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The synthesis and characterization of Pd(phen)(bdt) (1) (phen = 1,10-phenanthroline, bdt = 1,2-benzenedithiolate)
is presented. 1 crystallizes in the monoclinic space group P2i/c, . = 11.281(4) A, b = 20.498(8) A, ¢ = 8.374(3)
A, B =90.234(8), V = 1936.5(13) A3, Z = 4, and is isostructural with its previously reported related complexes.
The ground and low lying excited electronic states in 1 and in the related complexes Pd(bpy)(bdt) (2), Pt(bpy)(bdt)
(3), Pt(bpy)(mnt) (4), and Pt(bpy)(edt) (5) [where bpy = 2,2'-bipyridine, edt = ethylene-1,2-dithiolate, and mnt =
maleonitriledithiolate] are studied using density functional theory techniques. The electronic properties of 1-5 are
studied using the B3LYP functional. Optimized geometries are compared to experimentally observed structures.
Time dependent density functional theory (TDDFT) is employed to investigate the excited singlet and triplet states.
The calculated energies of the lowest singlet state and the lowest triplet state in all five complexes are in considerable
agreement with experimental data. It is shown that variation of both metal and dithiolate-ligand going from 1 and
2t0 3, 4, and 5 has a substantial impact on the spectroscopic and excited-state properties, indicating at the same
time the mixed metal/dithiolate character of the HOMO orbital. All the low-lying transitions are categorized as
MMLL'CT transitions. The emissive state of all complexes is assigned as a triplet dithiolate/metal to diimine charge
transfer with differences in the structures of the emissions resulting from differences in the sz* dithiolate orbital of
the mnt, bdt, and edt as well as from differences in metal.

Introduction peculiar electronic structure. This specific structure is

Over the last three decades M(diimine)(dithiolate) com- dominated by the existence in the same molecule of the two
plexes of group VIII metals have attracted the interest of different unsaturated chelating ligands, one of which is more
numerous researchers because of their unique propertieséasily reduced and the other more easily oxidized. These
which include solution luminescence, solvatochromism, large complexes generally absorb light in the visible and ultraviolet
molecular hyperolarizabilities, and large excited-state oxida- regions. Over the past decade, Eisenberg and co-workers
tion potentials:~5 In the meantime, nonlinear optical (NLO) have performed elaborate studies on the charge-transfer
materials have also attracted great interest because of theiexcited state of mixed-ligand Pt(Il) complexes with diimine
wide range of possible applications in several fields, such and dithiolate ligands. For most complexes, the excited state
as laser technology, telecommunications, data storage, ands considered to involve the highest occupied molecular
optical switches$.The above-mentioned complexes with the orbital (HOMO), which is a mixture of platinum and
“noninnocent” dithiolene ligand represent a very promising dithiolate orbital character, and the lowest unoccupied
class of compounds for NLO materials, in view of their mglecular orbital (LUMO), which is ar* orbital of the
diimine and has been termed a “mixed-metal/ligand-to-ligand

* Author to whom correspondence should be addressed. E-mail:

mitsopoulou@chem.uoa.gr. o charge transfer” (MMLLCT).2 The square planar geometry
. ﬂﬁit\'%’:gi'dzgddﬁa;ggsg';: University of Athens. of platinum (1) complexes witl-diimine ligands makes it
(1) Miller, T. R.; Dance, I. GJ. Am. Chem. S0d.973 95, 6970-6979. feasible to introduce selectively properly desigeediimine
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ligands and suitable coligands in a coplanar arrangement andinique LLCT-based excited statéMore recently, attention
thus allows the tailoring of molecules for potential application has again shifted to the mixed ligand complexes of Pd(ll)
as photosensitizers or photocatalysts. Electronic transitionsand Pt(ll) as they undergo photoinduced oxidation in the
in such complexes span a broad range depending on bottpresence of atmospheric oxygen to yield monosulfenate,
the diimine ligands and the coliganti3he charge transfer  disulfenate, mixed sulfinate/sulfenate, monosulfinate, and
excited state of Pt(Il) complexes is emissive, in contradiction disulfinate complexe$:¢” Moreover all these years the
to Pd(ll), in fluid solution and undergoes electron-transfer intense solvatochromic band in the visible region of their
guenching both oxidatively and reductivél/i~'"s In 1985 electronic spectra has been assigned as interligand charge
Srivastava and co-workers suggested that both complexegransfer (LLCT)!, mixed metal/ligand to ligand (MMLICT)
Pt(bpy)(tdt) and Pd(bpy)(tdt) act as photosensitizers for the or more generally as charge transfer to ligand transiigh.
formation of singlet oxygen, attributing this ability to a Recalling our knowledge for the nature of the transitions,
we can state that the “classical” metal-to-ligand charge
(2) (a) Huertas, S.; Hissler, M.; McGarrah, J. E.; Lachicotte, R. J.; transfer (MLCT) transition is attributed to the electronic

Eisenberg RInorg. Chem.2001, 40, 1183-1188. (b) Hissler, M.; - . . . .

McGarrah, I. E.: Connick, W. B.; Geiger, D. K. Cummings, S. D.; transition d— z*, wherex* is the antibonding orbital of

Eisenberg, RCoord. Chem. Re 200Q 208 115-137. (c) Connick, the diimine ligand, a goodr acceptor. In the case that

}’g)' E&éﬁf&ﬂ?ﬁ'A'_E;'sénctﬁﬁég&z")Rr_gfrg;;#r?gaf_%fﬁ;ﬁgg%Y k. coligands are no longer innocent, but provide high lying filled

Inorg. Chem.1998 37, 4625-4632. (e) Paw, W.; Lachicotte, R. J.; P or s orbitals, the HOMO may have significant to

Eisenberg, Rinorg. Chem.1998 37, 4139-4141. (f) Paw, W dominating coligand contributions, admixed to metel

Cummings, S. D.; Mansour, M. A.; Connick, W. B.; Geiger, D. K., . . L. . .
Eisenberg, RCoord. Chem. Re 1998 171, 125-150. (g) Cummings, orbitals, and the resulting lowest transition is assigned to a

(SH)%; Chiel\rllg,EL,-T.;b Eiser;{berg, Réf;]em.ll\g;gger3169%7.2§,74gg§§5% ligand-to-ligand charge transfer (LLT).*" Since the HOMO
aw, W.; Eisenberg, Rnorg. em. 36, — ( . . L
Cummings, S. D.; Eisenberg, & Am. Chem. S04996 118 1949~ has mixed metal/ligand character, it is also referred to as

1960. Pt(NN)(SS) solvent parameters: ¢(0.000), toluene (0.172),  mixed metal/ligand to ligand charge transfer (MMIT) %

benzene (0.218), THF (0.494), chloroform (0.610), 3-pentane (0.676), ; ; i i in di
pyridine (0.743), 1,2-dichloroethane (0.758), dichloromethane (0.765), From this point of view we can assign the main difference

acetone (0.797), DMF (0.901), DMSO (0.973), acetonitrile (1.000). between the LICT and MMLL'CT transitions as the

() Cummings, S. D.; Eisenberg, Riorg. Chem.1995 34, 3396~ percentage of metahtd orbitals to HOMO. Since in the
3404. (k) Cummings, S. D.; Eisenberg, Rorg. Chem.1995 34, l both . h b idered f h
2007-2014. (I) Bevilacqua, J. M.; Eisenberg, Rorg. Chem1994 lterature bot ass[g'nments ave ee'n .ConSI ered for the
33, 1886-1890. (m) Bevilacqua, J. M.; Eisenberg, Rorg. Chem. lowest energy transition of M(diimine)(dithiolate) complexes

1994 33, 2913-2923. (n) Zuleta, J. A.; Bevilacqua, J. M.; Proserpio, ; s « S e
D. M.; Harvey, P. D.. Eisenberg, Rnorg. Chem.1992, 31, 2396- along with the nonspecific term “charge transfer to diimine

2404. (0) Zuleta, J. A.; Bevilacqua, J. M.; Rehm, J. M.; Eisenberg, R. transition that has been employed by Eisenberg et al. more

Inorg. Chem1992 31, 1332-1337. (p) Zuleta, J. A; Bevilacqua, J.  recently29/ it seems that the knowledge of the nature of the
M.; Eisenberg, RCoord. Chem. Re 1992 111, 237-248. (q) Zuleta,

