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The third-order nonlinear optical (NLO) properties of a series of platinum diimine-dithiolate complexes
[Pt(NAN)(SAS)] were investigated by means of Z-scan measurements, revealing second hyperpolarizability
values up to 10729 esu, saturable absorption properties, and nonlinear refractive behaviour, which were

rationalized also by means of DFT calculations.

Introduction

Within the wider and largely investigated class of 1,2-dithio-
lene metal complexes,'” the past thirty years have witnessed a
great deal of interest in platinum diimine-dithiolate heterolep-
tic complexes [Pt(N*N)(S*S)] due to their unique properties®
that include solution luminescence, long-lived excited state oxi-
dation potentials,® and a solvatochromic absorption band in the
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visible region® whose energy can be fine-tuned by structural
modifications.”® This absorption band is assigned to the
HOMO — LUMO electronic transition, featuring a mixed metal/
ligand-to-ligand charge-transfer (MMLL’CT) character,'* since the
LUMO is centred on the diimine N*N and the HOMO on the S$*S
1,2-dithiolate ligand and partly on the metal."> Potential appli-
cations based on these properties include light-driven hydrogen
generation,”>'* and use in devices such as dye-sensitized solar
cells™™'® and photodetectors.'”'® These systems also find appli-
cations as nonlinear optical (NLO) materials.'® In particular, the
second-order NLO properties of these systems were studied both
experimentally”*! and theoretically,***>* prompted by their lack
of an inversion centre. On the other hand, third-order NLO pro-
perties impose no symmetry constraints, so that, due to many
important applications in optoelectronics,” these properties were
studied in the past for various homoleptic 1,2-dithiolene metal
complexes.”*™* Surprisingly, the third-order NLO properties of
heteroleptic™™”” 1,2-dithiolene coordination compounds, and in par-
ticular [Pt(N~N)(SS)] complexes,*® have instead been investigated
only occasionally in the past. In particular, no studies were reported
on saturable absorption (SA) and nonlinear refraction (NLR),”
despite possible applications to optical limiting®® and switching.*®
Given the unique optical properties of [Pt(N"N)(S"S)]
systems and the ongoing search for new NLO materials with
third-order nonlinear absorption and refraction properties, the
investigation of SA and NLR in platinum diimine-dithiolate
complexes was undertaken, and their potential as a new class
of third-order NLO materials was assessed. In particular,
herein we report on the synthesis, characterization, and third-
order NLO properties of a series of [Pt(N"N)(S"S)] complexes

34,35



featuring 5,6-dihydro-1,4-dithiin-2,3-dithiolate (dddt*") or 6,7-
dihydro-5H-1,4-dithiepin-2,3-dithiolate ~ (pddt*~) as S*S
ligands, along with 1,10-phenanthroline (phen) or 2,2"-bipiri-
dine (bipy) as N~N derivatives.

Experimental
Materials and methods

Solvents (reagent-grade) were purchased from Honeywell and
dried by using standard techniques. DMSO-d; was purchased
form Eurisotop and stored under molecular sieves prior to
use. Reagents were purchased from Alfa Aesar, Acros Organics,
Chempur, Fluorochem, and Merck, and used without further
purification. 5,6-Dihydr0—1,3-dithiol—1,4—dithiin—2—one,40 6,7-
dihydro-5H-1,3-dithiol-1,4-dithiepin-2-one** and the diimine-
dichlorido complexes [Pt(NAN)Cl,]**** (N~N = 2,2"-bipyridine,
1,10-phenanthroline, 4,4'-dimethyl-2,2"-bipyridine, and 4,4'-di-
tert-butyl-2,2"-bipyridine) were prepared according to pub-
lished procedures. Uncorrected melting points were deter-
mined in capillaries on a FALC mod. C (up to 290 °C) melting
point apparatus. Elemental analyses were performed with a
CHNS/O PE 2400 series II elemental analyzer (T = 925 °C).
FT-IR spectra were recorded with a Thermo-Nicolet 5700
spectrometer at room temperature. KBr pellets with a KBr
beam splitter and KBr windows (4000-400 cm™", resolution
4 cm™") were used. UV-Vis absorption spectra were recorded at
25 °C in a quartz cell of 10.00 mm optical path with a Thermo
Evolution 300 (190-1100 nm) spectrophotometer. "H-NMR
measurements were carried out in DMSO-d, at 25 °C, using a
Bruker Avance III HD 600 MHz spectrometer operating at the
frequency of 600 MHz. Chemical shifts are reported in ppm (§)
and are calibrated to the solvent residue. Cyclic voltammetry
measurements (scan rate in the range 20-150 mV s™') were
performed at room temperature in anhydrous DMSO in a
Metrohm voltammetric cell, with a combined platinum
working and counter-electrode and a standard Ag/AgCl refer-
ence electrode with a Metrohm Autolab PGSTAT 10 potentio-
stat (supporting electrolyte 0.10 M TBAPF,). Reported data are
referred to the reversible Fc'/Fc couple.

