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The influence of temperature (1.9 < T < 295 K) on the polarized optical absorption and emission
spectra of single crystal [Pt(o-phen)(en)]Cl, - 2 H,O is reported. Analysis of the spectra shows that
the emission at low temperatures originates from the states of three types of traps located energeti-
cally by 47 <5cm ™!, 43cm ™!, and 194 cm ™!, respectively, below the triplet exciton band.

Introduction

Numerous articles on the photophysics and photo-
chemistry of solutions of transition metal complexes
with polypyridine ligands such as 1,10-phenanthroline
(o-phen) and 2,2'-bipyridine (bipy) have been pub-
lished in the last two decades [1-12]. Depending on
the central ion and/or the heterocycle, the energetical-
ly lowest excited electronic states of these systems
were assigned to metal-centered (LF) states, ligand-
centered (LC) states, or metal-to-ligand charge-transfer
(MLCT) states [1-8]. Sometimes even a substitution
at the heterocycle [8—10] or a variation of the solvens
changes the type of the lowest excited states [11, 12].

Recently we reported on the optical properties of
single crystal [Pt(CN),L], with L =o-phen or bipy
[13, 14]. In both systems the spectral position, the
intensity, and the lifetime of the emission depend on
the temperature and on the strength of an applied
magnetic field. From this behavior the type of low-
energy optical transitions and the energy order as well
as the symmetry of the emitting states could be
deduced. The resulting energy level diagrams are
very similar to the one that has been developed for
single crystals of tetracyanoplatinate(II) complexes
(TCP), which exhibit quasi-one-dimensional structures
[15—-18]. Typical features of the TCP energy level dia-
gram are due to a strong intercomplex coupling in the

Reprint requests to Prof. Dr. G. Gliemann, Institut fiir Physi-
kalische und Theoretische Chemie, Universitdt Regensburg,
UniversitdtsstraBe 31, D-8400 Regensburg.

solid state. In the case of [Pt(CN),L] such a coupling
is also effective, causing a change of the lowest excited
states from the LC type (glass) to the MLCT type
(single crystal), which leads to an increase of spin-orbit
coupling. Several of the magnetic field and tempera-
ture effects mentioned above can be explained by this
increase.

Unlike TCP and [Pt(CN),L], the compound
[Pt(o-phen)(en)]Cl, - 2 H,O forms single crystals with
a relatively large separation between neighboring com-
plex units, indicating a weak intercomplex coupling.
The purpose of this paper is to describe the tempera-
ture dependence of the solid-state absorption and
luminescence of [Pt(o-phen)(en)]Cl,-2 H,O and,
furthermore, the behavior of the luminescence under
applied magnetic fields. To rationalize the experimen-
tal results, a model of the electronic structure of the
solid will be established and compared with the
energy level diagram of single crystals TCP and
[Pt(CN),L].

Experimental

Single crystals of [Pt(o-phen)(en)]Cl, - 2 H,O were
synthesized by a procedure described in [19, 20]. The
yellow crystals are needle shaped with the crystallo-
graphic a axis parallel to the needle axis.

The apparatus for the polarized absorption spec-
troscopy, the polarized emission spectroscopy, and
the lifetime measurements have been described in [15]
and [21]. The crystal luminescence was excited by the
364 nm line of an argon-ion laser.
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Fig. 1. E | a polarized absorption spectrum of single crystal
[Pt(o-phen)(en)]Cl, - 2 H,O at T =10K. Thickness of the
crystal: 30 pm.

