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1. Experimental section

1.1. Materials and methods

All reactants used in this work were from analytical grade and they were used without
further purification. The Et,H,edpba proligand and (n-BuyN)4 Cuy(edpba),]-4H,0O
precursor were synthesised according to the literature methods.! Elemental analysis (C,
H and N) was performed with a Perkin-Elmer 2400 analyser. The contents of copper and
cobalt were determined by atomic absorption spectroscopy with a Hitachi Z-8200
Polarised Atomic Absorption Spectrophotometer. Fourier transform infrared spectra
(FTIR) were recorded with a Perkin-Elmer GX FTIR spectrophotometer in the range
4000-400 cm™! by using KBr pellets. Thermogravimetric analysis (TG) was carried out
with a Shimadzu TG-60 thermal analyzer under synthetic air atmosphere (flow rate = 50
cm?® min!) at a heating rate of 10 °C min™! from room temperature to 900 °C. The d.c.
magnetic susceptibility measurements were performed with a SQUID Cryogenic S600
magnetometer. The diamagnetic corrections for the constituent atoms were estimated
from Pascal’s tables.> Corrections for the temperature-independent paramagnetism [60 x

10-¢ cm3 mol™! per copper(Il) ion] as well as for the sample holder were also applied.

1.2. Synthesis of [CosCug(edpba)s(H,0),7]-33H,0 — {Co'¢Cu''s}

The {Co'xCu'ls} nanowheel was obtained as follows: (BuyN)4[Cu,(edpba),]-4H,O
(0.050 g, 0.03 mmol) dissolved in 1.0 mL of water was introduced in one arm of
an H-shaped tube and CoCl,-6H,0 (0.030 g, 0.13 mmol) was deposited in the other
one. The tube was carefully filled with water, capped with parafilm on both arms,
and maintained at room temperature allowing for the diffusion of the starting
materials. X-ray quality dark green prisms were formed after two weeks. Yield:
70%. Anal. Calcd for C;ogH;72CusCogN,0g4: C, 34.60; H, 4.62; N, 4.48; Cu,
10.17; Co, 9.47. Found: C, 34.91; H, 4.61; N, 4.59; Cu, 10.50; Co, 9.71%. IR/cm™:
3412 [v(O—H)], 1604 and 1583 [v(C=0)], 1570 [v(C=C)] and 1486, 1452 and 1344

[6(-CH>)].
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Figure S1. IR spectra of (a) {Co''sCu's} and (b) K,(H,edpba) recorded using KBr pellets.
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Figure S2. TG curve of {Co''¢Cu's} obtained under synthetic air atmosphere.
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Figure S3. Reduced magnetisation curves of {CosCu'ls} at the indicated

temperatures. The solid lines are only eye-guides.



2. X-ray crystallography

X-ray diffraction data for [CosCug(edpba)s(H,0)17]-33H,0 (1) was performed with
an Oxford-Diffraction GEMINI-Ultra diffractometer using Enhance Source Cu-K,
radiation (A = 1.5418 A). Data collection was performed at 110(2) K. Data
integration and scaling of the reflections for 1 was carried out with the Crysalis
suite of programs.® Final unit cell parameters are based on the fitting of all
reflections positions. The space group and analytical® absorption corrections were
performed using the Crysalis suite of programs. Identification is done with XPREP.
The structure of 1 was solved via direct methods using the SUPERFLIP program.*
The positions of [CosCug(edpba)s(H,O);7] atoms could be unambiguously
assigned on consecutive difference Fourier maps. Remarkably no electron density
was identified at the apical positions near one of the copper atoms (Cu2).
Refinement is performed by using SHELXL> based on F? through a full-matrix
least-squares routine. All atoms except hydrogen and oxygen from water
molecules were refined with anisotropic atomic displacement parameters. All
hydrogen atoms were located in difference maps and included as fixed
contributions according to the riding model.® C-H = 0.97 A and U, (H) = 1.2
Ue(C) for the methylene groups and aromatic carbon atoms of the organic
moieties. O—H = 0.90 A and Uiso(H) = 1.5 U,y(O) for the water molecules. During
the refinement, it was noticed some remarkable disordered water molecules of
crystallisation in large voids in the structure of 1. Thus, squeeze technique was
applied using PLATON suite.” The procedure suppressed a total of 925 electrons in
2251 A3 per unit cell. Only water molecules of crystallization were masked in the
processes. This result is compatible with the 34 water molecules (water electron
density of 18e/30 A3) in the unit cell of 1. Mercury program was used to prepare
all crystal structure drawings.® The crystal data and structure refinements of 1 is
listed in Table S1. Selected bond lengths and angles and hydrogen bonds are given
in Tables 2 and 3, respectively. CCDC-1031229 contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
(+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).
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Table S1. Crystal data and structure refinement parameters for {Co'4Culls}

