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Physical measurements: Infrared spectra (KBr) were recorded with a FTIR-8400S SHIMADZU spectrophotometer
in the range 400-3600 cm '. NMR spectra were obtained on a Bruker Avance 300 MHz spectrometer at 25 °C. 'H
and *'P{'"H} NMR spectra were recorded at 299.948, and 121.420 MHz, respectively. Chemical shifts are reported
with reference to SiMe,s (‘H) and 85% H3;PO, (*'P{'H}). UV-vis absorption spectra of 10™* M solutions were
recorded on a Lambda-35 spectrometer in the range 200—-1000 nm. Diffuse reflectance spectra were obtained with a
Varian Cary 5E spectrometer using polytetrafluoroethylene (PTFE) as a reference. The spectra were measured on a
pure solid to avoid matrix effects. Eventual distortions in the Kubelka-Munk spectra that could result from the study
of pure compounds have not been considered because no comparison with absorption spectra was necessary.
Thermogravimetric analyses (TGA) were performed by a SDT 2960 Simultaneous DTA-TGA instrument in a
dynamic air atmosphere (100 mL min ') from laboratory temperature to 900 °C with a 10 °C min ' heating rate.
Electrospray ionization mass spectra were recorded on a Thermo Fisher Scientific LCQ mass spectrometer on a 10~
% M solution in a MeOH. The spray voltage was 5 kV. The capillary temperature was 260 °C. Elemental analyses

were performed on a Thermoquest Flash EA 1112 Analyzer from CE Instruments.

Synthesis of HL and [iPrNH3] [P(0)(OPh),] : A solution of isopropylamine (0.295 g, 5 mmol) in anhydrous
CH,CI, (15 mL) was treated under vigorous stirring with a solution of (PhO),P(O)NCS (1.746 g, 6 mmol) in the
same solvent. The mixture was stirred for 1 h. The solvent was removed in a vacuum, and the product was purified
by recrystallisation from a 1:5 (v/v) mixture of CH,Cl, and n-hexane. Yield 1.628 g (93%). IR, v: 962 (POC), 1238
(P=0), 1551 (S=C-N), 3149, 3289 (NH) cm™". "H NMR (DMSO-d;), J: 1.10 (d, *Ji. = 6.4 Hz, 6H, CHs, iPr), 4.22
(d. sept, *Juncu = 7.6 Hz, *Jyy = 6.4 Hz, 1H, CH, iPr), 7.21-7.36 (m, 6H, o-H + p-H, Ph), 7.44 (t, *Jyu = 8.5 Hz,
4H, m-H, Ph), 8.30 (d, *Jiuncu = 7.6 Hz, 1H, iPrNH), 9.71 (br. s, 1H, NHP) ppm. >'P{'"H} NMR (DMSO-d;), J: —
10.6 ppm. Anal. Calc. for C;sH19N>O3PS (350.37): C 54.85, H 5.47, N 8.00. Found: C 54.73, H 5.51, N 8.07%.
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Recrystallization of HL (0.525 g, 1.5 mmol) from an aqueous acetone (15 mL) solution leads to the formation of
the salt [{PrNH;]" [P(0)2(OPh),]". Yield 0.408 g (88%). IR, v: 922 (POC), 1083 (P=0), 2968, 3042 (NH) cm . 'H
NMR (DMSO-dg), 8: 1.15 (d, *Ji = 6.7 Hz, 6H, CHs, iPr), 3.20 (sept, *Jiu = 6.5 Hz, 1H, CH, iPr), 6.98 (t, *Jin =
7.1 Hz, 2H, p-H, Ph), 7.13 (d, *Jun = 7.2 Hz, 4H, o-H, Ph), 7.24 (t, *Jun = 7.2 Hz, 4H, m-H, Ph), 7.92 (br. s, 3H,
NH;). *'P{'H} NMR (DMSO-ds), d: —11.8 ppm. Anal. Calc. for C;sHyNO4P (309.30): C 58.25, H 6.25, N 4.53.
Found: C 58.33, H 6.30, N 4.51%.

