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Pt(qol)2 (qol- ) 8-quinolinolato-O,N) is investigated in the Shpol’skii matricesn-heptane,n-octane-h18, n-octane-
d18, n-nonane, andn-decane, respectively. For the first time, highly resolved triplet phosphorescence as well as
triplet and singlet excitation spectra are obtained atT ) 1.2 K by site-selective spectroscopy. This permits the
detailed characterization of the low-lying singlet and triplet states which are assigned to result mainly from
intraligand charge transfer (ILCT) transitions. The electronic origin corresponding to the3ILCT lies at 15 426
cm-1 (FWHM ≈ 3 cm-1) exhibiting a zero-field splitting smaller than 1 cm-1, which shows that the metal d-orbital
contribution to the3ILCT is small. At T ) 1.2 K, the three triplet sublevels emit independently due to slow
spin-lattice relaxation (slr) processes. Therefore, the phosphorescence decays triexponentially with components
of 4.5, 13, and 60µs. Interestingly, two of the sublevels can be excited selectively, which leads to a distinct spin
polarization manifested by a biexponential decay. AtT ) 20 K, the decay becomes monoexponential withτ )
10 µs due to a fast slr between the triplet sublevels. From the Zeeman splitting of the3ILCT the g-factor is
determined to be 2.0 as expected for a relatively pure spin triplet. The1ILCT has its electronic origin at 18 767
cm-1 and exhibits a homogeneous line width of about 12 cm-1. This feature allows us to estimate a singlet-
triplet intersystem crossing rate of about 2× 1012 s-1. This relatively large rate compared to values found for
closed shell metal M(qol)n compounds displays the importance of spin-orbit coupling induced by the heavy
metal ion. Moreover, this small admixture leads to the relatively short emission decay times. All spectra show
highly resolved vibrational satellite structures. These patterns provide information about vibrational energies
(which are in good accordance with Raman data) and shifts of equilibrium positions between ground and excited
states. These shifts are different in the1ILCT and 3ILCT states. The vibrational satellite structures support the
assignment of ILCT character to the lowest excited states.

1. Introduction

Coordination compounds of the ubiquitous ligand 8-quino-
linolato-O,N (qol-) have long found use in spectrophotometric
analyses of metal ions.1,2 In addition, photoluminescence3-6

and electroluminescence7,8 have been observed in several
diamagnetic compounds of qol-. Recently, electroluminescence
from Al(qol)3 has been shown to play a crucial role in the
development of white-light-emitting “organic electroluminescent
devices” (OLEDs). Such devices may represent building blocks
for next-generation flat panel display systems.8 While many
compounds of main group metals with qol- ligands, including
Al(qol)3, exhibit an intense and short-lived green fluorescence,

other complexes, like Pt(qol)2, show very intense red phospho-
rescence, even in solution at room temperature.3 In particular,
the latter compound has been used as a redox photosensitizer
for electron transfer reactions in solar energy conversion
processes and for other photocatalytic applications involving
its low-lying excited electronic states.9,10 Moreover, Pt(qol)2
exhibits a strong absorption band which lies unusually low
relative to other 8-quinolinol compounds. These features make
Pt(qol)2 an outstanding candidate for further investigations.
Surprisingly little is known about the details of the electronic

structure of the aforementioned metal compounds of qol- and
the nature of the electronic states involved in the low energy
absorption and emission bands. One reason for this lack of
information is that the optical absorption and emission spectra
available are very broad (half-widths of≈2000 cm-1), thus
slurring all details. However, if one obtains highly resolved
spectra, a much deeper understanding of the electronic charac-
teristics of the compound is possible. This has been demon-
strated recently for other transition metal complexes if doped
into suitable crystalline matrices.11-16 In the present in-
vestigation, it is intended to apply such methods also to
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Pt(qol)2. Since this compound is planar and uncharged and does
not possess a permanent dipole moment (trans configuration,
see inset of Figure 1), Pt(qol)2 appears to be a good candidate
for applying the Shpol’skii matrix isolation technique. This
method is well established for organic molecules17,18 and
recently also for an interesting class of planar cyclometalated
compounds.13,14,19,20 In this technique, a chromophore is
dissolved in ann-alkane solvent which at low temperature forms
a polycrystalline matrix. The chromophores substitute for host
molecules and occupy well-defined guest sites. If guest and
host possess at leastsimilar geometries, often only small
distortions of the guest are induced.
Indeed, Pt(qol)2 fulfills these conditions.21 Therefore, highly

resolved spectra of this compound are obtained for the first time.
This information is used for a detailed characterization of the
lowest excited singlet and triplet states. In particular, it is
intended to assign the orbital character of these states, to obtain
information about changes of force constants and equilibrium
positions of the potential hypersurfaces upon excitation, and to
focus on interesting decay properties connected to the sublevels
of the lowest triplet state.

2. Experimental Section

Samples of Pt(qol)2 were prepared according to the two different
procedures described in refs 3 and 5, respectively. 8-Quinolinol was
reagent grade (Merck), and K2[PtCl4] (Aesar) was of 99.9% purity.
No differences in spectroscopic properties were observed between
samples prepared according to the two procedures. The product samples
were washed with dilute acetic acid, ethanol, and dichloromethane
followed by recrystallization from eitherN,N-dimethylformamide
(DMF) or 1,4-dioxane and washed again withn-octane. Since Pt(qol)2

is photochemically labile in the presence of dissolved oxygen,3,4

solutions were prepared in the dark as much as possible.
Since Pt(qol)2 is not soluble inn-alkanes, it was first dissolved in a

solvent of intermediate polarity (1,4-dioxane) and subsequently diluted
with the respectiven-alkane. All solvents were of the highest available
commercial grade. The volume ratio of 1,4-dioxane ton-alkane was
1:50, yielding a Pt(qol)2 concentration of 10-5 mol/L. After filling
quartz cells of 2 mm diameter, the solutions were frozen at a cooling
rate of about 100 K/min.
Details of the experimental equipment11,14 and the optical setup24

are described elsewhere.

