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Magneto-structural correlation in lanthanide
luminescent [2.2]paracyclophane-based single-
molecule magnets+

Hadrien Flichot,® Annika Sickinger,® Jules Brom,® Bertrand Lefeuvre,?
Vincent Dorcet,? Thierry Guizouarn,® Olivier Cador, (2 Boris Le Guennic,®
Laurent Micouin,© Olivier Maury, ¢ Erica Benedetti*® and Fabrice Pointillart () *2

The association of lanthanide ions and paracyclophane derivatives has been very scarcely reported in the
literature. In this study, elaboration of five coordination lanthanide complexes involving the 1,4(1,4)-diben-
zenacyclohexaphane-12,43-diylbis(diphenylphosphine oxide) ligand (L) was achieved with the determi-
nation of single-crystal X-ray diffraction structures of four mononuclear complexes of formula [Ln
(hfac)s(L)] (hfac- = 1,1,1,5,5,5-hexafluoroacetylacetonate) (Ln = Dy(i) (1-Dy) and Yb(m) (2-Yb)) and [Ln
(tta)s(L)] (tta™ = 2-tenoyl-trifluoroacetylacetonate) (Ln = Dy(i) (3-Dy) and Yb(i) (4-Yb)) and one dinuclear
complex [Na(Dy,(hfac)s(L),)I(BArF) (BArF~ = tetrakis[3,5-bis(trifluoromethyl)phenyllborate) (5-Dy). The
compounds were characterized using elemental analysis, IR spectroscopy, DC and AC magnetic measure-
ments and photophysical investigations. L is an efficient organic chromophore for the sensitization of
both visible Dy(i) (1-Dy) and near-infrared Yb(i) (2-Yb and 4-Yb) luminescence. The combination of exci-
tation and emission spectra allowed the determination of the crystal field spitting of both the 2F7/2 ground
state and 2Fs,» excited state for 2-Yb and 4-Yb. Moreover, 3-Dy and the two Yb(in) derivatives displayed
field-induced single-molecule magnet (SMM) behaviour with slow magnetic relaxation occurring through
the Raman process only for 2-Yb and 4-Yb, whereas a combination of Orbach and Raman processes was

rsc.li/dalton identified for 3-Dy.

Introduction

Since the end of the 40’s and the discovery of the [2.2]paracy-
clophane (pCp) and its derivatives, their unique structural and
electronic properties have made them a centre of interest for
chemists." Indeed, these organic molecules are composed of
two ethylene arms linking two distorted benzene, which can
be decorated with a plethora of chemical groups.” [2.2]
Paracyclophanes have been successfully exploited in materials
science for the development of organic light-emitting diodes
(OLEDs) and nonlinear optical materials.® The most fascinat-

“Univ Rennes, CNRS, ISCR (Institut des Sciences Chimiques de Rennes) - UMR 6226,
35000 Rennes, France. E-mail: fabrice.pointillart@univ-rennes.fr

bUniv Lyon, ENS de Lyon, Université Claude Bernard Lyon 1, CNRS UMR 5182,
Laboratoire de Chimie, Lyon F-69342, France

“Université Paris Cité, CNRS, Laboratoire de Chimie et de Biochimie
Pharmacologiques et Toxicologiques, F-75006 Parls, France.

E-mail: erica.benedetti@u-paris.fr

tElectronic supplementary information (ESI) available: SCXRD and PXRD data,
computational details, DC and AC magnetic data, emission data. CCDC
2297628-2297632. For ESI and crystallographic data in CIF or other electronic
format see DOI: https://doi.org/10.1039/d4dt00536h

This journal is © The Royal Society of Chemistry 2024

ing property of the pCps is probably their planar chirality.*
Since their rigid structure precludes any rotational motion of
their aromatic rings, all mono-substituted pCps are optically
active compounds, and different planar chiral derivatives can
be rapidly generated by increasing the number of substituents
on the pCp core. The resulting optically active pCp derivatives
were exploited to build families of luminescent compounds
displaying electronic circular dichroism (ECD) and circularly
polarized luminescence (CPL).” Moreover, such pCp could be
used as ligands for designing coordination complexes or cata-
lysts in asymmetric catalysis and stereoselective synthesis.®”
Focusing on coordination complexes, lanthanide ions are
fascinating metal centres due to their magnetic and optical
behaviours. On the one hand, their high magnetic moment
and strong magnetic anisotropy made it possible to observe a
slow magnetic relaxation for a terbium mononuclear complex
in 2003,% called single-molecule magnet (SMM) behavior,’
paving the way for potential applications in high-density data
storage,'® quantum computing’ and spintronics.'* Then, che-
mists developed several approaches to enhance the magnetic
performances of SMMs, such as the involvement of organic
radicals to favour strong magnetic exchange interaction,'*"*
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organometallic chemistry to impose strong uniaxial crystal
field and high blocking temperatures>'® and metal-metal
bond to increase the coercive field.” On the other hand,
lanthanide ions are well-known for their specific emission
line-like spectra and long emission lifetimes,>*>* finding
applications in bioimaging,>*® optical telecommunication
devices**° and OLEDs.*"*?* For more than a decade, several
groups demonstrated that magneto-structural correlation
could be established between the magnetic and emissive pro-
perties in order to gain deeper insight into the physical behav-
iour of such systems.**°

The association of lanthanide coordination complexes with
chirality paved the way for the observation of new physical pro-
perties due to the cross-effect or synergy between two pro-
perties. For instance, circularly polarized luminescence and
magneto-chiral dichroism (MChD) can be detected with
remarkable signal intensities for chiral luminescent magnetic
lanthanide complexes.”*** In this context, some of us
exploited chiral ligands with helicoidal (helicene ligands) and
axial (binaphtyl ligands) chirality to design multifunctional
materials displaying CPL and/or MChD.***® The use of pCp
with planar chirality could be a suitable approach for design-
ing new CPL/MChD active lanthanide systems, allowing us to
go further into the origin of these properties by highlighting
the role of the type of chirality. However, examples of pCp-
based lanthanide compounds are very scarce and have only
been studied in their racemic form for their optical properties
(emission and singlet oxygen generation).**”° To the best of
our knowledge, no single-crystal X-ray diffraction structures of
these compounds have been reported so far.