Synthesis of [NiL;]: A suspension of HL (3 mmol, 1.050 g) in MeOH (10 mL) was mixed with a MeOH (10 mL)
solution of KOH (3.3 mmol, 0.185 g). An aqueous (10 mL) solution of NiCl, (1.9 mmol, 0.247 g) was added
dropwise under vigorous stirring to the resulting potassium salt. The mixture was stirred at room temperature for a
further 3 h and left overnight. The resulting complex was extracted with CH,Cl,, washed with water and dried with
anhydrous MgSO,. The solvent was removed in a vacuum, and the product was purified by recrystallisation from a
1:3 (v/v) mixture of CH,Cl, and n-hexane. Yield 1.033 g (91%). IR, v: 939 (POC), 1564 (SCN), 1231 (P=0), 3248
(NH) cm . "H NMR (CDCls), d: 1.08 (d, *Jun = 6.4 Hz, 12H, CHs, iPr), 3.87 (d. sept, *Juncu = 7.8 Hz, *Jyn = 6.4
Hz, 2H, CH, iPr), 7.25 (t, *Jun = 7.3 Hz, 4H, p-H, Ph), 7.42 (t, *Jiz = 7.8 Hz, 8H, m-H, Ph), 7.53 (d, *Juu = 7.8 Hz,
8H, o-H, Ph), 8.05 (d, *Jiuncu = 7.8 Hz, 2H, iPrtNH) ppm. *'P{'H} NMR (CDCl;), 5: —5.0 ppm. 'H NMR (DMSO-
ds), 0: 1.00 (br. s, 2H, CH, iPr), 2.81 (br. s, 12H, CHj3, iPr), 3.89 (br. s, 2H, iPrNH), 6.80-7.64 (m, 20H, Ph) ppm.
JP{'"H} NMR (DMSO-dg), 9: 7.5 ppm. UV-vis (CH2CLy), Amax (6, M cm™): 264 (26865), 318 (18470), 502 (213),
634 (191) nm. UV-vis (DMSO), Amax (&, M™' cm™): 248 (25490), 306 (2385), 437 (68), 722 (10) 1118 (12) nm. ESI-
MS", m/z (I, %): 407.01 (20.6) [M —L]", 756.97 (33.8) [M + H]", 779.09 (15.1) [M + Na]", 1164.95 (100) [Ni,Ls]",
1534.57 (8.5) [Ni,Ly + Na]", 1922.37 (4.7) [NisLs]". ESI-MS", m/z (I, %): 755.08 (100) [M — H] . Anal. Calc. for
C3H36N4NiOgP,S, (757.42): C 50.74, H 4.79, N 7.40. Found: C 50.64, H 4.73, N 7.36%.

Static DFT calculations: We have applied in DFT-based geometry optimizations the hybrid exchange-correlation
functional B3LYP' and Grimme’s B97D functional® with empirical correction for dispersion interactions and the 6-
311G** basis set as implemented in the Gaussian 09 package.’ Deformation density map as well as deformation

density contributions of the ETS-NOCV method were plotted based on the ADF-GUI interface.*

ETS-NOCYV bonding analysis: Historically the Natural Orbitals for Chemical Valence (NOCV) have been derived
from the Nalewajski-Mrozek valence theory as eigenvectors that diagonalizes the deformation density matrix. It
was shown that the natural orbitals for chemical valence pairs (.4 i) decompose the differential density Ap into

NOCV-contributions (Apy):

M/2 M2

Ap(r)= D v [~V (N + Wi (1)]= D Ap(r),

k=1 k=1
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where v, and M stand for the NOCV eigenvalues and the number of basis functions, respectively. Visual inspection
of deformation density plots (Apy) helps to attribute symmetry and the direction of the charge flow. In addition,
these pictures are enriched by providing the energetic estimations, AE,;(k), for each Ap; within ETS-NOCV
scheme. The exact formula, which links the ETS and NOCV methods, will be given in the next paragraph, after we
briefly present the basic concept of ETS scheme. In this method the total bonding energy AE..1 between interacting
fragments, exhibiting the geometry as in the combined complex, is divided into the three components:
AEiota1 = AE¢istat + AEpauii + Ao,

