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Abstract: This paper provides a 3@ manifestation of a new tradition by which the editors of
Comments on Inorganic Chemistry wish to lead by example, whereby we start publishing original
research content that, nonetheless, preserves the Journal’s identity as a niche for “critical
discussion” of contemporary literature in inorganic chemistry. (For the 15t and 2" manifestations,
see: a) Otten, B. M.; Melancon, K. M.; Omary, M. A. "All That Glitters is Not Gold: A Computational
Study of Covalent vs Metallophilic Bonding in Bimetallic Complexes of d® Metal Centers — A
Tribute to Al Cotton on the 10th Anniversary of His Passing," Comments Inorg. Chem. 2018, 38,
1-35; b) Yaseen, W. K.; Sanders, S. F.; Almotawa, R. M.; Otten, B. M.; Bhat, S.; Alamo, D. C.; Marpu,
S. B.; Golden, T. D.; Omary, M. A. “Are Metal Complexes “Organic”, “Inorganic”,
“Organometallic”, or “Metal-Organic” Materials? A Case Study for the Use of Trinuclear Coinage
Metal Complexes as “Metal-Organic Coatings” for Corrosion Suppression on Aluminum
Substrates”, Comments Inorg. Chem. 2019, 39, 1-26.) Herein we contrast the electronic structure
of two categories of Pt(ll) complexes with mixed imine/thiolato ligands: a new class of
[Pt(N~AN),(S7S)] bis(kx!-diimine)dithiolatoplatinum(ll) divergent complexes -- whereby only one N
atom from the “back-to-back” diimine ligand actually coordinates to a Pt(ll) centre in a non-
bridging monodentate manner -- vis-g-vis the hitherto well-studied [Pt(N~AN)(S"S)] (k*-
diimine)(dithiolato)platinum(ll) convergent congeners -- whereby both the diimine and dithiolate
coordinate as k2-chelating bidentate. Thus, in pursuit of using luminescent building blocks to
generate light-harvesting supramolecular coordination compounds, we report the synthesis,
characterization, and reactivity of Pt(pyz)2(mnt), 1, in high vyield (pyz = pyrazine, mnt =
maleonitriledithiolate). The complex exhibits solvent-dependent exchange of the pyrazine

ligands, which can be utilized in the formation of larger complexes containing platinum dithiolate



moieties. As proof of concept, 1 has been converted into the more inert Pt(4,4’-bpy)2(mnt), 2,
and Pt(4-ap)(mnt), 3, (4-ap = 4-aminopyridine) complexes. These complexes exhibit redox
properties, are strong absorbers of ultraviolet and visible light, and exhibit bright-luminescence
at 77 K. Single-crystal X-ray diffraction analysis for 1 and 3 confirms the monotopic coordination
of the ligands with intramolecular Pt-S and Pt-N bond lengths being comparable to other
complexes of type (k2-diimine)(dithiolate) Pt(ll) -- whereas significant torsion is exhibited by the
two heterocyclic rings due to the lack of tethering to one another. Solvent-dependent stability is
uncovered for 1 crystals whereas the crystal structure of 3 reveals an interesting supramolecular
guadrangle resulting from hydrogen bonding between the amine groups of two complexes and
two interstitial water molecules. A commentary is presented to contrast the electronic structure
of the divergent complexes herein with that of a diimine-dithiolate analogue thereof.
Experimentally, the luminescence is believed to be sensitized in the new class of divergent
complexes given that their lack of conjugation of two aromatic rings renders them less efficient
m-acceptors compared to analogous diimines such as 2,2’-bipyridine (2,2’-bpy) -- hence blue-
shifting the absorption toward the blue/near-UV and assisting in keeping the emission well-
within the visible region, whereby energy gap law considerations would suppress quenching
effects in the red/near-infrared regions -- especially under experimental conditions conducive for
phosphorescence and aggregation effects in the solid state and higher-concentration fluid and/or
frozen solutions. Computational studies for monomeric models of the three divergent complexes
plus the diimine-dithiolate congener, Pt(2,2’-bpy)(mnt), attain reasonable agreement with
experimental structural, spectroscopic and redox properties and provide excellent insights for

the comparison between the two categories of complexes upon which we focus the commentary



section. The computed photophysical properties reveal phosphorescence due to higher-lying
triplet states, as the T; is found to luminesce in the near-IR region and entail a ligand-field (dd)
transition origin, whereas higher-lying states are shown to be in the visible region, close to
experimental phosphorescence energies, and are consistent with the expected charge transfer
transition to imine/diimine lowest-unoccupied molecular orbitals (LUMOs) from admixed
dithiolate/platinum highest-occupied molecular orbitals (HOMOs). The T; state is likely the
culprit for the vanishing emission intensity at ambient temperature for both classes of complexes.
We also find that both the T; and D1 states for the neutral exciton and radical polaron (anion or
cation) species, respectively, are severely distorted in 1-3 vs Pt(2,2’-bpy)(mnt) models. Near-
perfect orthogonality of the two heterocyclic rings can be attained for such excited and redox
models of Pt(k!-imine)y(dithiolate), whereas this distortion is hindered in Pt(k*-

diimine)(dithiolate) models due to the steric constraint in their CCNNPt metallacycle.



Introduction: Supramolecular coordination compounds exhibit extensive properties
including light-harvesting capabilities, magnetic behavior,? redox functionality,®> electron
transfer,* and gas storage and separation for porous metal-organic frameworks (MOFs).> ©
Further advancements in this field depend upon the creative development and utilization of
building blocks possessing both form and function. Traditionally, the geometry and stability of
platinum(ll) complexes make them commonly-used precursors for supramolecular polygons,
polyhedral,® and MOFs.” & The addition of photophysical functionality to the square-planar form
of platinum(ll) is emerging as a new way of generating fluorescent organometallic metallacycles®

0 or microcrystalline fibers.?

