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Abbrevations 

1D / 2D one- and two-dimensional 

d chemical shift 

e molar extinction coefficient 

l wavelength 

n frequency of electromagnetic radiation ʉ wavenumber 

tFl fluorescence lifetime 

tPh phosphorescence lifetime 

tT triplet lifetime 

FFl fluorescence quantum yield 

FPh phosphorescence quantum yield 

FISC intersystem crossing quantum yield 

FD singlet oxygen quantum yield 

a. u. arbitrary unit 

B 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (see BODIPY) 

BODIPY boron dipyrromethene 

Bu n-butyl 

COSY correlation spectroscopy 

CT charge transfer 

DHN dihydroxynaphthalene 

e.g. exempli gratia (for example) 

ET energy transfer 

et al. et alii (and others) 

EtB 8-ethynyl-2,6-diethyl-1,3,5,7-tetramethyl-BODIPY 

EtNI 4-ethynyl-1,8-naphthalimide 

equiv. equivalents 

ä oscillator strength 

Fc/Fc+ ferrocene/ferrocenium 

gCOSY gradient-selected correlation spectroscopy 

gHMBC gradient-selected heteronuclear multiple-bond correlation 



gHSQC gradient-selected heteronuclear single-quantum correlation 

ǩ reduced Planck constant 

HMBC heteronuclear multiple-bond correlation 

HOMO highest occupied molecular orbital 

HSQC heteronuclear single-quantum correlation 

IC internal conversion 

i.e. id est (that is) 

ICT internal charge transfer 

ILCT intraligand charge transfer 

IR infrared 

ISC intersystem crossing 
n
JXY J-coupling constant of nuclei X and Y over n bonds 

kFl fluorescence rate constant 

kISC intersystem crossing rate constant 

knr non-radiative rate constant 

kPh phosphorescence rate constant 

LLôCT ligand-to-ligandô charge transfer 

LMCT ligand-to-metal charge transfer 

LUMO lowest unoccupied molecular orbital 

MC metal-centered 

Me methyl  

MeCN acetonitrile 

MeOH methanol 

MLCT metal-to-ligand charge transfer 

MLLôCT (metal-ligand)-to-ligandô charge transfer 

NDI naphthalene diimide 

NHC N-heterocyclic carbene 

NI 1,8-naphthalimide 

NIR near-infrared 

NMR nuclear magnet resonance 

ORTEP Oak Ridge Thermal Ellipsoid Plot 

Ph phenyl 

PMI perylenecarboxymonoimide 



ROESY rotating frame nuclear Overhauser effect spectroscopy 

r.t. room temperature 

SSET singlet-singlet energy transfer 

TA transient absorption 

(TD-)DFT (time dependent-) density functional theory 

THF tetrahydrofuran 

TOF turnover frequency 

TPA two-photon absorption 

TTA triplet-triplet annihilation 

TTET triplet-triplet energy transfer 

Tx thioxanthone 

UV ultraviolet 

Vis visible 

vs. versus 
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1 Introduction 

Within the last two decades complexes of mainly the heavy transition metals have been in 

the focus of intense research activities devoted to the fields of light emitting devices,1-6 

bioimaging,5,7-9 sensing5,10-14 or sensitization.15-17 One major advantage of metal complexes 

when compared to purely organic emitters is their ability to generate long-lived 

phosphorescence at ambient temperature in fluid solution or the solid state. Platinum, in 

particular, is a widely applied metal in this field because its heavy atom effect, which 

emanates from its large spin-orbit coupling constant (x = 4626 cm-1 for the 5d orbitals),18,19 

promotes high intersystem crossing (ISC) efficiencies.20 Based on spin statistics, the 

efficiency of organic light emitting devices can theoretically reach a value of 100% when 

utilizing triplet emitters compared to the 25% efficiency limit of organic fluorescent 

compounds.21,22 

 

1.1 Principles of Luminescent Metal Complexes 

 

Figure 1.1 Qualitative Jablonski-diagram including the fundamental photophysical processes in the excited 
state. Radiative transitions are symbolized by straight arrows while squiggle arrows denote non-radiative 
transitions. IC = internal conversion; ISC = intersystem crossing; Fl = fluorescence; Ph = phosphorescence. 

 

Just like for purely organic compounds, transition metal based complexes can, apart from 

self-quenching, follow three basic pathways for the deactivation of the first excited singlet 

state S1 (Figure 1.1): (a) internal conversion (IC) including vibrational and/or rotational 
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relaxation, (b) intersystem crossing (ISC) from the S1 state to the first excited triplet state 

T1, or (c) radiative relaxation through fluorescence. Which of these processes dominates 

depends on the corresponding rate constants. If the fluorescence rate constant kFl, which 

usually amounts to 107-108 s-1,23 is significantly larger than the sum of the rate constants of 

all non-radiative processes S knr, high fluorescence quantum yields FFl are expected. The 

corresponding relation is expressed by the well-established Equations (1) and (2), 

    F&Ì ὯὯ В Ὧ  (1) 

            Ὧ&Ì†&Ì (2) 

 

where tFl denotes the fluorescence lifetime, which is equal to the inverse sum of all rate 

constants. While the emission properties of purely organic chromophores are mostly 

dictated by the interplay between internal conversion and fluorescence, the emission 

properties of metal-containing chromophores are additionally controlled by the spin-

forbidden process of intersystem crossing from the S1 to the T1 state. As was already 

mentioned, the large spin-orbit coupling of the Pt ion relieves the restrictions of the 

multiplicity selection rule and favors high intersystem crossing rate constants. The latter 

are proportional to the square of the spin-orbit coupling matrix element Y4ρ Ὄ3/ Y3ρ  of 

the initial S1 and final T1 states and are inverse proportional to the square of the energy 

difference DES1-T1
 between the S1 and T1 states. This can be described by                

Equation (3).24,25,26 

 Ὧ)3# ͯ Y4ρ Ὄ3/ Y3ρЎὉ3ρ 4ρ  (3) 

 

The spin-orbit coupling matrix element Y4ρ Ὄ3/ Y3ρ  becomes zero or very small if the 

S1 and T1 states involve the same orbitals, like, for example, in S1(pp*)ŸT1(pp*) or 

T1(pp*)ŸS0(pp*) transitions. For such transitions, the external heavy atom effect comes 

into play and provides another pathway for intersystem crossing. The two major factors, 

which determine the efficiency of intersystem crossing according to the external heavy 

atom effect, are: (a) the atomic number Z of the heavy atom and (b) the distance d between 

the heavy atom and the chromophoric center. Using the oversimplified hydrogen-like (one-

electron) model, the relationship in Equation (3) reduces to the relation in Equation (4). 
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This relation was, however, recently verified experimentally by Chou and coworkers to 

also hold for oligophenylene bridged dinuclear Au(I) complexes.25 

 

 Ὧ)3# ͯ ὤὨ   (4) 

 

Once the T1 state is populated, several deactivation pathways are conceivable in addition to 

the aforementioned IC. One possible, non-radiative deactivation pathway for excited states 

of square planar platinum(II) complexes involves distortion towards a more tetrahedral 

geometry by a twisting of the plane of two donors with respect to that of the other two (the 

so-called D2d distortion). This pathway is particularly relevant for complexes with mono- 

or bidentate ligands but is less prevalent for ligands of higher denticity. The main reason 

for low phosphorescence quantum yields and hence increased deactivation rates of triplet 

states is, however, thermal equilibration with non-emissive, metal centered triplet states 

(3MC states), which are energetically above the emissive triplet states (see Figure 1.1). The 

comparative energy ordering of metal d-orbitals in octahedral and square planar ligand 

fields in Figure 1.2 explains, why in principle square planar Pt(II) complexes are 

advantageous over luminescent, octahedral Ru(II), Os(II), Re(I) or Ir(III) complexes. These 

non-emissive 3MC states are more effectively destabilized in a square planar ligand field. 

Reduced thermal population of the more destabilized 3MC states will thus lead to increased 

phosphorescence quantum yields.20,27  

 
 

 

Figure 1.2 Ligand field splitting in a spherically symmetrical, octahedral and square planar ligand field and 
ligand based p-orbitals of the triplet state. 
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In general, the phosphorescence quantum yield is described by the well-established 

Equations (5) and (6),28 

 F F
ὯὯ В Ὧ  (5) 

 F  Ὧ †  (6) 

where FISC is the quantum yield for ISC from the S1 to the T1 state, kPh is the 

phosphorescence rate constant and S knr is the sum of the rate constants of all non-radiative 

deactivation processes of the T1 state. tPh denotes the phosphorescence lifetime, which 

equals the inverse sum of all rate constants. Since phosphorescence involves intersystem 

crossing and is thus likewise spin-forbidden, its efficacy also depends on the Pt 

contribution to that transition. Thus, in the case of larger contributions of the Pt atom the 

phosphorescence rate constant kPh increases, which in turn causes an increase of the 

phosphorescence quantum yield according to Equations (5) and (6). 

However, the emission quantum yields are further subject to the energy gap law. That law 

describes the relation between the energy difference DE of the initial and final states 

involved in the transition and the non-radiative rate constant knr. As shown by Equation (7), 

DE enters the relevant equation as a negative exponent. Thus, knr increases exponentially 

with decreasing energy of the emission. 

 ὯÎÒ ͯ ÅØÐ ‎ЎὉᴐ-‫  (7) 

The factor g is proportional to the structural changes D between the initial and final states, 

including alterations of bond lengths and angles (see Figure 1.3), while wM denotes the 

dominant highest-energy vibrational level available in the system.29-31 In aromatic 

hydrocarbons, for example, the dominant vibration is the C-H stretching mode for which 

the ǩwM term adopts a value of ca. 3000 cm-1. 
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Figure 1.3 Potential surfaces of the initial and final states showing the relevant parameters for the energy gap 

law. EM denotes the molecular nuclear relaxation energy and EA represents the activation energy. 

 

1.2 Diphosphine Bis(acetylide) Pt(II) Complexes 

 

Chart 1.1 Archetypical molecular structures of platinum(II) complexes with cyclometalating C,N,N- 

arylbipyridine (taken from ref. 20 and 32-37), C,N-arylpyridine (taken from ref. 20, 27 and 38-42) and C,C-

aryl-N-heterocyclic-carbene (taken from ref. 43) ligands.  

 

Much effort has been directed to introducing strong-field ligands into the coordination 

sphere of such complexes in order to reduce non-emissive deactivation through 
3
MC states. 

Prominent examples are cyclometalating ligands such as the ubiquitous N,C- or N,N,C-

chelating arylpyridines or -bipyridines,
20,32-49

 chelating or cyclometalating carbenes and 

bis(carbenes),
3,6,43,49-55

 or s-bonded alkynyl ligands (see Chart 1.1 and Chart 1.2).
56-60

 

Particularly abundant are trans-bis(alkynyl)bis(trialkylphosphine)platinum(II) complexes 

trans-Pt(C¹CR)2(PRô3)2 (R = aryl, Rô = alkyl, see Chart 1.2).
61-65

 Such complexes have, for 

example, been used as constituents of luminescent coordination oligomers and polymers 

featuring platinum atoms in the conjugated main chain
29,66-76

 or for two-photon absorption 

(TPA).
77,78
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Chart 1.2 Archetypical molecular structures of monomeric and polymeric trans-Pt(CſCR)2(PR3)2 
complexes. 
 

The relevant excitation of such complexes is the HOMO-LUMO transition which 

comprises of a dp(Pt)Ÿp*(CſCR) MLCT transition with substantial mixing with the 

ligand based pŸp*(CſCR) transition.64,79-82 In most cases, the S0 and S1 states expand 

over the entire conjugated p-system that involves the parallel aligned carbon based pz and 

platinum based 5d- or 6p-orbitals.64,83,84 In polymeric structures, the expansion of the 

contributing frontier orbitals is limited to the conjugation length, which depends on the 

type of the polymer.85-87 Contrastingly, the T1 state is more localized and resides on just 

one of the alkynyl ligands, as it is indicated by the energies of the HOMO-LUMO-, 

fluorescence- and phosphorescence bands. A comparison of complexes of the type trans-

Pt(CſCR)2(PEt3)2 with trans-Pt(CſCR)Cl(PEt3)2 shows a red shift of the HOMO-LUMO 

and the fluorescence band on going from mono- to bis(alkynyl) complexes, while the 

phosphorescence bands appear at almost identical energies (see Chart 1.3).88 The same 

holds for polymers of the type schematically shown in Chart 1.2. The T1 states of the 

monomer and the polymer appear at similar energies while the S1 state is more 

significantly red shifted in the polymer (see Chart 1.4).85,89 That general spectroscopic 

behavior of such compounds was also rationalized by quantum chemical calculations.59,81-

84,90,91 According to the particle in box theory, the stronger localization of the triplet state 

was postulated to arise from the stronger exchange interaction of two parallel aligned spins 

in the triplet manifold. Moreover, the rate constants for intersystem crossing and the 

phosphorescence quantum yields, which also include intersystem crossing from the T1 to 

the S0 state, were found to depend on the distance between the heavy atom and the 

emissive core of the alkynyl ligand.28,92 For an extended series of trans-bis(phosphine)-

oligo(phenylethynyl) Pt complexes it was shown that, when increasing the number of 

conjugated ethynylphenyl subunits from two to three, the intersystem crossing quantum 

yield decreases from 92% to 74%, the triplet lifetime increases from 42 ms to 86 ms and the 

phosphorescence rate constant decreases from 4 × 103 s-1 to 2.7 × 102 s-1 (see Chart 1.3, 

right column).28 The complex with only one phenylethynyl group constitutes an exception, 
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since a highly effective non-radiative process is operating with a rate constant knr of ca. 

1.7 × 109 s-1. 

 

 
Chart 1.3 Molecular structures of different mono- and bis(alkynyl) complexes with one, two or three 
conjugated ethynylphenyl groups. Taken from ref. 28 and 88. 
 

