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The solvothermal reaction of NiCl,-6H,O with 1,3,5-tri(2-hydroxyethyl)-1,3,5-triazacyclohexane, LH3, and
Ln(OAc)s-4H,0 in the presence of salicylaldehyde in MeOH leads to the formation of the dodecanuclear
isostructural species [Ni'gLn4(L’)8(OAc)4(OH)8(H20)4]-xHZO (Ln =Dy, x=6(1); Gd, x =24 (2); Y, x =10 (3);
L" = the dianion of the Schiff-base resulting from the reaction of salicylaldehyde and ethanolamine). The
metallic core of the clusters describes a ring of corner-sharing {Ni,Ln,} cubanes assembled on a central,
planar rectangular {Ln4} unit. Magnetization studies conducted on complexes 1-3 demonstrate the pres-
ence of dominant ferromagnetic exchange at low temperatures, which is largely attributed to the Ni---Ni
interactions. The significant magnetocaloric effect observed in the Gd analogue has been assessed
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Introduction

The varied physical properties displayed by polymetallic com-
plexes continues to attract the interest of the scientific commu-
nity, since such species find application in various fields of
science and technology, including luminescence, ferroelectri-
city, molecular imaging and applied bioinorganic chemistry."
Paramagnetic 3d-4f complexes displaying large spin ground-
states resulting from ferro- or ferrimagnetic exchange are of
particular interest in areas ranging from information storage
to cryogenic refrigeration. For instance, certain 3d-4f clusters
have been found to function as single-molecule magnets
(SMMs), i.e. molecules that can retain their magnetization
once magnetized in the absence of an external magnetic
field.>* A pertinent example is the recently reported metalla-
crown complex {Dy[15-MCc¢,-5]}, which displays the largest
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through heat capacity and magnetization measurements.

effective energy barrier (U = 625 cm ™) for the re-orientation of
the magnetization for any reported d—f SMM.* In addition, het-
erometallic 3d-4f clusters - particularly those based on Gd™ -
have been employed as molecular coolants, since they can
display an enhanced magnetocaloric effect at cryogenic temp-
eratures.’ A fine example being a {Ni,;Gd,,} cage with an S =
91 spin ground-state and a low-field magnetic entropy of
141 kg ' K ' for AB=1Tat 1.1 K.°

We recently started exploring the use of the 1,3,5-tri(2-
hydroxyethyl)-1,3,5-triazacyclohexane ligand, LH; (Scheme 1),
in manganese chemistry, which led to the synthesis of a
mixed-valent {Mn!IMn{'} wheel, a {MnJMnY} double square
wheel and a {Mn!l} contorted wheel,” thus establishing the
versatility of the LH; ligand towards the formation of poly-
nuclear species. Given the tendency of the LH; ligand to
promote the formation of mixed-valent species, we investi-
gated its use in the M"/Ln™ (M = Ni, Co) reaction system.
Herein we report the synthesis and characterisation of three

AL

Scheme 1 The ligands discussed in the text; LH3 (left), L'H, (middle) and
salicylaldehyde (right). Colour code: C = grey, N = blue, O = red, H = white

This journal is © The Royal Society of Chemistry 2025
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dodecanuclear heterometallic [Nif Ln}"(L')g(OAc),(OH)g(H,0),]-
xH,0 (Ln = Dy, x = 6 (1); Gd, x = 24 (2); Y, x = 10 (3)) complexes
formed upon the decomposition of the LH; ligand under the
solvothermal conditions and the in situ formation of the
dianion of the Schiff-base between salicylaldehyde and
ethanolamine, L'.

Experimental
General methods

All chemicals were obtained from commercial suppliers
(Sigma-Aldrich) and were used without further purification/
treatment.