Results

Fig. 1 shows the low-temperature, E || a-polarized ab-
sorption spectrum of single crystal [Pt(o-phen)(en)]Cl,
-2 H,0. E is the electric field vector of the light, a
denotes the direction of the crystallographic a axis.
The spectrum is composed of a sequence of band
groups which display a distinct fine structure. As an
example, Fig. 2 represents the band group of lowest
energy in an expanded scale. The absorption line 4
has its maximum at about ¥=22065cm ™! and a
half-width of 47~ 30 cm™~'. Assuming that the molar
concentration of [Pt(o-phen)(en)]Cl, -2 H,O in the
crystal is in the same order as that of [PtCl,(bipy)]
(c=6.2mol-171, [22]), the extinction coefficient of
this line can be estimated as e~601-mol *-cm ! A
characteristic feature of this low-energy band group is
its structure formed by equidistant bands. These
bands have half-widths of ~60 cm ™! and their max-
ima are separated by 47 = 32 cm ™ !. In contrast to the
E || a absorption, the E | a polarized absorption spec-
trum exhibits no comparable structure and has a
distinctly lower extinction.

The polarized emission spectra at T=19 K are
shown in Figure 3. Both spectra have a very similar
shape, however the E || a emission is by a factor of ~5
more intense than the E L a emission. The spectra are
composed of non-equidistant band groups which ex-
hibit marked fine structure. In order to demonstrate
structural details and the spectral position of the fine
structure lines, the upper part of Fig. 4 shows an ex-
panded plot of the high-energy flank of the E || a emis-
sion at T =1.9 K. Within the limits of experimental
error, the emission line labeled by 1 coincides energet-
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Fig. 2. Expanded low-energy section of the E | a polarized
absorption spectrum of single crystal [Pt(o-phen)(en)]Cl,
-2 H,0 at T=10K. Thickness of the crystal: 30 pm.
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Fig. 3. Polarized emission spectra of single crystal

[Pt(o-phen)(en)]Cl, -2 H,0 at T=19 K. 4., =364 nm.

ically with line 4 at the low-energy flank of the E | a
absorption spectrum, cf. Figure 2. At the red side of
peak 1, two further lines shifted by 47 =43 cm ™' and
A7 =194 cm ™', respectively, are resolved. Corre-
sponding triplets of peaks can be identified also at the
spectral positions 2—6. In Table 1 the energies of the
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Fig. 4. Expanded high-energy section of the E || a polarized
emission spectrum of single crystal [Pt(o-phen)(en)]Cl,
-2H,0 at T=19K and 15K. 4,,. = 364 nm.

Table 1. Energy v and energy separation 4v (relative to
peak 1) of the fine structure peaks labeled in Figure 4. v, and
v, are vibrational energies [23] of [Rh(o-phen),]** and
o-phen, respectively.

Peak viem ™ 4v [em™' ¥, [em™! ¥, [em™!]
1 22 065

2 21 624 441 436 414

3 21 313 752 739

4 20 830 1235 1210 1299

5 20 739 1326 1308 1407

6 20 604 1461 1455

labeled fine structure lines and their energy separations
are listed. The last two columns of Table 1 contain
values of vibrational energies [23] of [Rh(o-phen);]**
and o-phen, respectively.

The influence of temperature on the luminescence
of single crystal [Pt(o-phen)(en)]Cl, -2 H,O is sum-
marized in Figs. 4—6. Temperature increase yields the
following effects. Between T=19 K and 30 K the
coarse structure due to the band groups is preserved
but the fine structure within the groups vanishes, cf.
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Fig. 5. E | a polarized emission spectra of single crystal
[Pt(o-phen)(en)]Cl, - 2 H,O at T=19K, 30K, 50K, and
120 K. Intensities 1n arbitrary units. 4., . = 364 nm.

Figure 5. When the temperature is raised to T = 50 K
a broad phosphorescence band appears. At T =120 K
the luminescence consists of two distinctly separated
bands, a broad intense one with maximum at ¥=19 000
cm ! and a weaker band at v = 21946 cm ™~ *. Further
increase of temperature to room temperature induces
a red-shift of the broad emission band.

