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Using the new Schiff base ligands condensed from 2-hydroxy-1-naphthalenecarboxaldehyde and (1R,2R)/
(1S,25)-2-aminocyclohexanol (R-HsL/S-HsL), a pair of homochiral CugDys heterometallic cluster com-
plexes [CugDyz(R-L)(OH)e(H20)6l(ClO4)(NO3),-4.75H,0-8.5MeOH (R-1) and [CugDysz(S-L)g(OH)g(H2O)6l
(ClO4)(NO3),-5.5H,0-8MeOH (S-1) were synthesized at room temperature, which exhibit an interesting
topology of triangular corner-sharing cubanes. Magnetic measurements revealed that they are zero-field
single-molecule magnets (SMMs), with different Ueg/k values of 19.5(0.6) K for R-1 and 21.4(0.4) K for S-1,
owing to solvent magnetic effects. Meanwhile, the chiral enantiomers show proton conductivity caused
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confirmed their enantiomeric nature, and the magnetic circular dichroism (MCD) study indicated that
both R-1 and S-1 have strong magneto-optical Faraday effects at room temperature, with a large
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Introduction

The integration of optical, electrical, magnetic and other func-
tions in a nanoscale molecule can meet the requirements of
micro-nano miniaturization and intelligent multi-signal
responses in modern high-tech technology." The advent of
single-molecule magnets (SMMs)* is a crucial step towards
achieving this goal. SMMs are molecular materials that can
exhibit magnetic bistability in a single molecule at the nano-
scale, so they are expected to be used to make molecular
devices with high-density information storage.* When chirality
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is introduced into SMMs, it is possible to bring in many new
valuable properties, such as ferroelectric properties,*® second-
order nonlinear optics,”’® magneto-optical  Faraday
effects,"*™® magnetochiral dichroism (MChD),"* etc., to
achieve the integration of multiple functions in a nanoscale
molecule for future application. For example, SMMs with
strong magneto-optical Faraday effects have potential appli-
cations not only in magneto-optical switches, isolators, or
sensors, but also in optical current transformers,’*'* and
SMMs with strong MChD are further expected to be used for
optical readout of magnetic data."* Furthermore, when there is
a network of hydrogen bonds with the participation of crystal-
line water molecules, proton conductivity may be assigned in
SMM systems,””'® while ferromagnetism and conductive
bifunctions were once thought to be difficult to coexist in
molecular systems,'® and such magneto-conduction molecular
materials have the potential to be used in low-consumption
spintronic devices.?® To date, only a few cases of conductive
SMMs have been reported; they still require external dc field
induction to exhibit magnetic relaxation behavior,">™*® and
there are only a few cases of SMMs with magneto-optical
Faraday effects but they are not conductive."* ™ It is a great
challenge to obtain nanomolecules with integrated conductive,
magnetic, and strong magneto-optical functions.
Lanthanide(u) ions have become important components
for many SMMs,*" especially for single-ion magnets
(SIMs)*>7® with large energy barrier values and high blocking
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temperatures because of their high spin ground state and mag-
netic anisotropy. Furthermore, they are also involved in the
construction of many 3d-4f SMMs.”® Among them, Dy-Cu
SMMs can exhibit good magnetic relaxation properties without
applying an external dc field,**™” but most of such SMMs
reported in the literature are non-chiral. On the other hand,
chiral SMMs with triangular Dy; structural units are particu-
larly interesting because they can exhibit spin chirality as
single-molecule toroics.?® In this study, we are committed to
constructing chiral 3d-4f multifunctional SMMs using new
homochiral Schiff base ligands (R-H;L/S-H3L, Scheme 1),
which are formed by the condensation reaction of 2-hydroxy-1-
naphthalenecarboxaldehyde and (1R,2R)/(1S,2S)-2-aminocyclo-
hexanol; such large =n-conjugated homochiral ligands are
expected to provide rich CD signals. Herein we report the
syntheses, crystal structures, zero-field SMM behaviour,
magneto-optical Faraday effects, and proton conduction pro-
perties of a pair of homochiral Cu-Dy multifunctional nano-
cluster complexes based on the R-H3;L/S-H3;L ligands,
[CugDys(R-L)s(OH)s(H,0)6](C10,)(NO;),-4.75H,0-8.5MeOH  (R-
1) and [CugDys;(S-L)(OH)s(H,0)6](C10,)(NO;),-5.5H,0-8MeOH
(8-1), which show an interesting topology of triangular corner-
sharing cubanes.