J. A Burberry, M. S.; Eisenberg, Roord. Chem. Re 1991 111 frontier orbitals as well as the nature of the energy transitions
%?]7*24% (r)lgggetg,7~l.4 /7\.;6Eur?t§rr%/, IM. SJ E'&senck)ﬁrg, 4308rdA would be unambiguously a helpful tool in synthesis or design
em. e. y —b4. (S uleta, J. . esta, . . H ioti H
Eisenberg. RJ. Am. Ghem. S0d989 111, 8916-8917. of functlonal mo!ecules and for a meghanlstlc analy5|§ of
(3) (a) Kubo, K.; Nakano, M.; Tamura, H.; Matsubayashi, Glarg. their photochemistry and electrochemistry. An appropriate

Chem. Act&2002 336, 120-124. (b) Matsubayashi, G.; Nakano, M.; i imi i i
Tamura, H.Coord. Chem. Re 2002 226, 143-151. (c) Islam, A.; ch_0|(_:e of d||m_|n_e chelate ligand, metal, and collgan_d
Sugihara, H.; Hara, K.; Singh, L. P.; Katoh, R.; Yanakida, M.; (dithiolene or dithiolate) should therefore allow predetermi-

Eglégh?j)hil, T Miratesi, S_.r;1 ArakawaHMr)rgkCgem%OOLl éO, 5K3Zlﬁ = nation of the character of the lowest energy transitions and
. slam, A.; sugihara, R.; Hara, K.; singn, L. P.; Katon, R.; sres .
Yanakida, M.: Takahashi, Y. Murata, S.: Arakawa HPhotochem. lowest emitting states in such molecules. Up to now the

Photobiol. A: Chem2001 145, 135-141. (e) Islam, A.; Sugihara,  assignments of their excited state are based mainly on the
H.; Hara, K.; Singh, L. P.; Katoh, R.; Yanakida, M.; Takahashi, Y.; pioneering experimental work of Eisenbérga,s comple-

Murata, S.; Arakawa, HNew J. Chem200Q 24, 343-345. (f) . . ;
Natsuaki, K.; Nakano, M.; Matsubayashi, G.-E.; Arakawarg. mented by elementary theoretical work on frontier orbitals.

Ehgm-cﬁcwgo?_lz?? 1%2;1}“7 @ ‘é‘;\en, fg— 92?333207,354:\2(-7;4?& Despite the fact that DFT calculations have been performed
N e en, C.-H.; Lin, 1.-Y. Jnorg. em 2 . c s e
(h) Chen, C. T.; Liao, S.-Y.; Lin, KE_’_J_; Lai, L.-LAdv. Mater. 1998 on dithiolene or diimine complexes, to our knowledge, there

10, 334-338. (i) Chen, C. T.; Lin, T.-Y. J.; Chen, C.-H.; Lin, K.-J. is no report on planar mixed ligand dithiolatdiimine

Chin. Chem. Soc200Q 47, 197-201. (j) Matsubayashi, G.-E.;
Yamaguchi, Y. Tanaka, Tl. Chem. Soc., Dalton Trank988 2215, complexes. As DFT has been proven to be extremely useful

(4) (a) Kaasjager, V. E.; Bouwman, E.; Gorter, S.; Reedijk, J.; Grapper- t0 obtain more accurate molecular orbital energies and other
haus, C. A; Reibenspies, J. H.; Smee, J. J.; Darensbourg, M. Y.; properties of transition metals compleXetbere is no doubt
Derecskei-Kovacs, A.; Thomson, L. Mhorg. Chem2002 41, 1837 L
1844. (b) Puthraya, K. H.; Srivastava, T. Betrahedron1985 4, that such a study would be beneficial.

1579-1584. (c) Zhang, Y.; Ley, K. D.; Schanze, K. 18org. Chem. This paper reports a combined experimental and theoretical

1996 35, 7102-7110. (d) Base, K.; Tierney, M. T.; Fort, A.; Muller, : : : feoi
3. Grinstaff, M. W.Inorg. Chem 1999 38, 287--289. (e) Base, K. stydy including absor.pt|on and emission spectroscopy along
Grinstaff, M. W.Inorg. Chem1998 37, 1432-1435. () Si, J.; Yang, with quantum chemical calculations (by means of DFT

Q.; Wang, Y.; Ye, P.; Wang, S.; Qin, J.; Lin, @ptics Commun. formalism rmine the char r of electronic transition
1996 132 311-315. (g) Vicente, R.; Ribas, J.; Cassoux, P.; ormals )tO dete € the character of electronic transitions

Sourisseau, CSynth. Met1986 15, 79-89. (h) Vogler, A.; Kunkely, in a series of electron rich palladium and platinum complexes
H. Comments Inorg. Cherhi99Q 9, 201—-220. (i) Vogler, A.; Kunkely, of the type M(diimine)(dithiolate) with diimine= bpy and
H. J. Am. Chem. S0d.981, 103 1559-1560. h d dithiolat 2= bde- d et. Th .
(5) (a) Makedonas, C.; Mitsopoulou, @.Inorg. Biochem2001, 86, 326. phen an ithiolate= mnt, » and eat. € main
(b) Makedonas, C.; Mitsopoulou, @CCC35,Heidelberg, July 2002.
(c) Makedonas, C.; Mitsopoulou, €IGIPS7, Lisbon, June 2003. (7) (a) Cocker, T. M.; Bachman, R. Eorg. Chem.2001, 40, 1550~
(6) Zyss, J., EdMolecular Nonlinear OpticsAcademic Press: Boston, 1556. (b) Connick, W. B., Gray, H. Bl. Am. Chem. S0d.997, 119
MA, 1993. 11620-11627.
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A Study on M(diimine)(dithiolate) Complexes

objective was to ascertain, first, the extent to which the (edt)!! Pd(bpy)(bdt)® and Hedt! were prepared according to
coligands and metal contribute to the frontier orbitals and literature procedures. Their physical properties are consistent with
hence to the excited state and, second, whether emissiorthose reported.

spectroscopy can give a clue as to the excited-state character. Synthesis of Pd(phen)(bdt)Hzbdt (0.75 mL, 0.65 mmol) was
The synthesis and characterization of the Pd(phen)(bdt) ZT0eC B 8 2 0 TECEas i O L o a siing
((:t?g/?(lggt)a )QI)S ﬁt?gg;czb;tr)](e@? Ii’it(rt());;):(rsr:;l:)c tgu)r’e;n]%ﬂ:’gt_ suspension of 225.06 mg (0.629 mmol) Pd(phen)The solution

b d lucidated. Th S . turned instantly from yellow to deep red and was left to stir for 24
(bpy)(edt) b) are elucidated. e emission assignments h under room temperature. Then 200 mL of-eeater was added

reported below are based on experimental arguments, aCtg the red solution, and the resulting suspension was cooled to 4
cumulated both here and in the literature, and on calculationsec for 24 h. A deep red precipitate was collected after filtration
of the energies and characters of low-lying triplet excited and washed several times with small amounts of methanol and
states, using time-dependent density functional theory (TD- diethyl ether. Deep red needles were obtained by recrystallization
DFT). Although TDDFT technigque has been widely applied during slow evaporation from a concentrated DMSO solution at
to evaluate the singlet excited state of a large number of 298 K.

compounds, to our knowledge, there are just a few papers Yield: 190.70 mg (71%)H NMR (ppm): 6.81 (dd, H4-5(bdt),
where TDDFT triplet calculations have been used to establishJ: = 3.3 Hz,J, = 5.9 Hz), 7.05 (dd, H36(bd{), J; = 3.3 Hz,J,

an interpretation of photophysical properties of metal com- = -9 H2), 8.13 (dd, H38(phen) J; = 5.1 Hz,J, = 8.0 Hz) 8.28
plexes? (s, H5—6(phen)), 8.93 (dd, H47(phen),J; = 1.5 Hz,J, = 8.0

Hz), 9.01 (dd, H29(phen),J; = 1.5 Hz,J, = 5.1 Hz).'H NMR
(CDCls, ppm): 6.83 (dd, 2H), 7.12 (dd, 2H), 7.79 (dd, 2H), 7.90
| (s, 2H), 8.44 (dd, 2H,), 9.14 (dd, 2H).
Absorption spectrumAna{DMSO) = 485 nm ¢ = 3200 M1
cmY) Amax (CHCl) = 531 nm, Ana(THF) = 548 nm. FT-IR
|N spectrum: 667 cmt (in plane def-bdt ring), 714 cm?® (w(C—H,
phen)), 736 cm! (w(C—H, bdt)).
High-resolution MS(ESI), exact mass calculated forgfGoN>-
PdS]* (M1): 426.85. Found: 426.84 Anal. Calcd forgBl1,No>-
PdS: C50.65; H 2.83; N 6.56; S 15.02. Found: C 50.32; H 2.58;
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1.2. Physical MeasurementstH NMR spectra were obtained
on a Varian UNITYplus operating at 300 MHz spectrometer with
chemical shifts reported in ppm downfield from tetramethylsilane
(TMS), using the solvent peaks as an internal reference. Absorption

spectra were determined with a Varian Cary 300 spectrophotometer.