In the next lines and as a first step before going to design
chiral pCp lanthanide compounds, we proposed to use a racemic
[2.2]paracyclophane decorated bisoxophosphine ligand (L) to
coordinate the building blocks of formula
Ln(p-diketonate);(H,0), (Ln = Dy(m) and Yb(m) (B-diketonate =
hfac™, 1,1,1,5,5,5-hexafluoroacetylacetonate or tta”, 2-tenoyl-tri-
fluoroacetylacetonate) and extend the rare reported examples of
pCp-based lanthanide coordination complexes. Their association
led to the formation of four mononuclear complexes
[Ln(hfac);(L)] (Ln = Dy(m) (1-Dy) and Yb(u) (2-Yb)) and
[Ln(tta);(L)] (Ln = Dy(w) (3-Dy) and Yb(w) (4-Yb)) and one dinuc-
lear complex [Na(Dy,(hfac)s(L),)](BArF) (5-Dy) in the presence of
the bulky tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (BArF~)
anion. All molecular structures were elucidated using single-
crystal X-ray diffraction, and their magnetic and photophysical
properties were investigated. A magneto-structural correlation
was performed and rationalized by a computational approach.

Results and discussion

Synthesis of the [2.2]paracyclophane-based bisoxophosphine
ligand (L)

The pCp-based ligand L was prepared in two steps, starting
from commercially available 4,16-dibromo[2.2]paracyclophane
(P1) via an optimization of previously reported procedures. P1
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was first submitted to an isomerization reaction occurring in
triglyme at 220 °C under microwave irradiation. This trans-
formation allowed us to isolate the desired racemic 4,12-
dibromo[2.2]paracyclophane (P2) in 84% yield after purifi-
cation over silica gel column chromatography. This compound
was then submitted to a double bromine-lithium exchange,
followed by a reaction with diphenylphosphinyl chloride (2.2
equiv.) to obtain the desired product in 45% isolated yield
(Scheme 1). The racemic pCp ligand L was used for the prepa-
ration of all mononuclear Ln complexes. The latter were easily
obtained by an equimolar reaction of L with Ln(hfac);(H,0),
or Ln(tta);(H,0), (Ln = Dy(u) and Yb(ur)).

Crystal structure analysis

[Dy(hfac);(L)] (1-Dy). 1-Dy crystallized in the monoclinic
space group P21/n (N°14) (Table S1t). The asymmetric unit is
composed of one complex with the formula [Dy(hfac);(L)]
(Fig. 1 and Fig. S1t). The Dy(m) centre is surrounded by eight
oxygen atoms coming from three hfac™ anions and one bische-
lating L. The average Dy-Op—o bond length (2.249 A) is shorter
than the Dy-Opg,. bond length (2.385 A). The arrangement of
the ligands around the lanthanide ion leads to a dodecahe-

Br

P1 P2 (84%) L (45%)

Scheme 1 Synthetic route for L with reaction conditions: (a) pW, tri-
glyme, 220 °C, 2 h (three iterations); (b) t-BuLi (1M in THF, 4 equiv.), THF,
—78 °C to rt, 15 min, then Ph,POCI (2.2 equiv.), rt, 2 h.

Fig. 1 Molecular structure of 1-Dy. Colour code: white, H; grey, C;
green, F; red, O; orange, P; blue, Dy.

This journal is © The Royal Society of Chemistry 2024
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dron (D,q symmetry) as coordination polyhedra. The distortion
is visualized by continuous shape measures performed with
SHAPE 2.1 (Table S21).>! The single crystal of 1-Dy contains a
1:1 mixture of Rp and Sp enantiomers of L. The torsion angle
between the benzene rings of the paracyclophane moiety is
+24.6°. The crystal packing revealed r-interactions between the
phenyl rings of the pCp and diphenyl oxo-phosphine groups
(Fig. S2t). The shortest Dy---Dy distance was measured at
11.618 A. All the complexes in the (110) plane (Fig. S2t)
involved L ligand with the same chirality while the neighbour-
ing plane contains complexes with ligand L of opposite chiral-
ity. The phase purity was checked by powder X-ray diffraction
comparing the experimental PXRD of 1-Dy with the simulated
PXRD obtained from the single crystal X-ray structure
(Fig. S37).

[Yb(hfac);(L)] (2-Yb). 2-Yb crystallized in the tetragonal
space group I4,/acd (N°142) (Fig. S4 and Table S1%). The asym-
metric unit is composed of a one-half complex of 2-Yb. One
could notice that 2-Yb crystallizes in a different space group
than 1-Dy, which might be due to the smaller ionic radius of
Yb(ir) compared to Dy(ur). Nevertheless, the complex formed is
very similar to 1-Dy, with the three ancillary hfac™ ligands
being 50/50% disordered in two positions. The average Yb-
Op—o and Yb-Opge bond lengths are equal to 2.188 A and
2.336 A, respectively. The torsion angle is +22.4° and the short-
est Yb---Yb intermolecular distance is equal to 12.148 A. The
phase purity was checked by powder X-ray diffraction compar-
ing the experimental PXRD of 2-Yb with the simulated PXRD
obtained from the single crystal X-ray structure (Fig. S51).

