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Pt(gol) (qol~ = 8-quinolinolatoO,N) is investigated in the Shpol’'skii matricesheptanen-octaneh;g, n-octane-

dig, n-nonane, and-decane, respectively. For the first time, highly resolved triplet phosphorescence as well as
triplet and singlet excitation spectra are obtained at 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 LG lies at 15 426

cm 1 (FWHM =~ 3 cntY) exhibiting a zero-field splitting smaller than 1 chawhich shows that the metal d-orbital
contribution to the’ILCT is small. AtT = 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 6@s. Interestingly, two of the sublevels can be excited selectively, which leads to a distinct spin
polarization manifested by a biexponential decay. TAt 20 K, the decay becomes monoexponential with

10 us due to a fast sIr between the triplet sublevels. From the Zeeman splitting &iL®E the g-factor is
determined to be 2.0 as expected for a relatively pure spin triplet. ILIA has its electronic origin at 18 767

cm~! and exhibits a homogeneous line width of about 12-&mThis feature allows us to estimate a singlet

triplet intersystem crossing rate of aboutx210'2 s71. This relatively large rate compared to values found for
closed shell metal M(gal)compounds displays the importance of spambit 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 #ieCT and3ILCT 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 (gol~) have long found use in spectrophotometric
analyses of metal ioris2 In addition, photoluminescente
and electroluminescentg have been observed in several
diamagnetic compounds of qol Recently, electroluminescence
from Al(gol)s 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 systetnsVhile many
compounds of main group metals with gdigands, including
Al(qol)s, exhibit an intense and short-lived green fluorescence,
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other complexes, like Pt(gel)show very intense red phospho-
rescence, even in solution at room temperatuta.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 stat€4% Moreover, Pt(qobh
exhibits a strong absorption band which lies unusually low
relative to other 8-quinolinol compounds. These features make
Pt(gol), an outstanding candidate for further investigations.

Surprisingly little is known about the details of the electronic
structure of the aforementioned metal compounds of @old
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 ef2000 cn1?), 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 matricé$:16 In the present in-
vestigation, it is intended to apply such methods also to
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Figure 1. Room temperature absorption and emission spectra of Ptgd)MF. (Compare also to ref 1.)

Pt(qol}. Since this compound is planar and uncharged and doesis photochemically labile in the presence of dissolved oxydgen,

not possess a permanent dipole momémsing configuration,
see inset of Figure 1), Pt(gelxppears to be a good candidate
for applying the Shpol’skii matrix isolation technique. This
method is well established for organic molecdlé§ and

recently also for an interesting class of planar cyclometalated

compoundg31419.20 |n this technique, a chromophore is
dissolved in am-alkane solvent which at low temperature forms

a polycrystalline matrix. The chromophores substitute for host

solutions were prepared in the dark as much as possible.

Since Pt(goh is not soluble im-alkanes, it was first dissolved in a
solvent of intermediate polarity (1,4-dioxane) and subsequently diluted
with the respectiva-alkane. All solvents were of the highest available
commercial grade. The volume ratio of 1,4-dioxanentalkane was
1:50, yielding a Pt(go}) concentration of 1@ mol/L. After filling
guartz cells of 2 mm diameter, the solutions were frozen at a cooling
rate of about 100 K/min.

Details of the experimental equipmé&nt* and the optical setidf

molecules and occupy well-defined guest sites. If guest and are described elsewhere.

host possess at leastmilar geometries, often only small
distortions of the guest are induced.
Indeed, Pt(qopfulfills these conditiong! Therefore, highly

3. Results and Discussion
3.1. Room Temperature Spectra and Types of Transi-

resolved spectra of this compound are obtained for the first time. tions.  Figure 1 gives a survey of the room temperature
This information is used for a detailed characterization of the absorption and emission spectra of Pt(gdissolved in DMF.
lowest excited singlet and triplet states. In particular, it is These spectra largely correspond to those previously pub-
intended to assign the orbital character of these states, to obtaiH'Shed-z’s_ _

information about changes of force constants and equilibrium __The high-energy absorption near 29 000°¢r(845 nm,e ~
positions of the potential hypersurfaces upon excitation, and to 8000 L mof™: cm™ is typical also for many other metal chelates
focus on interesting decay properties connected to the subleveldVith 8-quinolinolato ligands, like Al(qof)and Rh(qol). Mainly

of the lowest triplet state.

