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ABSTRACT:

The employment of three structurally related Schiff basgsiHH,L 2 , and HL3 with finc and
fanthanide salt§illlller various reaction conditi@ii8 gave four families of compounds formulated as
[Zn'"2Ln"5(L 1)4(EtOH)c] ISIOHE (1-3), [Zn"sLn(OH)(L 1)6(H20)] (4-6),
[(Zn"4Ln"2(OH)2(L 2)4(OAC)2(NOs)2(DMF)3]) (7-9), [Zn"2Ln" (L 3)2(NOs)2(COs)2(CHzOH),] (10-

12) with robust andiiiil@le! topologies. Synthetic aspects are discussed. A comprehensive topological
analysis of all reported 2A.n" CCs |litili@ieore nuclearif§f four and above is presented and
identifies that families4-6) and {-9) are the first examples of the 2,3,4M6-1 motif in'Zm"
chemistry Magnetic studies are presented for thé''Danalogues 1 7 and 10) ECHDICSEHE: 7
demonstrd® field-induced slow relaxation of the magnetization. FluordBeestudies are also

discussed.
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I ntroduction

In recent years, 3d-4f polynuclear Coordination Clusters (CCs) have attracted increasast) &%t a
result of thei {JEXITGOIGINE Y and fascinating structural charactetistsswell as their many potential
applications in fields such as molecular magnefisnaptical materials'® and catalysis**® In
particular, the first heteronuclear 'Za EU"/Sm'" CCs were reported in 1995 by Brennan &t%4j
more recenZn'/Ln" examples followed>??2 in 2009 Murugesu et ‘dlreported a multifunctional
pentanuclear ZhDy'"'s CC exhibiting Single Molecule Magnet (SMM) and fluorescent properties.
Since then the synthesis of'Zbn" CCs has gained remarkable atter]t|SillllIBIsince to a) magnetic
behaviour that can be explained due to the diamagnetic character of tioe Zmhich has also been
shown to enhance the energy barrierZiml'/Dy" SMMs?® and b) Etf and TH' are attractive
luminescent centres, due to their long V83 and®D4 excited states and tjiElGCCOMBPeNYing large
Stokes’ (Sl In additionJlie combination with Zrions may produce species with enhanced
luminescent properties via-fl energy transfet’ & plethora of such mixed metal species have been
reported and the magnetic and luminescent properties of such compounds have been very well
investigated:?>4°

Several organic ligands have been employed to Enfd_n"" CCs and Schiff Base ligands
represent an ideal host to accommodate both elements and allow them to htefattThe
synthesis of the Schiff base ligand (EjZ2hydroxy-3-methoxybenzylideneamino)phenotLH
(Scheme 1, left), was initially reported in 1971 and us{EliOISERWR:E? Since then, a number of
BE compounds bearing this ligand have been rep&ttéd® Recently, we employed H1 in
Zn'/Ln"" chemistry, to assemble a family of bimetallic tetranuclear CCs formulated as
[Zn2Lna(L 1)4(NO3)2(DMF)2].2DMF (Ln is Sm, Eu, Tbh, Gd, Dy and Yb) which promote Fiedel
Crafts-"°° and multicomponent catalysiSAn interesting feature of these molecules is the retention
of their topology into solution, presenting further importance to the rigidity of the ligandEign@ allows

BB synthetic control over topology.



HoL1 is particularly versatile and straightforward to syntheJiSCIIGGIICaOINEmMoRIicd to

enhance the luminescent properfiGSIGOIBY the introduction of chromophoric NiGlCHESIEIne]

are often employed to transfer absorbed energy efficiently to the lanthanitie ll@sherefordiliged

a systematic synthetic study usinglH and its structurally related organic ligandd. B and HL3
(Scheme 1, centre and rigiifiithe synthesis of ZiiLn"" CCs. This study is limited to the formation
and characterization of the By To" and El' HEiNGINCSRINICHIGICICXDECICONOISHONMRISIES ing
magnetic (DY) and fluorescent (THEU") FioPEHIEs. Herein|JIEHEESEIibe twelve new CCs
formulated as [ZeLn" 2(L 1)4(EtOH)] 2(CIOs) (1-3) where Ln isDy" (1), To" (2) B EU"(3).
[Zn"sLn(OH)(L 1)s(H20)] (4-6) where Ln isDy" (4), Tb" (5) @ Eu"(6). [Zn"sLn" 2(OH)x(L 2)4
(OAC)2(NO3)2(DMF)3.DMF  (7-9) where Ln is Dy" (7), To" (8 @ Eu" (9).
[Zn"2Ln"5(L 3)2(COs)2(NO3)2(CHsOH),] (10-12) where Ln isDy" (10), TH" (11) and EU' (12).

Magnetic studies of the dysprosium analogues are presgillcoaemle!l as luminesceas @maly
solution.
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Scheme 1. Schiff Base ligands used [ifilihis study

EXPERIMENTAL SECTION

Materials. Chemicals (reagent grade) were purchased from Sigma Aldrich and Alfa [l@8ar. The
synthesis and characterization of the HL ligdlll are described in the ESI. All experiments were
performed under aerobic conditions using materials and solvents as received. Safegroblarate
salts are potentially explosive; such compounds should be used in small quantities and handled with
caution and utmost care at all times.
Instrumentation. IR spectra were recorded over the range of 4000-650 ama Perkin Elmer

Spectrum One FT-IR spectrometer fitted with a UATR polarization accessory. ESiiNiSHORta Were



-j on a VG Autospec Fissions instrument (El at 70 eV). TGA analysis was performed on a TA
Instruments Q-50 model (TA, Surrey, UK) under nitrogen and at a scan rate of 10 °C/min (University
of Sussex). All stedily-state UV-Vis absorbance measurements (University ofiiCHDIIGIgIMade by
BB8I81 2 Shimadzu UV-1800 UV-Vis SpectrophotometdiliiieRamplcchicIenties0 ved in DMF as
indicated. with quartz cuvettes, while all stead-state solutions fluorescence emission measurements
were carried out using a Cary Eclipse Fluorescence Spectrometer in either acetonitrile, or DMF as
indicated with quartz cuvettes.

M agnetic studies. Variable-temperature magnetic studiGenicicaaaeiguse of a MPMS-5 Quantum
Design magnetometer operating at 0.03 T in the 300-2.0 K range. Magnetization measureraents we

mad<jiiiEHcaanclCHCIONantCIoNoN > T. Diamagnetic corrections were appliedtiseiived

paramagnetic susceptibility using Pascal’s constants.

Ligand synthesis. The syntheses of 1% and HL2 and HL3  were by the reported
procedures.

Experimental
Preparation of Complexes

[Zn"2Ln"5(L 1)4(EtOH)] [CIO4]§ (1-3) where Ln isDy" (1), Th" (2) @ Eu"(3). To a solution of
HoL1(48.2 mg, 0.2 mmol) in EtOH (20 mL), Zn(Cff2 6H0 (74mg, 0.2 mmol) and Ln(OT$)(61

mg, 0.1 mmol) were added and the resultant solution was stirred for 5 mingheg6EpL, 0.45

mmol) was added arjCliNCHRBBIEE as stirred for a furfjer 1h. The resulting cloudy yelldonsolut
was filtered and allowed to stand at room temperature. After 4 days, small yellow crystals were
obtained with yields in the range of 52% based orjjZilFor 1, CHNDZM »(L 1)4(EtOH)q] [ SISHE
observed: C-43.19%, H-4.06%, N-2.79%; expected: C-43.08%, H-4.26%, N-2.96%.CidN
[Zn",Th" 5(L 1)«(EtOH)][ [BIOH observed: C-43.21%, H-4.44%, N-3.04%; expected: C-43.30%, H-
4.28%, N-2.97%., foB CHN [Zn'":Eu"»(L 1)4(EtOH)s][ (BB observed: C-43.53%, H-4.26%, N-

2.92%; expected: C-43.59%, H-4.31%, N-2.99%.,



[Zn"sLn(L 1)6(OH)(H20)] (4-6) where Ln isDy" (4), TE" (5) and EU'(6). To a solution of K1

(48.2 mg, 0.2 mmol) in MeCN (20 mL), Ln&tH20 (37 mg, 0.1 mmol) and Zn£(27.2 mg, 0.2
mmol) were addeiiGHGRNCHNRIUICIIGSISHICOROMoNmIN uteNs, B2 1L, 0.45 mmol) was added

and [illGIMRlc stirred for a further 1h. The resulting cloudy yellow solution was filtered and allow
to stand at room temperature. After 3 days, small yellow crystals were collected with yields in the
range of67% based on Zn. CHN¥ [Zn"sDy(L 1)s(OH)(H20)] observed: C- 51.32%, H-3.41%, N-
4.19%; expected C-51.29%, H-3.53%, N-4.27% , 50jZn"sTb(L 1)s(OH)(H20)] observed: C-
51.41%, H-3.50%, N-4.35%; expected C-51.29%, H-3.53%, N-4.27% , 6€or
[Zn"sEu(L 1)6(OH)(H20)] observed: C- 51.45%, H-3.60%, N-4.14%; expected C-51.58%, H-3.55%,

N-4.29% ,.

[Zn"4Ln"'2(OH), (L 2)4(OAC)2(NOs)2(DMF)s].DMF (7-9) where Ln isDy" (7), Th" (8) @ EU" (9).

To a solution of HL2 (52 mg, 0.2 mmol) in DMF (10 mL), Ln(N§.5H20 (44 mg, 0.1 mmol),
Zn(CH:C(,)2.2H20 (45 mg, 0.2 mmol) and & (62 pL, 0.45 mmol) were added and the solution
was|Siiligd fofllh. The clear yellow solution was filtered and underwent vapour diffusion #@th Et
After 7 days, vyellow [JiGS0IEHle crystals were obtained with yields of 44%. CHN
[Zn"4Dy" (OH)a(L 2)4(OAC)(NO3)2(DMF)s].DMF  observed: C-45.41%, H-3.86%, N-6.19%;
expected C-45.59%, H- 3.83 N-6.05%. for5 [Zn"4Th" 2(OH)2(L 2)4(OAC)(NO3)2(DMF)s]. DMF
observed: C-45.67%, H-3.79%, N-6.11%; expected C-45.79%, H- 3.85%, N-6..079%, for
[Zn"4EU" ,(OH)x(L 2)4(OAC)(NO3)2(DMF)s].DMF  observed: C-45.99%, H-3.90%, N-6.15%;

expected C-46.03%, H- 3.86%, N-6.10%.