12-14 offer an

The redox and photophysical behavior of platinum(ll) dithiolate complexes
intriguing avenue to engender location specific functionality to supramolecular coordination
complexes. In particular, the photophysical properties of platinum(ll) diimine-dithiolate
complexes foster applications in light-harvesting devices,®™ ® 2"-order non-linear optical
materials,’” and water splitting photocatalysts.'® 1° Supramolecular coordination complexes,
however, are typically synthesized using divergent ditopic diimine ligands rather than the
terminal chelating diimine ligands employed in platinum(ll) diimine-dithiolate compounds. By
combining the divergent bridging imine ligands with the cis-directing form and functionality of
dithiolatoplatinum(ll), a new family of supramolecular building blocks with tunable photophysical
and electrochemical properties can be generated. Herein we report on the rational design of
luminescent (dithiolato)(bis-imine)platinum(ll) complexes with two divergent imine ligands, both

experimentally and computationally. The presence of two k!-NN ligands in the family of Pt(ik!-

arylimine);(dithiolate) complexes herein allows for greater torsion in the independent arylamine



ring planes than the situation in the analogous Pt(k?-arylimine)(dithiolate) complexes. The extent
of this distortion in the neutral/singlet ground, excited/triplet, and the radical cation/doublet and
radical anion/doublet electronic states responsible for the photophysical and redox processes is
investigated for both classes of complexes using density functional theory (DFT) computations.
The role of ligand-field (dd) vs charge transfer transitions in quenching the phosphorescence
intensity and altering the redox potentials in 1-3 vs Pt(2,2’-bpy)(mnt) models has been found to

be central.

In the typical syntheses of platinum(ll) diimine-dithiolate complexes, the dithiolate ligand
is added to a Pt(diimine)Cl, complex.?® Utilizing this methodology with two monotopically-
coordinated pyridine ligands results in lower yields and the potential formation of the
thermodynamically stable bis(dithiolato)platinate(ll) salt.?" 22 We employ an alternative high-
yield route to make neutral Pt(k!-NN),(mnt) complexes which minimizes the formation of bis-
dithiolate salts. The products are promising candidates for yet further reactivity to form hetero-
or homo-metallic supramolecular assemblies, including MOFs and coordination polymers
whereby the divergent complexes herein will be secondary building blocks or linkers with active
optoelectronic functionalities. These linkers may be altered to improve their potential use in
pertinent devices due to coordination polymer formation that will facilitate electronic
communication between such active centers. As such, it is critical to understand the structure
and properties of the light-emitting/harvesting excitons and redox-active polarons of such active

components, as aspired in this investigation.

Materials and Methods:



Unless otherwise indicated, all operations were performed under a nitrogen atmosphere
using standard Schlenk-line techniques with reaction flasks covered with aluminum foil to
exclude light. Solvents were purchased from Pharmco-AAPER and reagents were purchased from
Aldrich and used as received. [Pt(pyz)s](BFa)2, 4,22 [Pt(NCMe)s](BF4)2,%* and (TBA)z[Pt(mnt)2],%°
were synthesized according to previously published work. Electrochemical measurements were
conducted using a CHI 620B electrochemical analyzer in a 0.1 M tetra-n-butylammonium
hexafluorophosphate (BusNPFs) solutions using a platinum disk working electrode, a platinum
wire counter electrode, and an Ag/AgCl reference electrode with a scan rate of 0.1V/s. 'H NMR
spectra were obtained on a JEOL Eclipse Plus 300 instrument. UV-Vis spectra were obtained using
a Hewlett-Packard UV-Vis 8453 diode array spectrophotometer. FTIR spectra measurements
were obtained using a Thermo Nicolett 6700 FT-IR spectrometer with FAR-IR range. The
photoluminescence measurements were carried out with a PTI Quanta Master Model QM-4

scanning spectrofluorometer.

Syntheses

Pt(pyz)2(mnt), 1. 82.5 mg (0.120 mmol) of [Pt(pyz)4](BFa); is dissolved with 322.2 mg (4.02
mmol) pyrazine in 25 mL DI water. A solution of 23.2 mg (0.125 mmol) Naz(mnt) dissolved in 15
mL DI water is added slowly via cannula to the Pt solution while rapidly stirring. The solution is
stirred for 2 hours and the resulting yellow-orange precipitate is filtered through a frit in air and
washed with 2 x 5 mL DI water, 2 x 5 mL cold MeOH, and 5 mL Et,0 yielding 57.4 mg (97% vyield).

FT-IR (Csl pressed pellet): (cm™) 2212, 2200, 2190 (m, C=N), 1594(C=N), 1425, 2256, 122, 1071,



1062, 812, 806, 694, and 474. *H NMR (d-acetone): 9.00 (dd, J> = 3.2 Hz, Jb = 1.4 Hz, 4H) and 8.90

(dd, Ja = 3.2 Hz, Jy = 1.4 Hz, 4H) ppm. ESI-M.S. (MeOH with 1% KBr) 534 [K(Pt(N2CsHa)2)(S2CaN2)]*.