Interestingly, when breaking the symmetry by linking two different alkynyl ligands to the 

Pt ion, the locus of the HOMO-LUMO transition successively shifts to the alkynyl ligand 

with the longer p-conjugation and thus with the lower energy pŸp* transition.93,94 In such 

non-centrosymmetric complexes, the emissive triplet state is likewise located on the 

alkynyl ligand with the energetically lower lying p*-orbital.59,74,95-97 Such complexes also 

allow for tuning of the emission energy and for directing the energy transfer from one 

alkynyl ligand to the other.95 

 

 

Chart 1.4 Molecular structures of polymeric (left) and dinuclear (right) Pt-diethynylphenylene complexes 
with the energy levels E of their first excited singlet (S1) and triplet states (T1). Taken from ref. 85. 
 

While some complexes of this compound class show exclusively fluorescence67,88,93,98,99 or 

phosphorescence64,95 from the respective pp* states at room temperature in fluid solution, 
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others show a delicate balance between the rate constants for fluorescence and intersystem 

crossing and are thus dually emissive, provided that phosphorescence dominates over non-

emissive deactivation pathways of the T1 state.28,63,82,87,97,100,101 One of the major 

impediments for efficient intersystem crossing in such complexes with almost purely 

S1(
1pp*)ŸT1(

3pp*) and T1(
1pp*)ŸS0(p) transitions and hence weak mixing of the Pt 

based orbitals is the large singlet-triplet energy splitting DES1-T1. Here one has to keep in 

mind that the intersystem crossing rate constant kISC depends on (DES1-T1)
-2 (see Equation 

(3)). Some published work has, however, unearthed a relation between the spatial distance 

of the Pt atom to the emissive core of the bound chromophore and the intersystem crossing 

rate and phosphorescence quantum yield. When elongating the conjugated system, the 

impact of the Pt ion decreases. This results in an increase of the fluorescence quantum 

yield,28,59,63,88 a decrease of the intersystem crossing rate,28 and a decrease of the 

phosphorescence quantum yield.28,59 However, bright phosphorescence at room 

temperature in solution is only rarely observed with such complexes. The phosphorescence 

quantum yields of most such complexes adopt values between 1% and 12%. Only in rare 

cases phosphorescence quantum yields exceeding 20% are observed. Examples are the 

biphenyl complex PPE
28 and the octyloxy-phenyleneethynylene complexes OctPE

82 and 

PCPE
82 of Chart 1.5, which show phosphorescence quantum yields of 23.5%, 20% and 

20%, respectively. The authors of that publication further found that not only the distance 

between the Pt atom and the emissive core of the ligated chromophore influences the 

emission properties, but also the angle between the phenyleneethynylene plane and the 

coordination plane PtP2C2. Sterically less demanding ligands favor co-planarity of the two 

planes, which magnifies the spin-orbit coupling due to stronger overlap of the Pt based dxy-

orbital and the corresponding p-orbital of the alkynyl ligand.82 

Schanze and coworkers have further shown, that when replacing the phosphine ligands of 

the phenyleneethynylene complex PE (see Chart 1.5) by N-heterocyclic carbene (NHC) 

ligands, the phosphorescence quantum yield increases from 15.4% to 54%. This was 

attributed to further destabilization of the non-emissive 3MC states by the stronger s-

donating NHC ligands relative to the phosphine ligands.102 
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Chart 1.5 Molecular structures of the biphenyl complex PPE and the phenyleneethynylene complexes 
OctPE and PCPE from ref. 28 and 82. 
 

1.3 Dye-substituted Diphosphine Bis(acetylide) Pt(II) 

Complexes 

While most of the above-mentioned complexes absorb in the near-UV or at the border to 

the visible, ethynylated dye ligands or fused polycyclic aromatic hydrocarbons, like e. g. 

tetracene or pentacene, allow for tuning of the absorption wavelength over the entire 

visible range. Non-centrosymmetric complexes of this kind exhibit intense and separated 

intraligand pŸp* transitions, each located on one of the ethynyl ligands. This is a further 

manifestation that the electronic interaction between the two s-bonded chromophores is 

very weak if the energies of their pŸp* transitions are significantly different.103 Yip and 

coworkers have investigated the bimetallic Pt(II) triads A-T-P and A-P-T with 

diethynylanthracene (A), -tetracene (T) and -pentacene (P) as ligands (see Chart 1.6). It 

was shown that the electronic absorptions of such complexes can even envelope the entire 

visible region with an average extinction coefficient of ca. 2.5 × 104 M-1 cm-1, thus making 

them examples of ñblack chromophoresò.104  
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Chart 1.6 Molecular structures of the binuclear Pt(II) based anthracene-tetracene-pentacene triads A-T-P 
and A-P-T. Taken from ref. 104. 
 

Bis(ethynyl-dye) complexes usually emit from their energetically lowest lying, ligand 

based 1pp* state through fluorescence with moderate quantum yields. Although 

phosphorescence is only rarely observed, the heavy atom effect of the Pt ion is still active 

as it was shown on many occasions, where transient absorptions in the ms regime were 

detected.62,103,105-107 Only in rare cases, room temperature phosphorescence is observed 

with likewise low quantum yields.59,108-110 Prominent examples are the two 1,8-

naphthalimid-4-ylethynyl (EtNI) complexes EtNI-Cl and EtNI-EtPh of Chart 1.7. The 

latter show dual emission from the EtNI-based 1pp* and 3pp* states with low fluorescence 

quantum yields of 13.4% or 1.1% and low phosphorescence quantum yields of 1.1% or 

2.4%, respectively.108 Hence, the Pt ion in such complexes is able to sufficiently trigger 

intersystem crossing and to induce high intersystem crossing quantum yields (FISC often > 

80%),78,108,110 but its heavy atom effect is rather inefficient to effectively induce the 

likewise spin-forbidden phosphorescence (i.e. ISC from the T1 to the S0 state).108  

 

 
Chart 1.7 Molecular structures of the dually emissive chlorido- (EtNI-Cl) and phenylethynyl- (EtNI-EtPh) 
Pt(II) complexes bearing trans disposed 4-ethynyl-naphthalimidyl ligands (EtNI). Taken from ref. 108. 
 

Moreover, in bis(acetylide) complexes, energy transfer occurs from the acetylide ligand 

with the energetically higher lying pp* state to the acetylide ligand with the lower energy 
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pp* state. It was postulated that energy transfer most presumably occurs via simultaneous 

through-bond singlet and triplet energy transfer.103,109 The energy transfer is not always 

very efficient, which is why some complexes even dually fluoresce from the respective 
1pp* states of the two different ligands.103,104,110,111 This effect also favors threefold 

emission in the BODIPY-naphthalene diimide (NDI) dyad (BODIPY-NDI) of Chart 1.8 

through fluorescence from both ethynyl ligands and phosphorescence from the NDI 

ligand.110 Again, the fluorescence and phosphorescence quantum yields are, however, 

rather low with ca. 1% and 0.1%, respectively. 

 

Chart 1.8 Molecular structure of the diphosphine Pt(II) based, threefold emissive dyad BODIPY-NDI. 
Taken from ref. 110. 
 

Experimental indication that the heavy atom effect becomes more efficient when the Pt 

atom is in closer proximity to the chromophore was obtained with the tetracene complexes 

Pt2EtT and PtT (see Chart 1.9). Here the tetracene is linked to the Pt atom either via an 

ethynyl group or directly via its 5-position. Although two Pt atoms are bound to the 

tetracene skeleton in Pt2EtT and thus are expected to induce an even stronger heavy atom 

effect, the fluorescence lifetime and fluorescence quantum yield are markedly reduced 

from 8.6 to 3.9 ns and from 60% to 6% in the mononuclear platinum complex PtT. This 

clearly indicates that intersystem crossing is significantly accelerated when the Pt atom is 

in larger spatial proximity to the chromophore.99  

 

Chart 1.9 Molecular structures of the two tetracenyl complexes Pt2EtT and PtT. Taken from ref. 99. 
 

Experimental evidence for such distance dependence in complexes, where the heavy atom 

only weakly contributes to the involved transitions, was finally established on two series of 
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bimetallic Au(I) phenylacetylide complexes containing either diethynyl-oligo-

(phenylene)diphosphines or oligo(phenylene)diphosphines as bridging ligands (see Chart 

1.10). All complexes of both series show interligand pŸp* transitions from the p-orbital 

of the peripheral phenylacetylide ligands to the p*-orbital of the bridging 

oligo(phenyleneethynylene) moieties with only minor contributions of the Au atoms.25 The 

Au atoms can therefore be regarded as external heavy atoms. In agreement with the theory 

(Equation (4)), the intersystem crossing rate constant was observed to decrease with d
-6, 

where d is the distance between the chromophore and the heavy atom.26,112 All Au(I) 

complexes dually emit through fluorescence and phosphorescence from the respective, 

almost pure 1pp* and 3pp* states. However, upon elongation of the bridging ligand, the 

intersystem crossing and phosphorescence rate constants for the S1ŸT1 / T1ŸS0 

transitions successively decrease. When plotting (kISC)1/2 × DES1-T1, which is theoretically 

proportional to the spin-orbit matrix element Y4ρ Ὄ3/ Y3ρ  (see Equation (3)), as function 

of 1/d3, the authors observed an off-linear function for complexes belonging to the A-

series. This was attributed to substantial MLCT contribution. In contrast, satisfactory 

linearity was found for complexes of the B-series (see Figure 1.4). The experimental 

results clearly demonstrate that in complexes with pure pŸp* transitions the rate constants 

for all involved, spin-forbidden transitions scale with d
-6,25 in spite of the considerable 

simplifications involved in the derivatization of Equation (4). 

 

 

Chart 1.10 Molecular structures of the bimetallic Au(I) phenylacetylide complexes with either diethynyl-
oligo(phenylene)diphosphines (A-0ïA-3) or oligo(phenylene)diphosphines (B-1ïB-5) as bridging ligands. 
Taken from ref. 25. 
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Figure 1.4 Plot of (kISC)1/2 × DES1-T1 against 1/d3 of complexes (a) A0-A3 and (b) B1-B5. The figure is 
reproduced from ref. 25 with permission from the American Chemical Society. 
 

1.4 Diphosphine Aryl Pt(II) Complexes 

Unlike the bis(acetylide) complexes, diphosphine Pt complexes with s-bonded aryl ligands 

were only rarely reported, although they can be beneficial in some aspects. Firstly, the Pt 

atom is in even closer proximity to the chromophore (cf. for PtT in Chart 1.9). Since their 

S1 and T1 states are almost purely pp* in nature, the rate constants for intersystem crossing 

and phosphorescence are expected to increase according to the relation kISC ~ d
-6. 

Secondly, s-bonded aryl ligands are even stronger s-donating,113,114 which more 

efficiently destabilizes the thermally activatable, non-emissive 3MC states. Despite the 

large and rapidly growing number of complexes featuring cyclometalating 

arylpyridine,20,37-42,47,49,115 arylbipyridine20,32,33,35,36,44,45 or arylphosphine37,116,117 ligands, 

there are relatively few examples of luminescent Pt(II) complexes of the type trans-

Pt(aryl)(PEt3)2X (X = (pseudo-)halide) possessing simple, non-chelating s-bonded aryl 

ligands.99,118-121 trans-Pt(aryl)(PEt3)2X complexes show, similarly to the bis(acetylide) 

complexes, almost pure, hydrocarbon ligand-based pŸp* absorptions and likewise emit 

from singlet or triplet pp* states.119-123 

Espinet and coworkers published three series of such complexes that contained either 

perylenyl (X-PtPer),120 perylenyl-tetrafluorophenyl (X-PtPerF4)
119 or perylene-

monoimidyl (X-PtPMI)120 as the aryl ligand (see Chart 1.11). In addition, the co-ligands 
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were varied to provide different complexes with neutral or anionic trans-disposed X-

ligands. The authors found that the X-ligand also has a significant impact on the absorption 

and emission wavelengths of the complexes. The s-donation of that ligand influences the 

polarization of the Pt-C bond and thus the energetic position of the aryl ligand based 

HOMO and LUMO. Replacement of a neutral ligand X by an anionic one leads to a red 

shift of absorption and emission bands by ca. 700 cm-1.120 However, all complexes 

described in these two publications show exclusively fluorescence due to an inefficient 

heavy atom effect as was derived from the relatively long fluorescence lifetimes ranging 

from ca. 3.5 to 5 ns and fluorescence quantum yields between 30 and 80%. In X-PtPer and 

X-PtPMI, the authors attributed the inefficiency of the heavy atom effect to the position 

by which the Pt atom is linked to the chromophore. Thus, larger effects of Pt attachment 

are only expected if the corresponding carbon atom significantly contributes to the p/p* 

orbitals involved in the underlying transitions.120 In case of the X-PtPerF4 complexes, the 

perylene unit is electronically decoupled from the Pt atom due to the perpendicular 

orientation of the tetrafluorophenyl ring relative to the perylene moiety, which therefore 

switches off the heavy atom effect.119 

 

Chart 1.11 Molecular structures of the perylenyl-tetrafluorophenyl- (X-PtFP), perylenyl- (X-PtPer) and 
perylenecarboxymonoimide (X-PtPMI) trans-diphosphine platinum complexes. Taken from ref. 119 and 
120. 

Similarly to the aforementioned perylene derived Pt complexes, the bromoanthracenyl-

diphosphine complexes PtA1-PtA3 (see Chart 1.12) described by Sharp et al. likewise 

fluoresce with high quantum yields of up to 88% for the 10-bromoanthracen-9-yl complex 

PtA-2, but with unusually long lifetimes ranging from 2.8 to 5.4 ms. The emission was 

attributed to P-type delayed fluorescence that arises from bimolecular self-quenching of 

two T1(
3pp*) states, leading to one molecule in the S1(

1pp*) state and one in the ground 

state. Emission subsequently occurs from that S1(
1pp*) state. Although no 

phosphorescence is observed in these complexes, P-type delayed fluorescence confirms the 

involvement of a triplet state in the radiative relaxation pathway. This shows that the heavy 
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atom effect of the trans-Pt(PEt3)2Br fragment is very effective for inducing ISC from the 

S1 to the T1 state when linked to the 9-position of anthracene. Moreover, it shows that the 

aryl ligand is capable of sufficiently destabilizing the non-emissive 3MC states, which 

prevents thermal deactivation.122 

 
Chart 1.12 Molecular structures of the trans-bromoanthracenyl-diphosphine complex PtA-1 and its mono-
bromo- and tribromoanthracenyl derivatives PtA-2 and PtA-3. Taken from ref. 122. 
 