[Zn"2Ln" 5(L 3)2(COs)2(NOs)2(CH3OH),] (10-12) where Ln isDy" (10), To" (11) and EU'(12). To

a solution of HL3 (71.6 mg, 0.1 mmol) in MeOH (20 mL), &t (61.5 uL, 0.45 mmol) was added

and the solution was stirred fSIllR. Ln(NOs)3.5H,0 (44 mg, 0.1 mmol) and Zn(NR.6H:0 (58

mg, 0.2 mmol JlEIEIaElcd and the resultant solutioriiligstirred for a [lllll@r 40min. The clear yellow
solution was filtered and left to stand at room temperature. After 5 days, small yellow crystals were

obtained with a yield 0B0 % based on Zn. CHN10Q) [Zn"2Dy" »(L 3)2(COs)2(NOs)2(CHsOH),]



observed C-34.89%, H-3.16%; N-5.88%; expected C-34.95%,H-3.21%,N-5.83%.11for
[Zn",Th" (L 3)2(COs)2(NOs)2(CHzOH),] observed C-35.21%, H-3.34%; N-5.81%; expected C-
35.19%, H-3.23%, N-5.86%. for 12 [ZEu"5(L 3)2(COsz)2(NOs)2(CHs:OH),] observed C-34.55%,

H-3.24%; N-5.89%; expected C-35.49%,H-3.26%,N-5.91%.

X-ray Crystallography. Data and unit cells(Tables S1-S4) 166, 10, 11 and12 (»- scans) were
obtained at the University of Sussex by use of an Agilent Xcalibur Eos Gemini Ultra diffractometer
with CCD plate detector under a flow of nitrogen gas at 173(2) K using Mo Ka radiation (A =0.71073

A). CRYSALIS CCD and RED software was used respectively for data collection and processing.
Reflection intensities were corrected for absorption by the multi-scan method. Dat&, #yrl3 and

14 were collected at the National Crystallography Service, University of Southaihptoa Rigaku
CrystalClear, processed with CrysAlisPro and solved by intrinsic phasing methods with SHELXT

All crystal structures were then refined on Fo2 by full-matrix least-squares refinements using
SHELXL.%2 All non-H atoms were refined with anisotropic thermal parameters, and H-atoms were
introduced at calculated positions and allowed to ride on their carrier atoms. StrdcBmes9 are
isostructural with a large solvent channel parallel to the b-axis present in each structure. From the
difference map a large peak of electron density is present in each of these structures whichdas prove

impossible to assign in a chemically sensible manner. For each of these structures we performed the

elemental and TGA analysis three times for each sdiliplciangiabtained the dXPECICUMESIIEI2!t all times.
eSS e Rt ERIENg ysis. Additionally, data were collected at 30K for

an attempt to better characterize the structure within the solvent channel but this was unsuccessful.
The electron contribution from this large peak along with that of the diffuse solvent has been taken
into account wusing the SMTBX solvent masking as implemented in Olex2.
Geometric/crystallographic calculations were performed using PLATGex2°%* and WINGX®

packages; graphics were prepared with Crystal M&kerystallographic details are given in Tables

S1-54. CCDCISISRISRISOSES



RESULTSAND DISCUSSION

Synthetic issues. It is well-known that thiSioICHIOMEIIeNgtio, metal salt, temperature, atmosphere,
solvent, time of reaction, can all affect the nature of the final product. The semi-slgidligiand

has two pockets-I(ONO) andl(ONO) (Scheme 1, left) which are suitable for binding both 3d and
4f metal ions. The reaction betweSHIDIGIEINEIONE 2nd HL 1 in the presence of base {H)

in EtOH in the molar ratio 1:2:2:4.5, afforded yellow needle like crystalsinfa tolerable yield
(57%) after 1 week. The reactions with similar ratios but different counter anions and solvent yielded
the recently reported isoskeléfalCCs formulated as [2hnz(L 1)4(NOs)2(DMF)2].1” Aiming to
synthesize the isoskeletal tetranuclear zinc analogue gfrfNiL 1)4aClo(CH3sCN)],*° we performed

the reaction with similar ratios in MeCN with DyCdnd ZnC} that yielded after 2 weeks jagged
crystals of4 possessing a topay unseen in the literature for these metals. A modified form of this
ligand (E)-3{(2-hydroxy-3-methoxybenzylidene)amino)naphthalen-ZHiL 2, Scheme 1 midd)e

that offers similar pockets to;H1 has been employed to act as a sensitizer to enhance lumfiliescen
of the resUlililfly complexes. The same m{lEiggctanfl ratios in DMF, with R)(Ai@ Zn(OAc).,

After 1 week of vapour diffusion with KD, large yellow plate like crystals @fwere afforded in a
good yield (70%) |NERRRENSERHSREHc o-vanillin unit and re @@ ment of the aminofilifenol
1,3-diamino-2-propandiihe ligandlH3 (Scheme 1, right), offering similar pocketSiigilgt i H

and HL 2 and one extra pockEINGSIOBIEINed. The useloBor the first time in ZH/Ln" chemistry,

B8 the tetranuclear composri®— 12. A summary of these synthetic procedures is shoirairie

1 andScheme 2.



Table 1. Synthetic Strategies of preparing"Z2m'" CCs.

Rati@ Ligand Ln source Zn source Crystallisation | Solvent | Compound
method/ time(
days)

AB:CD = HoL1 Ln(OTf)s Zn(Cl0y)2.6H,0 SE/7 EtOH ZnoLn;
1:2:2:4.5 (1,2,3)
A:B:C:D = HoL1 Ln(NOs3)3.5H0 ZNn(NOs)2.6H,0 VD Et,O /9 DMF ZnpLnz’

1:2:2:4.5
A:B:C:D = HoL1 LnClz.XH20 ZnCl, SE/3 MeCN ZnsLn
1:2:2:4.5 (4,5,6)
AB:CD = HL2 | Ln(NOs)s.5H0 | Zn(CHsCO,)2.2H.0 | VDELO/7 | DMF ZnDy:
1:2:2:4.5 (7,8,9)
AB:C:D = HsL 3 Ln(NOs)3.xH0O ZNn(NG3)2.6H,0 SE/5 MeOH ZnyLn;
1:2:2:4.5 (10,11,12)

(a) A= Dy"" salt, B = ZA salt, C= HLY, D = EtN

[z, My (L1)4(NO3),(DMF),]
Ln=Sm, Eu, Gd, Tb, Dy,Yb, Y

VD/DMF/Et,O
(\®O 1l 1

v EtOH [Zn 2 2(L1)4(EtOH)6] 2C|O4

Dy(1), Th(2), Eu(3

o | Ln(OTf), Zn(Cl0O,).6H,0 Syé ). To(2). Eu(3)

OH N Ry
I:[ Mecn [2n"s| ""(OH)»(L1)6(H,0)]
HO Ra | nClyxH,0, ZnCl, Dy(4), Th(5), Eu(6)
SE

[204"115"(OH)2(L2)4(OAC)2(NO3)2(DMF)3]. DMF

Dy(7), Tb (8), Eu (9)
VD/ Et,0

\O/[j\l OH | J: 10/ MeOH [Zn'5 115(L3),(NO3),(CO3),(MeOH),]

OH N._A_N OH  Ln(NO3);6Hz0, Zn(NO3).6H,0 Dy(10), Th(11), Eu(12)
SE

Scheme 2. Synthetic scheme for the preparatiofh-bP)



Crystal Structure Description. Compoundsdl — 3 crystallize in the monoclinic P21/n space group
and are isoskeletal, thus ordlwill be described. The asymmetric unitlofontains one Zhion; one

Dy"" iorf two doubly deprotonated organic ligant4) three coordinated ethanol molecules; one to

B zn" and the other two to the Myion; one perchlorate and one ethanol molecule. The main core
of 1 can be described as defect dicubdrand is isoskeletal to the previous repoitiegl n,,*>>° and
CoLn,'>> [BE8. The organic ligands exhibit two different coordination modes (modes | and II,
Scheme 2). In the first mode (mode |, Scheme 2), the two phenoxide oxygen atoms and the imine
nitrogen atom are chelated to the' Zentre Jljd the two phenoxide atoms are further bonded to two
Dy" ions (Dy(1) and its symmetry related) and the methoxide oxygen atdiliGHeIgNd bound to Dy(1).
In the second mode (mode I, Scheme 2), the two phenoxide oxygen atoms and the imine nitrogen
atom are chelated to the ycentre, while the phenoxide oxygen atom (from the 2-aminophenol
unit), is furthe §8HRd to two Zrcentresfi@ihe ethanol molecUESigIBbund ofiftartheon andilio
BIRSISIEEIEEHh o to the fhyion. Each Zh centre coordinates to six atomssi{) and displays an
octahedll EOBIGINEEGI, while each Dy centre coordinates to eight atoms/d Using Shape
software®® the geometry of Dy(1) can be best described as biaugmented trigoniliriSiigie with an
SIENENEN 5. There are two'ZnDy' distances at 3.5513(5)A and 3.5329(5) A and one
zn"...zd distance at 3.172(5)A. Two coordinating ethanol molecules, one'tarhone to DY

ion, form an H-bond (O8 H8- - - ©9) while the third coordinating ethanol molecule forms an H-bond
with the lattice EtOH (O# H7---010), which in turn is H-bonded to the uncoordinated methoxide
oxygen atom (O10- H10A--- O1) (Fig S1). No oth@lilitramolecular interactiGiSICIONEBONds or
BEBBRINE) can be found between neighbouring entities. According to our topological
representatiof’ ' the main core of compouridcan be described 23M4-17° and according to a
literature surve§ this topology can be found #rnEw,*° and ZnYb,’? @86 and the recent examples

reported by us’



Figure 1. The structure of compouri_). C, H atoms and lattice molecules are omitted

for clarity. Colour code&n (grey), Dy (light blue), O (red), N (blue).
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Scheme 3. The coordination modes found and4.
Compoundg!l - 6 crystallize in the triclinic P-1 space group and are isoskeletal, thug wiillybe
further described. The asymmetric unit bfcontains fivezn' ions, one DY ion, six doubly
deprotonated organic ligand& 1), one triply bridging hydroxyl group, one coordinated water
molecule and two lattice molecules (one water and one acetonitrile). The main docarmfbe
considered as four fused triangles forming a distortgichir’> shaped core. The five Frions are
situated in plane, while the Byis situated 1.998A above this plane. Each of the six organic ligands
is chelated to one metal centre and further bridges other metal centres with the phenoxide and
methoxide oxygen atoms. Three different coordination modes can found for the six organic ligands;
3, 1 and 2 for modes |, Il and 1ll, respectively (Schemé&Be hydroxyl group bridges Zn2, Zn3 and
Dyl and is situated (0.311/JJ@bve their plane. The coordingiigiisphere of [ENGNSIEe Mpleted by one
water molecule. Zn1 and Zn5 are five coordinatesN(Qvith trigonality index T = 0.79 and 0.88,
respectively, indicating th§illlley adopt distorted trigonal bipyrailGRSOREINation. Zn2 and Zn3 are
five coordinated (GN) with trigonality index T = 0.46 and 0.43, respectively, indicating tfilf the
BOBIEIREHSRN< between square pyramidal and trigonal bipyrarfidai4 is six coordinated ¢D).
BBk shape softwaré the geometry of Zn4 can be best described as trigonal [fillsmatic, with S(P)
value 5.126. The DY centre coordinates to nine atomssXQ [l Shape softwafé, the
BOBIEIREESH of Dy(1) can be best descriffbetweerfla spherical tricapped trigonal prism find a
spherical capped square antiprism [S(P) 1.606 and 1.656, respectively]. There ard-twbDyn
distancedibf 3.4317(3) A and 3.4452(3) A and fnlt- - - Zr{ distances at 3.0942(3) A, 3.1296(3) A,
3.527(3) A and 3.626(3) A. The coordinating water molecule forms two strong H-tj8lids, one with

the methoxido oxygen atom (O7---O1AA) and [IiEHBIREI with lattice water (O7---O3A). No other



supramolecular interactions (H-bonfl or stacking) can be found between neighbouring entities.