Pt(4,4’-bpy)2(mnt), 2. A solution of Naomnt (7.5mg, 0.040mmol) dissolved in 10 mL of
water was slowly added, via addition funnel, to a stirring solution of 4,4’bipyridine (164.8mg,
1.1mmol) and [Pt(4,4’-bpy)s](BF4)2 (40.2mg, 0.040mmol) dissolved in 60ml of 5:4 methanol:
water. After stirring for 15 minutes, the resulting cloudy orange slurry is filtered and resulting
orange solid is washed with water and dried in air to give 0.0247g (95% yield) of an orange solid.
FT-IR (Csl pellet): (cm™) 2203 & 2192 (C=N), 1678, 1647(C=N), 1405, 1352, 1313, 993, 832, 695,
662, 631, and 506. *H NMR (d-DMSO): 9.10 (dd, J; = 6.9 Hz, 4H), 8.76 (dd, J. = 6.0 Hz, 4H), 8.08

(dd, Ja=6.9 Hz, 4H), and 7.89 (dd, Ja = 6.3 Hz, 4H) ppm.

Pt(4,4'-bpy)2(mnt), 2, by pyrazine replacement. Pt(pyz),(mnt) (52.2 mg, 0.105 mmol) is
dissolved with 4,4'-bipyridine (165.2 mg, 1.06 mmol) in 10 mL degassed MeNO; and is stirred for
1 day. The solution is concentrated under reduced pressure to ~5 mL, and the orange product is
precipitated with 35 mL degassed Et,0. After isolation by vacuum filtration, the solid is washed
with 5 mL cold THF and 2 x 5 mL cold acetone yielding 57.8 mg (85% yield). FT-IR (Csl pressed
pellet): (cm™) 2203 (m, C=N), 1647(C=N), 1405, 994, 833, 808, 695, 662, and 631. *H NMR (d-
DMSO0): 9.10 (dd, Ja = 6.9 Hz, 4H), 8.76 (dd, J. = 6.0 Hz, 4H), 8.08 (dd, J, = 6.9 Hz, 4H) and 7.89 (dd,

Ja=6.3 Hz, 4H) ppm.

Pt(4-ap)2(mnt), 3. Pt(pyz)2(mnt) (53.7 mg, 0.108 mmol) is dissolved with 4-aminopyridine
(105 mg, 1.12 mmol) in 10 mL degassed MeNO, and stirred overnight. The solution is

concentrated under reduced pressure to ~5 mL and combined with 30 mL degassed Et,0 and



filtered. Further product was obtained by condensing the filtrate under reduced pressure to
dryness, re-dissolving the solid in 10 mL acetone then precipitating with 30 mL DI H,O and
isolating via frit filtration. Both yellow solids are combined and washed with 2 x 10 mL DI H;O
and dried in air to yield 52.8 mg (93% yield). FT-IR (Csl pressed pellet): (cm™) 3350 (N-H), 2200
(m, C=N), 1641 (C=N), 1518, 1355, 1210, 827 and 525. 'H NMR (d-acetone): 8.12 (dd, J» = 6.7 Hz,

4H), 6.66 (dd, Ja = 7.1 Hz, 4H) and 6.46 (4H, s) ppm.

[Pt(4,4’-bpy)a]l(BFa)2, 5. A solution containing 3.87 g (24.8 mmol) of 4,4’-bpy in 30 mL of
degassed CH3NO; is transferred, via cannula, to 0.44 g (0.83 mmol) of [Pt(NCMe)4](BF4), to make
a peach solution. This solution is mildly heated for 2 days. The slight orange solution is partially
condensed using reduced pressure and then combined with 50 mL of a 1:1 ratio of degassed
diethyl ether and THF. The resulting beige precipitate is filtered in air and washed with 15mL of
1:1 diethyl ether and THF to give 0.414g (50% vyield). FT-IR (Csl): (cm™), 1678, 1641(C=N), 1621,
1594, 1408, 1353, 1261, 1082 (B-F), 1022, 832, 809, 695, 635, 516, 499, and 395. H NMR (d-
DMSO): 9.31 (dd, 8H), 8.76 (dd, 8H), 8.21 (dd, 8H) and 7.84 (dd, 8H) ppm. UV-vis (nm, & (Lmol

tem1)) 240 (1.2x10°). ESI-M.S. (MeOH) 410 [(Pt(N2C1oHs)a)I2".

[Pt(pyz)s][Pt(mnt)z], 6. A solution of (TBA),[Pt(mnt);] (24.7mg, .026mmol) in 5mL
degassed acetone is added to a solution of [Pt(pyz)a](BF4)2 (19.6mg, 0.028mmol) and pyrazine
(154mg, 1.91mmol) dissolved in 5 mL degassed acetone and one drop of DMF. The solution is
stirred for 1 hour. The red product is filtered over a frit in air yielding 16.9mg (66% yield). 'H NMR
(d-DMSO0): 9.06(dd) and 8.89(dd) ppm. FT-IR (nujol, Csl plates): (cm™) 2196 (C=N), 1418, 1151,

1107, 1023.



[Pt(4,4’-bpy)a][Pt(mnt);], 7. A red solution of 24.9mg (0.030mmol) (TBA)2[Pt(mnt);] in
15mL of acetone is transferred, via cannula, to a tan solution containing 30.2mg (0.030 mmol)
[Pt(4,4’-bpy)a](BFa4)2 in 10mL of acetone and 5mL of methanol to immediately form an orange
solid. The solid is isolated by filtration and washed with 2 x 5mL of acetone and 1mL of Et;0 to
yield 29.8mg (85%) of product. tHNMR (d-DMSO) 9.32 (dd, 8H), 8.76 (dd, 8H), 8.20 (dd, 8H),

7.83(dd, 8H) ppm. ESI-M.S. (DMSO) 409 [(Pt(N2C10Hs)a)1%*, 237 [Pt(S2CaN2)2]?