3. Results and Discussion

3.1. Room Temperature Spectra and Types of Transi-
tions. Figure 1 gives a survey of the room temperature
absorption and emission spectra of Pt(qol)2 dissolved in DMF.
These spectra largely correspond to those previously pub-
lished.2,3

The high-energy absorption near 29 000 cm-1 (345 nm,ε ≈
8000 L mol-1 cm-1) is typical also for many other metal chelates
with 8-quinolinolato ligands, like Al(qol)3 and Rh(qol)3. Mainly
from this feature and the small solvatochromism observed for
these complexes it was concluded in ref 3 that this absorption
can be assigned to typical ligand-centered transitions ofππ*
character.
The low-energy absorption of Pt(qol)2 near 21 000 cm-1 (478

nm, ε ≈ 6900 L mol-1 cm-1) was also assigned to a ligand-
centered transition, since a corresponding transition appears for
the uncoordinated ligand as well as for Al(qol)3 and Rh(qol)3,
for example. The unsubstituted heterocycle quinoline does not
exhibit an equivalent absorption.3 From investigations with
uncoordinated quinolinol (pH dependence of the absorption
energy, solvatochromism) it was concluded that the correspond-
ing absorption band results from a transfer of electron charge
density from the oxygen to the nitrogen, or from the phenolic
side to the pyridyl part of the quinolinol ring system.25-28 The
near correspondence of the absorption band of the uncoordinated
ligand with those of the complexes leads to the suggestion that
the same type of transition occurs also in the metal compounds.3

Therefore, this strong low-energy absorption is assigned to a
singlet intraligand charge transfer (1ILCT) transition. (This
notation, first introduced by Vogler et al.29 for a different
compound, seems to characterize the situation well. It corre-
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Figure 1. Room temperature absorption and emission spectra of Pt(qol)2 in DMF. (Compare also to ref 1.)
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sponds to the notation of lone-pair-π* (lπ*)30 applied by
Scandola and co-workers.3) Independently, an analogous as-
signment was proposed for the similar Pt(qtl)2 (qtl- ) 8-quino-
linethiolato-N,S).31

An alternative assignment of the low-energy absorption band
of Pt(qol)2 is not very likely, since (i) LMCT transitions should
lie at much higher energies, especially for Pt(II) compounds;3,32

(ii) dd*-MC transitions would be much weaker, and the
corresponding energies are expected to lie above≈26 000 cm-1

(compare refs 33 and 34); and (iii) MLCT transitions, which
might occur in that energy range in Pt(qol)2, can be ruled out
due to the occurrence of the equivalent absorption bands also
in closed shell metal compounds like Al(qol)3. These com-
pounds are unlikely to exhibit such a low-energy MLCT
transition (for example, see ref 3). The detailed discussion in
the following sections will also show that an assignment as an
MLCT transition can be excluded.
The emission shown in Figure 1 (15 400 cm-1, 650 nm) has

a relatively long lifetime even atT ) 298 K (τ ≈ 3 µs).
Therefore, this luminescence can be classified as phosphores-
cence from the lowest excited triplet to the singlet ground state.
Since no singlet fluorescence (from the1ILCT) could be
observed, in contrast to Al(qol)3, it was concluded that Pt(qol)2
exhibits an efficient intersystem crossing.3 Various assignments
of the MO parentage of the triplet state have been proposed,
but the issue remains unresolved. While a dd* transition was
initially suggested,4 subsequent workers3 considered two inter-
pretations of ligand-centered transitions (3ππ* or 3ILCT). The
amount of metal perturbation could not be specified.
More information about the nature of the lowest excited states

and the extent of metal involvement in these electronic
transitions is required. Unfortunately, the large half-widths of
the bands observed precludes their use in a more detailed
characterization. However, the required information may be
obtained from highly resolved spectra as shown below.
3.2. Different Shpol’skii Matrices. Pt(qol)2 is investigated

in the Shpol’skii matricesn-heptane,n-octane-h18, n-octane-
d18, n-nonane, andn-decane, respectively. It exhibits an intense
red luminescence at low temperatures. The chromophores
occupy different guest sites in each matrix, which leads to
superimposed quasi-line spectra. However, by site-selective
spectroscopic methods these spectra may be separated from each
other (see below). In all matrices, three or four intensely
emitting sites with line half-widths (FWHM) between 2.5 and
3.5 cm-1 were found. Thus, the spectral resolution is about
400 times better than so far published. The energy positions
of the electronic origins assigned to the lowest triplet (see also
section 3.4) are listed in Table 1. The origins of the different
sites are observed in a range of about 150 cm-1 for one specific
matrix and cover about 230 cm-1 when the differentn-alkanes
investigated are compared.
Besides the well-resolved electronic origins, the Shpol’skii

spectra exhibit highly resolved vibrational satellite structures
(section 3.4). As examples, Table 1 shows the energies of the
dominant vibrational modes for each site. A weak dependence
of the energy on the site is observed.
For further investigations, the site with lowest energy in

n-octane was selected. For this site, the electronic origin of

the phosphorescence is located at 15 426 cm-1. In particular,
this site will be separated by selectively detected excitation or
selectively excited emission spectra.
3.3. Site-Selective Excitation Spectra of the Lowest

Excited Singlet State. Figure 2a shows the singlet excitation
spectrum of Pt(qol)2 measured atT ) 1.2 K. The emission
was detected at the 15 426 cm-1 triplet origin (see Table 1).
Thus, the singlet corresponding to that site is selectively
registered. In the energy range from 16 300 cm-1 to 18 700
cm-1, no further excitation peak could be detected. Moreover,
in the range from≈21 500 cm-1 to ≈24 000 cm-1, no sharp
lines were found (spectrum not reproduced). Therefore, the
singlet excitation is very likely correlated with the broad1ILCT
absorption in DMF having its maximum near 21 000 cm-1