Unlike the perylene- and anthracene-based complexes, the naphthalenyl- (PtNap and 

PtNap2), phenylethynylphenyl (PtPEP and PtPEP2) and fluorenyl complexes (PtFlu and 

PtFlu2) described by Schanze et al. (see Chart 1.13) and the pyrenyl derived complexes of 

Yip et al. (see Chart 1.14) show all dual emission through fluorescence and 

phosphorescence from the respective S1(
1pp*) and T1(

3pp*) states. Thus, in these 

complexes, the heavy atom effect of the Pt atom is not only effective for the ISC from the 

S1(
1pp*) to the T1(

3pp*) state but also promotes phosphorescence from the T1(
3pp*) state 

at room temperature in fluid solution.121,123 However, the phosphorescence quantum yields 

are still rather low and range from just 0.1 to 0.3%.123 

 

 
Chart 1.13 Molecular structures of the naphthalenyl complexes PtNap and PtNap2, of the phenyl-
ethynylphenyl complexes PtPEP and PtPEP2 and of the fluorenyl complexes PtFlu and PtFlu2. Taken from 
ref. 121. 
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Chart 1.14 Molecular structures of the mono-platinated anthracene PtPy-1, of the di-platinated anthracenes 
PtPy-2 and PtPy-4, and of the di-platinated bromo-anthracenes PtPy-3 and PtPy-5. Taken from ref. 123. 
 

Interestingly, in the naphthalenyl, phenylethynylphenyl and fluorenyl complexes of Chart 

1.13, the ratio of fluorescence to phosphorescence emissions strongly increases when 

going from the monoaryl complexes to the respective diaryl complexes. That finding was 

assumed to arise from the Pt-C bond lengths which were calculated by DFT methods. They 

increase from ca. 2.035 Å in the monoaryl complexes to ca. 2.118 Å in the diaryl 

complexes. The stronger trans-influence of the aryl ligand relative to the chlorido ligand 

weakens the Pt-C bonds to both aryl ligands. As ISC of aryl complexes with almost pure 

pp* states is also subject to the distance dependence of Equation (4) (kISC ~ Z8/d6), it was 

postulated that the larger ISC rate constants and more intense phosphorescence emissions 

in the monoaryl complexes originate from the closer spatial proximity of the Pt atom to the 

chromophoric center.121 

In the series of pyrenyl complexes in Chart 1.14, the phosphorescence quantum yields 

increase from the 1,8-diplatinated complexes PtPy-4 and PtPy-5 to the monoplatinated 

complex PtPy-1 and peak at 0.3% and 0.2% for the 1,6-diplatinated complexes PtPy-2 and 

PtPy-3. The counter-intuitively higher phosphorescence quantum yield of the mono-

platinated pyrene compared to the 1,8-diplatinated derivative is a further manifestation, 

that the position of the heavy atom is an important factor for regulating ISC in 

chromophores. Moreover, the bromine atom in PtPy-3 and PtPy-5 has only minor effect 

on the photophysical properties along this series, although a decrease of the fluorescence 

quantum yield from 0.27% to 0.12% is observed when going from PtPy-4 to PtPy-5. 

Significant reduction of the fluorescence quantum yield does, however, not necessarily 

mean a larger ISC rate constant. Acceleration of radiationless, vibrational or rotational 

relaxation pathways can additionally accompany bromine substitution.123 

Research on the photophysical properties of trans-Pt(aryl)(PEt3)2X is, however, a rather 

open field due to the relatively small number of published representatives of this 

compound class. Furthermore, the concept of attaching the Pt(PEt3)2X fragment directly to 
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the rim of classical dyes, which possess high extinction coefficients and offer fine-tuning 

of the absorption and emission wavelengths, is completely unprecedented in the literature. 

Particularly interesting dyes are thioxanthones, 1,8-naphthalimides and 4,4-difluoro-4-

bora-3a,4a-diaza-s-indacenes (boron dipyrromethenes, BODIPYs). Their properties will be 

briefly discussed in the following sections. 

1.5 Photophysical Properties of Thioxanthones 

 
Chart 1.15 Molecular structure of thioxanthone. 
 

Similar to other diaryl ketones, thioxanthones already show high S1ŸT2 ISC rates 

(FISC > 80%) which makes them useful sensitizers124-126 or initiators for the radical 

photopolymerization of alkenes.127-135 They usually show intense absorptions in the UV 

and medium intense HOMO-LUMO bands (e å 5 × 103 M-1 cm-1) at ca. 400 nm, which 

comprise of one pŸp* transition and one energetically higher nŸp* transition.136,137 The 

corresponding S1(
1pp*) and S2(

1np*) states are in close energetic proximity, which opens a 

channel for non-radiative relaxation via vibronic coupling of these two states. The most 

important factor for the typically low fluorescence quantum yields of ca. 10% is the ready 

formation of the triplet state, which originates from a fast equilibration (within 10 ps) of 

the S1(
1pp*) state with the almost isoenergetic T2(

3np*) state.138 That slightly endergonic 

process is highly sensitive to solvent polarity and can be decelerated in the presence of 

polar solvents, which stabilize the pp* state (S1) and destabilize the np* state (T2). This 

effect consequently lowers the ISC quantum yield in polar environment.139 ISC is followed 

by IC to the T1(
3pp*) state within ca. 2 ns. The T1(

3pp*) state is comparatively long-lived 

and has a lifetime of ca. 100ï140 ms. The low rate constant for phosphorescence kPh makes 

the T1(
3pp*) state highly susceptible to non-radiative deactivation processes. Hence, 

phosphorescence occurs at 77 K in frozen matrices but is only rarely observed at room 

temperature in fluid solution.129,130,138,140 

However, the influence of covalently attached transition metals on the photophysical 

behavior of thioxanthones has never been investigated thus far. The heavy atom effect of 

transition metals, in particular Pt with its high spin-orbit coupling constant, may thus 
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accelerate the phosphorescence rate constant in thioxanthones and trigger room 

temperature phosphorescence. 

 

 

Figure 1.5 Qualitative Jablonski-diagram for the photophysical behavior of thioxanthones. 
 

1.6 Photophysical Properties of 1,8-naphthalimides 

 
Chart 1.16 Molecular structure of N-H-1,8-naphthalimide. 
 

1,8-Naphthalimides (NIs) are a compound class which are highly useful as fluorescence 

sensors,141-144 brighteners145 or as dyes.146-149 The spectroscopic properties of NIs are 

mainly determined by the 4-substitution. Electron donating groups at that position promote 

internal charge transfer (ICT) from the naphthalene moiety to the imide fragment due to 

the strong electron withdrawing character of the imide group.144,150-158 On the other hand, 

electron neutral or electron withdrawing groups favor pŸp* HOMO-LUMO transitions as 

it is illustrated in Figure 1.6 on the example of N-methyl-NI.141,150,153,154,159,160 The pŸp* 

transition usually appears between 350 and 400 nm with molar extinction coefficients e of 

ca. 2×104 M-1 cm-1. 
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Similar to other aromatic carbonyl compounds and thioxanthones, NIs possess 

energetically close lying S1(
1pp*) and T2(

3np*) states. Strong mixing of these two states 

promotes fast ISC with triplet formation quantum yields of > 90%. As a consequence, 

fluorescence quantum yields decrease to values below 10%.150,161-165 Similar to 

thioxanthones, the energy of the 3np* state strongly depends on solvent polarity, which 

therefore strongly influences the rate constant for the thermally activated ISC. Non-polar 

solvents stabilize the 3np* state, which brings the 1pp* and 3np* state closer in energy. ISC 

is, therefore, even more efficient. Polar, and in particular, polar protic solvents 

consequently destabilize the 3np* state, thus lowering kISC and increasing fluorescence 

quantum yields.150,153,160,166-171  

Although high triplet formation quantum yields are observed for many NIs, 

phosphorescence of purely organic NIs is only detected at 77 K in frozen matrices.150,171,172 

Exceptions are derivatives where heavy atoms like Br or I are attached to the NI core. Such 

NIs also phosphoresce in fluid solution at room temperature.171 Bromination at the 

4-position decreases the phosphorescence lifetime by about 2 orders of magnitude, making 

phosphorescence more competitive to non-radiative deactivation channels. Nevertheless, 

room temperature phosphorescence quantum yields only reach values of ca. 0.5%, which is 

attributed to the still long phosphorescence lifetime of 300 ms.171 

 

 
Figure 1.6 Qualitative Jablonski diagram illustrating the photophysical behavior of 1,8-naphthalimide. 
 

More promising approaches towards bright, NI centered room temperature 

phosphorescence are based on transition metal 1,8-naphthalimidyl complexes, in particular 

platinum complexes that benefit from the large spin-orbit coupling of platinum 



 
Introduction 

20 

 

(x = 4626 cm-1).18,19 Different substitution patterns of 1,8-naphthalimidyl-containing Pt 

complexes were investigated. 4-Ethynyl-1,8-naphthalimide was either introduced as a 

substituent at a co-ligand, namely a cyclometalated phenylpyridine42 or ethynylfluorene,173 

or was directly linked via its acetylenic carbon to the Pt atom of diimine,174-176 

bis(phosphine),108,177,178 or cyclometalated k3-C,N,N complexes with ortho-arylated 

aromatic diimine ligands.179,180 Most of the aforementioned NI-complexes show NI ligand-

centered room temperature phosphorescence. Thus, phosphorescence becomes competitive 

to non-emissive relaxation pathways. Moreover, it is crucial in these complexes that the p-

system of ethynyl-NI is in direct conjugation to the Pt atom. This was achieved via direct 

attachment of the acetylenic carbon to the Pt coordination center or via linkage to 

coordinated phenylpyridine or bipyridine. Unlike the cyclometalated NI-phenylpyridine 

complex Pt-PPy-EtNI of Chart 1.17, its counterpart Pt-PPy-NI, in which the NI is 

electronically decoupled from the Pt atom due to partial oxidization of the ethynyl group to 

a keto function, shows no phosphorescence from the NI centered 3pp* state. The highest 

figure of merit for NI centered phosphorescence was, however, obtained for the 

bis(naphthalimid-4-ylethynyl) bipyridine Pt complex Pt-EtNI2 (see Chart 1.17), which 

shows a phosphorescence lifetime of 124 ms and a phosphorescence quantum yield of 

21.5%.175,176 Its HOMO-LUMO transition is basically a combination of the usually 

observed MLCT of Pt bipyridine complexes and a NI centered pŸp* transition. The 

emissive state, however, was shown to reside exclusively at the NI ligand with a small 

contribution of the Pt atom.174-176  

 

Chart 1.17 Molecular structure of the phosphorescent bipy-ethynyl-1,8-naphthalimid platinum(II) complex 
Pt-EtNI2 (taken from ref. 175,176) and of the cyclometallated phenylpyridine complexes in which the NI is 
linked to the phenylpyridine ligand either via an ethynyl (Pt-PPy-EtNI, taken from ref. 42) or a keto function 
(Pt-PPy-NI, taken from ref. 42). 
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1.7 Photophysical Properties of BODIPY Dyes 

 
Chart 1.18 Molecular structure of unsubstituted BODIPY. 
 

BODIPY dyes are a well-investigated class of light harvesters181-186 and find several 

applications in light to energy conversion,187-189 photodynamic therapy190,191 or laser 

technology.192,193 They possess high chemical robustness which allows for versatile 

derivatization, including incorporation into sophisticated architectures like e. g. 

multichromophoric arrays.51,182,183,194-197 That versatility facilitates precise tuning of the 

absorption wavelength from the mid-visible (Vis) to the near-infrared (NIR). Moreover, 

they feature a sharp, intense pŸp* HOMO-LUMO band that is associated with 

characteristic vibrational structuring and high molar extinction coefficients 

(> 50 × 103 M-1 cm-1). Due to the rigid skeleton of BODIPYs, they fluoresce with high 

quantum yields (> 50%) and small Stokes-shifts.196,198 

Phosphorescence at room temperature of purely organic BODIPYs remains, however, 

unprecedented in literature. Bromination or iodination in the meso-, 2- and/or 6-positions 

accelerates intersystem crossing from the S1(
1pp*) to the T1(

3pp*) state due the heavy 

atom effect of the halogen atom.187,199-201 Such derivatives are examples of BODIPY-based 

photosensitizers since the long-lived triplet state is crucial for efficient 

photocatalysis.188,190,191,199,200,202 Relaxation to the ground preferentially occurs via non-

radiative pathways. In rare cases, they phosphoresce, but only at low temperature and with 

low quantum yields of ca. 0.3%.203 

A more promising approach to effect BODIPY-based phosphorescence is to link these dyes 

to triplet photosensitizers including polyimine or cyclometalated phenylpyridine 

complexes of Ir(III), Ru(II) or Pt(II).111,194,195,204-209 After excitation of the metal-to-ligand 

charge transfer (MLCT) transition, these complexes show rapid formation of the 3MLCT 

state, which subsequently sensitizes the BODIPY-based 3pp* state if the latter lies 

energetically below the 3MLCT state. Since the BODIPY-based 3pp* state reaches 

lifetimes of up to tens of ms, non-emissive relaxation to the ground state dominates. Thus, 

phosphorescence mostly occurs only at 77 K.182,194,195,204-208 Nevertheless, the four 
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complexes Ru-BDP1, Pt-BDP1, Ir-BDP1 and Pt2BDP of Chart 1.19 show room 

temperature phosphorescence. While the quantum yield of Ru-BDP1 was not determined 

because the position of the phosphorescence emission (lmax = 748 nm) was partially 

outside the accessible detection window (upper limit at 800 nm), Ir-BDP1 and Pt-BDP1 

possess quantum yields of 0.03 and 0.06%, respectively.111,206,207,210 The strongest emitter 

along this series is Pt2BDP with a phosphorescence quantum yield of 3.5%, which was the 

best reported value for a BODIPY-based phosphorescence prior to the work described in 

this thesis.211 

 
Chart 1.19 Molecular structures of the tris-bipy-BODIPY ruthenium(II) complex Ru-BDP1 (taken from ref. 
207), the cyclometalated phenylpyridine BODIPY-iridium(III) complex Ir-BDP1 (taken from ref. 206), the 
bipy-bis-BODIPY-Pt(II) complex Pt-BDP1 (taken from ref. 210), and of the 2,6-diethynyl-BODIPY 
complex Pt2BDP (taken from ref. 211), which all show BODIPY-based room temperature phosphorescence. 
 