2. Experimental Section

Samples of Pt(qof)were prepared according to the two different

procedures described in refs 3 and 5, respectively. 8-Quinolinol was

reagent grade (Merck), and,RtCls] (Aesar) was of 99.9% purity.

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 transitionssdf
character.

The low-energy absorption of Pt(gehear 21 000 cm' (478
nm, e ~ 6900 L mol! cm™?) was also assigned to a ligand-

No differences in spectroscopic properties were observed betweencentered tra_nsition,_since a corresponding transition appears for
samples prepared according to the two procedures. The product sampleghe uncoordinated ligand as well as for Al(gofind Rh(qol},
were washed with dilute acetic acid, ethanol, and dichloromethane for example. The unsubstituted heterocycle quinoline does not

followed by recrystallization from eitheN,N-dimethylformamide
(DMF) or 1,4-dioxane and washed again witloctane. Since Pt(qel)
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exhibit an equivalent absorptién.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 systéft2é 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 compotnds.
Therefore, this strong low-energy absorption is assigned to a
singlet intraligand charge transfeHL(CT) transition. (This
notation, first introduced by Vogler et #.for a different
compound, seems to characterize the situation well. It corre-
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sponds to the notation of lone-pait- (I7*)3° applied by Table 1. Emission Data of Pt(qaf)in Different Shpol'skii Matrices

S_candola and co-workef}. Indep_er_ldently, an analogo_us as- triplet origin rel PN Pt—0O
signment was proposed for the similar Pt(g¢ttl— = 8-quino- of dominant intensity  vibratiorf  vibratiorf
linethiolatoN,S).3! matrix@ siteg (cm?) (%) (cm™ (cm™Y)
An alternative assignment of the low-energy absorption band n-heptane 15473 100 245 413
of Pt(qgoly is not very likely, since (i) LMCT transitions should 15 487 100 245 413
lie at much higher energies, especially for Pt(Il) compoliids; . 15630 75 251 414
(i) dd*MC transitions would be much weaker, and the "-octanehis 12 gg? 13(8) gi?é ﬁg
corresponding energies are expected to lie aba@ 000 et 15517 35 249 413
(compare refs 33 and 34); and (iii) MLCT transitions, which 15 568 65 250 413
might occur in that energy range in Pt(golgan be ruled out n-octaneeh 15 437 25 254 412
due to the occurrence of the equivalent absorption bands also 15518 100 251 414
in closed shell metal compounds like Al(gel) These com- 12 gzé 43 ggg ﬁi
poun_d_s are unlikely to exhibit such a IOV\_/-ener_gy MI__CT_ n-nonane 15 420 100 248 413
transition _(for exa_mple, see ref 3). The detalled_ discussion in 15 448 47 249 413
the following sections will also show that an assignment as an 15572 24 249 414
MLCT transition can be excluded. n-decane 15 223 %)80 2226 422
. - 154 1 4 41
The emission shown in Figure 1 (15 400 650 nm) has 15534 15 251 419

a relatively long lifetime even aT = 298 K t ~ 3 us).
Therefore, this luminescence can be classified as phosphores- *©1.4-Dioxane was used as intermediate solvent. Nominal concentra-
cence from the lowest excited triplet to the singlet ground state. tion of the complex 16° M. °T = 5.0 K. Excitation at 488.0 nm

; : (=20 490 cm?). Only sites that contribute more than 5% to the total
Since no singlet fluorescence (from tHLCT) could be emission intensity are considered (accuracycnr?). The line half-

observed, in contrast to Al(qa)it was concluded that Pt(gel)  igths (fwhm) lie between 2.5 and 3.5 cirfor all sites.¢ Accuracy
exhibits an efficient intersystem crossihgvarious assignments 59, d Largest atomic displacements of the respective atoms in the
of the MO parentage of the triplet state have been proposed,corresponding normal mode (see section 3.3). The energy is measured
but the issue remains unresolved. While a dd* transition was relative to the respective electronic origin (see also Table 3; accuracy
initially suggested,subsequent worketsonsidered two inter- fil cnl). € This site will mainly be investigated in this contribution.
pretations of ligand-centered transitiofs#* or 3ILCT). The Perdeuterated-octane.