Synthesis

LH; was prepared as previously described.®

[NifDy,(OH)s(0Ac)4(L)s(H,0),4]-6H,O (1-6H,0). NiCl,-6H,0
(118.5 mg, 0.5 mmol), Dy(OAc);-4H,0 (206 mg, 0.5 mmol), sal-
icylaldehyde (61 mg, 0.5 mmol) and LH; (103 mg, 0.5 mmol)
were added to MeOH (18 ml), in the presence of NEt; (0.15 ml,
1.0 mmol) and the resulting mixture transferred to a Teflon-
lined autoclave (23 ml) and kept at 120 °C for 12 hours. After
slow cooling to room temperature at a rate of 10 °C h™", olive-
green rod-like crystals of 1 were obtained in ~35% yield, col-
lected by filtration, washed with Et,O and dried under
vacuum. Elemental analysis (%) calcd for CgoH;04Dy,NgNigOsg
(1-2H,0): C 33.07, H 3.61, N 3.86; found: C 32.94, H 3.43,
N 3.81.

[Nif Gd4(OH)s(0AC)4(L)s(H0),4]-24H,0  (2-24H,0)  was
prepared in a similar manner to 1 using Gd(OAc);-4H,0
instead of Dy(OAc);-4H,0. Elemental analysis (%) caled for
CgoH110Gd,NgNigOy, (2-5H,0): C 32.70, H 3.77, N 3.81; found:
C 32.59, H 3.61, N 3.72.

[Nil'Y,(OH)5(0Ac)4(L))s(H,0),]-10H,0 (3-10H,0). Ni(OAc),-
4H,0 (124 mg, 0.5 mmol), YCI; (98 mg, 0.5 mmol), salicylalde-
hyde (61 mg, 0.5 mmol) and LH; (103 mg, 0.5 mmol) were
added to MeOH (18 ml), in the presence of NEt; (0.15 ml,
1.0 mmol) and the resulting mixture was transferred to a
Teflon-lined autoclave (23 ml). The autoclave was kept at
120 °C for 12 hours, and after slow cooling to room tempera-
ture (10 °C h™'), dark-green rod-like crystals of 3 were obtained
in ~30% yield and collected by filtration and dried under
vacuum. Elemental analysis (%) calcd for CgoH;0sNgNigO40Ys
(3-4H,0): C 36.30, H 4.11, N 4.25; found: C 36.21, H 3.97,
N 4.14.

Crystallography

Using Olex2,” single crystal X-ray structures were solved with
the SHELXT'® structure solution program using Intrinsic
Phasing and refined with the SHELXL'' refinement package
using least squares minimisation. Crystal data for 1 (CCDC
2410260%): CgoH,1,Dy,NgNigO,, (M = 2977.45 g mol~?), mono-
clinic, space group C2/c, a = 20.9513(16) A, b = 19.9583(16) A, ¢
=25.322(2) A, f = 101.165(4)°, V = 10388.1(14) A>, Z =4, T =
195(2) K, Bruker Apex II diffractometer, p(MoKa) =

This journal is © The Royal Society of Chemistry 2025
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4.331 mm™', De. = 1.835 g cm™®, 126728 reflections
measured (4.622° < 20 < 56.668°), 12917 unique (Rjy; =
0.0578, Rgigma = 0.0304) which were used in all calculations.
The final R; was 0.0402 (I > 20(I)) and wR, was 0.1076
(all data). Crystal data for 2 (CCDC 2410261%):
CgoH145GdNgNigOg (M = 3280.74 g mol™), monoclinic, space
group C2/c, a = 20.9663(10) A, b = 20.0465(9), ¢ = 26.2609(13) A,
V =10830.3(9) A%, Z = 4, T = 210(2) K, Bruker Apex II diffract-
ometer, y(MoKa) = 3.874 mm ™", Deye = 2.012 g cm™>, 314 922
reflections measured (4.36° < 20 < 58.306°), 14593 unique
(Rint = 0.0573, Rgigma = 0.0195) which were used in all calcu-
lations. The final R; was 0.0514 (I > 26(1)) and wR, was 0.1225
(all data). Crystal data for 3 (CCDC 2410262%):
CgoH120NgNigO46Y, (M = 2755.15 ¢ mol™), monoclinic, space
group C2/c, a = 20.9054(7) A, b = 19.9035(6) ¢ = 26.4714(8) A,
V =10798.1(6) A°, Z = 4, T = 220(2) K, Bruker Apex II diffract-
ometer, y(MoKa) = 3.571 mm™", D¢y = 1.695 ¢ ecm™>, 85906
reflections measured (4.522° < 260 < 57.514°), 13 988 unique
(Rint = 0.0857, Rgigma = 0.0701) which were used in all calcu-
lations. The final R; was 0.0528 (I > 26(I)) and wR, was 0.1348
(all data).