In the aforementioned, phosphorescent complexes the p-system of the BODIPY moiety is 

either connected to the Pt coordination center via an ethynyl group or an ethynyl-

bipyridine ligand. The resulting p-conjugation promotes electronic interaction with the Pt 

ion. In contrast, their constitutional isomers Ru-BDP2, Ir-BDP2 and Pt-BDP2 (see 

Chart 1.20) exclusively show fluorescence at room temperature. In these complexes, the 

BODIPY is linked to the phenylethynyl group via its 8-position (meso-position). The 

BODIPY plane and the benzene plane are oriented perpendicularly. Such linkage disrupts 

the electronic interaction between the Pt atom and the BODIPY moiety and also shuts 

down the heavy atom effect.107,109,111,195,206,207,210 Quantum chemical calculations on these 

complexes predict that the spin densities exclusively reside on the BODIPY moiety in case 
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of the M-BDP2 complexes, while they extend in the M-BDP1 series toward the bipyridine 

ligand and/or the Pt atom. Electronic interaction between the metal bonded ligand and the 

BODIPY pendant also triggers phosphorescence after excitation of the BODIPY-based 
1pp* state. These findings again demonstrate how important it is, at which position the 

emissive dye is linked to metal-coligand entity. 

 

Chart 1.20 Molecular structures of the tris(bipy)-BODIPY-ruthenium(II) complex Ru-BDP2 (taken from 
ref. 207), the cyclometalated bis(phenylpyridine)-bipyridine-BODIPY-iridium(III) complex Ir-BDP2 (taken 
from ref. 206) and the bipy-bis(BODIPY)-platinum(II) complex Pt-BDP2 (taken from ref. 210), that all show 
exclusively BODIPY based room temperature fluorescence. 
 

More recently, Zhao and coworkers published BODIPY-based diphosphine Pt(II) diads 

and triads (see Chart 1.21). In these diads or triads, again 1,3,5,7-tetramethyl-BODIPY was 

linked to the Pt ion either via an ethynyl group in its 2- and/or 6-position (2-/6-

mono/diethynyl-1,3,5,7-tetramethyl-BODIPY (2MB) or 3,5-distyryl-1,7-dimethyl-

BODIPY (2SB)) or via a phenylethynyl group in its meso-position (meso-phenylethynyl-

1,3,5,7-tetramethyl-BODIPY (mB)). All complexes show at least two separate, BODIPY-

based pŸp* transitions, each located on one of the acetylide-modified BODIPY ligands. 

Hence, conjugation is interrupted by the Pt atom. According to the aforementioned 

M-BDP2 complexes, the orthogonally oriented phenyl group of the mB-ligand disrupts the 

electronic coupling between the Pt ion and the BODIPY core. Thus, in these complexes 

emission exclusively occurs through fluorescence from the mB-ligand, provided that the 

emissive state resides on the mB-ligand. In contrast, when attaching the BODIPY to the Pt 

atom via an ethynyl group in 2-/6-position, like it is the case for complexes with the 2MB 

or 2SB-ligand, emission additionally occurs from the respective 3pp* state. These 

observations further underline the importance of a p-conjugated pathway that links the 

BODIPY core to the Pt atom. However, phosphorescence quantum yields were even too 

low to be accurately determined.103,107,109,111 While in complex 2MB-mB Förster resonance 

energy transfer was proposed to account for the energy transfer from the mB to the 2MB 
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ligand,111 in the other complexes of this series through-bond energy transfer occurs from 

the BODIPY with the energetically higher-lying pp* state to the BODIPY with the lower 

energy excited state.103,107,109 Again, conjugation to the Pt ion is important in order to 

obtain efficient energy transfer, as otherwise energy transfer proceeds incompletely. Thus, 

the triads mB-2MB-mB and mB-2SB-mB and the diad 2MB-mB show two separated 

fluorescence emissions from the 2MB and mB-ligands.103,107,111 These complexes were, for 

example, used for singlet oxygen sensing103,107,111 or triplet-triplet annihilation.107 

 
Chart 1.21 Molecular structures of the diphosphine Pt(II) BODIPY-based triads 2MB-2MB-2MB (taken 
from ref. 107), mB-2SB-mB (taken from ref. 103) and mB-2MB-mB (taken from ref. 107), and of the diads 
RH-mB (taken from ref. 109), RH-2MB (taken from ref. 109) and 2MB-mB (taken from ref. 111). RH = 
rhodamine; 2MB = 2- and/or 6-ethynyl-1,3,5,7-tetramethyl-BODIPY; 2SB = 2,6-diethynyl-1,7-dimethyl-3,5-
distyryl-BODIPY; mB = meso-phenylethynyl-1,3,5,7-tetramethyl-BODIPY. 
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However, all the reported BODIPY complexes have at least one ethynyl group between the 

BODIPY ligand and the metal atom. It has never been investigated before if a closer spatial 

proximity between the metal atom and a BODIPY dye alters the photophysical properties 

of a BODIPY in terms of faster ISC from the BODIPY based S1(
1pp*) to the T1(

3pp*) 

state to achieve efficient room temperature phosphorescence. 
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2 Objectives 

Since all literature-known monodentate aryl complexes of the type trans-Pt(aryl)(PEt3)2X 

(X = (pseudo-)halide) show only weak phosphorescence in solution, if any at all, it is 

worthwhile to further investigate this compound class and to try to improve their 

photophysical properties. As it was already mentioned, the photophysical properties of 

metalated organic chromophores are sensitive to the position of the heavy atom attachment 

due to nodal properties of the crucial orbitals of the corresponding dye. In addition, the 

close proximity between the Pt atom and the chromophore potentially accelerates ISC and 

increases the phosphorescence rate constants. Thus, when applying this concept to a 

suitable chromophore or dye, the Pt(PEt3)2X fragment is potentially capable of triggering 

bright, long-lived phosphorescence (yet much shorter-lived than for the chromophore 

itself) if introduced at the optimal position. Dyes are particularly interesting as aryl ligands 

since they allow for tuning of the absorption and emission wavelengths within the visible 

region and normally possess high extinction coefficients. This may help to efficiently 

utilize the incident light. Moreover, trans-Pt(aryl)(PEt3)2X complexes (X = halide) are 

synthetically easily accessible by the well-established oxidative addition of halogenated 

arenes (even including fluoroarenes)212 to Pt(0) sources such as Pt(PR3)4
118,122,213-220 or 

Pt(h2-C2H4)(PR3)2
221-224 (R = alkyl or aryl). 

This thesis therefore aims at synthesizing and photophysically characterizing dye-

substituted Pt(aryl)(PEt3)2X complexes generated by oxidative addition of halogenated 

dyes to the Pt(0) sources Pt(PR3)4 or Pt(h2-C2H4)(PR3)2 (R = alkyl or aryl). 

 
Chart 2.1 Molecular structures of the targeted thioxanthone and BODIPY complexes. 
 

Like other diaryl ketones, thioxanthones already show high ISC rates (FISC > 80%) owing 

to the fact that the T2(
3np*) state is almost isoenergetic to the S1(

1pp*) state.126,138 Hence, 

they are useful photosensitizers124-126 or initiators for radical polymerizations of alkenes.127-

131,133 However, phosphorescence at room temperature is only observed with low quantum 

yields due to the long triplet lifetimes of several 100 ms. When attaching the Pt(PEt3)2X 
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fragment to the rim of thioxantone, the Pt atom potentially opens a channel for radiative 

relaxation from the triplet state. In a second step, it is intended to investigate whether the 

s-donor strength of different trans-disposed ligands X plays a crucial role for the emission 

properties. Stronger donors should additionally destabilize non-emissive 3MC states and 

thus increase the phosphorescence quantum yield. Variation of the ligand X can be affected 

by bromide abstraction from the initial bromido complex with a Ag+ salt and subsequent 

addition of Cl
ï
, CN

ï
 or I

ï
 ions. The ligand-field induced destabilization of the 3MC states is 

expected to increase in the order I
ï
 < Br

ï
 < Cl

ï < CN
ï
. 

BODIPY dyes show an intense HOMO-LUMO pŸp* absorption with molar extinction 

coefficients e of > 5 × 105 M-1 cm-1.196,198 They further allow for tuning the position of that 

absorption from the Vis to the NIR due to their versatile substitution pattern and chemical 

robustness. Although several published BODIPY-containing complexes readily form 

triplet states located at the BODIPY moiety, achieving high phosphorescence quantum 

yields is still a challenging task.187,194,195,199-201,204-208 The best reported quantum yield for a 

BODIPY-based phosphorescence, apart from the work described herein, amounts to 

3.5%.211 In all these complexes, the BODIPY dye is attached to the Pt ion via a spacer. In 

the simplest case, that spacer is an ethynyl group, but it may be appreciably more extended 

(see e.g. Chart 1.20). It is therefore the intent of this study to bring the BODIPY 

chromophore into closer spatial proximity to the Pt atom. This will potentially increase 

radiative relaxation from the triplet manifold. The non-alkylated 8-bromo (meso) 

derivative, which absorbs at ca. 520 nm, was chosen as a model compound for the 

oxidative addition to a Pt(0) source. Another point of interest is the impact of the nature 

and disposition of the phosphine ligands, either cis or trans. Since trialkylphosphines are 

also strong s-donor ligands, they are capable of weakening the Pt-C bond to the dye if in a 

cis arrangement. That could impair on the phosphorescence properties when concerning 

the kISC ~ d-6 relation. Moreover, when increasing the s-donor strength of the phosphine 

ligands, for example from PPh3 to PEt3, the rate constant for non-radiative processes 

through 3MC states is expected to decrease as a consequence of raising the energies of the 

excited d-levels. 

It has been shown that Pt complexes featuring two different ethynylated dyes can exhibit 

rapid and directional energy transfer from one dye to the other. Such complexes feature at 

least two prominent pŸp* transitions, each located on one of the acetylide ligands, thus 

covering a wide range of the visible region and converting more incident light into 



 
Objectives 

28 

 

emission.94,103,109,225 Similar behavior is also conceivable in complexes bearing one aryl 

and one acetylide ligand. Therefore, one further aim was to synthesize and characterize 

panchromatically absorbing complexes comprising of one directly s-bonded dye and 

another one, which connects to the Pt ion via an ethynyl linkage. 4-Ethynyl-1,8-

naphthalimide (EtNI) and 8-ethynyl-2,6-diethyl-1,3,5,7-tetramethyl-BODIPY (EtB) were 

chosen as ethynylated dye-ligands (see Chart 2.2). EtNI absorbs at ca. 350 nm180 and can 

act as an antenna towards 8-bromo-BODIPY (lmax å 500 nm),226 while EtB has its HOMO-

LUMO band at ca. 570 nm.227,228 This would make EtB the energy acceptor when linked as 

ligand R2 to a trans-Pt(s-BODIPY)(PR1
3)2 fragment shown on the left side of Chart 2.2. 

The direction of the energy transfer would thus be inverted. 

 
Chart 2.2 Targeted acetylide complexes bearing a s-bonded aryl BODIPY ligand and ethynyl-NI (EtNI) or 
ethynyl-BODIPY (EtB) as co-ligands. 
 

It has been shown in the literature that diphosphine aryl complexes are capable of dually 

emitting from the respective aryl ligand-centered 1pp*and 3pp* states.121,123 Such 

properties are useful for ratiometric one-component methods of singlet oxygen sensing. 

Unlike two-component methods, in which one fluorescent and one phosphorescent dye are 

used, one-component methods benefit from identical photodegradation rates, since both 

emissions originate from the same chromophore.108,229 If the targeted complexes show 

favorable properties with high quantum yields and good separation between the 

fluorescence and phosphorescence emissions, their potencies for singlet oxygen sensing 

were also of interest. 
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3 Publications 

3.1 Record of Contribution 

The results of Chapter 3.2 have been published in Dalton Transactions 2015, 44, 3974ï

3987. All work including preliminary work, synthesis and spectroscopic characterization 

was conducted by myself, except the lifetime measurements which were done by 

Dr. Andrej Jackel in the laboratories of Prof. Dr. Oliver Wenger at the University of Basel. 

Acquisition and refinement of the crystallographic data were equally performed by 

Dr. Inigo Göttker-Schnetmann and Bernhard Weibert. (TD-)DFT calculations were 

conducted by Dr. Andrej Jackel. Together with Prof. Dr. Rainer F. Winter I wrote the 

manuscript for publication. 

The findings of Chapter 3.3 have been published in Inorganic Chemistry 2015, 54, 10946ï

10957. Preliminary work, synthesis and spectroscopic characterization were conducted by 

myself. The BODIPY precursor Br-BODIPY was, however, synthesized by David Scheer 

under my guidance. The crystallographic data were equally acquired and refined by 

myself, Dr. Inigo Göttker-Schnetmann and Bernhard Weibert. (TD-)DFT calculations were 

performed by Dr. Andrej Jackel. The manuscript for publication was written by myself and 

Prof. Dr. Rainer F. Winter. 

