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Effect of the change of the ancillary carboxylate
bridging ligand on the SMM and luminescence
properties of a series of carboxylate-diphenoxido
triply bridged dinuclear ZnLn and tetranuclear

ZnzLnz2 complexes (Ln =Dy, Ent

E. Echenique-Errandonea,2 A. Zabala-Lekuona,? J. Cepeda,? A. Rodriguez-Diéguez,?
J. M. Seco,? 1. Oyarzabal*® and E. Colacio*®

Eleven new dinuclear and tetranuclear compounds of general formulae [Zn(p-L)(u-X)LN(NOs3),]-nS,
[anDyz(ug-L')z(u-sal)z(N03)(CH30H)](N03)5CH30H and [anErz(u:;-L’)z(u-Sal)z(CH;;oH)z](NO3)2'4CH3OH
(X = benzoate, anthracenate, diclofenac, salicylate, 2,6-dihydroxybenzoate; Ln = Dy, Er; S = water, aceto-
nitrile, methanol) were prepared from the N,N’-dimethyl-N,N’-bis(2-hydroxy-3-formyl-5-bromobenzyl)
ethylenediamine compartmental ligand (H.L). Complexes 1-6 and 9-11 consist of diphenoxido-carboxy-

late triply bridged compounds, which differ mainly in the carboxylate bridging ligand. It should be noted
that the acidic character of the salicylic acid promotes, in the presence of methanol, the methoxylation of
the H,L ligand thereby yielding a hemiacetal HsL’, which is able to connect the Ln(ir) ions of two ZnLn
dinuclear units forming the Zn,Ln, tetranuclear complexes 7 and 8. All compounds display SMM behav-
iour in the presence of an external field with effective energy barriers (Uesf) as high as 61 K. Magneto-
structural data for these complexes reveal that their SMM behaviour is not only significantly affected by
the type of Ln(m) ion but also by the carboxylate bridging ligand connecting the Zn(i) and Ln(m) ions.
Photoluminescence properties have also been accomplished, showing that the ligands are able to sensi-
tize lanthanide centred emissions in the visible and near-infrared regions with variable capacity. Moreover,
the analysis of the luminescence decay curves reveals emission lifetimes in the range of few microsecond
or hundreds of nanoseconds for Dy(i)-based or Er(n)-based luminophores, respectively.

Introduction

Metal complexes that exhibit Single Molecule Magnet (SMM)
behaviour (magnetic hysteresis below the so-called blocking
temperature in the absence of polarizing field and slow relax-
ation for magnetization reversal) have been the target of many
research efforts since their discovery in 1993.1 The interest in
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these nanomagnets is not surprising in view of the fascinating
physical properties they exhibit, which could in principle be
used for magnetic data storage? and molecular spintronics,®
among other applications. Moreover, due to their quantum
effects, SMMs could also be potentially applied in molecular
quantum computing.*

Among the studied complexes, lanthanide-based com-
pounds have resulted to be promising candidates for design-
ing SMMs with improved properties, due to their large mag-
netic anisotropy.® These properties, together with high ground
spin states, are tied to the existence of the energy barrier (Uet)
for the magnetization reversal, which is responsible for the
SMM behaviour. In fact, energy barriers of up to 1815 K& and
blocking temperatures (Ts) of around 60 K have been recently
observed for Dy(in) based SMMs.”

In the past few years, our efforts have been focused on
improving the magnetic properties of Dy(i) based SMMs by
using the strategy of incorporating Zn(in) diamagnetic ions,
which can attenuate the intermolecular magnetic interactions
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that are responsible for the quantum tunnelling of magnetiza-
tion (QTM), a shortcut for the magnetization reversal. The
compartmental character of the HzL ligand enables the encap-
sulation of two metallic centres which are interconnected by
the carboxylate group of a second ligand, giving rise to a car-
boxylate-diphenoxido triple bridge between the Zn(i) and
Dy(m) metal ions. As it has been suggested by theoretical and
experimental studies, the coordination of the HzL ligand to
the Zn(n) ion can increase the electron density of the bridging
phenoxido oxygen atoms, thus inducing a large electrostatic
interaction with the Dy (1) ion.® As a consequence, the energy
gaps between the crystal field levels of the Dy(in) ions are
increased, leading to an enhancement of the Uer.2 On the
other hand, the spatial arrangement of the oxygen donor
atoms around the Dy(in) ions has a significant impact on the
dynamic properties of Dy(in) SMMs, so that small changes
such as the replacement of counteranions can lead to a great
improvement of the energy barrier.®

In this paper, we would like to continue the study of the
structural factors that modify the SMM properties of this kind
of carboxylate-diphenoxido triply bridged Zn(i)—Ln(in) com-
plexes. For this purpose, we have selected the already pub-
lished [Zn(u-L)(u-OAc)DY(NOs)2]-CH3CN dinuclear complex,
which exhibits an energy barrier of 41.55 K, as a reference
point.’® The aim is threefold: (i) to replace the acetate group by
other bulkier carboxylate bridging ligands (benzoate, deproto-
nated diclofenac, salicylate and 9-anthracene carboxylate)
which would lead to slight but significant modification of the
Dy(m) coordination environment with the concomitant impact
on the SMM properties, (ii) the further replacement of the
Dy(m) ion by the Er(in) counterpart in all the complexes to
know how the different shape of the electron density of the
ground state of the Ln(in) ion (oblate and prolate for Dy(i) and
Er(in), respectively) affects the SMM properties and (iii) finally,
to study the ability of the compartmental and ancillary carboxy-
late ligands to act as an “antenna group” for sensitizing the
characteristic emissions of Dy(ir) and Er(in) compounds in the
visible and near-infrared (NIR) regions, respectively. In particu-
lar, NIR luminescent complexes are of high interest due to
their electronic and optical applications related to biomedi-
cine,™ encompassing their use as detectable immunoassays'?
or luminescent bio-thermometers,*® especially when biocom-
patible molecules are employed.'* In view of the above con-
siderations, photoluminescence properties have also been
studied in detail for all the reported complexes.