X-Ray Crystallography

Slow evaporation at -20°C of saturated acetone/xylenes solutions of either 1 or 3
generated orange crystals or orange-yellow crystals, respectively. A hemisphere of data was
collected for compounds 1 at 295 K and for 3e#C3HsO*2H,0 at 291 K. Data were integrated using
Bruker SAINT?®and corrected for absorption effects using SADABS.?’ Space groups were assigned
via XPREP.?® Structures were solved by charge flipping solution method through the use of the
Olex2 program,?® 30 which was also employed to refine all non-hydrogen atoms with anisotropic
thermal parameters. Hydrogen atoms were inserted at ideal positions and refined using a riding
model with an isotropic thermal parameter. Table 1. has the crystal data for compounds 1 and

3¢C3HsO*2H,0.

Table 1. Crystallographic Data for compounds 1 and 3¢C3HgO®2H,0.

1 3eC3Hs0*2H,0
Formula C12HsgNgPtS; C17H22N60O3P1S;
space group P-1 P-1
a, A 8.8424(18) 9.1050(18)
b, A 9.0440(18) 11.153(2)
c, A 10.693(2) 11.709(2)



a, deg

B, deg

y, deg

v, A3

Z

T, K

D, g/cm

R1

R1 (all data)
wR2 (all data)
GOF

Computational Studies

All geometry optimizations of 1, 2, 3, and the comparative model Pt(2,2’-bpy)(mnt) were
performed using the Gaussian 09 suite of programs.3! The B3LYP hybrid®* 33 and M06 meta-
hybrid3* functionals were utilized in conjunction with the CEP-31G(d) basis set,3>3” where d
signifies the addition of a polarization function to main group elements besides hydrogen.
Geometry optimizations were performed for the ground state (So), lowest-triplet excited state
(T1), and the lowest-doublet radical-cation and radical-anion states (DC; and DA;, respectively).
Adiabatic and diabatic transition and redox energies were calculated. Time-dependent DFT (TD-
DFT) method was utilized in order to accurately simulate the absorption spectra as well as to

determine transition types. These results have been used to verify and support the experimental

results herein.

Results:

Synthetic Studies

86.08(3)
78.61(3)
64.08(3)
753.8(3)
2

295
2.1826
0.0187
0.0218
0.0458
1.040

80.66(3)
74.95(3)
85.53(3)
1129.9(4)
2

291
1.8152
0.0468
0.0655
0.0993
0.9897



The neutral Pt(ic!-NN),(mnt), (x*-NN = pyz, 1, or 4,4’-bpy, 2), complexes were synthesized
by reacting either [Pt(pyz)s](BFs)2, 4,22 or [Pt(4,4’-bpy)s](BF4)2, 5, with Namnt in a
methanol/water mixture with an excess of the divergent NN ligand (Scheme 1a). The
corresponding ion-paired complexes, [Pt(k!-NN)s][Pt(mnt),], (k-NN = pyz, 6, or 4,4-bpy, 7),
which are coordination isomers of 1 and 2, respectively, were also synthesized and used to

confirm the syntheses of Pt(ic!-NN),(mnt).

In the process of characterizing 1, we observed a solvent-dependent exchange of the k-
pyrazine (in DMSO or MeNO3). This behavior could be utilized to generate building blocks with
larger divergent ligands (such as 4,4’-bpy) or to directly synthesize supramolecular coordination
complexes bearing dithiolate corners.3® As a proof of concept, we exchanged the pyrazine ligands
with two less labile k*-NN ligands in the high-yield syntheses of Pt(4-ap)(mnt), 3, and an

alternative route to form 2 (Scheme 1b).
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Scheme 1. a) Syntheses of 1 (L = pyz) and 2 (L = 4,4’-bpy) from [Pt(k!-NN)4]** and b) subsequent

exchange of pyz ligands in 1 to form 2 or 3 (L = 4-ap)).

IH NMR Spectroscopy

The *H NMR resonances of compounds 1-7 were consistent with those for the monotopic
coordination mode of the pyz, 4,4’-bpy, or 4-ap ligands. The resonances of the aromatic protons
in compounds 1 (9.00 and 8.90 ppm) and 3 (8.12, 6.66, and 6.46 ppm) exhibited *H-1°>Pt coupling

(/=34 and 25 Hz, respectively) for the downfield resonances associated with the hydrogen atoms



nearest the coordinated nitrogen in the ring (see Figure 1), which is in range with other
pyridyl/pyrazine-containing complexes.3® The resonances for the coordinated pyridyl group of
the (!-4,4’-bpy) complexes shift upfield (9.10 and 8.08 ppm for 2 and from 9.31 and 8.21 ppm
for 5; see Figure 1) upon coordination of the anionic mnt ligand. This is consistent with the larger
trans-influence of the chelating dithiolate.*® The H resonances for the ion-paired complexes 6

and 7 are equivalent to the tetrakis(k'-NN)platinum(ll) complexes 4 and 5, respectively.

a) | //A b) .

S IL E) /H_\ [ R ! U 3

Figure 1. 'H NMR spectra of Pt(pyz)2(mnt), 1 (a), Pt(4-ap)(mnt), 3 (b) and Pt(4,4’-bpy)2(mnt), 2

(c).