Experimental
Materials and methods

All commercially available chemicals and solvents are analyti-
cally pure and not further purified prior to use.

Caution! Although there were no problems encountered in
this work, perchlorate salts or complexes are potentially explo-
sive; they should be handled with care and used only in small
amounts.

The elemental analyses were carried out on a Thermo Flash
EA1112 elemental analyzer. The infrared spectra were recorded
on a Bruker VERTEX 70v spectrophotometer with pressed KBr
pellets. The circular dichroism (CD) spectra and the magnetic
circular dichroism (MCD) spectra were measured using a
Chirascan ACD spectrometer, with a permanent magnet (+1.0
T or —1.0 T) and a 1 mm optical path. Proton conductivity
measurements were carried out by a quasi-four-electrode AC
impedance technique using a Solartron 1260 impedance/gain-
phase analyzer, using the frequency domain of 10°-0.1 Hz, the
temperature range of 25 to 80 °C, and the relative humidity
(RH) from 60 to 100%. The microcrystalline samples were com-
pressed as pellets with 2.5 mm diameter and 0.62 mm thick-

R,R-H,Lgchisr

Scheme 1 RrR'HZLSchiff and S,S'HZLSChiff.
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ness for R-1 or 0.67 mm thickness for S-1; two sides of the
pellet were connected to gold wires using gold paste. The resis-
tance values were deduced from the Debye semicircle in the
Nyquist plot, and the conductivities were calculated using the
equation: ¢ = L/(R x A), where o is the proton conductivity (S
em™), L is the thickness of the sample (cm), A is the cross-sec-
tional area of the sample pellet (cm?), and R is the resistance
(Q). The magnetic properties were determined on a Quantum
Design MPMS-XL5 (SQUID) magnetometer. The diamagnetism
of all constituent atoms was corrected using Pascal’s constant.

Preparation of R,R-H,Lg pigr and S,S-H,Lschise

20 mmol of (1R,2R)/(1S,2S)-2-aminocyclohexanol and 20 mmol
of 2-hydroxy-1-naphthalenecarboxaldehyde in 40 mL of MeOH
were stirred for 24 hours at room temperature; a large amount
of yellow turbidity appeared from the starting clear solution,
and it was filtered, washed with EtOH and air-dried to give the
product as a yellow powder.

Elemental analysis calcd (%) for Cy;H;;NO, (R,R-H,Lschifr)-
C, 76.38; H, 6.41; N, 5.24; found: C, 76.43; H, 6.45; N, 5.21. IR
(KBr, cm™"): 3558 (m), 3481 (m), 3465(m), 3405(s), 3234(w),
3048(w), 2940(w), 2919(w), 2883(w), 2863(w), 1642(s), 1609(s),
1544(m), 1521(m), 1476(w), 1448(w), 1425(w), 1381(m),
1350(w), 1314(w), 1300(w), 1284(w), 1245(m), 1218(w), 1198(w),
1143(w), 1121(w), 1100(w), 1072(w), 1054(w), 1038(w), 881(w),
792(w), 693(w), 617(w), 479(w), 413(w).

Elemental analysis calced (%) for C;,H;,NO, (S,S-H,Lschir)-
C, 76.38; H, 6.41; N, 5.24; found: C, 76.33; H, 6.44; N, 5.20. IR
(KBr, cm™): 3558 (m), 3481 (m), 3464(m), 3407(s), 3048(w),
2940(w), 2920(w), 2884(w), 2864(w), 1643(s), 1608(s), 1545(m),
1521(m), 1476(w), 1449(w), 1426(w), 1380(m), 1351(w),
1315(w), 1300(w), 1284(w), 1246(m), 1219(w), 1198(w), 1144(w),
1073(w), 1054(w), 1038(w), 881(w), 792(w), 694(w), 615(W),
479(w), 410(w).