[Ln(tta);(L)] Ln = Dy (3-Dy) and Yb (4-Yb). Both compounds
are isomorphous and only the molecular structure of 3-Dy is
described with numerical values for 4-Yb in square brackets. 3-
Dy crystallized in the monoclinic space group P2,/n (N°14)
(Table S1t). The asymmetric unit is composed of one complex
with the formula [Dy(tta);(L)] (Fig. 2 and Fig. S6T for 3-Yb and
Fig. S7} for 4-Yb).

View Article Online
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The Dy(m) centre is surrounded by eight oxygen atoms
coming from three tta” anions and one bischelating L. The
average Dy-Op_o bond length (2.265 A) [2.222 A] is shorter
than the Dy-Oy, one (2.374 A) [2.344 A] and they are close to
those found for 1-Dy. The replacement of hfac™ with tta™ did
not change the arrangement of the ligands around the lantha-
nide ions. The coordination polyhedron keeps the dodecahe-
dron prism (D,q symmetry) with a similar distortion from the
ideal symmetry than the one calculated for 1-Dy [3-Dy] and 2-
Yb [4-Yb] (Table S2+).>" The torsion angle was measured at
+23.6° [22.4°]. Intramolecular S-S contacts were identified
with the S2---S3 short contact (3.631 A) [3.590 A]. Crystal
packing revealed n-interactions between the phenyl rings of
the pCp and diphenyl oxo-phosphine groups and additional
intermolecular S2---S2 short contact (3.601 A) [3.678 A]
(Fig. S87). The shortest Dy---Dy distance was measured to be
11.163 A [11.217 A]. The phase purity was checked using
powder X-ray diffraction comparing the experimental PXRD of
3-Dy with the simulated PXRD obtained from the single crystal
X-ray diffraction (Fig. S9%).

[Na(Dy,(hfac)e(L),)](BArF) (5-Dy). 5-Dy was obtained as 1-Dy
in the presence of an excess of NaBArF salt. 5-Dy crystallized in
the triclinic space group P1 (N°2) (Table S1t). The asymmetric
unit is composed of two [Dy(hfac);(L)] complexes, one Na()
cation and one BArF™ anion (Fig. 3 and Fig. S107).

5-Dy can be seen as two 1-Dy complexes linked by a sodium
cation. The latter is eight coordinated to four fluorine atoms
(Na-F = 2.416 A) and four oxygen atoms (Na-O = 2.435 A) from
the hfac™ ligand. Such an assembly is surprising because some
of us showed that the Ln(hfac); building block is able to
release a p-diketonate in the presence of NaBArF salt.>®> The
sodium cation links two complexes involving L with opposite
chirality. The torsion angles are —23.9° and +15.1° for the pCp,

Fig. 2 Molecular structure of 3-Dy. Code colour: white, H; grey, C;
green, F; red, O; orange, P; yellow, S; blue, Dy.

This journal is © The Royal Society of Chemistry 2024

Fig. 3 Molecular structure of 5-Dy. Code colour: grey, C; green, F; red,
O; orange, P; purple, Na; blue, Dy.
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respectively, coordinated to the Dyl and Dy2 centres. The
average Dy---Na distance is 3.935 A while the intramolecular
Dy---Dy distance is 7.846 A. Moreover, the shortest inter-
molecular Dy---Dy distance is 11.826 A. The crystal packing
highlighted that the BArF~ anion prevents z-interactions
between the phenyl rings of paracyclophane and bisphenyl
oxophosphine groups (Fig. S117).

Magnetic investigations

The temperature dependence of y\T for samples 1-5 are rep-
resented in Fig. 4. Room temperature values are 13.74 cm® K
mol™, 2.37 em® K mol™, 13.39 cm® K mol™, 2.26 cm® K
mol ™" and 26.56 cm® K mol ™" for 1-5, respectively. Such values
are in agreement with the expected values of 14.17 cm® K
mol " (for one Dy(m) with a °H;5/, ground state (GS) and g; = 4/
3), 2.57 em® K mol™" (for one Yb(m), *F;, GS, g = 8/7) and
28.34 cm® K mol™" for two Dy(m) ions.>>>* Upon cooling, yyT
decreases monotonically down to 10.55 cm® K mol ™, 1.00 cm®
K mol™, 11.10 cm® K mol ™, 0.84 cm® K mol™* and 19.12 cm®
K mol ™" for 1-5, respectively. Such a decrease could be attribu-
ted to both thermal depopulation of the my states of the Dy(i)
and Yb(m) ions and antiferromagnetic interactions between
the different magnetic centres. Magnetizations for 1-5 at 2 K
are depicted in Fig. S121 with experimental values of 4.86Np,
1.47Np, 5.02Np, 1.46Np and 9.89Np at 50 kOe, respectively. DC
magnetic measurements show that the two Yb(m) derivatives
have very similar magnetic behaviour while significant differ-
ences are observed for the Dy(u) derivatives. One could thus
anticipate very similar dynamic magnetic behaviour for the
two Yb(ur) derivatives while some differences may appear for
the two Dy(u) derivatives.