X-ray diffraction measurements

X-ray single-crystal diffraction data for complex 1 were col-
lected using a Rigaku Saturn724 diffractometer operating at T
=125 K and using Mo Ka radiation. The data were indexed and
processed using CrystalClear.** X-ray single-crystal diffraction
data for complex 5 were collected on a Bruker D8 Venture diffr-
actometer equipped with a PHOTON 1I area detector operating
at 7= 298 K and using Mo Ka radiation. The data were indexed
and processed using Bruker SAINT** and SADABS."® The struc-
tures were solved with the ShelXT 2018*” solution program
using dual-space methods and by using Olex2’ 1.5 as the
graphical interface. The models were refined with ShelXL
2018*® using full matrix least squares minimisation on F>. All
non-hydrogen atoms were refined anisotropically. Hydrogen
atom positions were calculated geometrically and refined

using the riding model. CCDC 2249965 (complex 1) and CCDC
2249966 (complex 5) contain the supplementary crystallo-
graphic data for this paper.}

Synthesis

General procedure for the synthesis of complexes 1-6.
Platinum diimine-dithiolate complexes [Pt(N~N)(S*S)] 1-6
were synthesised according to the following general procedure:
a fourfold excess of NaOEt or KOH in ethanol was added drop-
wise under a N, inert atmosphere to an ethanol solution of the
desired 1,2-dithiolate proligand; an equimolar suspension of
the appropriate [Pt(N~N)Cl,] complex in tetrahydrofurane was
then added, and the reaction mixture was left under magnetic
stirring for seven days. The dark precipitate was collected by
filtration and washed with ethanol and water.

[Pt(bipy)(dddt)] (1). Prepared from 5,6-dihydro-1,3-dithiol-
1,4-dithiin-2-one (0.077 g, 0.370 mmol) in 20 mL of ethanol,
and [Pt(bipy)Cl,] (0.156 g, 0.370 mmol) in 15 mL of THF.
Crystals suitable for X-ray diffraction were obtained by slow
evaporation of an acetone solution of the complex. Yield
0.114 g (58%). Mp: >290 °C. FT-IR: © = 3077 (vw), 2957 (vw),
2903 (vw), 1969 (vw), 1815(vw), 1604 (m), 1488 (w), 1469 (s),
1443 (m), 1427 (m), 1411 (vw), 1312 (w), 1277 (vw), 1261 (vw),
1164 (vw), 1153 (w), 1120 (w), 1105 (vw), 1068 (w), 1045 (vw),
981 (vw), 942 (vw), 881 (w), 867 (vw), 746 (vs), 716 (m), 463
(vw), 452 (vw), 411 cm™" (w). UV-vis-NIR (DMSO): A (¢) = 302
(23 000), 375 (2000), 615 nm (4400 M~* em™). Elemental ana-
lysis caled (%) for Cy4H;,N,PtSy: C 31.63, H 2.28, N 5.27.
Found: C 31.22, H 2.04, N 5.11. HR-ESI(+)-MS (MeCN solution)
m/z: 530.9532 (caled 530.9531) for [Cy4Hy3N,PtS,]" [M + HJ'.
'H-NMR (600 MHz, DMSO-d¢): & = 8.98 (d, 2H), 8.63 (d, 2H),
8.35 (t, 2H), 7.73 (t, 2H), 2.97 ppm (s, 4H). CV (DMSO): E,, vs.
Fc'/Fc (scan rate 100 mV s7%) = —1.728, —0.177 V.

[Pt(bipy)(pddt)] (2). Prepared from 6,7-dihydro-5H-1,3-
dithiol-1,4-dithiepin-2-one (0.0823 g, 0.370 mmol) in 20 mL of
ethanol, and [Pt(bipy)CL,] (0.165 g, 0.369 mmol) in 15 mL of THF.
Yield 0.135 g (67%). Mp: >290 °C. FT-IR: &' = 3068 (w), 2901 (W),
2890 (W), 2865 (W), 1603 (m), 1488 (w), 1469 (s), 1445 (s), 1429 (W),
1401 (m), 1313 (w), 1273 (m), 1261 (w), 1244 (w), 1156 (W), 1123
(W), 1068 (W), 1045 (vw), 1032 (vw), 997 (vw), 895 (W), 874 (w), 858
(vw), 816 (vw), 795 (vw), 749 (vs), 716 (m), 665 (vw), 646 (Vw), 583
(vw), 469 (W), 412 cm™ (w). UV-vis-NIR (DMSO): 1 (¢) = 298
(22 600), 325 (sh, 10000), 580 nm (4100 M~ cm™). Elemental
analysis caled (%) for C;5H 4N,PtS,: C 33.02, H 2.59, N 5.13.
Found: C 33.40, H 2.29, N 5.05. HR-ESI(+)-MS (MeCN solution) m/
z: 544.9692 (caled 544.9688) for [CysHysN,PtS,]" [M + HJ'.
'H-NMR (600 MHz, DMSO-dy): 5 = 8.97 (d, 2H), 8.63 (d, 2H), 8.34
(t, 2H), 7.75 (t, 2H), 2.58 (m, 4H), 2.32 ppm (m, 2H). CV (DMSO):
Eyj, vs. Fc'/Fe (scan rate 100 mV ™) = —=1.678, —0.112 V.