Structural Studies




Table 2 shows the pertinent interatomic distances and bond and torsion angles for 1 and
3 as revealed via single-crystal X-ray diffraction analysis as well as the computational structural
parameters. The structures in Figure 2 confirm the monotopic coordination of the ligands in both
1 and 3, as well as the solvent-dependent stability of 1 (grown in acetone). Intramolecular Pt-S
bond lengths are comparable to other complexes of the type (k?-diimine)(dithiolate)Pt (11).4144
The intramolecular Pt-N bond lengths (2.063(5) and 2.049(6) A) in 3 are within the range of these
diimine analogous complexes. The Pt-N distances are longer in the structure of 1, (2.077(3) and
2.078(3) A), than in 3, which further supports the tendency of 1 to be more exchangable. These
Pt-N bond distances are also longer than those in the tetrakispyrazineplatinum(ll) (2.012(5) and
2.026(6) A)2 or tetrakispyridineplatinum(ll) (2.016(3) - 2.031 (2) A)*® providing further support
for the stronger trans-influence of the mnt ligand.* The calculated bond lengths are elongated
when compared to the crystal structures due to the loss of solvation and packing effects seen in
the crystal structures that are absent in the calculated structures (Table 2). There is also deviation
seen for these reasons for the N-Pt-N and S-Pt-S angles. In comparison to the crystal structure of
Pt(2,2’-bpy)(mnt)*’ where the k?-(2,2’-bpy) is essentially in the same plane as the Pt(mnt), the k-
NN ligands have a substantial torsion angle from the PtS;C; plane in both 1 (49.24(12) and
61.33(12)°) and 3 (56.9(2) and 60.8(2)°), which is also reproduced well by the calculations. The
loss of planarity of the pyridyl-based ligand is a factor which improves the performance of these
types of molecules in light-harvesting materials.?> 22 Both complexes pack in a slipped head-to-
tail dimer arrangement (Figure 3), with plane-to-plane vertical distances of 3.618(2) and 3.607(4)

A, for 1 and 3, respectively. The calculated geometry for 2 is summarized in Table 3.



Table 2. Select bond lengths, angles, and torsion angles for Pt(pyz).(mnt), 1, and Pt(4-ap)2(mnt),

3.
Bond Length (A), 1 Angle (°), 1

Experimental  Theoretical Experimental Theoretical
Pt1—S2 2.2460(12) 2.3084 S1—Pt1—S2 90.97(3) 90.32
Pt1—S1  2.2429(11) 2.3804 N5—Pt1—S2 90.46(7) 89.30
Pt1—N5 2.077(3) 2.1268 N5—Pt1—S51 178.22(7) 179.18
Pt1—N3 2.078(3) 2.1270 N3—Pt1—N5 88.36(10) 91.09
S1—C1 1.739(3) 1.7588 C1—S1—Pt1 102.54(12) 102.49
52—C2 1.739(3) 1.7588 c2—C1—-S51 122.1(2) 122.35
N1—C3 1.150(4) 1.1874 Torsion Angle (°), 1
c2—c4 1.431(4) 1.4506 Experimental  Theoretical
c2—C1 1.360(5) 1.3915 PtS,C,—N3 Ring 49.24(12) 54.03
C4—N2 1.141(4) 1.1873 PtS;C,—NS5 Ring 61.33(12) 54.07
C3—C1 1.429(5) 14506 N3 Ring—N5 72.50(13) 70.97

Ring

Bond Length (A), 3 Angle (°), 3

Experimental  Theoretical Experimental Theoretical
Pt1—S2 2.249(2) 2.3103 S1—Pt1—S2 90.89(7) 90.52
Pt1—S1 2.2446(18) 2.3103 N5—Pt1—S1 91.25(16) 89.89
Pt1—N5 2.049(6) 2.1312 N5—Pt1—S2 175.81(17) 179.01
Pt1—N3 2.062(5) 2.1312 N3—Pt1—N5 86.6(2) 89.90
S1—C2 1.741(7) 1.7595 C1—S2—Ppt1 102.1(2) 102.28
$2—C1 1.737(7) 1.7585 C1—C2—-51 122.6(5) 122.46
N1—C3 1.154(10) 1.1880 Torsion Angle (°), 3
c2—c4 1.435(10) 1.4506 Experimental Theoretical
c2—C1 1.342(9) 1.3935 PtS2C2—N3 Ring 56.9(2) 56.03
C4—N2 1.132(9) 1.1880 PtS2C2—NS5 Ring 60.8(2) 56.92
C3—C1 1.413(10) 1.4506 N3 Ring—N5 74.0(2) 74.55

Ring
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Figure 2. Crystal structures (ellipsoids at 50%) of the H-bonded quadrangle containing two units
of Pt(4-ap)2(mnt), 3, and two water molecules. Other solvent molecules omitted for clarity (top)

and Pt(pyz)2(mnt), 1, (bottom).



Figure 3. Crystal structures (ellipsoids at 50%) of 1 (top) and 3 (bottom) showing head-to-tail

packing. H-atoms and solvent molecules omitted for clarity.

Table 3. Select calculated bond lengths, angles and torsion angles for Pt(4,4’-bpy).(mnt), 2.

Bond Length (A), 2 Angle (°), 2
Pt1—S2 2.309 S1—Pt1—S2 90.45
Pt1—S1 2.309 N5—Pt1—S1 89.53
Pt1—N5 2.131 N5—Pt1—S2 179.31
Pt1—N3 2.131 N3—Pt1—N5 90.49

$1—C2 1.759 C1—S2—Pt1 102.37



52—C1 1.759 C1—C2—-S1 122.41

N1—C3 1.188 Torsion Angle (°), 2

2—C1 1.392 PtS2C2—N3 Ring 56.30
C4—N2 1.188 PtS2C2—NS5 Ring 56.30
(3—C1 1.451 N3 Ring—NS5 Ring 73.91

The solid state packing of 3 reveals both NH; groups of two distinct complexes are H-
bonded with two water molecules (Figure 2). This generates a supramolecular quadrangular
(Pt-Pt distance of 1.2743(4) nm and O-O distance of 0.9624(13) nm), resulting in a cavity
(occupied by the remaining solvate molecules; not shown in Figure 2 for clarity). Such H-bonding
interactions may be further utilized with customized building blocks to generate supramolecular
complexes with specific properties. Investigation of self-assembly reactions to form
optoelectronically-active supramolecular assemblies, MOFs, and other extended coordination

polymer structures whereby such complexes act as building blocks are warranted.