The first term, AE s, corresponds to the classical electrostatic interaction between the promoted fragments as they
are brought to their positions in the final complex. The second term, AEp,y, accounts for the repulsive Pauli
interaction between occupied orbitals on the two fragments in the combined molecule. Finally, the last stabilizing
term, AE,; represents the interactions between the occupied molecular orbitals of one fragment with the
unoccupied molecular orbitals of the other fragment as well as mixing of occupied and virtual orbitals within the
same fragment (inner-fragment polarization). This energy term may be linked to the electronic bonding effect
coming from the formation of a chemical bond. The three last terms (AEcistat, AEpauii, AEorn) Very often are combined
into the instantaneous interaction energy, AFEjy, as it describes the interaction between the fragments in the
geometry of the complex.

In the combined ETS-NOCV scheme the orbital interaction term (AE,w) is expressed in terms of NOCV’s

eigenvalues (v;) as:

/2
AEvorb = ZAEorb(k) = Vi [_F—Tli—k + kai b
k k=1

where F’ are diagonal Kohn-Sham matrix elements defined over NOCV with respect to the transition state (TS)

density (at the midpoint between density of the molecule and the sum of fragment densities). The above
components AEq,(k) provide the energetic estimation of Ap; that may be related to the importance of a particular
electron flow channel for the bonding between the considered molecular fragments. ETS-NOCV analysis was done

based on the Amsterdam Density Functional (ADF) package in which this scheme was implemented.

Molecular Dynamics Study: We have applied the Born-Oppenheimer approach based on DFT method (CP2K
package,’ the Becke Perdew functional with Grimme’s dispersion correction). The 5 ps trajectory for monomer and
dimer was analyzed. The combination of DZVP basis sets centered on atoms and the plane waves (cutoff = 260)
were applied as implemented in CP2K program. The time step was 1 fs. The trajectory was analyzed based on the

VMD program.5

X-Ray crystallography: X-ray data collection was performed on a Mar345 image plate detector using Mo-K,

radiation (rotation anode, multilayer mirror). The data were integrated with the CrysAlisPro software.® The



Electronic Supplementary Material (ESI) for CrystEngComm
This journal is © The Royal Society of Chemistry 2013

implemented empirical absorption correction was applied. The structures were solved by direct methods using the
SHELXS-97 program’ and refined by full-matrix least squares on |[F?| using SHELXL-97.” Non-hydrogen atoms
were anisotropically refined and the hydrogen atoms were placed on calculated positions in riding mode with
temperature factors fixed at 1.2 times U of the parent atoms and 1.5 times U, for methyl groups. Figures were
generated using the program Mercury.®

Crystal data for HL. C;sH;9N,OsPS, M; = 350.36 g mol_l, triclinic, space group P-1, a = 9.8501(12), b =
11.0661(18), ¢ = 17.707(2) A, a = 92.032(11), B = 92.940(10), y = 111.728(13) °, V' = 1787.5(4) A’, Z=4, p =
1.302 g cm >, w(Mo-Ka) = 0.285 mm ', reflections: 17578 collected, 6210 unique, Ry = 0.053, R;(all) = 0.0855,
wRy(all) = 0.1693.

Crystal data for [iPrNH3]+[P(O)2(OPh)2]_. C15sHyoNO4P, M, =309.29 g mol_l, orthorhombic, space group Pna2,,
a=14.327(2), b = 17.039(3), ¢ = 6.4900(11) A, V= 1584.3(4) A, Z=14, p = 1.297 g cm*, u(Mo-Ko) = 0.188
mmfl, reflections: 8565 collected, 1926 unique, R = 0.134, R;(all) = 0.0858, wR,(all) = 0.1706.

Crystal data for [NiL;]. C5;H3¢N4NiOgP,S,, M, =757.42 g mol_l, monoclinic, space group P2,/n, a = 12.060(2), b
=10.7171(10), ¢ = 13.9639(13) A, f=90.435(11)°, V= 1804.8(4) A’>, Z=2, p = 1.394 g cm °, y(Mo-Ka) = 0.789
mmfl, reflections: 9499 collected, 3334 unique, R = 0.045, R;(all) = 0.0507, wR,(all) = 0.1049.