(Figure 1). The fact that the excitation spectrum lies at
somewhat lower energy is mainly due to the much less polar
character ofn-octane than that of DMF. The change of the
envelope from the broad spectrum to the site-selectively excited
one is attributed to the enormously reduced spread of inhomo-
geneously distributed chromophores in the Shpol’skii matrix.
Electronic Origin. The peak of lowest energy located at

(18 767( 1) cm-1 (532.85 nm) is assigned as electronic origin
(Figure 2a). It is connected with a large number of vibrational
satellites (progressions and combinations, see below). This
assignment as origin is supported not only by the fact that it is
the peak of lowest energy in that energy range but also by the
fact that the whole vibrational satellite structure can only be
fitted to this peak. For example, the progressions of the 253
cm-1 and the 413 cm-1 modes (see also below) have just this
peak as a common origin.
For completeness, one should exclude the possibility that the

excitation spectrum is due to a triplet excitation. In this case,
the application of a high magnetic field would result in a distinct
change of the spectrum. Figure 2b shows the origin range of
the excitation spectrum forB ) 0, 6, and 12 T (T ) 1.5 K).
There is no perceptible variation in the spectrum, neither a
Zeeman splitting, a spectral shift, a change of line width, a
change in intensity, nor a growing in of additional peaks. This
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Table 1. Emission Data of Pt(qol)2 in Different Shpol’skii Matrices

matrixa

triplet origin
of dominant
sitesb (cm-1)

rel
intensityc

(%)

Pt-N
vibrationd

(cm-1)

Pt-O
vibrationd

(cm-1)

n-heptane 15 473 100 245 413
15 487 100 245 413
15 630 75 251 414

n-octane-h18e 15 426 88 253 413
15 507 100 248 412
15 517 35 249 413
15 568 65 250 413

n-octane-d18f 15 437 25 254 412
15 518 100 251 414
15 571 49 254 415
15 616 5 252 414

n-nonane 15 420 100 248 413
15 448 47 249 413
15 572 24 249 414

n-decane 15 403 100 246 412
15 426 100 246 412
15 534 15 251 412

a 1,4-Dioxane was used as intermediate solvent. Nominal concentra-
tion of the complex 10-5 M. b T ) 5.0 K. Excitation at 488.0 nm
(≈20 490 cm-1). Only sites that contribute more than 5% to the total
emission intensity are considered (accuracy(1 cm-1). The line half-
widths (fwhm) lie between 2.5 and 3.5 cm-1 for all sites.c Accuracy
(5%. d Largest atomic displacements of the respective atoms in the
corresponding normal mode (see section 3.3). The energy is measured
relative to the respective electronic origin (see also Table 3; accuracy
(1 cm-1). eThis site will mainly be investigated in this contribution.
f Perdeuteratedn-octane.

3042 Inorganic Chemistry, Vol. 36, No. 14, 1997 Donges et al.



fact is proof of the singlet character of the involved state
(1ILCT).
The spectral shape of the singlet origin at 18 767 cm-1 can

be well fitted by a Lorentzian line shape, while a Gaussian fit
may be excluded.35 This is a very interesting result, since it
allows one to conclude that the spectral line width of the
electronic origin ishomogeneouslydetermined (for example,
see ref 36) butnot given by an inhomogeneous broadening
which results from slightly different environments of the
chromophores. Thus, applying the Heisenberg uncertainty
principle∆E τ ≈ h/2π (with ∆E) hc∆ν, ∆ν ) experimentally
determined FWHM,h ) Planck’s constant), one can estimate
the lifetimeτ of that1ILCT state. With∆ν ) 12 cm-1 (Figure
2b) one obtains a lifetime ofτ ≈ 5× 10-13 s (corresponding to
a rate ofk≈ 2× 1012 s-1). With respect to the large efficiency
of intersystem crossing (isc) from the1ILCT to the emitting
triplet (ηisc ≈ 0.9 at room temperature3), it can be concluded
that the lifetime is mainly determined by this isc process. A
similar value (kisc≈ 3 × 1012 s-1) was deduced for the lowest
excited singlet of Pt(II) porphine.37 For comparison, the
radiative fluorescence rate (1ILCT f ground state) can be
estimated from the allowedness of the corresponding1ILCT
absorption band (Figure 1) to bekrad≈ 2 × 107 s. Thus, for
Pt(qol)2 the rate of isc is about 5 orders of magnitude larger
than the radiative decay rate. On the other hand, compounds
like Al(qol)3 fluoresce but do not show any phosphorescence.3

In this case, the rate of isc from1ILCT to the lower lying triplet
can be neglected because it is significantly smaller than the
radiative decay rate of the1ILCT. Obviously, the relatively
high isc rate for Pt(qol)2 can be ascribed to the importance of
the higher spin-orbit coupling constant of the transition metal
compared to closed shell metal ions and a distinct Pt 5d-orbital
admixture.
The singlet excitation of Pt(qol)2 measured in the perdeuter-

atedn-octane-d18 matrix yielded a spectrum very similar to the
one measured in protonatedn-octane-h18. The singlet origin

occurs at 18 780 cm-1 for the site having its triplet origin at
15 437 cm-1 (detection line, see Table 1).38 The fact that the
energy difference between singlet and triplet, which is essentially
determined by the exchange interaction, remains almost the same
for the different matrices confirms the relatively weak influence
of the matrix on the chromophore. The values of the singlet-
triplet energy differences are (3341( 2) cm-1 in n-octane-h18
and (3344( 2) cm-1 in n-octane-d18.
Vibrational Satellite Structure. The peaks observed to the

high-energy side of the electronic origin at 18 767 cm-1 are
assigned to vibrational satellites. The corresponding energies
are listed in Table 2. A series of representative modes is also
marked in Figure 2a. In the energy range of lattice modes (up
to≈100 cm-1), a relatively strong satellite of 32 cm-1 is found.
It accompanies the electronic origin and each vibrational
satellite. Due to its low energy it is assigned to a localized
phonon.
The most important satellites are those found at 253 and 413

cm-1 relative to the origin. For these vibrations distinct
Franck-Condon progressions are observed, for example, at 505
cm-1 ≈ 2 × 253 cm-1, 759 cm-1 ) 3 × 253 cm-1, etc., and
at 826 cm-1 ) 2 × 413 cm-1, 1236 cm-1 ≈ 3 × 413 cm-1