The results presented in Chapter 3.4 have been published in Inorganic Chemistry 2017, 56, 

914ï930. Preliminary and most of the synthetic and spectroscopic work as well as 

collection and refinement of the crystallographic data were conducted by myself. The 

ethynyl-BODIPY EtB was synthesized by Paul Gamerdinger under my guidance. The 

pico- and nano-second transient absorption spectroscopy was, however, performed by 

Sabine Malzkuhn and Martin Kuss-Petermann under the supervision of Prof. Dr. Oliver 

Wenger at the University of Basel. (TD-)DFT calculations of EtBPtB were performed by 

Dr. Michael Linseis while the (TD-)DFT calculations of EtNIPtB-2 were conducted by 

Dr. Andrej Jackel. Together with Prof. Dr. Rainer F. Winter I wrote the manuscript for 

publication. 
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3.2 Paper 1: Dual Ligand-Based Fluorescence and 

Phosphorescence Emission at Room Temperature from 

Platinum Thioxanthonyl Complexes 

 

Fabian Geist, Andrej Jackel and Rainer F. Winter 

 

Fachbereich Chemie der Universität Konstanz, Universitätsstraße 10, D-78464 Konstanz, 
Germany 
 

 

 

 

3.2.1 Abstract 

New square-planar platinum(II) complexes of the type trans-[Pt(PEt3)2(Tx)(X)] (X = Br, 

Cl, I or CN) bearing a s-bonded thioxanthon-2-yl (Tx) ligand have been prepared and 

characterised by X-ray crystallography, cyclic voltammetry, and by NMR and electronic 

absorption and luminescence spectroscopy. The ligand X hardly influences the electronic 

transitions, which indicates that the relevant molecular orbitals are largely confined to the 

Pt-Tx chromophore. In agreement with TD-DFT calculations the energetically lowest 

electronic transition is assigned as the Tx-centred p­p* HOMO­LUMO excitation. All 

four complexes display dual emission from the s-bonded Tx ligand at ca. 450 nm and at 
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ca. 510 nm, which are assigned as fluorescence originating from the 1p*-state and as 

phosphorescence originating from the 3p*-state, respectively. The phosphorescence 

quantum yield increases with increasing s-donor strength of the ligand X and reaches a 

uniquely high value of 18.8% for the chlorido complex Pt-Cl. Switching-on of Tx 

phosphorescence emission by the Pt(PEt3)2(X) fragment goes along with a reduction of the 

lifetime of the Tx triplet state from several ms in purely organic derivatives to ca. 2 ms in 

the complexes. 

 

3.2.2 Introduction 

Within the last two decades, complexes of mainly the heavy transition metals have 

been in the focus of intense research activities devoted to the fields of light emitting 

devices,1-6 bioimaging,5,7-9 sensing5,10-14 or sensitisation.15-17 One major advantage of 

metal complexes when compared to purely organic emitters is their ability to trigger 

long-lived phosphorescence at ambient temperature. Platinum, in particular, is a 

widely applied metal in this field because its heavy atom effect, which emanates 

from its large spin-orbit coupling constant, promotes high intersystem crossing 

(ISC) efficiencies.18 The utilisation of triplet emitters in organic light emitting 

devices can theoretically lead to a fourfold increase in efficiency compared to the 

25% efficiency limit of organic fluorescent compounds.19,20  

In practice, the theoretical limit of unitary quantum efficiency is, however, rarely 

approached. One possible deactivation pathway for the excited states of square planar 

platinum(II) complexes involves distortion towards a more tetrahedral geometry by a 

twisting of the plane of two donors with respect to that of the other two (the so-called D2d 

distortion). This pathway is particularly relevant for complexes with only mono- or 

bidentate ligands. The main reason for low quantum yields and hence increased 

deactivation rates of emissive states is, however, the thermal activation of non-emissive 

excited metal d-states which are energetically above the emissive triplet states. A ligand 

field-induced destabilisation of these excited metal d-states will thus lead to increased 

quantum yields.18,21 Much effort has therefore been directed to introducing strong-field 

ligands into the coordination sphere of such complexes. Prominent examples are 

cyclometalating ligands such as the ubiquitous N,C- or N,N,C-chelating arylpyridines or -

bipyridines,18,22-39 simple or cyclometalating carbenes and bis(carbenes),3,6,36,37,40-45 or s-
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bonded alkynyl ligands.46-51 Particularly abundant are trans-bis(alkynyl)bis(trialkyl-

phosphine)platinum(II) complexes trans-Pt(C¹CR)2(PR3)2.
52,53 Such complexes have, for 

example been used as constituents of luminescent coordination oligomers and polymers 

featuring platinum atoms in the conjugated main chain54-63 or for two-photon absorption 

(TPA).64 Other representatives have organic dyes as the substituents at the alkynyl ligands. 

These complexes exhibit intense ligand-based p­p*-transitions and usually emit from 

ligand-centred p*-states with moderate fluorescence or phosphorescence quantum yields in 

fluid solution at ambient temperature.49,53,65-69 Again, ISC to a ligand-based excited triplet 

state is triggered by the large heavy-atom effect of the Pt(II) coordination centre. In rare 

cases, where the excited states are mainly localized at those ligands and spin-orbit coupling 

is attenuated by small Pt (5d) contribution to the relevant frontier molecular orbitals, dual 

emission from the 1L and 3L or 3MLCT excited states has been observed.70-72 

s-Bonded aryl ligands exert an even stronger ligand-field splitting than alkynyl 

ones. Despite the large and rapidly growing number of complexes featuring the 

above-mentioned cyclometallating arylpyridine24 or arylphosphine73 ligands, there 

are relatively few examples of luminescent Pt(II) complexes possessing simple, non-

chelating s-bonded aryl ligands.74-76 Most of these complexes show exclusively aryl 

ligand-centred emission from the 1p*-state with lifetimes in the ns regime77 or emit 

with low quantum yields from the 3p*-state.78 Notable exceptions are trans-

Pt(PEt3)2Br-complexes featuring the anthracen-9-yl ligand or some of its brominated 

derivatives of Sharp et al., which are formed by oxidative addition of the respective 

9-bromoanthracenes to Pt(PEt3)4. These complexes were found to undergo P-type 

delayed fluorescence with quantum yields of close to 90% and lifetimes of a few 

microseconds.79 This finding clearly indicates that a triplet state is involved in the 

radiative deactivation process of the initially generated excited state and that the 

Pt(PEt3)2Br fragment is capable of strongly accelerating the ISC rate from the 1pp*- 

to the 3pp*-state. In contrast, attaching the Pt(PEt3)2Br-fragment to the 3-position of 

perylene or the 9-position of perylene-3,4-dicarboximide (PMI) does not lead to the 

expected fast ISC, but promotes ligand-based fluorescence with quantum yields of 

70 or 30%, respectively. Further modification of these complexes by substituting the 

bromido ligand by either cyanido, thiocyanato or neutral ligands such as 4-

methylpyridine or tbutylisocyanide hardly affects the quantum yields in the case of 
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the perylene complexes (70 ï 80%) whereas those for the PMI analogues was found 

to vary from 30% for the neutral complexes to 78% for the cationic isocyanide 

derivative.80  

The favourable photophysical properties of thioxanthones have prompted us to 

prepare and to investigate the complexes trans-Pt(PEt3)2(X)(thioxanthonyl) (X = Cl, 

Br, I or CN) bearing the s-bonded thioxanthon-2-yl ligand. The ready formation of 

the 3pp*- and 3np*-states of aromatic carbonyl compounds after photoexcitation into 

the 1p­p*- and 1n­p*-bands,81-84 renders thioxanthone derivatives useful 

sensitisers85,86 or initiators for radical photopolymerisations of olefins.87-93 The 

excited states of thioxanthones involve two singlet states S1 (
1pp*) and S2 (

1np*) and 

two corresponding triplet states T1 (
3pp*) and T2 (

3np*), which readily equilibrate 

(Figure 1).94,95 Apolar solvents decrease the energy gap between the two singlet 

states due to either a stabilisation of the 1np*-state or a destabilisation of the 1pp*-

state. The energetical proximity of these two states leads to strong vibronic coupling 

between them. This so-called proximity effect is responsible for increasing the non-

radiative deactivation rate as well as increasing the fluorescence energy. 

Furthermore, this effect also lowers the quantum yield for triplet formation.96 Two 

principal pathways for ISC in thioxanthones were found: (a) a very fast direct 

mechanism leading from the 1np*- to the 3pp*-state and (b) a slow indirect 

mechanism leading from the 1pp*- to the 3pp*-state with the 3np*-state as the 

intermediate.95,97 Although ISC of thioxanthones is rather efficient, they mainly emit 

through fluorescence because the T1 state with a lifetime of 100 to 140 ms is so 

long-lived that radiationless deactivation pathways become dominant. 

Phosphorescence is usually observed in glassy matrices at 77 K but only rarely in 

fluid solution with much lower quantum yields.89,90,97 It was therefore our hope that 

attachment of the {Pt(PEt3)2X}-fragment to the thioxanthonyl core should further 

increase the ISC rate and hence open a pathway for radiative decay of the T1 to the 

S0 state. We here report our findings on the complexes Pt-Cl to Pt-CN of Scheme 1, 

including the observation of dual fluorescence and phosphorescence emissions from 

the thioxanthone chromophore. 
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Fig. 1 Qualitative Jablonski diagram illustrating the photophysical behaviour of thioxanthones.  

 

 

3.2.3 Results and Discussion 

Synthesis 

Oxidative addition of 2-bromo-9H-thioxanthen-9-one (Br-Tx) to Pt(PEt3)4 gave the trans 

complex Pt-Br (Scheme 1). Monitoring the progress of the reaction via 1H and 31P NMR 

spectroscopy provided no evidence for initial formation of the kinetically favoured cis-

isomer at room temperature. Subsequent abstraction of the bromido ligand of Pt-Br with 

AgBF4 in methanol and addition of NaCl or NaI gave the halogenido complexes Pt-Cl and 

Pt-I, respectively. The analogous cyanido complex Pt-CN was similarly obtained by 

treatment of Pt-Br with AgCN. All complexes were purified by recrystallisation from 

toluene or acetone and were obtained in yields of 63 to 89%. We note that all trans-

XPt(PEt3)2(Tx) complexes (X = Br, Cl, I or CN) are much more soluble in polar organic 

solvents than Br-Tx. 

Attempts to purify Pt-Br by chromatography on basic alumina with CH2Cl2 as the eluent 

resulted in halide exchange, putatively via oxidative addition of CH2Cl2 and reductive 

elimination of CH2BrCl to form complex Pt-Cl.98,99 A second possible reaction sequence is 



   
  Paper 1: Results and Discussion 

35 

 

the bromide abstraction by alumina resulting in a cationic complex that subsequently reacts 

with CH2Cl2 to form Pt-Cl. When basic alumina was added to CD2Cl2 solutions of Pt-Br 

that were kept in the dark, exchange of the bromido by the chlorido ligand was much 

slower and occurred only over a period of two weeks as probed by 31P NMR spectroscopy.  

 

 
Scheme 1 Synthesis of complexes Pt-Br, Pt-CN, Pt-Cl, and Pt-I. 

 

Single-Crystal X-ray Diffraction Studies of Pt-Cl, Pt-CN and Pt-Br 

Slow evaporation of concentrated dichloromethane solutions of Pt-I, Pt-CN, Pt-Cl and Pt-

Br gave single crystals in each case. While data sets of Pt-I and Pt-Br were unsatisfactory, 

needle shaped single-crystals of Pt-Cl and Pt-CN provided data sets of sufficient quality to 

allow for successful refinement. The ORTEPs of the structures are shown in Figure 2a for 

Pt-Cl and in Figure 2b for Pt-CN while details of the crystallographic measurement, data 

collection and refinement are provided as Tables S1 and S3 of the ESI. Complex Pt-Cl 

crystallises in the monoclinic space group P21/c and Pt-CN in the triclinic space group P1̄ . 

The Pt atoms of both complexes are in almost ideal square-planar coordination 

environments with bond angles of 86.67(4) to 93.52(15)° and angle sums of 359.9 and 

360.0, respectively (Figures 2 and 3). While the X-Pt1-C1 (X = Cl1 of Pt-Cl or C14 of Pt-

CN) bond angles of 178.98(13) and 178.6(2)° match the expected 180° of a square planar 

coordination sphere almost perfectly, the P1-Pt1-P2 bond angles of 175.07(4)° for Pt-Cl 

and 175.39(5)° for Pt-CN differ by about 5° from the ideal value. This is the result of a 

slight bending of the PEt3 ligands toward the side of the intracyclic S atom of the 

thioxanthonyl ligand. The thioxanthonyl ligand is not exactly planar some puckering about 
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the S1-C11-O1 vector, which amounts to 5.0° for Pt-Cl and to 11.8° for Pt-CN. The best 

plane through the Tx ligand of the complexes adopts a nearly orthogonal orientation to the 

platinum coordination plane as is seen by the angles of 85.0° for Pt-Cl and 86.5° for Pt-

CN formed between the metal bonded aryl ring of that ligand and the best plane through 

atoms Pt1, P1, P2, C1 and Cl1 or C14 of the cyanido ligand. The Pt-CN axis of complex 

Pt-CN is tilted by 1.2° with respect to the plane formed by atoms Pt1, C14, P1, P2 and C1. 

Pt-C1 bond lengths of 2.010(5) Å for Pt-Cl and of 2.052(5) Å for Pt-CN reflect the trans-

effect of the (pseudo)halogenido ligand.  

 
Fig. 2 ORTEPs of Pt-Cl (a) and Pt-CN (b); ellipsoids are drawn at a 40% probability level. H atoms are 
omitted for clarity except for H6, H7 and H13 of Pt-Cl and H7 and H13 of Pt-CN. Selected bond lengths [Å] 
and angles [°] of Pt-Cl: Cl1-Pt1 2.4001(13), P1-Pt1 2.3084(11), P2-Pt1 2.3058(11), C1-Pt1 2.010(5), P1-Pt1-
P2 175.07(4), C1-Pt1-Cl1 178.98(13), P1-Pt1-Cl1 86.67(4), C1-Pt1-P1 92.63(10), C1-Pt1-P2 87.42(10), P2-
Pt1-Cl1 93.21(4); Pt-CN: C14-Pt1 2.048(6), P1-Pt1 2.3098(14), P2-Pt1 2.3049(13), C1-Pt1 2.052(5), P1-Pt1-
P2 175.39(5), C1-Pt1-C14 178.6(2), P1-Pt1-C14 88.16(15), C1-Pt1-P1 90.39(14), C1-Pt1-P2 87.92(14), P2-
Pt1-C14 93.52(15). 
 