CCDC 894844 (HL), 894843 ([iPrNH;]'[P(0)2(OPh),])) and 894845(|NiL,]) contain the supplementary
crystallographic data. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12 Union

Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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Fig. S1 Energies of the possible conformations of [NiL;] based on the B3LYP/6-311G** (black) and B97D/6-

311G** (red calculations.
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Bond trans-1,3-N,S-isomer trans-1,5-0,S-isomer
Ni-N 2x, 0.1059 —
Ni-S 2x, 0.0827 2x, 0.0777
Ni—-O — 2x, 0.0993
N-H:--O=P 2x,0.0163 —
Cpn—H--S=C 4x, 0.0052 2x, 0.0077
Cpn—H-7pp 2x, 0.0020 —
Cpi—H---O — 2x,0.0103

RCP (Ring Critical Point) Ni-N—-C-S§, 0.0483 Ni—-S—C-N-P-0, 0.0143

nx is the number of given interactions

Fig. S2 QTAIM molecular graphs for the trans-1,3-N,S-isomer (A) and trans-1,5-O,S-isomer (B) of [NiL;],
obtained from the ADF/TZP/BP86 calculations. Molecular graphs were plotted with the help of ADF-GUI interface.

In addition the density values at bond critical points are presented.



Electronic Supplementary Material (ESI) for CrystEngComm
This journal is © The Royal Society of Chemistry 2013

Triplet Singlet
0.0 kcal/mol and 0.0 kcal/mol 26.0 kcal/mol and 14.3 kcal/mol

Fig. S3 Triplet and singlet octahedral complexes of [NiL;] with two axially coordinated DMSO molecules and their
relative energies calculated at the B3LYP/6-311G** (black) and B97D/6-311G** (red) levels.
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Fig. S4 Simultaneous TG/DTA analyses of HL (top), [{PrNH;] [P(0),(OPh),]” (middle) and [NiL,] (bottom)

performed in a dynamic air atmosphere.
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Fig. S5 Normalised IR spectrum (top) and PXRD diffractogram (bottom) of NiPS; obtained from annealing of
[NiL;] at 850 °C.
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Fig. S6 Changes in the selected parameters observed during the CP2K molecular dynamics simulations for dimer of
[NiL;]. Parts a and b show the Cp,—H:---O intermolecular hydrogen bonding distance. Parts ¢ and d show the
variation in the Cye—H- - -Ph distance (with respect to the middle of the Ph ring).

The molecular dynamics calculations show a significant dynamic effect of the intermolecular interactions. Figure
S6a shows the presence of week hydrogen bonding of the type Cpp—H:-:-O=P (qualitative picture from the
ETSNOCV method is presented in part A of Figure below). Figure S6b depicts the formation of two new
intermolecular hydrogen bonds between the oxygen atom directly connected with Ph of one monomer and ortho-
(red line), meta- (black line) hydrogen atoms of the Ph ring of the other [NiL;] unit. Figure S6c,d present the Cyje—
H:--m bonding formed by two methyl groups of the iPr unit and the n-electrons of the Ph ring (see the Apy st contour

in the part b of Figure below).
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Table S1. Selected bond lengths (A) and angles (°) for HL

Bond lengths
S(19)-C(18) 1.674(2) P(31)-0(32) 1.4675(17)  N(17)-C(18) 1.387(3)
S(49)-C(48) 1.676(2) P(31)-0O(33) 1.5739(17)  N(20)-C(18) 1.320(3)
P(1)-0(2) 1.4652(18)  P(31)-0(40) 1.5748(18)  N(47)-C(48) 1.401(3)
P(1)-0(3) 1.5694(17)  P(1)-N(17) 1.655(2) N(50)-C(48) 1.331(3)
P(1)-0(10) 1.5642(17) P(31)-N(47) 1.643(2)
Bond angles
O(2)-P(1)-0(3) 115.64(10)  O(3)-P(1)-N(17) 108.78(10)  N(17)-C(18)-N(20) 116.5(2)
O(2)-P(1)-0(10) 118.01(10)  O(10)-P(1)-N(17) 105.51(10)  N(47)-C(48)-N(50) 117.29(19)
O(3)-P(1)-0O(10) 96.10(9) O(32)-P(31)-N(47) 110.73(10)  S(19)-C(18)-N(17)  117.61(17)
0(32)-P(31)-0(33) 118.38(9) O@33)-P(31)-N(47) 105.91(10)  S(19)-C(18)-N(20)  125.89(19)
O(32)-P(31)-0(40) 115.72(10) O(40)-P(31)-N(47) 108.07(10)  S(49)-C(48)-N(47) 117.70(16)
O(33)-P(31)-0(40) 96.72(10) P(1)-N(17)-C(18) 130.26(16)  S(49)-C(48)-N(50)  125.01(17)
O2)-P(1)-N(17) 111.40(10) P(31)-N(47)-C(48)  128.80(16)