Preparation of R-1 and S-1

0.125 mmol of Dy(NO;);-5H,0 was added to 0.25 mmol of
R,R-H,Lgcpisr Or S,S-HyLgeniee in 20 mL of MeOH; after stirring
for 15 minutes, 0.25 mmol of Cu(ClO,),-6H,0 and 0.75 mmol of
Et;N were added in turn to the solution; blue-gray precipitates
appeared quickly; 20 mL of CH,Cl, was then added to the
mixture to dissolve the precipitates. After being stirred for
24 hours, a dark blue solution was formed, and dark blue crys-
tals of R-1 or S-1 were grown by slowly evaporating the solvent
of this solution. After several days, the products were collected
by filtration. High quality single crystals of both R-1 or S-1
could be obtained by recrystallization with the MeOH-CH,Cl,
(v/v: 1/1) mixed solvent. Yield: 75-80% based on Dy.

Elemental analysis caled (%) for Cii05Hi6ss
NgO47.,5CICu¢Dy; (R-1). C, 40.66; H, 5.05; N, 3.43; found: C,
40.53; H, 5.11; N, 3.41. IR(KBr, cm™): 3433 (br, s), 3062(w),
2930(w), 2856(w), 1625(s), 1543(m), 1510(w), 1455(w), 1435(w),
1387(m), 1362(w), 1339(m), 1298(w), 1245(w), 1186(w),
1166(w), 1147(w), 1117(w), 1093(w), 1053(w), 972(w), 921(w),
858(w), 828(w), 777(w), 747(w), 666(w), 629(w), 608(w), 549(w),
505(w), 464(w), 442(w).
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Elemental analysis caled (%) for C;0H163Ng047.5C1Cu¢Dy;
(S-1). C, 40.51; H, 5.04; N, 3.44; found: C, 40.55; H, 5.09; N,
3.39. IR(KBr, cm™): 3426 (br, s), 3060(w), 2931(w), 2856(w),
1625(s), 1543(m), 1510(w), 1455(w), 1436(w), 1387(m), 1362(w
1340(m), 1299(w), 1245(w), 1186(w), 1165(w), 1147(w), 1118(
1093(w), 1053(w), 972(w), 921(w), 858(w), 828(w), 778(w
747(w), 710(w), 666(w), 630(w), 608(W), 550(W), 505(W), 445(w).
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Crystallography

X-ray single crystal diffraction data for the two chiral isomers
were collected on a Rigaku MMOO7HF diffractometer at 170 K
using Mo-Ka radiation (4 = 0.71073 A). The two structures were
solved using the olex2.solve structure solution program and
refined using the ShelXL-2015 refinement package. All non-
hydrogen atoms were refined anisotropically, and all hydrogen
atoms were treated as riding atoms. Crystallographic data are
summarized in Table 1.

Results and discussion
Synthesis

Recently, the Schiff base ligands formed by the condensation
reactions of 2-hydroxy-1-naphthaldehyde and achiral hydroxyl-
amine have been successfully used to assemble several achiral
Ln-Ni cluster complexes (including a Dy;Ni; SMM)** and

Table 1 Crystal data and structural refinement parameters for two
enantiomers R-1 and S-1

R1 51
Formula C110.5H163.5C1CUcDY3NgO047.25  C110H163N5047.5C1CusDy;
Fy 3264.17 3261.66
Crystal Orthorhombic Orthorhombic
system
Space group  P2,2,24 P2,2.24
a[A] 17.5288(2) 17.6273(2)
b [A] 22.4741(2) 22.5554(2)
c[A] 35.9503(3) 35.9679(3)
al°] 90 90
B1°] 90 90
r[°] 90 90
V[A%] 14162.4(2) 14 300.5(2)
Z 4 4
peatdgem™]  1.531 1.515
u[mm™] 2.543 2.518
T[K] 170 170
A[A] 0.71073 0.71073
Reflections 113 383 285418
collected
Unique 27 906 39750
reflections
Observed 26474 36 891
reflections
Parameters 1642 1621
GoF[I 1.075 1.135
>206(1)]
Ri[I>20(I)]  0.0324 0.0377
wWhR[I 0.0888 0.0973
>20(I)]
Flack value  —0.019(2) —0.008(2)
CCDC 2222613 2222614
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several achiral Dy-Co cluster SMMs under hydrothermal con-
ditions.*® We hope to construct chiral 3d-4f SMMs using the
homochiral Schiff base ligands derived from 2-hydroxy-1-
naphthaldehyde, as these large =n-conjugated homochiral
ligands may provide rich CD signals. We pre-synthesized a
series of homochiral Schiff base ligands by the condensation
reaction of 2-hydroxy-1-naphthaldehyde and several homo-
chiral hydroxylamines, and finally found that the homochiral
Cu;Dy, cluster complexes R-1 and S-1 could be reproducibly
synthesized by the reaction of the homochiral Schiff base
ligands R-H;L/S-H;L (shown in Scheme 1) with Dy(NO3);-5H,0
and Cu(ClO,),-6H,0 in the MeOH-CH,Cl, (v/v: 1/1) mixed
solvent in the presence of triethylamine at room temperature.
The use of a room-temperature reaction instead of a high-
temperature hydrothermal reaction can effectively avoid the
occurrence of a racemic mixture of the product.*' Notably,
although CH,CI, is not present in the crystal lattices of R-1
and S-1, it is essential for growing these homochiral Cu;Dys
cluster complexes’ single crystals, and when it is replaced with
other solvents such as MeCN, the crystalline product cannot
be obtained at all. Notably, although homochiral SMMs have
been continuously exploited,*****™** R-1 and $-1 are very rare
homochiral Cu-Dy multinuclear cluster-type = SMMs.
Furthermore, a review of the latest CCDC database shows that
R-1 and S-1 represent the first complexes assembled with the
homochiral Schiff base ligands derived from 2-hydroxy-1-
naphthalenecarboxaldehyde and (1R,2R)/(1S,25)-2-
aminocyclohexanol.