As shown in Fig. 4 and Fig. S12,7 DC magnetic data are well
corroborated by the results of ab initio calculations (see com-
putational details in Experimental section) on 1-Dy, 2-Yb, 3-Dy
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24 | i
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A\ |
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N
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Fig. 4 Temperature dependence of yuT for 1-Dy (open blue circles), 2-
Yb (open wine circles), 3-Dy (open red circles), 4-Yb (open green circles)
and 5-Dy (full blue circles). Full lines correspond to calculated data.
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and 4-Yb. As already seen in previous works,>*>® while a good
agreement is obtained at the CASSCF level for the Dy com-
plexes, adding dynamical correlation through perturbative
treatment is mandatory for the Yb systems. Computed energy
and wavefunction composition for each M; state of the ground-
state multiplet as well as component values of the Lande g
factor are given in Tables S9-S12.1 In particular, one may
notice the highly mixed composition of the ground state wave-
function of 2-Yb and 4-Yb that precludes any exciting SMM
behaviour. For the Dy derivatives, while 1-Dy presents a GS
with non-negligible |+13/2) contribution and extremely close
first excited state, 3-Dy behaves differently with a well-separ-
ated ground state mainly composed of M; = |+15/2) giving rise
to Ising g-tensor (gx = g, = 0; g; = 19.5), a prerequisite for
observing SMM behaviour.

The in-phase (y'\) and out-of-phase (y”y) components of
the AC magnetic susceptibility for compounds 1-5Ln were
measured using immobilized selected and crunched single
crystals. For both compounds 1-Dy and 5-Dy, no out-of-phase
signal was detected in zero and applied magnetic field in the
1-10 000 Hz frequency range and at 2 K. The three other com-
pounds 2-4Ln did not display any y"\; contribution in zero DC
field due to significant quantum tunnelling of the magnetiza-
tion (QTM). Nevertheless, QTM could be cancelled by applying
an external DC field (Fig. S13-S15%). Field dependence of the
magnetic susceptibility for 2-4Ln were measured, and the
relaxation times (z) were extracted with an extended Debye
model®’° (eqn (S1) and Tables $3-S51) fitting simultaneously
the two in-phase (y'y) and out-of-phase (y"y;) components of
magnetic susceptibility. The best fit of the field dependence of
the relaxation time at 2 K was obtained using eqn (1).

-1 Bl

:TBZI_IZ'FZB:,H'" + By (1)

From left to right, the terms are the expressions of QTM,
direct and thermally activated (Orbach + Raman) contri-
butions. The best-fitted parameters for m fixed to 4 are: B; =
3.33(2) x 10° 57, B, = 8.85(6) x 10> Oe 2, B; = 8.20(5) x 107"
s K ' Oe™* and B, = 29.25(6) s~* for 3-Dy, B; = 1.32(13) x 10°
s, B, = 7.71(15) x 104 Oe %, By = 7.67(13) x 107 7' K !
Oe™* and B, = 7.95(13) x 10> s™* for 2-Yb and B; = 9.54(42) x
10® 57", B, = 1.83(1) x 10™° Oe %, B; = 8.21(5) x 10 7' K"
Oe™* and B, = 60.03(51) x 10> s™* for 4-Yb. It is worth noting
that the fits are used in a qualitative manner to evaluate the
nature of the magnetic relaxation involved at 2 K under an
applied magnetic field. Thus, the fitting procedure highlights
that QTM, thermally activated mechanisms (Orbach + Raman)
and direct relaxation processes are dominating in weak, mod-
erate and high fields, respectively. The selected field, defined
as a compromise between the relaxation time and the ampli-
tude of the out-of-phase component, is 1000 Oe for 2-Yb, 3-Dy
and 4-Yb.

Under such an applied field, 2-4Ln show frequency depen-
dence of the out-of-phase signal of the magnetization
(Fig. S16-S187), which can be analysed in the framework of the
extended Debye model.>’>° The temperature dependence of

This journal is © The Royal Society of Chemistry 2024
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the relaxation time is plotted and depicted in Fig. 5d (Tables
S6-S8t1), and the normalized Argand (Fig. S19-S217}) concluded
that more than 90% of the sample was slowly relaxing under
the selected applied DC field. The thermal variation of the
relaxation time could be fitted using eqn (2) for the three com-
plexes considering a Raman process. For 3, an additional
Orbach process was identified for 7> 4 K.

A
771 = CTn +Tal eXp(— ﬁ) (2)
Raman e
Orbach

The best fit was obtained with C = 36.7(8) K™ s~ and n =
4.53(2) for 2-Yb, C = 8.2(3) K™ s~ with n = 2.96(2) and 7,
2.12(11) x 10™° s and A = 27.7(4) K (19 em™") for 3-Dy and C =
496.3(26) K™ s with n = 1.83(6) for 4-Yb, where C and n are
the constant and exponent factor of the Raman process, 7, and
A are the relaxation time and the energy barrier of the Orbach
relaxation process. The energy barrier found from the AC data
(19 em™) and ab initio calculation (31.8 cm™") are of the same
order of magnitude. The expected n value for Kramers ions
should be 9,°° but it is well known that for molecular systems,
the presence of both acoustic and optical phonons can lead to
lower values comprised between 2 and 7°7°® or even lower
than 2 for some organometallic complexes and when phonon
bottleneck process is involved.®*
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Fig. 5 Field dependence of the magnetic relaxation time (full black
circles) at 2 K in the field range of 0-3000 Oe for 3-Dy (a), 2-Yb (b) and
4-Yb (c) with the corresponding best fit depicted in the full red line. The
separated thermally activated Orbach + Raman, QTM and direct pro-
cesses are drawn in dashed black, blue and green lines, respectively. (d)
Thermal dependence of the magnetic relaxation time for 2-Yb under
1000 Oe applied magnetic field in the 2-3.4 K temperature range (full
grey circles), for 3-Dy under 1000 Oe applied magnetic field in the
2-5.7 K temperature range (full black circles) and for 4-Yb under 1000
Oe applied magnetic field in the 2—-3 K temperature range (full light grey
circles). Full red lines are the best-fitted curves (see text) while the
dashed lines are the Orbach (black) and Raman (blue) contributions.
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As expected from the DC magnetic measurements, the two
Yb(ur) derivatives (2-Yb and 4-Yb) behave similarly with field-
induced SMM behaviour while the Dy(m) compounds show
different magnetic behaviour with no slow magnetic relaxation
for 1-Dy and 5-Dy but a field-induced SMM behaviour for 3-Dy.
This difference in SMM behaviour within the Dy series is well
illustrated computationally by the magnetic transition
moments calculated for 1-Dy and 3-Dy (Fig. S221) and com-
puted energy levels (Tables S9-S12+). Moreover, the main mag-
netic anisotropy axis appears perpendicular to the P—=0O-Dy-
O=P direction and along the two hfac™ anions, which are loca-
lized in the same plane. Such direction corresponds to the
most charged orientation of the oblate Dy(ur) ion coordination
sphere (Fig. S23t) while the less charged orientation is pre-
ferred for the main component of the magnetic anisotropy
axis in the case of prolate Yb(u) derivatives (2-Yb and 4-Yb)
(Fig. S241).