Magnetometry

Magnetization data were collected on MPMS-XL and MPMS3
SQUID magnetometers equipped with 5 and 7 T magnets,
respectively. Diamagnetic corrections were applied using
Pascal’s constants.

Heat capacity

Heat capacity measurements were carried out on a PPMS
equipped with a 9 T magnet and a *He cryostat, using a thin
pressed pellet (ca. 1 mg) of a polycrystalline sample of 2, ther-
malized by ca. 0.2 mg of Apiezon N grease, whose contribution
was subtracted using a phenomenological expression.

Powder XRD measurements

Powder XRD measurements were collected on freshly
prepared samples of 1-3 on a PANanalytical X’Pert Pro MPD
diffractometer.

Infra-red spectroscopy

FTIR-ATR (Fourier-transform infrared-attenuated total reflec-
tance) spectra were recorded on a PerkinElmer FTIR Spectrum
BX spectrometer.

Energy-dispersive X-ray spectroscopy

EDS measurements were performed on a JEOL Scanning
Electron Microscope.

Results and discussion

The initial system investigated was the simple synthetic triad
of Ni"/Dy™/LH; in the absence of any co-ligands. However,
after many experiments in which all synthetic parameters were
varied (i.e. reaction times, presence/absence of base, bench/
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solvothermal conditions, metal salts and metal : ligand ratios)
no crystalline material was obtained. We employed salicylalde-
hyde as a co-ligand in the reaction system, since it is well-
known that it can serve both as a chelate ligand (blocking poly-
merisation and the formation of aggregates) as well as a brid-
ging ligand via the deprotonation of the hydroxyl group. The
1:1:1:1 solvothermal reaction of LH; with NiCl,-6H,0,
Dy(OAc);-4H,0 and salicylaldehyde in basic methanolic
solution produced olive-green crystals of [NifDy!!
(L")s(OAC)4(OH)g(H,0),4]-6H,0 (1-6H,0) in good yields. The
crystal structure of the complex (vide infra) revealed the pres-
ence of the dianion of the Schiff-base ligand that forms from
the reaction between salicylaldehyde and ethanolamine, the
latter originating from the dissociation of the LH; ligand to its
components under the high-temperature and high-pressure
conditions of the autoclave. Repeating the same reaction
under ambient conditions led to the formation of a green solu-
tion, which yielded a crude oil upon standing. The gadolinium
and yttrium analogues of complex 1 were formed following
analogous synthetic routes (in the case of the yttrium analogue
YCl; was used as the yttrium salt) and are isostructural with 1.
Despite the fact that the Schiff-base ligand produced in situ, L'
H,, has been extensively employed for the formation of metal-
lic clusters,'? this is the first time that the formation of such
large 3d-4f species is observed.

Since complexes 1-3 are isostructural, we limit discussion
to the crystal structure of 1. Complex 1 crystallises in the
monoclinic space group C2/c (Fig. 1). Its metallic core
describes a central, planar rectangular {Dy,} unit of dimension
~3.9 x 3.7 A, serving as a base for the assembly of four
{Ni,Dy,(OH),(Or),} cubes in a circular fashion, with each cube
sharing two Dy corners (Dyl, Dy2 and symmetry equivalents,
s.e.) with two neighboring cubes. All cubes are distorted with:
(i) edge dimensions ranging from ~2.06 to 2.37 A, (ii) Dy-
O(H)-Dy angles in the ~109.7-112.8° range, (iii) Ni-Og-Ni
angles of ~97°, (iv) Ni-Og;;-Dy angles in the ~91.0-104.5°
range and (v) Ni---Ni distances in the ~3.10-3.15 A range.