Z FT-IR spectra were recorded on a Nicolet Magna IR 560

~ 'N S__H spectrophotometer. High-resolution mass spectra were obtained on
\Pt/ I a mass spectrometer using electron spray ionization (ESI). Elemental

= N/ s H analysis was performed on a Euro EA3000 Series Euro Vector

| CHNS elemental analyzer. Luminescence spectra were recorded
on a Perkin-Elmer LS-50B fluorometer and the Edinburgh Instru-
ments model FS spectrofluorometer. Glassy 77 K solutions were
obtained in 1:1:1 DMSO:dichloromethane:methanol (abbreviated
as DMM).

1.3. X-ray Structure Determination for 1. All crystallization

1.1. Preparation of Compounds.All reactions and manipula-  processes gave rise to narrow needles that easily formed different
tions were conducted under a pure argon atmosphere using standargdjzeq aggregates. A red needle (0.23D.032x 0.026 mm) was
Schlenk techniques. Solvents were purified prior to use by standardysed for data collection. Intensity measurements were made using
procedures? The chemicals phen, bpy, Pd(phem)@t(bpy)C}, a Bruker Smart APEX CCD diffractometer at 100(2) K with Mo
Hbdt, and Namnt-2H,0 were purchased by Aldrich and used as K¢ radiation and graphite monochromator. A total of 7985
received. The compounds Pt(bpy)(n#tPt(bpy)(bdt), Pt(bpy)- reflections were collected(= 1.8-22.6"; w/20 scans); of these
2517 were uniqueRj; = 0.0669(I >20(l)). The structure was
solved by Patterson and difference Fourier methods, and refined
using SHELXTL (weighting scheme! = ¢2(F, ?) + (0.0850P)?,
whereP = [max(F? + 2F:2)]/3).22 All non-hydrogen atoms of the
complex were refined anisotropically. Hydrogen atoms were found
in calculated positions and refined riding on their carbon atoms

X
Pt (bpy) (edt) (5)

1. Experimental Section

(8) (a) Lauterbach, C.; Fabian,Bur. J. Inorg. Chem1999 1995-2004.
(b) Lim, B. S.; Fomitchev, D. V.; Holm, R. Hinorg. Chem.2001
40, 4257-4262. (c) Farrell, I. R.; Frantk, H.; Zdis, S.; Mahabiersing,
T.; VICek, A., Jr.J. Chem. Soc., Dalton Tran200Q 4323-4331. (d)
Fomitchev, D. V.; Lim, B. S.; Holm, R. Hlnorg. Chem.2001, 40,
645-654. (e) Tobisch, S.; Nowak, T.; Bogel, Bl.Organomet. Chem.
2001, 619 24-30. (f) van Slageren, J.; Stufkens D. JjiZaS.; Klein,
A.; J. Chem. Soc., Dalton Trang002 218-225.

(9) (a) Farrell, I. R.; van Slageren, J.;l&S.; Vicek, A., Jr.Inorg. Chim. (10) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Acta 2001, 315 44-52. (b) Hay, P. JJ. Phys. Chem. 2002 106, Chemicals 3rd ed.; Pergamon Press: New York, 1988.
1634-1641. (c) Guillemoles, J. F.; Barone, V.; Joubert, L.; Adamo, (11) Keefer, C. E.; Bereman, R. D.; Purrington, S. T.; Knight, B. W.; Boyle,
C. J. Phys. Chem. 2002 106, 11354-11360. (d) Monat, J. E.; P. D.Inorg. Chem.1999 38, 2294-2302.

Rodriguez, J. H.; McCusker, J. K. Phys. Chem. 2002 106, 7399~ (12) Sheldrick, G. MSHELXTL 97 University of Gdtingen: Gitingen,
7406. 1997.
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Figure 1. Molecular structure and atom numbering (ORTEP diagram, 50%
thermal ellipsoids) ofl.

Table 1. Crystallogaphic Data fot

cryst data Pd(phen)(bdmso
empirical formula GoH12N0PdS?
fw, g mol~1 504.94
cryst syst monoclinic
space group P2;/c (No. 14)
a, A 11.281(4)
b, A 20.498(8)
c, A 8.374(3)
p, deg 90.234(8)
v, A3 1936.5(13)
z 4
A A 0.71073
T, K 100(2)
R1° 0.0669
WR2® 0.1495
GOF 3P 1.051

a A solvent molecule (DMSO) was crystallized with the compleR1
= S||Fo| — |Fell/3|Fol (2517 observed reflections, > 20(l)); wR2 =
[ZWIFe® = FAAW(Fo?)7] Y% GOF = [3[wIFo? — F?)/(n — p)]*2 where
n is the number of data amglis the number of parameters refined.

with two common thermal parameters. The structure and numbering
scheme of the atoms of the complex are presented in Figure 1.
Table 1 contains the crystal data of the complex. The complex was

cocrystallized with a solvent molecule.

1.4. Computational Details.Ground-state electronic structure
calculations ofL—5 complexes have been performed using density
functional theory (DFTY¥ methods employing the GAUSSIAN 98
software packag¥ The functional used throughout this study is
the B3LYP, consisting of non local hybrid exchange functional as
defined by Becke’s three-parameter equdfiand the non local
Lee—Yang—Parr correlation functiondf The ground-state geom-
etries were obtained in the gas phase by full geometry optimization,
starting from structural data, regularized in order to satisfyGhe
symmetry. The VeryTight option was used in all cases, which

Makedonas et al.

numerical integration was performed using the UltraFine option,
which requests a pruned (99,590) grid. The optimum structures
located as saddle points on the potential energy surfaces were
verified by the absence of imaginary frequencies. The derived wave
functions were found free of internal instabilities. The basis set
used for all nonmetal atoms was the well-known valence tigple-
6-311+G".17 The quasi-relativistic StuttgardDresden effective
core potential of the type ECP28MWB and ECP60MWB was used
for Pd and Pt, respectivelf. The core potentials were comple-
mented by the relative valence basis $&for all other calculations
related to the properties investigation, an additional diffuse and
polarization function was added to the hydrogen atoms. Preliminary
calculations indicated that the addition of a p-type polarization
function to the metals’ valence basis $&fsroduced practically

the same results; general application of it was not selected to avoid
further computational cost. The 16 to 18 lowest singlet and triplet
excited states of the closed shell complexes were calculated within
the TDDFT formalism as implemented in Gaussi&Rercentage
compositions of molecular orbitals from the three contributing
fragments were calculated using the AOMix prog&#s Finally,
percentage of different transitions contributing to a state was
calculated with the aid of SWizar8?¢ To estimate the possible
response of electronic structure due to the solvation, the solvent
was modeled by the polarizable continuum model (PCM) imple-
mented in G981

2. Results and Discussion

2.1. Molecular Structure. The red complex Pd(phen)-
(bdt) (1) has been prepared in high yield from Pd(phep)CI
and Hbdt in the presence of base, eq 1. This complex was

[ 3
SH a % N
©[ + r L \Pd:]g 1)
SH a N
P 9

characterized by elemental analysis, ES-MH, NMR,
electronic spectroscopies, and single-crystal X-ray diffraction.
The ORTEP diagram of-dmso, including the numbering
system, obtained from the crystal structure analysis is shown
in Figure 1, while selected bond lengths and angles for the

(17) (a) McLean, A. D.; Chandler, G. 8. Chem. Physl98Q 72, 5639—
5648. (b) Krishnan, R.; Binkley, J. S.; Seeyer, R.; Pople, J. &hem.
Phys.198Q 72, 650-654.

(18) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preusgheor.
Chim. Actal99Q 77, 123-141.

demands tighter convergence criteria than the default ones, while(19) Stratmann, R.; Scuseria, G.; Frisch, 8.Chem. Phys1998 109

(13) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: Oxford, 1989.

(14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.9; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(15) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(16) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.
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8218-8224.