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) is investigated
in the Shpol'skii matricesr-heptane n-octaneh;s, n-octane-
dig, n-nonane, and-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 inglet excitation is very likely correlated with the brcddCT
spectroscopic methods these spectra may be separated from ea sorption in DMF having its maximum near 21 000 dm
othgr. (Se? belo.w).. In all matrices, three or four intensely (Figure 1). The fact that the excitation spectrum lies at
grg't(t:';?ls\;ﬁevﬁzrl:gé %ILgl?ﬁgss(gggw)rgfmiﬁg izésazg(ljjt somewhat lower energy is mainly due to the much less polar
. ’ ; .. character ofn-octane than that of DMF. The change of the
4]90ht|m;35 bett.er tha.n S0 fqr DUbI'Shid'l The engrlgy posm?ns envelope from the broad spectrum to the site-selectively excited
of the electronic origins assigned to the lowest triplet (see also one is attributed to the enormously reduced spread of inhomo-

s_e;ction 3'1')) are Iidst_ed in Tablefl.b Trlelgg%ifgs of the dif_ff«;rent geneously distributed chromophores in the Shpol’skii matrix.
Sies are observed In a range ot abou F one specilic Electronic Origin. The peak of lowest energy located at

matrix and cover about 230 cthwhen the differenn-alkanes (18 767+ 1) e (532.85 nm) is assigned as electronic origin

|nvest|.gated are compared. . . , ... (Figure 2a). Itis connected with a large number of vibrational
Besides the well-resolved electronic origins, the Shpol'skii gateljites (progressions and combinations, see below). This
spec;ra exhibit highly resolved vibrational satellite structures assignment as origin is supported not only by the fact that it is
(section 3.4). As examples, Table 1 shows the energies of they,e heak of lowest energy in that energy range but also by the
dominant vibrational modes for each site. A weak dependencegyct that the whole vibrational satellite structure can only be
of the energy on the site is observed. fitted to this peak. For example, the progressions of the 253

For further investigations, the site with lowest energy in cm-t and the 413 cm! modes (see also below) have just this
n-octane was selected. For this site, the electronic origin of peak as a common origin.

- For completeness, one should exclude the possibility that the
(30) Kasha, M.; Rawls, H. RPhotochem. Photobioll96§ 7, 561. excitation spectrum is due to a triplet excitation. In this case,

(31) éﬁgﬁ 19\49 Erul"(%'gs' Z. PKoord. Khim.1979 5, 1390;Sa. Coord. the application of a high magnetic field would result in a distinct

(32) Maestri, M.; Sandrini, D.; Balzani, V.; von Zelewsky, A.; Deuschel- Change of the spectrum. Figure 2b shows the origin range of
Cornioley, C.; Jolliet, PHelv. Chim. Acta1988 71, 1053. the excitation spectrum fd8 = 0, 6, and 12 T = 1.5 K).

(33) Lever, A. B. Plnorganic Electronic Spectroscopgnd ed.; Elsevier i ; iati i i
Publishers: Amsterdam, The Netherlands, 1984: p 550. There is no perceptible variation in the spectrum, neither a

(34) Fenske, R. F.; Martin, D. S., Jr.; Ruedenbergirrg. Chem 1962 Zeeman splitting, a spectral shift, a change of line width, a
1, 441. change in intensity, nor a growing in of additional peaks. This

the phosphorescence is located at 15 426%nin 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(qo}) measured afl = 1.2 K. The emission
was detected at the 15 426 chtriplet origin (see Table 1).
Thus, the singlet corresponding to that site is selectively
registered. In the energy range from 16 300 érto 18 700
cm™L, no further excitation peak could be detected. Moreover,
in the range fronr21 500 cn?! to ~24 000 cnT?, no sharp
lines were found (spectrum not reproduced). Therefore, the
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Figure 2. (a) Singlet {ILCT) excitation spectrum of Pt(qalin an n-octane Shpol'skii matrix al = 1.2 K. Due to the selective detection at

