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ABSTRACT

In square planar 4 complexes, the crystalline siate can have a pronounced effect upon the electronic
structure and photophysical parameters of the monomer due to electronic interactions between nearest
neighbors. In this article, we discuss the laminescence behavior of PA(IT) diimine complexes in dilote
monomeric environments and in linear chain solid siate structures. In these complexes, triplet excited
states of ligand field, metal-to-ditmine charge transfer, and diimine (r-n*} type lie at similar energies.
Their relative ordering is influeaced not only by intramolecular factors such as ligand field strength and
diimine substituents, but lso by the intermolecular structure of the crystal packing. The observed
tuminescence is a sensitive probe of these factors in the solid state.

1. INTRODUCTION

The unusual colors of many square planar d¢® complexes in the solid state has been known for a very
long time, particularly those of double salis such as Magnus' Green, [PidNH, ), I[PICYy]. In the early
197%s, interest in the low dimensional electrical conductivity and superconductivity of molecuiar
materials sparked a renewed research effort in solid state d® materials [1-4]. Many of these materials
were found to have highly anisolropic electrical and optical propesties. X-ray crystal structures obtained
for several anisotropic % materials showed stack or slipped-stack structures in which the distances
berween metal ions along the chain was less than 4 A,

The dependence of anisoropic properdies such as conductivity on the intermolecular disance
suggesied that metal-metal inersction was important, but the electronic swucture of these materials did
not fit a classical semiconductor bard model, Although early speciroscopic studies of lirear chain
materials [3-6] gave some insight into the solid stawe periurbations preseni, 1 was not until mach
subsequent work was done on the electronic structure of d8 dimers [7-9] that the nature of axial metal-
metal interactions began to be well understood.

Gur interest in the spectroscopy of linear chain Pi{11} complexes began with experiments o test Pi{il)
double salts as microheterogeneous photosensitizers to drive energy storage redox reactions [10]. The
premise was that these iasoluble microcrystaliine materials might have some kind of cooperative excited
state structure ihat would mimic a semiconductor particle photocawalyst, while their imtense visible
absorption spectra would allow high solar colleciion efficiency. Although 2 wide variety of highly
colored salts ranging from yellow to purple were made, not ali proved 1o be successful photosensitizers,
The successful candidates all contained Pu(il) cations with bipysidyl ligand(s} and Pi(If) anions with
strong-field ligands. This observation led us to focus on Pi{Il) diimine complexes and on the effects of
the solid state on their electronic suucture §11-13], Luminescence has proved to be a valuable probe of
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excited state structure, as most Piil) diimine complexes are emissive in both didute glassy solution and
crystalline forms, and the differences botween these two environments is reflected markedly in both the
luminescence specira and photophysical properties.

The solid state Py(Il) diimine complexes 10 be discussed here are listed in Table ) along with
perunent specroscopic and photophysical data. Readers are referred to references 11-13 for a detailed
descriprion of synthetic and experimental procedures,

2. SOLID STATE STRUCTURE OF PT{Il) DIIMINE COMPLEXES

For purposes of wdeniification, we will define three categories of solid stase structure in Crystalline
Py(Ii) complexes. A complex is considered 1o be 2 monomer if il is in a lattice where the nearest Pi-Pt
distance is > 4.5 A and if the solid siate emission spectrum is nol significantly different from ehat in
dilute solution or glass. An example of this structure is that of yellow Pibpy)Cl, [14]. A firear chain
structure is one in which the Pu(il) complexes are stacked equidistanily along an axis that usually but not
always perpendicular to the plane of the complex. This structure is known in both double salts and
neutral complexes. In PyII} diimine complexes the Pi- Pt distance is typically in the range 3.2-3.4 A
(Tabic 1). Finally, a dimer structure contains pairs of complexes with an intcrmonomer distance that is
clearly shorter than the distance {0 the aext pawr. Many dimer strucivres are known, among them
[Pr{phen}, |C1.3H40 [15], but no dimer structures have been established yet among double salis.

Several PYII} deimine complexes arc known to be dimorphic, the best known exampie being the red
and yellow forms of Pubpy)Cl, [14]. We have found polymorphism to be rather common in crystailine
Pi(It) diimine complexes we have prepared. This resulis in luminescence properties that can vary widely
among different samnple preparations and also occasionally over time as 2 metastable material relaxes 10 a
lower energy crystalline form. The optical properties of linear chain materials are also sensitve o
factors that affect the Pi-Pt spacing [16] such as hydration number, counterion size, and lemperature.