(20) (a) Gorelsky, S. IAOMix progam revisions 4.7 and 5.1, http:/
www.obbligato.com/software/aomix/ (accessed July 2002). (b) Gorel-
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Table 2. Selected Bond Lengths (A) and Angles (deg) fowith Atom
Labels According to Figure 1, with Estimated Standard Deviations in

Parentheses
bonds angles
Pd1-N1 2.089(8) N+Pd1-N2 80.2(3)
Pd1-N2 2.103(8) S2Pd1-S1 89.17(10)
Pd1-S1 2.267(3) N+Pd1-S1 95.5(2)
Pd1-S2 2.254(3) N2 Pd1-S2 95.1(2)
N1-C11 1.379(12) N+Pd1-S2 175.3(2)
N2—-C12 1.356(12) N2Pd1-S1 175.6(2)
C11-C12 1.437(13) C1iN1-Pd1 112.2(6)
S1-C13 1.779(10) C12N2—Pd1 112.5(6)
S2-C18 1.794(10) C13S1-Pd1 105.2(3)
C13-C18 1.376(13) C18S2-Pd1 105.2(3)
N1-C10 1.323(12) C16N1-Pd1 129.7(7)
N2—C1 1.344(12) CEN2—Pd1 128.5(7)

structure are given in Table 2. Although a few crystal
structures of Pt(Il)(diimine)(dithiolate) complexes have been
reported, there is only one reference on analogous complexes
of Pd(Il) and its mono- and disulfonate derivativé3hus,
herein the second crystal structure of a Pd(ll) analogous
complex is presented. Compléxpossesses square planar
coordination geometry with the two five membered rings
lying on the same plane. The P8l distances of 2.096(8)
and the N-Pd—N bond angle of 80.2(3)agree well with

the values found foR (Table 3), according to the lesg in a V type assembly. In each column the individual
back-bonding of phen, but they are slightly longer than those molecules are stacked in a head-to-tail arrangement (the
observed in the Pt(ll) complexes (average value 2.050 A). representative Pd molecules are shown in Figure 2B). For
The observed PdS distances are in close agreement between 1-dmso molecules are positioned so that the metal center of
1, 3,//2and5. The Pd-S distances of 2.254(3) and 2.267(3) one molecule is situated directly above a bridging carbon
A are essentially equal to the average value of 2.250 A on the 1,10-phenanthroline ring of an adjacent molecule. The

Figure 2. (A) Crystal packing inl. (B) View of two molecules packing

reported for3’ and for analogous dithiolene complex&s,
in keeping with the similar bonding radii of the second-and
third-row transition metal® On one hand, the identity of

intermolecular distances between the stacksarfe 3.36(1)
A, while the closest Pd-Pd separation between neutral
complex chains is 68.64(8) A, which is significantly larger

the metal atom does not seem to have a large structuralthan the Pt:Pt separation in a chain-@.3—3.7 A). The

influence on the dithiolate ligand because the £bond
lengths are essentially identicd € 1.762(2) A and3 =
1.761(6) A); on the other, the nature of the diimine ligand
affects this bond length, therefore the distance 6fSCin
complex2 is slightly shorter (1.762(2) A) as compared to
the one ofl (1.787(10) A).

Intermolecular interactions are of importance for optical
spectroscopy2 Therefore we examine the crystal structure
of complex1 in that respect. In square-planar platinum(ll)
complexes, two intermolecular interactions are important,
namely, interactions of the aromatig-diimine ligands and
Pt---Pt interactiongsbc

In fact complex1 exhibits quite a complex stacking
behavior (Figure 2A). It is stacked in two different columns

head-to-tail arrangement is reversed to a head-to-head one
since a dmso molecule is sandwiched between two complex
molecules. From these data we conclude that no strong
Pd--Pd interactions are present in the molecules in their
crystalline form, and the only possible intermolecular
interaction is that ofr stacking, whose nature can be changed
by the involvement of a solvent molecule, in contradiction
to Pt analogous complexes where both-#t and z
interactions are present, without changing the head-to-tail
arrangement®¢ This will be further discussed in the
emission spectroscopy section.

Complexesl—5 exhibit significant differences in their
optical and electronic properties. The most obvious ones are
in their color. Crystalline and solution samplesloand 2

Table 3. Comparison of Calculated Selected Bond Lengths (A) and Angles (ded)-Bmwith Experimental Values from X-ray Analysis

1 27a 37b 4 511
exptl calcd exptl calcd exptl calcd calcd exptl calcd
M—N2 2.096(8) 2.128 2.071(2) 2.120 2.050(5) 2.095 2.099 2.049(4) 2.092
M-S 2.261(3) 2.283 2.245(1) 2.286 2.248(2) 2.299 2.296 2.250(1) 2.302
c-S 1.787(10) 1.775 1.762(2) 1.774 1.761(6) 1.771 1.759 1.743(7) 1.754
C=N 1.368(12) 1.364 1.353(3) 1.358 1.367(8) 1.363 1.362 1.362(7) 1.365
C=Cdithiol. 1.376(13) 1.401 1.396(3) 1.401 1.373(8) 1.402 1.365 1.346(14) 1.341
C=Cdim. 1.437(13) 1.434 1.474(3) 1.476 1.464(8) 1.466 1.469 1.469(10) 1.462
@diim. 80.2(3) 78.69 79.41(6) 77.85 80.1(2) 78.00 78.04 79.26(16) 78.10
@dithiol. 89.17(10) 88.49 88.67(2) 88.16 89.0(1) 88.26 88.44 88.67(6) 88.05

aThe average value of both distances.
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Table 4. UV—Vis and Emission Data fot—5

complex Amar? Ema?  Ema®  AEC en? (Emay)
1 531(3200) 233 210 140
388 (1400) 3.20 3.40
359 (1600) 3.45 3.50

321 (3400) 3.86
295 (31000)  4.20

2 524 (2850) 237 213 142
361 (1400) 3.43 3.43
308 (21000)

3 602 (6000) 206 185 153 690 (1.80)
365 (1900) 3.40 3.41
314 (23000)  3.95

4 453 (4320) 274 248 168  632(1.96)
318 (8700) 3.90 3.82

5 613 (4500) 2,02 178 148  712(1.74)
330sh 3.76 3.67

304 (18600)  4.05

a Absorption maxima in CHGlin nm (molar extinction coefficient in
M~1cm™1). b Absorption maxima in CHGlin eV. ¢ Absorption maximum
for the main band in gHg in eV. 4 TDDFT calculated transition energy,
given in eV.® Emission maxima in DMM in nm (eV).

Figure 3. UV —vis spectra ofl in chloroform. Inset: the low energy band
are dark red, wheredksis brown red and gives deep-purple  of 1 in common solvents (&= acetonitrile, 2= dmso, 3= dmf, 4 =
solid and solutions. Consistent with this observation, the 1.2-dme, 5= dibromomethane, & chloroform, 7= THF, 8= 1,4-dioxane,

. . . . 9 = benzene). Absorbance maxima have been normalized for illustrative
intense charge-transfer absorption band that gives rise to the,ryoses.
color of these complexes is both blue-shifted and broadened
for 1 and 2 as compared to3 and 5. Moreover the
Pd(diimine)(dithiolate) complexes in contradiction to Pt ones
do not luminescence as has been indicated both from our
experimental results and the literattfre™ (Table 4).
In an effort to better understand the widely differing
behavior of these two closely related groups of complexes
(Pd and Pt ones) and consequently the role of the metal atom,
diimine, and the “noninnocent” dithiolene ligadidn their
electronic structure, a study of the latter ond.es has been
performed by means of DFT formalism. The DFT-calculated
bond lengths and angles fit well with the experimentally
obtained ones fot—5 (Table 3).
2.2. Absorption Spectroscopy and CalculationsAll Figure 4. Linear correlation between Pt(NN)(SS) solvent parameters and
M(diimine)(dithiolate) complexes exhibit broad and partially observed Enay) low-energy absorptionR2 = 0.99).
structured long-wavelength absorption bands (Figure 3 and
Table 4). These bands show negative solvatochromism,chose to reexamine their behavior in order to ensure that all
indicating their charge-transfer character. The latter one hasmeasurements were performed under standard conditions.
been assigned as LLT by Voglef and later by Srivastav, Figure 4 shows the absorption spectrurmiaf chloroform,
as MMLL'CT by Eisenberg and co-workét§ after their as a representative example of the whole series of complexes.
fundamental work while recently the general term “charge A total shift of about 1931 crit (83 nm) is observed from
transfer-to-diimine” has been employ#dMoreover, Eisen-  dibromomethane to acetonitrile, and if we identity benzene
berget al, studying a series of compounds, attributed the in our analysis (the complexes’ solubility is very low in it),
presence of this solvatochromic band to the existence of athe blue-shift expands to 3875 ch(110 nm) (inset Figure
m*-conjugated system on the N-donor ligand; the latter one 3).
is not necessary for the S-donor ligand. This observation The transition energ¥Euw'ct has been correlated to
supports the assignment of HOMO and LUMO orbitals based various empirical solvent parameters and experimentally
on electrochemical dafd.Later they gave more insight on  derived constant¥. Linear coefficient is quite satisfactory
the structural dependence of the electronic and nonlinearboth in the correlation oEum ot With Reichard’é®¢ E;
optical properties of this type of complex and revealed the parametersR = 0.98) and with the empirical solvent scale
way of tuning thent! 9’ introduced by Cummings and Eisenbe(& = 0.99) (Figure
Complexes1—5 are representative for the family of 4); the latter one is based on the results for Pt(dbbpy)(tdt)
M(diimine)(dithiolate) complexes, providing us with the in order to determine the relative degree of solvatochromism
necessary data to switch between the metals, diimines, andf related complexeX.
dithiolate ligands. While absorption and emission spectra for In order to assign the absorption bands, and in particular
some of the complexes have been reported previously, weto determine the metal and dithiolate ligand contributions to
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Table 5. G98/B3LYP Calculated One Electron Energies and
Percentage Composition of Selected Frontier MO4-65, Expressed in
Terms of Composing Fragmedts

