminescence at selected wavelengths were detected
using a Ge photodiode (Edinburgh Instruments, EI-P) and
recorded using a digital oscilloscope (Tektronix TDS320) before
being transferred for analysis. Luminescence lifetimes were
obtained by iterative reconvolution of the detector response
(obtained using a scatterer) with exponential components for
the growth and decay of the metal-centred luminescence.

A homemade CPL apparatus based on a standard photo-
elastic modulator (PEM from Hinds company) - polarizer
arrangement was used. The solid-state sample is placed
between two quartz windows and excited with a focused low-
cost unpolarised UV LED (wavelength at 365 nm, power 2 mW,
from Roithner), placed around 45 degrees of the collection angle.
The luminescent light is collected with a lens and directs to the
PEM and the following Glan polarizer (neutral axes at 45 degrees
of that of the PEM). A second lens focuses the light on the
entrance slit of a monochromator (Cornerstone CS260 from
Newport). A photomultiplier tube (H10330B-75 from Hamamatsu)
is used as a detector, and the electric signal is measured by
applying a Keythley multimeter for the DC signal UDC and a
Standford SR830 LockIn amplifier for the 1f modulated signal
U1F. The fluorescence signal is given by the DC part of the signal,
while the CPL is the modulated U1F signal, corrected by sqrt(2)
(as we measure the effective voltage) and j1(2.405)~0.519
(where J1 is the first kind Bessel function of the first order for a
PEM phase retardation amplitude of 2.405 radians). All the
spectra were obtained with a resolution of 3 nm in the whole
range for a step of 0.25nm and an integration time of 2.1 s.

Magnetic analysis

The dc magnetic susceptibility measurements were performed
on a solid polycrystalline sample with a Quantum Design
MPMS-XL SQUID magnetometer between 2 and 300 K in an
applied magnetic field of 0.02 T for temperatures of 2-20 K,
0.2 T for temperatures of 20-80 K and 17 for temperatures of
80-300 K. AC magnetic susceptibility measurements were per-
formed using a Quantum Design MPMS-XL SQUID for frequen-
cies between 1 and 1000 Hz and a Quantum Design PPMS
magnetometers for frequencies between 50 and 10000 Hz.
These measurements were all corrected for diamagnetic con-
tribution, as calculated with Pascal’s constants.

Computational details

Density Functional Theory (DFT) geometry optimisations were
carried out on the Y™ parent molecule as implemented in the
Gaussian 09 (revision D.01) package®® using the PBEO hybrid
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functional.’>* The atomic positions were extracted from the X-
ray crystal structures of [(S)-1],, [(S,S,S)-2]. and [(S)-3],, and the
dysprosium analogue of [(S,S,S)-4],. Only the hydrogen and
fluorine positions were optimized, whereas the other atomic
positions remained frozen. The « Stuttgart/Dresden » basis sets
and effective core potentials were used to describe the yttrium
atom,®® whereas other atoms were described with the SVP basis
sets.”” The wavefunction theory calculations (WFT) were carried
out using the OpenMolcas software package.” In these calculations,
the complete active space self-consistent field” (CASSCF) approach
was used to treat the static correlation effects arising from the
partially filled 4f shell of the Yb(m) ion. The second-order Douglas-
Kroll-Hess’**” scalar relativistic (SR) Hamiltonian was used to treat
the scalar relativistic effects combined with the all-electron atomic
natural orbital relativistically contracted (ANO-RCC) basis sets from
the OpenMolcas library.”* *° The basis sets were contracted to the
triple-{ plus polarization (TZP) quality for the Yb, O and N atoms
bonded to the lanthanide (Yb = 25522p15d11f4g2h/8s7p4d3f2g; O =
14s9p5d3f2g/4s3p2dif; N = 14s9p5d3f2g/as3p2dif), and to the
double-{ plus polarization (DZP) quality for the atoms of the
bridging ligand (C = 14s9p5d3f2g/3s2pld; F = 14s9p5d3f2g/
3s2p1d; and S = 17s12p5d4f2g/4s3p1d), while the rest of the atoms
were treated with basis set contracted to the double-{ quality (C =
14s9p5d3f2g/3s2p1d; H = 8s4p3d1f/2s). The calculations employed
the state-averaged formalism at the SR level by considering the 7
doublet spin states arising from the 13 electrons spanning the seven
4f orbitals (i.e. CAS(13,7)). The spin-orbit coupling (SOC) was then
introduced within a state interaction based on calculated SR
states using the restricted active space state interaction (RASSI)
approach.’® The EPR g-factors were calculated according to ref. 102
as implemented in the RASSI module of OpenMolcas, while the
magnetic susceptibility and magnetization calculations were per-
formed using the Single-Aniso and Poly-Aniso routines of Open-
Molcas as detailed in ref. 103.
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