Experimental
Preparation of complexes

All reagents were obtained from commercial sources and used
as received. The ligand HzL was prepared following a reported
procedure.®

[Zn(u-L)(n-OBz)Ln(NOs)2]-4CH3OH-H20 [Ln(nt) =Dy (1), Er (2),
OBz = benzoate]. 0.064 g (0.125 mmol) of HzL, 0.125 mmol of
the corresponding Ln(NOs)s-nH20 and 0.018 g (0.125 mmol)

of NaOBz were successively added under continuous stirring to
a solution of 0.033 g (0.125 mmol) of Zn(NO3z)2:4H20 in 5 mL
of methanol. The solution was stirred for 30 minutes, fil-
tered to eliminate any amounts of insoluble materials and the
filtrate was kept undisturbed at room temperature for several
days, whereupon yellow X-ray quality crystals were obtained.
Yield: 30% for 1 and 29% for 2. Anal. calcd for
Ca1H43BraDyN4O17Zn: C, 32.91; H, 3.83; N, 4.95. Found: C,
32.45; H, 3.86; N, 5.04. Anal. calcd for C31H43Br2ErN4O17Zn: C,
32.77; H, 3.81; N, 4.93. Found: C, 32.83; H, 3.84; N, 5.00.
[Zn(u-L)(M-9-An)LN(NOs)2]-CH3CN [Ln(m) = Dy (3), Er
(4), 9-An = 9-anthracenecarboxylate]. To a solution of 0.033
g (0.125 mmol) of Zn(NOs3)2-4H20 in 5 mL of acetonitrile were
subsequently added 0.064 g (0.125 mmol) of H:L and
0.125 mmol of the corresponding Ln(NOz)3-nH20 under con-
tinuous stirring. To the resulting solution was then added
dropwise another solution containing 0.028 g (0.125 mmol) of
9-anthracenecarboxylic acid and 0.038 g (0.375 mmol) of EtsN
in 5 mL of acetonitrile, leading to the formation of a yellow
precipitate. The powder was collected by filtration and dried
under vacuum (yields: 62 and 54% for 3 and 4, respectively),
while the solution was left undisturbed at room temperature
for several days, affording crystals of 3 and 4. The powdered
and crystalline samples were proved to be the same by X-ray
diffraction (Fig. S31). Yield of crystals: 13% for 3 and 17% for
4. Anal. calcd for C37H32Br.DyNsO12Zn: C, 39.46; H, 2.86; N,
6.22. Found: C, 39.61; H, 2.87; N, 6.26. Anal. calcd for
Cs7H32Br2ErNsO12Zn: C, 39.29; H, 2.85; N, 6.19. Found: C,
39.30; H, 2.87; N, 6.20.
[Zn(u-L)(u-dic)Ln(NOs)2]-H20 [Ln(n) = Dy (5), Er (6), dicl =
deprotonated diclofenac = 2-[(2,6-dichlorophenyl)amino]
benzene acetate]. These compounds were synthesised follow-
ing the same procedure as that for 1 and 2, but using diclofe-
nac sodium salt (0.040 g, 0.125 mmol) instead of NaOBz.
Yield: 42% for 5 and 48% for 6. Anal. caled for
C34H32Ns013Br2Cl.DyZn: C, 34.69; H, 2.74; N, 5.95. Found: C,
34.81; H, 2.75; N, 5.96. Anal. calcd for C34H32Ns013Br2Cl2ErZn:
C, 34.55; H, 2.73; N, 5.92. Found: C, 34.61; H, 2.74; N, 5.90.
[Zn2Dy2(us-L")2(u-sal)2(NOs)(CH3OH)INO3-5CH30H [7, sal =
salicylate]. 0.064 g (0.125 mmol) of HaL, 0.055 g (0.125
mmol) of Dy(NOs)3-5H20 and 0.033 g (0.125 mmol) of
Zn(NO3)2-4H20 were dissolved in 10 mL of hot methanol (60
°C). To this solu- tion was added dropwise another solution
containing 0.017 g (0.125 mmol) of salicylic acid and 0.050 g
(0.5 mmol) of EtsN in 5 mL of methanol. The yellow
solution was stirred for 15 minutes while heating, filtered and
the filtrate was kept undisturbed at room temperature so that
yellow crystals were obtained. After filtration, the compound
exhibited a phase transformation due to the loss of 3
crystallization molecules, as deducted from the
thermogravimetric measurements (Fig. S9t). Yield: 33%.
Anal. calcd for CseHesBraDy2NeO2sZn2 (only 2 crystallization
methanol molecules were considered): C, 34.80; H, 3.37; N,
4.13. Found: C, 34.66; H, 3.32; N, 4.19.
[Zn2Era(ps-L")2(u-sal)2(CH3OH)2](NO3)2-4CHsOH  [8,  sal=
salicylate]. This complex was prepared following the same pro-
cedure as that for 7, but using Er(NOs)s-5H20 (0.055 g,



0.125 mmol) instead of Dy(NOs)3-5H20. A phase transform-
ation was also observed in this compound, which led to the
loss of 2 methanol molecules (Fig. S10t). Yield: 28%. Anal.
calcd forCeoH72BraEraNeO26Zn2 (only 2 crystallization metha-
nol molecules were considered): C, 34.68; H, 3.49; N, 4.04.
Found: C, 34.55; H, 3.52; N, 4.13.

[Zn(p-L)(p-sal)Ln(NOs3)2]-2CH3CN [Ln(mm) = Dy (9), Er (10),
sal = salicylate]. To a solution of 0.033 g (0.125 mmol) of
Zn(NOs3)2:4H20 in 5 mL of acetonitrile were subsequently
added 0.064 g (0.125 mmol) of HzL and 0.125 mmol of the
corresponding Ln(NO3)3-nH20 under continuous stirring. To
the resulting solution was then added dropwise another solu-

tion containing 0.017 g (0.125 mmol) of salicylic acid and
0.050 g (0.500 mmol) of EtsN in 5 mL of acetonitrile. The