15 426 cmi? (electronic origin of thélLCT state) a specific site is investigated. Spectral resolution: 0:9.chine vibrational satellites are specified

relative to the electronic origin at 18 767 cin(see Table 2). Progressions of the 253 and 413'ampdes 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 fi€lds (1.5 K).

fact is proof of the singlet character of the involved state occurs at 18 780 cmi for the site having its triplet origin at
(HLCT). 15 437 cm! (detection line, see Table 3. The fact that the
The spectral shape of the singlet origin at 18 767 tran energy difference between singlet and triplet, which is essentially
be well fitted by a Lorentzian line shape, while a Gaussian fit determined by the exchange interaction, remains almost the same
may be excludeé This is a very interesting result, since it for the different matrices confirms the relatively weak influence
allows one to conclude that the spectral line width of the of the matrix on the chromophore. The values of the sirglet
electronic origin ishomogeneouslgetermined (for example, triplet energy differences are (33412) cn ! in n-octaneh;g
see ref 36) buinot given by an inhomogeneous broadening and (33444 2) cm? in n-octaned;s.
which results from slightly different environments of the  Vibrational Satellite Structure. The peaks observed to the
chromophores. Thus, applying the Heisenberg uncertainty high-energy side of the electronic origin at 18 767 énare
principle AE 7 ~ h/2z (with AE = hcAv, Av = experimentally  assigned to vibrational satellites. The corresponding energies
determined FWHMh = Planck’s constant), one can estimate are listed in Table 2. A series of representative modes is also
the lifetimer of that!ILCT state. WithAv = 12 cnmi* (Figure marked in Figure 2a. In the energy range of lattice modes (up
2b) one obtains a lifetime af~ 5 x 10*3s (corresponding to  to 100 cnT?), a relatively strong satellite of 32 crhis found.
arate ok~ 2 x 10*2s7%). With respect to the large efficiency It accompanies the electronic origin and each vibrational
of intersystem crossing (isc) from tHL.CT to the emitting  satellite. Due to its low energy it is assigned to a localized
triplet (7isc ~ 0.9 at room temperatufg it can be concluded  phonon.
that the lifetime is mainly determined by this isc process. A The most important satellites are those found at 253 and 413
similar value ksc ~ 3 x 10'2s7") was deduced for the lowest -1 relative to the origin. For these vibrations distinct
excited singlet of Pt(ll) porphin& For comparison, the  Franck-Condon progressions are observed, for example, at 505
radiative fluorescence ratéll(CT — ground state) can be 1 x 2 x 253 cnrl, 759 cntl = 3 x 253 cnTl, etc., and
estimated from the allowedness of the correspondih@T at 826 cml = 2 x 413 cnml, 1236 cml ~ 3 x 413 cml

absorption band (Figure 1) to &~ 2 x 10"s. Thus, for  (Taple 2, Figure 2a). The occurrence of a progression signifies
Pt(qol the rate of isc is about 5 orders of magnitude larger 5 shift of the excited state potential hypersurface with respect
than the radiative decay rate. On the other hand, compoundstg the one of the ground state along the normal coordinate of
like Al(qol)g fluoresce b.ut do not show any phosp.hore:_scénce. the specific vibration (for example, see refs-3®). For the

In this case, the rate of isc frofLCT to the lower lying triplet 253 cnt! mode, the energy differences between adjacent
can be neglected because it is significantly smaller than the nempers of the progression are constant up to at least the sixth
radiative decay rate of thaLCT. Obviously, the relatively member (within the experimental accuracyeff cnr ). Hence,

high isc rate for Pt(qoj)can be ascribed to the importance of - he potential hypersurface may be regarded as harmonic at least
the higher spir-orbit coupling constant of the transition metal up to 1500 cm! above the zero-point vibrational level. To
compared to closed shell metal ions and a distinct Pt 5d-orbital oy 5racterize the strength of the progression, one can determine
admixture. the Huang-Rhys factorS, which is related to the Franek