(Table 2, Figure 2a). The occurrence of a progression signifies
a shift of the excited state potential hypersurface with respect
to the one of the ground state along the normal coordinate of
the specific vibration (for example, see refs 39-42). For the
253 cm-1 mode, the energy differences between adjacent
members of the progression are constant up to at least the sixth
member (within the experimental accuracy of(1 cm-1). Hence,
the potential hypersurface may be regarded as harmonic at least
up to 1500 cm-1 above the zero-point vibrational level. To
characterize the strength of the progression, one can determine
the Huang-Rhys factorS, which is related to the Franck-
Condon factor.39-41 Smay be estimated using the equationS

(35) The slope of the origin peak was fitted between 18 760 and 18 600
cm-1 with a nonlinear least-squares fit according to the Levenberg-
Marquardt algorithm (Curve-Fitting Module of Origin, Microcal.
Software Inc.). Theø2 value is about 20 times smaller for the
Lorentzian fit than for the Gaussian one.
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(532.4 nm). This means that without application of a tunable dye-
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spectrum of Pt(qol)2 doped in perdeuteratedn-octane.
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Figure 2. (a) Singlet (1ILCT) excitation spectrum of Pt(qol)2 in an n-octane Shpol’skii matrix atT ) 1.2 K. Due to the selective detection at
15 426 cm-1 (electronic origin of the3ILCT state) a specific site is investigated. Spectral resolution: 0.9 cm-1. The vibrational satellites are specified
relative to the electronic origin at 18 767 cm-1 (see Table 2). Progressions of the 253 and 413 cm-1 modes are connected by dotted and broken
lines, respectively. The spectrum is not corrected with respect to the characteristics of the laser dyes (coumarin 102 and 307). (b) Excitation spectra
in the range of the singlet origin (expanded) for different magnetic fields (T ) 1.5 K).

Intraligand Charge Transfer in Pt(qol)2 Inorganic Chemistry, Vol. 36, No. 14, 19973043



) V(IV/IV-1) (low-temperature limit;V is the vibrational quantum
number, andIV is the intensity of theVth member of the
progression).40 An estimate ofS from the first member of the
respective progression (V ) 1) and the electronic origin yields
for the 253 cm-1 progressionS≈ 1.0 and for the 413 cm-1

progressionS≈ 0.6. These values are considerably larger than
the value estimated for the transition between the lowest excited
triplet and the ground state (Smax≈ 0.2, see section 3.4). For

comparison, for metal porphines and phthalocyanines, Huang-
Rhys values of less thanS≈ 0.3 are found for the transition
between the lowest excited singlet and the ground state.37,43

Combinations of the 253 and 413 cm-1 modes, respectively,
with other modes occur frequently (Table 2), while the
combination 253 cm-1 + 413 cm-1 ≈ 665 cm-1 occurs only
as a weak shoulder to the 658 cm-1 satellite. No other
combinations of these two dominant modes could be found.
Therefore, the coupling between the two modes is weak (for
example, see ref 50). This fact seems to be an indication of
two rather independent vibrations. It is reasonable that the
modes with more Pt-N and Pt-O vibrational character,
respectively, are the suitable candidates for these satellites.
Indeed, Raman or infrared data of similar compounds show that
the energies of Pt-N vibrations lie near 250 cm-1 and the
energies of Pt-O vibrations near 410 cm-1.44-48 Since the 253
and 413 cm-1 modes are Franck-Condon active, they are totally
symmetric, i.e., they have ag symmetry (inC2h) and are Raman
active (compare Table 3). A recent normal coordinate analysis
for Pt(qol)249 allows us to correlate the experimentally observed
modes to specific ag in-plane normal modes involving both
ligands. These modes have indeed the largest atomic displace-
ments in the spatial regions of nitrogen (experimental value 253
cm-1) and oxygen (413 cm-1), respectively.
Interestingly, vibrational satellites lying in the energy range

of typical ligand modes, for example, at 658, 1199, or 1309
cm-1, exhibit distinctly lower intensities than the 253 and 413
cm-1 satellites (for a discussion of this behavior, see section
3.4).
3.4 Triplet Emission and Excitation. Figure 3a shows the

emission spectrum of Pt(qol)2 investigated inn-octane atT )
1.2 K. The singlet origin at 18 767 cm-1 is used for a selective
excitation. Thus the specific site having its triplet origin at
15 426 cm-1 is selected. Other sites (marked with asterisks in
Figure 3a) emit only with negligible intensities. Figure 4 shows
the corresponding triplet excitation spectrum forT ) 1.2 K,
which also represents a site-selective spectrum, since the
detection wavenumber at 15 173 cm-1 fits to the 253 cm-1

vibrational satellite of the 15 426 cm-1 electronic origin.
Electronic Origin. The dominant peak at (15 426( 1) cm-1

is the line of highest energy in emission (Figure 3) and of lowest
energy in excitation (Figure 4). It occurs in both emission and
excitation at the same spectral position and is therefore assigned
as the electronic origin. An additional confirmation of this
assignment is the fact that the vibrational satellite structures
are well understood with respect to this origin (see below). The
origin has a half-width of 3.0 cm-1 in emission and 2.3 cm-1

in excitation, which indicates the occurrence of a small line-
narrowing effect. Figure 3b shows clearly a Zeeman splitting
of the electronic origin into three lines when high magnetic fields
up to 12 T are applied. (The temperature ofT) 10 K is chosen

(42) Wexler, D.; Zink, J. I.; Reber, C. InElectronic and Vibronic Spectra
of Transition Metal Complexes, Vol. 1, Top. Curr. Chem. 171; Yersin,
H., Ed.; Springer: Berlin, Germany, 1994; p 173.