According to our topological representatfdri? the main core of compountican be described as

2,3,4M6-17° and represents the first examEiCIONINSICOMIGEE- on MDA chemistry.




Figure 2. The structure of compourdl ). C, H atoms and lattice molecules are

omitted for clarity. Colour codgn (grey), Dy (light blue), O (red), N (blue), (Lower) The decor&8#M 6-

1 motif.

Compounds/ -9 crystallize in the monoclinic RZ space group and are isoskeletal, thus @nly
will be further described. The asymmetric uni7afontains four Zthions, two Dy ions, four doubly
deprotonated organic ligand& 4), two triply bridging hydroxyl groups, two acetates, , three
coordinating and one lattice DMF molecules. One of the coordination sites ofjiylieRaIgordered with
water and nitrate present. The cor& ean be considered as four fused triangles. Dy2, Zn1, Zn2 and
Zn3 [EICISHGINIEEEIEN- 1, \while Dy1, Zn4, Zn3 and Z2iGicIes 'y sollliemdistorted angle between
the twolflG@n planes is 62.39°. Alternatively, the core can be considered 'asdefgot dicubane
with each DY ion attached in the wings. Each organic ligand is chelated to drierzforming four
neutral metalloligands (Zr2) which are further bridged to neighbouring"Zand two DY ions. In
total eachL 2 coordinates to three metal centres; twd Znd one DY, exhibiting a coordination
modeJElgiogel s to mode | (Scheme 3). Each hydroxyl group bridges three metal centres, O1 bridges

Dyl, Zn2 and Zn4, and O2 bridges Dy2, Znl and Zn3, and O1 and O2 are 0.895 and 0.911A,

respectivelyjEONCINEIDIE . Each acetate group fridges two metal centresZidyhand Dy?2



Znl. Two DMF molecules coordinate to Dyl and one N,N’ — DMF and one nitrat§iGompiete the
coordination geometry of Dy2. Each 'Zion has coordination number six ) ElSCINNE:
A et tiREiREEaM ctry. Each Dy coordinates to eight oxygen atorfigilgrom
Shape softwaré® the geometry of Dy(1) and Dy(2) can be best descrisdmbtween biaugmented
trigonal prisniiglic and triangular dodecalf#diS(P) values 1.763 and 1.868, respectively] and
biaugmented trigonal prism [S(P) value 1.626], respectively. There are fur-By' distances
between 3.3598(10) A - 3.5333(10) A and foul' Zn Zr distances 3.1216(12) A - 3.354(12) A.
The lattice N,N’” — DMF molecule forms strong H-bonds with the two hydroxyl groups. No other
supramolecular interactions (H-bonds or stacking) can be found between neighbouring entities.
According to our topological representatii’the core of compound, like the core o#, can be
described ag,3,4M6-1"°. A literature survey reveals that tfigigame motif with the same M/Ln ratio

can be seen in Ni/Aand Co/Ln* chemistry.



N101



Figure 3. The structure of compou , H atoms and lattice molecules
are omitted for clarity. Colour code Zn (grey), Dy (light blue), O (red), N (blue), (Lower) The

decorate®,3,4M 6-1 motif.

Compoundsl0 — 12 are tetranuclear CCs synthesiZEuiCIIeINI . 2:1:1:4.5 Zn / Dy /
ligand / base ratiffi MeOH as solvent. All compounds crystallized in the monoc|ifliiPace
group and are isoskeletal, thus o8 further described. The asymmetric unit contains orle Zn
ion, one DY ion, one doubly deprotonated organic ligandl 84 one carbonate, one nitrate and one
methanol molecule. The main coreif can be considered as two of Dry-[idlille bridged by two
carbonate groups. The four metal centres are situated in a plane (Torsion anglByani Dyl —

Zn1 is 0). Each organic ligand is chelated to thé iom via the two imino N atoms and the two
phenoxide O atoms and to the'Dipn via the two methoxido and two phenoxide O atoms (Scheme
3). The carbonate group bridges the twd"'Dgns via oxygen O3 and coordinates to Znl and the
nitrate group is chelated to the 'thyon. ThejiSiONCOIOeIaNEE 2! geometryNg) of the Zr ion is
BEMIBIBIE by the oxygen atom of a methanol molecule. The coordination number of'tienDy

BOMBIBE. by one chelated nitraf@iilfrom Shape soffivahe geometry of Dy(1) can be best



described as spherical capped square antiprism [S(P) 2.489]. There is'endgh distance at
3.446(2) A and one DY- - - Dy distance at 4.007(2) A. The central OH group of the organic ligand
remains protonated and forms a strong H-bond with an oxygen atom of a carbonate group of a
neighbouring ZtDy"'; entity forming a two dimensional (2D) H-bonded framework, which extends
perpendicular to th@ilac plane. According to our topological represerftatiathe main core of
compoundl0 can be described ds2M4-17° and il the fifth examp|ElCTNCIMDtf in ZDy"
chemistry??34394A comparisoJJIEMIBEN thesH3 ligand used for the synthesiskifand the Schiff

base ligands used in the previous reporte{lillil@ $@met-1 motif indicates that ,despite the existence

of the central OH group, this type of ligand favours the formation dfrZAdimers whicHiGOmBINe

via the carbonate unit to the tetranuclear motif.

T @012A.b

O12A _bg.




Figure4. The structure of compourd® (upper) and its core (middle)C, H atoms and lattice molecules
are omitted for clarity. Colour code Zn (grey), Dy (light blue), O (red), N (blue). (lower) Th¢-2D

bonded framework seen in the crystal structur&0of

Magnetic Properties. Magnetic measurements w-ade on selected powdered samples of
compoundd, 7 and10 [SIEEIEEHERY SMM respondll. preliminary AC measufi@ilignts at zero field

and two frequencies (10 and 1000 G) for the three compounds shaiveithr response, was only
observabldilif the tail of their AC signaldl| A series of new measurements under fields up to 3000 G
showed a shift of the signals to higher temperature but AC peaks were not observalaledto,

(Figure S9). In contrast, well defined peaks were obtainedfmrfrequencies larger than 80 Hz and
under a field of 3000 G, Figure S10. These measurements are evidence of strong tunnelling relaxation.
lomplementary susceptibility measurements were made Tare ym T product at room temperature

is 27.2 cmdmolK, slightly lower than the expected value of 28.3 for twd'Dpations, Figure 5,

left). On cooling theywT value decreases monotonically down to a final value of 20°foiiK at

2 K. Magnetization experiments show a fast increase of the magnetization and a roughly linear

dependence with the applied field in the 2 - 5 T field range. The final value ofu®.é4adX the two



Dy cations) under the maximum explored field of 5 T is lower than the expected suggesting a

moderately high anisotropy.
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Figure5. (left) ymT product vs. temperature for compléx(right) AC susceptibility measurements

for 7 at frequencies comprised between 23 and 1500 Hz.

The AC susceptibility measurement in the 80-150 (iZICoUENeY range show well defined frequency-

dependent peakflll Arrhenius fit of the maxima of the peaks for compotmives an energy barrier
of 10.2 cm* andn = 7.1- 1, (Figure 5, right). Ifillhe light of the structural dElgB@hows that the two

Dy"" cations ardjioNnommeRct 2fill are well isolated by thebdnerfly, compound should be

assumed as a Single-lon-Magnet with a low barrier for the reversal of magnetization.

The magnitude of the barrier for systems of this kind is sensitive to multiple factors but the
importance of the ligand field and the position of the charged or neutral donors around the lanthanide
cation to determine the spatial arrangement of electronic density in the oblate-prolaté riidete!.
the case of DY its oblate electron density will generate larger barriers when negatively charged
donors are above and below the radial plane of the catio.vi®are far from this situation because
the O-phenoxo and O-carboxylate donors (with the shorter Dy-O distances) are placed on the same
side of the coordination sphere whereas the other side is occupied by solvent molecules with two Dy-

O distances larger than 2.5 A. Calculation of the direction of the easy axis for'treafyns, in low



symmetry environmes; SHCIIGSRNERn of can be performed wiffillihe MAGELLAN prograiiiiliie
BIEBHIBR: are similar, as can be expected from the similar (but not identical) coordination spheres
around Dy1 and Dy2. The axes are dire {iil@ls the O-phenoxo donors and are inclined at 54.1°
not parallel JB8lh factors in non-ideal arrangements of the charged O-donors arount] tai@ys

and the angle between the efi8flaxes contribute to the low energy barrier of the system.

Figure 6. Relative position of the easy axis of the twd'Dpations on the core @f(top) and in their
DyOs coordination spheres (bottom). Red O-atoms corresponds to the O-phenoxo and O-carboxylate

donors.
Photoluminescence. Solution luminescendEiicaSUICHGHISIIGIEH ade for nine 6CHE-12) in
DMF and each of the three ligands (in Me ClNjiSISPECHEIONCCONAINNGISPECISSISIGUI /

BRBWIIRR: broad ligand-based emission with some metal contribution (resulting in red-shift of the
profile) dominates for each of the three compounds. Though each of these species have distinctly
different absorption spectra, all three emit near 56044 = 560, 7iem = 567, andLO: kem = 555)
correlating with the*Fo; - ®Higpz transition that accompanies Hhyemission JJiBIlENEr, the broad
nature of these signals indicates the significance of the ligand contribution to these emitters.

EEMBENRE < - o containingL 1 andL 2 exhibited|Silflllgr behaviour (see Figure S Tljlill8lever, Th

and Eu-containing complexes witl8 (Figure S12-S13) displayed more typical emission spectra for



lanthanide species with multiple narrow emission bands correlating to specific trarjSiliglisawith
broad ligand emission peak. In particulat, exhibits an emission spectrum centred at 560 n
comparable to that described by Murugesu and coworkers in 2009 with dP&zretéFs, °Da - “Fs,
D4 — "F4, °D4 — 'F3 transitions:® Emission in the NIR region was not observed below 1100 nm for

ary of the nine compounds tested.

