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The polarized optical emission (energy, intensity, lifetime) o f the red modification o f single­
crystal Pt(bpy)Cl2 as a function o f  temperature (1.9 <  T  <  298 K) and homogeneous magnetic 
fields (0 <  H  <  6 T), and the temperature dependence o f the polarized optical absorption are 
reported. Analysis o f the spectra indicates a strong inter-complex coupling giving rise to elec­
tronic band structures and self-trapped states.

Introduction

The photophysics and photochem istry of 
square-planar d8 complexes have attracted  great 
attention  during the last years, since the character 
o f their lowest excited electronic states (LF, LC, 
M LCT or LM CT) can be varied distinctly by ap ­
propriate choice o f the ligands and the central m et­
al [1 — 15]. Special interest has been focused to cy- 
clom etallated complexes and related com pounds, 
since several o f these systems can be used as light 
emission sensitizers (LES), as light absorp tion  sen­
sitizers (LAS) or for the interconversion between 
light energy and chemical energy [1 -8 ].

In their crystalline form  several o f these com ­
plexes exhibit rem arkable optical features owing 
to special properties o f their electronic systems. 
The latter depend strongly on the structural a r­
rangem ent o f the complexes in the solid. An in­
structive example is yielded by the com pound 
[Pt(bpm )(CN )2], which can be crystallized as 
[Pt(bpm )(CN )2] H 20  [16], [P t(bpm )(C N )2] • D M F
[17], or [P t(bpm )(C N )2] [18], with bpm  = 2,2'-bi- 
pyrimidine. In the crystals o f all three systems the 
[Pt(bpm )(CN )2] units are stacked form ing m utual­
ly parallel columns. The intra-colum nar P t - P t  dis­
tances, however, are different for the three sys­
tems. As a consequence, their optical absorption 
and emission spectra vary completely correspond-
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ing to the different strength o f the inter-com plex 
coupling.

The com pound Pt(bpy)Cl2 form s two types of 
crystals, a red and a yellow form  [19-21]. In the 
red m odification the nearly p lanar P t(bpy)C l2 
units are stacked form ing linear colum ns with a 
P t - P t  distance o f 3.45Ä. The yellow m odification, 
however, shows no colum nar structure and the Pt 
atom s are distinctly m ore d istan t (—4.5 Ä). F rom  
these structural variations considerably different 
inter-complex couplings are expected, which will 
be reflected in the optical spectra. The purpose of 
this paper is to report the polarized absorp tion  and 
emission o f the red m odification as functions of 
the tem perature and o f applied m agnetic fields. 
Finally, an energy level system o f the electronic 
states o f the red m odification will be outlined, 
which supplies an in terpreta tion  o f the optical 
properties on the basis o f the crystal structure.

Experimental

Pt(bpy)Cl2 was prepared w ith reference to a 
m ethod described by Textor and Oswald [20]. In a 
first step an aqueous solution o f K 2PtC l4 (2.41 
mmol) is reacted with 2,2'-bipyridine (2.50 mmol). 
By dropwise addition o f 5 ml 2 N HC1 and heating 
of the solution, a yellow needle like precipitate re­
sults. F or purification the precipitate is washed 
several times with bidestilled w ater, ethanol, and 
ether. By recrystallization from  D M F  and further 
purification, Pt(bpy)Cl2 crystals o f the yellow 
m odification are obtained. In a second step, 0.05 g 
of these crystals are dissolved in 10 ml pyridine (at
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— 55 °C). By slow evaporation the solution is re­
duced to about 2 ml. A fter addition o f 30 ml CC14 
a precipitate o f red needle shaped crystals appears. 
The precipitate is collected by filtration , washed 
thoroughly with CC14, and dried a t room  tem pera­
ture.

The appara tus for the polarized absorption 
spectroscopy, the polarized emission spectroscopy 
and lifetime m easurem ents have been described in
[22] and [23]. The 364 nm  line of an  argon-ion laser 
was used as the excitation source for the cw spectra 
and the 488 nm line o f a cavity dum ped dye laser 
system for the lifetime m easurem ents.