3. ELECTRONIC STRUCTLRE OF MONOMERS

The electromic structure of monomeric Pi{il}y dimine complexes has been discussed in detail
clsewhere [11]). Briefly, three types of absorplion bands are observed in the near uv-visible region; these
are miraligand nt -> xt* (IL), Pt -> ditmine{n*} charge transfer (MLCT), and tigand fhieid {LF). Each of
these types of absorption can have lumincscence associated with the lowest spin-forbidden state if it is
lowest In energy.

3.1. Inmaligand (IL.) Transiuons

The IL manifold is characteristic of a given diimine ligand and wansition energies are not much
affected by the other ligands on Pt. Bipytidyl complexes have an intense 1t absorption at 310-330 nm
that shows vibronic siucture o higher energy with spacings of “1200-1500 cm™!. The singlet-iriplet
splitting is very large, on the order of 9000 cm-!. Weak *IL absorption with analogous vibronic structure
is observable in the region of 450 nm in favorable spectra such as that of PubpyMen)™ (11] and
Pu(5,5'-Me,bpy XCN), [12]. In Pi(bpy)eny?* we estimate the (0,0} transition 1o the ML state 1o be at 452
nm, and our spectroscopic data for complexes with 3IL luminescence indicate that the range of (0.0}
energies is only "452-455 nm in P (i) bipyridy! complexes [11-13}. In phenanthroline complexes, a
similar IL situation is found where structured 'L absorption occurs at ~380 nm and poorly-resoived JIL
absorptzon is observed at ~45) nm.

Emission from a lowest 3[L diimine siaie is characterized by a small Stokes shifi from absorption
(420 cm’! for P1(5.5'-Me,bpy){CNY,, 670 cm! for [Pr{bpyHem))(CHD,);).  Vibronic suucture is usuatly
well-resalved at room temperature and the relatively large Franck-Condon factor gives the spectrum a
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characteristic "glove” lineshape remiriscent of aromaiic organic compounds. At low iemperature, the
maximum shifts slightly 1o higher energy. I emission has a radiative rate consiant of the magnitude
104 5°); we have calculated k, = 53,000 s! for [Pi{bpy)en)(CIO,), at 300 K [11] and Bailardini, er al.
have measured k, = 20,000 s'! for P(bpy)(NH;),%* in butyronitrile at 77 K [17]. 3IL emission can also
show the effeci of cxcimeric interaction between dilminc ligands on nearest neighbor complexes.
Excimer emission appears as a broad structureless band (o the red of the monomer emission maximum.
We have documented [11) excimeric emission from [Pi(phen),ICly3H,0 and from [Pi(bpy)oJ(CI0,),.
The former is known o have a dimer structure as the trihydrate [15] while the stracture of the latier is
unknown. Similar emission has also been seen from adducts of PibpyNH;},>* with aromatic crown
ethers [17].

3.2. Ligand Field {LF) Transitions

Ligand fictd {LF) states ar¢ difficuli to observe in Pi(ll) diimine complexes because they are usnally
masked by intense IL and MLCT absorption. In strong field complexes such as Pi(bpy){en)?*, the lowest
3LF state is expecied to be much higher encrgy than the lowest *IL siate discussed above, but in weaker
field complexes such as Pudiimine)Ci,, the encrgies are comparable. We have never observed HL
emission from any dihalo complex but have observed LF emission from many dichloro complexes and
also from Pt(bpy)l; [13] (Table 1}. LF emission is always broad and Gaussian in shape, with a2 maximum
ihat is nearly temperature-independent. The observed Stokes shift of 34000 cm! is typical of LF
emission. Although 3LF cmission from these complexes can sometimes be intense at room lemperatuze
in crysialline maierials, the radiative rate constant is only on the order of 107 s-1, consistent with ihe
Laporie-forbidden raiure of the transition. For example, we have measured k, = 5100 51 for crystalline
Pi(5,5-Me,bpy)Cl, a8 300 K [12). As expecied, the energy of the lowest *LF excited siate is very
sensitive 0 any faciors affecting the ligand field. While ligand o-donating effects are dominant, the
secondary effects of varying the diimine or substitwenis on a given diimine can alsp be seen by
comparing the LF emission maxima among dichloro complexes in Table 1. From our spectroscopic data
on ihcse complexes, we estimate the position of the 3LF (0,0) eansitior to be in the range 18,000-19,500
em! for Pi(diimine)Cl, complexes.