obtained yellow solution was stirred for 30 minutes, filtered
and the filtrate was kept undisturbed at room temperature for
several days, whereupon yellow X-ray quality crystals were
obtained. Yield: 64% for 9 and 73% for 10. Anal. calcd for
Ca1H30Br2DyNeO13Zn: C, 34.40; H, 2.79; N, 7.76. Found:
C, 34.68; H, 2.87; N, 7.72. Anal. calcd for Cz1Hz0Br2ErNsO13Zn:
C, 34.25; H, 2.78; N, 7.73. Found: C, 34.50; H, 2.72; N, 7.76.
[Zn(u-L)(u-2,6-dihydbenz)Er(NOs)2]-2CHsCN  [11, 2,6-dihyd-
benz = 2,6-dihydroxybenzoate]. To a hot solution (80 °C) of
0.064 g (0.125 mmol) of HoL in 7 mL of acetonitrile were
added 0.033 g (0.125 mmol) of Zn(NOs)2:4H20 and 0.055 g
(0.125 mmol) of Er(NOs)s-5H20. Then, a solution containing
0.019 g (0.125 mmol) of 2,6-dihydroxybenzoic acid and 0.050 g
(0.500 mmol) of EtsN in 5 mL of acetonitrile was added. The
resulting yellow solution was stirred for 30 minutes while
heating, filtered to eliminate any amount of insoluble material
and the filtrate was kept undisturbed at room temperature. In
few days, X-ray quality crystals of 11 were obtained. Yield 80%.
Anal. calcd for C31H31Br2ErNeO14Zn: C, 33.72; H, 2.83; N, 7.61.
Found: C, 33.93; H, 2.89; N, 7.73.
In addition to the elemental analyses, the purity of all the
samples was checked by powder X-ray diffraction (Fig. S2—S8,
ESIT).

Physical measurements

Elemental analyses (C, H and N) were carried out at the Centro
de Instrumentacién Cientifica (University of Granada) on a
Fisons-Carlo Erba analyzer model EA 1108 (Thermo Scientific,
Waltham, MA, USA). Infrared (IR) spectra (400—4000 cm-1)
were recorded on a Nicolet FT-IR 6700 spectrometer in KBr
pellets. Powder X-ray diffraction (PXRD) patterns were collected
on a Phillips X’PERT powder diffractometer with Cu K& radi-
ation (A = 1.5418 A) over the range 5 < 26 < 50° with a step size
of 0.026° and acquisition time of 2.5 s per step at 25 °C.
Thermal analyses (TG/DTA) were performed on a TA
Instruments SDT 2960 thermal analyser under a synthetic air
atmosphere (79% N2/21% O2) with a heating rate of 5 °C
min-1. Alternating current (ac) magnetic measurements were
recorded on a PPMS (Physical Property Measurement System) —
Quantum Design Model 6000 magnetometer using 60 to
10 000 Hz frequencies. Lifetime and steady-state photo-
luminescence (PL) measurements were carried out on crystal-

line samples from 10 K to room temperature using a close
cycle helium cryostat enclosed in an Edinburgh Instruments
FLS920 spectrometer. For recording steady-state emission
spectra an 1K3552R-G HeCd continuous laser (325 nm) was
used as an excitation source and a Hamamatsu NIR-PMT
PicoQuant FluoTime 200 detector, whereas a Miller-
Elektronik-Optik SV X1450 Xe lamp was employed to collect the
excitation spectra.

Single-crystal structure determination

Single crystals of suitable dimensions were used for data col-
lection. For compound 1, diffraction intensities were collected
on an Agilent Technologies Super-Nova diffractometer,
which was equipped with monochromated Cu K« radiation
(A = 1.54184 A) and an Atlas CCD detector at 100(2) K. The
intensity data for compounds 2—4 and 10 were also collected on
an Agilent Technologies Super-Nova diffractometer, but equipped
with monochromated Mo Ko radiation (A = 0.71073 A) and an
Eos CCD detector. In all cases, data frames were processed
(unit cell determinations, intensity data integrations, routine
corrections for Lorentz and polarization effects and analytical
absorption corrections) using the CrysAlis Pro software
package.*® The intensity data for compounds 5-8 and 11 were
collected on a Bruker SMART APEX CCD area diffractometer
(Bruker, Billerica, MA, USA) using monochromated Mo K&
radiation (A = 0.71073 A). The data reduction was performed
with the APEX2'7 software and corrected for absorption using
SADABS.'® In all cases, the structures were solved by direct
methods and refined by full-matrix least-squares with
SHELXL-2014.1°

During the refinement of complexes 1 and 2, most of the
lattice solvent molecules were found to be largely disordered,
which did not allow inferring the hydrogen bonding scheme.
Therefore, these structures were refined with a new set of F?
(hkl) values without the contribution from solvent molecules
obtained by the SQUEEZE procedure as implemented in
PLATON-v1.18.%° The same procedure was followed for 5, 6 and
10 given the disordered arrangement of crystallization solvent
molecules, which despite allowing to identify their amount
and nature could not be correctly refined. On the other hand,
one lattice acetonitrile molecule crystallized in the structure of
11 is slightly disordered with its nitrogen atom occurring at
two positions with 70% and 30% relative occupancies. On the
other hand, during the last refinements of the structures of 3
and 4, unusually high error factors were found, suggesting the
occurrence of twinning. Accordingly, (0.557 0.139 —0.446/0 —1
—0/—1.549 —0.137 —0.555) twin law was applied to integrate
diffraction data, which led to a substantial decrease of the
agreement factors. Percentages of ca. 44 and 50% were
obtained for the minor domain of crystals of 3 and 4, respect-
ively. Final R(F), wR(F?) and goodness of fit agreement factors,
details of data collection and analyses can be found in
Table S1.1 Selected bond lengths and angles are given in
Table S2.1¥ Ortep views of all compounds are shown in
Fig. S11-S15.1 CCDC reference numbers for the structures are
1858756—1858765.1



Results and discussion

The flexible polytopic ligand HzL allowed the formation of
several Zn(i)—Ln(in) dinuclear complexes by varying the ancil-
lary carboxylate bridging ligand as well as the reaction con-
ditions (Fig. 1). Thus, the reaction of the H:L ligand with
Zn(NOs3)2-4H20, Ln(NO3)3-nH20 and the corresponding carboxy-
late ancillary ligand in either methanol or acetonitrile with a
1:1:1:1 molar ratio afforded the dinuclear complexes 1—6.