All eight 1 ligands are found in an n*n":n":p; coordination
mode, bridging two Ni and one Dy centres within each cube,
while eight p;-OH™ bridges (03, 09, 012, O14, and s.e., BVS
values = 0.77-0.88) complete the formation of the cubes.
Neighbouring cubes are linked to each other via one n*n':p;
acetate, bridging two Ni and one Dy centres. All eight Ni ions
are six-coordinate with a {OsN} coordination sphere, adopting
octahedral geometry. The only exceptions to this are Nil and
Ni3 which adopt severely distorted octahedral geometries as
evidenced by: (i) the presence of a large bonding distance
(Ni1-04 = 2.43 A and Ni3-018' = 2.38 A) and (ii) the deviations
of the O2'-Ni1-04 and O7-Ni3-018' angles of ~136° and 135°,
respectively, from the theoretical value of 180° (Fig. 2). The
coordination environment of the 4f ions is completed by the
presence of a terminal H,O molecule, with all Dy™ cations
being eight-coordinate and square-antiprismatic (SHAPE ana-
lysis, Table S11)."?

In the extended structure, molecules of 1 pack in a “brick-
work” like manner, forming sheets in the ab plane, with the

4666 | Dalton Trans., 2025, 54, 4664-4671
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Fig. 1 The crystal structure of 1 (top) highlighting the assembly of the
four {Ni,Dy,} cubes, and its metal-oxygen core viewed along the c axis
(bottom). Colour code: Dy"' = yellow, Ni" = green, O = red, N = blue,
C = grey. H-atoms and solvate water molecules have been omitted for
clarity.

07

Fig. 2 The severely distorted octahedral geometry for Nil and Ni3 (and
s.e.). Colour code: Ni' = green, O = red, N = blue.

water solvate molecules occupying the void space between the
clusters (Fig. 3). There exists an intricate inter- and intra-
molecular hydrogen-bonded network mediated by the eight
water molecules.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The crystal packing of 1 in the ab plane. Solvate molecules and
H-atoms are omitted. Colour code: Dy" = yellow, Ni' = green, O = red,
N = blue.
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Magnetic properties

The direct current molar magnetic susceptibility, y, of freshly
prepared polycrystalline samples of 1-3 were measured in an
applied field, B, of 0.1 T, over the 2-300 K temperature, T,
range. The purity of all samples was established by means of
PXRD comparison with the simulated data from the single-
crystal structure (Fig. S1t), as well as from EDS measurements
(Fig. S2t). The experimental results are presented in the form
of the y\T product vs. T in Fig. 4a.

The experimental room-temperature y,,T values of 62.3 cm?
K mol™ for 1, 39.1 cm® K mol™ for 2 and 9.3 ecm® K mol™" for
3, respectively, are close to the theoretical values expected for
eight independent Ni" ions (gy; = 2.0) and four Dy ions (s =
5/2, L =5, ] =15/2, gy = 4/3) of 64.7 cm® K mol™" (for 1), eight
independent Ni'" ions (gy; = 2.0) and four Gd™ ions (ggq = 2.0)
of 39.5 cm® K mol™" (for 2), and eight independent Ni" ions
(gni = 2.0) of 8.0 cm® K mol™" (for 3). For 1, the y\T value
decreases slowly upon cooling from room temperature down to
~60 K, below which it steeply increases reaching 69.9 cm® K
mol™" at T = 2 K, indicating the presence of ferromagnetic
exchange interactions. For 2, yuT slightly increases upon

30| b) o« o8 8 s
NigDy, o® : o . q
0.. ... o) =
—20F ° e . .
2\ [} ° ©
= I @ © o.
S * o °
10}" e ® 7T=2K i
®e e T=5K
2o o T=10K

M (Nug)

Fig. 4 Temperature dependence of the ymT product for complexes 1-3 (a), collected under an applied magnetic field of B = 0.1 T, and isothermal
molar magnetization M versus applied magnetic field, for 1 (b) 2 (c) and 3 (d), collected for T = 2, 5 and 10 K. Symbols are experimental data, while

