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Abstract 

Characteris t ics  o f  the electronic excited states o f  t ransi t ion-metal  complexes are reviewed, 
At ten t ion  is focussed on the exper imental  means  o f  ~dentifying the orbital  natures e f  the 
emit t ing manifolds.  Two  new criteria for dist inguishing a m o n g  excited triplet terms are 
enunciated:  (a) the profile o f  the phosphorescence  lifetime vs. the tempera ture  in the range 
77-4  K, and (b)  the funct ional  dependence o f  the phosphorescence decay rate on an external  
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magnetic field at ~4 K temperatures. These criteria are applied to the red emission emanating 
from solid platinum(lI) complexes that form linear chains [Pt(2,2'-bipyridine)(CN)2; 
Pt(2,2'-bipyridine)Cl2] and to Pt(2-phenylpyridine)2 that crystallizes with discrete dimeric 
units. The origin of the phosphorescence from all three substances is assigned to a 3dcy*p~ 
term from a consideration of the criteria given above. The red emission from solutions 
and rigid glasses of Pt(4,4'-dimethyl-2,2'-bipyridine)(ecda) and Pt(4,7-diphenyl-l,10- 
phenantroline) (ecda) [ecda = 1-ethoxycarbonyl- 1 -cyanoethylene-2,2-dithiolate] is reassigned to 
a 3do*pcr term of a binuclear defect state since the T-dependence criterion does not support 
the current assignment to a 3MLCT of a monomeric species. © 1998 Elsevier Science S.A. 

Keywords: Electronic configuration; Triplet states; Platinum(II) complexes; Photophysics; 
Luminescence; Phosphorescence; Temperature dependence; Magnetic perturbations; Emission; 
Phototuminescence 

1. Inta'oduction 

Knowledge of the lowest excited configurations of transition-metal complexes is 
necessary to design potentially important luminescent materials. Particularly for 
metal complexes that emit light in fluid solution there is great interest in defining 
their lowest emitting states, since their nature dictates the types of photochemical 
reactions the complexes will undergo. Metal-to-ligand charge-transfer (MLCT) 
excited states are especially important since they facilitate charge separation. 
Although the ~pectral characteristics and the decay time of the photoluminescence 
are often sufficient to identify the nature of the emitting configuration, there are 
cases where additional information is required to effect a definitive configurational 
assignment of the emitting manifold. In this contribution we delineate the roles that 
measurements of the temperature-dependence of the decay times and of their 
response to an external magnetic field have played in the characterization of the 
lowest excited states of binuclear complexes of Rh(I ) ,  l r (I) ,  and Pt(II) ,  and we 
apply these criteria to assign the emitting states of solids containing linear chains of 
Pt(II)  ions. We also offer a new view of the origin of the luminescence observed 
I¥om fluid solutions of Pt(II ) ~,cz'-diimine dithioiate complexes. 

2. Supplemental criteria for defining triplet states 

2.1. Temperature dependence o f  the phosphorescence 

2~ 1.1. Ligand 3 nn* emission 
The phosphorescence emanating from formally 3n,¢* ligand-localized excited con- 

figurations is insensitive to temperature below 77 K until ca. 10 K. Below this 
temperature range the decay profile begins to deviate from exponential behavior 
owing to spin-polarization of the closely lying emitting triplet states. Except for a 
significantly shortened decay time relative to those of the 3nn* terms in most organic 
molecules, 3nrc* manifolds in complexes behave similarly to those of the uncomplexed 
ligands. In a few cases these nominally 3nn* manifolds are perturbed by nearby 



G.A. Croshv K, R. Kendrick / Coordination CTwmistr)" Reviews 171 (1998) 407-417 409 

3MLCT states and the splittings of ~,he sub!evels increase substantially [11. This 
phenomenon is also revealed by the T-dependent behavior [2]. An external magnetic 
field splits the group of three states in a predictable way and decreases the degree 
of spin polarization, thus restoring exponential decay of the phosphorescence at 
very low temperatures [3]. 