Photophysical properties

The emission properties of the four mononuclear complexes
1-4Ln were recorded at room temperature and at low tempera-
ture (77 K) in the solid state under 340 nm light irradiation. 1-
Dy displayed the classical visible emission of the Dy(u) ion
attributed to the *Fo;, — °H,, transitions (Fig. 6a and
Fig. S25%) while the two 2-Yb and 4-Yb complexes displayed
the classical NIR Yb(m) centred emission attributed to the *Fs,
— *F,, transitions (Fig. 6b and Fig. $261). On the contrary, 3-
Dy showed no metal-centred emission, probably because Dy(m)
luminescence (475 nm, 21053 cm ') is quenched by the too-
low-energy triplet state of the tta™ anion in the Ln(tta); moiety
(527 nm, 18975 cm ').*® The emission spectra recorded at
room temperature are not resolved enough to define the
crystal field splitting of the ground state. Thus, emission
measurements were carried out at liquid nitrogen temperature.
At 77 K, the emission spectrum of 1-Dy displayed eight contri-
butions centred at 472.7 nm (21155 cm '), 474.3 nm
(21084 cm™), 4764 nm (20991 cm™'), 478.3 nm
(20907 cm™), 479 nm (20 877 cm™"), 481.1 nm (20 786 cm™),
482.2 nm (20738 cm™') and 489 nm (20450 cm™"). The con-
frontation with the excitation spectra (Fig. 6a) allowed us to
attribute the two highest-energy lines to hot bands and the
emission contribution at 20 991 cm™" to the zero-phonon line.
Thus, six of the eight expected contributions for the *Fo;, —
®H,s,, transition could be identified while the two missing
contributions cannot be unambiguously identified. The com-
putational investigation suggested that the energy difference
between the two lowest energy Kramers doublets (KDs) is very
weak (7 cm™). Such a small energy gap was not observable on
the luminescence spectrum of 1-Dy but it was in agreement
with the lack of slow magnetic relaxation. As already observed
for similar Dy(m) coordination compounds,®®®” the energy
splitting for the °H;s;, ground state tends to be underesti-
mated by calculation at the CASSCF level (Fig. 6a).

Irradiation at 340 nm of the solid-state samples of 2-Yb and
4-Yb at 77 K led to the observation of resolved Yb(ui) centred
emission spectra (Fig. 6b and Fig. S261). Each spectrum dis-
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Fig. 6 Room (dashed grey line, only for Yb(i) derivatives) and low (full black line) temperature (77 K) solid-state emission spectra for 1-Dy (a) and 2-
Yb (b) under irradiation at lexc = 340 nm and their corresponding excitation spectra (full blue line) obtained by detection at 490 nm for 1-Dy and
1025 nm for 2-Yb. The vertical red sticks represent the experimental energy splitting of the ground and first excited levels, with the dashed vertical
sticks indicating the zero-phonon line. The corresponding energy diagrams of the ground and first excited state splitting for the two compounds are

depicted at the bottom part of the corresponding spectra.

played the four main signals expected for the *Fs;, — *F;, tran-
sition. The energy differences between each experimentally
observed m; doublet correspond to the crystal field splitting of
the °F,, ground state and are represented in the respective
energy diagrams (right part of Fig. 6b and Fig. S267). The
measurements of the excitation spectra for both compounds
led to the determination of the energy splitting for the *Fs,
excited state as well as the identification of the zero-phonon
line. The energy splitting of both ground and excited states are
similar for 2-Yb and 4-Yb, which is in agreement with their
structural analysis. The total energy splitting for the ground
state is 492 em™" for 2-Yb and 529 ecm™" for 4-Yb. Such total
splitting values indicate low symmetrical coordination environ-
ments of the metal ion,*®® as already observed in previously
reported compounds.*® This splitting is well recovered at the
CASPT2 level for 2-Yb, especially the energy gap between the
lowest KDS (AEey, = 194 cm ™ and AEqy. = 217 em ™) (Fig. 6b)
while it remains slightly too low in the case of 4-Yb (AEc, =
283 cm™" and AE. = 121 cm™ ') (Fig. S267). The poor agree-
ment with the computed energy splitting for 4-Yb (Fig. S267)

8196 | Dalton Trans., 2024, 53, 8191-8201

could be due to the uncertainties of the experimental emission
contributions linked to the lower resolution of the 4-Yb emis-
sion spectra compared to that of 2-Yb. Additional emission
lines can be identified for the two Yb(m) analogues, which can
be attributed to hot bands and vibrational contributions.*’*®
The emission decay curves can be fitted by mono-exponential
functions (Fig. S277), confirming the presence of a single spec-
troscopic Yb(m) site and thus supporting the existence of
single monomeric species in solution. The order of magnitude
of the observed lifetimes (zops) iS 7ops = 21.0 ps for 2-Yb and
13.9 ps for 4-Yb.