[Pt(phen)(dddt)] (3). Prepared from 5,6-dihydro-1,3-dithiol-
1,4-dithiin-2-one (0.0427 g, 0.205 mmol) in 15 mL of ethanol,
and [Pt(phen)Cl,] (0.0905 g, 0.203 mmol) in 15 mL of THF.
Yield 0.085 g (75%). Mp: >290 °C. FT-IR: 0 = 3044 (w), 2944
(vw), 2906 (W), 1630 (W), 1619 (w), 1598 (vw), 1578 (Vw), 1513
(vw), 1492 (w), 1450 (w), 1430 (s), 1412 (m), 1385 (vw), 1344 (W),
1315 (w), 1292 (w), 1285 (w), 1258 (vw), 1221 (w), 1202 (w),



1172 (vw), 1141 (w), 1094 (w), 1059 (vw), 945 (vw), 919 (vw), 872
(w), 827 (s), 752 (vw), 725 (w), 706 (vs), 603 (vw), 505 (vw), 469
(vw), 414 cm™ (vw). UV-vis-NIR (DMSO): A (¢) = 366 (4100),
611 nm (4500 M~* ecm™). Elemental analysis caled (%) for
C16H,,N,PtS,: C 34.59, H 2.18, N 5.04. Found: C 33.97, H 2.29,
N 4.75. HR-ESI(+)-MS (MeCN solution) m/z: 544.9532 (caled
554.9531) for [Ci6H 3N,PtS4]" [M + H]'. "H-NMR (600 MHz,
DMSO-de): 5 = 9.30 (d, 2H), 8.96 (d, 2H), 8.26 (s, 2H), 8.06 (t,
2H), 3.00 ppm (s, 4H). CV (DMSO): Ey/, vs. Fc'/Fc (scan rate
100 mV S_l) =-1.676, —0.192 V.

[Pt(phen)(pddt)] (4). Prepared from 6,7-dihydro-5H-1,3-
dithiol-1,4-dithiepin-2-one (0.0628 g, 0.282 mmol) in 20 mL of
ethanol, and [Pt(phen)Cl,] (0.124 g, 0.279 mmol) in 20 mL of
THF. Yield 0.100 g (62%). Mp: >290 °C. FT-IR: 7 = 3054 (w),
2943 (w), 2902 (m), 2820 (vw), 1631 (W), 1619 (W), 1579 (vw),
1514 (vw), 1494 (w), 1471 (m), 1431 (s), 1411 (m), 1343 (vw),
1300 (w), 1272 (m), 1239 (w), 1220 (w), 1203 (vw), 1177 (vw),
1145 (w), 1095 (w), 996 (w), 969 (w), 931 (w), 901 (w), 881 (m),
856 (w), 830 (vs), 761 (m), 725 (w), 705 (s), 504 cm™* (w). UV-
vis-NIR (DMSO): 4 (g) = 334 (6200), 588 nm (5600 M~* cm™).
Elemental analysis caled (%) for C;,H;4N,PtS,;: C 35.85, H
2.48, N 4.92. Found: C 35.46, H 2.47, N 4.71. HR-ESI(+)-MS
(MeCN solution) m/z: 568.9690 (caled 568.9688) for
[C1-H5N,PtS,]" [M + H]". "H-NMR (600 MHz, DMSO-d,): § =
9.30 (d, 2H), 8.96 (d, 2H), 8.25 (s, 2H), 8.09 (t, 2H), 2.62 (m,
4H), 2.60 ppm (m, 2H). CV (DMSO): Ey,, vs. Fc'/Fc (scan rate
100 mV S_l) =—1.683, —0.072 V.

[Pt(Me,bipy)(dddt)] (5). Prepared from 5,6-dihydro-1,3-
dithiol-1,4-dithiin-2-one (0.0910 g, 0.437 mmol) in 20 mL of
ethanol, and [Pt(Me,bipy)Cl,] (0.200 g, 0.444 mmol) in 20 mL
of THF. Crystals suitable for X-ray diffraction were obtained by
slow evaporation of a DMF solution of the complex. Yield
0.204 g (83%). Mp: >290 °C. FT-IR: 7 = 3060 (vw), 3029 (vw),
2960 (vw), 2916 (w), 1621 (vs), 1489 (s), 1444 (m), 1429 (m),
1377 (w), 1304 (w), 1284 (w), 1262 (w), 1250 (W), 1221 (vw),
1166 (w), 1099 (m), 1040 (w), 1032 (w), 925 (vw), 882 (w), 870
(vw), 819 (vs), 513 (m), 481 (vw), 461 (vw), 412 cm™* (w). UV-vis-
NIR (DMSO): 4 (g) = 299 (24 700), 365 (2100), 593 nm (4200
M~* em™). Elemental analysis caled (%) for C;qH;oN,PtSy: C
34.34, H 2.88, N 5.01. Found: C 33.84, H 2.91, N 4.95. HR-ESI
(+)-MS (MeCN solution) m/z: 558.9841 (caled 558.9844) for
[C16H17N,PtS,]" [M + H]". "H-NMR (600 MHz, DMSO-d,): § =
8.77 (d, 2H), 8.49 (s, 2H), 7.56 (d, 2H), 2.96 (s, 4H), 2.45 ppm
(s, 6H). CV (DMSO): Ey,, vs. Fc'/Fc (scan rate 100 mV s7') =
—-1.778, —0.182 V.