lines are fits for 3 (see main text).
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cooling down to ~70 K, while upon further cooling it increases
rapidly to reach the maximum value of 51.6 cm® K mol™" at T'=
5.5 K, before it drops to 46.4 cm® K mol ™" at the lowest temp-
erature of 2 K, suggesting dominant ferromagnetic inter-
actions. The abrupt drop at the lowest T'may be attributed to
ZFS and/or intermolecular interactions. For 3, the y\T product
decreases slowly upon cooling until ~50 K, below which it
slightly increases reaching a maximum value of 11.6 cm® K
mol ™" at T =18 K, denoting dominant ferromagnetic exchange.
Upon further cooling, it decreases steeply reaching 6.3 cm® K
mol " at T =2 K. This is attributed to the presence of antiferro-
magnetic exchange and/or crystal field effects. For 1, ac suscep-
tibility measurements (not shown here) in the temperature
range 2-30 K, at zero-applied field, reveal no evidence of slow
relaxation of the magnetic moment. Low-temperature variable-
temperature and variable-field magnetization, M, data were
measured in the temperature range 2-7 K, in magnetic fields
up to 5.0 T for complexes 1 and 3, and up to 7.0 T for complex
2 (Fig. 4b-d and S37). At the lowest temperature and highest
field measured, M reaches a value of 31.7up and 11.6uy for 1
and 3, respectively, while for the Gd analogue 2 a value of
40.1up is obtained.

The magnetic properties of 3 can be well accounted for by a
simple theoretical model of dimeric {Ni,} units,
H=—2ni Y55+ Dnis;> + gnippBs. The best fit of the T vs.
T (Fig. 4a) and M vs. B (Fig. 4d) data affords Dy;/kg = 11.5 K, g
= 2.0 and Jni/kg = 29.4 K, denoting a relatively strong ferro-
magnetic Ni---Ni exchange interaction. For 1 and 2, the diago-
nalization of the corresponding Hamiltonians and the calcu-
lation of observables are not feasible due to the large dimen-
sions of the associated Hilbert spaces.

Magnetothermal properties and MCE

The magnetocaloric effect (MCE), that is, the change of mag-
netic entropy AS;, and adiabatic temperature AT,q in response
to a change of the applied magnetic field AB, can be signifi-
cantly large in selected molecular clusters. Given that Gd™ is
the typical ion of choice due to the large s = 7/2 and negligible
anisotropy, we pursued magnetocaloric studies of complex 2.
The heat capacity ¢, of a sample of 2 was measured over the
0.3-30 K temperature range in selected applied fields B = 0, 1,
3 and 7 T (Fig. 5). A strong field dependence is particularly
visible at temperatures below ~10 K, while the nonmagnetic
lattice contribution tends to dominate at the larger tempera-
tures. The analysis that is systematically carried out for this
class of molecular materials, consists of fitting the high-field,
low-temperature c, data to Debye’s law, i.e., Cjae = a ¥ T°, where
the coefficient a typically has values of the order of 1072
K*.'»"® However, the experimental ¢, data of 2 are approxi-
mately one order of magnitude larger than the expected cja
below 1 K (Fig. 5), making characterization unfeasible.
Exchange interactions involving Gd™ ions lose dominance
against the Zeeman term of the Hamiltonian when increasing
the magnetic field. The model proposed to evaluate ¢, col-
lected at the higher field values neglects all exchange inter-
actions but Ni--Ni from the dimeric {Ni}, units, which we

4668 | Dalton Trans., 2025, 54, 4664-4671
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Fig. 5 Molar heat capacity c, and entropy S (inset) versus temperature
for selected applied field values for 2. Symbols are experimental data,
while lines are theoretical simulations (see main text).

assume to be the same as in 3. The Schottky curves were calcu-
lated for four dimeric {Ni}, units and four free Gd™ ions per
molecular unit, shown in Fig. 5 as the dashed and dotted
curves, respectively. The sum of both contributions leads to
the solid line that fits the experimental ¢, data at B = 7
T. Exchange correlations involving Gd™ ions become domi-

20 T T T
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Fig. 6 Magnetic entropy change AS,, (top) and adiabatic temperature
change AT,4 (bottom) versus temperature for 2, calculated from magne-
tization (empty symbols) and heat capacity (filled symbols) data.
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Table 1 Magnetocaloric properties of representative Ni/Gd clusters
—ASp, T AB