{Co"¢Cu"¢}
Formula C108H172N12CU6C06086
Formula weight 3749.42
Crystal size (mm) 0.84 x0.42 x 0.20
Crystal System Triclinic
Space group pl
T (K) 110(2)
a(A) 19.4553(11)
b(A) 19.8342(11)
c(A) 24.4381(10)
o (A) 66.283(4)
B (A) 85.356(4)
v (A) 63.550(5)
V(A3) 7674.3(7)
Z 2
Dcalcd (g Cm%) 1.579
i (mmT) 6.494
F(000) 3169
Total reflections collected [Riy] 92705 [0.1354]
Independent reflections collected 26825
Independent reflections with /> 2o(/) 14312
Goodness-of-fit on £2 (S) 0.959

R®, wRb [I> 20(1)]
R?, wRP (all data)
Larg. diff. peak and hole/e A-?)

0.1120/0.2828
0.1574/0.3152
2.578/-0.753

R = X||Fo|—|FC[l/Z[Fy). PwR =

[Z(FoP—FePYEIFPT .
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Figure S4. (a) Perspective drawing of the {Co''sCu's} wheel without the Ph-(CH,;),-Ph
ligand’s moiety for a better view of the cyclic oxamate coordination. Thermal ellipsoids
are drawn at the 25% probability level. Hydrogen atoms are omitted for clarity. Colour
scheme for the non-labelled atoms: carbon (grey), oxygen (red) and nitrogen (sky blue).
(b) A schematic representation of the metal atoms of the dodecanuclear {Co'lsCu'ls}

wheel showcasing its twisted-boat conformation.