For 1, 2, 5 and 6 the sodium salts of the benzoic (NaOBz) and
diclofenac (Nadicl) acids, respectively, were used as sources of
carboxylate anions and methanol as the solvent, whereas for 3
and 4 the 9-anthracene carboxylate anion (9-An) was prepared
in situ from the reaction of 9-An acid with EtsN in acetonitrile.
Finally, what is more interesting is that the use of salicylic acid
under the same reaction conditions as those for 1-2 and 5—6
led to the formation of the tetranuclear ZnzL.n2, complexes 7
and 8, in which one of the two formyl groups of the HaoL
ligand is transformed into a hemiacetal group, leading to the
HsL’ ligand (Fig. 2). The methoxylation process observed in 7
and 8 is promoted by the acidic character of the salicylic acid,
which is necessary to undergo this type of reaction.?! In com-
plexes 1-2 and 5—6, which were prepared using basic sodium
salts, and in complexes 3 and 4, which were obtained using
acetonitrile as the solvent, the formation of the hemiacetal
does not occur. In order to gain insight into the mentioned
process, the reactions of complexes 7 and 8 were repeated in
acetonitrile, which gave rise, as expected, to single crystals of
dinuclear Zn(i)—Ln(in) species (complexes 9 and 10). Finally, it
should be noted that the same process was already observed in
the tetranuclear Cu2Gdz complex with the general formula

{[CuGd(L")(OAC)(H20)]Cl04-3.5CH3OH}2, which differs from 7

[Zn(p-L)(1-OBz)Ln(NO;),]-4CH,0H-H,0
Ln =Dy (1), Er (2)

[Zn(p-L)(n-9-An)Ln(NO,),]-CH,CN
Ln = Dy (3), Er (4)

[Zn,Ery(p5-L'),(p-sal),(CH;0H),](NO;),-4CH;0H (8)

[Zn(p-L)(p-dicl)Ln(NO5),]-H,0

\
0
=0 O= =0 HO
BngOH Hob—m Br{:gori HO Br
NN NN
HL HaL'

Fig. 2 Schematic view of ligands HoL and HaL".

and 8 in the bridging carboxylate group (acetate instead of
salicylate).??

Crystal structures

Compounds 1 and 2 are isostructural and consist of Zn(i1)—Ln(in)
dinuclear species that crystallize in the C2/c space group, in
which Zn(n1) and Ln(in) ions are triply bridged by two diphenox-
ido groups belonging to the L2~ ligand and a syn—syn benzoate
ligand (Fig. 1). The Zn(n) ion is also coordinated to the two
nitrogen atoms of the L2- ligand, whereas the LnOg coordi-
nation sphere is completed by the additional coordination of
the two aldehyde oxygen atoms belonging to the L2- ligand
and four oxygen atoms from the two bidentate nitrate anions.
The ZnN203 coordination sphere is best described as a square
pyramid, while the lanthanide ions show a geometry that is
close to the spherical capped square antiprism according to
continuous-shape-measures (CShMs) using SHAPE software
(Tables S3 and S4+).2 The dinuclear entities of 1 and 2 are sur-
rounded by disordered lattice methanol and water molecules,
which are involved in hydrogen bonding interactions giving
rise to an intricate supramolecular network (see Fig. S16 in the

[Zn,Dy,(p5-L'),(p-sal),(NO;)(CH;0H)]NO;-5CH;0H (7)
Ln =Dy (5), Er (6)

5 5

[Zn(p-L)(p-sal)Ln(NO,),]-2CH,CN

[Zn(p-L)(p-2,6-dihydbenz)Er(NO,),]-2CH,CN (11)

Ln = Dy (9), Er (10)

Fig. 1 Perspective views of the structures of 1-11. Colour code: N = blue, O = red, C = gray, Br = brown, CI = green, Zn = light brown, Ln = tur-
quoise. H atoms, counteranions and crystallization solvent molecules have been omitted for the sake of clarity.



ESIT). The large disorder present in those molecules precludes
describing the intermolecular interactions in detail.

The structures of compounds 3—6 are similar to those of 1
and 2, but they contain either 9-anthracenecarboxylate
(3 and 4) or diclofenac (5 and 6) instead of benzoate as the
ancillary syn—syn carboxylate bridging ligand. Continuous-
shape-measures (CShMs) indicate that the change of this latter
ligand leads to small differences in their structures, as well as
in the coordination environments of the metal ions. Ln—Ojigand
distances are almost identical in complexes 1 and 5, as well as
in 2 and 6, and are in the 2.306—2.380 A range. The
Ln---Ocarboxylate and Zn---Ln distances are slightly longer in the
benzoate bridged compounds than in the diclofenac counter-
parts (in the 2.264—2.291 and 3.353-3.376 A ranges, respect-
ively), whereas the Zn--Ocarboxylate bond distances (between
1.957 and 1.977 A) follow the opposite trend. The Zn—Oligand
and Zn—N bond distances are respectively in the 2.063—-2.131
and 2.095-2.130 A ranges in these four compounds, and the
lowest Ln--Ln distance is of 8.2 A.

It is worth noting that complexes 3 and 4 contain two
different dinuclear molecules, which show slightly different
bond lengths and angles. Although most of the bond distances
follow a similar trend to that observed for the previously
described complexes, Zn—Ocarboxylate aNd LN—Ocarboxylate bond
distances (in the 1.981-1.997 and 2.303-2.327 A ranges,
respectively) are larger in the anthracenate containing com-
pounds (3 and 4) than in complexes 1, 2, 5, and 6. Despite the
bulkier bridging groups, the lowest Ln--Ln distances are
shorter in 3 and 4 (of 7.675 and 7.673 A, respectively) than
those observed in the benzoate and diclofenac containing
compounds. Compounds 3—6 present significant differences
with regard to the supramolecular interactions which build up
their packing compared to that of 1-2. Unlike hydrogen
bonding interactions governing the crystal building of 1-2,
packing of 3—6 is governed by TT---TT interactions. In particular,
the voluminous aromatic rings of the 9-anthracenecarboxylate
ligand promote strong face-to-face contacts among consecutive
dimeric entities (see Fig. S16t). On the other hand, the bulkier
and more twisted nature of the aromatic rings of the diclofe-
nac ligand only allows establishing less intense C—H--- Tt inter-
actions among neighbouring dimeric molecules (Fig. S177).