Results

Absorption

The absorption spectra o f the red m odification 
o f single-crystal P t(bpy)C l2 are show n in Fig. 1. 
The extinction coefficient o f the E11 a polarized 
com ponent a t v <  24,000 cm -1 is m uch larger than 
tha t o f the E l a  spectrum  (e± — 2500 M _1 cm -1), 
so tha t with E | |a  polarization only the low-energy 
flank o f the absorp tion  could be m easured. E and 
a are the orientations o f the electric field vector of 
the light and o f the needle axis, respectively. The 
E -L a absorption spectrum  at v <  24,000 cm -1 is 
com posed o f four bands I , . . . ,  IV. W ith  decreasing 
tem perature from  T  = 298 K to 1UK these bands 
become m ore pronounced and the m axim a of the 
bands I and II are red shifted by Av  — 1100 cm -1, 
the spectral positions o f the bands III and IV, 
however, are independent o f tem perature. A fine 
structure o f the absorp tion  spectrum  as observed 
with the yellow m odification, cf. Ref. [24], could 
no t be detected with the red form.
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Emission

In contrast to the yellow form  the red m odifica­
tion o f Pt(bpy)Cl2 emits already at room  tem pera­
ture. As shown in Fig. 2 for H  =  0, the E 11 a and 
the EJ_a emission spectra consist o f one band 
each. The maxim um  o f the E11 a emission band is 
higher in energy by —235 c m '1 than tha t o f  the 
E-La band. At T  = 1.9 K the intensity ratio  I± /1\ \ is 
about 3. W ith increasing tem perature the intensity 
ratio  decreases to — 1 at T  =  160 K and to —0.3 at 
room  tem perature. Between T  = 1.9 K and —20 K 
the maximum o f the E_La polarized emission is 
blue shifted by Av — 220 cm -1, whereas the spec­
tral position o f the E11 a emission is not changed. 
At further increase o f the tem perature to  T  = 
298 K, the energies o f the emission m axim a grow 
by —800 and —1100 cm -1 for E_La and E | | a p o la r­
ization, respectively.

The E-La polarized emission o f the red form  ex­
hibits a m ono-exponential decay, and between T  =
1.9 and 80 K the lifetime decreases from  —120 jus 
to —0.6 //s. The decay behavior o f the E ||a  em is­
sion could not be determ ined quantitatively, since 
the corresponding lifetime has been proven to  be 
shorter than the limit o f detection o f our ap p a ra ­
tus (r — 0.3 ns).

The E_La polarized emission can be influenced 
by a hom ogeneous m agnetic field H with H_La, c f

700 X  650

Fig. 1. E ||a  and E_La polarized absorption spectra o f  
the red modification o f  single-crystal Pt(bpy)Cl2 (thick­
ness ~  10 ,um) at T = 10 and 298 K.

Fig. 2. E ||a  and E-La polarized emission spectra o f  the 
red modification o f single-crystal Pt(bpy)Cl2 at T  = 
1.9 K. For E_La polarization the spectrum at different 
magnetic field strengths with H_La is shown. kexc = 
364 nm.
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Fig. 3. The wavenumber vx o f the EJ_a emission maxi­
mum o f the red modification o f single-crystal Pt(bpy)Cl2 
as a function o f the magnetic field strength H. T = 
1.9 K. Aexc = 364 nm. H la .

Fig. 2. W ith increasing m agnetic field strength be­
tween H  =  0 and  H  = 1.5 T the emission maximum 
is blue shifted by Av —205 c m '1, as shown in 
Fig. 3. A t 1.5 <  H  <  6 T the emission energy is 
nearly independent o f the field strength. F urther­
m ore, raising the field strength from H  = 0 to 6 T 
yields an increase o f the quantum  yield by a factor 
o f —7 and a reduction o f the emission lifetime 
from  r — 120 ps  to  30 //s. The log-log plot o f l / r w-
1 / t 0 versus H  yields a straight line with a slope of 
abou t 2, cf. Fig. 4. F o r the E11 a polarized emission 
no m agnetic field effect has been observed with 
H_La. M agnetic fields w ith H | |a  do not affect the 
emission in any way.
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Fig. 4. Change o f the radiative deactivation rate o f the 
red modification o f single-crystal Pt(bpy)Cl2 as a func­
tion o f magnetic field strength. zH and r0 are the emission 
lifetimes at magnetic field strengths H  and H  = 0, respec­
tively. Aexc = 488 nm.

6 HIT]

Discussion

The crystal structure o f the red m odification of 
P t(bpy)Cl2 has been reported  by Textor and Os­
wald [20] and by O sborn  and Rogers [21], The 
nearly square-planar molecules have C lv symmetry 
and crystallize according to the ortho-rhom bic 
space group Cmcm.