3.3, Metal-to-Ligand Charge Transfer {MLCT) Transitions

Pr -> diimine{n*) 'MLCT absorption occurs in the near-uv region of the specira of these complexes,
significantly lower 1t cnergy than Pt -> amine [181 or Pt -> CN- (18] IMLCT absorption bands.
Althongh they are of comparable intensity to 1L absorplion, !MB.CT absorplion bards are often difficult
to locate due to overlap with 1L absorpiion. One characteristic that urambiguously tdentifies 'MLCT
transitions in monomeric complexes is their marked solvemt-sensitivity; for example, the lowest *MLCT
bard in the spectra of Pibpy)X; (X = Cl, Br, 1) shifts 4000 eml 1o lower encrgy upon going from
aquecus o chloroform solution [191. This identification technigue is severely limited by the low
solubility of most Pi(li) ditmine complexes in a sufficiently wide range of soivents 1o demonsirate the
effect. However, the majonity of bipyridyl complexes show a shoulder at 330-360 nm in acetonitrile or
agueous solution which may be assigned o the lowest energy Pi -> diimine(n} 'MLCT. In
phenanthroline complexes, the picture is complicaied by the more complex 'IL absorption manifold, and
we have not been able 1o unambiguously identify !MLCT bands in these complexes.

The position of 3MLCT absorpiion features is similarly obscured by overlap with 3IL and in some
cases JLF absorption. However, we recently examined [13] one compound, P{3,3'-{CO,Me),bpyiCl,, in
which the position of 'MLCT absorption, 3MLCT absorption, and 3MLCT solid siate emission can be
clearly identificd (Table 1). The crystal streciure of this material [13] shows a monomeric environment.
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We have used Lhe ordering of Pi(Ii} d-orbiials calculated by Textor and Ludwig [20] to assign the
cmissive state as Pu(d,} -> bpy(x*} IMLCT {z-axis normal (0 Lhe coordination plane, x-axis bisccting
bpy), hereafier referved 10 s IMLCT(xz). The singlcl-triples splitting can be estimated to be ~3800 cm™!
with a Stokes shift of ~1600 cm! between absorption and cmission. These vabucs can be used Lo estimate
the position of the lowest MLCT{xz) (0,0) transitior as ~390 nm in crysialline [Pi(bpy Hen)|(ClOy}, and
~490 arm in chioroform solutions of Pi{bpy)Cl, {for comparison, Textor and Oswald [14] assigned a bard
maximum al 475 am in the melhylene chloride sotution spectrum of Pibpy)Cls as YMLCT(xz)). in the
former compound, 1. is lower in eacsgy but in the tatier, 3MLCT could be the lowest excited stale. We
searched wnsuccessfully for luminescence (rom Pi(bpy)Cl, in dilute chioroform at low lemperaware. 1T
indeed IMLCT(xz2) is the lowest excited state, it is strongly guenched even at 77K, We suspect that a
3LF excited state is in fact iower.

4. ELECTRONIC STRUCTURE OF LINEAR CHAINS

When square planar PI(II} complexes are stacked in a lincar chain crystal siruciure, the interaction of
z-directed orbitals on adjacent unils causcs marked changes in the elecironic structure {rom that of the
isotated monomer. The inleractions are analogous o those that take place in axial d® dimers such as
[Ptg{Hzpzos)‘z]“" [7-9). The net bonding interaction that results from overlap of filled Pud,2) and empty
Pi(p,) orbuals explans the predilection for P(iTy complexes o crysiallize in lincar chan struciures. In
PHID) diimine complexes, lincar chain struclure has a prefound effect on the erergy of MLCT transitions
involving z-difected ofbials.  Although the Pud, ) and Pi(d,,) orbitals should be raised i encrgy
somewhat, the Pi(d,2) orbital should be much more strongly affected, and should become the highest
occupied orbital below some critical Pt-Pt distance,

Textor and Oswald [14] were the first to propose that the red color of lingar chain Pu{bpy)Cly was
due 1o the red-shifl of Pi(d,2) -> bpy(n™) MLCT absorption (hereafter caticd IMLCT(z%)) to 520 am,
even below Prd, ) > bpy{n*) 3MLCT{xz). We have confirmed this assignment by obscrving IMLCT(zY)
emission from red Pbpy)Cl, (Figure 1) in contrast 1o the 3LF emisston observed from yetlow PbpyICl,
i11]. As with *MILCT(22) from linear chain Pubpy}CN), [21] and Puphen)(CN), 122], a distinctive
red-shifl is observed in the emission from red Pibpy)Cl, as the Pi-Pt spacing shortens wilh decreasing
emperature.  This is a2 sigaatre of IMLCT(zZ) cmission; the 3MLCT(xz) emission [from
P‘L{3,3‘—(C()zl\-f!e:)zb;}y}C!2 mentioned above does pot show such a red-shift.  Another difference beiwecn
3MLECT(x2) and MLCT(z?) emission is in Ihe vibromic structure of ke spectiumi. In the emission
spectrum of Pl((3,3'-(D2Mc)2bpy)€3!2, vibronic structure with a Huang-Rhys constant of ~1 15 evident at
room temperature and well resolved al 10K, In red Pubpy)Cly. asymmeiry is noliceable in the room
temparalure specirum bul vibronic strociure only becomes clear at low temperature, where a progression
with a Huang-Rhys consant (I(1,00/1{0.0)} of oaly ~0.25 is observed at 10 K. A small Huang-Rhys
constani seems (0 be Lypical of "MLCT(22) emission [12],