Crystal structures

Single crystal structure investigation of the two chiral isomers
reveals that the Flack values of R-1 and S-1 are —0.019(2) and
—0.008(2) (Table 1), respectively, which are close to zero, verify-
ing the enantiomeric purity of their single crystals. Given that
the structures of R-1 and S-1 are very similar, we only carefully
describe the structure of R-1. As shown in Fig. 1a, the main
body of the R-1 molecule is composed of a heterometallic
cluster cation [CugDys;(R-L)s(OH)s(H,0)e]*", two nitrate anions
and one perchlorate anion. In addition, R-1 also contains
some lattice water and methanol molecules in its crystal struc-
ture (Fig. S17). The core of [CueDy;(R-L)s(OH)s] is made up of
three Cu,Dy,0, twisted cubanes by sharing three Dy*" vertices,
generating an interesting topology of triangular corner-sharing
cubanes (Fig. 1b). Such a topology is reminiscent of that in the
achiral Dy;Cus complex [CugDy;(OH)s(vae)s(MeOH)(H,0)s5]
Br,:NO;-MeOH-4H,0 {Hyvae = (2-[(3-hydroxy-ethylimino)-
methyl]-6-methoxy-phenol)},* whose cation is
[CugeDy;(OH)e(vae)s(MeOH)(H,0)s]**, containing five co-
ordinated H,O molecules and one coordinated MeOH mole-
cule, while the cation [CugDy;(R-L)s(OH)s(H,0)s]>" in R-1 has
only six coordinated H,O molecules. The Dy1:--Dy2, Dy2---Dy3
and Dy3---Dy1 distances in R-1 are 3.851, 3.846, and 3.851(4) A,
respectively. The average Dy-O distance of 2.374 A (Table S17)
is within the normal range.>* The Cu,Dy,0, cubane in R-1 is
formed by two outer p*-Ouy groups from two R-L*~ ligands
and two inner p*-OH groups bridging two inner Dy** cations

This journal is © the Partner Organisations 2023
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Fig. 1 Crystal structure of R-1; all H atoms and solvent molecules are
omitted for clarity (a). Corner-sharing [CugDys3(R-L)g(OH)e] cubanes (b).

with two outer Cu®" cations (Fig. 1a), with the Cu---Cu dis-
tances of 3.154, 3.163, and 3.121 A for Cul---Cu2, Cu3---Cu4,
and Cu5---Cu6, respectively.