In the crystal the molecules are arranged in col­
um ns, which are parallel to the crystallographic a 
axis (=  needle axis), as indicated in Fig. 5. N eigh­
boring molecules o f a colum n are 3 .40Ä apart; 
they are m utually ro ta ted  by an angle o f 180 
around the m olecular x  axis. The Pt atom s o f each 
colum n form  a zig-zag chain; the deviation from  li­
nearity, however, is very small (—± 0.2Ä ).

x , a

z ,  b

Pt(bipy) Cl2

Fig. 5. Part o f the columnar structure o f  the red modifi­
cation o f Pt(bpy)Cl2, schematic [7],

In the ligand field o f symmetry C 2u, the energy 
order o f the Pt d-orbitals o f a single complex m ole­
cule is expected as follows

a t(x2) <  b }(xz), a2(x y ) <  a x{y2~ z 2) «  b2(yz)

The H O M O  and L U M O  of the heterocyclic li­
gand transform  according to a2(n) and b x{n*), re­
spectively. F or sym m etry reasons the ligand state 
b x(n*) can mix with the energetically nearby metal 
6 p v state, yielding the L U M O  b x(n*, x)  o f the com ­
plex molecule. C orrespondingly, the H O M O  of 
the complex molecule, a2(n , xv), is a m ixture o f the 
H O M O  a2{n) o f the bpy ligand and o f the metal d vv 
state.



M . W e ise r-W a llfa h re r-G . G liem a n n  • L um inescence o f  the R ed M o d ifica tio n  o f  S ing le-C rysta l P t(b p y )C l2

Because o f the short in tra-co lum nar P t - P t  dis­
tance in the red m odification o f single-crystal 
Pt(bpy)Cl2, neighboring com plex molecules inter­
act and corresponding orbitals form  energy bands. 
The orbitals a ,(x2) and b^(n*, x)  having maximum 
extension along the colum nar axis, yield relatively 
large band splittings. As a result, the upper edge of 
the a ,(x2) band forms the H O M O  o f the crystal, 
whereas the lower edge o f the b x(n*, x) band repre­
sents the LU M O .

If electron interaction and spin-orbit coupling 
(double group C '2„) are taken into account, the 
ground electronic state o f the crystal is A '^ 'A ,). 
The lowest excited electronic bands are due to the 
transition a x(x2) —̂ b x(ji*, x) and can be classified 
according to the representations B '^ 'B ,) and A '1? 
A '2, B'2(3B,).

Absorption

W ith regard to its polarization  and its high ex­
tinction the E | |a  polarized absorp tion  (cf. Fig. 1) 
can be assigned to the sym m etry and spin allowed 
band-band transition A '^ 'A ,) —»■B'^’B,). C orre­
spondingly, the low-energy absorp tion  band I with 
E_La polarization belongs to the two symmetry al­
lowed singlet-triplet band-band  transitions

<\ A 
IV '  >-1/

h r a p  p v t i n r -

tion coefficient o f £x ~  2500 M “ 1 cm 1 indicates a 
strong spin-orbit coupling, due to  the relatively 
large adm ixture o f metal character in the involved 
electronic states, the energy separation  of the spin- 
orbit com ponents A'j and B'2, however, is small 
com pared with the half-w idth o f band I (Avxj2 ~  
500 cm -1 a t T  =  10 K). W ith increasing tem pera­
ture the intra-chain P t - P t  distances grow and, 
thus, the splitting of the electronic bands is re­
duced. As a consequence the spectral positions of 
the corresponding band-band  transitions are blue 
shifted. F or the E_La polarized band I the blue 
shift between T  = 10 and 298 K is Av ~  1100 cm -1. 
Similar values have been observed for single-crys­
tal tetracyanoplatinates(II) [25], A blue shift o f the 
strong E | |a  polarized absorp tion  could not be 
quantified, since the spectral position of the ob ­
servable low-energy flank o f this absorption  band 
can be influenced both by the called blue shift o f 
the band m axim um  and by a broadening o f the 
band. The low-energy transition  A '^ 'A ,)—* 
A '^ B ,)  is symmetry and spin forbidden and can­
not be detected in the absorp tion  spectrum.

The maximum II in the E_La polarized absorp­
tion spectrum, cf. Fig. 1, is probably a vibrational 
satellite o f band I, due to a totally symmetric vi­
bration. This assignment is confirm ed by the simi­
lar tem perature dependence o f the spectral posi­
tions and o f the extinctions o f the bands I and II. 
For the origin o f the absorption  m axim a III and 
IV, which exhibit a different behavior, we have no 
definitive interpretation.

Emission

The emission spectra can be traced back to ra­
diative deactivations both o f free exciton states of 
excited colum ns o f complexes and o f self-traps 
formed by electronically excited single complexes 
or by excited small clusters o f complexes, being 
stabilized by relaxation processes. To realize sever­
al o f the emission properties an energy barrier be­
tween the free exciton states and the self-traps has 
to be postulated, cf. Fig. 6. The energy order o f the 
self-trapped states can be deduced from  the experi­
mental results, vide infra, as E(A'2) <  EtA'j) ~  E(B'2).