in simple Pi{iT) diiminc complexes, the crossover of IMLCT(z2) cmission to the lowest excited staic
docs aot ofien occur in the sohid siae. While PUbpyHCN),, Pi(pheni{CN),, and red Pibpy)Cl, have

IMLCT(22) solid staie emission, the majority of complexes we have studied do not. Doubie salis are a
notable exceplion to this observation. We have exaimined the emission of a large nuraber of double salis
of Pill) ditmine cations (Table 1) including thosc of owr original photosensitization study [10].
SMLCT{(z2) emission occurs in cvery case where the anion is reasonably strong-ficld, such as PiCN), 2
or Pt(ox)zz' (ox = oxalato}. (I the counterion iy PLCI,;E' then LF cmission from this anton is obscrved.)

The observed SMLCT (2%} emission is typically shorllived and intense at soom temperature; we calculate
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Figure 1. Emission from red Pubpy)Cl, as a function of temperature. 23 300 K b) 200 K ) 150 K
4y 108K e} 50K f) 10 K. Excitation 457.9 nm, 2 pW-cm- !

i

Emigsion Intensity

18000 18000 14000 12000
Wavenumber {cm™)

k. = 1,060,000 'L for (PbpyXem)[PYCN),] and 250,000 st for [Pybpy),)[PHCN)) at room temperature
[12]. The Stokes shift between the lowest diffuse reflectance feamre and emission maximam is typically
>3000 cra-!, larger than in the case of MLCT(xz) emission. We have determined [12] the urit cell
parameters of one diimine-containing double salt, [Pi(bpyyen)j[PYCN},], which are consisient with &
linear chain structure having a PL-Pt spacing of 3.34 A, As this salt is yellow, the orange-io-purple colors
of other salts lisied in Table 1 suggest shorier Pt-Pt spacing [23]. (Each case nreeds to be examined
individually, however, as d-orbital energies are also sensitive &0 the eleciron donor/accepior capacity of
the ligands, which is quile variable among the double salts listed in Table 1) We surmise that the strong
attraction between cation and anion in the double salts may act as a driving force for a linear chain
strucutare and/or a short Pt-Pr spacing,

The energy of the 3MLCT(z2) state is expected 10 increass as a function of increasing Pi-Pt distance
until 2t some point it is no longer the lowest excited swate. Although it is difficult fo estimate the P1-Pt
distance at which a crossover should occur in a given linear chain material, we have observed one

nstance of a dynamic crossover in Pt {S,SF-M%bpy}(CN)Z_.a material in which polymorphism has been
documenied (25). Freshly prepared samples of this yellow solid exhibit *MLCT(z2) emission. After
several weeks, however, the same samples exhibit emission that is clearly 7L, We suspect that some
factor such as a slow structural relaxation of ihe lattice causes a lengthening of the Pi-Pi distance, which
is probabiy already rather long due 10 the presence of the methyl groups on bipyridyl.
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I is likely that the photosensitizing behavior of the successfid Pt double salls is due to their lowest
excited state being *MLCT(z?). Not only is CT exciation inherently redox in nature, but the
panicipation of the z-directed orbitals may confer some delocalization or mobility. To test the mobility
of this excited siate along the chain, we doped the prototype sensitizer [Pi{bpyly(Pi(CN),] with known
amounts of the dark trap Ni(CN),> and swedied the emission vield as a funciion of quencher
concentration [12]. Following the theoretical treaument by Simon, et af. [26] of exciton quenching in
tincar chains, we determined that the excitation travels over <50 units within its lifetime of 8 ns at room
temperature.  This undoubiedly enhances the effectiveness of linear chain materials 2s heterogenreous
photosensitizers, as the probability of bulk 3MLCT(z?) excitation traveiling 10 the surface of a
submicron-sized panticle is significant. We would predict that double salts with longer lifetimes and
higher quaniuem yields such as [Pu(bpy¥en)][Pt{CN},] should be even better redox photosensitizers.
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