Norm. Abs / Em Intensity

300 400 500
Wavelength (nm)

Figure 7. Normalised absorption (dashed line) and emission spectra (solid line) of compgounds

(blue; Aex = 440),7 (red; hex = 400), andLO (yellow; hex = 355) recorded in DMF (1x1MM, 298 K).

Synthetic and Topological Aspects. Many polynuclear heterometallic #ihn" compound{liige
BESRNEREHE 0 in the literatuf@but a significant number of these are di or tri-nuclear species. There
are fewer examples with a nuclearity above fliligipbove in Table 2 along with their core topology
(Figure 6) and ligand $cheme 4). [REBEANY two ZILn" CC with nuclearity 30 were reported,
showcasing th@JBHIENt interest in"Am"' chemistry’®®° Adopting our topological approach, all
compounds can be presented by the NDK-symbol (Table 2). The most common nuclearity reported
of the zA'/Ln" clusters is four|jill@l@iva number of topologies, which appear to be dependent on

the structure of the ligand used for their synthesis.



The most common Z'L.n"" CC topology, share a common ligand structure (Scheme 4-top
Left). [l 1,2M 4-1 topologyiSHBEMEd in alcoholic solvents (MeOH, EtOMale 2 entries 1,4,9,
31); zn" ions are co-ordinated between the imine/secondary amine and deprotonated hydroxyl
groups, while LH @& are boundl the deprotonated hydroxyl and methoxy groups, forming a
[Zn"Ln"(L)]3 unit. In these examples, counter-ions such as Cl or carbonate (from atmosphgric CO
bridge between two [Zi.n"'(L)]2 units to form thel,2M 4-1 topology as a dimer. The coordination
BBEBE: is thellBBMBIBIcd by counter-ions such asaN® solvent molecules for charge balance. Of
the Schiff base ligands employed in polynuclear Zn/Ln CC synthesis, few demonstrate atyiuclea
above five, tetranuclear compounds are the most frequently reported. This may be due to the many
co-ordinating groups usually present and the ridged strucilliGi@®Ments2,3Md-1 motif
BOIESHEREN o to a defect dicubane topology is very common motif in 3d/4f chemistry. We recently
reported the first example of a family of Zn/Ln CCs that possess this hatifj in this work we
report another variation of this topology. The second most widespread motif in hexanuclear 3d/4f
chemistry is2,3,4M6-1 (Figures 2&3 lower). According to a survey in CSD33 crystal
structures®>*#189 possess this motif that corresponds to four fused triangles aligned in a plane or
forming a twisted boat. The first 3d/4f CCs with this topology can be found in a fanilg8fL_n,"
BOMBBERES \where Ln is Gd, Tb, Y, reported in 2008 by Oshi‘e{@llgr examples were reported

in Mn/4f, >48283Ni/4f 5286 Co/4f*84858Tand Fe/4f chemistry.

The 2,4M6-1 motif, in comparison to the previously discussed examilésss)GOMIMEN in
3d/4f chemistry. This motif is best described as a single central triangle with 3 triangles fused side on
to each side. Overall this forms a larger triangle, which c4iilili@p!anar or distorted. The first example
of this topology was a heterometallic Msli's clustef® [GBBIBH in 1991, until recently only
homometallicEINSIGISIE . 00"/ Cd"' 57! and Zr ™ [ElCIDCCICDONCOMIeIs 2rc three examples
of 3d/4f CCs with th&,4M 6-1 motif exist in the literature &g Ln"3° Cd"3Ln"3% and NI'sLn""5%
EPEGIESIRESsc cxamp|[@8IBhow the same configuration of 3d and 4f ion nodes within the motif, with

4f ions occupying the vertices of the central triangle and 3d ions occupying the vertices of the larger



triangle resulting in a core of I'nions. [EEMPOUNUSIIEIE: the first exampldSIOIRINICou

in Zn'/Ln" chemistry. In the present study, despite using organic ligands that offer similar pockets,

BRI topologicBlle obtained and thEllERBEEted involvement of the non-expected formed

carbonate group, does not allow for a complete systematic study.
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Scheme 4. The organic ligands used in the synthesis of Zn/Ln CCs.



Table 2. Reported Polynuclear 2fL.n" species with a nuclearity of 4 and above.

Entries Complexes Ligand Nuclearity Nucleari | Topological | Reference
ty Nomenclature

1 [Nd2(ZnL5)2Cls(MeOH)]- MeOH H.L5 ZnoLno 4 1,2M4-1 34 41
[Dy2Zn2(L 6)2(OAC)2(CO3)2]- 10CHs H,L6
OH

2 [Zn2Ln3(L 4)3(N3)s(OH)z] HoL 4 Znolns 5 1,2,3M5-1 10
Ln = (Th, Eu, Ho, Dy)

3 [ZNn2(L 6)sCl2(OH)sLna(N)a]; H.L 6 ZnoLns 5 1,2,3M5-1 o7
Ln=(La, Nd, Yb, Er)

4 [Zn"2LN"T(L 7)2(COs)2(NOs)2] . solv HoL7 ZnoLno 4 1,2M4-1 39
Ln =Dy, Th, Gd

5 [ZnT2Ln2(L 8)2(COs)2(NOs)z] solv | HoL 8 ZnoLn; 4 1,2M 4-1 39
Ln = Dy, Th, Gd

6 [Zn2Yba(L 6)2(-OH)2Cl4]- 2MeCN H.L9 ZnoLno 4 1,2M 4-1 98

7 [ZnsLna (L 10)2(OAC)2o(OH)d] HoL 10 ZnsLna 12 2(1,2,3M6- 99
Ln= Nd, Yb 1)

3 [ZnaEw(L11)4(COs)q- EtOH HaL 11 ZniLna 8 1,3M8-1 3

9 [Zn"2EU" 2(PhCOO} (L 12)4] HoL12 ZnoLno 4 2M4-1 100’25’101
[Zn'"2Dy" ,(PhCOO)(L 12)4]
[Zn"2Th"2(PhCOO} (L 12)4]

10 | ZneDya(L 12)a(ua-OH)e(pa- Hol 12 ZnzLnz 4 3M4-1 40
OH)(dbmp(MeOH)Y]X (X = NOs,
ClOa)

11 | [2n"Ln"2(L13)2(COs)2(NOs)2. 4C |  HoL13 ZnoLn; 4 1,2M4-1 32
HsOH
Ln = Gd, Yb

12 | [(YbL14)(H:0)CI(Oac)p:[ZnChl> | HL14 ZnzLn 4 3M4-1 102

13 [Zn2Ln2(OH)(L 15)2(OAC)s(EtOH) | H,L15 ZnoLno 4 3M4-1 33
(H20)](Cl0s)- 2EtOH-1.5H0
Ln= Gd, Dy

14 | [Znilal 19(0AC)] Hal 19 ZnsLn 4 1,3M4-1 103

15 | [ZnsLal20(0Ac)] Hal 20 ZnsLn 4 1,3M4-1 104

16 ZnsLa(L 21)(NOs)s(MeOHY] / HeL 21 ZnsLn 4 1,3M4-1 93
ZnsLa(L21)3(NOs)2(MeOH)](NOs)
.MeOH

17 ZnaDy(L 17)4(DMF)4(NOs)s HoL 17 ZniLn 5 1,4M5-1 38
Ln=Dy, Th, Y, Er

18 ZnieLn(L 17)16(Py)s(CFsSQy) H.L 17 Znieln 17 2,3,8M17-1 105

Ln=Tb, Dy, Yb, Er, Nd




19 ZnoLn2 (L 17)10(OH)(NO3)2.25Clo.75 H2L 17 ZngDy> 11 11,2257 29
Ln=Dy, Tb, Eu
M11-2
20 [ZnsLn(L 16)s(OH)s];Ln= Dy, Nd H,L 16 ZnsLn 9 1,2,8M9-1 29
21 [Zn"TsGd" 4(OH)s(L 18)s(02CHMez) HL18 ZnsGdy 12 3,6M12-1 42
g](ClO4)a
22 [Zn2Ln2(L18)4(PhCQ)5(ROHY(CI HL18 ZnoLns 4 3M4-1 36
0O4) (MeOH)2 Ln=Dy,Gd
23 [ZnsLn(OH)(L 22)s(NO3)3](OH)(N HL22 ZnsLn 7 2,6M7-1 106
03)2. 8H0 Ln = Er, Dy
24 | [ZneDy(L23)s(OH)s(Oack(NOs)3] HL23 ZnsLn 7 2,6M7-1 107
25 [ZneLnza (L 24)24(Oacy(ps- HL24 ZneL.N2a 30 3(3,3,5M 10 79
OH)z0(H20)14](Cl04)7(OAC)- 2CHs ) 1)
OH-26H0 Ln = Gd, Tb, Dy
26 | [Zn"1:Dy"1s(OH)ao(L 25)1(sals(0 | HoL25 Zniolnisg 30 | 34,6,8M30 80
Ac)s(NOz)3(H20)6] (NOs3)3 12MeOH ‘1
5H:0
27 [ZQZL%ng)ifpg)z(“,'\,%ﬁ)Z][ZTL“(L H.L 26 ZnsLn 5 (1,2M 3- 108
?_(n:y)ér, G)ds( 20)] (NOg) (solv) 1)+(1M 2_1)
28 [(THF)sLnsSe( 27)s|[ZnsSel 27)16 L27 ZnsL.na 12 (3,6M8- 109
].-THF Ln=Sm, Nd 1)+(3M 4_1)
29 [ZnaNdz(L 28)4(1,4- HoL 28 ZnsNds 10 2(1,2M 3- 110
BDC)][ZnNd(L 28)(NO3)3(OAC)]2 1)+2(1M 2-
1)
30 [Zn2Ln2(L 1)4(EtOH)e].2(CIO,) HaL1 Znalny 4 2,3M4-1 This
work
31 [Zn"sLn(OH)(L 1)e(H20)] HalL1 ZnsLn 6 2,3,4M6-1 This
work
32 [Zn"aDy"' 2(OH)2(L 2)a(OAC)2(NO3) Hal 2 Znalny 6 2,3,4M6-1 This
2(DMF)4] work
33 [Zn"2Ln" (L 3)2(COs)2(NOs)2(CHs Hals Znolng 4 1,2M 4-1 This
OHY] work
34 [ZnaLnz(L 1)4(NOs)2(DMF)2] HolL1 Znolng 4 2,3M4-1 17
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Figure 9. The topological representation of all known polynuclear Zn/Ln CCs



Conclusions

REEBHEGRSID 1 zinc and lanthanide salts with various Schiff HESCSHGHGIIERaNge of reaction
conditions yielding four families of Zn/Ln CCs with robust and unseen topologies. Magnetic studies
reveal the single ion magnet behavior7ofllll luminescence studies indicate a significant ligand
contribution to the emitters. Despite incorporating organic ligands, that offer similar coordination
pockets, in similar synthetic ratidSHpIotCISRUIIEIaR o of nuclearities, motifs are obtain@@lj showing
that more systematic studies are required to fully understand the growth of such crystalline species
and target th@iSEBIfic products. However, these structural studies should be carried out in a careful
manner. When wiigilllled the reaction that yieladder reflux instead of room temperature, two
different type of crystals were observedn{Dy7(OH)4(O2)2(L1)sCls(H20)4]Cls (13) and
[ZneDya(OH)2(L 1)10(MeOH)(H20)4]Cl2 (14) and corresponding ©2,3,3M 10-1 and2,4,4,4AM 11-1
topologies, respectively (Fig S14). Our future studies will be focas#te following directions: a)
to extend the synthetic studiiiCicioaucIoant s Bl aiming to obtain higher nuclearity
Zn/Ln CCs and 1) 5 5 e S e e O SRS S S I CHBRIRBNIG) o 0 i 2!
approach to synthetic stratergy. -

Acknowledgements

We thank the EPSRC UK National Crystallography Service at the University of South&mpton
for the collection of the crystallographic data for compounds 13 and14. A. E. thanks for the
support from Ministerio de Economia y Competitividad, Project CTQ2015-63614-P. We thank Dr.