2.1.2. ~ M L C T  emission 
The T-dependence of the phosphorescence emanating from these types of con- 

figurations is exemplified by the curve reproduced in Fig. 1 for the 
tris (bipyridine) ruthenium (II) cation (see ref, [4]; note that the published result for 
e2 is 56 cm-l ,  however, these numbers were inadvertently transposed. The correct 
value is 65 cm-t.).  The phosphorescence decay retains its strict exponentiality to 
very low temperatures (< 4 K) and therefore can be fit by the well-known equation 
reproduced in Fig. 2 [6]. 

Fitting the experimental data to this expression yields both the total rate constant 
of decay to the ground state of each triplet subtevel (kl,  k2, Ic3) and the two energy 
splitting parameters (et, e2). Of signal importance i~ the fact that a satisfactory fit 
for 3MLCT emission always requires a three-level manifold. A two-level system will 
not suffice [4,6,7]. 

Because emitting configurations of this type contain three distinct triplet states 
split asymmetrically, the effect of a magnetic field on the emitting manifold at ~<4 K 
is not simply related to the field strength but depends on the characteristics of the 
two upper levels and the relative magnitudes of the two splitting parameters. The 
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Fig. 1. Temperature dependence of  tlle pho.~phorescence lifetime. {a) Tris(bipyridine)ruthenium{ 11 ) cation 
in 4:1 (v/v) E t O H / M e O H  matri,~ [4]. (b) [Pt(popL] 4- in 2:i (v~v) e,:hylene glycol/water. The subleveI 
rate constants and the splitting parameters are given [51 . 
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Fig. 2. Definition of Iate constants and splilting parameters for a triplet manifold. For a two-leve! manifold 
the expression tbr r is truncated. Fitting data to this equation is appropriate only for manifolds that 
remain it: Boltzmann equilibrium throughout the decay process and for T-independent individual rate 
constants. 

decay time of the phosphorescence plotted against the square of the B-field for 
Re(I)Cl(CO)3bpy is shown in Fig. 3 [9]. 

2.1.3. 3 da*pa emission 
Tile binuclear complex [Pt2(pop)4] 4- (pop=g-H2P2Os) has been extensively 

studied [5, 10--13]. The phosphorescence has been assigned to a triplet manifold that 
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Fig. 3~ Dependence of the phosphorescence lifetime on an applied magnetic field. • [Right ordinate] 
Pt(CN }2(g-diphenylphosphinomethaneh at 4 K [8]. i [Left ordinate] Re(l  )Cl(CO)3(bpy) at 2.2 K [9]. 
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is composed of two levels, a single forbidden one lying lower and a second partially 
allowed level lying ca. 50 cm-  '- higher in energy. For complexes with D4 or higher 
symmetry about the internuclear axis group, theoretical arguments assign the lower 
level to a dipole-forbidden state and the upper level to a degenerate pair that arises 
from the triplet term but is made partially allowed by configurational mixing with 
upper singlet states [5,I2]. The T-dependence of the phosphorescence decay time 
below 77 K confirms these assignments. This pronounced temperature dependence, 
shown in Fig. 1, is accurately reproduced by a two-level manifold that is obtained 
by truncating the expression shown in Fig. 2 to two levels. Indeed, one can employ 
the converse: a T-dependence curve of the phosphorescence decay time that can be 
fit adequately by a two-level model is strong evidence for axial orbital symmetry of 
the emitting triplet term. We have applied this argument to rationalize the data of 
a host of  Rh (I),  Ir (I), and Pt ( II ) binuclear complexes [8 ]. We conclude that within 
the precision of the measurements the orbital symmetry of the lowest (emitting) 
triplet term is axial, although the molecular symmetry ranges from D4h to 
(pseudo)C2~. The rate constants/% k2 and the splitting parameter q for representa- 
tive binuclear complexes are reproduced in Table 1. A dependence on the nature of 
the metal ions is evident. 