The singlet excitation of Pt(qelyneasured in the perdeuter-  condon facto® 4t S may be estimated using the equati®n
atedn-octaneel;g matrix yielded a spectrum very similar to the
one measured in protonategoctaneh;g. The singlet origin

(38) Interestingly, the singlet origin at 18 780 chwith its homogeneous
FWHM of 12 cnt! fits well to the second harmonic laser line of a
(35) The slope of the origin peak was fitted between 18 760 and 18 600 frequency-doubled Nd:YAG laser. This line is located at 18 783cm

cm~t with a nonlinear least-squares fit according to the Levenberg (532.4 nm). This means that without application of a tunable dye-
Marquardt algorithm (Curve-Fitting Module of Origin, Microcal. laser it is possible to obtain a site-selectively excited triplet emission
Software Inc.). They? value is about 20 times smaller for the spectrum of Pt(qo})doped in perdeuteratedoctane.
Lorentzian fit than for the Gaussian one. (39) Denning, R. G. InVibronic Processes in Inorganic Chemistilint,

(36) Demtraler, W. Laserspektroskopiedrd ed.; Springer: Berlin, Ger- C. D., Ed.; Kluwer Academic Publishers: Dordrecht, 1989; p 111.
many, 1993. (40) Solomon, E. IComments Inorg. Chem 984 5, 225.

(37) Noort, M.; Jansen, G.; Canters, G. W.; van der Waals, J. H. (41) Henderson, B.; Imbusch, G. Bptical Spectroscopy of Inorganic
Spectrochim. Actd976 32A 1371. Solids Clarendon Press: Oxford, England, 1989.
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Table 2. Vibrational Energies (crnt) of the Excited!ILCT State of
Pt(gol}?

vibrational
satellited assignment
0-0 (18767) electronic originLCT)
32 lattice mode
53 lattice mode
76 lattice mode
115 lattice mode
148
202
253 progression-forming mode,Pilvibration, FC
413 progression-forming mode,P®¢vibration, FC
505 2x 253
535
578
658 combination-forming mode
668 413+ 253
759 combination-forming mode andx3253
826 2x 413
910 658+ 253
1012 759+ 253/4x 253
1069 658+ 413
1161 658+ 2 x 253
1171 759+ 413
1199 combination-forming mode
1236 3x 413
1266 759+ 2 x 253/5x 253
1309 combination-forming mode
1321 658+ 413+ 253
1377
1415
1453 1199+ 253
1483 658+ 2 x 413
1519 759+ 3 x 253/6x 253
1563 1309+ 253
1585 combination-forming mode and 7592 x 413
1612 1199+ 413
1706 1199+ 2 x 253
1722 1309+ 413
1771 759+ 4 x 253
1815 1309+ 2 x 253
1836 1585+ 253
1861 1199+ 413+ 253
1889
1926
1962
1971 1309+ 413+ 253
1994 1585+ 413
2025 1199+ 2 x 413
2068 1309+ 3 x 253
2138 1309+ 2 x 413
2219
2323 1309+ 4 x 253
2476
2624
2728

a Determined from the singlet excitation spectrum of Pt(gim)an
n-octane Shpol'skii matrix.T= 1.2 K. Accuracy+1 cn®. Detection
at 15 426 cm. ® Vibrational satellites relative to the electronic origin
at 18 767 cm. ¢ Modes with a distinct matrix character (compare ref
19). ¢ Largest atomic displacements in the corresponding normal mode
at N and O, respectively.FC: Modes of FranckCondon activity.

= v(l,/1,-1) (low-temperature limity is the vibrational quantum
number, andl, is the intensity of thesth member of the
progression}® An estimate ofSfrom the first member of the
respective progressiom & 1) and the electronic origin yields
for the 253 cm! progressionS ~ 1.0 and for the 413 cni
progressiors~ 0.6. These values are considerably larger than

the value estimated for the transition between the lowest excited

triplet and the ground stat&fax ~ 0.2, see section 3.4). For

(42) Wexler, D.; Zink, J. |.; Reber, C. IBlectronic and Vibronic Spectra
of Transition Metal Complexes, Vol. 1, Top. Curr. Chem.; Vrsin,
H., Ed.; Springer: Berlin, Germany, 1994; p 173.
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comparison, for metal porphines and phthalocyanines, Huang
Rhys values of less tha®i ~ 0.3 are found for the transition
between the lowest excited singlet and the ground Stéfe.