Pt(‘Bu,bipy)(dddt) (6). Prepared from 5,6-dihydro-1,3-
dithiol-1,4-dithiin-2-one (0.0575 g, 0.276 mmol) in 20 mL of
ethanol, and [Pt(‘Bu,bipy)Cl,] (0.150 g, 0.281 mmol) in 15 mL
of THF. Yield 0.126 g (71%). Mp: >290 °C. FT-IR: & = 2954 (vs),
2909 (m), 2866 (m), 1616 (vs), 1541 (w), 1486 (s), 1463 (m),
1450 (m), 1417 (s), 1396 (w), 1365 (m), 1304 (vw), 1284 (W),
1265 (m), 1252 (m), 1203 (w), 1157 (w), 1130 (w), 1075 (vw),
1037 (vw), 1029 (vw), 976 (vw), 927 (w), 903 (w), 880 (m), 847
(vs), 775 (vw), 738 (w), 598 (s), 464 (vw), 424 cm™" (w). UV-vis-
NIR (DMSO): 4 (&) = 301 (27 200), 364 (2200), 595 nm (5200
M™" em™). Elemental analysis caled (%) for Cy,HygN,PtSy: C

41.04, H 4.38, N 4.35. Found: C 40.55, H 3.99, N 4.21. HR-ESI
(+)-MS (MeCN solution) m/z: 643.0799 (calcd 643.0783) for
[C22H2oN,PtS,]" [M + H]". "H-NMR (600 MHz, DMSO-d,): & =
8.82 (d, 2H), 8.60 (s, 2H), 7.74 (d, 2H), 2.96 (s, 4H), 1.42 ppm
(s, 18H). CV (DMSO): Ey,, vs. Fc'/Fc (scan rate 100 mV s™) =
-1.819, —0.178 V.

Nonlinear optical measurements

The third-order NLO properties of complexes 1-6 were deter-
mined by means of the Z-scan technique under 4 ns and 35 ps
laser excitation conditions, employing, in both cases, the fun-
damental and SHG outputs, at 1064 and 532 nm respectively,
from a 4 ns Q-switched and a 35 ps mode-locked Nd:YAG laser
systems, both operating at a repetition rate 1-10 Hz. This tech-
nique was chosen as it allows for the simultaneous determi-
nation of both the magnitude and the sign of the nonlinear
absorption (i.e., the nonlinear absorption coefficient f) and
refraction (i.e., nonlinear refractive index parameter y') of a
sample from a single measurement. Since the details of the
Z-scan technique have been described in detail elsewhere,**>°
only a brief description will be presented here. According to
the formalism of Z-scan, the normalized transmittance of a
sample moving along the propagation direction of a focused
laser beam (e.g., z-axis), is measured simultaneously by two
different experimental configurations, the so-called “open-
aperture” (OA) and “closed-aperture” (CA) Z-scans. In the
former measurement, the transmitted through the sample
laser beam is totally collected by a large diameter lens and pro-
vides information about the sample’s nonlinear absorption.
Simultaneously, in the latter, the transmitted through the
sample laser beam is measured after having passed through a
narrow aperture positioned in the far field, providing infor-
mation on the sample’s nonlinear refraction. The OA Z-scan
recording can present a transmission minimum or maximum,
denoting reverse saturable absorption (RSA, corresponding to
B > 0) or saturable absorption (SA, corresponding to f < 0),
respectively. Correspondingly, the presence of a transmission
valley-peak or peak-valley configuration in the CA Z-scan indi-
cates self-focusing (corresponding to y' > 0) or self-defocusing
(corresponding to y’ < 0) behaviour. In the case where the non-
linear absorption of the sample is negligible, the nonlinear
refractive index parameter y’ can be directly deduced for the
CA Z-scan, while under non negligible nonlinear absorption,
the nonlinear refractive index parameter y' is deduced from
the so-called “divided” Z-scan obtained from the division of
the CA Z-scan trace by the corresponding OA one.

The nonlinear absorption coefficient f is calculated by
fitting the experimental OA Z-scan curve with the following

eqn (1):

= ! - PloLese B
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where Leg = |1 — exp(aol)|ap is the effective sample thickness;
ay is the absorption coefficient at the laser excitation wave-



length; L is the sample length; I, is the laser peak irradiance
on the focal plane; z, is the Rayleigh length; and z is the posi-
tion of the sample along the z-axis.