The behavior of the fine structure between T=1.9 K
and 15K is demonstrated in Figure 4. The intensity
scales of both spectra are comparable. A comparison
of the line patterns shows that with increasing temper-
ature the two peaks at the high-energy edge of the
spectrum lose intensity, successively one by one, be-
ginning with the line of highest energy (label 1). Simul-
taneously with these two peaks, the corresponding
lines at the positions 2 to 6 disappear. The respective
red components of the above mentioned triplets of
peaks, however, preserve their intensity during this
temperature variation. As to its shape, the T=15K
spectrum resembles closely to the T = 1.6 K phospho-
rescence spectra of the complex [Rh(o-phen),;]** and
the free ligand o-phen [23].
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Fig. 6. Relative intensities I /I _ s x and intensity ratio I /I,
of the polarized emission of single crystal [Pt(o-phen)(en)]Cl,
-2 H,0 as functions of temperature. 4. = 364 nm.

B

Fig. 7. Proposed structure of [Pt(o-phen)(en)]?*. The axes x
and a are perpendicular to the plane of the complex.

Raising the temperature from T =5 K to 40 K low-
ers the integral intensity by a factor of ~5, whereas
the ratio of the intensities /| and I, belonging to the
polarizations E | a and E L a, respectively, is reduced
from ~S5 to ~3, cf. Figure6. By further increase of
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temperature the integral quantum yields are not af-
fected appreciably.

The decay curves of the polarized emission deter-
mined at T'= 1.9 K are mono-exponential and yield a
lifetime of 7 = 95 ps. This value is independent of the
direction of polarization and has been found at every
emission wavelength. On raising the temperature the
emission displays a non-mono-exponential and faster
decay.

The emission of single crystal [Pt(o-phen)(en)]Cl,
-2 H,O cannot be influenced by homogeneous mag-
netic fields with field strengths H<6T.

Discussion

Reports on the crystal structure of [Pt(o-phen)(en)]Cl,
-2 H,O are not available but the crystallographic
data of similar compounds with polypyridine ligands,
e.g. [PtCl,(bipy)], are known [22]. Accordingly the
following features of the structure of single crystal
[Pt(o-phen)(en)]Cl,- 2 H,O will be assumed. The
complex cations [Pt(o-phen)(en)]* have the symme-
try C,,, cf. Figure7. In the crystal the planes of the
cations are arranged parallel. The molecular axis x,
the needle axis of the crystal and crystallographic a
axis are parallel. The intercomplex coupling is weak.

By the ligand field of symmetry C,, the degeneracy
of the five metal d-states is partly removed. The
resulting states have the following energetic order [13,
14, 22]:

la,(x?) <1b,(x2), lay(xy)<

<2a,(x*=z2%)<1b,(yz).

The HOMO and LUMO of the heterocycle o-phen
are due to pairs of nearly degenerate orbitals a,(n),
b, () and b, (7*), a,(7*), respectively [23, 24].

As shown in the previous section and as will be
confirmed in the following discussion the luminescence
of [Pt(o-phen)(en)]Cl, -2 H,O at T=15K is com-
parable to the 1.6 K-phosphorescence of complex
[Rh(o-phen),]** as well as of the free ligand o-phen.
With respect to this similarity the HOMO and LUMO
of the heterocycle o-phen is expected to constitute
the HOMO and LUMO of the total complex
[Pt(o-phen)(en)]Cl,, respectively. For symmetry
reasons an admixture of the metal-d-states 1b,(x z)
and la,(xy) to the HOMO and to the LUMO is
possible, yielding a partial metal character of these
states.
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Taking electron interaction into account, the elec-
tron ground state configuration of a single complex
forms the term 'A . The lowest excited terms *B, and
!B, result from a mixed configuration of the type [23]

x[by (1) ay (n*)] + Blay (7) by (n*)].

By weak intercomplex coupling in the solid state
the electronic terms 'B, and *B, form small exciton
bands. In order to rationalize the observed optical
properties of single crystal [Pt(o-phen)(en)]Cl,-2H,0
the existence of three distinct types of X-traps, T;, T,,
and T;, is postulated. The X-traps can be assigned to
[Pt(o-phen)(en)] Cl, complexes which are disturbed
directly or indirectly (second coordination sphere) by
impurities and lattice defects, respectively. Traps of
different types have different energy levels, located
below the respective exciton band. Figure 8 illustrates
schematically the resulting energy level diagram for
the triplet states. Corresponding models for single
crystals have been established to describe the optical
properties of purely organic compounds [25-27] as
well as of transition metal chelate complexes with aro-
matic ligands [28—30].