Electrochemical and Photophysical Results

Compounds 1-3 all exhibit quasi-reversible or irreversible redox properties (Table 4
contains experimental data while Table 5 compares experimental data versus computational
data) consistent with reductions centralized on the pyridyl/pyrazine ligands and oxidations
originating from the Pt(mnt) components.'> 1621224850 Thjs ghservation is further supported
via orbital analysis of the SOMO and SOMO-1 of the anionic doublet at the optimized ground
state structures of 1-3 (Figure 4). The orbitals of the doublet anion are used in this justification
because in DFT the orbital shapes and energies are computed based on the electron density.
While the HOMO of the ground state should adequately show the nature of the oxidation, the

LUMO is not trustworthy to determine the nature of the reduction based on the fact it has no



electron density.>! Since the HOMO of the ground state is still occupied in this doublet anion,
the character of this orbital does not change appreciably. However, the former LUMO is now a
SOMO, leading to a more reliable description of this orbital. These orbital contours reveal that
the SOMO — 1 (HOMO of the ground state) of each complex is Pt(mnt) based, supporting the
conclusion that the oxidation is based on this moiety, while the SOMOs (LUMO of the ground
state) are based on the pyridyl ligands, supporting that reduction should be pyridyl based. This
orbital analysis is also supported by previous computational work on divergent [Pt(ll)(diimine)
(dithiolate)] complexes.?' 22 The splitting of the oxidation peaks for 3, observed at 1.06 and 1.21
V (Figure 5 and Table 4) is indicative of dimerization in solution, analogous to related well-
documented phenomena in TTF species,’?>> and in Pt(*bpy)(benzenedithiolate).>® The oxidative
potential shifts by ~25mV more negative for a ten-fold increase in scan rate, confirming this
dimerization behavior (Figure 6).°° Interestingly, a cathodic peak at the low potential of 0.32 V
is also observed for 3 post the thiolate-based oxidation, and the cycle was reproduced at least
five times (Figure 5). This unexpected peak did not appear for 1 or 2, or even more dilute
solutions of 3 (Figure 7) and likely represents a Pt(ll)-based reduction that takes place following
the thiolate-based oxidation; a control experiment whereby the cyclic voltammetry was limited
to 0.0-0.9 V did not show this unexpected peak (Figure 5). Metal-based redox processes for
Pt(ll) square-planar complexes aid their association because the pertinent HOMO (0*4,2) for the
oligomer is a formally anti-bonding orbital while the LUMO (op.) is bonding; this phenomenon is
known for simple [Pt(CN)4]?> aqueous solutions, which become redox-active only at high

concentration.>’ An alternative hypothesis of a ligand rearrangement to form [Pt(mnt)2]% is



ruled out; although this complex is oxidized at a similar potential, it has a completely reversible

oxidation profile (Ex = 0.37 V), which was not observed upon repeated cycles for 3 (Figure 5).

Table 4. Redox potentials for compounds 1-3 at a scan rate of 0.1 V/s. *Quasi-reversible while

others are irreversible. All Ec and E; values represent peak potentials.

Compound (Solvent) Ec (V) Ea (V)
1 (THF) -1.37,-1.77 1.37
2 (DMF) -1.30%, -1.41* 1.23
3 (MeCN) -1.42, -1.65 1.06%, 1.21*
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Figure 4. SOMO — 1 (top) and SOMO (bottom) contours for 1 (left), 2 (middle) and 3 (right)

(plotted with an isovalue of 0.02) supporting assignment of oxidation and reduction processes.
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Figure 5. Cyclic voltammagram of 3 with five complete cycles from 0 to 1.5V (red) and one cycle
from 0 to 0.9V (blue) indicating dependence of cathodic peak on oxidations at higher potential.

Performed in acetonitrile using 0.1M [n-BusN][PFg] electrolyte with a scan rate of 0.1V/s.
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Figure 6. Cyclic voltammagrams of 3 with increasing scan rate showing a negative shift in the
oxidation potential dependent on scan rate
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Figure 7. Cyclic voltammagram of 3 with increasing concentrations (0.2mM, 0.4mM, and 0.8mM)
indicating concentration dependence of cathodic peak at 0.32V. Performed in acetonitrile using

0.1M [n-BusN][PFe] electrolyte with a scan rate of 0.1V/s.

Table 5. Comparison of experimental and calculated reduction/ oxidation potentials for 1, 2, 3,
and Pt(2,2’-bpy)(mnt). E?«, was calculated according to E3" = Eeyp + 4.696 V to convert from a
Ag/AgCl reference electrode to vacuum and E?®5ic = AGsoi/nF where AGsol = AG™so) — AG™Y,.