Each Cu(u) cation is five-coordinated and shows a distorted
square pyramidal coordination configuration, in which the
Oaiky1 atom, the Oppenoxide atom and the Njpine atom from the
same R-L>~ ligand and one Onydroxyl atom generate the square
bottom, while the O,y atom of the neighboring R-L>” ligand
acts as the apex. The twisting parameter 7 could be calculated
using the formula 7 = (8 — @)/60 (§ > a),** giving the 7 values of
0.002 for Cuil, 0.150 for Cu2, 0.188 for Cu3, 0.138 for Cu4,
0.142 for Cu5, and 0.032 for Cu6. The smaller the 7 value, the
closer it is to the standard square pyramidal configuration. It
can be seen that in each Cu,Dy,0, cubane, there is one Cu(u)
cation (Cul, Cu4 or Cu6) that is closer to the standard square
pyramidal configuration than the other Cu(m) cation (Cu2, Cu3
or Cu5). Each Dy(m) ion is bonded to two Oy, atoms from
two R-L>” ligands, four Ohydroxyl atoms and two Oyygeer atoms.
Through the SHAPE software analysis,*® it is known that the
coordination geometry of Dyl, Dy2 and Dy3 cations is the
square antiprism configuration, with the offset values of 0.890,
0.672 and 0.606, respectively, for the D,q symmetry (Tables S1-
S31).

The cation [CugDy;(R-L)s(OH)s(H,0)s]*" in R-1 is charge-
balanced by two NO;~ anions and one ClO,” anion. Notably,
the crystal lattice contains some water and methanol mole-
cules that participate in and form extensive hydrogen bonds
among the molecules (Fig. S1t). This hydrogen bond network
not only stabilizes the crystal structure, but also facilitates
proton conduction in the solid phase.

The structure of S-1 (Fig. S2 and Fig. S31) is similar to that
of R-1 (Fig. 1 and Fig. S1t). The mean Dy-O distance of S-1 is
3.377 A (Table S1t), which is comparable to 3.374 A of R-1.
Similarly, the SHAPE software analysis’® revealed that the
coordination geometry of the Dy1, Dy2 and Dy3 cations of S-1
is the square antiprism configuration too, with the offset
values of 0.859, 0.713 and 0.569, respectively, for the D,q sym-
metry (Tables S5-S77), and the 7 values of S-1 were calculated
to be 0.013 for Cul, 0.138 for Cu2, 0.190 for Cu3, 0.135 for
Cu4, 0.143 for Cu5, and 0.023 for Cu6. Because R-1 and S-1 are
a pair of enantiomers, their principal structures are mirror-
symmetrical (Fig. 2). Notably, the numbers of methanol
solvent molecules and water solvent molecules contained in
S-1 are somewhat different from those in R-1, however, similar

This journal is © the Partner Organisations 2023
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Fig. 3 Plots of 4T versus T of R-1 and S-1 (Hy. = 1000 Oe).

to R-1, there are extensive hydrogen bonds in the crystal struc-
ture of S-1 involving crystal water and methanol molecules

(Fig. S37).

Magnetic properties

The magnetic properties of R-1 and S-1 are similar since they
are a pair of enantiomers; therefore, we only describe the mag-
netic properties of R-1 in detail. As shown in Fig. 3, the room
temperature 4T values of R-1 and S-1 are 44.68 and 44.70 cm?
K mol ™", respectively, both are consistent with the calculated
value (44.76 cm® K mol™") of three isolated Dy(u) ions and six
uncoupling Cu(u) ions. When the temperature is decreased,
the yT values of R-1 and S-1 slowly decrease, and rapidly
decrease below 50 K to 15.74 ecm® K mol™ for R-1 and
16.06 cm® K mol ™" for $-1 at 2 K. A similar trend was observed
in the achiral CueDy; Schiff base  complex
[CueDy;(OH)g(vae)s(MeOH)(H,0)s5|Br,-NO3-MeOH-4H,0  with
the similar topology core,*® and this magnetic behaviour can
be explained by the depopulation of the m; levels of dyspro-
sium() cations and/or the antiferromagnetic coupling among
cations.>® The field-dependent magnetization of R-1 and S-1
was measured in the 2-6 K temperature range, and the corres-
ponding M versus H/T curves at different temperatures do not
coincide (Fig. S4 and Fig. S5t), suggesting the presence of
magnetic anisotropy, which is one important prerequisite for
SMMs.

Inorg. Chem. Front., 2023,10, 3714-3722 | 3717
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Fig. 4 Plots of " versus T for R-1 (H4c = O Oe) (a). Frequency depen-
dence of »” for R-1 at a zero dc field (b). Plot of —In(z) versus 1/T for R-1
(Hgc = 0 Oe); the solid line represents the best fitting with the Arrhenius
law (c). Cole—Cole plots measured from 1.9 to 2.4 K for R-1 (Hy4. =
0 Oe); the solid lines represent the best fitting with the generalized
Debye model (d).