As discussed before, complexes 7 and 8 show different
structures to 1-6. Specifically, in these compounds one of the
carbonyl groups of the HzL ligand is transformed into a hemi-
acetal group when reacted with the methanol solvent. This
reaction leads to a new ligand, HsL’, with a larger denticity
coordination mode, which is able to form tetranuclear com-
plexes where the Ln(in) ions of Zn(u)—Ln(in) dinuclear units are
connected by the alkoxy and methoxy groups of the hemiacetal
moiety. Although ZnN20s chromophores are not greatly
affected after the coordination of the in situ generated
L3~ ligand, the coordination environments of the lanthanide
ions (there are two crystallographically independent Ln(in)
ions, Lnl and Ln2) undergo significant changes compared to
complexes 1-6. In fact, in complex 7, the Dyl ion exhibits a
LnOg coordination sphere, which is formed by the binding of

one methoxy group, one alkoxido-bridge (connecting Dy1 and
Dy2 ions), one aldehyde, two phenoxido oxygen atoms belong-
ing to a L"3- ligand, one alkoxo-bridging oxygen atom pertain-
ing to another L"3- ligand, one oxygen atom from the salicylate
bridging ligand bridging the Zn(u) and Dy(m) and one
biden- tate nitrate anion. In contrast, the LnOs coordination
environ- ment of the Dy2 atom is formed by the
coordination of a methanol molecule instead of a bidentate
nitrate anion. The coordination spheres of Dyl and Dy2 are
best described as the spherical tricapped trigonal prism and
biaugmented trigonal prism, respectively, according to
SHAPE measurement results (Tables S4 and S5t). In
complex 8, Erl exhibits a similar coordination environment
to that observed for Dyl in complex 7, in which the bidentate
nitrate ion is replaced by a co- ordinated methanol molecule,
leading to a LnOs configuration.

In addition, Er2 displays the same LnOg coordination
environment as Dy2 in complex 7. The coordination spheres
of Erl and Er2 are best described as a triangular
dodecahedron according to SHAPE measurement results
(Table S5t). It is important to note that in these
compounds, the tetranuclear entities are weakly bonded to

each other by either Br---11 contacts or hydrogen bonding
interactions involving both lattice methanol and nitrate

anions, some of which consist of negligible C—H---O contacts
(Fig. S17 and S18%). Probably as a consequence of the lack
of cohesion in the packing, compounds 7 and 8 undergo
rapid phase transformations (as revealed by their PXRD data,
see Fig. S5 and S61) when single crystals are removed from
mother liquids, a fact that does not bring any significant
change in the structures of the molecules but a mere partial
loss of lattice solvent molecules (see Fig. S9and S107).

As mentioned above, dinuclear complexes with salicylate as
the bridging ligand can also be obtained by changing the reac-
tion conditions. In these complexes (9 and 10), the phenol
group of the salicylate ligand is disordered in such a way that
it is able to form hydrogen bonding interactions with both
oxygen atoms of the bridging carboxylate group (Fig. 3).
Finally, in order to evaluate the contribution of the disordered
phenol group to magnetic properties, compound 11 was syn-
thesized using 2,6-dihydroxybenzoate as the bridging ligand.
In this compound, both phenol groups establish hydrogen

Fig. 3 Hydrogen bond interactions between the phenol group and one
of the oxygen atoms belonging to the carboxylate group of the salicy-
late ligand.



bonds with the carboxylate group and consequently there is no
disorder. This leads to structurally and magnetically equivalent
Er(in) ions as they receive the same electron density from the
ligands. Due to the similarity with the previous dinuclear com-
plexes, no further comments are required. To end up with the
structural description, it is worth mentioning that crystal

packing of compounds 9-11 grows from lateral Tr---TT inter-
actions between the aromatic rings of salicylate/2,6-dihydroxy-

benzoate and L ligands, while weak Br---T11 contacts reinforce
the packing robustness (Fig. S18 and S197).

Magnetic properties

Regarding the magnetic properties, alternate current (ac) mag-
netic measurements only revealed a slight frequency depen-

dency of the x"”m signals for 1 and 3, but without any clear
maximum above 2 K (Fig. S20 and S211). As the observed behav-
iour could be due to the existence of QTM, the measurements
were repeated in the presence of an external field of 1000 Oe in
order to remove it (this is the optimal field that produces the
highest relaxation time), obtaining frequency dependent signals
for all complexes (Fig. 4, 5 and S22—S307). However, compounds
7 and 9 continue showing weak frequency dependent signals in
X'mvs. T plots (Fig. S26 and S28t).

For complexes 1, 2, 4—6 and 8, the temperature dependence

of x”"m at each frequency was fitted to the generalized Debye
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model, obtaining relaxation times at different temperatures
(Fig. 4, 5, S22 and S26,t insets). The linear portion of the data
was then fitted to the Arrhenius equation, leading to the
effective energy barrier (Uerr) and 1o values that are indicated
in Table 1. The deviation of the relaxation times from linearity
suggests that, besides the Orbach relaxation mode, other relax-
ation pathways are also present at low temperatures. This con-
clusion is also supported by the a values accomplished from
the Cole—Cole plots, which deviate significantly from 0 at the
lowest temperatures (Fig. S32—S35+).

Even though an external dc field was applied for compound
8, x'm and x”m components do not go to zero below the
maxima. This effect, in addition to the temperature-indepen-
dent In 7 values below 2.8 K (Fig. S26,1 inset), indicates that
the QTM effect was not completely quenched. Therefore, the
data were fitted to the simultaneous presence of Orbach and
QTM mechanisms using egn (1). The extracted values for Ue,
Totm and 7o are listed in Table 1.