In the crystal, individual molecules of Pt-Cl associate to 1D chains along the 

crystallographic c axis by a total of four hydrogen bonds O1-H6a and S1-H13a with OÖÖÖH 

and SÖÖÖH distances of 2.289 and 2.940 Å for Pt-Cl, respectively, which is 43 and 19 pm 

shorter than the sum of the Van der Waals radii (see Figure 3a). In contrast, individual 

molecules of Pt-CN form two hydrogen bonds O1-H13a along the crystallographic a axis 
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with a distance of 2.556 Å, 16 pm shorter than the sum of the Van der Waals radii, Figure 

3c. Within each chain of Pt-Cl, neighbouring molecules are tilted with respect to each 

other by 13.3° with respect to their thioxanthone planes in a slight zigzag pattern (Figure 

3b). Individual chains of both complexes are further connected through hydrogen bonds 

between H7a and the chlorido or cyanido ligand with HÖÖÖX distances of 2.758 or 2.652 Å, 

respectively. For Pt-CN, these chains are offset along the bc plane and arrange in a brick 

wall-type fashion (see Figures 3d).  

 

 
Fig. 3 Molecule packing of Pt-Cl and Pt-CN in the crystal. View along the crystallographic b axis (a) and 
the a axis (b) of Pt-Cl and along the crystallographic c axis (c) and the a axis (d) of Pt-CN. 
 

Individual molecules of these complexes thus form two dimensional sheet structures within 

the ac or ab planes, respectively, with one of the two PEt3 ligands of each molecule 

situated above this plane and the other below. Individual chains of Pt-Cl are further offset 

along the ac plane whereas those of Pt-CN are offset along the bc plane. Each 

thioxanthonyl ligand of the complexes is surrounded by two phosphine ligands belonging 

to neighbouring chains, one above and one below the thioxanthone plane. Thus no PtĀĀĀPt 

or p-stacking interactions are observed in the solid state. This may contribute to the much 

higher solubility of the complexes when compared to the free ligand.  
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NMR Spectroscopic Characterisation 

The 31P{1H} NMR spectra of Pt-Cl, Pt-Br, Pt-CN and Pt-I all reveal just one sharp singlet 

flanked by 195Pt satellites (natural abundance 33.8%; Figure 4a) which testifies to the trans 

arrangement of the phosphine ligands. The chemical shifts (Table 1) increase in the order I 

< CN < Br < Cl. For the halogenido ligands the ordering parallels decreasing s-basicity 

against platinum, while the cyanido ligand one sticks out because of its strong p-accepting 

capability.100 Observed coupling constants range from 2524 Hz for Pt-CN to 2725 Hz for 

Pt-Cl and are unexceptional when compared to other complexes trans-Pt(s-

aryl)(PEt3)2(X).79,80,100 The 1
JPt-P coupling constants reflect the s character of the Pt-P and 

Pt-X s-bond101,102 and follow the order CN < I < Br < Cl. The 195Pt signal of every 

complex is split into a triplet by coupling to the two equivalent phosphorus nuclei and their 

shifts follow similar trends to the 31P chemical shifts with the exception of complex Pt-

CN, whose 195Pt resonance appears at higher field than that of Pt-I. 

The 13C NMR signal of the metal-bonded C1 atom of every complex is also split into a 

triplet due to coupling to the two cis positioned phosphorus nuclei with 2
JP-C coupling 

constants ranging from 8.8 Hz for Pt-I to 10.5 Hz for Pt-CN. The chemical shift of the C1 

atom clearly depends on the (pseudo)halogenido ligand (Figure 4b, Table 1 and 

Experimental Section). From the data in Table 1 and Figure 4b one can infer that the 

resonance signal of carbon atom C1 dramatically shifts to lower field as the back bonding 

ability of the trans disposed ligand increases. 195Pt satellites of the C1 13C resonance signal 

of 960 and 972 Hz, respectively, were detected for complexes Pt-Cl and Pt-Br but not for 

the other two complexes because of the lower signal to noise ratio of the experimental 

spectra. For the two complexes Pt-Cl and Pt-Br the 1
JPt-C1 coupling constants have an 

inverse ordering to the 1
JPt-P coupling constants, which indicates that these two kinds of 

ligands compete for the 6s electron density at the Pt atom. The chemical shifts of all other 

carbon atoms remain almost unchanged along this series. The coupling constants 3JPt-H2 and 
3
JPt-H13 to the Tx protons in the ortho positions to the platinum atom amount to ca. 70 Hz 

and 63 Hz, respectively, for the halogenido complexes and to ca. 45or 41 Hz for the 

cyanido complex and follow the ordering  of the trans-influence of the ligand X (CN << Cl 

< Br < I). 
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Fig. 4 a) 31P{1H}NMR spectra of Pt-Cl, Pt-Br, Pt-CN and Pt-I. b) 13C{1H} NMR spectra of Pt-Cl, Pt-Br, 
Pt-CN and Pt-I. The asterisks indicate the signal of the platinum bonded carbon atom C1. c) 1H NMR 
spectra Pt-Cl, Pt-Br, Pt-CN and Pt-I in the spectral region of the ortho protons of the Tx ligand. The 
asterisks mark the resonance signal atom H13 and the circles that of H2.  
 

 

Table 1 d 195Pt, d 31P, d 13C and d 1H chemical shifts of Pt-Br, Pt-Cl, Pt-I and Pt-CN with selected coupling 
constants; n.d. = not determined. 

 d195Pt 
d31P [ppm] / 
1
JPt-P [Hz] 

d13C, C1 [ppm] /  
1
JPt-C [Hz]/2

JP-C [Hz] 
d1H, H13 [ppm] /  
3
JPt-H [Hz]  

d1H, H2 [ppm] /  
3
JPt-H [Hz] 

Pt-Cl -4257 13.93 / 2725 137.8 / 960 / 9.2 8.55 / 69.2  7.71 / 61.9 

Pt-Br -4382 11.91 / 2701 139.1 / 972 / 9.0 8.54 / 71.3  7.70 / 63.4 

Pt-CN -4674 10.73 / 2524 151.3 / n.d. / 10.5 8.50 / 45.1  7.61 / 40.9 

Pt-I -4602   8.39 / 2668 143.7 / n.d. / 8.8 8.52 / 71.9  7.66 / 64.0 
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Electronic Absorption Spectroscopy 

Figure 5a depicts the room temperature electronic absorption spectra of the four complexes 

and of the free ligand Br-Tx in CH2Cl2 while relevant data are collected in Table 2. Like 

for the Br-Tx precursor, the spectra of the platinum complexes feature prominent UV 

absorption with extinction coefficients e of the order of 4Ö104 and a much weaker one (e º 

5Ö103) at about 400 nm which is responsible for the yellow colour of Br-Tx and the 

complexes. Attachment of the {(X)Pt(PEt3)2}-fragment (X = Br, Cl, I or CN) to the 

thioxanthone core increases the intensity of the UV bands and red shifts the low energy 

band by 644 cm-1 for the cyanido complex and by ca. 895 cm-1 for the halogenido 

complexes. Donor substitution of thioxanthones at the 2-position generally red shifts the 

low energy band owing to a destabilisation of the highest occupied molecular orbital 

(HOMO). Shifts are in the range of 1740 cm-1 (in acetonitrile) for alkoxy 88 and of 410 cm-1 

(in benzene) for alkyl87 substituents. Thus, in a first approximation, the {(X)Pt(PEt3)2}-

fragment seems to act as a moderate donor towards the thioxanthonyl core, thus lowering 

the HOMO-LUMO gap.100 A more precise explanation of the red-shift is that the highest 

occupied platinum d orbital 5dxz is more strongly coupled to the p than to the p* orbital of 

the thioxanthonyl ligand since the p and the 5dxz orbitals are closer in energy. This leads to 

a destabilisation of the p orbital while the p* orbital is stabilised by the interaction with the 

unoccupied Pt 6pz orbital. Thus the energy gap of the p­p*-transition is lowered.78 

As follows from our quantum chemical calculations (vide infra) the (relatively) weak low-

energy band corresponds to the HOMO­LUMO transition while several individual 

transitions contribute to the stronger, structured UV absorption. The energy of the low-

energy band remains nearly unchanged upon substitution of the Br- ligand by I- or Cl- while 

it is shifted by 370 cm-1 to higher energy for the cyanido complex. This blue-shift is a 

result of the p-accepting ability of the cyanido ligand in trans-position to the Tx ligand, 

which stabilises the HOMO. This observation is also in accord with the 13C NMR chemical 

shifts where the strong back bonding ability of the cyanido ligand induces a deshielding of 

the ipso carbon. Nevertheless, the effect of the ligand X on the HOMO-LUMO gap is 

rather small. The electrochemical data of the four complexes derived from cyclic 

voltammetric experiments (0.1 M Bu4NPF6/CH2Cl2 v = 400 mVs-1) also show a small 

effect of the X-ligand since the potentials of the first irreversible oxidation are all in a 

similar range of 0.94 to 1.09 V (see Figures S18 to S21 of the ESI; note, however, that the 
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peak potentials of chemically irreversible processes do not strictly correspond to the 

thermodynamic E
0 values but are also affected by the equilibrium and forward rate 

constants of the chemical follow process).  

 

 
Fig. 5 a) UV-Vis spectra in CH2Cl2 of Pt-Br, Pt-Cl, Pt-I, Pt-CN and the ligand bromothioxanthone (Br-Tx). 
b) UV-Vis spectra of Pt-Br in acetonitrile (red), CH2Cl2 (blue) and THF (green).  
 

Figure 5b shows the electronic absorption spectra of Pt-Br at room temperature in 

different solvents. The position of the twin band at 400 nm reveals no solvent dependence 

whereas the onset of the UV band shifts to higher energy with increasing solvent polarity. 

Of note is also a distinct splitting of this latter band in THF whereas the lower energy 

components are only a shoulder superimposed on the more intense, higher energy one in 

the other solvents. From our observation that the split Vis band with individual peaks at ca. 

400 nm and 390 nm exhibits no positional solvent dependence and closely resembles the 

Vis absorption of the free Tx ligand itself, we can infer that both relevant MOs are 

essentially confined to the s-bonded Tx ligand and have obviously very similar spatial 

characteristics. In particular, the underlying transition(s) have no appreciable charge 

transfer character. Experimental and quantum chemical studies on thioxanthones point to 

mainly p­p*-character of the underlying transition(s). That assumption is further 

supported by our present TD-DFT calculations on Pt-Br, Pt-Cl, Pt-I and Pt-CN (Table 3, 

Figure 6, and Figures 25, 27 and 28 of the ESI). These calculations indicate that the 

HOMO, the LUMO and the LUMO+1 are almost exclusively located on the thioxanthonyl 

moiety with major orbital coefficients on the intracyclic sulfur atom for the HOMO, at the 

thioxanthone carbonyl function for the LUMO and a nodal plane along the SÖÖÖCO axis for 

the LUMO+1.  
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Fig. 6 Graphical representations of selected MOs and their TD-DFT energies for complex Pt-Br. Arrows 
symbolize the main contributors to the respective transitions. 
 

In contrast, the UV bands in the range of 310 to 260 nm possess negative solvatochromism 

which indicates charge transfer contributions to at least one of the major transitions within 

the band envelope. According to our TD-DFT calculations, the overall UV absorption 

comprises four major components: An absorption at a (calculated) energy of 275 nm, 

which is essentially the HOMO-1­LUMO+2 transition, one very strong absorption at 261 

nm mainly corresponding to the HOMO-6­LUMO (57%) and HOMO­LUMO+1 (21%) 

transitions, a band at 248 nm, which is dominated by the HOMO-7­LUMO (57%) and the 

HOMO-8­LUMO (19%) transitions, and one rather weak band at 240 nm of mainly 

HOMO­LUMO+5 origin. As follows from Figure 6, the band calculated at 275 nm is a 
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s­s* transition of the Br-Pt bond accompanied by an electron density increase at the Br- 

ligand and the occurrence of a nodal plane between the Pt and the Br atom. The band 

calculated at 261 nm is a mixture of an intraligand charge-transfer (ILCT) and n­p* 

transition, both centred at the thioxanthonyl ligand with some shift of electron density from 

the S and O atoms to the carbon atoms of the thioxanthonyl moiety and a shift of electron 

density from the Pt bound aryl to the outermost phenyl ring. The 248 nm band comprises a 

thioxanthone-based intraligand charge transfer (ILCT) and a mixed metal/ligand-to-ligand' 

charge-transfer (MLL'CT) from the {(PEt3)2Pt}-unit to the thioxanthonyl ligand owing to 

appreciable Pt-aryl d character of the HOMO-8. Of note is also an energy splitting of 0.28 

to 0.29 eV between the similar MOs HOMO-8 and HOMO-6, which represent the d-

bonding and -antibonding interactions between the Pt atom and the Pt-bonded aryl ring of 

the Tx ligand. The band at 240 nm has also some ILCT- and MLL'CT component. Similar 

results have been obtained for complexes Pt-CN, Pt-Cl and Pt-I (see Figure S25, S27 and 

S28 of the ESI). However, the s­s* transition of Pt-Br and Pt-I is absent in Pt-CN and 

Pt-Cl as a result of the energetically low-lying MOs for the Pt-Cl and Pt-CN s-bonds.  