Accordingly, the nonlinear refractive index parameter y’ can
be determined by fitting the corresponding “divided” Z-scan
with eqn (2):

;o ﬂ.(l() ATp—v
T Tl g12my(1 — 5)°%

(2)

where ATj,_, is the total variation of the normalized transmit-

tance of the sample measured by the divided Z-scan; S =

—21%\ . . . .
1—exp o2 ) 18 the aperture linear transmittance, with r,
a

and w, being the aperture and beam radii respectively and ay,
L and I, as defined previously.

Then, from the determined NLO parameters, § and 7/, the
corresponding imaginary and real parts, respectively, of the
third-order susceptibility »*' can be obtained from the follow-
ing relations:

1077 ¢*ny?
Imy® (esu) = ——2 Blem W 3
% (esu) 9612w ﬁ( ) ®)
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ey (esu) 1302 7'( ) (4)

where ¢ is the speed of light in em s,  is the excitation fre-
quency in s7, and 7, is the linear refractive index.

Since the third-order susceptibility »*) is a macroscopic
quantity, depending on the concentration of the solute, often,
the second hyperpolarizability y is preferred, which is a mole-
cular constant, describing the NLO response per molecule,
therefore allowing for direct comparisons. The second hyper-
polarizability y can be obtained from the third-order suscepti-

bility #*) using the following relation:
(3)
X
~ ®)
2
—(no +2) is
3

4

where N is the number of molecules cm™ and L =
the Lorenz-Lorentz local field correction factor.
The Z-scan measurements were performed on solutions at
different concentrations of the studied complexes 1-6 in DMF
placed in 1 mm thick quartz cells, by using different laser
intensities. The absorption spectra of all samples were regu-
larly checked during the experiments to ensure their photo-
stability upon laser irradiation and their concentration as well.
For the experiments, the laser beam was focused into the
sample by means of a 20 cm focal length quartz planoconvex
lens. The beam spot radius at the focal plane was measured
with a charge-coupled device (CCD) and was found to be ~30
and ~18 pm at 1064 and 532 nm, respectively, for both ns and
ps lasers. The laser beam energy was monitored by means of a
calibrated joulemeter. From the fitting of the OA Z-scans the
NLO absorption coefficient g of each solution was determined,
while from the slopes of the curves showing the variation of

the AT,_, parameter with the peak irradiance, the corres-

ponding NLO refractive index parameter y’ was also obtained.
The NLO response of the neat solvent (i.e., DMF) measured
separately for the same range of laser intensities was found
negligible for all excitation conditions used (i.e., 1064 and
532 nm, for both ns and ps laser pulses).

Computational details

The computational investigation on complexes 1-6 was carried
out at the DFT level®* by adopting the Gaussian 16 ** suite of
programs. A preliminary validation of the computational setup
was carried out by comparing selected optimised distances for
complex 1 with the corresponding structural data. The
mPW1PW,”® PBE0,” and B3LYP®® functionals were tested in
combination with LANLO8(f),”® CRENBL,>” and Stuttgart RSC
1997°% basis sets (BSs) with Relativistic Effective Core
Potentials (RECPs)*>® on the heavier platinum species, and
by adopting def2-SVP,*" cc-pvDZ®>** and 6-311++G** *4%° BSs
on the lighter elements (C, H, N, and S). Basis sets were
obtained from Basis Set Exchange and Basis Set EMSL
Library.®® A comparison between selected structural data and
the corresponding optimised metric parameters (Table S67)
showed that very similar results (RMSE = 0.014-0.016 for
mPWI1PW/PBEO functionals; 0.022-0.028 for B3LYP) were
obtained when using the mPW1PW and PBEO functionals,
both with the LANLO8(f) and CRENBL basis sets for the
central metal ion. Eventually, the PBEO functional®® was
adopted due to its reportedly best performance in evaluating
electronic transition energies. Based on these considerations,
calculations were extended to complexes 2-6 at the PBEO//cc-
PVDZ/LANLOS(f) level of theory. In the case of complex 1, two
different geometries were optimised, a symmetric one where
the complex molecule was allowed to belong to an ideal Cg
point group, and a second one where the symmetry at the
terminal -CH,~CH,- moiety of the 1,2-dithiolene dddt>~
ligand was removed, in analogy with the conformation
observed in the X-ray crystal structure of the complex. The
latter was found to be the more stable, while the symmetric
geometry showed negative values in the harmonic frequency
calculation. Hence, in complexes 3, 5, and 6 the dddt®~ ligand
was arranged in the asymmetric conformation. Geometry
optimizations in the singlet ground state (S, in Fig. 6 and
S11%) were performed starting from structural data, when avail-
able. Furthermore, the triplet states at the lowest energy (T; in
Fig. 6 and Fig. S11%) were optimised. Fine numerical inte-
gration grids were used and the nature of the minima of the
optimised structures was verified by full harmonic frequency
calculations. Geometries optimised in the gas phase (Tables
S7, S10, S13, S16, S19, and S28%) were found to be in good
agreement with the corresponding structural data, bond
lengths and angles differing by less than 0.03 A and 1.0°,
respectively. Solvation calculations were also carried out at the
same level of theory (Tables S8, S9, S11, S12, S14, S15, S17,
S18, S20-27, S29, and S30%), by using the integral equation
formalism of the polarizable continuous model within the
self-consistent reaction field approach (IEF-PCM SCRF).%”
Negligible differences were observed between the geometries



optimised in the gas phase and in the different solvents
(Tables S31-34%), the bond lengths and angles differing by less
than 0.02 A and 3.0°, respectively, the most significant differ-
ence being the slight elongation of Pt-S and Pt-N bond
lengths (by about 0.015 and 0.010 A respectively) on passing
from the gas phase to solvation calculations. A population ana-
lysis was carried out at the optimised geometries using the
natural bonding orbital partitioning scheme.®®