-1 = TQTM_l + 10—t EXp(—Ueﬁ=kBT) (])

In the case of complex 3, two different maxima in the x'm

and x”m vs. T plots were observed in the temperature ranges
2.0 K—-3.5 Kand 5.0-8.5 K for the fast (FR)- and slow (SR)-relax-
ation processes, respectively (Fig. 4 and S24t). Both processes



Table 1 Ueff, 1o and rqtm values for complexes 1-6, 8, 10 and 11

Orbach Orbach + QTM
Comp. Uerr (K) 70 () Uerr (K) 7o (3) Totm (S)
1 61.5 9.64 x 10-°
2 18.0 2.03 x 107
3 324 FR 5.26 x 10-°FR 52.8 SR 3.62 x 10-8 3.32x10-*
45.1 SR 9.00 x 10-8 SR
4 314 2.44 x 108
5 15.0 3.35 x 107
6 254 8.35 x 10-®
8 25.8 3.35x10-® 40.1 1.09 x 10-° 1.09 x 10-*
10 9.6 FR 6.20 x 10" FR
17.3 SR 7.87x10-"SR
11 24.0 119 x 10-7

can be also observed in the Cole—Cole plots (Fig. S337) in the
3.1-3.9 K range, where a combination of semicircles appears.
The data were fitted by using a sum of two modified Debye
functions with the CCFIT Software?* and relaxation times for
both processes were extracted (Table S61). Arrhenius plots
were constructed for both relaxation processes (Fig. 4, inset) in
the high-temperature region, affording effective energy barriers
for the reversal of the magnetization and 7o values of 32.4 K
with 70 = 5.26 x 10-19 s and 45.1 K with 70 = 9.00 x 10-8 s for
FR and SR, respectively. However, in the case of the SR, relax-
ation times at lower temperatures deviate from linearity, which
could be due to the presence of other relaxation processes that
are not thermally activated. Hence, the data were fitted again
to eqn (1) obtaining the following new parameters: Ueff =
52.8 K, 710 =3.62 x 10-8 s and rorm = 3.32 x 10-*s.

It is worth mentioning at this point that the observation of
two maxima in the temperature and frequency dependence of
X'mand x”m plots can be explained by the existence of two crys-
tallographically independent Dy(ii) ions in the asymmetric
unit of the crystal structure, as already discussed above and as
it was previously shown in the literature.?> Nevertheless, it
should be remarked that two maxima have also been found for
compounds containing only one independent crystallographic
Dy(mr) ion.?® In some cases, the relaxation process at lower
temperatures has been suggested to be due to: (i) a direct
process arising from the multi-level system due to the lifting of
the Kramers degeneracy of the Ln(in) ground state by the static
magnetic field and (ii) intermolecular interactions.?” All these
considerations point out the complexity of the relaxation
process in lanthanide(ir) complexes. At variance with complex
3, the isostructural Er(in) counterpart (4) does not present two
differentiated relaxation processes. This fact seems to indicate
that: (i) the existence of two crystallographically independent
Dy(in) ions in 3 could not be the reason for the observation of
two well separated relaxation processes for this compound and
(i) the relaxation process appearing at lower temperatures in 3
could not arise from intermolecular interactions. The dynamic
analysis of diluted sample Y/Dy = 10/1 of compound 3 reveals
no significant difference between the ac properties of the pris-
tine compound 3 and its diluted complex, thus ruling out the

intermolecular origin of the process occurring at lower temp-
eratures (Fig. S31t). Therefore, both relaxation processes
observed for 3 should be single-ion in origin and, moreover,
the existence of two crystallographically independent Ln(in)
ions should not be the reason for the observation of two relax-
ation processes, as their maxima should appear very close in
the temperature and frequency dependence of x'm and x”m
plots, so that they could not be discriminated. The fact that 4
does not exhibit the relaxation process appearing at lower
temperature in 3 could be ascribed to the different structure of
the energy levels between Dy(ii) and Er(in) ions in these
complexes.

Additionally, complex 10 also exhibits two maxima in x'm
and x”wm vs. T plots (Fig. S28 and S297). The peak appearing at
higher temperature could be due to a thermally activated
process, whereas the one occurring at lower temperature could
have their origin, as for complex 3, in: (i) a direct process
arising from the multi-level system due to the lifting of the
Kramers degeneracy of the Ln(in) ground state by the static
magnetic field, (ii) intermolecular interactions and (iii) the dis-
ordered phenol group of the salicylate ligand could give rise to
two chemically independent molecules depending on the posi-
tion of the phenol group (Fig. 3). Thus, the hydrogen atom of
the phenol group could form hydrogen bonds with each of the
carboxylate oxygen atoms of the salicylate ligand, so that the
charge that the Er(in) ion receives from O1C would be different
if the hydrogen bond is established with the carboxylate
oxygen atom bonded to the Zn(n) ion or with that bonded to
the Er(m) ion. These two conformations could lead to two
Er(m) with different electronic density environments, which
could cause the appearance of two peaks in the temperature
and frequency dependence of the out-of-phase ac magnetic
susceptibility plots. The fact that complex 2, which contains a
benzoate bridging group that cannot form hydrogen bonds,
presents only one relaxation process could support this sugges-
tion. The two maxima in the x”“m vs. T plot for complex 10
appear in the 2.0-3.0 K and 4.0-5.0 K temperature range,
which correspond to the fast (FR)- and slow (SR)-relaxation
processes, respectively. Both processes can be observed as well
in the Cole—Cole plots (Fig. S357) in the 2.0-3.2 K range, where



a combination of two semicircles is appreciable. The data were
fitted to a sum of two modified Debye functions using the
CCFIT software affording relaxation times for both processes
(Table S71). Arrhenius plots were constructed for both relax-
ation processes (Fig. S28,1 inset) in the high-temperature
region and the fit afforded effective energy barriers for the

reversal of the magnetization of 9.6 K with 70 = 6.20 x 107 s

and 17.3 K with 70 = 7.87 x 10-" s for FR and SR, respectively.
In order to support the above-mentioned hypothesis, we

prepared compound 11, which contains 2,6-dihydroxybenzoate
as the ancillary bridging ligand. The two phenol groups of this
ligand are symmetrically located at both sides of the carboxy-
late bridging group, so that, as indicated elsewhere, they form
simultaneously hydrogen bonds with the carboxylate oxygen
atoms. These symmetrical interactions are not compatible
with the existence of two magnetically independent Er(in) ions
in the sample. The x'm and x”m vs. T plots (Fig. S307), as well
as the Cole—Cole plots (Fig. S367), are in good agreement with
this suggestion, as a single maximum is observed in the in-
phase and out-of-phase susceptibility plot, as well as a single
semicircle in the Cole—Cole plots, in contrast to what occurs
for compound 10. However, these results should be taken with
care. Even though the disordered hydrogen bond in compound
10 could be responsible for the slight change of the electron
density around the Er(i) ion leading virtually to two magneti-
cally different Er(ir) ions, such a difference would be, if any,
very small as the Ocarboxylate—Er bond distances remain very
similar. Hence, the hypothesis that the presence of two

maxima in the x”m vs. T plot for compound 10 is due to the
disordered hydrogen bond should be taken with caution. The

temperature dependence of x”m at each frequency was fitted to
the generalized Debye model in the range of 2.0—4.8 K, obtain-
ing the relaxation times at different temperatures. The linear
portion of the data was fitted to the Arrhenius law obtaining
Ueff = 24.0 K with 10 = 1.19 x 107 s (Fig. S307).

