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Synthesis of dithioamide of 1,3-benzenedicarboxylic acid (m-dtab). 2.56 g
of 1,3-dicyanobenzene was suspended in a mixture of triethylamine (9 mL) and
ethanol (24 mL). The mixture was cooled on ice and hydrogen sulfide was slowly
bubbled (approximately 1 bubble per second) into the mixture until complete change
of suspension's color from white to yellow (4 — 6 hours). Solvents were removed in
vacuum, and dry residue was dissolved in 50 mL of DMF, the solution filtered and
then diluted with 100 mL of water. Light-yellow precipitate was filtered, washed with
water and dried at 150 °C. Anal. Calcd. for CgHs4N,S,0q5: C, 48.1; H, 4.21; N, 14,0.
Found: C, 47.9; H, 3.96; N, 14.1%. *H-NMR (DMSO-ds), 8(ppm): 7.43 t (1H, H5 of
aromatic ring), 7.93 d (2H, H4 and H6 of aromatic ring, Jys.ns = 7.75 Hz), 8.29 s (1H,
H2 of aromatic ring), 9.55 s (2H, N-H), 9.95 s (2H, N-H). H-atoms have the labels of
positions in aromatic ring, determined by IUPAC rules. The signal of -NH, group is
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split into two components due to hindrance of rotation of NH, group around C-N
bond. IR, cm™: W 3280 (medium), V™™D 1630 (strong).

Details of DFT calculations.

Geometries

The geometry of 1, used for DFT calculations, was taken from crystallographic
data. For calculations of bond orders endless chain of 1 was cut up to Co(m-dtab),Cl,
particle. For calculations of exchange integrals through different pathways (see the
main text) in 1, structure was cut in another ways (vide infra).

The geometries of m-dtab and m-phthalateH,, used for DFT calculations,
were obtained by geometry optimization with redundant internal coordinates, as
implemented in ORCA. Closed-shell Kohn-Sham formalism (RKS) with hybrid
B3LYP™" (Becke type three parameter exchange,’*® Lee-Yang-Parr correlation,?
Vosko-Wilk-Nusair VWN-5 free electron gas parametrization® for LDA part, fraction
of HF exchange — 0.2, scaling of DF-GGA exchange — 0.72, scaling of DF-GGA
correlation — 0.81, scaling of LDA correlation — 1.0, with default empirical
parameters X-alpha = 2/3; Becke's B = 0.00420) functional and Ahlrichs def2-TZVP
basis set* (triple-{ valence basis with polarization functions from Turbomole library®)
were used in the calculation. The resolution of the identity® (RI) and chain-of-spheres
(COSX — for treatments of Hartree-Fock exchange part)’ approximations were used
during the calculations to speed up the self-consistent field convergence. The
auxiliary basis sets used with RI approximation were built automatically by ORCA.
Ahlrichs basis sets were chosen because they were calibrated and validated using
extensive tests with more than 300 molecules, including almost all elements in their
most common oxidation states” and include auxiliary basis sets for RI-DFT and are
supposed to be the most efficient in this case.® To improve the quality of results the
SCF converged tolerance was tightened to AE < 107 E, and AE gjectron < 10° Ej, (using
“VeryTightSCF” keyword). An integration grid was enlarged to Lebedev 302 points®
one (using “Grid4” keyword). Building of the final grid was turned off. No constrains
were applied. RMS gradient tolerance was tightened to 10° a.u./bohr (other
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tolerances, i.e. energy change, maximal gradient, maximal step and RMS step, were
controlled by ORCA's keyword “TightOpt”). Grimme's semiempirical Van der Waals
correction'® was applied, as implemented in ORCA.

The geometry of [Co(m-phthalate)(Im),],,"* used for DFT calculations, was
taken from published crystallographic data (CCDC 613933). The infinite chain was
cut up to Co(m-phthalateH),(Im), block, (m-phthalate)* ligands where terminated
by hydrogen atoms. Positions of these hydrogens were optimized similar to m-dtab
and m-phthalateH,, but the positions of all another atoms were frozen, spin-
unrestricted Kohn-Sham formalism (for S = 3/2) was used and Ahlrichs def2-SVP*
(double-¢ valence basis set with polarization functions from Turbomole library®) was
assigned to all atoms except the atoms of terminating carboxyl groups (def2-TZVP
was assigned to these atoms). All tolerances, i.e. RMS gradient, energy change,
maximal gradient, maximal step and RMS step, were controlled by ORCA's keyword
“TightOpt”.