Conclusions

The reaction between the [2.2]paracyclophane-based
Bisoxophosphine ligand and [Ln(hfac);(H,0),] or [Ln
(tta)3(H,0),] (Ln(m) = Dy and Yb) led to the formation of rare
examples of lanthanide coordination complexes involving
paracyclophane ligand. A dinuclear complex could be obtained

This journal is © The Royal Society of Chemistry 2024
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in the presence of NaBArF salt. The mononuclear complexes of
formula [Yb(hfac);(L)] (2-Yb), [Dy(tta);(L)] (3-Dy) and [Yb
(tta)s(L)] (4-Yb) displayed field-induced SMM behaviour with
magnetic relaxation occurring through the Raman process for
2-Yb and 4-Yb, and a combination of Orbach and Raman pro-
cesses for 3-Dy. The [2.2]paracyclophane decorated with two
oxophosphine groups played the role of an organic chromo-
phore for the efficient sensitization of both visible Dy(m) (for
1-Dy) and near-infrared Yb(u) (for 2-Yb and 4-Yb) emissions.
In cases of Yb(um) derivatives, magneto-structural correlation
and comparison of both excitation and luminescence spectra
led to the determination of the crystal field splitting of the
’F,, ground state and Fs, first excited state. 2-Yb and 4-Yb
can be described as unprecedented field-induced luminescent
lanthanide SMMs involving paracyclophane ligands. The elab-
oration of the enantiopure complexes for chiroptical investi-
gations is in progress in our laboratory.

Experimental section

Materials

The metal building blocks Ln(hfac);(H,0), (hfac™ = 1,1,1,5,5,5-
hexafluoroacetylacetonate anion)’® and Ln(tta);(H,0), (tta™ =
2-thenoyltrifluoroacetylacetonate anion)”* (Ln = Dy(m) and Yb
(1)) were synthesized following previously reported methods.
Commercially available 4,16-dibromo[2.2]paracyclophane was
purchased from Fisher Scientific and used as received. All
other reagents were purchased from Merck Co., Inc. and used
without further purification.

Synthesis

[2.2]paracyclophane decorated Bisoxophosphine ligand (L).”>

Synthesis of 4,12-dibromo[2.2[paracyclophane (P2). In a 30 mL
glass microwave vessel were added commercially available
4,16-dibromo[2.2]paracyclophane (P1, 1 equiv,, 5 g,
13.6 mmol) and triglyme (20 mL). The reaction mixture was
then heated to 220 °C in a microwave reactor. After 2 h, the
reaction was cooled to room temperature, diluted with triglyme
and the solid was filtered. The filtrate, which contains the reac-
tion product, was diluted with water and extracted with diethyl
ether (3x). The combined organic phases were washed with
water and brine, dried over MgSO,, and the solvents were evap-
orated under reduced pressure. The solid (starting material)
was recovered and engaged once again in the isomerization
reaction under microwave irradiation. This step was repeated
until no more solids were recovered after the process. The com-
bined crude products were purified via silica gel column
chromatography using cyclohexane/ethyl acetate 9:1 as the
eluent to obtain the desired product (4.2 g, 11.4 mmol, 84%
yield) as a white solid. "H NMR (500 MHz, CDCl;): 6 7.19 (d, J
= 1.6 Hz, 2H), 6.52 (dt, J = 7.8, 4.6 Hz, 4H), 3.45 (ddd, J = 13.3,
9.8, 2.0 Hz, 2H), 3.14-2.97 (m, 4H), 2.81 (ddd, J = 13.4, 10.3,
6.8 Hz, 2H) ppm. *C NMR (125 MHz, CDCl;): § 141.3, 138.7,
135.0, 132.7, 131.6, 126.6, 35.8, 32.4 ppm. Spectroscopic data
are consistent with the literature data for this compound.”
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Synthesis of 1,4(1,4)-dibenzenacyclohexaphane-1°,4°-diylbis
(diphenylphosphine oxide) (L). tert-Butyllithium (4 equiv.,
13.7 mL, 21.85 mmol) was added dropwise over an hour to a
solution of 4,12-dibromo[2.2]paracyclophane (P2, 1 equiv., 2 g,
5.46 mmol) in dry THF (60 mL) at —78 °C. After 15 minutes,
the reaction mixture was allowed to warm up to room tempera-
ture, and diphenylphosphinic chloride (2.2 equiv., 2.29 mlL,
12.02 mmol) was added. The reaction was stirred for 2 hours
at rt, then poured into 2 N HCI (150 mL). The resulting
aqueous mixture was extracted with CH,Cl, (3x). The organic
layers were combined, dried over MgSO,, and the solvent was
evaporated. The resulting solid was heated in an ethyl acetate/
pentane mixture (2:3), then cooled and filtered to afford the
desired ligand L (1.3 g, 2.46 mmol, 45% yield) as a white solid.
'H NMR (500 MHz, CDCl;) § 7.75-7.60 (m, 4H), 7.60-7.42 (m,
10H), 7.38 (td, J = 7.4, 1.2 Hz, 2H), 7.34-7.21 (m, 4H), 7.14 (dd,
J =14.6, 1.5 Hz, 2H), 6.76 (d, J = 7.6 Hz, 2H), 6.64 (dd, ] = 7.6,
4.1 Hz, 2H), 3.35 (ddd, J = 12.6, 10.4, 6.7 Hz, 2H), 3.27-3.18
(m, 2H), 3.07-2.96 (m, 2H), 2.73 (ddd, J = 13.2, 10.4, 6.7 Hz,
2H). '*C NMR (125 MHz, CDCl,): § 144.7 (br), 139.6 (d, J = 12.8
Hz), 138.1 (d, J = 11.6 Hz), 135.3 (d, ] = 11.2 Hz), 132.14 (d, ] =
9.5 Hz), 131.9 (br), 131.7 (d, J = 1.6 Hz), 131.5 (br), 128.2 (d, ] =
12.0 Hz), 35.7, 34.4. >'P NMR (202 MHz, CDCl;) § 24.7 ppm.
Spectroscopic data are consistent with the literature data for
this compound.”