It is worth mentioning that the distribution of donor atoms
and Dy-donor distances in the Dy(in) ion coordination environ-
ment plays an essential role in determining the SMM behav-
iour. In this regard, low symmetry Dy(in) complexes generally
exhibit an axial ground state (with a large contribution of my =
+15/2 to its wave function), which is required for the SMM
behaviour. This axial ground state has an oblate disc shaped
electron density distribution and can be stabilized by an axial
crystal field,28 which can be generated when: (i) one of the
Dy—0O bond distances in the Dy(in) coordination sphere is very
short and much shorter than the other Dy—O distances®® and
(ii) the donor atoms involved in the shortest Dy—O bonds are
located at both sides of the Dy(in) ion.° In both cases, to
reduce the repulsive interactions between the donor atoms
with the largest electron densities (those possessing the short-
est Dy—O distances) and the oblate (disc) electron density of
the axial ground state, this disc is placed perpendicular to the
shortest Dy—O bonds.?° As a result, the magnetic moment, that
is perpendicular to the electron density disc, is situated in the
direction of the shortest Dy—O bonds. For the Er(in) complexes,
an equatorial crystal field is needed to obtain an axial ground

state and SMM behaviour, as the electron density of this state
possesses a prolate shape.

Taking into account the above considerations, for the
dinuclear Zn(n)—Ln(in) complexes 1-6 and 9-10, with Dy—-O
bond distances in their coordination spheres that are found in
a short range, the crystal field can be considered as intermedi-
ate between axial and equatorial and therefore, the absence of
SMM at zero field is not unexpected. The fact that in some
cases the Dy(in) complexes present field-induced SMM behav-
iour with a larger thermal energy barrier than the Er(in)
counterparts, whereas in other cases the opposite behaviour is
observed, depends on the specific crystal field created by the
donor atoms (if it is closer to an axial or to equatorial field).
For the tetranuclear Zn2Dy. complex 7, there exists on each
Dy(in) ion a Dy—0 bond distance (2.213 A and 2.255 A) that is
much shorter than the other ones (>0.1 A, even though
3 methanol molecules are released after filtration, the tetra-
nuclear core is well preserved and the Dy—O bond lengths will
not be affected significantly). In this coordination environ-
ment, an almost pure axial ground state is expected for each
Dy(n) ion, where the anisotropy axes are located along the
direction of the shorter Dy—O distances.?® This orientation of
the magnetic moments has been confirmed using the
Chilton’s electrostatic model (Fig. S4271).3° Despite the
expected axiality for the ground state in complex 7, it does not
exhibit SMM behaviour, which can be due to the existence of
weak exchange interactions between the Dy(in) ions through
the alkoxo-bridging group, which are known to favour fast
QTM relaxation. In this case, the weak Dy---Dy interaction
destroys the barrier to magnetization reversal because the an-
isotropy axis of Dy(in) is not completely parallel between them
and with the line connecting the Dy(in) ions.3!

Luminescence properties

The solid state photoluminescence spectra were recorded for
polycrystalline samples of all compounds since they contain
Dy() and Er(m) ions that could provide lanthanide centred
emissions in the visible and NIR ranges, respectively. It should
be noted that lanthanide-based PL emitters have proven very
useful not only in applications related to solid-state lighting
such as the development of organic light-emitting diodes, flat
panel displays or luminescent thermometers,'332 but also in
the area of medical imaging and optical communication
technologies, as they are frequently employed as fluoroimmuno-
assays.®®> A major advantage of these luminophores lies on
their sharp and significantly long-lived emission that allows
discriminating it from background fluorescence.®* However,
the emission efficiency of these systems is determined by their
light absorption capacity, which usually demands indirect exci-
tation of ligands to surpass the inherent low absorption coeffi-
cients of internal f—f transitions in lanthanide(i) ions
(through the well-known “antenna effect”). Taking into
account that the whole PL process is largely affected by the
vibrational quenching of the molecular matrix in which
lanthanide(in) ions are enclosed, the measurements were per-
formed at 10 K to avoid thermally activated non-radiative pro-



cesses.® Steady-state emission spectra of Dy-based com-
pounds (1, 3, 5, 7 and 9) were recorded at 340 nm excitation
(Fig. 6). All spectra share the occurrence of a broad band
centred at 460 nm that may be attributed to the emission of
organic ligands, whereas the characteristic emission bands
corresponding to the Dy(i) ion are comparatively less intense.
In particular, the bands sited at 482 and 575 nm, assigned to
4Fg;2 — ®His2 and “Fez — SH1sp2 transitions, respectively, are
clearly distinguished for 1, 7 and 9, whereas they are substan-
tially weak for 3 and 5 (that of 482 nm is in fact embedded
within the main band). It is worth noticing that only for com-
pound 7 both Dy-based transitions are of the same intensity,
as it is commonly observed for most Dy(in) containing organic
polymers.36

Accordingly, given that all measurements have been accom-
plished under the same physical conditions, it can be stated
that the intensity of the Dy-based PL emission follows the 7 > 9
~ 1 >3 = 5 trend. In view of the emission profiles and the
latter trend, it can be concluded that there is a weak ligand-to-
metal charge transfer (antenna effect) in most of the com-
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Fig. 6 Emission spectra of compounds 1, 3, 5, 7 and 9 under Aex =
340 nm.