To further disclose the SMM behaviour of R-1, we measured
its variable temperature ac magnetic susceptibility and vari-
able frequency ac magnetic susceptibility at a zero dc field. As
shown in Fig. 4a, the y" versus T plots at different frequencies
(10-1399 Hz) clearly exhibit frequency dependence, suggesting
the magnet relaxation behaviour of the SMM. Peaks occur on
the curves from 300 Hz to 1399 Hz, and the & value was calcu-
lated to be 0.25 for R-1 using the equation @ = (ATy/T)/A(logf)
(f is the frequency);*” this value is obviously larger than that
for the spin glass state (<0.1), confirming the SMM nature of
magnetic relaxation. The y” versus v plots at 1.9-2.4 K also
display frequency dependence and peaks occur on the curves
from 1.9 K to 2.3 K (Fig. 4b). The extracted In 7 versus 1/T plot
follows the Arrhenius law 7 = 7, exp(Ueg/kT) (Fig. 4c), with
Uege/k = 19.5(0.6) K and 7, = 4.1(0.1) x 10~% s. The 7, value is a
normal value for SMMs.”" In addition, the Cole-Cole plots
show a typical single magnetic relaxation process, and were
fitted by a generalized Debye model (Fig. 4d),*®*® giving the a
values of 0.119-0.222, suggesting that the relaxation time dis-
tribution of R-1 is relatively narrow. However, R-1 has no
obvious hysteresis loop at 1.9 K (Fig. S67).

The ac magnetic susceptibility of S-1 is similar to that of
R-1, as shown in Fig. S7a;T frequency dependence occurs on the
x" versus T plots but peaks appear on the curves from 175 Hz
to 1399 Hz. The @ value of S-1 was calculated to be 0.22, which
is a little smaller than that of R-1 (0.25), but also a normal
value for SMMs. Frequency dependence can also be seen in
the y" versus v plots at 1.9-2.5 K of S-1 and peaks occur on the
curves from 1.9 K to 2.4 K (Fig. S7b¥). The In 7 versus 1/T plot
of S-1 was also fitted by the Arrhenius law 7 = 7, exp(Ueg/kT)
(Fig. S7ct), giving Ueg/k = 21.4(0.4) K and 7, = 2.7(0.1) x 107 % s.
The Ueg/k value of S-1 (21.4 K) is slightly larger than that of R-1
(19.5 K), but a little smaller than that of the achiral complex
[CusDy;(OH)s(vae)s(MeOH)(H,0)s]Br,-NO;-MeOH-4H,0
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(25.3 K).** As mentioned above, there is a difference in the
numbers of methanol solvent molecules and water solvent
molecules contained in S-1 and R-1, which may cause subtle
differences in their SMM properties due to solvent magnetic
effects. Similar solvent magnetic effects of SMMs are also
observed in other 3d-4f molecular systems.>**° However, the
solvent magnetic effects in chiral SMMs have rarely been
reported before.”® The Cole-Cole plots of S-1 could also be
fitted by a generalized Debye model (Fig. S7dt),***° giving the
a values in the range of 0.115-0.249. Similar to R-1, no hyster-
esis loop can be formed for S-1 at 1.9 K (Fig. S8%).

Circular dichroism (CD) spectra and magnetic circular
dichroism (MCD) properties

The optical activity and chiral enantiomeric nature of R-1 and
S-1 were confirmed with their circular dichroism (CD) spectra.
As shown in Fig. 5a, the CD signal curves of R-1 and S-1 in an
acetonitrile solution at a concentration of 0.2 g L™ show
mirror symmetry in the range of 250-700 nm, with strong
peaks at 270, 316 and 398 nm, respectively, and a weak peak at
around 572 nm. Referring to the UV-visible spectra (Fig. 5b),
the CD peak at 270 nm is ascribed to the n-n* transitions of
naphthalene rings in the homochiral Schiff base ligands,
while the CD peaks at 316 nm and 398 nm are attributed to
the n-n* transition and n-n* transition of the azomethylene
chromatophores of the homochiral Schiff base ligands,
respectively. Furthermore, the weak peak at 572 nm may be
caused by the d-d transition of the Cu®" cation.