 

Luminescence Spectroscopy 

Figure 7a displays the room temperature emission spectra of Br-Tx in 10-5 M aerated and 

of Pt-CN, Pt-I, Pt-Br and Pt-Cl in 10-5 M nitrogen-saturated CH2Cl2 solutions. Br-Tx 

emits at 417 nm upon irradiation at 370 nm. Excitation at 400 nm into the 

HOMO­LUMO band of the four complexes results in dual emission at around 450 nm 

and at ca. 510 nm. Stokes shifts are in the range of 2140 to 2640 cm-1 for the higher energy 

emission and of 5244 to 5583 cm-1 for the one at the lower energy. We note here that the 

Stokes shifts of the higher energy emission band of the platinum complexes is only mildly 

larger as that of 1760 cm-1 for the fluorescence emission of Tx-Br itself and it is clearly 

different from that of Tx-Br in each case. For every complex, the emission band at 450 nm 

is insensitive against oxygen while that at 510 nm is almost completely quenched in 

aerated solutions (Figure 7c). This observation in concert with the large Stokes shifts let us 

assign the high energy emission as fluorescence and the one at lower energy as 

phosphorescence, both arising from the s-bonded Tx ligand. Excitation spectra of Pt-Cl 

(see Figure S32 of the ESI) support this assignment. Emission detection at wavelengths of 

450 and 501 nm provide essentially identical spectra with a prominent band 400 nm in 
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exact match with the low-energy p­p* absorption of the Pt-bonded Tx substituent. In 

further agreement with that hypothesis dual emission from the complexes with attenuated 

intensities was also observed when Pt-Br was irradiated at 280, 350 or 400 nm (see Figure 

S33 of the ESI). This clearly indicates that both emissions emanate from the same 

compound. 

 

 
Fig. 7 a) Emission spectra of Pt-Cl (green), Pt-Br (orange), Pt-CN (red), and Pt-I (blue) in nitrogen-
saturated and Tx-Br in aerated CH2Cl2solutions. b) Emission spectra of Pt-Br in CH2Cl2 (red), and benzene 
(blue). c) Emission spectra of Pt-Cl under nitrogen atmosphere (blue) and under air (red). 
 

Table 3 Luminescence data of Pt-Br, Pt-Cl, Pt-I and Pt-CN in nitrogen-saturated and of TxBr in aerated 
CH2Cl2 solutions at a concentration of 10-5 mol L-1; n.m. = not measured. 

 

l
max,Fl 

[nm] 

(St. shift [cm-1]) 

l
max,Ph 

[nm] 

(St. shift [cm-1]) 
f

Fl
 f Ph

  t [ms] 

Br-Tx 417 (1726) - n.m. -  - 

Pt-Cl 451 (2640) 520 (5583) 0.006 0.188  2.17 

Pt-Br 450 / 421a 
 (2592) 517 / 491a (5472) 0.006 0.120 / 0.031a  n.m. 

Pt-I 441 (2138) 511 (5244) 0.004 0.017  n.m. 

Pt-CN 439 (2283) 507 (5338) 0.015 0.069  n.m. 
a measured in benzene at ambient temperature  in nitrogen saturated solutions.  

 

The influence of the ligand X on the emission energies is small, but both bands shift to 

slightly higher energy as Pt-X back bonding increases (Cl < Br << I < CN). The 

wavelength of the fluorescence emission of the (pseudo)halogenido complexes thus 

follows an inverse order as that of the electronic absorption. One possible explanation is 

that the first excited singlet state undergoes some structural reorientation before emission 

occurs which leads to a stronger contribution of the (pseudo)halogenido ligand. Such 

structural reorientation upon irradiation of thioxanthones is not without precedence in the 

literature96 and also underlies the solvent dependency of Tx emission, very similar to the 

one that we observe for the investigated complexes (Figure 7b). Computed structure 

changes between the T1 and S0 states are, however, rather minor and basically confined to 
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the platinum bonded Tx ligand with a contraction of the Pt-C(Tx) and the C4-S bond 

lengths of ca. 3 pm and elongation of the Tx C=O and the C1-C2 bonds of about 4 pm and 

2 pm, respectively (Tables S5 to S8 of the ESI). The same holds for calculated spin 

densities as is exemplarily shown for Pt-Cl in Figure S26 of the ESI. 

For the three halogenido complexes the phosporescence quantum yields increase with 

increasing s-basicity of the ligand X against platinum in the order I < CN < Br < Cl from 

smaller than 2% for Pt-I to close to 19% for Pt-Cl (Table 3). With increasing s-basicity of 

the ligand X, the ligand-field splitting also increases which in turn destabilises the non-

emissive Pt 5d states. Therefore, thermal excitation from the emissive thioxanthone-

centred 3pp*-states to the Pt 5d states undergoing radiationless decay is diminished.103 

Ligand-field arguments would, however, predict that the cyanido complex is the strongest 

triplet emitter along this series of complexes, which is clearly not the case. Radiationless 

decay of the excited triplet state may also be triggered by excitation of vibrational quanta, 

and this decay channel may be particularly efficient in Pt-CN due to the high energy of the 

C¹N stretch.104  

The phosphorescence quantum yield further increases with increasing polarity of the 

solvent as is exemplified by complex Pt-Br, which shows a quantum yield of 12% in 

CH2Cl2 but only one of 3% in benzene. Such behaviour has also been reported for purely 

organic thioxanthones, which also show strong solvent dependence of the rates of internal 

conversion and intersystem crossing owing to a modulation of the relative energies of the 

S1, S2, T1 and T2 states.94-96 This effect is also reflected in the energies of the fluorescence 

and the phosphorescence bands of Pt-Br that are blue shifted by 1530 cm-1 and 1025 cm-1, 

respectively, when the solvent is changed from CH2Cl2 to benzene.  

We note that the fluorescence quantum yields and, obviously, the lifetimes of the four 

complexes vary only very little and are also very similar to those of purely organic 

thioxanthones.88,94,96,105 The rate constant of fluorescence can be estimated as ca. 1.2 to 0.3 

ns by the established equation 

Ff = kftf with kf = 5.12³107 s-1.105 

This shows that attachment of the {Pt(PEt3)X}-fragment has an only limited influence on 

the already high rate of intersystem crossing (ISC) of the Tx dye. The quantum yield of 

triplet formation of parent thioxanthone has been determined as 66% for acetonitrile and 

84% for benzene solutions.97 Of note is, however, the observation of moderately to rather 
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intense room-temperature phosphorescence from the thioxanthonyl ligand with quantum 

yields of up to almost 19%. Organic thioxanthones, while being phosphorescent in glassy 

matrices at 77K,89,90,94 usually show only very weak emission under these conditions, if 

any at all.97 Intersystem crossing from the excited S1 to the excited T2 state of 

thioxanthones is usually very fast (see Figure 1) and occurs within 10 ps86,95 while the 

Internal Conversion from the T2 to the T1 state occurs at a rate which is identical to the 

lifetime of the fluorescence (1.5 ï 2 ns).86 In contrast, the T1 state is very long-lived with 

half-lives in the range of 100 to 140 ms, making it very susceptible to quenching and 

photoreactions such as H atom abstraction. The role of the covalently bonded Pt centre is 

thus to open a pathway for relatively rapid decay of the T1 state to the ground state with the 

emission of light due to its high spin-orbit coupling constant, which is not available for 

thioxanthone itself or its organic derivatives. Pt-Cl, the strongest triplet emitter of the 

present series, has a phosphorescence half-life of 2.17 µs, which is by five orders of 

magnitude lower compared to that of purely organic thioxanthones. The lifetime clearly 

proves that the emission band at 510 nm originates from a triplet state and further indicates 

that phosphorescence emission now becomes competitive to radiationless deactivation 

pathways. 

 

3.2.4 Conclusion 

Four new square planar complexes trans-Pt(PEt3)2(X)(thioxanthon-2-yl) (X = Cl, Br, CN 

or I) were successfully synthesised by oxidative addition of 2-bromo-9H-thioxanthen-9-

one to Pt(PEt3)4 and subsequent halide exchange. Electronic absorption data in concert 

with TD-DFT calculations reveal a considerable red-shift of the thioxanthone-centred 

p­p* (HOMO­LUMO) transition when compared to the free ligand in accordance with 

the overall donor capabilities of the trans-{Pt(PEt3)2X}-fragment. All four complexes 

exhibit dual fluorescence and phosphorescence emission in fluid solution at room 

temperature arising from excited singlet and triplet states located at the thioxanthonyl 

ligand. While the fluorescence quantum yield is largely independent on X and very similar 

to that of other thioxanthones, that of the phosphorescence emission is strongly modulated 

by the ligand X, ranging from 1.7% for Pt-I to a truly exceptional value of 18.8% for Pt-Cl 

in nitrogen-saturated CH2Cl2 solution. In an intuitive ordering, the phosphorescence 

quantum yield of the halogenido complexes increases with the ligand-field splitting 
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abilities of ligand X. The lower phosphorescence quantum yield of the strong-field cyanido 

ligand may be due to its high-energy C¹N stretch, which probably provides an efficient 

non-radiative deactivation channel. Key to the observation of dual emission is that the 

platinum coordination centre makes only limited contribution of the to the relevant frontier 

orbitals of the excited states70-72 as is, e. g., seen by the computed spin density distributions 

of the T1 state. This attenuated Pt contribution has no noticeable influence on the already 

fast rate of ISC inherent to thioxanthones. It is, however, still sufficient to open a radiative 

deactivation channel for the usually very long-lived triplet state that is unattainable for 

thioxanthones themselves, thus diminishing the lifetime of the excited triplet state of the 

Tx ligand by five orders of magnitude compared to a value of 2.17 ms. This allows for 

thioxanthone-based phosphorescence to be observed in fluid solution with unprecedentedly 

high quantum yield. We note here that complexes exhibiting dual fluorescence and 

phosphorescence emission have advantages over two-component sensors for quantitative 

detection of singlet-oxygen.71 The platinum Tx complexes herein display strong 

phosphorescence and quantitative quenching of that emission at atmospheric O2 levels 

while fluorescence emission is fully retained. This makes them promising candidates for 

such application, and work along these lines is underway. 

 

3.2.5 Experimental Section 

Materials and General Methods 

All reactions, except the oxidative addition of 2-bromo-9H-thioxanthen-9-one (Tx-Br) to 

Pt(PEt3)4, were performed under air with undried solvents. THF was distilled from blue 

sodium/benzophenone ketyl and was degassed by three freeze-pump-thaw cycles. All other 

solvents were used without further purification. 2-Bromo-9H-thioxanthen-9-one (Tx-Br)106 

and [Pt(PEt3)4]
107 were synthesised according to literature procedures. 

NMR experiments were carried out on a Varian Unity Inova 400, a Bruker Avance III 

DRX 400 or a Bruker Avance DRX 600. 1H and 13C NMR spectra were referenced to the 

solvent signal. 31P and 195Pt NMR spectra were referenced to external standard (85 % 

H3PO4 and saturated solutions of K2PtCl6 in D2O, respectively). NMR spectral data are 

given as follows: chemical shift (ŭ ppm), multiplicity (m: multiplet, s: singlet, d: doublet, t: 

triplet, quin: quintet, vm: virtual multiplet), coupling constant (Hz), integration. In addition 
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to 1D NMR experiments, complete NMR characterisations were performed by 2D NMR 

experiments (1H,1H gCOSY, 1H,13C gHSQC, 1H,13C gHMBC and 1H,31P gHMBC). 

X-ray diffraction analysis was performed at 100 K on a STOE IPDS-II diffractometer 

equipped with a graphite-monochromated radiation source (ɚ = 0.71073 Å) and an image 

plate detection system. A crystal mounted on a fine glass fiber with silicone grease was 

employed. If not indicated otherwise, the selection, integration and averaging procedure of 

the measured reflex intensities, the determination of the unit cell dimensions and a least-

squares fit of the 2ɗ values as well as data reduction, LP-correction and space group 

determination were performed using the X-Area software package delivered with the 

diffractometer. A semiempirical absorption correction was performed. The structure of Pt-

Cl was solved by the heavy-atom methods (SHELXS-97), whereas those of Pt-CN and Pt-

Br were solved by direct methods (SHELXS-97). Solutions of both structures were 

completed with difference fourier syntheses and refined with full-matrix least-square using 

SHELXL-97108 minimising ɤ(F0
2-Fc

2)2. Weighted R factor (wR2) and the goodness of fit 

GooF are based on F2. All non-hydrogen atoms except C2 and C12 of Pt-Br were refined 

with anisotropic displacement parameters. All hydrogen atoms were treated according to a 

riding model. Molecular structures in this work are plotted with ORTEP 3.109 Hydrogen 

atoms and solvent molecules are omitted for clarity. 

UV-Vis spectra were obtained on a TIDAS fiberoptic diode array spectrometer MCS 

UV/NIR from j&m in HELLMA quartz cuvettes with 1 cm optical path lengths. Emission 

spectra were measured on a Perkin Elmer Luminescence spectrometer LS50 using 

HELLMA quartz cuvettes modified with an angle valve from Normag. Time-resolved 

luminescence spectroscopy was measured on a LP920-KS instrument from Edinburgh 

Instruments, equipped with a R928 photomultiplier and an iCCD camera from Andor using 

a Starna quartz cuvette modified with an angle valve from Rotaflow. Luminescence was 

excited with the frequency-doubled output from a Quantel Brilliant b laser and the pulse 

length of approximately 10 ns. The concentration of samples was ca. 1.5 x 10-5 M. 

Electrochemical investigations in degassed dichloromethane were performed in a vacuum-

tight one-compartment cell on a BAS CV50 potentiostat using Pt or glassy carbon disk 

electrodes from BAS as the working electrode, a platinum counter electrode and a silver 

pseudoreference electrode. Potentials were calibrated against the ferrocene/ferrocenium 

couple (E0 Fc/Fc+ = 0.000 V). 
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Computational Details 

The ground state electronic structures were calculated by density functional theory (DFT) 

methods using the Gaussian 09110 program packages. Quantum chemical studies were 

performed without any symmetry constraints. Open shell systems were calculated by the 

unrestricted Kohn-Sham approach (UKS).111 Geometry optimization followed by 

vibrational analysis was made either in vacuum or in solvent media. The quasirelativistic 

Wood-Boring small-core pseudopotentials (MWB)112,113 and the corresponding optimized 

set of basis functions114 for Pt and 6-31G(d) polarized double-z basis set115 for the 

remaining atoms were employed together with the Perdew, Burke, Ernzerhof  exchange 

and correlation functional (PBE0). 116,117 Solvent effects were described by the polarizable 

conductor continuum model (PCM)118-121 with standard parameters for CH2Cl2. Absorption 

spectra and orbital energies were calculated using time-dependent DFT (TD-DFT)122 using 

the same functional/basis set combination mentioned above. For easier comparison with 

the experiment, the obtained absorption and emission energies were converted into 

wavelengths and broadened by a Gaussian distribution (full width at half maximum = 

3000 cm-1) using the program GaussSum.123 Molecular orbitals were visualised with the 

GaussView program.124 

 

trans-bromido(thioxanthon-2-yl)bis(triethylphosphine)platinum(II) (Pt-Br). In a 50 

mL Schlenk tube Pt(PEt3)4 (1.26 g, 1.89 mmol) and  2-bromo-9H-thioxanthen-9-one (549 

mg, 1.89 mmol) were suspended under nitrogen atmosphere in 10 mL of degassed THF. 