Experimental values for Pt(2,2’-bpy)(mnt) taken from ref. 50

Oxidation Reduction
Eabscalc (V) Eabsexp. (V) Eabscalc (V) Eabsexp. (V)
1 (in THF) 5.60 6.07 2.94 3.33
2 (in DMF) 5.00 5.93 3.32 3.40
3 (in MeCN) 5.20 5.91 2.47 3.28
Pt(2,2’-bpy)(mnt) (in DMF) 5.39 5.76 3.49 3.29

The electronic absorption spectra of compounds 1-3 (Figure 8) exhibit two types of bands:
stronger absorption bands (¢~ 10* Mtcm?) in the mid-UV region attributable to intraligand rt-
n* transitions, and weaker bands (¢~ 103 Mlcm™?) in the near-UV extending into the visible

region. For the latter bands, we adopt Eisenberg’s assignment of mixed metal-(donor)ligand to



(acceptor)ligand charge transfer, IMMLL'CT (i.e., platinum dithiolate charge transfer to pyrazine
or pyridyl-based ligands).?® This lowest-energy absorption is tunable based on the identity of the
k!-NN ligand, which is manifest in the absorption maxima herein (Amax = 372, 377, and 388 nm
for 1, 2 and 3, respectively). These band assighments are not only supported by previous work in
the field, but also through a computational analysis of the calculated absorption spectra for 1-3
(Figure 9). In all computationally-studied complexes, the majority of the transitions and bands
can be assigned as intraligand charge transfer states (LLCT) while the other bands are made up

of MLL'CT states.
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Figure 8. Electronic adsorption spectra of compounds 1-3 exhibiting diimine-based n-*
absorptions in the mid-UV region and tunable MMLL'CT in the near-UV extending into the

visible region.
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Figure 9. Calculated absorption spectra of 1 (a), 2 (b), and 3 (c) with orbital contours for the

transition with the highest oscillator strength.

All three complexes exhibit feeble luminescence that can be drastically enhanced upon
cooling to cryogenic temperatures. Figure 10 shows the emission and excitation spectra for all
three complexes in glassy matrices at 77 K (lifetime data is summarized in Table 6), whereas the
analogous spectra in the solid state are shown in Figure 11 (summarized lifetime data in Table
7). The spectral resolution is significantly higher in the frozen glasses than in the solid state
while the spectral energies are rather similar. The lifetimes of the emission bands were
consistently and uniformly in the 10 ps regime, clearly suggesting phosphorescence (hence a
3SMMLL'CT assignment), as expected for this type of complexes.?° Typically, it would be assumed

that the emissive state would be the lowest triplet, T1. These complexes however exhibit T;



states that are too low in energy to be responsible for the emission (i.e. — emission energies

from the T state are in the near-IR). DFT calculations show that the emissive state is from the

second-lowest triplet state, T», which has the expected MMLL'CT character. This emissive state

has emission energies in the visible region (Table 8).
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Figure 10. Photoluminescence excitation (left/thinner curves) and emission (right/thicker

curves) spectra for frozen glassy solutions of 1, 2, and 3 in acetone.

Table 6. Summary of lifetime data for frozen glassy solutions of 1 (103 M), 2 (10 M), and 3 (10

3 M) in acetone.

Pt(pyz),(mnt) Pt(4,4 -bpy)2(mnt) Pt(4-ap),(mnt)
Aex/Aem LT (us) Aex/Aem LT (us) Aex/Aem LT (ps)
314-622 37.77 £3.069e-1 | 318-623 31.72 +3.773e-1 315-630 25.04 +3.068e-1
314-672 36.841+4.470e-1 | 318-650 30.27 £ 2.015e-1 315-660 23.66 +2.343e-1
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Figure 11. Photoluminescence excitation (left/thinner curves) and emission (right/thicker

curves) spectra for solid samples of 1, 2, and 3 at 77k.

Table 7. Summary of lifetime data for solid samples of 1, 2, and 3 at 77K.

Pt(pyz),(mnt) Pt(4,4’-bpy).(mnt) Pt(4-ap)2(mnt)
}\ex/)\em LT (IJ-S) )\ex/}\em LT (HS) )\ex/}\em LT (HS)
360-635 9.208 +1.621e-1 | 365-630 14.4 + 1.386e-1 370-665 7.834+1.281e-1



360-660 8.818 +2.002e-1 | 365-660 15.03 £ 1.031e-1 370-700 7.743 +1.377e-1
360-695 10.48 +8.543e-2 | 365-695 13.35 + 6.438e-2 370-720 8.343 +1.484e-1
360-715 10.68 +8.580e-2 | 365-715 13.4 +1.283e-1 370-735 8.216 +1.184e-1
360-732 9.991 +1.590e-1 | 365-735 14.49 + 1.142e-1 370-740 7.735+9.914e-2
360-750 9.879 +£1.880e-1 | 365-767 13.33 £ 1.545e-1 370-768 7.21 +1.600e-1

450-635 9.76 +1.677e-1 437-630 14.16 £ 1.170e-1 410-665 7.953 +9.414e-2
450-660 10.57 £9.549e-2 | 437-660 14.21 +1.131e-1 410-700 8.313+1.667e-1
450-695 10.67 +8.082e-2 | 437-695 13.15 £ 9.819e-2 410-720 7.781 +1.435e-1
450-715 11.04 £1.313e-1 | 437-715 13.93 £ 1.256e-1 410-735 8.127 +1.711e-1
450-732 10.89 £9.182e-2 | 437-735 11.99 + 1.436e-1 410-740 7.568 +2.068e-1
450-750 10.88 +1.419e-1 | 437-767 11.97 £ 1.251e-1 410-768 8.618 +4.323e-1

Table 8. Comparison of calculated emission energies from the T1 and T, states and excitation

energy from So =2 Ti.