MO Eey diimine dithiol. metal MO Eey diimine dithiol. metal

1 4
Unoccupied Unoccupied
9% —0.90 995 00 05 9% —-160 38 94.4 1.8
12y —1.56 99.0 0.3 0.8 33b—-1.89 10.0 46.1 439
35 —-1.69 11.8 46.6 417 8a —237 965 25 0.9
8 —2.73 99.3 0.2 05 11b —-259 98.3 0.4 1.2
11, —2.89 928 4.3 2.9 10b—-3.49 904 5.0 4.5

Occupied Occupied
10b, —4.66 54 85.6 9.0 9% -551 7.5 81.1 114
7% —5.11 0.9 88.8 10.3 %a —6.53 2.8 67.0 30.2
41y —6.25 2.8 339 634 37a-—7.15 7.8 21.0 712
6 —6.72 17 759 223 8gb -7.63 7.9 49.3 428
9 —-6.84 9.1 52.7 38.1 36a-—8.17 2.0 52.3 457
40 —7.22 4.7 48.3 47.0 32b-8.20 184 61.2 20.3

Unoccupied Unoccupied
39a —-0.67 657 —9.4 437 33a —-0.58 57.1 46 384
33 —-1.71 9.2 48.2 426 28b-1.01 126 449 424
8 —179 99.0 0.2 08 7%a —169 984 0.4 1.3
11y —2.08 99.0 0.3 0.8 1Qb —1.92 98.1 0.5 14
10b; —2.93 924 46 30 9% -—-281 846 9.7 5.6

Occupied Occupied
9b; —4.69 5.8 854 88 8b —450 127 78.0 9.3
7% —514 08 89.1 10.1 6a —5.68 3.0 67.4 29.6
38a —6.28 8.6 39.0 52.3 32a-6.35 7.7 239 684
6 —6.75 1.8 759 223 7b —-7.04 116 258 62.6
8 —6.89 5.0 55.6 394 3la-7.26 43 529 4238
32 —-7.22 181 60.8 21.1 23b-7.36 17.6 62.2 20.1

Unoccupied
39a —-0.66 59.9 2.3 378
33, —1.06 6.5 46.6 46.9
8y —1.8 98.2 0.5 1.3
11y —2.04 98.1 0.5 14
10, —2.92 87.4 7.2 54

Occupied
9b, —-4.63 10.0 79.9 10.0
7 —5.13 1.7 83.7 14.6
38a —6.4 6.7 242 69.1
6 —6.73 3.3 70.0 26.7
8 —6.82 7.6 51.9 405
37a —7.27 34 53.1 435

aHOMO and LUMO orbitals are shown in bold. Figure 5. 0.05 au contour plots of HOMOs and LUMOs bf-5.

the highest occupied MOs (HOMO), DFT calculations were
performed on all five complexesl{5) based on crystal-
lographic data (Table 3). The orbital energies along with the ) ; . -
contributions from the two ligands and the metal are given consistent with ;t*-bgck—bondlng theory,. indicates that
in Table 5. In all five complexes the five highest occupied electron back-donatlon to phen or bpy IS reduced F)y _the
orbitals are denoted mainly dithiolate/metal in character with presence gf dithiolate as compared with other diimine
the major contribution being on HOM&L and HOMO complexes:’

orbitals, while no purehmew orbitals have been observed due ~ Moreover LUMO orbitals having band a symmetry for
to the noninnocent nature of the dithiolate ligand. In other Phen and bfor bpy are characteristic for the diimine moiety,

words, the HOMO, a borbital, is composed mainly of sulfur a}nd the){ are thg optically activg orbitals as TDDFT calcula-

3p, orbitals that form antibonding interactions with metal tions indicated, in agreement with the references on the phen

d, orbitals and carbon 2prbitals on the chelating ring ~ 2nd bpy complexefssa2

(Figure 5). The high contribution of 3pn the HOMO orbital Finally, the first b orbital (LUMO+2 for 1 and LUMO+3

is probably the reason that these complexes are easilyfor the rest) is formed by the contributions from all fragments

oxidized to give sulfinated and sulfonated derivatives as hasWith the major ones coming from both the metal and the

been reported beforg7a dithiolate (Table 5). Our DFT calculations indicate that the
Although the LUMO is calculated to be almost exclusively HOMO is localized mainly on the dithiolate, admixed with

located on diimine, a limited contribution of metal and -

dithiolate ligand still exists. More precisely, apart from the 7 éa.) \\;LoglﬁrAé?'k(fgﬂrdA.cﬁz?% R\lf(”znooeg Zgﬁeﬁzgézés(b)lggft'

interactions between carbon atoms of the carbohydrated core, ~ 1300. ' '

antibonding interactions of the 2pitrogen orbitals with the
dy. metal orbital are also present. The aforementioned pattern,
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metal, and the LUMO almost exclusively on the diimine.
For 1 and 2 LUMOSs, as already has been indicated, are
characteristic for the two diimines, whereas valence occupied
orbitals exhibit the same character due to the identity of the
dithiolate and the metal. As from the energetics view phen
and bpy show almost identical*-accepting ability (Table
5), it is expected that the HOMELUMO gap of these
complexes will be very close in energy, assuming identical
solvation energy differences for the two levels, in accordance
with the experimental resultd fax = 531 nm forl andAmax
= 524 nm for2 in CHCL).
The role of the nature of the dithiolate in the electronic
structure of the M(diimine)(dithiolate) complexes is exam-
ined in complexes3—5, by choosing substituents with
differentsz* -accepting ability. More precisely;CN is a good
m*-accepting group as compared tH, whereas benzene-
dithiolate is a widely used aromatic ligand. From earlier
experimental work; ® it is anticipated that electron accepting Figure 6. Linear correlation between experiment&y.-ct) and the
groups stabilize the HOMO, leaving the LUMO quite HOMO—LUMO energy gap 4E) calculated by DFTR? = 0.98). From
. left to right: acetonitrile, dmso, acetone, dichloromethane, acetonitrile, thf,
unaffected. Our DFT results support the first trend, and the and acetonitrile. THF is not included in the regression analysis.
HOMO is stabilized in the order mtit > bdt?~ > edé,
but the LUMO is also stabilized in the same order. Moreover HOMO—LUMO separation by 0.37 to 0.67 eV shifting from

the participation of both metal and dithiolate orbitals in the benzene to acetonitrile and affects the frontier orbitals
latter is enhanced in the reversed order in compliance with comparably.