We further studied the magneto-optical Faraday effects of
R-1 and S-1 by measuring their MCD spectra in a MeCN solu-
tion (0.2 g L™") at room temperature with a 1 mm optical path.
As shown in Fig. 5c, although the external magnetic field
(£ 1.0 T) basically does not change the position of the CD
signal peak, it does change the strength of the signal clearly.
The pure MCD signals of R-1 and S-1 were obtained based on

a) ©)

—R1(0T)

—R1 —R1(+10T)
51 /\ ——R1(-10T)

A\

510T)
51(+10T)
——S$1(-1.0T)

AgM em™?
AgM em™?

300 400 500 600 700 300 400 500 600 700
Wavelength/nm Wavelength/nm

CA
N2

a)
——R-1
P S-1
—R1 / !

51

10 gM em™?
g b b
1
&y T
=
2

300 400 500 600 700 300 325 350 375 400
Wavelength/nm Wavelength/nm

Fig. 5 CD spectra of R-1 and S-1 at room temperature (MeCN, ¢ =
0.2 g L%, optical path = 1 mm) (a). UV-visible spectra of R-1 and S-1 at
room temperature (MeCN, ¢ = 0.2 g L™, optical path = 1 mm) (b). CD
spectra in a MeCN solution at room temperature (c = 0.2 g L™, optical
path =1mm, H=0and + 1.0 T) (c). gucp of R-1 and S-1 (d).
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the formula MCD = [CD(+1.0 T) — CD(-1.0 T)]/2,">"* and show
a strong peak at 316 nm (Fig. S9F) attributed to the n-n* tran-
sitions of naphthalene rings in the homochiral Schiff base
ligands.

To figure out the strength of the magneto-optical Faraday
effects of R-1 and S-1, we calculated the gycp (the anisotropy
factor of MCD) values using the formula gycp = 2(e+(B) -
£.(=B))/(e+(B) + £,(—B)).>*> As shown in Fig. 5d, the gycp values
of R-1 and S-1 are also approximately mirror-symmetrical as a
function of wavelength in the 290-400 nm range. The
Zmax(vep) values of R-1 and S$-1 are 0.58 T~ and —0.58 T,
respectively; their absolute values (both are 0.58 T ') are
clearly larger than those of other reported 3d-4f complexes
[Co,Ln[(R)/(S)-L]4]-Cl5-2H,0-MeOH-EtOH (Ln = Gd, Dy) (0.02
T~")** and {[Mn;oDye(L1)(R/S-L2)sAcso(1*-OH)s(1*-O) (1"-O)e(1*-
H,0),]H{[Mn¢Dy,(L1),(R/S-L2)sAcs(p*-0), (1
OH),(H,0),]}-4ClO,-EtOH-10H,O (HL1 = 2-hydroxy-4-methoxy-
benzaldehyde; H,L2 = (R/S)-2-(((1-hydroxybutan-2-yl)imino)
methyl)-5-methoxyphenol) (0.012 T~ *),"* and most of the 4f
complexes (<0.24 T~'),>* and are just smaller than those of a
pair of homochiral Dy, complexes reported by our group
recently (1.27 and 1.72 T~")."® To our knowledge, the absolute
values of gmaxmcp) Of R-1 and S-1 are the highest among those
of the complex-type molecular materials; such large absolute
values of |gmaxmcp)| suggest that R-1 and S-1 possess strong
magneto-optical Faraday effects. Because gycnp is proportional
to gumcp, > the homochiral CugDy; SMMs may also have larger
Zmchp values.

Proton conductivity

Due to the presence of extensive hydrogen bonds in the crystal
lattices of both R-1 and S-1 containing crystalline water mole-
cules (Fig. S1 and Fig. S37), their proton conductive properties
in solid states were explored. As shown in Fig. 6, the Nyquist
plots of R-1 have a typical proton transfer characteristic,>> %°
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Fig. 6 Nyquist plots for R-1 at 25 °C under different relative humidity
(RH) levels (a). Nyquist plots for R-1 at different temperatures under
100% relative humidity (RH) (b). Plots of proton conductivity vs. RH for
R-1 at 25 °C (c). Plots of In(6T) vs. 1000/T for R-1 under 100% relative
humidity (RH) (d).
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consisting of a semicircle in the low-frequency region connect-
ing with an inclined tail in the high-frequency region (Fig. 6a
and b). At 25 °C, the proton conductivity value of R-1 increases
from 5.85 x 107® S em™ at 60% relative humidity to 9.55 x
1077 S em™" at 100% relative humidity (Fig. 6c and Table S87),
which is consistent with the general regularity of solid-state
proton conductivity increasing with the increase of relative
humidity.*>°°