The total dipole moment y, linear average polarizability a,
total first static hyperpolarizability f, and static average second
hyperpolarizability y were calculated at the optimised
geometries®? (polar = (cubc,DCSHG) keyword) by using the
relations listed below, and the results are grouped in Tables

S42-853:}
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Singlet and triplet absorption transitions energies E, wave-
lengths 4, and oscillator strength values f were calculated at
the TD-DFT level of theory (100 singlet states and 50 triplet
states were taken into account). The programs GaussView
6.0.16,”* Molden 6.6,”> and Chemissian 4.67 ’® were used to
investigate the optimised structures and the isosurfaces of
Kohn-Sham molecular orbitals.

Results and discussion

Complexes 1-4 77’8 and 6,”° previously reported, and newly
prepared complex 5 (Scheme 1) were synthesised by reacting
the corresponding dichlorido precursors [Pt(N*N)CI,]***" with
the appropriate 1,2-dithiolato ligand, obtained in situ through
the deprotection of the corresponding proligand (Scheme S17).

7N
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7 N
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i
z
=
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4

Scheme 1 Molecular structures of complexes 1-6.

Fig. 1 Crystal structure of complex 5 with the atom labelling scheme
adopted. Thermal ellipsoids are shown at the 30% probability level.
Hydrogen atoms were omitted for clarity.

In the crystal structures of complexes 1 and 5 (Fig. 1 for 5;
Fig. S1 for 1; Tables S1-S21), a slightly distorted square-planar
coordination geometry is featured. Pt-S and Pt-N bond
lengths [average 2.248 and 2.052 A for 1; 2.254 and 2.060 A for
5] are close to those found for complexes 2 (2.247 and 2.041 A,
respectively) and 6 (2.256 and 2.054 A, respectively) and are in
agreement with the relevant mean values observed for other
structurally characterised [Pt(N~N)(S*S)] complexes’®™®® The
C-C and C-S distances within the 1,2-dithiolato ligand [C-C:
1.337(8) and 1.345(6) A for 1 and 5, respectively; average C-S:
1.764 and 1.761 A for 1 and 5, respectively] confirm the ene-
1,2-dithiolate form expected for the S*S ligand in diimine-
dithiolate complexes." The dddt®” ligand in complex 1 shows a
disordered -S-CH,-CH,-S- moiety that was modelled over two
sites with equal atomic occupancies (Fig. S1%). In complex 5
the unsaturated portion of the dddt*” ligand is markedly
folded with respect to the ene-1,2-dithiolate plane with an
angle of 46.9° (Fig. 1), similarly to what previously reported for
complex 6 (59.4°) and other complexes of this ligand.”*"** In
both crystal structures of complexes 1 and 5, weak inter-
molecular interactions are responsible for the overall crystal
packing. In the case of complex 5, t—r interactions between
the diimine and the 1,2-dithiolate metallacycle of a symmetry-
related complex molecule (with an intercentroid distance of
3.74 A) lead to the formation of weakly bonded dimers
(Fig. $21), with Pt---Pt’ distances (3.77 A; '=1—-x,1-y,1 —2)
close to that previously encountered in [Pt(phen)(Et-dmet)]
(3.80 A; Et-dmet’™ = N-ethyl-2-thioxoimidazoline-4,5-
dithiolate).®®* The dimers interact along the c-axis through
additional n-n stacking interactions between pyridyl moieties
(intercentroid distance 3.64 A).5**

Cyclic voltammetry (CV) measurements in DMSO solution
showed in all cases two monoelectronic redox processes at
about —1.7/—1.8 and —0.1/-0.2 V vs. Fc'/Fe (scan rate = 0.1 V
s™!, Table S3 and Fig. S3} for complex 5). The ipc/ipa current
ratios and the separation between anodic and cathodic peaks
suggest in most cases quasi-reversible processes. The observed
redox steps can be attributed to the reduction of the neutral
complexes to their monoanionic forms and the oxidation to
monocations, respectively. In agreement with previously drawn
structure-property relationships,®*® a shift of the reduction
towards more negative potentials is observed on passing from