[Dy(hfac);(L)] (1-Dy). 1 equiv. (16.4 mg, 0.02 mmol) of Dy
(hfac);(H,0), was dissolved in 5 mL of CH,Cl, and 1 equiv.
(12.2 mg, 0.02 mmol) of L was dissolved in 6 mL of CH,Cl,.
The two resulting CH,Cl, solutions were mixed and stirred for
30 minutes at room temperature. After this delay, 50 mL of
n-hexane was layered. Slow diffusion, followed by slow evapor-
ation, led to colourless single crystals that were suitable for
X-ray studies. 16.7 mg, 60% yield. Anal. caled (%) for
CssH;,DyF;504P,: C 47.40, H 2.66; found: C 47.32, H 2.71. L R.
(KBr, range 3200-500 cm™') 3061, 2946, 2865, 1657, 1554,
1528, 1506, 1256, 1204, 1144, 800, 684, 662 and 585 cm ™.

[Yb(hfac);(L)] (2-Yb). A similar protocol as for 1-Dy was
employed using 16.7 mg of Yb(hfac);(H,O), instead of Dy
(hfac);(H,0),. 14.6 mg, 52% yield. Anal. Caled (%) for
CssH,, YDF,50gP,: C 47.08, H 2.64; found: C 47.12, H 2.66. L. R.
(KBr, range 3200-500 cm™') 3060, 2946, 2865, 1655, 1554,
1528, 1503, 1258, 1204, 1144, 798, 685, 660 and 585 cm ™.

[Dy(tta);(L)] (3-Dy). A similar protocol as for 1-Dy was
employed using 17.3 mg of Dy(tta);(H,0), instead of Dy
(hfac);(H,0),. 14.1 mg, 49% yield. Anal. Caled (%) for
CeaHuoDyFoOgP,S;: C 53.53, H 3.21; found: C 53.44, H
3.19. I R. (KBr, range 3200-500 cm™ ) 3058, 2950, 2865, 1655,
1554, 1529, 1500, 1260, 1207, 1144, 799, 685, 660 and
584 cm™.

[Yb(tta);(L)] (4-Yb). A similar protocol as for 3-Dy was
employed using 18.0 mg of Yb(tta);(H,O), instead of Dy
(tta)3(H,0),. 14.1 mg, 49% yield. Single crystals suitable for
X-ray studies were obtained after recrystallization in toluene
and diffusion of n-pentane. Anal. Caled (%) for
CosHaeYDF,OgP,S;: C 53.14, H 3.18; found: C 53.11, H
3.22. I. R. (KBr, range 3200-500 cm™ ) 3061, 2954, 2865, 1650,
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1552, 1529, 1499, 1261, 1207, 1144, 803, 685, 659 and
584 cm ™.

[Na(Dy,(hfac)s(L),)](BArF) (5-Dy). 32.9 mg (0.04 mmol) of
Dy(hfac);(H,0), and 35.4 mg (0.04 mmol) of NaBArF were dis-
solved in 5 mL of CH,Cl,, and 12.2 mg (0.02 mmol) of L was
dissolved in 5 mL of CH,Cl,. The two resulting CH,Cl, solu-
tions were mixed and stirred for 30 minutes at room tempera-
ture. After this delay, 20 mL of n-hexane was layered. Slow
diffusion, followed by slow evaporation, led to colourless
single crystals that were suitable for X-ray studies. 12.5 mg,
17% yield. Anal. caled (%) for Ci4,H,3BDy,Fs,NaO;sP;: C
46.43, H 1.99; found: C 46.39, H 2.01. I. R. (KBr, range
3200-500 cm™') 3115, 3061, 2946, 2865, 1657, 1554, 1528,
1506, 1465, 1415, 1355, 1256, 1204, 1144, 801, 682, 660 and

583 cm ™.

Material characterization

"H NMR and "*C NMR spectra were recorded on Bruker Avance
500 spectrometers operating at 500 (H value) and 125 MHz (C
value) in CDClI;. Spectra were referenced to the residual deute-
rated solvent (for CHCl;: 7.26 ppm, 'H; 77.16 ppm, “C).
Chemical shifts are reported in ppm, and multiplicities are
indicated by s (singlet), d (doublet), t (triplet), q (quartet) and
m (multiplet or overlap of nonequivalent resonances), dd
(doublet of doublet), td (triplet of doublet), and br (broad
signal). Coupling constants, J, are reported in hertz (Hz). All
NMR spectra were obtained at 300 K. Analytical thin layer
chromatography (TLC) was performed on silica gel plates
(Merck 60F254) visualized with a UV lamp (254 nm). Flash
chromatography was performed on silica gel (60-230 mesh)
unless otherwise specified. Organic extracts were dried over
anhydrous MgSO,. Microwave-mediated reactions were carried
out using an Antoon Paar Monowave EXTRA. All solid-state
characterization studies (elementary analysis, IR, PXRD, mag-
netic susceptibility and photophysical measurements) were
performed on dried samples and are considered without crys-
tallization solvents. The elemental analyses of the compounds
were performed at the Centre Régional de Mesures Physiques
de I’Ouest, Rennes.