pounds. The excitation spectra were recorded in all cases
fixing the characteristic 4Fo2 — SHis/2 emission line at 482 nm
(see Fig. S431). As inferred from them, excitation bands show
the maxima close to the selected 340 nm wavelength except for
compound 3, in which a second and much more intense exci-
tation is observed peaking at 430 nm. The higher wavelength
excitation seems to be related to the TT—1t* transitions occurring
on the 9-anthracenecarboxylate ligand in agreement with pre-
vious studies.3” With the aim of exploring the efficiency of the
An — Dy(m) charge transfer, the emission spectrum of 3 was
also measured under 425 nm excitation (Fig. 7). The latter
spectrum contains a narrow band with the main emission
centred at 483 nm, which fits well the wavelength of the
4For2 — ®Hasp transition, meaning that the An ligand is able to
sensitize Dy(m) atoms more efficiently than L?~. In any case,
given the great sensitization capacity shown by the salicylate
bridge, we decided to check the evolution of the emission
spectra of compound 7 according to the temperature (see
Fig. S447). Upon heating the sample, it is observed that Dy(in)
centred emission loses progressively intensity, while the
corresponding bands (at 483 and 575 nm) get broadened in
such a way that a poor Dy (i) centred emission is inferred from
the spectrum at 300 K. This effect derives from the increase of
the Kkinetic (thermal) energy of the bond electrons.3®

On another level, emission spectra were recorded at 10 K
for compounds 2, 4, 6, 8 and 10 under a monochromatic laser
at 325 nm (Fig. 8). Despite the fact that emissions in the NIR
are often quenched by molecular vibrations even at low temp-
erature,® these ligands are capable of transferring the exci-
tation energy to erbium(in) ions, which could be potentially
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Fig. 7 Comparative emission of compound 3 under variable excitation
wavelengths.
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Fig. 9 Fitted decay curves for compounds 1 and 2 under Aex = 325 nm.

Table 2 Best fitting results for lanthanide(n) centred emission decay
curves of compounds 1-10

*For2 — *Husi2[ Dy (11)]

ligz — *lis[Er(mn)]

Compound 7 (us) X Compound 7 (ns) X2

1 3.3(0) 1.24( 2z oYs(3) 1.314
3 32(5) 1302 4 780(7) 1321
5 31() 1240 6 790(8)  1.366
7 32(5) 1198 8 690(4) 1311
9 30(3) 1219 10 750(4) 1225

e

T T T T
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Wavelength (nm)
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Fig. 8 Emission spectra of compounds 2, 4, 6, and 8 under Aex =
325 nm.

taking place through a Forster’s mechanism where the energy
transfer proceeds from excited ligand levels to resonant levels
of more energetic inner levels of the lanthanide.*® All spectra
share the presence of a sharp and structured multiplet centred
at 1540 nm that corresponds to the #1132 — *l1s2 transition of
the intraionic levels of the Er(in) ion, which is an appropriate
wavelength in the third telecommunication window of
common erbium-doped fibre amplifiers.** A comparative ana-
lysis of all spectra on the basis of their relative intensity reveals
that emission capacity fits the 8 ~ 10 = 6 > 2 > 4. This trend
confirms that the salicylate ligand provides the most efficient
charge transfer to both lanthanide centres, a fact that should
be originated at the small energy gap between the triplet state
of the salicylate ligand in the complexes and the emissive level
(or their overtones) of the lanthanide(ii) centres.?® On the
other hand, though a quantitative comparison between these
emission spectra and those of Dy(in)-based compounds cannot
be performed, based on the strong signal of the emission
band it may be stated that lanthanide-centred emission is
nearly of the same order.

In order to gain deeper insights into the PL performance
of both luminophores, decay curves were recorded at
4For2 — SHis/2 and #1132 — “l1s/2 emission lines, respectively for
Dy-based and Er-based compounds. At first glance, all com-
pounds showed very similar curves that were successfully fitted

using a single-exponential function [It = Ao + Aiexp(—t/1)]

(Fig. 9). Uniform lifetimes of ca. 3 ys and 700 ns are accord-
ingly estimated irrespective of the selected emission wave-

length for Dy-based and Er-based complexes (Table 2 and
Fig. S45 and S46t1). The measured values are somewhat short
and fit within the range of those previously reported for other
lanthanide(in)-based coordination compounds.342 Therefore,
these measurements raise their interest for some abovemen-
tioned specific applications in which short emissions are
needed in response to the light stimulus.

Conclusions

The reaction between the N,N’-dimethyl-N,N’-bis(2-hydroxy-3-
formyl-5-bromobenzyl)ethylenediamine compartmental ligand
(HzL), the corresponding Ln(NO3)s-nH20 and Zn(NOz)2-4H20
salts and the respective ancillary carboxylate bridging ligand
(benzoate, anthracenate, diclofenac, salicylate, 2,6-dihydroxy-
benzoate) led to eleven new ZnLn complexes. Nine of them
(compounds 1-6, 10-11) display dinuclear ZnLn structures,
whilst complexes 7 and 8 are tetranuclear ZnzLn2 complexes.
The acidic character of the salicylic acid ancillary ligand,
which in the presence of methanol causes the methoxylation
of the HzL ligand yielding a hemiacetal HsL’, promotes the
assembly of two tetranuclear ZnLn units to afford the ZnzLn2
entity.

Magnetic properties showed that SMM behaviour of the
complexes is not only affected by the type of Ln(in) ion but also
by the carboxylate bridging ligand connecting the Zn(n) and
Ln(m) ions. Compounds 3 and 10 showed two maxima in the

X'm vs. T plot, which may be justified by a direct relaxation
process in the former and by the presence of a disordered



phenol group of the salicylate ligand in the latter. This dis-
order can lead to two Er(in) ions with different electronic
density depending on the position of the phenol group. Good
supporting evidence of this hypothesis could be the fact that
compound 11 (in which the disorder is not possible because
the phenol groups of the 2,6-dihydroxybenzoate ancillary brid-
ging ligand form simultaneously two hydrogen bonds with the
carboxylate oxygen atoms) exhibits only a maximum in the x"”m
vs. T plot. Nevertheless, the above justifications should be
taken with caution as two maxima can also appear for non-dis-
ordered structures possessing only equivalent Ln(ii) ions.
Moreover, very similar Ln(in) ions, to those observed for the
disordered phenol group in compound 11, would lead to
nearly identical dynamic relaxation processes which would be
difficult to recognize.

Photoluminescence properties of the obtained compounds
showed that the ligands have the ability to sensitize lanthanide
centred emissions in the visible and near-infrared regions with
variable capacity. Overall, a similar trend is observed for Dy(in)
and Er(in) based compounds, which confirms that the salicy-
late ligand provides the most efficient charge transfer to both
lanthanide centres, a fact that seems to be related to the small
energy gap between the triplet state of the ligand and the emis-
sive level of the lanthanide(in) centres.
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