At T = 1.9 K, mainly the free exciton states and 
the lowest self-trapped state A '2(3B,) are occupied, 
and the energy barrier prevents a therm al repopu­
lation between them. Thus, the radiative deactiva­
tion of the exciton stale B ',(!B,) yields the spon ta­
neous E | |a  emission exhibiting a very short life­
time (r <  0.3 ns). Since a radiative deactivation 
from the A '2 directly to the ground electronic state 
A ', is forbidden, the deactivation is due to the vi- 
bronic transition A '2(3BI) - ^  A ',( 'A ,)+ a 2, ß x with a2 
and ß x the symmetry characters o f the accepting vi-

free exciton 
states

self trapped 
states

b ‘i ^ y ///////A  
a,1, a'2. b‘2 (3b 1

Ä,,B'2 (3B-|) 

A'2(3B1)

ground state

Fig. 6. Proposed energy-level diagram of the emitting 
states o f Pt(bpy)Cl2 (red modification) (schematic). Left- 
hand side: free exciton states. Right-hand side: self­
trapped states.
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brations. This transition  is E_La polarized and 
yields the emission band at vx ~  15,060 cm H . W ith 
increasing tem perature the states A \  and B'2 (of 
'B] parentage) are m ore and m ore therm ally popu­
lated. These states can be radiatively deactivated 
directly to the ground electronic state A '^ 'A ,). 
The corresponding transition  has an energy higher 
by A vT = AE  + vvih than  the vibronic transition, 
m entioned above. AE  is the energy difference be­
tween the lowest excited states and vvib is the energy 
quantum  o f the accepting vibration. The blue shift 
o f Av ~  220 cm 1 observed for the E_La emission 
between T =  1.9 and 20 K is a lower limit o f A vr, 
since a t T  =  1.9 K the emission from  the states A ',, 
B'2(3B,) cannot be neglected completely. The tem ­
perature dependence o f the lifetime o f the E l  a 
emission confirm s the outlined model sufficiently, 
if for AE  a value o f about 15 cm -1 is assumed. The 
additional blue shift at T  >  20 K is owing to the 
therm al increase o f the intra-chain P t - P t  distance.

The E | |a  polarized emission is symmetry and 
spin allowed. Therefore, a blue shift between T  =
1.9 and 20 K, as observed for the E_La emission, 
does not occure with the E11 a emission. The tem­
perature induced blue shift o f the E | | a emission at 
T  >  20 K, however, is caused also by the therm al 
expansion o f the crystal. The value o f the blue shift 
at T  >  20 K is different for the E11 a and E_La 
emission because o f the different nature o f the 
em itting states.

The tem perature induced decrease o f the inten­
sity ratio  IJI\\ from  ~ 3  ( T  = 1.9 K) to —0.3 (T  = 
298 K) can be traced back to the effect o f the ener­
gy barrier. W ith tem perature increase the barrier 
can be therm ally surm ounted, which leads to a 
relative decrease o f the EJLa intensity.

The effects o f hom ogeneous m agnetic fields H  
can be described straightforw ardly on the basis of

1 1 1

H II z

B (B‘2) 
A (A\) 
A (A’2)

A (AV

1 1 1

H

A (B’2) 
A1 (A1,) 
A"(A'2)

a ' ( a V

Fig. 7. Proposed energy-level diagram of Pt(bpy)Cl2 (red 
modification) and electric dipole transition at magnetic 
fields (schematic). Left-hand side: H ||z  (symmetry C2). 
Right-hand side: H11 y (symmetry C5).

the energy level diagram  o f the self-trapped states 
shown in Fig. 7. M agnetic fields with H ||z  (H ||y )  
reduce the symmetry o f the system to C2 (C f). In 
both cases the state A '2(3B,) mixes with one o f the 
triplet states A ', and B'2, respectively, and the ra ­
diative deactivation o f the A '2(3B,) to the vibra- 
tionally non-excited ground state becomes al­
lowed. This transition  is blue shifted by AvH = vujb 
com pared with the low -tem perature vibronic tran ­
sition at zero field. The experim ental value Av  ~  
205 c n T 1 is a lower limit o f vmh. The observed m ag­
netic field induced increase o f the emission intensi­
ty and o f the rate constant, \ / r H -  l / r 0 ~  H 2, con­
firms the proposed m odel and can be explained on 
the basis o f quantum  m echanical perturbation  
theory [26]. By magnetic fields H ||a  the com po­
nents A 'i^B ,) and B'2(3B,) mix m utually but not 
with the state A '2(3B,). Therefore, with H ||a  a 
m agnetic field effect on the low -tem perature E l .a  
emission cannot be observed.
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