The polarized absorption band A, cf. Fig.2, is as-
signed to the ligand-centered 0—O0-transition from the
electronic ground state 'A; to the *B, exciton band.
The partial metal character of the HOMO and
LUMO weakens the spin selection rule via spin-orbit
coupling thus yielding the oscillator strength of the
absorption band (6~601-mol~!-cm™*). In the low-
energy part of the absorption spectrum, cf. Fig.2, a
phonon progression of energy 4v =32 cm ™! coupled
to the 0—O-transition (band A) is observed. As shown
in Fig. 1, the band groups of higher energy have a
similar shape as the low-energy band group. They
result from the latter by the addition of intracomplex
vibration quanta, e.g. v,;,~415cm~! (band B) and
V,y~735cm™! (band C), which can be assigned to
vibrations of the electronic excited ligand o-phen, cf.
Table 1.

The emission properties at low temperatures
(T< 30 K) can be traced back to the radiative deacti-
vation of three different types of X-traps, T,, T, and
T;. After the excitation of the crystal and subsequent
non-radiative deactivation into the *B, exciton band,
the energy is transferred rapidly within this band and
may be trapped with a rate constant k_; > kg at one of
the defect states, cf. Figure 8. Because of the low con-
centration of the traps, a direct energy transfer between
the distinct traps via the Forster-Dexter mechanism is
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Fig. 8. Energy level diagram of the lowest electronic states of
single crystal [Pt(o-phen)(en)]Cl, - 2 H,O (schematic). T,:
trap type 1; stabilization energy 4E, <5cm™'. T,: trap
type 2; stabilization energy 4E, =43 cm ™~ '. Tj: trap type 3;

stabilization energy AE, =194 cm~'. The corresponding

rate constants for emission (k,), trapping (k,;) and detrap-
ping (k) are indicated.

not probable. Thus, energy transfer between the traps
is expected to proceed indirectly via the exciton band.
At T =1.9 K such a thermally activated energy trans-
fer will be ineffective, and the emission is the super-
position of the luminescence of all three types of traps.
The three sharp lines highest in energy, cf. Fig. 4, rep-
resent the corresponding zero-phonon transitions of
the different traps. From the spectral positions of
these 0—0-transitions the depths of the traps T, and T;
relative to the T,-level follow as 47 =43 cm™! and
194 cm ™!, respectively. With regard to the limits of
experimental error the depth of the T, traps is
expected to be smaller than 5cm™!. The observed
vibrational frequencies, labeled by 2—6 in Fig.4, are
comparable to those reported for single crystal
[Rh(o-phen);]** and are different from those of the free
heterocycle o-phen, as shown in Table1 [23]. Com-
bined effects of the changes in force constants and
effective masses due to complex formation presumably
produce these shifts. Following [23], the 441 cm ™!
frequency is assigned to a ring-bending mode, while
the frequencies 1235 cm ™! and 1461 cm ™! belong to
C=C(N) stretching vibrations.

In accordance with the model whereupon the X-
traps are weakly disturbed [Pt(o-phen)(en)]** com-
plex units, the emission lifetime 7 is independent of the



104 R. Schwarz and G.

detection wavelength. The value 7 =95 us is much
lower than that of the complex [Rh(o-phen),]®*
(r=30.6 ms) and that of the free ligand o-phen
(r =1.4s) [23]. The increase of the corresponding de-
cay rate of the Pt-complex is an effect of the external
spin-orbit-coupling due to the heavy metal Pt.