m*-back-bonding theory. Both trends enlarge the HOMO Although Koopmans’ theorem does not apply to DFT and
LUMO gap (2.03 eV fortto 1.71 eV for3and 1.69 eV for  the energies of KohnSham orbitals cannot be used as in
5), in accordance with the observed BVis spectra.  he case of HartreeFock calculations, it is widely accepted
Furthermore, the influence of aCN substituent can be  that the energy differencAE between the HOMO and the
denoted by the low lying orbital (LUM®4) of 4, whichis | MO can be considered as a valuable paranfétBased
a!mgst entirlelyllocalized on the nintligand instead of the 5 that assumption, we tested the applicability of the PCM
diimine, which is the case for the other four complexes. As g this hardly electronically describable inorganic complex,
derived from our results, the Qaorbital plays a very by checking the relationshifwmcr = f(AE) (Figure 6)
important role to the emission characteristics of M(diimine) o, seven solvents, namely, acetonitrile, DMSO, acetone,
(dithiolate) complexes. dichloromethane, chloroform, tetrahydrofuran, and benzene.
Comparing? to 3 a few amendments should be incorpo-  As it is denoted in Figure 6, the correlation is perfect
rated in the previous model, when the discussion comes Oespecially in the case of nonpolar solvents, which is pretty
the metal. First of all, metal’s contribution is increased both reasonable, due to the large transition dipole moments that
in occupied (HOMO, 10.0% fo8 compared to 8.8% foR) escort these complexes. THF is an exception. As we cannot
and virtual orbitals (LUMO, 3.0% fo and 5.4% for3). explain this inconsistency by the aid of experimental aspects,
This trend is attributed to the better metéijand overlap e assume that it is due to the specific parametrization of
induced by the 5d-orbitals of Pt compared to 4d-orbitals of THE as it is implemented on the polarizable continuum
Pd. Moreover the reduction of the HOM@UMO gap by model. Otherwise the poor correlation of THF could be a
the engagement of Pt (1.76 eV farand 1.71 eV for3) consequence of specific solvation interactions of THF
explains the redox behavior of two compleXeand rein-  mpjlecules with the Pt center or S atoms. But experimental
forces at the same time the mixed-metal-ligand-to-ligand eyidence for this does not exist.
notation for the observed charge-transfer band. The above-mentioned expectations are supported by time
The solvent effect modeled by the PCM (polarizable genendent (TD) DFT calculations. Selected low lying singlet

continuum model) procedure affects mainly the composition 5 triplet excited states together with their vertical excitation
of HOMOs with large Pd contributions. When the solvent energies and oscillator strengths for2, 3, 4, and5 are

effect is introduced (i.e. acetonitrile), the Pd contributions displayed in Tables 6, 7, 8, 9, and 10, respectively. The

within 1 enlarge to 10.9%, 12.2%, 67.2%, and 29.0% in yansitions under study fulfill the criteria posed by Casitla.

orbitals 10k, 7%, 41a, and 64, respectively. In addition,  The TDDFT calculated lowest transitions of all five com-
HOMO—1 to HOMO—4 orbitals exhibit larger dithiolate and plexes can be described as having mainly mixed metal/

less diimine character and the HOMQUMO separation ithiolate to diimine (MMLL'CT) character in agreement
increases. The LUMO character, on the other hand, even if i the “classical” assignment. In particular the lowest broad
it does not change substantially, has more diimine character

(in acetonitrile there is 96% phen character in the;11b (28) Casida, M. E.. Jamorski, C.; Casida, K. C.. Salahub, Dl.Rchem.
orbital). The model of solvation (PCM in G98) enlarges the Phys.1998 108, 4439-4449.
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Table 6. Selected TDDFT Calculated Energies and Compositions of the Lowest Lying Singlet and Triplet Energy States Together with Oscillator
Strengths ofl®

state compositich AE® fd character
Singlets
biA; 10b,(HOMO) — 11by(LUMO), 82% 1.40 0.0962 bdt/Pd— phen (MMLL 'CT)
7a(HOMO —1) — 8a,(LUMO +1), 4%
alB, 10b,(HOMO) — 8a(LUMO+1), 95% 1.43 0.0044 bdt/P¢ phen (MMLL'CT)
elA; 9by(HOMO—4) — 115y (LUMO), 76% 3.40 0.0234 bdt/Pe- phen (MMLL'CT)
68(HOMO—3) — 8a,(LUMO+1), 17%
f1A; 68(HOMO—3) — 8a(LUMO+1), 79% 3.50 0.0276 bdt/P¢t phen (MMLL'CT)
9by(HOMO—4) — 11b(LUMO), 16%
Triplets
@A, 10b(HOMO) — 11k (LUMO), 100% 1.09 bdt/Pe- phen (MMLL'CT)
#B, 10b,(HOMO) — 8a(LUMO+1), 100% 1.35 bdt/Pe- phen (MMLL'CT)
b8, 78(HOMO—1) — 11by(LUMO), 100% 1.58 bdt/Pe~ phen (MMLL'CT)
@A, 10b,(HOMO) — 35b,(LUMO+2), 100% 1.65 bdt/Pe- bdt/Pd (LMCT)
b3A; 7a(HOMO—1) — 8a(LUMO+1), 100% 1.86 bdt/Pe> phen (MMLL'CT)

aThe principal singlet transition responsible for the main absorption band in the vis is shown if Golaipositions of electronic transitions are expressed
in terms of contributing excitations between ground-state Kelimam molecular orbital$. Transition energy from the'A; ground state in eVd Oscillator
strength.

Table 7. Selected TDDFT Calculated Energies and Compositions of the Lowest Lying Singlet and Triplet Energy States Together with Oscillator
Strengths o2

state compositich AE® fd character
Singlets
biA; 9 (HOMO) — 10b(LUMO), 83% 1.42 0.1091 bdt/Pd— bpy (MMLL 'CT)
alB, 78(HOMO=-1) — 10b(LUMO), 95% 1.66 0.0017 bdt/Pe- bpy (MMLL'CT)
elA; 8l (HOMO—4) — 10 (LUMO), 92% 3.43 0.0383 bdt/Pe- bpy (MMLL'CT)
B, 9y (HOMO) — 39a(LUMO +4) 3.60 0.0040 bdt/Pe- bpy/Pd (LMCT/LLCT)
Triplets
BAL 9by(HOMO) — 10b,(LUMO), 100% 1.06 bdt/Pd- bpy (MMLL'CT)
B> 78(HOMO—1) — 10by(LUMO), 100% 1.57 bdt/Pd— bpy (MMLL'CT)
A, 9 (HOMO) — 33I(LUMO+3), 9%% 1.66 bdt/Pd— bdt/Pd (LMCT)
8y (HOMO—4) — 33b,(LUMO~+3), 5%
#B, 78(HOMO—1) — 33h,(LUMO+3), 97% 1.94 bdt/Pd~ bdt/Pd (LMCT)
6a(HOMO—3) — 33b,(LUMO+3), 3%
b3A, 9by(HOMO) — 11, (LUMO+1), 100% 2.00 bdt/Pe- bpy (MMLL'CT)

aThe principal singlet transition responsible for the main absorption band in the vis is shown if Golaipositions of electronic transitions are expressed
in terms of contributing excitations between ground-state KeBimam molecular orbital§. Transition energy from the'A; ground state in eVe Oscillator
strength

Table 8. Selected TDDFT Calculated Energies and Compositions of the Lowest Lying Singlet and Triplet Energy States Together with Oscillator
Strengths of3?

state compositich AE® fd character
Singlets
blA, 9b;(HOMO) — 10k (LUMO), 78% 1.53 0.1501 bdt/Pt— bpy (MMLL 'CT)
alB, 78(HOMO—1) — 10by(LUMO), 93% 1.64 0.0035 bdt/Pt bpy (MMLL'CT)
elA; 8b(HOMO—4) — 10b,(LUMO), 89% 3.41 0.0413 bdt/Pt bpy (MMLL'CT)
elB; 9by(HOMO) — 39a(LUMO+4), 98% 3.64 0.0036 bdt/Pt bpy/Pt (LMCT/LLCT)
e'B, 9b;(HOMO) — 9&(LUMO+5), 96% 3.68 0.0186 bdt/Pt bpy (MMLL'CT)
f1B, 38a(HOMO—2) — 33b,(LUMO+3), 86% 3.85 0.0019 Pt/bdt Ptbdt (LF)
Triplets
A, 9b,(HOMO) — 10by(LUMO), 100% 1.00 bdt/P+= bpy (MMLL'CT)
B, 78(HOMO—1) — 10by(LUMO), 100% 1.47 bdt/Pt> bpy (MMLL'CT)
b3A; 9b;(HOMO) — 11k (LUMO +1), 100% 2.02 bdt/Pt— bpy (MMLL 'CT)
b3B, 9y (HOMO) — 8a(LUMO+2), 100% 2.23 bdt/Pt- bpy (MMLL'CT)

aThe principal singlet and triplet transitions responsible for the main absorption and emission bands in the visible region are showiCionbptsitions
of electronic transitions are expressed in terms of contributing excitations between ground-stateSKahmmolecular orbital§.Transition energy from
the dA; ground state in eVd Oscillator strength.