David Smith, for fruitful scienfic discussions.

References

(1) Papatriantafyllopoulou, C.; Moushi, E. E.; Christou, G.; Tasiopoulos, A. J. Filling the Gap
between the Quantum and Classical Worlds of Nanoscale Magnetism: Giant Molecular
Aggregates Based on Paramagnetic 3d Metal lons. Chem. So20R&w5 (6), 15971628
DOI: 10.1039/c5¢cs00590f.

(2) Chen, W.-P,; Liao, P.-Q.; Yu, Y.; Zheng, Z.; Chen, X.-M.; Zheng, Y.-Z. A Mixed-Ligand
Approach for a Gigantic and Hollow Heterometallic Cage {Ni 64 RE 96 } for Gas Separation



3)

(4)

(5)

(6)

(7)
(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

and Magnetic Cooling Applications. Angew. Chem. Int. 2.6, 55 (32), 93759379 DOI:
10.1002/anie.201603907.

Zhang, Z. M.; Pan, L. Y.; Lin, W. Q.; Leng, J. D.; Guo, F. S.; Chen, Y. C,; Liu, J. L.; Tong,
M. L. Wheel-Shaped Nanoscale 3d-4f {Coll 16Ln IIl 24} Clusters (Ln = Dy and Gd). Chem.
Commun.2013, 49 (73), 80818083 DOI: 10.1039/c3cc45075a.

Kong, X.-J.; Ren, Y.-P.; Chen, W.-X.; Long, L.-S.; Zheng, Z.; Huang, R.-B.; Zheng, L.-S. A
Four-Shell, Nesting Doll-like 3d-4f Cluster Containing 108 Metal lons. Angew. Chem. Int.
Ed. 2008, 47 (13), 23982401 DOI: 10.1002/anie.200705731.

Kong, X.-J.; Long, L.-S.; Huang, R.-B.; Zheng, L.-S.; Harris, T. D.; Zheng, Z. A Four-Shell,
136-Metal 3d-4f Heterometallic Cluster Approximating a Rectangular Parallelepiped. Chem.
Commun.2009, No. 29, 43544356 DOI: 10.1039/b822609a.

Feltham, H. L. C.; Brooker, S. Review of Purely 4f and Mixed-Metal Nd-4f Single-Molecule
Magnets Containing Only One Lanthanide lon. Coord. Chem.ZRé&¥, 276, 1-33 DOI:
10.1016/j.ccr.2014.05.011.

Safiudo, E. C.; Rosado Piquer, L. Heterometallic 3d-4f Single-Molecule Magnets. Dalton
Trans.2015, 44, 87718780 DOI: 10.1039/C5DT00549C.

Liu, J.-L.; Chen, Y.-C.; Guo, F.-S.; Tong, M.-L. Recent Advances in the Design of Magnetic
Molecules for Use as Cryogenic Magnetic Coolants. Coord. Chem2@eV.281, 2649
DOI: 10.1016/j.ccr.2014.08.013.

Yang, X.; Li, Z.; Wang, S.; Huang, S.; Schipper, D.; Jones, R. A. Self-Assembly of NIR
Luminescent 30-Metal Drum-like and 12-Metal Rectangular D-F Nanoclusters with Long-
Chain Schiff Base Ligands. Chem. Commoil4, 50 (98), 1556915572 DOI:
10.1039/c4cc07174c.

Burrow, C. E.; Burchell, T. J.; Lin, P.-H.; Habib, F.; Wernsdorfer, W.; Clérac, R.; Murugesu,
M. Salen-Based [Zn2Ln3] Complexes with Fluorescence and Single-Molecule-Magnet
Properties. Inorg. Cher2009, 48 (17), 80518053 DOI: 10.1021/ic9007944.

Jankolovits, J.; Andolina, C. M.; Kampf, J. W.; Raymond, K. N.; Pecoraro, V. L. Assembly
of near-Infrared Luminescent Lanthanide Host(host-Guest) Complexes with a Metallacrown
Sandwich Motif. Angew. Chem. Int. EA011, 50 (41), 96609664 DOI:
10.1002/anie.201103851.

Alexandropoulos, D. I.; Fournet, A.; Cunha-Silva, L.; Mowson, A. M.; Bekiari, V.; Christou,
G.; Stamatatos, T. C. Fluorescent Naphthalene Diols as Bridging Ligands in Ln(lll) Cluster
Chemistry: Synthetic, Structural, Magnetic, and Photophysical Characterization of Ln(I11)8
“Christmas Stars.” Inorg. Chem2014, 53 (11), 542065422 DOI: 10.1021/ic500806n.

Rodriguez-Cortifias, R.; Avecilla, F.; Platas-Iglesias, C.; Imbert, D.; Bunzli, J.-C. G.; de Blas,
A.; Rodriguez-Blas, T. Structural and Photophysical Properties of Heterobimetallic 4f-Zn
Iminophenolate Cryptates. Inorg. Ché2@02, 41 (21), 53365349 DOI: 10.1021/ic025587s.

Maayan, G.; Christou, G. “Old” Clusters with New Function: Oxidation Catalysis by High
Oxidation State Manganese and Cerium/manganese Clusters Using O2 Gas. Inorg. Chem.
2011, 50 (15), 70157021 DOI: 10.1021/ic200393y.

Griffiths, K.; Gallop, C. W. D.; Abdul-Sada, A.; Vargas, A.; Navarro, O.; Kostakis, G. E.
Heteronuclear 3 d/Dy(lll) Coordination Clusters as Catalysts in a Domino Reaction. Chem.
Eur. J.2015, 21 (17), 63586361 DOI: 10.1002/chem.201500505.

Evangelisti, F.; More, R.; Hodel, F.; Luber, S.; Patzke, G. R. 3d-4f {Co(I1)3Ln(OR)4}
Cubanes as Bio-Inspired Water Oxidation Catalysts. J. Am. Chen2®&¢.137 (34),
11076-11084 DOI: 10.1021/jacs.5b05831.

Griffiths, K.; Kumar, P.; Akien, G.; Chilton, N. F.; Abdul-Sada, A.; Tizzard, G. J.; Coles, S.;



(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

Kostakis, G. E. Tetranuclear Zn/4f Coordination Clusters as Highly Efficient Catalysts for
Friedel Crafts Alkylation. Chem. Commu2016, 52 (50), 78667869 DOI:
10.1039/C6CC03608B.

Griffiths, K.; Kumar, P.; Mattock, J. D.; Abdul-Sada, A.; Pitak, M. B.; Coles, S. J.; Navarro,
O.; Vargas, A.; Kostakis, G. E. Efficient Nill2Lnll12 Electrocyclization Catalysts for the
Synthesis of Trans-4,5-Diaminocyclopent-2-Enones from 2-Furaldehyde and Primary or
Secondary Amines. Inorg. Che2@16, 55 (14), 69886994.

Brewer, M.; Lee, J.; Brennan, J. G. Heterometallic Eu/M(II) Benzenethiolates (M = Zn, Cd,
Hg): Synthesis, Structure, and Thermolysis Chemistry. Inorg. CI#9%, 34 (23), 5919
5924 DOI: 10.1021/ic00127a033.

Berardini, M.; Emge, T. J.; Brennan, J. G. Lanthanide-Group 12 Metal Chalcogenolates: A
Versatile Class of Compounds. Inorg. Ché&ge5, 34 (21), 53275334 DOI:
10.1021/ic00125a036.

Daniele, S.; Hubert-Pfalzgraf, L. G.; Vaissermann, J. Reactions of Coordinated Alcohol as a
Route to Mixed-Metal LaZn Alkoxides: Molecular Structure of LaZn3 (-

OBut)6[N(SiMe3)2]3. Polyhedroh998, 17 (23-24), 42494256 DOI: 10.1016/S0277-
5387(98)00235-6.

Cui, Y.; Qian, Y.-T.; Huangl-S. Synthesis, Characterization and X-Ray Structure of Three
Types of Triply Crotonate-Bridged Heterometallic zine{i@nthanide(lll) Complexes.
Polyhedror2001, 20 (15-16), 17951802 DOI: 10.1016/S0277-5387(01)00714-8.

Upadhyay, A.; Singh, S. K.; Das, C.; Mondol, R.; Langley, S. K.; Murray, K. S.; Rajaraman,
G.; Shanmugam, M. Enhancing the Effective Energy Barrier of a Dy(iii)) SMM Using a
Bridged Diamagnetic Zn(ii) lon. Chem. Comm2@14, 50 (64), 88388841 DOI:
10.1039/C4CC02094D.

Sakamoto, M.; Manseki, K.; Kawa, H. D-F Heteronuclear Complexes: Synthesis, Structures
and Physicochemical Aspects. Coord. Chem. Radl, 219-221, 379414 DOI:
10.1016/S0010-8545(01)00341-1.

Abtab, S. M. T.; Majee, M. C.; Maity, M.; Titis, J.; Boca, R.; Chaudhury, M. Tetranuclear
Hetero-Metal [Co(ll)2Ln(I11)2] (Ln = Gd, Tb, Dy, Ho, La) Complexes Involving
Carboxylato Bridges in a Rare p4-n(2):m(2) Mode: Synthesis, Crystal Structures, and
Magnetic Properties. Inorg. Che@14, 53 (3), 12951306 DOI: 10.1021/ic401484d.

Long, J.; Rouquette, J.; Thibaud, J.-M.; Ferreira, R. A. S.; Carlos, L. D.; Donnadieu, B.;
Vieru, V.; Chibotaru, L. F.; Konczewicz, L.; Haines, J.; Guari, Y.; Larionova, J. A High-
Temperature Molecular Ferroelectric Zn/Dy Complex Exhibiting Single-lon-Magnet
Behavior and Lanthanide Luminescence. Angew. Chem. InR®E8, 54 (7), 22362240

DOI: 10.1002/anie.201410523.