Table S2. Selected bond lengths (A) and angles (deg) for {CosCulls}

M-L Bond length/A  L-M-L Bond angle/®  M-L Bond length/A  L-M-L Bond angle/°
Cul—N1 1.998 (8) O1—Cul—N13 168.3 (3) Cu2—N2 1.951 (9) N3—Cu2—N2 104.4 (4)
Cul—N13 1.997 (7) O1—Cul—N1 82.9 (3) Cu2—N3 1.929 (10) N3—Cu2—04 162.7 (4)
Cul—O1 1.992 (7) NI13—Cul—N1 105.5 (3) Cu2—04 1.960 (8) N2—Cu2—04 85.3(3)
Cul—034 2.018 (8) 01—Cul—034 85.7 (3) Cu2—07 1.989 (8) N3—Cu2—07 83.8 (4)
Cul—037 2.259 (8) N13—Cul—034 84.1 (3) N2—Cu2—07 169.4 (3)
N1—Cul—O034 161.9 (4) 04—Cu2—O07 88.5(3)
01—Cul—O037 92.7 (3)
N13—Cul—037  94.5(3)
N1—Cul—037 95.0 (3)
034—Cul—037 99.6 (3)
M-L Bond length/A L-M-L Bond angle/° M-L Bond length/A L-M-L Bond angle/®
Cu3—N4 1.963 (9) N4—Cu3—O013 94.4 (3) Cu4—N6 1.981 (8) N7—Cud4—N6 105.5 (3)
Cu3—N5 1.990 (8) N4—Cu3—O010 83.6 (4) Cu4—N7 1.974 (7) N7—Cu4—O019 81.7 (3)
Cu3—O010 1.979 (7) 013—Cu3—010  172.6 (4) Cu4—O016 2.059 (7) N6—Cu4—O019 172.4 (3)
Cu3—O013 1.963 (7) N4—Cu3—N5 169.4 (4) Cu4—O019 1.989 (8) N7—Cu4—016 141.3 (3)
Cu3—042 2.317 (10) 013—Cu3—N5 85.2(3) Cu4—045 2.196 (7) N6—Cud4—016 83.7(3)
010—Cu3—N5 95.4 (3) 019—Cu4—016 89.0 (3)
N4—Cu3—042 91.1 (4) N7—Cud4—045 117.0 (3)
013—Cu3—042 96.8 (5) N6—Cud4—045 92.0 (3)
010—Cu3—042 90.4 (5) 019—Cu4—045 87.0 (3)
N5—Cu3—042 99.5 (4) 016—Cu4—045 99.8 (3)
M-L Bond length/A  L-M-L Bond angle/®  M-L Bond length/A  L-M-L Bond angle/°
Cu5—N8 1.997 (8) N8—Cu5—N9 107.5 (3) Cu6—N10 2.009 (8) 031—Cu6—028  83.9 (3)
Cu5—N9 2.002 (8) N8—Cu5—022 83.0 (3) Cu6—N11 1.981 (7) 031—Cu6—N11 83.2(3)
Cu5—022 2.003 (8) N9—Cu5—022 167.3 (3) Cu6—028 1.979 (6) 028—Cu6—N11 166.2 (3)
Cu5—025 2.025 (6) N8—Cu5—025 162.5 (3) Cu6—031 1.967 (7) 031—Cu6—N10  162.0 (3)
Cu5—048 2.333(7) N9—Cu5—025 85.3 (3) Cu6—053 2.332(7) 028—Cu6—N10  83.0(3)
022—Cu5—025  83.0(3) N11—Cu6—N10  108.5 (3)
N8—Cu5—048 98.1 (3) 031—Cu6—053  89.8 (3)
N9—Cu5—048 94.3 (3) 028—Cu6—053  87.4(3)
022—Cu5—048  91.1(3) N11—Cu6—053  97.3 (3)
025—Cu5—048  92.7 (3) N10—Cu6—053  101.9 (3)
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M-L Bond length/A  L-M-L Bond angle/*  M-L Bond length/A  L-M-L Bond angle/°
Col—02 2.095 (7) 039—Co1—05 91.0 (3) Co2—O08 2.178 (7) 041—Co02—012 91.54)
Col—O03 2.117 (7) 039—Col—02 94.8 (3) Co2—09 2.064 (8) 041—C02—09 178.5 (4)
Col—O05 2.077 (8) 05—Col—02 172.0 (3) Co2—O011 2.105 (8) 012—C02—09 87.1 (3)
Col—06 2.096 (7) 039—Col—06 91.8 (3) Co2—O012 2.062 (7) 041—C02—040  90.4 (5)
Col—038 2.118 (9) 05—Col—06 80.0 (3) Co2—040 2.087 (9) 012—C02—040  174.6 (4)
Col—039 2.060 (8) 02—Col—06 94.4 (3) Co2—041 2.049 (10) 09—C02—040 91.0 (4)
039—Col1—O03 173.1 (3) 041—Co2—O011  87.7(3)
05—Co01—03 94.4 (3) 012—Co02—O011 80.2 (3)
02—Col1—03 79.4 (3) 09—Co02—O011 92.6 (3)
06—Co01—03 85.0 (3) 040—Co02—O011 94.9 (4)
039—Co1—038 88.0 (4) 041—Co02—O08 101.0 (3)
05—Co01—038 93.5(3) 012—Co02—08 94.3 (3)
02—Col1—038 92.1 (3) 09—C02—O08 78.5 (3)
06—Co1—038 173.5 (3) 040—Co02—O08 90.3 (4)
03—Col—038 95.8 (3) 011—C02—O08 169.9 (3)
M-L Bond length/A  L-M-L Bond angle/®  M-L Bond length/A  L-M-L Bond angle/°
Co3—O014 2.033 (8) 014—Co3—043  93.3(3) Co4—020 2.144 (7) 046—Co4—021  173.3 (4)
Co3—O015 2.128 (6) 014—Co03—O018 95.2 (3) Co4—021 2.063 (7) 046—Co4—047 86.6 (5)
Co3—017 2.110 (8) 043—Co03—018 169.7 (3) Co4—023 2.119 (8) 021—Co4—047 86.7 (4)
Co3—018 2.080 (7) 014—Co03—017 173.3 (3) Co4—024 2.095 (8) 046—Co4—024 100.8 (3)
Co3—043 2.061 (8) 043—Co03—O017  91.6(3) Co4—046 2.037 (8) 021—Co4—024 859 (3)
Co3—044—  2.150 (8) 018—Co03—O017  79.4 (3) Co4—047 2.093 (9) 047—Co4—024  171.6 (4)
014—Co3—O015  80.7 (3) 046—Co4—023  88.3(3)
043—Co03—O015  90.5(3) 021—Co4—023  92.5(3)
018—Co3—O015 852 (3) 047—Co04—023  97.8 (4)
017—Co3—O015  94.8 (3) 024—Co4—023  78.7(3)
014—Co3—044  90.7 (3) 046—Co04—020 100.7 (3)
043—Co03—044  95.0 (4) 021—C04—020  79.5 (3)
018—Co03—044  90.7 (3) 047—Co04—020 90.5 (3)
017—Co03—044 934 (3) 024—Co04—020 91.9 (3)
015—Co03—044 170.0 (4) 023—Co04—020 168.2 (3)
M-L Bond length/A L-M-L Bond angle/° M-L Bond length/A L-M-L Bond angle/®
Co5—026 2.105 (7) 050—Co05—029  93.3(3) Co6—032 2.070 (6) 051—Co6—032  94.0 (3)
Co5—027 2.129 (6) 050—Co05—049  89.4 (3) Co6—033 2.156 (7) 051—Co6—036  169.8 (3)
Co5—029 2.072 (6) 029—C05—049  90.2 (3) Co6—035 2.118 (6) 032—Co6—036  95.0 (3)