Combinations of the 253 and 413 chmodes, respectively,
with other modes occur frequently (Table 2), while the
combination 253 cmt + 413 cnT! ~ 665 cnT! occurs only
as a weak shoulder to the 658 cthsatellite. 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 PtN and P+O vibrational character,
respectively, are the suitable candidates for these satellites.
Indeed, Raman or infrared data of similar compounds show that
the energies of PtN vibrations lie near 250 cmt and the
energies of P+O vibrations near 410 cm.*4#8 Since the 253
and 413 cm® modes are FranekCondon active, they are totally
symmetric, i.e., they havg;aymmetry (inCz,) and are Raman
active (compare Table 3). A recent normal coordinate analysis
for Pt(golx*® allows us to correlate the experimentally observed
modes to specific gin-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 cri), respectively.

Interestingly, vibrational satellites lying in the energy range
of typical ligand modes, for example, at 658, 1199, or 1309
cm1, exhibit distinctly lower intensities than the 253 and 413
cm! 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(gel)nvestigated im-octane afl =
1.2 K. The singlet origin at 18 767 crhis used for a selective
excitation. Thus the specific site having its triplet origin at
15 426 cml is selected. Other sites (marked with asterisks in
Figure 3a) emit only with negligible intensities. Figure 4 shows
the corresponding triplet excitation spectrum foe= 1.2 K,
which also represents a site-selective spectrum, since the
detection wavenumber at 15 173 chfits to the 253 cm?
vibrational satellite of the 15 426 crhelectronic origin.

Electronic Origin. The dominant peak at (15 4261) cnT!
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 cnd in emission and 2.3 cmt
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
upto 12 T are applied. (The temperaturélef 10 K is chosen

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

(44) Goldstein, M.; Mooney, E. F.; Anderson, A.; Gebbie, H.Spectro-
chim. Actal965 21, 105.

(45) Larsson, R.; Eskilsson, @cta Chem. Scand 968 22, 1067.

(46) Wootton, J. L.; Zink, J. 1J. Phys. Cheml1995 99, 7251.

(47) Fahmi, N.; Singh, R. VTrans. Met. Chem1995 20, 185.

(48) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compounds3rd ed.; J. Wiley & Sons: New York, 1978.

(49) Degen, J. Private communication, Univeérsifausseldorf, 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. Comput. Chem
1993 14, 1347.

(51) Yersin, H.; Huber, P.; Wiedenhofer, Boord. Chem. Re 1994 132,
35.
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Table 3. Vibrational Energies (crt) of the Excited®ILCT and the Ground State of Pt(ggl)

ground state vibrational SILCT vibrational
satellites (emission) satellites (excitatior) Ramafi assignment
0—0 (15426) 0-0 (15426) electronic origirf(LCT)
31 31 lattice mode
53 lattice mode
76 lattice mode
98 HT ¢ lattice modé
113 lattice mode
130 HT, lattice mode
253 247 249 progression-forming mode, PFRt—N vibratiord
277 HT
413 407 410 progression-forming mode, FG;-Btvibratiori
446 HT
499 498 498 combination-forming mode
507 4958 em, 2x 253/exc, 2x 247
523 combination-forming mode
529 HT
538 538 combination-forming mode
584 575 582 combination-forming mode
667 652 em, 413 253/exc, 40H- 247
752 499+ 253
767 760 combination-forming mode
768 523+ 247
792 538+ 253
797 767+ 31
826 2x 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 I (1230)
1329 1329 L
1386 1382 combination-forming mode, L
1391 combination-forming mode, L
1468 1464 L (1468)
1508 1504 L (1507)
1600 1596 L (1594)
1641 1386+ 253
1645 1391+ 253
1801 1386+ 413
1804 1391+ 413