absorption band for complexés-5, characterized by strong  percent for both metals not significant) (Table 5), then,
negative solvatochromism, can be assigned to‘@n a- analogously to the Ru(bpy?), the visible transition is best
b*A; transition, which is described mainly as a HOM® described as a dithiolate to diimine (ICT) transition. This
LUMO in full agreement to what is experimentally derived statement cannot be ignored especially if someone takes
for complexes of this typé& A referee argued that since under consideration the values of the percentage of HOMO
the HOMO has about 80% dithiol and LUMO 90% diimine and LUMO very strictly. Actually, that was our very first
character with approximately equal amounts of metal for both conclusion. However, this approach could not explain the
Pd and Pt complexes (considering the difference of a few differences in chemistry for the (diimine)(dithiolate) com-
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Table 9. Selected TDDFT Calculated Energies and Compositions of the Lowest Lying Singlet and Triplet Energy States Together with Oscillator

Strengths o#4®

state compositich AE® fd character
Singlets
bIA; 9by(HOMO) — 10b(LUMO), 83% 1.68 0.1229 mnt/Pt— bpy (MMLL ‘CT)
alB, 7a(HOMO—1) — 10b,(LUMO), 95% 2.36 0.0008 mnt/Pt- bpy (MMLL'CT)
elA; 8b,(HOMO—3) — 10 (LUMO), 49% 3.66 0.1355 mnt/Pt bpy (MMLL'CT)
7a(HOMO—1) — 8a(LUMO+2), 42%
e'B, 37a(HOMO—2) — 33p(LUMO+3), 63% 3.82 0.0375 Pt/mat mnt/Pt (MLCT)
9y (HOMO) — 9a(LUMO+4), 13%
9by,(HOMO) — 10a(LUMO+5), 9%
Triplets
@A, 9by,(HOMO) — 10k (LUMO), 100% 1.25 mnt/Pt- bpy (MMLL'CT)
@B, 78(HOMO—1) — 10b(LUMO), 97% 2.20 mnt/Pt- bpy (MMLL'CT)
b3B, 9, (HOMO) — 9a,(LUMO +4), 67% 2.22 mnt/Pt— mnt (MLCT)
9b,(HOMO) — 8a(LUMO +2), 28% mnt/Pt— bpy (MMLL 'CT)
8by(HOMO —3) — 9a(LUMO +4), 7% mnt/Pt — mnt (MLCT)
b%A; 9b(HOMO) — 11by(LUMO+1), 100% 2.25 mnt/Pt- bpy (MMLL'CT)
@Az 9by(HOMO) — 33b(LUMO+3), 100% 2.31 mnt/Pt- mnt/Pt (LMCT)

aThe principal singlet and triplet transitions responsible for the main absorption and emission bands in the visible region are showiCionbptsitions
of electronic transitions are expressed in terms of contributing excitations between ground-stateSKahmmolecular orbital§.Transition energy from

the &A1 ground state in eV Oscillator strength.

Table 10. Selected TDDFT Calculated Energies and Compositions of the Lowest Lying Singlet and Triplet Energy States Together with Oscillator

Strengths o562

state compositich AE® fd character
Singlets
biA; 8by(HOMO) — 9by(LUMO), 71% 1.48 0.1284 edt/bpy/Pt— bpy (MMLL 'CT)
clA; 8b(HOMO) — 10b(LUMO+1), 97% 2.00 0.0067 edt/bpy/Pt bpy (MMLL'CT)
diB, 8by(HOMO) — 7a(LUMO+5), 94% 3.57 0.0276 edt/bpy/Pt bpy (MMLL'CT)
elA; 7by(HOMO—3) — 9by(LUMO), 77% 3.67 0.0634 Pt/edt/bpy bpy (MLCT)
6a(HOMO—1) — 7a(LUMO+2), 11%
Triplets
A, 8by(HOMO) — 9l (LUMO), 100% 0.79 edt/bpy/Pt bpy (MMLL'CT)
b3A; 8b(HOMO) — 10b,(LUMO~1), 100% 1.88 edt/bpy/Pt- bpy (MMLL'CT)
a’B, 63(HOMO —1) — 9by(LUMO), 95% 1.94 edt/Pt— bpy (MMLL 'CT)
8y (HOMO) — 7a(LUMO +2), 3%
bB, 8by(HOMO) — 7a(LUMO+2), 94% 2.09 edt/bpy/Pt- bpy (MMLL'CT)

68(HOMO—1) — 9by(LUMO), 6%
6a(HOMO—1) — 7a(LUMO+2), 12%

edt/Pt—bpy (MMLL'CT)

aThe principal singlet and triplet transitions responsible for the main absorption and emission bands in the visible region are showiCionbptsitions
of electronic transitions are expressed in terms of contributing excitations between ground-stateSKatmmolecular orbital$.Transition energy from

the &A; ground state in eV Oscillator strength.

plexes with the same ligands but different metals (photo-

The calculated energies agree only moderately with the

oxidation, photoluminescence, etc.) For us the role of the experimental oné8 (Table 4). One reason is the strong

metal is not just “the right connector between two conduc-
tors”; we judge that its partial is much more significant than
this. A closer inspection of Tables-@0 revealed that the
main transition HOMG— LUMO consists of only 7+83%

of the lowest broad absorption band for completes in
contradiction to Ru(bpy}™ and other complexe$2®°where
the main transition assigned to MLCT is over-988%. In
other words, in the case of (diimine)(dithiolate) complexes
a percentage 1729% consists of transitions from lower
HOMOs than the frontier, to LUMOSs. In Table 5 it is clear
that the metal contribution in HOM®©1,2,3,4, for all five
complexes, is substantially greater than its contribution to
the HOMO. So although the participation of each one of

solvatochromism of the compounds, as displayed by the shift
of the experimental energies going from chloroform to
benzene as solvent. However, they agree at least qualitatively,
showing a number of low energy transitions of weak to
moderate intensity which contributes to the broadness of the
band in the range of 450700 nm together with their
character in the spectra. The calculated (by TDDEF)«

of 3 is greater thar2 in contradiction to experimental data.
This discrepancy must be due to factors that were not taken
into account in the TDDFT calculations, such as sgprbit
coupling due to the platinum atom (these calculations are
not supported from the G98 version of the Gaussian program)
and which would diminish the energy about 0.3 eV, the

absorption band, their overall contribution indicates a
significant electron transfer from the metal to the diimine.

increase orbital overlap (and as a consequence the increase
of oscillator strength), electronic through-solvent interaction,

In this context, the metal percentage difference may be and so on. However, in view of the transition energies in
considered as significant and the main transition must be (29) Fantacci, S.: De Angelis, F.: Selloni, &.Am. Chem. So2003 125,

assigned as MMLICT.
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the same metal complexes, we feel confident that our presenbrder is increased HOMO's diimine and LUMOQO's dithiolate
assignment of the observed absorption bands to thesecharacter. In other words, if the electron donating ability on
calculated transitions is the correct one. the dithiolate or electron accepting ability on the diimine is
All the aforementioned complexes have a second set ofincreased, by tuning the ligand substituents’ structure ap-
absorption bands at 35@00 nm which are less intense than propriately, then the HOMOGLUMO gap is reduced,
the previous one. For example in the caselpfwo weak increasing at the same time the orbital mixing. This delo-
bands or more precisely shoulders are observed in all solventsalization provides a less strict assignment to the observed
around 360 nm (359 and 388 nm in chloroform). These bandstransition.
are precisely predicted by TDDFT calculations and are Finally, since M(diimine)(dithiolate) compounds are prob-
assigned to‘®; — e'A; and &A — f!A; transitions. Both able candidates for materials with enhanced NLO properties
of them have 9b— 11b (HOMO—4 — LUMO) and 6a (charge-transfer excited states are the origin of nonlinearity),
— 8 (HOMO—3 — LUMO+1) character with approxi- acomment should be made based on theoretical calculations.
mately reversed weights (Table 6). In view of the character According to a simplified version of the two-state model,
of the orbitals involved, it can be best described as mixed the intrinsic hyperpolarizabilty is given by the relatén
metal/ligand to ligand transition. The solvent independence
of these bands is reflected by the fact that both&a 9k Bo=1.617
orbitals are mainly localized on sulfur atoms and at the same

time the contribution from the metal d orbitals is relatively andg, depends orima® oscillator strength, and difference
high diminishingAug. and hence the\Esq, of the involved jn dipole moment between excited and ground state. Alter-
states. Moreover, our TDDFT calculations support previous natively according to the two-state modeh smaller energy
experimental resuft§ indicating that the opposite charge- gap for the charge-transfer transition should result in a larger
transfer transition diimine- dithiolate is very high in energy B value. Modification of both bipyridine ligand and dithi-
and it is not observed to the UWis region of the spectrum.  glate/metal is an effective method of lowering the-