Images of the geometries, used for the calculations, were rendered using

Avogadro package.*

Bond orders

Bond orders of m-dtab, m-phthalateH,, Co(m-dtab),Cl, and Co(m-
phthalate),Im, were determined after Mayer*® using the results of single point
calculations. Hybrid B3LYP (vide supra) functional and Ahlrichs def2-TZVP basis
set* were used in the calculation. The resolution of the identity® (RI) and chain-of-
spheres (COSX — for treatments of Hartree-Fock exchange part)” approximations
were used. The auxiliary basis sets used with RI approximation were built
automatically by ORCA. The SCF converged tolerance was tightened to AE < 10° Ej,
and AEqeecyron < 10° Ep (using “VeryTightSCF” keyword). An integration grid was
enlarged to Lebedev 302 points® one (using “Grid4” keyword). Building of the final
grid was turned off. The results of this calculation were used to build explicit plots of

m-dtab orbitals (Fig. S1-S2).
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Exchange integrals

For calculation of exchange integrals the endless 3D structures of 1 was cut in
order to get the minimal geometries, that include appropriate pathways (See Fig. S5—
S8). The calculations were provided using Broken Symmetry DFT approach. SCF of
the dinuclear species was first converged to high spin state (S = 3, Mg = 3), then they
were reconverged to broken symmetry state (S = 3, Mg = 0). The differences between
the obtained energies were used to find values of Heisenberg-Dirac-van Vleck model
exchange (H = -2JS;S;, see text). A few exchange-corellation functionals (GGA BP
(Becke '88 exchange,'® Perdew '86 correlation*), meta-GGA TPSS™ and hybrid
B3LYP) and a few basis sets were used in these calculations (see text and Table S2
and S3) for comparison. The resolution of the identity® (RI) approximation was used
(but HF exchange was treated exactly, because COSX approximations gives an error
with order of 1 cm™ 7). The auxiliary basis sets used with Rl approximation were
built automatically by ORCA. The SCF converged tolerance was tightened to AE <
107 En, and AE1 jectron < 10° E; (using “VeryTightSCF” keyword). An integration grid
was enlarged to Lebedev 434 points® one (using “Grid5” keyword). Building of the
final grid was turned off.

Similar procedures were employed for calculation of exchange integrals in 2.

Fig. S1. Plot of HOMO of m-dtab. Blue surface refers to positive sign of the
wavefunction, red to negative. Calculation shows that equivalent orbital based on

another S atom has slightly lower energy.
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Fig. S2. Plot of LUMO of m-dtab. Blue surface refers to positive sign of the

wavefunction, red to negative.
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Fig. S3. Magnetization vs. field for 2 and 3 at 2 K.
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Fig. S5. Exchange pathways in 1: via bridge (red), via hydrogen bond (magenta) and
via m-stacking (green).

ﬂ

Fig. S6. Geometry of 1 built for calculation of exchange via hydrogen bond.
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Fig. S7. Geometry of 1 built for calculation of exchange via bridge.

A

Fig. S8. Geometry of 1 built for calculation of exchange via stacking.
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Fig. S9. Drawing of m-dtab based on X-ray structure (hydrogen atoms omitted for

clarity).
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Table S1. Electronic spectra of compounds m-dtab, 1 — 3 in solid state.

Compound # Chromofore  Transitions (cm™) Assignment Ref
m-dtab 21700; 23500; 25000; this work
27000, 31000 "
1 CoS,Cl,  13900; 15300; 16300 ‘A, (F) - *Ty(P)  this work
25000 CT
2 CoS,Br,  13400; 14700; 15400 ‘A, (F) - *Ty(P)  this work
25000 CT
3 NiS,Br, 13100 *Big ., *Bayg this work
20200 *Big— (CEg+ Ay
25800 *Big— (CEy(P) +
*Ay(P)) + CT
Ni(tc)Cl, NiS,Cl, 11110, 16950, 29140 16
Ni(tc)Br, NiS,Br, 10990, 16950, 29140 16
Ni(bme)Br,  NiS,Br, 10200, 16100, 25000(sh) 17

%tc = 1,4,8,11-tetrathiacyclotetradecane, bme = 1,2-bis(o-

methylthiophenylthio)ethane;

" Based on deconvolution using 5 gaussians, R? = 0.99993 (5" peak is out of

spectrum range).
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Table S2. J values, calculated for exchange interactions through different exchange

pathways in the particles, modeling the structure of 1, by different functionals (for

Hamiltonian H# =-2J)_S,S, ).