aDetermined from triplet emission and excitation spectra of P{@mBnn-octane Shpol'skii matrix. Accuracy 1 cntt. T= 1.2 K. Vibrational
peaks relative to electronic origin at 15 426 ¢nP T = 298 K. Neat material. Measured at the Imperial College, Lonéidtodes with distinct
matrix character (compare ref 19)HT: modes of HerzbergTeller activity. FC: modes of FranekCondon activity® Tentative correlation.
fLargest atomic displacements in the corresponding normal mode at N and O, respetthasignment deduced from the intensity distribution
of the 247 cm? progression” L: ligand vibrational mode' Vibrational energy found for Pd(qal)spectrum not reproduced).

to avoid freezing out the higher lying triplet components at excitation (triplet excitation spectra can be registered) points
higher magnetic fields.) This phenomenon represents anto the occurrence of some small singlet admixtures to the triplet,
obvious confirmation of the triplet character of the emitting state. induced by spir-orbit coupling from the metal. Presumably,

In the investigated range abo®e= 1 T the splitting is linear the coupling of metal character to the ligand-centered states is
in B exhibiting a slope of (0.93 0.04) cnTYT. The linearity not sufficient to overcome distortions individually experienced
displays the high-field situation. Thefactor is determinedto by the different ligands. Thus, it is likely that the triplet state
be 2.0, which represents almost the pure spin value. (The tripletis not delocalized over the two ligands (compare the discussion
character of the origin at 15 426 crnis further displayed in for [Ru(bpy)]?t and related compounds in ref 12).

the relatively long luminescence decay timelat 1.2 K. The A careful and highly sensitive search for further electronic
longest decay component is &3. For details of the decay transitions in the energy range between the triplet state at 15 426
behavior, see below.) The zero-field splitting (zfs) could not cm™and the'lLCT at 18 767 cmi* did not reveal any additional

be resolved, and thus it must be smaller than about I*cm electronic state (plot not reproduced). Thus, it may be concluded
This is an important result, since it demonstrates that Pt 5d- that the two states identified are the singlet and the triplet having
orbital contributions which introduce high spiorbit coupling (nearly) the same orbital parentage, and therefore, the triplet
are small. Otherwise a larger zfs would be expected. Therefore,may be characterized as34.CT state. This assignment is
an assignment of this triplet toILCT state, which usually further supported by the amount of 3341 Thobserved for
exhibits a large zfs, is excluded. (For details concerning zfs the energy difference between these states. This singiptet

and metal d-contributions, see refs 11, 12, and 51). This resultseparation which is essentially determined by the exchange
is in good accord with the assignment of the lowest triplet as interaction seems to have the right magnitude for CT stdtes.
being mainly a ligand-centered state. However, the fact that Vibrational Satellite Structures. The triplet emission and
the transition carries enough oscillator strength to allow a direct excitation spectra (Figures 3 and 4) both exhibit highly resolved
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Figure 3. (a) Triplet GILCT) emission spectrum of Pt(gelin ann-octane Shpol’skii matrix af = 1.2 K. Due to the selective excitation at 18 767
cm* (electronic origin of thélLCT state) a specific site is investigated. Spectral resolution: 0.6 .ctibrational satellites are specified relative

to the electronic origin at 15 426 crth 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 (expandee: 10 K). The intensities are not comparable.
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Figure 4. Triplet CILCT) excitation spectrum of Pt(gel)n ann-octane Shpol’skii matrix af = 1.2 K. Due to the selective detection at 15 173
cmt (253 cn1?t vibrational satellite to the electronic origin at 15 426 &na specific site is investigated. Spectral resolution: 0.5%crihe
vibrational satellites are specified relative to the electronic origin at 15 428 (see Table 3). The spectrum is not corrected with respect to the
characteristic of the laser dye (DCM).