11



Co5—030 2.123 (6) 050—Co5—026  96.7 (3) Co6—036 2.092 (7) 051—Co6—052  90.6 (3)

Co5—049 2.100 (6) 029—Co5—026  169.9 (3) Co6—O051 2.019 (9) 032—Co6—052  86.5 (3)

Co5—050 2.045 (7) 049—Co5—026  88.9 (3) Co6—052 2.094 (7) 036—Co6—052  94.7 (3)
050—Co05—030  89.5(3) 051—Co6—035  92.4 (3)
029—C05—030  80.4(2) 032—Co6—035  173.7 (3)
049—Co5—030  170.5 (3) 036—Co6—035  78.6 (3)
026—Co5—030  100.6 (2) 052—Co6—035  93.7(3)
050—Co5—027  171.8 (3) 051—Co6—033  92.3(3)
029—Co5—027  91.0(2) 032—Co6—033  79.2(2)
049—Co5—027  97.5(2) 036—Co6—033  84.8(3)
026—Co5—027  79.1(2) 052—Co6—033  165.6 (3)
030—Co5—027  84.4(2) 035—Co6—033 1003 (3)

12



Table S3 — Hydrogen bonds in {Co'sCu'ls}»P

D—H-A D—H H--A DA D—H-A

042— 0.90 (1) 1.84 (1) 2.708 (14) 162 (2)
H42D---037i

043— 0.90 (1) 1.86 (2) 2.757 (11) 175 (8)
H43C---035i

046— 0.90 (1) 2.09 (6) 2.738 (13) 128 (6)
H46C---038ii

047— 0.91 (1) 1.82 (1) 2.633 (9) 147 (2)
H47C---025V

049— 0.90 (1) 1.98 (3) 2.746 (9) 142 (5)
H49D---029"