Pasatoiu, T. D.; Tiseanu, C.; Madalan, A. M.; Jurca, B.; Duhayon, C.; Sutter, J. P.; Andruh,
M. Study of the Luminescent and Magnetic Properties of a Series of Heterodinuclear
[Zn(IDLn(III)] Complexes. Inorg. ChenR011, 50 (13), 58795889 DOI.:

10.1021/ic200426w.

Brechin, E. K.; Piligkos, S.; Evangelisti, M.; Sethi, W.; Pedersen, K. S.; Lorusso, G.;
Sgrensen, M. A.; Nichol, G. S.; Sanz, S. Magnetic and Magnetocaloric Properties of an
Unusual Family of Carbonate-Panelled [LnllI6Znl12] Cages. Dalton Tr201%, 44,
10315-10320 DOI: 10.1039/C5DT01240F.

Jankolovits, J.; Kampf, J. W.; Pecoraro, V. L. Solvent Dependent Assembly of Lanthanide
Metallacrowns Using Building Blocks with Incompatible Symmetry Preferences. Inorg.
Chem.2014, 53 (14), 75347546 DOI: 10.1021/ic500832u.

Palacios, M. A.; Titos-Padilla, S.; Ruiz, J.; Herrera, J. M.; Pope, S. J. A.; Brechin, E. K;



(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

Colacio, E. Bifunctional Zn(Il)Ln(11l) Dinuclear Complexes Combining Field Induced SMM
Behavior and Luminescence: Enhanced NIR Lanthanide Emission by 9-Anthracene
Carboxylate Bridging Ligands. Inorg. Che®14, 53 (3), 14651474 DOI:
10.1021/ic402597s.

Samanta, S. K.; Abtab, S. M. T.; Sardar, P. S.; Sanyal, S.; Chaudhury, M.; Ghosh, S. Role of
Triplet States of Two Different Ligands in the Sensitized Emission of Ln Il (Eu Il , Tb IIl)

in D-F Hybrid Tetranuclear Heterometal (Zn 112 Ln lll 2, Cd Il 2 Ln 1l 2 ) Complexes. Eur.

J. Inorg. Chen2014, 2014 (19), 31043113 DOI: 10.1002/ejic.201402274.

Ruiz, J.; Lorusso, G.; Evangelisti, M.; Brechin, E. K.; Pope, S. J. A.; Colacio, E. Closely-
Related Zn(Il)2Ln(111)2 Complexes (Ln(lll) = Gd, Yb) with Either Magnetic Refrigerant or
Luminescent Single-Molecule Magnet Properties. Inorg. CRéid, 53 (7), 35863594

DOI: 10.1021/ic403097s.

Zheng, Z.-P.; Ou, Y.-J.; Hong, X.-J.; Wei, L.-M.; Wan, L.-T.; Zh&H.; Zhan, Q.-G.;
Cai, Y.-P. Anion-Dependent Assembly of Four Sensitized near-Infrared Luminescent
Heteronuclear Zn(Il)-Yb(Ill) Schiff Base Complexes from a Trinuclear Zn(ll) Complex.
Inorg. Chem2014, 53 (18), 96259632 DOI: 10.1021/ic501118b.

Zhang, P.; Zhang, L.; Lin, S.-Y.; Tang, J. Tetranuclear [MDy]2 Compounds and Their
Dinuclear [MDy] (M = Zn/Cu) Building Units: Their Assembly, Structures, and Magnetic
Properties. Inorg. Cher2013, 52 (11), 65956602 DOI: 10.1021/ic400620j.

Zhang, B.; Zheng, X.; Su, H.; Zhu, Y.; Du, C.; Song, M. Efficient Fixation of Atmospheric
CO2 as Carbonate by Lanthanide-Based Complex via Synergistic Effect of Zinc lon. Dalton
Trans.2013, 42 (24), 85748574 DOI: 10.1039/c3dt50230a.

Yu, W.-R.; Lee, G.-H.; Yang, E.-C. Systematic Studies of the Structures and Magnetic
Properties for a Family of Cubane Complexes with the Formula: [M2Ln2] (Lnh = Dy, Gd; M
= Ni, Zn) and [Ni2Y2]. Dalton Tran013, 42 (11), 39413949 DOI: 10.1039/c2dt32688d.

Dinca, A. S.; Vallejo, J.; Shova, S.; Lloret, F.; Julve, M.; Andruh, M. Synthesis, Crystal
Structure and Magnetic Properties of a New [ZnlI6Dyll16] Dodecanuclear Motif. Polyhedron
2013, 65, 238243 DOI: 10.1016/j.poly.2013.08.049.

Jankolovits, J.; Kampf, J. W.; Pecoraro, V. L. Insight into the Structural Versatility of the
Ln(ll[15-Metallacrown-5] Platform by Comparing Analogs with Ni(ll), Cu(ll), and Zn(ll)
Ring lons. Polyhedro8013, 52, 491499 DOI: 10.1016/j.poly.2012.08.046.

Ehama, K.; Ohmichi, Y.; Sakamoto, S.; Fujinami, T.; Matsumoto, N.; Mochida, N.; Ishida,
T.; Sunatsuki, Y.; Tsuchimoto, M.; Re, N. Synthesis, Structure, Luminescent, and Magnetic
Properties of Carbonat®ridged Zn(I1)2Ln(II1)2 Complexes [(u4-
CO3)2{Zn(I)L(n)Ln(I1)(NO3)}2] (Ln(lll) = GA(III), Tb(IIT), Dy(II); L(1) = N,N’-bis(3-
Methoxy-2-Oxybenzylidene)-1,3-Propanediaminato, L(2) = N. Inorg. CBéin3, 52 (21),
12828-12841 DOI: 10.1021/ic4022273.

Abtab, S. M. T.; Maity, M.; Bhattacharya, K.; Safiudo, E. C.; Chaudhury, M. Syntheses,
Structures, and Magnetic Properties of a Family of Tetranuclear Hydroxido-Bridged
Ni(ID2Ln(111)2 (Ln = La, Gd, Tb, and Dy) Complexes: Display of Slow Magnetic Relaxation
by the zinc(Il)-dysprosium(lll) Analogue. Inorg. Che2912, 51 (19), 1021110221 DOI:
10.1021/ic301138r.

Titos-Padilla, S.; Ruiz, J.; Herrera, J. M.; Brechin, E. K.; Wersndorfer, W.; Lloret, F.;
Colacio, E. Dilution-Triggered SMM Behavior under Zero Field in a Luminescent Zn2Dy2
Tetranuclear Complex Incorporating Carbonato-Bridging Ligands Derived from
Atmospheric CO2 Fixation. Inorg. CheB213, 52 (16), 96269626 DOI:

10.1021/ic401378Kk.

Hooper, T. N.; Schnack, J.; Piligkos, S.; Evangelisti, M.; Brechin, E. K. The Importance of



(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

Being Exchanged: [Gd(l11)4M(I1)8(OH)8(L)8(02CR)8]4+ Clusters for Magnetic
Rdfrigeration. Angew. Chem. Int. E@012, 51 (19), 46334636 DOI:
10.1002/anie.201200072.

Long, J.; Vallat, R.; Ferreira, R. A. S.; Carlos, L. D.; Almeida Paz, F. A.; Guari, Y.;
Larionova, J. A Bifunctional Luminescent Single-lon Magnet: Towards Correlation between
Luminescence Studies and Magnetic Slow Relaxation Processes. Chem. C2di2uh8

(80), 99749976 DOI: 10.1039/c2cc35321k.

Feltham, H. L. C.; Lan, Y.; Kléwer, F.; Ungur, L.; Chibotaru, L. F.; Powell, A. K.; Brooker,
S. A Non-Sandwiched Macrocyclic Monolanthanide Single-Molecule Magnet: The Key Role
of Axiality. Chem. Eur. J2011, 17 (16), 43624365 DOI: 10.1002/chem.201100438.

Meng, Z.-S.; Guo, F.-S.; Liu, J.-L.; Leng, J.-D.; Tong, M.-L. Heterometallic Cubane-like
{M2Ln2} (M = Ni, Zn; Ln =, Gd, Dy) and {Ni2Y2} Aggregates. Synthesis, Structures and
Magnetic PropertieDalton Trans2012, 41 (8), 232062329 DOI: 10.1039/c1dt10869g.

Oyarzabal, I.; Ruiz, J.; Ruiz, E.; Aravena, D.; Seco, J. M.; Colacio, E. Increasing the
Effective Energy Barrier Promoted by the Change of a Counteranion irDg-Zm- SMM:
Slow Relaxation via the Second Excited State. Chem. Con®ad8, 51 (62), 1235312356
DOI: 10.1039/c5cc04495b.

Lo, W.-K.; Wong, W.-K.; Wong, W.-Y.; Guo, J.; Yeung, K.-T.; Cheng, Y.-K.; Yang, X.;

Jones, R. A. Heterobimetallic Zn(ll)-Ln(lll) Phenylene-Bridged Schiff Base Complexes,
Computational Studies, and Evidence for Singlet Energy Transfer as the Main Pathway in the
Sensitization of near-Infrared Nd3+ Luminescence. Inorg. CBeos, 45 (23), 93159325

DOI: 10.1021/ic0610177.

Andruh, M. The Exceptionally Rich Coordination Chemistry Generated by Schiff-Base
Ligands Derived from O-Vanillin. Dalton Tran2015, 44, 1663316653 DOI:
10.1039/C5DT02661J.

Chojnacki, J.; Oleksyn, B.; Zukowska, E. Prototype Ligand with Uranium. Rocz. Chem.
1971, 45, 487.

Mondal, K. C.; Kostakis, G. E.; Lan, Y.; Wernsdorfer, W.; Anson, C. E.; Powell, A. K.
Defect-Dicubane Ni2Ln2 (Ln = Dy, Tb) Single Molecule Magnets. Inorg. CBeii, 50
(22), 1160411611 DOI: 10.1021/ic2015397.

Mondal, K. C.; Sundt, A.; Lan, Y.; Kostakis, G. E.; Waldmann, O.; Ungur, L.; Chibotaru, L.
F.; Anson, C. E.; Powell, A. K. Coexistence of Distinct Single-lon and Exchange-Based
Mechanisms for Blocking of Magnetization in a Co(l1)2Dy(l11)2 Single-Molecule Magnet.
Angew. Chem. Int. EQ2012, 51 (30), 75507554 DOI: 10.1002/anie.201201478.