On the other hand, the temperature has also a significant
effect on the proton conductivity; the higher the temperature,
the better the proton conduction in the solid phase.’>®® As
shown in Fig. 6b, when the relative humidity is fixed at 100%,
the proton conductivity of R-1 increases from 9.55 x 1077 S
em™" at 25 °C to 4.77 x 107° S em™" at 80 °C (Table S97). The
maximum value of R-1 at 100% RH and 80 °C is comparable
with those of recently explored proton-conducting molecular
materials, such as UiO-66-NH 2 (3.5 x 107° S cm™" at 98% RH
and 80 °C)®” and GTUB5(3.00 x 107® S em™" at 75% RH and
75 °C).*® Generally, the mechanism of the proton transport
process can be judged according to the magnitude of the acti-
vation energy (E,): when E, < 0.4 eV, the Grotthuss mechanism
is mainly mediated along the hydrogen bond network through
proton jumping; conversely, when E, > 0.4 eV, the carrier
mechanism is mainly mediated by the proton diffusion of
movable species.> ®® We fitted the In(6T) vs. 1000/T data with
the formula oT = A exp(—E,/kT), giving the E, value of 0.29 eV
for R-1 (Fig. 6d), which is obviously smaller than 0.4 eV,
suggesting that R-1 undergoes proton transfer through the
Grotthuss mechanism. This is consistent with the presence of
extensive hydrogen bonds in R-1 involving crystalline water
molecules.

The proton conductive properties of S-1 (Fig. S10%1) are
similar to those of R-1 (Fig. 6). At 25 °C, the proton conduc-
tivity value of S-1 increases from 3.57 x 10™° S em ™' at 60%
relative humidity to 2.40 x 1077 S em™" at 100% relative humid-
ity (Fig. S10a, Fig. S10c and Table S10%); on the other hand, at
100% relative humidity, the proton conductivity of S-1
increases from 2.40 x 1077 S em™" at 25 °C to 7.45 x 1077 S
em™" at 80 °C (Fig. S10b and Table S117). The maximum value
of §-1 at 100% RH and 80 °C (7.45 x 107 S cm™ ") (Table S117)
is smaller than that of R-1 (4.77 x 107° S), suggesting that the
hydrogen bond network in S-1 is less efficient at transporting
protons with respect to that in R-1. The difference in their
hydrogen bond networks is obviously caused by the difference
in the numbers of methanol solvent molecules and water
solvent molecules. The E, value of S-1 was calculated to be
0.22 eV using the formula oT = Aexp(—E,/kT) again
(Fig. S10dt), which is also smaller than 0.4 eV, confirming the
Grotthuss mechanism for the proton transport process in S-1.

Conclusion

In summary, we successfully constructed the first homochiral
3d-4f cluster complexes using the new 2-hydroxy-1-naphthale-
necarboxaldehyde-based homochiral Schiff base ligands,
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[CugDy;3(R-L)s(OH)s(H,0)g](Cl0,)(NO3),-4.75H,0-8.5MeOH  (R-1)
and  [CugDy;(S-L)(OH)s(H,0)6](ClO,)(NO3),-5.5H,0-8MeOH
(S-1), exhibiting zero-field SMM performance and a strong
magneto-optical Faraday effect with a larger |gmaxmcp)| value
of 0.58 T~'. In addition, they exhibit proton conductivity,
thanks to the extensive hydrogen bonds associated with water
solvent molecules in the crystal lattice. The two CueDy; chiral
isomers not only integrate magnetism and conductivity, but
also can realize the strong coupling of magneto-optical pro-
perties, showing a strong magneto-optical Faraday effect. This
work demonstrates that 2-hydroxy-1-naphthalenecarboxalde-
hyde-based homochiral Schiff base ligands are excellent multi-
dentate ligands for the assembly of homochiral 3d-4f multi-
functional SMMs, magnetism and conductivity can be inte-
grated into nanoscale homochiral 3d-4f molecules, and even
strong coupling of magneto-optical properties can be achieved.
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