050— 0.90 (1) 2.07 (6) 2.704 (9) 126 (6)

H50D---07'

051— 0.90 (1) 1.92 (5) 2.732 (12) 149 (8)
H51C---017"

052— 0.90 (1) 1.76 (2) 2.639 (9) 165 (6)
H52C---015v

040— 0.90 (1) 2.35(3) 2.948 (11) 124 (3)
H40D---03 1V

aSymmetry codes: (ii) = x+1, y-1, z; (iii) = x+1, y-1, z+1; (iv) = -x+3, -y, -z+2; (v) =-
x+2, -y+1, -z+2; (vi) = x-1, y+1, z; (vil) = -x+2, -p+1, -z+1. PHydrogen bonds involving
only the molecules kept in the structure after SQUEEZE technique was applied.
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3. DFT calculations

DFT type calculations were performed on the full experimental geometry of the
{Co4Culls} nanowheel through the Gaussian 09 package by using the B3LYP
functional,’!! the quadratic convergence approach and a guess function generated with
the fragment tool of the same program.'?> Two all electron basis sets proposed by Ahlrichs
et al. were used for all atoms, triple- and double-C. In both cases, the results are
quantitatively similar.!3'* High-spin cobalt(Il) complexes, with a d’ electronic
configuration, exhibit a different population of the #,, orbitals, causing the presence of the
closed excited states, a feature that makes difficult to find the most stable electronic
configuration. This fact is more pronounced when the number of Co'! ions increases. To
avoid that, we have built CuCoZn;, models for each magnetic coupling by replacing the
non-involved metal centres by diamagnetic Zn'! ions. In such a case, the magnetic
coupling for each paramagnetic heterobimetallic pair was obtained from the relative
energy of the broken-symmetry (BS) triplet spin state from the high-spin quintet state
with parallel local spin moments. More details about the use of the broken-symmetry
approach to evaluate the magnetic coupling constants can be found in the literature.!>-1
Because of the low symmetry of the nanowheel (its twelve metal ions being
crystallographically independent), twelve magnetic couplings (J;; running from 1 to 12)
were calculated from twelve CuCoZn;, models. A polarisable continuum model (PCM)

was introduced in the calculations with the parameters corresponding to the acetonitrile.??

Additionally, we also performed calculations on the high-spin state of 1, with S= 12, and
the corresponding broken-symmetry state with S = 6. These calculations were done using
Orca 4.1.1.2' Eight distinct functionals, namely B3LYP,-!! BP86,!!> PBEO(,>3-*
TPSSH,?-2 BH and HLYP,?” M06,28 CAM-B3LYP,%® and ®B97X-D33° were considered.
The Ahlrichs®' def2-SVP basis set was used for all light elements, while Co and Cu were
treated with def2-TZVP. To speed up the calculations, the resolution-of-the-identity
approximation for the Coulomb integrals (RI-J)*? and the chain-of-spheres method for
exchange integrals (COSX)?3 were applied in combination with the auxiliary def2/J basis
set. The calculated energies of the S = 12 [E(HS)] and S = 6 [E(BS)] states are shown in
Table S5. The BP86 functional, the only pure one in this list, provides the most significant
energy gap between these spin states, which agrees with the best accuracy obtained with

hybrid functionals, a fact already stated in the past (see refs 18 and 19).
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Table S4. Relevant structural parameters involved in the different magnetic exchange pathways of the {Co'sCu'ls} nanowheel together with the

more appropriate symmetry for each site and the J;j values estimated from DFT calculations.