(43) Huang, T.-H.; Chen, W. H.; Rieckhoff, K. E.; Voigt, E.-M.J. Chem.
Phys. 1984, 80, 4051.

(44) Goldstein, M.; Mooney, E. F.; Anderson, A.; Gebbie, H. A.Spectro-
chim. Acta1965, 21, 105.

(45) Larsson, R.; Eskilsson, O.Acta Chem. Scand. 1968, 22, 1067.
(46) Wootton, J. L.; Zink, J. I.J. Phys. Chem.1995, 99, 7251.
(47) Fahmi, N.; Singh, R. V.Trans. Met. Chem. 1995, 20, 185.
(48) Nakamoto, K.Infrared and Raman Spectra of Inorganic and Coor-

dination Compounds, 3rd ed.; J. Wiley & Sons: New York, 1978.
(49) Degen, J. Private communication, Universita¨t Düsseldorf, 1996

(applying a standard SBK basis in the ab initio program “gamess”
(see ref 50), version of November 1995).

(50) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon,
M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su,
S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A.J. Comput. Chem.
1993, 14, 1347.

(51) Yersin, H.; Huber, P.; Wiedenhofer, H.Coord. Chem. ReV. 1994, 132,
35.

Table 2. Vibrational Energies (cm-1) of the Excited1ILCT State of
Pt(qol)2a

vibrational
satellitesb assignment

0-0 (18767) electronic origin (1ILCT)

32 lattice modec

53 lattice modec

76 lattice modec

115 lattice modec

148
202
253 progression-forming mode, Pt-Ndvibration, FCe

413 progression-forming mode, Pt-Odvibration, FC
505 2× 253
535
578
658 combination-forming mode
668 413+ 253
759 combination-forming mode and 3× 253
826 2× 413
910 658+ 253
1012 759+ 253/4× 253
1069 658+ 413
1161 658+ 2× 253
1171 759+ 413
1199 combination-forming mode
1236 3× 413
1266 759+ 2× 253/5× 253
1309 combination-forming mode
1321 658+ 413+ 253
1377
1415
1453 1199+ 253
1483 658+ 2× 413
1519 759+ 3× 253/6× 253
1563 1309+ 253
1585 combination-forming mode and 759+ 2× 413
1612 1199+ 413
1706 1199+ 2× 253
1722 1309+ 413
1771 759+ 4× 253
1815 1309+ 2× 253
1836 1585+ 253
1861 1199+ 413+ 253
1889
1926
1962
1971 1309+ 413+ 253
1994 1585+ 413
2025 1199+ 2× 413
2068 1309+ 3× 253
2138 1309+ 2× 413
2219
2323 1309+ 4× 253
2476
2624
2728

aDetermined from the singlet excitation spectrum of Pt(qol)2 in an
n-octane Shpol’skii matrix.T) 1.2 K. Accuracy(1 cm-1. Detection
at 15 426 cm-1. b Vibrational satellites relative to the electronic origin
at 18 767 cm-1. cModes with a distinct matrix character (compare ref
19). d Largest atomic displacements in the corresponding normal mode
at N and O, respectively.eFC: Modes of Franck-Condon activity.
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to avoid freezing out the higher lying triplet components at
higher magnetic fields.) This phenomenon represents an
obvious confirmation of the triplet character of the emitting state.
In the investigated range aboveB ) 1 T the splitting is linear
in B exhibiting a slope of (0.93( 0.04) cm-1/T. The linearity
displays the high-field situation. Theg-factor is determined to
be 2.0, which represents almost the pure spin value. (The triplet
character of the origin at 15 426 cm-1 is further displayed in
the relatively long luminescence decay time atT ) 1.2 K. The
longest decay component is 60µs. For details of the decay
behavior, see below.) The zero-field splitting (zfs) could not
be resolved, and thus it must be smaller than about 1 cm-1.
This is an important result, since it demonstrates that Pt 5d-
orbital contributions which introduce high spin-orbit coupling
are small. Otherwise a larger zfs would be expected. Therefore,
an assignment of this triplet to a3MLCT state, which usually
exhibits a large zfs, is excluded. (For details concerning zfs
and metal d-contributions, see refs 11, 12, and 51). This result
is in good accord with the assignment of the lowest triplet as
being mainly a ligand-centered state. However, the fact that
the transition carries enough oscillator strength to allow a direct

excitation (triplet excitation spectra can be registered) points
to the occurrence of some small singlet admixtures to the triplet,
induced by spin-orbit coupling from the metal. Presumably,
the coupling of metal character to the ligand-centered states is
not sufficient to overcome distortions individually experienced
by the different ligands. Thus, it is likely that the triplet state
is not delocalized over the two ligands (compare the discussion
for [Ru(bpy)3]2+ and related compounds in ref 12).
A careful and highly sensitive search for further electronic

transitions in the energy range between the triplet state at 15 426
cm-1 and the1ILCT at 18 767 cm-1 did not reveal any additional
electronic state (plot not reproduced). Thus, it may be concluded
that the two states identified are the singlet and the triplet having
(nearly) the same orbital parentage, and therefore, the triplet
may be characterized as a3ILCT state. This assignment is
further supported by the amount of 3341 cm-1 observed for
the energy difference between these states. This singlet-triplet
separation which is essentially determined by the exchange
interaction seems to have the right magnitude for CT states.52

Vibrational Satellite Structures. The triplet emission and
excitation spectra (Figures 3 and 4) both exhibit highly resolved

Table 3. Vibrational Energies (cm-1) of the Excited3ILCT and the Ground State of Pt(qol)2

ground state vibrational
satellites (emission)a

3ILCT vibrational
satellites (excitation)a Ramanb assignment

0-0 (15426) 0-0 (15426) electronic origin (3ILCT)