After stirring the yellow suspension for 1.5 h at room temperature complete consumption 

of [Pt(PEt3)4] was observed by 31P NMR experiments. The solvent was removed and the 

remaining yellow solid was washed with pentane (3 x 5 mL). The product was extracted 

from the residue with toluene (3 x 5 mL) and recrystallised from 7 mL of toluene. The 

needle shaped crystalline material was redissolved in benzene and then frozen at 273 K. 

The benzene was sublimed off in vacuo to yield 810 mg of the yellow product. Yield: 59%. 
1H NMR (600.2 MHz, CD2Cl2, 298 K) ŭ 8.55 (d, 3

JHH = 8.2 Hz, 1H, H9), 8.54 (s, with 

satellites 3
JPtH = 71.3 Hz, 1H, H13), 7.70 (d, 3

JHH = 8.2 Hz, with satellites 3
JPtH = 63.4 Hz, 

1H, H2), 7.61-7.57 (m, 2H, H6, and H7), 7.44 (m, 1H, H8), 7.21 (d, 3
JHH = 8.2 Hz, 1H, 

H3), 1.67 (m, 12H, H14), 1.07 (m, 18H, H15). 13C NMR (150.9 MHz, CD2Cl2, 298 K) d 

179.6 (s, C11), 142.7 (t, 3
JPC = 2.2 Hz, with satellites 2

JPtC = 43.8 Hz, C2), 139.7 (t, 2
JPC = 
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9.0 Hz, with satellites 1
JPtC = 972 Hz, C1), 138.3 (s, C5), 137.5 (t, 3

JPC = 2.7 Hz, with 

satellites 2
JPtC = 50.4 Hz, C13), 132.2 (s, C7), 130.7 (t, 5

JPC = 1.4 Hz, C4), 130.3 (s, C10), 

130.0 (s, C9), 129.1 (t, 4
JPC = 1.2 Hz, C12), 126.6 (s, C6), 126.2 (s,C8), 125.2 (s, with 

satellites 3
JPtC = 72.8 Hz, C3), 14.8 (vquin, J = 16.9 Hz, C14), and 8.1 (s, with satellites 

3
JPtC = 24.5 Hz, C15). 31P NMR (162 MHz, CD2Cl2, 298 K) ŭ 11.91 (s, with satellites 1

JPtP 

= 2701 Hz). 195Pt NMR (85.6 MHz, CD2Cl2, 298 K) ŭ -4382 (t, 1
JPtP = 2701 Hz). Anal. 

Calcd for C25H37BrOP2PtS: C, 41.56; 5.16. Found: C, 42.11; H, 5.30%.  

trans-chlorido(thioxanthon-2-yl)bis(triethylphosphine)platinum(II) (Pt-Cl). Pt-Br 

(46.5 mg, 64.4 mmol) and AgBF4 (12.6 mg, 64.4 mmol) were suspended in 3 mL of 

methanol and heated at 65 °C for 10 min. NaCl (8 mg, 137 mmol) was added and the 

yellow suspension was stirred for 16 h at room temperature. The precipitate was filtered 

off and solvent was removed from the filtrate. The remaining yellow solid was washed 

with water (3 x 5 mL) and recrystallised from toluene to give 27.5 mg of yellow, needle 

shaped crystals. (Yield: 63%). 1H NMR (600.33 MHz, CD2Cl2, 298 K) d 8.55 (s, with 

satellites 3
JPtH = 69.2 Hz, 1H, H13), 8.54 (m, 1H, H9), 7.71 (dd, 3

JHH = 8.13 Hz, 4
JHH = 

1.24 Hz, with satellites 3
JPtH = 61.9 Hz, 1H, H2), 7.59 (m, 2H, H6, and H7), 7.44 (m, 1H, 

H8), 7.19 (d, 3JHH = 8.13 Hz, 1H, H3), 1.62 (m, 12H, H14), 1.08 (m, 18H, H15). 13C NMR 

(151.0 MHz, CD2Cl2, 298 K) d 180.2 (s, C11), 143.0 (t, 3
JPC = 2.0 Hz, with satellites 2

JPtC 

= 43.0 Hz, C2), 138.3 (s, C5), 137.8 (t, 2
JPC = 9.2 Hz, with satellites 1

JPtC = 960 Hz, C1), 

137.7 (t, 3
JPC = 2.56 Hz, with satellites 2

JPtC = 48.2 Hz, C13), 132.19 (s, C7), 130.5 (t, 5
JPC 

= 1.38 Hz, C4), 130.3 (s, C10), 130.0 (s, C9), 129.0 (s, with satellites 3
JPtC = 70.5 Hz, 

C12), 126.6 (s, C6), 126.2 (s, C8), 125.1 (s, with satellites 3
JPtC = 71.1 Hz, C3), 14.2 

(vquin, J = 16.9 Hz, C14), 8.1 (s, with satellites 2
JPtC = 23.5 Hz, C15). 31P NMR (161.84 

MHz, CD2Cl2, 298 K) d 13.93 (s, with satellites 1
JPtP = 2725 Hz, 2P). 195Pt NMR (85.6 

MHz, CD2Cl2, 298 K) ŭ -4257 (t, 1
JPtP = 2725 Hz). Anal. Calcd for C25H37ClOP2PtS: C, 

44.28; 5.50. Found: C, 44.28; H, 5.37%. Crystals suitable for X-ray diffraction analysis 

were obtained by slow evaporation of the solvent from a saturated CH2Cl2 solution. 

trans-cyanido(thioxanthon-2-yl)bis(triethylphosphine)platinum(II) (Pt-CN). Pt-Br (41 

mg, 56.7 mmol) and AgCN (7.6 mg, 56.7 mmol, prepared from AgNO3 and KCN) were 

suspended in 0.5 mL of acetone and heated at reflux for 5 min. The obtained solid was 

filtered off through a syringe filter and the filter cake was washed with CH2Cl2 (2 x 2 mL). 

The solvent was removed from the combined filtrates and the pure yellow product was 
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obtained by recrystallisation from acetone. (Yield: 89%). 1H NMR (600.33 MHz, CD2Cl2, 

298 K) ŭ 8.55 (d, 3JHH = 8.0 Hz, 1H, H9), 8.50 (s, with satellites 3
JPtH = 45.1 Hz, 1H, H13), 

7.61 (d, 3
JHH = 8.0 Hz, with satellites 3

JPtH = 40.9 Hz, 1H, H2), 7.60-7.57 (m, 2H, H6 and 

H7), 7.44 (m, 1H, H8), 7.29 (d, 3
JHH = 8.0 Hz, 1H, H3), 1.73 (m, 12H, H14), and 1.10 (dt, 

3
JHH = 7.6 Hz, 3

JPH = 16.8 Hz, 18H, H15). 13C NMR (151.0 MHz, CD2Cl2, 298 K) d 180.5 

(s, C11), 151.3 (t, 2
JPC = 10.5 Hz, C1), 143.5 (t, 3

JPC = 2.2 Hz, with satellites 3
JPtC = 27.9 

Hz, C2), 138.5 (t, 3
JPC = 2.6 Hz, with satellites 2

JPtC = 31.1 Hz, C13), 138.3 (s, C5), 133.7 

(t, 2
JPC = 12.4 Hz, C(CN)), 132.2 (s, C7), 131.3 (s, C4), 130.5 (s, C10), 130.0 (s, C9), 

129.0 (s, C12), 126.6 (s, C6), 126.2 (s, C8), 125.2 (s, with satellites 3
JPtC = 49.9 Hz, C3), 

16.1 (vquin, J = 17.60 Hz, C14), and 8.3 (s, with satellites 3
JPtC = 24.4 Hz, C15). 31P NMR 

(161.84 MHz, CD2Cl2, 298 K) d 10.73 (s, with satellites 1
JPtP = 2524 Hz, 2P). 195Pt NMR 

(85.6 MHz, CD2Cl2, 298 K) ŭ -4674 (t, 1
JPtP = 2524 Hz). Anal. Calcd for C26H37NOP2PtS: 

C, 46.70; H, 5.58; N, 2.09; S, 4.80. Found: C, 46.52; H, 5.60, N, 2.19; S, 4.69%. Crystals 

suitable for X-ray diffraction analysis were obtained by slow evaporation of the solvent 

from a saturated CH2Cl2 solution. 

trans-iodido(thioxanthonyl)bis(triethylphosphine)platinum(II) (Pt-I). Pt-Br (20 mg, 

27.7 mmol) and AgOTf (10.7 mg, 41.5 mmol) were combined in methanol and heated to 

reflux for 5 min. NaI (8.3 mg, 55.4 mmol) was added and the reaction mixture was stirred 

at ambient temperature for 1 h. The beige-yellowish precipitate was filtered off and the 

solvent was removed from the filtrate. The remaining yellow solid was redissolved in 

benzene and filtered through a syringe filter. The solvent was removed and the yellow 

product washed with pentane (3 x 1.5 mL) and dried in vacuo (yield: 79%). 1H NMR 

(600.2 MHz, CD2Cl2, 298 K) ŭ 8.55 (d, 3JHH = 8.0 Hz, 1H, H9), 8.52 (s, with satellites 3JPtH 

= 71.9 Hz, 1H, H13), 7.66 (dd, 3JHH = 8.1 Hz, 4JHH = 1.5 Hz, with satellites 3JPtH = 64.0 Hz, 

1H, H2), 7.62 -7.58 (m, 2H, H6, and H7), 7.45 (m, 1H, H8), 7.23 (d, broad, 3
JHH = 8.1 Hz, 

1H, H3), 1.77 (m, 12H, H14), and 1.05 (dt, 3
JHH = 7.7 Hz, 3

JPH = 16.4 Hz, 18H, H15). 13C 

NMR (150.9 MHz, CD2Cl2, 298 K) d 180.3 (s, C11), 143.7 (t, 2JPC =  8.8 Hz, C1), 142.3 (s, 

with satellites 2
JPtC = 44.4 Hz, C2), 138.3 (s, C5), 137.2 (s, with satellites 2

JPtC = 49.9 Hz, 

C13), 132.3 (s, C8), 130.9 (s, C4), 130.3 (s, C10), 130.0 (s, C9), 129.1 (s,C12), 126.6 (s, 

C6), 126.3 (s, C8), 125.3 (s, with satellites 3
JPtC = 74.5 Hz, C3),  16.0 (vquin, J = 17.4 Hz, 

C14), and 8.2 (s, with satellites 3JPtC = 25.0 Hz, C15). 31P NMR (161.84 MHz, CD2Cl2, 298 

K) d 8.39 (s, with satellites 1
JPtP = 2668 Hz, 2P). 195Pt NMR (85.6 MHz, CD2Cl2, 298 K) ŭ 
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-4602 (t, 1
JPtP = 2668 Hz). Anal. Calcd for C25H37IOP2PtS: C, 39.02; 4.85. Found: C, 

38.46; H, 4.40%. 

Crystallographic data files have been deposited at the Cambridge Crystallographic Data 

Centre, 12, Union Road, Cambridge CB2 1EZ, [Fax: + 44 1223/336-033; E-mail 

deposit@ccdc.cam.ac.] and can be obtained free of charge at 

www.ccdc.cam.ac.uk/conts/retrieving.html. Deposition numbers are CCDC 1017997 (Pt-

Cl) and 1017999 (Pt-CN). 

Electronic Supporting Information 

Depictions of the 1H, 13C{1H}, 31P{1H} and 195Pt NMR spectra of the complexes; crystal 

and refinement data as well as ORTEPs and packing diagrams of complexes Pt-Cl and Pt-

CN, graphical representations of exemplary cyclic voltammograms and electronic 

absorption and emission spectra, Tables with structure parameters for the optimised 

geometries of the complexes, energies and graphical representations of the crucial MOs of 

the complexes and TD-DFT calculated transitions. CCDC1017997 (Pt-Cl) and 1017999 

(Pt-CN). For ESI and crystallographic data in CIF or other electronic format see DOI: 

10.1039/c4dt02410a. 
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1. NMR data 

Figure S1. 1H NMR spectrum of Pt-Br in methylene chloride-d2. 
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Figure S2. 31P{1H} NMR spectrum of Pt-Br in methylene chloride-d2. 

 

 

 

 
Figure S3. 13C{1H} NMR spectrum of Pt-Br in methylene chloride-d2. 
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Figure S4. 195Pt{1H} NMR spectrum of Pt-Br in methylene chloride-d2. 

 

 

 
Figure S5. 1H NMR spectrum of Pt-Cl in methylene chloride-d2. 

 

 

Figure S6. 31P{1H} NMR spectrum of Pt-Cl in methylene chloride-d2. 
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Figure S7. 13C{1H} NMR spectrum of Pt-Cl in methylene chloride-d2. 

 

 

 

 

Figure S8. 195Pt{1H} NMR spectrum of Pt-Cl in methylene chloride-d2. 

 

 

 

 



 
Publications 

64 

 

Figure S9. 
1H NMR spectrum of Pt-CN in methylene chloride-d2. 

 

 

 

Figure S10. 31P{1H} NMR spectrum of Pt-CN in methylene chloride-d2. 
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Figure S11. 13C{1H} NMR spectrum of Pt-CN in methylene chloride-d2. 

 

 

 

 

Figure S12. 195Pt{1H} NMR spectrum of Pt-CN in methylene chloride-d2. 

 

 

 

 

 