Functional Basis Pathway®  Eus—Egs, cm™ J.,°cm™ J,,°em™ J3,°em™
BP def2-SVP  Co-(m-dtab)-Co 0.823 -0.09 -0.07 -0.09
n-stacking 2.612 -0.29 -0.22 -0.29
H-bond 0.019 0 0 0
def2-TZVP Co-(m-dtab)-Co 1.898 -021 -0.16 -0.21
n-stacking 2.729 -030 -0.23 -0.30
H-bond -0.212 0.02 0.02 0.02
TPSS def2-SVP Co-(m-dtab)-Co 1.511 -0.17 -0.13 -0.17
n-stacking 1.999 -022 -0.17 -0.22
H-bond 0.285 -0.03 -0.02 -0.03
def2-TZVP Co—(m—-dtab)- 2.028 -023 -0.17 -0.23
Co
n-stacking 2.634 -029 -0.22 -0.29
H-bond 0.194 -0.02 -0.02 -0.02
B3LYP  def2-SVP  Co-(m-dtab)- 0.557 -0.06 -0.05 -0.06
Co
n-stacking 1.071 -0.12 -0.09 -0.12
H-bond 0.186 -0.02  -0.02 -0.02
def2-TZVP Co—(m—-dtab)- 0.662 -0.07 -0.06 -0.07
Co
n-stacking — — — —
H-bond 0.172 -0.02 -0.01 -0.02

 exchange pathways are described in the text and shown on Fig. S5.

®J,, J, and J; refer to different schemes of J calculation using HS - BS gap: J; — after
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Ginsberg, Noodleman and Davidson (J; = —(Ens — Egs)/S°max)); ™ Jo — after Bencini
and Gatteschi (J, = —(Ens — Egs)/(Smax(Smaxt1)));*° J; — after Yamaguchi, Takahara,
Fueno and Soda (J; = —(Es — Egs)/(<S°hs> — <S’gs>)))

Table S3. J values, calculated for exchange interactions through different exchange

pathways in the particles, modeling the structure of 2, by BP functional (for

Hamiltonian H# =-2J)_S.S,).

Functional Basis Pathway?  Eus—Egs, cm™ J,°em™ J,,°em™ J3,°em™
BP def2-SVP  Co-(m—dtab)-Co 1.045 -0.12 -0.09 -0.12
n-stacking 2.632 -0.29 022 -0.29

H-bond —0.206 0.02 0.02 0.02

def2-TZVP Co-(m-dtab)-Co 1.849 -0.21 -0.15 -0.21
n-stacking 2.996 -0.33 -0.25 -0.33

H-bond —0.668 0.07 0.06 0.07

% exchange pathways are described in the text and shown on Fig. S5.

® J1, J, and J; refer to different schemes of J calculation using HS - BS gap: J; — after
Ginsberg, Noodleman and Davidson (J; = —(Ens — Egs)/S%max)); " Jo — after Bencini
and Gatteschi (J, = —(Ens — EBS)/(S,W,D((Smx+1)));19 Js — after Yamaguchi, Takahara,
Fueno and Soda (J3 = —(Ens — Egs)/(<S%hs> — <S%gs>)))*°
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Table S4. Comparison of experimental and calculated bond lengths in m-dtab.

Bond X-ray structure Calculation Difference between
determination experiment and
calculation

S2-C1 1.678(3) 1.658 0.020
S1-C8 1.673(3) 1.657 0.016
N1-C8 1.319(3) 1.347 -0.028
N2-C1 1.320(3) 1.348 -0.028
Cl1-C2 1.481(3) 1.489 -0.008
C2-C3 1.392(3) 1.398 —0.006
C2-C7 1.394(3) 1.396 —0.002
C3-C4 1.383(4) 1.391 -0.008
C4-C5 1.382(4) 1.385 -0.003
C5-C6 1.389(3) 1.399 -0.010
C6-C7 1.390(3) 1.394 —0.004
C6-C8 1.491(3) 1.491 0.000

Table S5. Calculated Mayer's bond orders for model particles — fragments of

coordination polymers 1 and Co(m-phthalateH),(Im),"" and ligands.

Model particle Bond
Co—X X-C C-N
(X=Sor0) (X=Sor0) in thioamide group
Co(m-dtab),Cl, 0.6505 1.5383 1.3442; 1.3441
Co(m-phthalateH),(Im), 0.5042; 0.5282 1.3513; 1.3961 —
m-dtab - 1.8742; 1.8549 1.2832; 1.2951

m-phthalateH, — 1.2297; 1.2293 —
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