31 31 lattice modec

53 lattice modec

76 lattice modec

98 HT,d lattice modec

113 lattice modec

130 HT, lattice modec

253 247 249e progression-forming mode, FC,dPt-Nvibrationf

277 HT
413 407 410 progression-forming mode, FC, Pt-O vibrationf

446 HT
499 495g 498 combination-forming mode
507 495g em, 2× 253/exc, 2× 247

523 combination-forming mode
529 HT
538 538 combination-forming mode
584 575 582 combination-forming mode
667 652 em, 413+ 253/exc, 407+ 247
752 499+ 253
767 760e combination-forming mode

768 523+ 247
792 538+ 253
797 767+ 31
826 2× 413
839 584+ 253
861
912 499+ 413
951 538+ 413
998 584+ 413
1019 767+ 253
1084 584+ 499
1180 767+ 413
1230 1228 Lh (1230)i

1329 1322d L
1386 1382 combination-forming mode, L
1391 combination-forming mode, L
1468 1464 L (1468)i

1508 1504 L (1507)i

1600 1596 L (1594)i

1641 1386+ 253
1645 1391+ 253
1801 1386+ 413
1804 1391+ 413

aDetermined from triplet emission and excitation spectra of Pt(qol)2 in ann-octane Shpol’skii matrix. Accuracy( 1 cm-1. T) 1.2 K. Vibrational
peaks relative to electronic origin at 15 426 cm-1. b T ) 298 K. Neat material. Measured at the Imperial College, London.cModes with distinct
matrix character (compare ref 19).dHT: modes of Herzberg-Teller activity. FC: modes of Franck-Condon activity.eTentative correlation.
f Largest atomic displacements in the corresponding normal mode at N and O, respectively.g Assignment deduced from the intensity distribution
of the 247 cm-1 progression.h L: ligand vibrational mode.i Vibrational energy found for Pd(qol)2 (spectrum not reproduced).

Intraligand Charge Transfer in Pt(qol)2 Inorganic Chemistry, Vol. 36, No. 14, 19973045



patterns, which are, aside from the electronic origin, assigned
to phonon and vibrational satellite structures. A phonon satellite
of 31 cm-1 (which can be correlated to the 32 cm-1 satellite
found in the singlet excitation spectrum) occurs in the triplet
emission and the triplet excitation spectra. However, its
intensity relative to the origin is much weaker than found in
the singlet excitation spectrum. This is indicative of differences
in coupling properties of the excited singlet and triplet states,
respectively, with then-octane matrix. In Table 3, the energies
of the vibrational modes are compared to Raman data. A good
correlation between emission, excitation, and Raman lines is
obvious. However, the vibrational energies of the ground state
(from emission) and the3ILCT state (from excitation) are
slightly different. The red shifts observed for the modes in the
3ILCT state with respect to those of the ground state display
slightly smaller vibrational force constants in the3ILCT.
However, the amount of red shift of the vibrational energies
(about 2%) may be regarded as being relatively small (compare
also refs 13 and 14).
In section 3.3 it was shown that modes occurring at 253 and

413 cm-1 in the 1ILCT state may be characterized as largely
exhibiting Pt-N and Pt-O vibrational character, respectively.

These modes correspond to the 253 and 413 cm-1 modes
(ground state) and the 247 and 407 cm-1 modes (3ILCT state),
respectively. Interestingly, the transitions between3ILCT and
the ground state do not show any pronounced Franck-Condon
progressions, in either emission or excitation. The largest value
of the Huang-Rhys factorS can be estimated to beS≈ 0.2,
which is significantly smaller than found for the transition from
the ground state to the1ILCT state (see section 3.3). This shows
that the potential hypersurfaces of the3ILCT state have
appreciably smaller shifts than the1ILCT surfaces relative to
the ones of the ground state.
The intensities of the vibrational satellites in the energy range

of typical ligand modes (≈600 to≈1700 cm-1) are relatively
weak compared to those involving the Pt-N and the Pt-O
modes, respectively (Figure 3a). This behavior can be explained
as follows: In particular those specific vibrational modes which
are connected to spatial regions of the chromophore that
experience distinct changes of charge density upon an electronic
transition are often observed as intense vibrational satellites in
emission or excitation spectra (for a detailed discussion, see
refs 53 and 54). Consequently, it can be deduced that the spatial

(52) Turro, N. J.Modern Molecular Photochemistry,1st ed.; The Benjamin/
Cummings Publishing Co. Inc.: California, 1978; p 31.

(53) Braun, D.; Huber, P.; Wudy, J.; Schmidt, J.; Yersin, H.J. Phys. Chem.
1994, 98, 8044.

(54) Gastilovich, E. A.SoV. Phys. Usp. 1991, 34, 592.

Figure 3. (a) Triplet (3ILCT) emission spectrum of Pt(qol)2 in ann-octane Shpol’skii matrix atT) 1.2 K. Due to the selective excitation at 18 767
cm-1 (electronic origin of the1ILCT state) a specific site is investigated. Spectral resolution: 0.6 cm-1. Vibrational satellites are specified relative
to the electronic origin at 15 426 cm-1. The asterisks indicate residual intensities of origins of different sites (see Table 1). (b) Emission spectra in
the range of the triplet origin for different magnetic fields (expanded;T ) 10 K). The intensities are not comparable.

Figure 4. Triplet (3ILCT) excitation spectrum of Pt(qol)2 in ann-octane Shpol’skii matrix atT ) 1.2 K. Due to the selective detection at 15 173
cm-1 (253 cm-1 vibrational satellite to the electronic origin at 15 426 cm-1) a specific site is investigated. Spectral resolution: 0.5 cm-1. The
vibrational satellites are specified relative to the electronic origin at 15 426 cm-1 (see Table 3). The spectrum is not corrected with respect to the
characteristic of the laser dye (DCM).
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region of the two-ring heterocycle, which is the main origin of
the typical high-energy ligand modes, is not so strongly involved
in the process of charge reorganization according to the
transitions between ground state and1,3ILCT as are the spatial
regions of oxygen and nitrogen. Such a behavior is expected
for this type of ILCT transition in which the strongest changes
of charge density occur in the regions of oxygen and nitrogen.
For completeness it is mentioned that Pt(qol)2 investigated

in theperdeuterated n-octane-d18 matrix exhibits a vibrational
satellite structure very similar to that found for the protonated
matrix with respect to intensities and energies. (For an example
with distinct differences see ref 19.)
Phosphorescence Decay and Spin-Lattice Relaxation.