The effect of  a magnetic field on the phosphorescence decay time of a typical 
binuclear complex displaying 3der*pc~ emission is also shown in Fig. 3. A linear 
relationship between the rate of decay ( l / r)  and ~he square of the magnetic field 
exists. This linearity is expected from the application of second-order perturbation 
theory to a two-level system with widely different decay constants [ 14,15]. Indeed, 
we infer that the occurrence of a linear relationship of this type is indicative of a 
two-level manifold essentially isolated from other excited manifolds in the complex. 
The behavior of the phosphorescence decay time in the external field confirms the 
presence of a two-level manifold and hence the existence of essentially axial electronic 
symmetry in complexes possessing lower than axial molecular symmetry. 

As the two previous examples show~ the behavior of the phosphorescence decay 
time (4 K) with magnetic field differs for 3MLCT and 3dcr*p~ emitting manifolds. 
Thus, the magnetic field dependence of the phosphorescence decay time at very low 

Table 1 
Experimemal parameters for the emitting lriplet manifolds of platinum( 11 ) complexes 

Complex Matrix e (cm ~t k, (~.~s ~) k z {f~s- i} 

[Pt (CN)2Rh( ] ){ t-BuNC )2{ g-dppmte][PF,] PMMA [4 0.00078 0,13 
[Au{ 1 }PI(CN )2(bL-dppm)2l[PF~,] PMMA 61 0,0022 2.30 
Pt(CN )A ~t-dppm/2 PMAA 67 0.00064 2.62 
Ka[Pt2( pop)a] glycol water 50 0.0011 0.63 
Pt( bpy)(CN }2 solid 30 0,00048 2.1 
Pt( bpyIC12 solid 56 0.0034 4.0 
Pt( 2-phpy}2 solid 41 0.0020 2.3 
PI (dpphen)(ecda) DMM 50 0.006 2.2 
Pt (dmbpy){ecdal DMM 52 0.013 2.0 
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temperatures becomes a criterion tbr distinguishing these two types of configurations 
in d a metal systems. 

3. Investigations of tke excited states of Pt(II ) ,z,~Ldiimine and orthometattated 
complexes 

Assignment of;.he lowest excited electronic manifolds of Pt(II ) complexes presents 
special difficulties Unlike octahedral d 6 complexes [Ru(II),  Re(I)]. these d s species 
are square-planar possessing open coordination sites at the metal ion. These sites 
facilitate solvent interactions in fluid solution, and they also promote aggregation 
of the species in solution and the formation of solids having linear chains of metal 
i,~ns [t6-18]. Following the pioneering work of Gliemann and coworkers [19]. 
investigators have assigned the emission from the solids to a 3MLCT manifold [20-- 
22]. For complexes that exhibit emission in fluid solution, a 3MLCT assignment has 
also been proposed [231. The intriguing characteristics of these Pt(II) complexes 
have prompted us to reinvestigate their luminescence properties and to apply the 
additional criteria of T-dependence of the phosphorescence lifetime and the response 
of the decay time to magnetic perturbations to the experimental assignment of the 
lowest emitting manifolds. 

3.1. S.vmheses 

Pt(bpy)(CN)2, Pt(2-phpY)2, and the red form of Pt(bpyJCl 2 (bpy =2,2'-bipyri- 
dine, 2-phpy = 2-phenylpyridine) were synthesized by published methods. The com- 
plex Pt(bpy)(CN )~ was synthesized by Method A reported by Che et al. [24]. The 
procedure described by Morgan and Burstall [25] was followed to make the yellow 
form of Pt (bpy)Cl2, which was subsequently converted to the red fol,'m by recrystalli- 
zation from hot pyridine [26]. The orthometal!ated complex Pt(2-phpy)2 was synthe- 
sized according to the procedure published by Chassot et al. [27]. Its structure was 
confirmed by X-ray powder diffraction. Pt(dpphen)(ecda) and Pt(dmpy)(ecda) 
(dpphen = 4,7-diphenyl- 1, I 0-phenanthroline; ecda = t-ethoxycarbonyt- 1-cyano~ 
ethylene-2,2-dithiolaie; dmbpy=.4,4'-dimethyl-2,2'~bipyridine)were synthesized by 
the methods reported by Eisenberg and coworkers [28]. 