On raising the temperature, the traps will be depop-
ulated by thermal activation into the exciton band
and the energy transfer mentioned above becomes
probable. According to the strong temperature depen-
dence of the detrapping rate constants k,, and the
different stabilization energies 4E,, the detrapping of
the defect states T,, T,, T; is effective at different
temperatures. With increase of temperature to
T =15 K, depopulation via the pathway of thermal
activation becomes dominant successively for the traps
T, and T,, and the corresponding zero-phonon transi-
tions with their vibronic satellites disappear in the
emission spectra, cf. Figure 4. Thus, at T =15 K only
the deepest traps T;, stabilized by 47 =194 cm ™!, are
occupied and determine the luminescence. This situa-
tion is equivalent to a crystal containing only one
emitting species. That explains that the phosphores
cence spectra of single crystal [Pt(o-phen)(en)]Cl,
-2 H,0 at T =15 K resemble the emission spectra of
crystals [Rh (o-phen);]*" and o-phen at T =1.6K
[23], which indicate no defect state properties. Further
increase of temperature to T = 50 K establishes ther-
mal equilibrium between all the X-traps (T,, T,, T3)
and the exciton band. The unstructured emission
spectra at T =50 K, cf. Fig.5, are superpositions of
the luminescence of all types of traps and of the radia-
tive deactivation of the *B, exciton band. At T> 50 K
the phosphorescence of the exciton band dominates
the emission spectra, as shown in Figure 5.

The reduction of the integral quantum yield be-
tween T=19 K and 40 K is assigned to the ineffi-
ciency of the system to transfer the energy via the
exciton band from the shallow traps T, and T, to the
deep traps T;, cf. Figure 6. Quantitative calculations
concerning the population-depopulation kinetics of
the traps and the excition band confirm the tempera-
ture dependence of the emission lifetime and of the
intensities of the zero-phonon lines [25, 31-33]. In the
underlying model it is assumed that shallow traps S
and deep traps D are coupled via the exciton band and
that the detrapping rate constants k,, vary with tem-
perature as k,, =k, - exp(—4E,/kT) with 4E, the
trap depth. The calculations yield the following re-
sults. At temperatures too low to depopulate the deep
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traps and the shallow traps (kg = k o, = 0), the inten-
sity ratio of the corresponding zero-phonon lines
reflects the ratio of the numbers of both traps, and the
emission lifetimes at the zero-phonon lines are equal.
In the range of temperature which enables the depop-
ulation of the shallow traps but not of the deep traps
(ko> 0, kgo = 0) the logarithmic plot of the intensity
ratio I,/I, varies as —AE/kT with I, = const. Fur-
thermore, the decay rates of the shallow traps are
dominated by the rates of the competing mechanism
of trapping and detrapping. Experiments that support
these predictions are reported for crystalline organic
compounds [25-27] and for transition metal com-
plexes [28—-30].

Our experimental results for 1.9 K< T < 15K de-
scribed in the previous section harmonize with the
theory too. At T=1.9 K the decay curves are mono-
exponential and independent of the emission wave-
length, whereas at higher temperatures the emission
displays a faster non-mono-exponential dacay. At
T = 15 K, the intensity of the zero-phonon line, which
belongs to the deep traps T;, remains constant and the
transitions due to the shallow traps T, and T, vanish
completely.

The polarization properties of the emission and the
independence of the emission on external magnetic
fields can be understood if the spin-orbit coupling is
taken into account. It removes the triplet degeneracy
of the lowest excited states of the traps T;, T,, and T;,
as *B, > A} +A,+B). The experimental data are
compatible with this result if the spin-orbit compo-
nents have the energy order E(A})> E(A)~ E(B))
with a splitting A, — B/ smaller than 1 cm ™! (limit of
resolution). Then, the electric dipole transitions be-
tween the ground state A (*A ) and the excited states
A’ (*°B,) and B (°B,) are allowed with polarizations
E | a and E | a, respectively. This explains that both
polarizations are observed in the emission spectrum.
Moreover, since the radiative transitions between the
lowest spin-orbit components of the triplets *B, and
the ground state are allowed already at zero field, an
external magnetic field will not change the emission
properties perceptibly, neither at H || a (symmetry C,)
nor at H L a(symmetry C,), as can be shown straight-
forwardly by symmetry analysis.
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