Table S2. Selected bond lengths (A) and angles (°) for [{PrNH;] [P(O),(OPh),]
Bond lengths
P(1)-0(2) 1.482(2) P(1)-0O(4) 1.627(2) N(21)-C(22) 1.517(4)
P(1)-0(3) 1.451(2) P(1)-O(11) 1.6167(19)
Bond angles
O2)-P(1)-0O(3) 119.48(13) OR)-P(1)-O(11) 105.37(12) O@B)-P(1)-O(11) 111.42(11)
O2)-P(1)-0(4) 111.55(11) O@)-P(1)-O(4) 103.72(12) O(4)-P(1)-O(11) 104.44(11)
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Table S3. Selected bond lengths (A) and angles (°) for [NiL;]

Bond lengths

Ni(1)-S(2) 2.2301(8) N(8)»-C(3) 1.350(3) P(9)-0(10) 1.4690(17)
Ni(1)-N(8) 1.902(2) S(2)-C(3) 1.731(2) P(9)-0O(11) 1.5961(18)
N(4)-C(3) 1.314(3) P(9)-N(8) 1.635(2) P(9)-0O(18) 1.5858(17)
Bond angles

Ni(1)-N(8)-C(3) 99.65(14) S(2)-Ni(1)-S(2)a  180.00 O(10)-P(9)-O(18) 115.27(10)
Ni(1)-N(8)-P(9) 132.27(12)  N(4)-C(3)-N(8) 126.3(2) O(11)-P(9)-O(18) 96.11(9)
Ni(1)-S(2)-C(3) 77.51(8) P(9)-N(8)-C(3) 126.63(16)  O(10)-P(9)-N(8) 114.21(10)
N(8)-Ni(1)-N(8a  180.00 S(2)-C(3)-N(4) 125.56(19)  O(11)-P(9)-N(8) 106.65(10)
S(2)-Ni(1)-N(8) 74.19(6) S(2)-C(3)-N(8) 108.17(16)  O(18)-P(9)-N(8)  107.09(10)
S(2)-Ni(1)-N(8)a  105.81(6) O(10)-P(9)-O(11) 115.70(10)

Table S4. Selected hydrogen bond lengths (A) and angles (°) for HL, [{PrNH;] [P(0),(OPh),]” and [NiL,]

D-H-A dD-H) dH A) dDA) /(DHA)
HL’ N(20)-H(20)---O(2) 0.88 2.03 2.784(3) 143
N(50)-H(50)--0(32)  0.88 2.06 2.814(2) 143
N(17)-H(17)---0(32)  0.88 2.05 2.801(3) 142
N(@47)-H(47)---O(42)#1  0.88 2.13 2.821(3) 135
[iPrNH;] [P(O)(OPh),]~ N(21)-H(21A)---OQ2)#1 0.91 1.92 2.819(4) 172
NQ1)-HQ21B)---03)  0.91 1.98 2.891(4) 177
NQ1)-H(Q21C)---0(3)#2 0.91 1.93 2.829(3) 167
[NiL,]¢ N(4)-H(4)---0(10) 0.86 2.21 2.882(3) 135
C(17)-H(17)---O(10)#1  0.93 2.54 3.419(3) 158

“Symmetry transformations used to generate equivalent atoms: #1 1 +x, y, z
I'Symmetry transformations used to generate equivalent atoms: #1 x, y, 1 +z; #22 —x, 1 —y, 1/2 +z
“Symmetry transformations used to generate equivalent atoms: #1 —x, 1 —y, 1 —z