Ke, H.; Zhao, L.; Guo, Y.; Tang, J. Syntheses, Structures, and Magnetic Analyses of a
Family of Heterometallic Hexanuclear [Ni4M2] (M = Gd, Dy, Y) Compounds: Observation
of Slow Magnetic Relaxation in the Dy(lll) Derivative. Inorg. Ch@012, 51 (4), 2699

2705 DOI: 10.1021/ic202699k.

Nemec, I.; Machata, M.; Herchel, R.; Bo¢a, R.; Travnicek, Z. A New Family of Fe2Ln
Complexes Built from Mononuclear Anionic Schiff Base Subunits. Dalton Te&ag, 41
(48), 1460314610 DOI: 10.1039/c2dt31809a.

Ke, H.; Zhu, W.; Zhang, S.; Xie, G.; Chen, S. A New Family of Heterometallic Tetranuclear
[MnllI2Lnl2] (Ln = Eu, Gd, Tb, Dy) Isostructural Clusters: Syntheses, Crystal Structures
and Magnetic Properties. Polyhedr2015, 87, 109116 DOI: 10.1016/j.poly.2014.10.030.

Ke, H.; Zhang, S.; Zhu, W.; Xie, G.; Chen, S. Synthesis, Structures and Magnetic Properties
of Four Dodecanuclear Ni 8 RE 4 (RE = Gd, Dy, Y) Clusteapping Four p 5 -Bridged
Carbonate Anions. J. Coord. Chet@l5, 68, 808822 DOI:

10.1080/00958972.2015.1004326.



(56)

(57)

(58)

(59)

(60)

(61)
(62)
(63)

(64)

(65)

(66)

(67)

(68)
(69)

(70)

(71)

(72)

Kumar, P.; Lymperopoulou, S.; Griffiths, K.; Sampani, S. |.; Kostakis, G. E. Highly Efficient
Tetranuclear Znli2LnllI2 Catalysts for the FriedeCrafts Alkylation of Indoles and
Nitrostyrenes. Catalys#)16, 6, 140.

Kumar, P.; Griffiths, K.; Lymperopoulou, S.; Kostakis, G. E.; Kostakis, G. E. Tetranuclear
Zn2 Ln2 Coordination Clusters as Catalysts in the Petasis Borono-Mannich Multicomponent
Reaction. RSC Adw2016, 6 (82), 7918079184 DOI: 10.1039/C6RA17209A.

Yang, X.; Schipper, D.; Liao, A.; Stanley, J. M.; Jones, R. A.; Holliday, B. J. Anion
Dependent Self-Assembly of Luminescent Zn-Ln (Eu and Th) Salen Complexes. Polyhedron
2013, 52 (3), 165169 DOI: 10.1016/j.poly.2012.10.014.

Griffiths, K.; Dokorou, V. N.; Spencer, J.; Abdul-Sada, A.; Vargas, A.; Kostakis, G. E.
Isoskeletal Schiff Base Polynuclear Coordination Clusters: Synthetic and Theoretical
Aspects. CrystEng@om 2016, 18 (5), 704713 DOI: 10.1039/C5CE02109J.

Palopoli, C.; Gonzélez-Sierra, M.; Robles, G.; Dahan, F.; Tuchagues, J.-P.; Signorella, S.
Synthesis and Characterisation of Dimanganese(iii) Complexes of 1,5-bis(X-
Salicylidenamino)pentan-3-Ol (X = 3- or 5-Methoxy) and Their Catalytic Activity towards
Hydrogen Peroxide Disproportionation. J. Chem. Soc. Dalt. Te&02, No. 20, 38133819
DOI: 10.1039/b204566d.

Coles, S. J.; Gale, P. A. Changing and Challenging Times for Service Crystallography.
Chem. Sci2012, 3 (3), 683689 DOI: 10.1039/c2sc00955b.

Sheldrick, G. M. Crystal Structure Refinement with SHELXL. Acta Crystallogr. Sect. C
Struct. Chem2015, 71 (1), 38 DOI: 10.1107/S2053229614024218.

Spek, A. L. Single-Crystal Structure Validation with the Program PLATON. J. Appl.
Crystallogr.2003, 36, 713 DOI: 10.1107/S0021889802022112.

Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. OLEX2 :
A Complete Structure Solution, Refinement and Analysis Program. J. Appl. Crystallogr.
2009, 42 (2), 339341 DOI: 10.1107/S0021889808042726.

Farrugia, L. J. WinGX and ORTEP for Windows : An Update. J. Appl. Crystallogr2012, 45
(4), 849-854 DOI: 10.1107/S0021889812029111.

Macrae, C. F.; Edgington, P. R.; McCabe, P.; Pidcock, E.; Shields, G. P.; Taylor, R.; Towler,
M.; Van De Streek, J. Mercury: Visualization and Analysis of Crystal Structures. J. Appl.
Crystallogr.2006, 39, 453457 DOI: 10.1107/S002188980600731X.

King, P.; Clerac, R.; Wernsdorfer, W.; Anson, C. E.; Powell, A. K. Synthesis and Magnetism
of Oxygen-Bridged Tetranuclear Defect Dicubane Co(ll) and Ni(ll) Clusters. Dalton Trans.
2004, No. 17, 26702676 DOI: 10.1039/B405881J.

M. Llunell, D. Casanova, J. Cirera, P. Alemany, S. A. SHAPE. SHAPE versi&9200.
Barcelona.

Kostakis, G. E.; Powell, A. K. An Approach to Describing the Topology of Polynuclear
Clusters. Coord. Chem. Re&009, 253 (2122), 26862697 DOI: 10.1016/j.ccr.2009.05.002.

Kostakis, G. E.; Blatov, V. A.; Proserpio, D. M. A Method for Topological Analysis of High
Nuclearity Coordination Clusters and Its Application to Mn Coordination Compounds.
Dalton Trans2012, 41 (15), 46344640 DOI: 10.1039/c2dt12263d.

Allen, F. H. The Cambridge Structural Database: A Quarter of a Million Crystal Structures
and Rising. Acta Crystallogr. Sect. B-Structural 3002, 58, 386-388 DOI:
10.1107/s0108768102003890.

Chen, P.; Chen, H.; Yan, P.; Wang, Y.; Li, G. Effect of Lanthanide Contraction and Rigid
Ligand on the Structure of Salen-Type Lanthanide Complexes. CrystEng&irhni3



(73)

(74)

(75)

(76)
(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(20), 62376242 DOI: 10.1039/c1ce05501a.

Addison, A. W.; Rao, T. N.; Reedijk, J.; Vanrijn, J.; Verschoor, G. C. SYNTHESIS,
STRUCTURE, AND SPECTROSCOPIC PROPERTIES OF COPPER(I) COMPOUNDS
CONTAINING NITROGEN SULFUR DONOR LIGANDS - THE CRYSTAL AND
MOLECULAR-STRUCTURE OF AQUA 1,7-BIS(N-METHYLBENZIMIDAZOL2’-YL)-
2,6-DITHIAHEPTANE COPPER(Il) PERCHLORATE. J. Chem. Soc. Trd884, No. 7,
1349-1356 DOI: 10.1039/dt9840001349.

Griffiths, K.; Novitchi, G.; Kostakis, G. E. Synthesis, Characterization, Magnetic Properties,
and Topological Aspects of Isoskeletal Heterometallic Hexanuclear Coll4LnllI2
Coordination Clusters Possessing 2,3,4M6-1 Topology. Eur. J. Inorg. Q0k6n2016

(17), 27562756 DOI: 10.1002/ejic.201600078.

Chilton, N. F.; Langley, S. K.; Moubaraki, B.; Soncini, A.; Batten, S. R.; Murray, K. S.
Single Molecule Magnetism in a Family of Mononuclear [Small Beta]-Diketonate
Lanthanide(iii) Complexes: Rationalization of Magnetic Anisotropy in Complexes of Low
Symmetry. Chem. Sc2013, 4 (4), 17191730 DOI: 10.1039/C3SC22300K.

Sievers, J. Asphericity of &fells in Their Hund’s Rule Ground States. Zeitschrift f{u}r
Phys. B Condens. Mattd®82, 45 (4), 289296 DOI: 10.1007/BF01321865.

Rinehart, J. D.; Long, J. R. Exploiting Single-lon Anisotropy in the Design of F-Element
Single-Molecule Magnets. Chem. S2011, 2 (11), 20782085 DOI: 10.1039/C1SC00513H.

Chilton, N. F.; Collison, D.; Mclnnes, E. J. L.; Winpenny, R. E. P.; Soncini, A. An
Electrostatic Model for the Determination of Magnetic Anisotropy in Dysprosium
Complexes. Nat. CommuB013, 4, 2551 DOI: 10.1038/ncomms3551.

Zhang, L.; Zhao, L.; Zhang, P.; Wang, C.; Yuan, S.-W.; Tang, J. Nanoscale
{Ln(11)24Zn(11)6} Triangular Metalloring with Magnetic Refrigerant, Slow Magnetic
Relaxation, and Fluorescent Properties. Inorg. CRéfr, 54 (23), 1153511541 DOI:
10.1021/acs.inorgchem.5b02215.

Stavgianoudaki, N.; Siczek, M.; Lis, T.; Inglis, R.; Milios, C. J. A Triacontanuclear [Zn 12
Dy 18 ] Cluster: A Ring of [Dy 4 ] Cubes. Chem. Comm2016, 52 (2), 343345 DOI:
10.1039/C5CC07243C.

Shiga, T.; Hoshino, N.; Nakano, M.; Nojiri, H.; Oshio, H. Syntheses, Structures, and
Magnetic Properties of Manganese-Lanthanide Hexanuclear Complexes. Inorg. Chim. Acta
2008, 361 (14-15), 41134117 DOI: 10.1016/j.ica.2008.03.096.

Mereacre, V.; Ako, A.; Akhtar, M.; Lindemann, A.; Anson, C.; Powell, Andoand
Heterovalent Polynuclear Cerium and Cerium/Manganese Aggregates. Helv. Chim. Acta
2009, 92 (11), 25072524 DOI: 10.1002/hlca.200900192.

Liu, J.; Ma, C.; Chen, H.; Hu, M.; Wen, H.; Cui, H.; Song, X.; Chen, C. Syntheses,
Structures and Magnetic Properties of a Family of Heterometallic [Mn(11)2Mn(111)2Ln(111)2]
Clusters. Dalton Tran2013, 42 (7), 24232430 DOI: 10.1039/c2dt32269b.

Jhan, S.-Y.; Huang, S.-H.; Yang, C.-I.; Tsai, H.-L. Structure and Magnetic Properties of a
3d-4f Colll2Dylll4 Cluster. Polyhedro2013, 66, 222227.

Feuersenger, J.; Prodius, D.; Mereacre, V.; Clérac, R.; Anson, C. E.; Powell, A. K. Synthesis,
Structure and Magnetic Properties of Hexanuclear €alllll Clusters. Polyhedrog013,
66, 257-263.

Zhao, L.; Wu, J.; Ke, H.; Tang, J. Family of Defect-Dicubane Ni4Ln2 (Ln = Gd, Th, Dy, Ho)
and Ni4Y2 Complexes: Rare Tb(lll) and Ho(lll) Examples Showing SMM Behavior. Inorg.
Chem.2014, 53 (7), 35193525 DOI: 10.1021/ic402973g.