3,2. £)'~ectr~.scopic measurements 

3.2.1. 7Zdepen,,tence qf the phosphoresceme &cay lime 
The 337nm light from a Molectron UV-22 N a laser pulsed at 15 Hz (25 ns 

FWHM ) was tbcused on an optical fiber that, carried the light to the sample mounted 
inside a liquid He storage dewar. Temperature was monitored with a RuO2 cryoresis- 
tor calibrated against an iron-rlaodium secondary standard. The accuracy of the 
reported temperature values is +_3%. The emitted light l¥om tile sample returned 
through the same fiber, passed through a saturated aqueous KNOz solution, was 
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SignaLs were recorded o~ a L,_{+~o~ 9361 digital oscilloscope. 

3, 20 2, Mag+,~e~ic fieid dependence measurer+++e~ts 
To determine the effect of  a magnetic fietd on the phosphoresce~ce lif~time at 

4 K, the samples were mounted i+,~ the cavity of a Janis Research super varitemp 
otXica! magnetic cryostat with the optical chamber flooded wii:h liquid helium. The 
field strength was determir~,ed from the cu, rre+~t measured in the coils. The excitation 
beam was oriented perpendicular to the B-,fieM. 

¢ ++ Resu]ts 

3.3.1. Pt ( bpy) (C]~J > Pt ( 2-1~]q'_:9? 2, and the r e.q fc'rm qf+ Pt ( bpy) (_7~ 
The experimental results flom the T-dependence measurements on the phosphores- 

cence for each substance were adequatdy fit by the two-level mead  described above. 
The data for Pt(bpy)(CN )2 are shown in Fig. 4, The resultant decay constants and 
splitting parameters are listed in "Fable 1+ The magnetic field det~endence of the 
phosphorescence lifetime was measa~ed for both Pt (bpy)CCN)~ and Pt (2-phpy) 2 
and a linear dependence of  the decay rate o~n the square of the B-field was found, 
The plot for the orthometatlated species is reproduced in Fig. 5, 

3.3.2. Pg ( &nbpy) ( ecda ) and Pt ( dp+p/wtU ( eca~+ ? 
Depending on the solvent composition+ in rigid glasses ~>+ese complexes emit a 

high-energy and a low-energy band. Here we focus o:~ ti,.e low-energy band that 
appears both in the rigid state and m fluid solution The T-dependences of the 
phosphorescences 1Br these substances in frozen DMM glasses [DMM = t+1.1 (v:,+) 
DMF,  CHeCI> C 1 - | 3 0 1 t ]  w e r e  measured in ~he 77-4 K range. The results {~f 
Pt(dpphenI(ecda) are reproduced belo~v in Fig, 6. A twodevel model fits tl,e data 
well+ The resultant manifold parameters for both ecda species are gixen m +t~ble, t. 
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Fig. 5. Response of  the phosphorescence decay time of  Pt(2-phpy)2 to an external magnetic field applied 
at 4.2 K. 
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Fig. 6. "Demperature dependence of  the ph~sphorescence lifetime of  P t (dpphen i (ecda)  " • - Experimental 
poims. . . . . . . . . .  computer-generated best fit. Derived rate constants and splitting parameter  are included 
in the diagram and in Table t. 

4. Discussion 

Although the spectral characteristics and the decay time at 77 K are it~:dicative of 
the nature of the excited configuration responsible for the phosphorescence exhibited 
by a metal complex, these experimental data are insufficient to make a definitive 
assignment of the manifold for all substances. We assert, however, that the additional 
information provided by the T-dependence of the phosphorescence allows a unique 
assignment in most cases. When complemented by the behavior of" the phosphores- 
cence decay time at 4 K in a magnetic field, the assignment is secure. 