complexes 1-4 to 5 and 6, featuring alkyl-substituted diimine
ligands. The oxidation occurs at more positive potentials for
complexes 1 and 3, bearing the dddt*~ ligand, as compared to
2 and 4, featuring the pddt*~ ligand. It is worth mentioning
that the CV studies previously reported for complexes 1-4 evi-
denced the same trend for the oxidation potential,”” while no
reduction was observed. On the other hand, the previous
electrochemical characterization of complex 6 showed an
additional reversible oxidation,”® not detected under the
experimental conditions adopted in this investigation. The
aforementioned trends parallel those in the absorption wave-
length of the typical solvatochromic band (Fig. 2 and Tables
S4-S5%), which falls at about 600 nm and undergoes a hypso-
chromic shift for complexes 1 and 3 as compared to the other
complexes. The recorded values are in good agreement with
those previously reported for complexes 1-4 and 6.”””° The
solvatochromic behaviour follows the trends previously
observed for [Pt(N*N)(S"S)] complexes, both in terms of shape
of the curves and accordance with the empirical scale pro-
posed by Eisenberg (Fig. S41).5¢

The results of the CV and UV-Vis characterizations can be
interpreted based on DFT calculations [PBEO//cc-pVDZ/
LANLOS(f); Tables S6-S38 and Fig. S5-S61] performed both in
the gas phase and in different solvents (IEF-PCM SCRF sol-
vation model).®” QM calculations confirm the expected frontier
molecular orbital (MO) composition, with the Kohn-Sham
(KS) HOMO centred on the partially negatively charged 1,2-
dithiolato ligand and the KS-LUMO mainly localised on the
diimine, bearing a partial positive natural charge. The central
metal ion contributes to both MOs (Fig. 3 for complex 5;
Tables $35-S36 and Fig. S61).

A stabilization of KS-HOMO is calculated on passing from
complex 1 and 3 to 2 and 4, thus accounting for the more posi-
tive oxidation potentials observed experimentally. On the other
hand, alkyl-substituted compounds 5 and 6 exhibit higher
KS-LUMO eigenvalues as compared to 1-4, consistent with
their more negative reduction potentials (Table S37%). Time-
dependent DFT (TD-DFT) calculations also confirm the assign-
ment of the absorption transition in the visible region to the
HOMO — LUMO monoelectronic excitation, and the trend in
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Fig. 2 Normalized absorption spectra in the Vvisible
(450-900 nm) recorded for complex 6 in selected solvents.

region
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L
Fig. 3 KS-HOMO (left) and LUMO (right) isosurfaces calculated for
complex 5 at the DFT level [PBEO//cc-PVDZ/LANLO8(f)] in DMSO
(IEF-PCM SCRF). Hydrogen atoms were omitted for clarity. Isovalue 0.05
lel.

both the HOMO-LUMO energy gaps and the calculated
absorption maxima closely reflect the experimental solvato-
chromic behaviour (Tables S38-5S40%).

The third-order nonlinear optical (NLO) response of com-
plexes 1-6 was investigated by means of the Z-scan technique,
using 4 ns and 35 ps laser pulses, both in the visible (532 nm)
and infrared (1064 nm) regions, for different concentration
solutions and at different laser intensities.

It is worth noting that, although some of the complexes
herein have already been reported in the literature, an inte-
grated analysis of their linear and nonlinear optical properties
in terms of structure-property relationships as a coherent
library of compounds has never been carried out.””””°

Complexes 1-6 exhibited negligible NLO response under 4
ns, 1064 nm excitation. On the contrary, the “open aperture”
(OA) Z-scan measurements performed under 4 ns, 532 nm exci-
tation showed a saturable absorption (SA) behaviour (Fig. 4).

Concerning the NLO refraction, all complexes, except 2,
exhibited negative sign NLO refraction (i.e., self-defocusing) as
suggested by the corresponding “divided” Z-scans, which
exhibited a peak-valley transmission configuration (Fig. 4).
Interestingly, the “divided” Z-scans of complex 2 feature
instead a valley-peak configuration at lower laser intensities
(up to 30 MW em™>), which changes to peak-valley at higher
intensities (50-70 MW cm™?), indicative of a self-defocusing
behaviour (Fig. 5). This can be due to saturation effects and/or
multiphoton absorption phenomena taking place at higher
laser intensities, also reflected in the broadening of OA
Z-scans (Fig. 5).

Under 35 ps, 532 nm excitation, all complexes showed neg-
ligible NLO absorption and a positive sign NLO refraction
(Fig. S7%), with second hyperpolarizability (y) values signifi-
cantly smaller compared to those determined from the ns
measurements (Tables 1 and S41%).