Formula JkgT' K" (K) (T) Ref.
[NigGde(OH),(03PCH,Ph)s(0,C'Bu);4(MeCO,H),]-4MeCN 26.5 3.0 7 16
[Gd36Ni15(CH3CO0); 5(pi3-OH)ga(114-0)6(H20)54(NO3)Cl,](NO3)6Clo-30H,0 36.3 3.07 17
[Gd4Ni1o(3-OH)e5(CO3)12(CH3CO0)30(H,0)50]-(ClO4)24-80H,0 38.2 207 18
[Ni"gGd4(OH)s(OAc)4(L")s(H,0),]-24H,0 18.1 3.7 7  This work
[Ni,Gd(L)](NO,) 13.7 40 7 19
[NiGd(HL),(NO5)s] 5.7 7.0 7 20
[Gd,Niy(NO;)6(H,0)1.5(CH;CN),(L),]-CH;CN 18.5 3.0 5 21
[Ni(H,0)s][Gd(0oda);]-3H,0 31.6 209 22
[NigsGdog(t3-OH)156(IDA)s6(DMPA);,(CH;COO),45(NO;)»4(H,0)64]Clo4-35CH;0H-120H,0 42.8 3.0 7 23
[Ni,Gd,(11,-OH),(13-OH) 4 (1-OOCCH;)5(LH,),]-(OH),-H,0 22.6 30 5 24
[Na,Gd;,sNigs(IDA)55(OAC),(Si04)6(Cl)a(p2-OH)4(1a0)a(13-0)35(13-OH)126(H20)s2]-(C1)a(H20)37 40.6 3.0 7 25
[NizeGd102(OH);35(mmt); s(dmpa); g(Hodmpa),s(CH3C00)354(SO4)15(NO3)15(H20)30] Bre(NO3)6:(H20)130(CH;0H)gp 41.3 207 26
[Ni5Gdg(jt3-OH),(j1-OH,)(05P-"Bu)(0,C-'Bu); 5(MeCN)] 30.6 3.0 7 27
[Gd15,Ni;4Cl54(CO3)42(0AC) 45(H20)135(0H)305]- Clao:(H,HEIDA) 4-20H,0 52.7 357 28
[Gd,,Niss(DTA)»1(SO4)4(OH)45(OCH3)4](NO5)-(H20)s0 46.0 207 29
{[Gd,Ni(L)(C,04)2(H,0),]-H,0}, 38.0 207 30

nant for fields lower than 3 T, breaking the agreement between
the experiment and model.

Next, we calculate the temperature dependence of the
entropy, S (inset of Fig. 5), for any B value from the experi-
mental ¢, using

T ¢p(T", B)

S(T,B) = J g

0

dr'.

The zero-field applied entropy increases sharply on increas-
ing T at low temperatures, reaching values of 7R = 16.3 J kg™*
K" near 1-2 K. The available magnetic entropy content, ie.,
Sm=[8xIn(2x1+1)+4xIn(2x35+1)]JR=17.1R=39.7 ]
kg™* K™, is not attained at low temperatures due to the rela-
tively strong Ni---Ni interactions. At high temperatures, all
experimental curves at different fields tend to overlap because
of the nonmagnetic lattice contribution.

To evaluate the MCE, AS,, and AT,q4 are obtained as differ-
ences between entropy curves, for magnetic field changes AB =
B — 0. AS,, is also calculated from the magnetization curves of
Fig. 4 using the Maxwell relation,

B
ASy (T, AB) :J {8—M} dB.
0 B
The AS, results from both calculations overlap, proving the
validity of our approach (Fig. 6). The magnetic entropy change
reaches 18.1 J kg~' K™ ', which corresponds to ~46% of the
available entropy at 3.7 K for the largest applied field of 7
T. The adiabatic temperature change shows a maximum of
7.1 K at T=2K for AB =7 T. Complex 2 joins a growing family
of heterometallic Ni-Gd clusters displaying a relatively large
—ASy, value (Table 1).

Conclusions

In conclusion, in this work we report three isostructural dode-
canuclear {NigLn,} (Ln = Dy, Gd and Y) complexes, upon the

This journal is © The Royal Society of Chemistry 2025

in situ formation of the dianionic form of the Schiff-base
ligand resulting from the reaction of salicylaldehyde and
ethanolamine. All three clusters feature an aesthetically pleas-
ing ring-like assembly of four {Ni,Ln,(OH),(Og),} cubes
arranged in a circular fashion around a planar {Ln,} rectangle.
The study of the magnetic properties revealed dominant ferro-
magnetic interactions in the Y analogue (complex 3), while the
Gd analogue (complex 2) displays a significant magnetocaloric
effect.
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