Figure 5 presents phosphorescence decay curves of Pt(qol)2 for
different temperatures. The compound was excited into a higher
lying singlet (λexc) 337.1 nm; similar results yield the excitation
into the1ILCT origin at 532.85 nm). AtT) 1.2 K, the emission
decays triexponentially with the componentsτI ) (60( 4) µs,
τII ) (13 ( 1) µs, andτIII ) (4.5 ( 0.5) µs according to the
three independently emitting sublevels|I(3ILCT)〉, |II( 3ILCT)〉
and|III( 3ILCT)〉. (The designation of the triplet sublevels does
not indicate an energy order. This order is not known since
the individual sublevels could not yet be resolved spectrally.)
At T) 1.2 K, the initial spin polarization obtained by a specific
population of the sublevels via the process of intersystem
crossing is preserved. With increasing temperature the decay
behavior changes drastically due to an increasing spin-lattice
relaxation (slr) between the sublevels (see the decay curves for
T ) 4.2, 5.0, and 10 K). A thermalization is reached near 20
K, when the decay is monoexponential with a lifetime ofτ )
(10( 1) µs. An average decay timeτav can be calculated from
the three low-temperature values. Usingτav ) 3/(τI-1 + τII-1
+ τIII-1), one obtains 9.5µs (for example, compare refs 19 and
55). This value is in good agreement with the experimentally
determined one and thus confirms that the decay components
measured atT ) 1.2 K are the intrinsic lifetimes of the three
triplet sublevels of one chromophore. For completeness it is
mentioned that the nonthermalization between closely spaced
energy levels at low temperature is well-known for organic
compounds (representing the basis for ODMR spectroscopy, for

example, see ref 58), but this behavior has only recently been
discussed in detail for transition metal complexes with organic
ligands.11-14,19,59,60 The mechanism of slr is not further
investigated in this contribution. However, it is noted that
according to the small zfs adirect processinvolving one phonon
will not be of relevance butRamanand/orOrbachprocesses
should be taken into account.19,41,61

For comparison, the situation in the perdeuterated matrix
should be mentioned. Interestingly, one observes exactly the
same decay behavior as in the protonated matrix (detection at
the triplet electronic origin at 15 437 cm-1, see Table 1). In
contrast to this situation, other compounds likecis-Pd(2-thpy)2
(2-thpy-: C-deprotonated form of 2-thienylpyridine) exhibit
different decay components in perdeuterated and perprotonated
matrices, respectively.19 This behavior indicates a relatively
small influence of the matrix on the3ILCT of Pt(qol)2.
Selective Excitation of Individual Triplet Sublevels. In-

terestingly, a direct excitation of the lowest triplet of Pt(qol)2

at 15 426 cm-1 is possible. Figure 6a shows that in this situation
at T ) 1.2 K the phosphorescence is found to decaybiexpo-
nentially, exhibiting two short components of 4.5 and 13µs.
These values just correspond toτII and τIII (see above). It is
important thatno long-lived component (τI) could be detected,
contrary to the situation with a UV excitation into a higher lying
singlet where three decay components occurred (compare Figure
6a and Figure 6b). This means that the triplet sublevels
|II( 3ILCT)〉 and |III( 3ILCT)〉 are populated selectively while
sublevel|I(3ILCT)〉 cannot be excited directly, since the corre-
sponding transition probability is too small. Due to the slow
processes of spin-lattice relaxation atT ) 1.2 K, the spin
polarization is preserved during the emission lifetime. However,
with temperature increase, state|I(3ILCT)〉 will be populated
and an additional long emission component appears (not shown
in Figure 6). AtT ) 1.2 K, the|I(3ILCT)〉 can be populated

(55) Tinti, D. S.; El-Sayed, M. A.J. Chem. Phys. 1971, 54, 2529.
(56) Yamauchi, S.; Azumi, T.J. Chem. Phys. 1977, 67, 7.
(57) Schwoerer, M.; Sixl, H.Z. Naturforsch. 1969, 24, 952.

(58) Clarke, R. H., Ed.Triplet State ODMR Spectroscopy; Wiley: New
York, 1982.

(59) Yersin, H.; Braun, D.Coord. Chem. ReV. 1991, 111, 39.
(60) Griesbergen, C.; Glasbeek, M.J. Phys. Chem. 1993, 97, 9942.
(61) Scott, P. L.; Jeffries, C. D.Phys. ReV. 1962, 127, 32.

Figure 5. Phosphorescence decay curves of Pt(qol)2 in an n-octane
Shpol’skii matrix for different temperatures. Excitation at≈29 670 cm-1

(337.1 nm). Detection at 15 426 cm-1 (electronic origin3ILCT). The
decay atT ) 1.2 K is triexponential. The decay components given
result from least-squares fits.