This difference must be expected, because under short
pulse laser excitation the NLO response of molecular systems
arises mainly from the instantaneous electronic response of
the system, while under ns excitation it includes contributions
from longer time scale phenomena, such as population redistri-
bution among excited states [e.g., intersystem crossing (ISC)
between the first singlet excited state (S;) and the lowest triplet
state (Ty)], molecular orientation, or vibrational contributions,
resulting in a larger NLO response often referred to as transient



Fig. 4 “Open-aperture” (left) and “divided” (right) Z-scans of complexes

Table 1 Second hyperpolarizability y (x107>! esu) values of complexes
1-6, under 532 nm, 4 ns and 35 ps laser excitation

Complex 4 ns 35 ps

1 27+1 1.24 + 0.02
2 187 £ 30 1.70 + 0.04
3 40+ 3 2.5+0.1

4 190 + 25 3.36 £ 0.01
5 352 2.0+0.1

6 77 £10 29+0.1
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sity shows a linear trend, suggesting a third order NLO
response (Fig. S81). The OA Z-scans did not show any evidence
of reverse saturable absorption (RSA), even for the highest
laser intensities used, so that the occurrence of two- or multi-
photon absorption processes can be excluded, as also con-
firmed by the lack of NLO response under 1064 nm excitation.
The presence of SA can be thus rationalized in terms of
efficient single photon absorption from the S, state.>**24

An overall evaluation of second hyperpolarizability values
shows a good agreement with those determined for homolep-
tic or heteroleptic 1,2-dithiolene complexes under similar con-
ditions, with y values of the order of 107*° and 10™** esu for
the ns and ps measurements, respectively
(Table S54%).26:2%32:3487-91 complexes 2 and 4 were found to
possess the largest second hyperpolarizabilities, particularly
under ns laser excitation (1.87 x 107>° and 1.90 x 10~>° esu for
2 and 4, respectively, Table 1). Several factors might contribute
to the larger NLO behaviour of complexes 2 and 4. First, their
absorption maxima in DMF (593 and 598 nm for 2 and 4,
respectively, Table S4f) is the closest to the 532 nm wavelength
used for the Z-scan measurements, resulting in the largest

Fig. 5 “Open-aperture” (left) and “divided” (right) Z-scans of a 0.87 mM
solution of complex 2 obtained under different laser intensities using 4
ns, 532 nm laser excitation.

NLO response.”® The trend of y values under ps excitation,
showing similar values for all complexes, is mirrored by that
calculated®®”* at the DFT level in DMF, which accounts only for
the electronic contribution of NLO processes (Tables S42-S531).
The variation of the AT,_, parameter (determined from the
“divided” Z-scans at different concentrations) with laser inten-
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Fig. 6 Jablonski diagrams (0.0—4.0 eV) calculated for complexes 1 (left)
and 2 (right) at TD-DFT level [PBEO//cc-pVDZ/LANLOS8(f)] in DMF (SCRF
IEF-PCM). Excited states calculated for the Sq — S,, and T; — T, transitions
with oscillator strength values f < 0.05 are represented as dashed lines. Red
arrows represent energy gaps corresponding to the So — S; transition;
wavy arrows correspond to the internal conversion of S, ISC between S;
and the triplet state optimised at the same geometry (dotted line), and the
internal conversion leading from the former to optimised Tj.



molar extinction coefficients at the excitation wavelength (53, =
2800 and 3800 M™" cm™ for complexes 2 and 4, respectively,
Fig. S9%). Moreover, following a five-level model (Fig. $10%),”> the
larger NLO absorption of complexes 2 and 4 under ns laser pulse
might be attributed to a higher absorption contribution from
excitation within the triplet states manifold. In fact, ISC between
S; and T, can be induced by the spin-orbit coupling, typically
enhanced in heavy atoms systems, such as Pt" coordination com-
pounds. The rate of ISC increases with the overlap between the
vibrational wavefunctions of the initial and the final states, so
that singlet and triplet quasi-degenerate states can be easily
involved. After the ISC, a transition from T, to a higher triplet
state T, resonant to the laser energy, can result in the SA effects.

A comparison of the Jablonski diagrams obtained from
TD-DFT calculations shows in fact a denser pattern of excited
triplet states in the region with T, transitions of appropriate
energy for complexes 2 and 4 compared, for example, to 1
(Fig. 6), where oscillator strengths f calculated for T; — T, tran-
sitions in the relevant energy range are negligible (f < 0.05). In
addition, in the case of 4, a lower energy difference between S,
and T; was computed (Fig. S11%).

Conclusions

Different heteroleptic platinum diimine-dithiolate complexes
were investigated in the present study, showing promising
third-order NLO properties including saturable absorption and
nonlinear refraction. Second hyperpolarizabilities values of up
to 1072° esu were observed under ns excitation, in the same
order of magnitude as those observed for some of their homo-
leptic congeners. These results suggest that the NLO properties
of [Pt(N~N)(S"S)] complexes are not limited to second-order
effects, and that these systems also have potential as third-
order NLO materials.

In particular, a NLR behaviour of negative sign is featured
by the investigated complexes, with possible applications in
ultrafast all-optical switching devices. Of particular interest are
the results obtained for complex 2, which shows a dependence
of the sign of NLR on the intensity of incident radiation, thus
suggesting applications in the field of tunable integrated light
sources. Moreover, a dependence of the NLO properties on the
combination of ligands in the different complexes was
observed, and DFT calculations indicated that a combination
of different electronic factors might be responsible for the
different NLO behaviour within the library of compounds.
These results suggest that the SA and NLR response in these
materials could be modulated by fine structural modifications.

Future studies will be aimed at expanding this investigation
to further complexes, based on the structure-property relation-
ships elucidated herein.
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