Pt(bpy)(CN )2, Pt(2-phpy)2, and tile red form of Pt(bpy)C12 were studied in the 
solid state. Pt(2-phpy)2 lbrms discrete dimers in the solid [27]. but the other two 
crystallize with extended chains of Pt(II) atoms oriented along the unique axis of 
the crystal [ 18,29]. Each crystalline material contains Pt ions separated by ca. 3.4 A. 
All three substances emit light in the red region of the spectrum and the bands 
display no discenlible structure. Each phosphorescence decays with an approximately 
microsecond lifetime at 77 K, and each displays a T-dependence of the decay time 
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that can be adequately fit with a two-level scheme. The relevant data and the 
resultant parameters for the emitting manifold are given in Table I. From these 
results we infer that the postulated model for the [Pt2(pop)4] ~- ion is applicable to 
these materials also. This model is reproduced in Fig. 7. In this scheme there is no 
formal Pt-Pt  bond in the ground state, but a transient bond is formed ill the excited 
configuration. To a good approximation the electronic symmetry is axial in the 
lowest triplet manifold. In the D~,~ group the upper !evel is formally dipole-allowed 
with the E-vecter perpendicular to the Pt-Pt axis and the lower state is strictly 
dipole forbidden. 

For the Pt(2-phpy)z solid that contains isolated dimers, no additional discussion 
is required. For the extended solids, however, the fit of  the data to a dimer model 
requires further comment. In our view excitation of the solid is essentially to a 
singlet excitonic state as described by Gliemann and coworkers [ 19]. Rapid radiation- 
less decay to triplet exciton(s) occurs, but the exciton becomes self-trapped, essen- 
tially forming an isolated excited dimer defect in the crystal. The latter is responsible 
for the observed phosphorescence and thus the emission resembles that of  a discrete 
binuclear Pt (II)  species. 

Pt(II)(dmbpy)(ecda) and Pt(II)(dpphen)(ecda) are luminescent in fluid solution. 
The red emission shifts further red as the solution is cooled and retains its integrity 
in the glass [2, 23]. The phosphorescence decay is clearly amenable to a two-level fit 
of  the data. Indeed, the rate constants and the splitting of the two leveIs (Table I) 
are remarkably similar to those observed for Pt(II ) dimers and the extended chains 
investigated here and to the parameters of [Pt2(pop)4] 4- that are also included in 
Table 1. From these data :¢e conclu&: that the red emission observed from these 
Pt(II ) species also originates from a 3dcy*p~ term. In our view these species aggregate 

pz ¢ .  _ . . .___pz 

dz~ ~ d z 2  

Monomer Dimer,~Excimer Monomer 

Fig. 7. Schematic orbital diagram for an excited triplet term of a de-d ~ binuclear complex. Tile diagram 
is also applicable ~o a trapped ~riplet exciton m crystals containing linear chains ~nd aggregates in solutions 
and glasses. 



416 G.A. (~vsby. K. R Ken&ick : Coordination Chemistry Reviews 171 (1998) 4 0 7  417 

in the glass and the emission arises principally from these aggregates. Thus, the 
behavior of these species is also adequately rationalized by the scheme portrayed 
above tbr the solids containing extended chains of Pt(II) ions. This view of the 
emission origin differs from that promulgated by Eisenberg and coworkers [23]. 

5. Summary 

We have reinvestigated the prominent phosphorescence from several Pt(II) species, 
both in glasses and in solids. In all cases the red phosphorescence is attributed to 
an excited ~dcr*pcy manifold with essentially axial electronic symmetry about the 
Pt(II)-Pt(II) axis. Our reassignment of the origin of this red phosphorescence is 
dictated by the additional information obtained from the T-dependences of the 
decay times and the responses of the decay times to an external magnetic field. Our 
magnetic data agree with the previous work of Gliemann and coworkers [19]; 
however, our interpretation differs because of the additional information available 
from analogous measurements on discrete binuclear Pt(II) species [8]. Detailed 
information on the lowest emitting manifolds of these Pt(II) complexes and solids 
wilt be published elsewhere. 
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