Figure 6. Phosphorescence decay of Pt(qol)2 in ann-octane Shpol’skii
matrix atT) 1.2 K. To avoid a resonant detection the phosphorescence
is registered at 15 013 cm-1 (413 cm-1 vibrational satellite to the3ILCT
electronic origin at 15 426 cm-1). (a) Excitation at 15 426 cm-1

(electronic origin of the3ILCT state). (b) Excitation at≈29 670 cm-1

(337.1 nm). The inset shows an energy level scheme for the triplet
sublevels |I(3ILCT)〉, |II( 3ILCT)〉, and |III( 3ILCT)〉 which are not
resolved spectrally, zfs< 1 cm-1. The energy order is arbitrary. The
excitation from the ground state to|I(3ILCT)〉 is strongly forbidden.
Note that the 60µs component is absent with excitation into the3ILCT
origin.
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by processes of intersystem crossing after an excitation into an
excited singlet (Figure 6b). Thus, both processes, temperature
increase and UV excitation, lead to triexponential decay curves.
Corresponding properties have also been observed for a series
of other transition metal compounds, like Pd(2-thpy)2, Pt-
(bpy)22+, and Pt(2-thpy)2.20,62a,b This interesting behavior allows
us to study the mechanisms of spin-lattice relaxation and further
relaxation paths in detail.
The different decay times observed for the three triplet

sublevels of Pt(qol)2 atT ) 1.2 K (when using UV excitation)
make it possible to separate the emission spectra which result
from the different sublevels by time-resolved spectroscopy.
Similar experiments have already been carried out for other
transition metal compounds (for example, see ref 20). For Pt-
(qol)2, the short-lived spectrum measured with a time window
up to 50µs after the excitation pulse carries most of the emission
intensity of the sublevels|II( 3ILCT)〉 and |III( 3ILCT)〉. It is
totally different compared to the long-lived one (for example,
registered with a time delay of 100µs and a time window of
300 µs). The spectra are not reproduced here, but the main
message is that the short-lived emission spectrum is largely the
same as the time-integrated one shown in Figure 3. This implies
that the usual, time-integrated emission is strongly dominated
by the emission from the states|II( 3ILCT)〉 and |III( 3ILCT)〉.
On the other hand, the delayed and long-lived emission
stemming from the|I(3ILCT)〉 sublevel shows a number of
vibrational satellites which (nearly) do not occur in the time-
integrated emission spectrum. For example, one finds satellites
at 98, 130, 277, 446, and 529 cm-1. Relative to the electronic
origin, these satellites are much more intense than found in the
short-lived spectrum. Consequently, these specific vibrational
modes are assigned to represent vibronically coupling modes
which supply additional radiative decay paths from state
|I(3ILCT)〉 to the ground state by Herzberg-Teller processes
(compare refs 12, 14, 20, 54, and 63). These coupling pathways
probably include mainly spin-vibronic mechanisms.63,64

4. Characterization of the Lowest Excited States of
Pt(qol)2. A Concluding Summary

Pt(qol)2 is investigated in ann-octane Shpol’skii matrix. It
is possible to obtain highly resolved excitation spectra of the
lowest excited singlet state and emission as well as excitation
spectra of the lowest triplet state. The spectra are by a factor
of about 400 better resolved than hitherto known and thus
provide an enormous increase of information which can be used
for a classification of the states involved.
The electronic origin of the transition from the singlet ground

state to the lowest excited singlet lies at 18 767 cm-1. The
singlet assignment is strongly supported by the magnetic field
behavior of the resolved origin structure. This electronic
transition is identified to be responsible for the intense low-
energy singlet absorption near 21 000 cm-1 of Pt(qol)2 dissolved
in DMF. To energies lower than this electronic singlet transition
one can exclude the occurrence of any other electronic transition
besides the lowest triplet at 15 426 cm-1. Thus, it is concluded
that these states possess to a first approximation the same orbital
parentage. The energy difference between triplet and singlet
states of about 3340 cm-1, being essentially given by the

exchange interaction, is much too small for a typicalππ*
transition of a conjugated two-ring aromatic compound but fits
well to a charge transfer (CT) transition. In fact, two types of
CT transitions have been suggested for the triplet, metal to ligand
charge transfer (MLCT)4 and intraligand charge transfer (ILCT)3,
respectively. Keeping in mind that typical3MLCT states exhibit
relatively large zero-field splittings (zfs, for example, 61 cm-1

for [Ru(bpy)3]2+ and 210 cm-1 for [Os(bpy)3]2+),11,12,51this type
of transition can be ruled out, since the lowest triplet state of
Pt(qol)2 has a zfs smaller than 1 cm-1. But for a 3ILCT state
which is mainly confined to an organic ligand such a small
splitting is expected. Thus, the lowest excited singlet and the
lowest triplet may be specified as being mainly of1ILCT and
3ILCT character, respectively. However, a small Pt 5d-orbital
contribution manifests itself in the relatively large rates of
intersystem crossing from1ILCT to 3ILCT, and also in the
radiative decay rate of the two sublevels|II( 3ILCT)〉 and
|III( 3ILCT)〉. In particular, this results in the possibility of their
direct excitation.
The well-resolved vibrational satellite structures provide

further support for the classification given above. In particular,
the fact that the Pt-N and the Pt-O vibrational satellites
dominate all spectra indicates that changes of charge densities
upon excitation occur mainly in the spatial regions of oxygen
and nitrogen for singletandtriplet. This leads to an appreciable
change of the equilibrium positions of the potential hyper-
surfaces in the1ILCT state compared to those of the ground
state along the corresponding normal coordinates. (The Huang-
Rhys factorS characterizing this property is of the order of 1
for the metal-ligand modes at 253 and 413 cm-1.) Interest-
ingly, the force constants corresponding to these modes are
(within the limits of experimental error) just the same in the
ground state and in the1ILCT state.
Although the dominance of the two vibrational satellites with

Pt-N and Pt-O character is also obvious for the3ILCT state,
one observes a somewhat different behavior. The vibrational
energies are slightly smaller in the excited triplet state (247 and
407 cm-1) than in the ground state (253 and 413 cm-1), and
the equilibrium positions of the potential hypersurfaces of the
3ILCT are distinctly less shifted relative to those of the ground
state (S≈ 0.2) than found for the1ILCT. Obviously, both states
experience different admixtures of higher lying states with other
orbital parentage. But it should also be taken into account that
singlets and triplets are described by wavefunctions of different
symmetries. In particular, electrons in the triplet state have a
larger average separation than in the corresponding singlet. This
results in different electron charge distributions and therefore
can lead to different geometries for the3ILCT state compared
to the1ILCT state.
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