Coupling Sites? dvi. P dcu-ow’ he Shape analysis for Co/Cud* —Jte
2 12 5.297 — o060 0OC-6 (0.586) / SP-4 (1.490) 71.9/75.1
Joa 2,2 5.340 — 0OC-6 (0.629) / SP-4 (1.490) 77.7/78.6
Jo3 2,3 5.303 2.331 0.153 0C-6 (0.629) / SPY-5 (0.769) 61.5/62.4
J33 3,3 5.321 2.331 0OC-6 (0.640) / SPY-5 (0.769) 65.2/66.9
Jya 3,4 5.385 2.191 0C-6 (0.640) / TBPY-5 (1.663)

0.324 (TBPY-5) SPY-5 (2.863) 28:3/39.0
Jis 4.4 5.360 2.191 0.158 (SPY-5) 0C-6 (0.895) / TBPY-5 (1.663) 7

SPY-5 (2.863)

Jus 4,5 5.303 2.339 0.150 0OC-6 (0.895) / SPY-5 (1.194) 68.0/68.7
Js s 5,5 5.369 2.339 0C-6 (0.850) / SPY-5 (1.194) 60.9/61.7
Js 6 5,6 5.303 2.334 0.167 0OC-6 (0.850) / SPY-5 (1.437) 65.7/66.4
Jo6 6,6 5.338 2.334 OC-6 (1.014) / SPY-5 (1.437) 69.7/70.3
Jo.1 6,1 5.388 2.262 0.188 OC-6 (1.014) / SPY-5 (1.080) 60.5/61.8
Ji1 1,1 5.355 2.262 0OC-6 (0.586) / SPY-5 (1.080) 55.4/56.1

aSites are labelled as {Co;,Cu;}. ®Values in A. “Values in A of the shift of the Cu'! ion from the mean basal plane. ¢The listed values in parentheses correspond to the
deviation between the ideal and real coordination polyhedral. €OC-6, Oy, octahedron; SP-4, Dy, square; SPY-5, Cyy, square pyramid; TBPY-5, D3y, trigonal bipyramid.
fValues in cml, ¢Values using the SV/TZV basis sets.
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Figure S5. Reduced y7T vs. T/J plots as a function of the D/J quotient in the ranges (a)
0.0 to —2.0 and (b) —0.8 to —1.6. All curves were simulated considering J=-50 cm™.
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Table S5. Electronic energies (in hartrees) of the high-spin state (S = 12) [E(HS)] and

broken symmetry (S = 6) [E(BS)] states of 1 obtained using distinct density functionals.

Functional E(HS) E(BS) E(HS)-E(BS) (cm™)
®B97X-D3 -26954.882090 -26954.886620 994.3
CAM-B3LYP -26954.181722 -26954.186319 1008.9
PBEO -26944.354010 -26944.359789 1268.4
B3LYP -26951.224586 -26951.232100 1649.1
MO06 -26951.182742 -26951.190662 1738.1
TPSSH -26957.320006 -26957.329629 2111.8
BHandHLYP -26951.522662 -26951.533645 2410.2
BP86 -26959.758530 -26959.779675 4640.4
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4. EPR measurements

The EPR spectroscopic properties of the {Co''sCu'ls} nanowheel were investigated in the
solid-state. The measurements at X-band (9.38 GHz) were carried out using a Bruker
ELEXSYS E580 CW EPR spectrometer equipped with an Oxford Instruments helium
cryostat (ESR900) and a MercuryiTC temperature controller. The powder EPR spectra
are silent down to 25 K. Below this temperature, an intense signal with apparent axial
symmetry and a zero crossing at g = 0.57 appears, revealing the unique electronic
properties of the heterobimetallic complex (see Figure S6). Signals in the typical region
of isolated cobalt(IT) or copper(II) ions in the g value range of 2 - 4 are virtually absent.3*
The EPR data is consistent with a non-Kramers system with a large zero-field splitting

resulting from the coupling of the half-integer spins of copper(Il) and cobalt(II).

g values
5 1.20 0.88 0.57

4

1
I
|
1
I
|
1
I
|
1
I
|
1
I
S
I
I
1
I
I
I
I

dy"/dB

I — 4K — 20K
— 8K — 40K
12 K

0 200 400 600 800 1000 1200 1400

magnetic field (mT)

Figure S6. Variable temperature X-band EPR spectra of the {Co'cCu'ls} nanowheel
between 4.0 and 40 K. The inset shows an expanded view of the low-field part of the
spectrum. The signal around a g value of 2.05 could be due to trace amounts of some

uncoupled mononuclear copper(Il) ions.
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