The low lying transition withir2 has similar character as  acceptor orbital or increasing the/d-donor orbital, respec-
in 1, assigned to the HOMO (9b — LUMO (10by) tively and thus reducing the energy gap for the charge-
transition, while the moderate solvatochromic band is transfer transition. Probable candidates would be diimines
observed at 3.43 eV in full agreement with the experiment with extendedn-*_conjugated systems or diimines Carrying
(3.44 in THF). This transition is also HOM&4 (8by) — electron accepting groups and dithiolates with-donor
LUMO (10by) in character, while no other transition with  groups as substituents. This trend can be rationalized, since
comparable energy is observed (ad)rdue to the absence  the use of a strong accepting group should result in more
of an a orbital (LUMO+1) in the bpy ligand (Table 7). back-transfer upon MMLICT excitation. Moreover, oscil-

Proceeding in a similar way, the lowest-energy absorprtion |ator strength for Pt complexes is larger than for Pd ones, as
band is assigned to a HOMS LUMO transition with 78%  our theoretical results have shown. This, combined with
9b; — 10k for 3, 71% 8k — 9b, for 4, and 83% 9p— larger Amax values for the former, leads to materials with
10h, for 5, whereas the higher energy absorption (3800 higher hyperpolarizability. Eisenberet al29 showed this
nm) is assigned to a HOM®&4 — LUMO transition with  experimentally using EFISH (electric field induced second

89% 8h — 10b, for 3 (Table 8), while for4 and5, it is harmonic) experiments on the compounds M(dpphen)(tbcda)
attributed to HOMG-3 — LUMO (with 49% and 77% and M(dpphen)(mncda), with M= Pd, Pt. Pt, as we

max

g,

contribution, respectively) and HOM&L — LUMO+2 previously discussed, gave better overlap due to its radial
(with 42% and 11%, respectively) (Tables 9 and 10). extensive orbital nature.
Comparingl, 2, 3, 4, and5 we may notice that platinum 2.3. Triplet States and Emission SpectraMost of the

complexes exhibit higher oscillator strength than the pal- assignments of excited states and electronic transitions in
ladium ones (Tables-610), in accordance with the molar  (diimine)Pt(dithiolate) complexes are based on emission
extinction coefficient (Table 4). This trend could indicate studied 9k since the collected data, such as emission
the higher participation of the metal to charge transfer jifetimes, quantum yields, etc., allow easy discrimination
procedure due to the greater extent of occupied space of thesetween intra ligandd — #*) and charge transfer excited
metal d—orbitals, which results in an extensiv@lelocaliza- states. According to them, the major band originates from
tion in the case of Pt complexes. The latter is reflected in the closely spaced spirorbit components of a state of [Pt/
the higher percentage of metal d-orbitals in HOMOs for Pt dithiolate— diimine] character, but of triplet multiplicity.
complexes (Table 5). The metal increases both the wave-|n other words, absorption and emission arise from states of
length and molar extinction coefficient of the MML t0  common nature. This is pretty applicable for most Pt-
diimine absorption band following the order Pd(H)Pt(ll) (diimine)(dithiolate) complexes, but the 1,2-dithiolates with
(Table 4,2 vs 3). This observation strongly supports metal good #*-accepting electrons substitute. Actually there are

orbital involvement in the charge-transfer to diimine excited two references up to now, Pt(diimine)(n#it\nd Pt(dmbpy)-
state.
It may also be observed that HOMO's dithiolate and (30) }((a)'\z/l%bltln, CléRb; TJwiAeq Ré th-:LeSe, Xégé; f&arllszgg, Sf.1'2(.3;o%et(tg)rton,
s e .. . . . M.; Miller, R. D. J. Am. Chem. So .
LUMO'’s diimine character is increased in the seriesimnt Lees, A. J.Comments Inorg. Chem 995 17, 319-342.
> bdf~ > edf", Pd> Pt and phen-~ bpy. In the reversed  (31) Oudar, J. L.; Chemla, D. S. Chem. Phys1977, 66, 2664-2668.
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Proceeding to our analysis, two major points must be kept
in mind. First as our experimental results pointed out, the
main emission band of arises on higher energy than the
corresponding bands 8fand5. Second, it has been verified
that the emission band df comes from a state gfmnt/Pt
— mnt] character (Table 9). More precisely, valence orbitals
of 4 reveal that the first unoccupied orbital localized on the
dithiolate is LUMO+4 (9g), whereas the LUM®@ 3 orbital
(33hy) is localized on both Pt and the dithiolate. As the next
orbitals, localized on mnt, lie at quite high energy, they are
not included in the following discussion. Based on the above
clues, we may state that the most probable emitting triplet
state of Pt(bpy)(mnt) is'®&; — b°B, since the excitation
occurs on the absorption band and satisfies the energy gap
(2.22 eV). This value is justified as very satisfactory
compared to the experimental one of 1.99 eV, considering
the neglect of medium effects. On the other hand, the present
employment of the TDDFT formalism does not include the
treatment of spirrorbit coupling, which in the case of the
third row transition metals would lower the predicted triplet
states energy through interactions with higher singlet and
triplet states by an amount of 0:0.3 eV.

Figure 7. Singlet and triplet excited state diagrams3ads calculated by The aforementioned pattern is slightly different 8and

on ItDr::eTbr1i—rr11§pca?rgilr?tt:%nusggvg?bﬁztl\%iiﬂz;2?1I.et and triplet states is based g, As we have already shown, a lower energy for the
emission band exists (Table 4) as compared-t&o, the

(met) which denote that the observed band originates from only possible transition fob is ¢'A; — &B;, intersystem

a state of [Pt/dithiolate~ dithiolate] character. Herein we  crossing, which is also energetically favored (Table 10).

shall try to use both emission spectra in low-temperature Moreover, 8B, has 3edt/Pt — bpy] character in total

solvent glasses and TDDFT calculations to probe for any consistency with the experimentally derived conclusions. For

difference in excited state properties between the two metals,3 the only permutable transition is the intersystem crossing

namely, Pt and Pd, on one side and dithiolate derivatives onb'B> — b%A,. Thus the emitting state is the triplet dithiolate/

the other. To the best of our knowledge, only a few times metal in character¥\, state. The accuracy of our calcula-

before TDDFT triplet calculations have been employed in tions is within the same magnitude as previously reported

order to provide a reasonable interpretation of photophysical for 4.

properties of metal complexés.

Emission spectra were recorded for all complexes in a
1:1:1 DMSO:dichloromethane:methanol (DMM) glass at 77 In this work we report the synthesis, characterization, and
K, under which conditions they are virtually photostable. crystallographic data of Pd(phen)(bdt]l) (complex. Its
Table 4 shows the maxima of the lowest-energy absorption properties are compared to those of other M(diimine)-
and of the emission. None of the Pd complexes showed (dithiolate) complexes. The ground-state structures of the
luminescence under these conditions in accordance withcomplexedl, Pd(bpy)(bdt) 2), Pt(bpy)(bdt) 8), Pt(bpy)(mnt)
previous reference®? For reasons that are not fully under- (4), and Pt(bpy)(edt)5) as calculated by B3LYP density
stood, only some Pt(diimine)(dithiolate) complexes have beenfunctional calculations are in good agreement with available
found to exhibit long-lived emission spectra. The latter one crystallographic studies. The highest occupied orbitals are
could be attributed to strong interactions with solvent in the dithiolate in character, but with almost equal admixture of
case of Pd complexes which could play an important role in diimine ligand and metal, consistent wittf -back-bonding
nonradiative decay. Alternatively, the less metal character theory. The nature of the lowest unoccupied orbital is mainly
in ligand—metal orbital mixing for Pd may facilitate a less diimine, but there is also an admixture of metal and dithiolate,
partial delocalization across the metal center (compared towhich is enlarged in the presence of Pt. Through DFT
Pt), giving the complex some less extentmwélelocalization calculations, it has been demonstrated that the metal ion
character. In this case, the lowest triplet component of this contributes to the KohnSham HOMO through itad atomic
charge transfer is presumably buried in the broad absorptionorbital (h = 4, 5 for Pd, Pt), which depends anMoreover
band, remains elusive, and has never been directly identifiedsince the only variable that distinguish@sand 3 is the
in absorption or excitation spectra. identity of the metal atom, both theoretical and experimental

In Figure 7 a singlet and triplet low energy excited state results strongly support the idea that orbitals on the metal
diagram of3 is displayed, as representative of the other atom make a significant contribution to the HOMO of these
complexes. The correlation shown between singlet and tripletsystems. Considering the above-mentioned clues, the lowest-
states is based on the principal contributing orbital excitation. energy transition can be characterized as MMLT.

Conclusions
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