X-ray structure analysis

Single crystals were mounted on a D8 VENTURE Bruker-AXS
diffractometer for data collection for compounds 1-5 (MoKa
radiation source, 4 = 0.71073 A) from the Centre de
Diffractométrie X (CDIFX), Universit¢é de Rennes, 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.”” Crystallographic data
are summarized in Table S1.f Crystallographic data for the
structure reported in this study have been deposited with the
Cambridge Crystallographic Data Centre (insert CCDC
2297628-22976327 for 4-Yb, 2-Yb, 5-Dy, 1-Dy and 3-Dy, respect-
ively). X-ray diffraction (XRD) patterns were recorded at room
temperature in the 2 6 range 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,
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40 mA, PIXcel 1D detector). Data collector and HighScore Plus
software were used, respectively, for recording and analysing
the patterns.

Spectroscopic analysis

Luminescence spectra were measured using a Horiba-Jobin
Yvon Fluorolog-3 spectrofluorimeter equipped with a three-slit
double grating monochromator. The solid samples (crystalline
powders) were placed in quartz tubes (4 mm diameter) and
inserted in a quartz dewar that was filled with liquid nitrogen
for low-temperature measurements. The excitation was pro-
vided 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 pres-
ence of stray light due to excitation. Spectra were corrected for
the emission spectral response (detector and grating). Near-
infrared emission was recorded using a liquid nitrogen-cooled
Symphony II CCD detector, and the corresponding excitation
spectra were recorded using a liquid nitrogen-cooled solid
indium/gallium/arsenic detector (850-1600 nm). Both emis-
sion and excitation in the UV/Vis region were recorded using a
Hamamatsu R928 photomultiplier tube. For luminescence life-
times, the sample was excited using a pulsed Nd:YAG laser
(SpectraPhysics) operating 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 appro-
priate 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 by using a
scatterer) with exponential components for the growth and
decay of the metal-centred luminescence.

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 1 T for temperatures of
80-300 K. AC magnetic susceptibility measurements were per-
formed using a Quantum Design MPMS-XL SQUID for fre-
quencies between 1 and 1000 Hz and a Quantum Design
PPMS magnetometers for frequencies between 50 and 10 000
Hz. These measurements were all corrected for diamagnetic
contribution, as calculated with Pascal’s constants.

Computational details

Wavefunction-based calculations were carried out on mole-
cular structures of 1-Dy, 2-Yb, 3-Dy and 4-Yb complexes by
using the SA-CASSCF/(MS-CASPT2)/RASSI-SO approach, as
implemented in the OpenMolcas quantum chemistry package
(versions 22.10).”° In this approach, the relativistic effects are
treated in two steps on the basis of the Douglas-Kroll
Hamiltonian. First, the scalar terms were included in the

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00536h

Open Access Article. Published on 22 April 2024. Downloaded on 4/3/2026 7:52:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

basis-set generation and were used to determine the spin-free
wavefunctions and energies in the complete active space self-
consistent field (CASSCF) method.”” For 1-Dy and 3-Dy, the
active space consisted of the nine 4f electrons of the Dy™ ion
spanning the seven 4f orbitals, i.e., CAS(9,7)SCF while for 2-Yb
and 4-Yb, the active space consisted of thirteen 4f electrons of
the Yb™ ion spanning the seven 4f orbitals, i.e. CAS(13,7)SCF.
In order to obtain a better description of the electronic struc-
ture of the Ytterbium systems (2-Yb and 4-Yb), calculations
were computed using perturbation theory at the second
order,”® ie., MS-CAS(13,7)PT2, based on the previous CAS
(13,7)SCF results. Next, spin-orbit coupling was added within
the restricted-active-space-state-interaction (RASSI-SO) method,
which uses spin-free wavefunctions as basis states.”®*® Spin-
orbit (SO) integrals are calculated using the AMFI (atomic
mean-field integrals) approximation.®" The resulting wavefunc-
tions and energies are used to compute the magnetic pro-
perties and g-tensors of the lowest states from the energy spec-
trum using the pseudo-spin § = 1/2 formalism in the
SINGLE-ANISO routine.®”®® Cholesky decomposition of the
bielectronic integrals was employed to save disk space and
speed up the calculations.®* For 1-Dy and 3-Dy, state-averaged
CASSCF calculations were performed for all of the sextets (21
roots), all of the quadruplets (224 roots), and 300 out of the
490 doublets of the Dy"" ion. 21 sextets, 128 quadruplets, and
107 doublets were mixed through spin—orbit coupling in
RASSI-SO. For 2-Yb and 4-Yb, state-averaged CASSCF calcu-
lations were performed for the 7 doublets. All atoms were
described by ANO-RCC basis sets.®>*® The following contrac-
tions were used: [8s7p4d3f2g1h] for Dy and Yb, [4s3p2d] for
the O atoms, [4s3p] for the P and S atoms, [3s2p] for the C and
F atoms and [2s] for the H atoms. The atomic positions were
extracted from the X-ray crystal structures. Only the positions
of the H atoms were optimized with the AMS program suite
(revision 2022.103).5”%8 These calculations utilized the scalar
all-electron zeroth-order regular approximation (ZORA)S15
along  with the revPBE  (Perdew-Burke-Ernzerhof)
functional.®>°° For all atoms, the atomic basis set corre-
sponded to the triple-{ polarized (TZP) Slater-type orbital (STO)
all-electron basis set.”*
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