T1 (emission in nm) T, (emission in nm) So = T1(nm)
1 1311 659 568
2 1080 712 568
3 1027 587 556

The excitation bands correspond to the spin-forbidden direct absorption transition to the
SMMLL'CT triplet state of the same *MMLL'CT lower-energy absorption bands (based on band
energy). There is a red shift in the absorption or PL excitation bands, that is reproduced
computationally (Table 8), that is consistent with the trend of the k!-NN ligand’s ability to act as
a m-acceptance (trend increases from 4-ap (3) < pyz (1) < 4,4’-bpy (2)), which is consistent with
previous work.?% 22 The presence of only one N-heterocyclic nitrogen atom in the aromatic ring,
and an electron-donating NH; group in 3, renders weaker m-acceptance and blue-shifted
absorption/excitation bands. The addition of a second N-heterocyclic aromatic ring in 4,4’-bpy of
2 expands the m conjugation beyond that seen in 1, leading to 2 having better w-accepting
behavior. Interestingly, however, the emission bands are essentially indifferent to the k*-NN

ligand identity, i.e. they do not follow the same trend seen in the corresponding



absorption/excitation bands. This is a qualitatively different result from that known for
Pt(diimine)(dithiolate) complexes, whose emission and absorption energies correlate with one
another. We hypothesize that the steric factor is more significant than the electronic factor for
the excited state distortion in 1-3 given that two k!-NN ligands rearrange more easily than one

k2-NN ligand bonded as one unit to the Pt(ll) center in these Pt(ll)(diimine)(dithiolate) complexes.

Commentary on Divergent vs Convergent Pt(ll)-Diimine Complexes

While this study has focused on divergent Pt(ll)-diimine complexes, there are plenty of
already known convergent complexes. Computationally, it is easier to achieve more accurate
structures for these convergent complexes given the rigid nature of their structure (Table 9). Due
to the rigid nature of this structure, the bond lengths and angles are much closer than those
calculated for the divergent ligands. In addition to this rigidity, the N-Pt-N angle is smaller for the
convergent complex than the divergent complexes (88.3° and 86.6° for 1 and 3, respectively vs
79.9°). The bond lengths are similar in the convergent complex to the divergent complexes, with
only slight decreases in the Pt-S and Pt-N bond lengths. Additionally, the convergent complexes
are completely planar, with the dihedral angle between the imine rings being 0.0° and in the

same plane as the mnt ligand.



Table 9. Select bond lengths, angles and torsion angles for Pt(2,2’-bpy)(mnt).

Bond Length (A) Angle (°)

Experimental Theoretical Experimental Theoretical
Pt1—S2 2.243 2.303 S1—Pt1—S2 89.8 89.2
Pt1—S1 2.249 2.303 N5—Pt1—S1 95.8 96.1
Pt1— 2.047 2.101 N5—Pt]—S1 175.0 96.1
N5
Pt1— 2.035 2.101 N3—Pt1—N5 79.9 78.6
N3
S1—C2 1.734 1.756 C1—S2—Pt1 103.8 103.8
52—C1 1.730 1.756 C1—C2—-S1 121.0 121.6
N1—C3 1.139 1.187 Torsion Angle (°)
c2—c4 1.436 1.450 Experimental Theoretical
c2—C1 1.367 1.392 PtS2C2—N3 Ring 3.59 0.00
C4—N2 1.136 1.187 PtS2C2—NS5 Ring 2.09 0.00
c3—C1 1.431 1.450 N3Ring—N5 Ring 4.51 0.00

The electron density of the SOMO-1 is localized on the dithiolate ligand for the divergent
pyridyl ligands, while for the convergent complex, Pt(2,2’-bpy)(mnt), the SOMO-1 is not localized
on the dithiolate and has some electron density on the k?-2,2-bpy ligand (Figure 12). The SOMO
for the doublet anion for the convergent complex possesses a SOMO that is comparable to that
of 3, where there is some electron density on the mnt ligand but it is mostly localized on the
pyridyl ligand. These similarities in the orbital analysis lead to oxidation and reduction potentials

that are comparable to those seen for 1, 2 and 3 (Table 6).
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Figure 12. SOMO and SOMO-1 for the convergent Pt(2,2’-bpy)(mnt) complex along with
experimental oxidation and reduction values (in DMF) taken from ref. 50 and calculated

oxidation and reduction potentials.

Similar to the divergent complexes, the convergent complex exhibits two types of
electron transitions in the calculated absorption spectrum. A detailed orbital analysis revealed
there to be intraligand charge transfer (m-to-rt* transitions that are pyridyl based) as well as
MMLL'CT states that involve the transfer of electron density from the Pt(mnt) moiety to the

diimine ligand (both types of transitions are depicted below in Figure 13). These transition



types are consistent with previous literature** as well as with the characteristics seen for the

divergent complexes in both character and the energy range in which the transitions occur.
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Figure 13. Calculated absorption spectra of Pt(2,2’-bpy)(mnt) with orbital contours for the

transition with the highest oscillator strength.

Finally the convergent complex has an emissive state that is similar to the divergent
complexes. The convergent complexes emissive state is shown to have the same character of
MMLL'CT. The emissive state for the convergent complex is also the T; instead of the T1. The
excitation energy, however, is significantly red-shifted from the divergent complexes (749 nm
vs around 550 nm for the divergent complexes). The T, emission energy falls in the range of the
divergent complex emission energies, being blue-shifted from 1 and 2 (644 vs 659 and 712

respectively) but red-shifted from 3 (587 nm).



Conclusions

A series of neutral Pt(i-NN),(mnt) and ion-paired [Pt(k!-NN)4][Pt(mnt),] complexes have
been synthesized and characterized for their molecular and electronic structures.
Representatives of the former, Pt(k!-NN)2(mnt) complexes have been found to exhibit
luminescence and redox properties akin to those that are characteristic of the diverse
platinum(ll) diimine-dithiolate family. This is the case despite having two non-chelating imine
ligands as opposed to a chelating diimine such as 2,2’-bpy. The new complexes also exhibit the
potential to extend the coordination core by shifting the coordination mode from a k*-monotopic
to a u-bridging mode. As such, these new complexes hold promise as building blocks for
supramolecular compounds, MOFs and other coordination polymers with photophysical and/or

electrochemical functions.
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