Tian, C.-B.; Yuan, D.-Q.; Han, Y.-H.; Li, Z.-H.; Lin, P.; Du, S.-W. Synthesis, Structures, and



Magnetic Properties of a Series of New Heterometallic Hexanuclear Co 2 Ln 4 (Ln = Eu, Gd,
Tb and Dy) Clusters. Inorg. Chem. Fro2@14, 1 (9), 695704 DOI: 10.1039/C4QI00116H.

(88) Chen, S.; Mereacre, V.; Prodius, D.; Kostakis, G. E.; Powell, A. K. Developing a “Highway
Code” To Steer the Structural and Electronic Properties of Felll/DylIl Coordination Clusters.
Inorg. Chem2015, 54 (7), 32183227 DOI: 10.1021/ic502809y.

(89) Chakraborty, A.; Bag, P.; Goura, J.; Bar, A. K.; Sutter, J.-P.; Chandrasekhar, V. Chair-
Shaped Mn 112 Ln 1l 4 (Ln = Gd, Th, Dy, Ho) Heterometallic Complexes Assembled from
a Tricompartmental Aminobenzohydrazide Ligand. Cryst. Growth 2148, 15 (2), 848
857 DOI: 10.1021/cg501640y.

(90) Oki, A. R.; Zhang, H. M.; Hosmane, N. S.; Ro, H. Y.; Hatfield, W. E. Trinuclear, Mixed-
Valence, Zwitterionic, and Sandwiched Manganacarborane - a Novel Butterfly Cluster. J.
Am. Chem. Soc1991, 113 (22), 85318532.

(91) Xie, Y. S.; Liu, Q. L.; Jiang, H.; Ni, J. Novel Complexes of Ligands Containing Phenol and
Alcohol Groups: From Polynuclear Cluster, 1D Coordination Polymer to 2D Supramolecular
Assemblies. Eur. J. Inorg. CheB®@03, No. 22, 40104016 DOI: 10.1002/ejic.200300384.

(92) Yamamura, M.; Miyazaki, H.; lida, M.; Akine, S.; Nabeshima, T. Nuclearity Control of a
Trisaloph Zinc Cluster Complex Dependent on Minute Structural Differences in the Bridging
Anions. Inorg. Chen?011, 50 (12), 53155317 DOI: 10.1021/ic200283

(93) Akine, S.; Sunaga, S.; Taniguchi, T.; Miyazaki, H.; Nabeshima, T. Core / Shell Oligometallic
Template Synthesis of Macrocyclic Hexaoxime. Inorg. CIH28i7, xx (xx), 6-8.

(94) Rinck, J.; Lan, Y.; Anson, C. E.; Powell, A. K. Coordination Cluster Nuclearity Decreases
with Decreasing Rare Earth lonic Radius in 1:1 Cr/Ln N -Butyldiethanolamine Compounds:
A Journey across the Lanthanide Series from Cr 4 lliLa4-Cr 4 [lITb4 via Cr 3 11IDy3 and Cr
3 llIHo3 to Cr 2 IEr2-Cr2 llILu2. Inorg. Chen2015, 54 (7), 31073117 DOI:
10.1021/ic502930p.

(95) Sheikh, J. A.; Goswami, S.; Konar, S. Modulating the Magnetic Properties by Structural
Modification in a Family of Co-Ln (Ln = Gd, Dy) Molecular Aggregates. Dalton Trans.
2014, 43 (39), 1457714585 DOI: 10.1039/c4dt01791a.

(96) Goura, J.; Guillaume, R.; Riviere, E.; Chandrasekhar, V. Hexanuclear, Heterometallic,
Ni3Ln3 Complexes Possessing O-Capped Homo- and Heterometallic Structural Subunits:
SMM Behavior of the Dysprosium Analogue. Inorg. Ch2éi4, 53 (15), 78157823 DOI:
10.1021/ic403090z.

(97) Feng, H.; Zhang, Z.; Feng, W.; Su, P.; LU, X.; Fan, D.; Wong, W.-K.; Jones, R. A.; Su, C.
Mixed Anion-Induced Salen-Based Zn2Ln3 (Ln=Nd, Yb or Er) Complexes with near-
Infrared (NIR) Luminescent Properties. Inorg. Chem. Comi20iy, 43, 151154 DOI:
10.1016/j.inoche.2014.02.034.

(98) Yang, X. P.; Jones, R. A.; Lynch, V.; Oye, M.; Holmes, A. L. Synthesis and near Infrared
Luminescence of a Tetrametallic Zn2Yb2 Architecture from a Trinuclear Zn3L2 Schiff Base
Complex. Dalton Tran2005, No. 5, 849851 DOI: 10.1039/b416695g.

(99) Yang, X.; Jones, R. a.; Huang, S. Luminescent 4f and D-4f Polynuclear Complexes and
Coordination Polymers with Flexible Salen-Type Ligands. Coord. Chem2&k4;.273-
274, 63-75 DOI: 10.1016/j.ccr.2013.11.012.

(100) Samanta, S. K.; Abtab, S. M. T.; Sardar, P. S.; Sanyal, S.; Chaudhury, M.; Ghosh, S. Role of
Triplet States of Two Different Ligands in the Sensitized Emission of Lnlll (Eulll, Tblll) in
D-F Hybrid Tetranuclear Heterometal (Znll2LnllI2, Cdll2Lnl12) Complexes. Eur. J. Inorg.
Chem.2014, No. 19, 31043113 DOI: 10.1002/ejic.201402274.

(101) Abtab, S. M. T.; Audhya, A.; Kundu, N.; Samanta, S. K.; Sardar, P. S.; Butcher, R. J.;



Ghosh, S.; Chaudhury, M. Tetranuclear Homo- (Zn(ll)4 and Cd(I1)4) and Hetero-Metal
(Zn(IN2Tb(111)2 and Cd(IN2Tb(I11)2) Complexes with a Pair of Carboxylate Ligands in a

Rare n2:n2:u4-Bridging Mode: Syntheses, Structures and Emission Properties. Dalton Trans.
2013, 42 (5), 18481861 DOI: 10.1039/c2dt30347g.

(102) Meng, Z.-S.; Guo, F.-S.; Liu, J.-L.; Leng, J.-D.; Tong, M.-L. Heterometallic Cubane-like {M
2Ln2} (M =Ni, Zn; Ln =, Gd, Dy) and {Nk Y 2} Aggregates. Synthesis, Structures and
Magnetic Properties. Dalt. TrarZ12, 41 (8), 23262329 DOI: 10.1039/C1DT10869G.

(103) Akine, S.; Hotate, S.; Matsumoto, T.; Nabeshima, T. Spontaneous Enrichment of One-
Handed Helices by Dissolution of Quasiracemic Crystals of a Tetranuclear Single Helical
Complex. Chem. Commu@011, 47 (10), 29252927 DOI: 10.1039/c0cc04998k.

(104) Akine, S.; Matsumoto, T.; Nabeshima, T. Spontaneous Formation of a Chiral Supramolecular
Superhelix in the Crystalline State Using a Single-Stranded Tetranuclear Metallohelicate.
Chem. Commun2008, No. 38, 46044606 DOI: 10.1039/b810426c.

(105) Trivedi, E. R.; Eliseeva, S. V.; Jankolovits, J.; Olmstead, M. M.; Petoud, S.; Pecoraro, V. L.
Highly Emitting nearinfrared Lanthanide “encapsulated Sandwich” metallacrown
Complexes with Excitation Shifted toward Lower Energy. J. Am. Chem.28té, 136 (4),
1526-1534 DOI: 10.1021/ja4113337.

(106) Xiong, G.; Qin, X.-Y.; Shi, P.-F.; Hou, Y.-L.; Cui, J.-Z.; Zhao, B. New Strategy to Construct
Single-lon Magnets: A Unique Dy@ZCluster Exhibiting Slow Magnetic Relaxation.
Chem. Commun2014, 50 (32), 42554257 DOI: 10.1039/c3cc49342c.

(107) Sopasis, G. J.; Orfanoudaki, M.; Zarmpas, P.; Philippidis, A.; Siczek, M.; Lis, T.; O’Brien, J.
R.; Milios, C. J. 2-Aminoisobutyric Acid in Co(ll) and Co(Il)/Ln(Ill) Chemistry:
Homometallic and Heterometallic Clusters. Inorg. Ch20m2, 51 (2), 11761179 DOI:
10.1021/ic2024007.

(108) Wei, T.; Zhao, S.; Bi, W.; L, X.; Hui, Y.; Song, J.; Wong, W.-K.; Jones, R. A. Co-Existence
of Heterometallic Zn2Er and ZnEr Arrayed Chromophores for the Sensitization of near-
Infrared (NIR) Luminescence. Inorg. Chem. Comn&0@9, 12 (12), 12161219 DOI:
10.1016/j.inoche.2009.09.024.

(109) Kornienko, A.; Huebner, L.; Freedman, D.; Emge, T. J.; Brennan, J. G. Lanthanide-
Transition Metal Chalcogenido Cluster Materials. Inorg. CI28083, 42 (25), 84768480
DOI: 10.1021/ic030204r.

(110) Lu, X.; Bi, W.; Chai, W.; Song, J.; Meng, J.; Wong, W.-Y.; Wong, W.-K; Yang, X.; Jones,
R. A. Multinuclear NIR Luminescent 1,4-BDC Bridged Schiff-Base Complexes of Nd(lll).
Polyhedror2009, 28 (1), 2732 DOI: 10.1016/j.poly.2008.09.014.

(111) Blatov, V. A.; Shevchenko, A. P.; Proserpio, D. M. Applied Topological Analysis of Crystal
Structures with the Program Package ToposPro. Cryst. Growtl2@ds.14 (7), 35763586
DOI: 10.1021/cg500498k.



Table of Contents

[Zn"51 M(L1)4(NO3)o(DMF),]
Ln=Sm, Eu, Gd, Th, Dy,Yb, Y

VD/DMF/EL,0
o
o EtOH [zn",1 "y (L1)4(EtOH)g] 2CIO,
I 1 Dy(1), Th(2), Eu(3
~o | Ln(OTf), Zn(ClO,).6H,0 Syé) (@), Bu®)
OH N R,
]@L Mech (205" (OH),(L1)s(H;0)]
HO R LnCls.xH,0, ZnCl, Dy(4), Th(5), Eu(6)

SE

[Zn4"102"(OH)2(L2)4(OAC)2(NO3),(DMF);]. DMF

Dy(7), Tb (8), Eu (9)
VDI Et,0

\OQ oH KQ\O/ MeOH [Zn",Ln"5(L3)5(NO3)»(CO3),(MeOH),]

OH N_A_N OH  Ln(NOg)36H,0,Zn(NOs).6H;0 Dy(10), Th(11), Eu(12)
SE