patterns, which are, aside from the electronic origin, assigned These modes correspond to the 253 and 413!cmodes

to phonon and vibrational satellite structures. A phonon satellite (ground state) and the 247 and 407 émodes {ILCT state),

of 31 cnm! (which can be correlated to the 32 chsatellite respectively. Interestingly, the transitions betwédiCT and

found in the singlet excitation spectrum) occurs in the triplet the ground state do not show any pronounced Fra@ibndon

emission and the triplet excitation spectra. However, its progressions, in either emission or excitation. The largest value

intensity relative to the origin is much weaker than found in of the Huang-Rhys factorS can be estimated to &~ 0.2,

the singlet excitation spectrum. This is indicative of differences which is significantly smaller than found for the transition from

in coupling properties of the excited singlet and triplet states, the ground state to tHé_CT state (see section 3.3). This shows

respectively, with th@-octane matrix. In Table 3, the energies that the potential hypersurfaces of tR8.CT state have

of the vibrational modes are compared to Raman data. A goodappreciably smaller shifts than tAR.CT surfaces relative to

correlation between emission, excitation, and Raman lines isthe ones of the ground state.

obvious. However, the vibrational energies of the ground state  The intensities of the vibrational satellites in the energy range

(from emission) and théILCT state (from excitation) are  of typical ligand modes~*600 to~1700 cn1?l) are relatively

slightly different. The red shifts observed for the modes in the weak compared to those involving the-f and the P+O

3ILCT state with respect to those of the ground state display modes, respectively (Figure 3a). This behavior can be explained

slightly smaller vibrational force constants in tf#.CT. as follows: In particular those specific vibrational modes which

However, the amount of red shift of the vibrational energies are connected to spatial regions of the chromophore that

(about 2%) may be regarded as being relatively small (compareexperience distinct changes of charge density upon an electronic

also refs 13 and 14). transition are often observed as intense vibrational satellites in
In section 3.3 it was shown that modes occurring at 253 and emission or excitation spectra (for a detailed discussion, see

413 cnrt in the YILCT state may be characterized as largely refs 53 and 54). Consequently, it can be deduced that the spatial

exhibiting PN and PtO vibrational character, respectively.

(53) Braun, D.; Huber, P.; Wudy, J.; Schmidt, J.; YersinJH?hys. Chem
(52) Turro, N. JModern Molecular Photochemistryst ed.; The Benjamin/ 1994 98, 8044.
Cummings Publishing Co. Inc.: California, 1978; p 31. (54) Gastilovich, E. ASa. Phys. Usp1991, 34, 592.
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Figure 5. Phosphorescence decay curves of Ptggal)an n-octane

Shpol'skii matrix for different temperatures. Excitatiorre29 670 cnt* Figure 6. Phosphorescence decay of Pi(gofann-octane Shpof'ski

matrix atT = 1.2 K. To avoid a resonant detection the phosphorescence

(337.1 nm). Detection at 15 426 cin(electronic originlLCT). The is registered at 15 013 crh(413 cnt vibrational satellite to thdLCT
decay aiT = 1.2 K is triexponential. The decay components given gjectronic origin at 15426 cm). (a) Excitation at 15426 cri
result from least-squares fits. (electronic origin of théILCT state). (b) Excitation a&+29 670 cnr?

(337.1 nm). The inset shows an energy level scheme for the triplet
region of the two-ring heterocycle, which is the main origin of sublevels [I(CILCT)0) [II(CILCT)D) and |II(]ILCT)O which are not

the typical high-energy ligand modes, is not so strongly involved resolved spectrally, zfs 1 cn™. The energy order is arbitrary. The
in the process of charge reorganization according to the xcitation from the ground state ¢*ILCT)Llis strongly forbidden.
transitions between ground state d#LCT as are the spatial Note that the 6@ts component is absent with excitation into tHeCT

. . o origin.
regions of oxygen and nitrogen. Such a behavior is expected

for this type of ILCT transition in which the strongest changes o, amhje. see ref 58), but this behavior has only recently been
of charge density occur in the regions of oxygen and nitrogen. yigcyssed in detail for transition metal complexes with organic
For completeness it is mentioned that Pt(gafvestigated ligands11-14.1959.60 The mechanism of slr is not further
in the perdeuterated 1octanee;s matrix exhibits a vibrational investigated in this contribution. However, it is noted that
satellite structure very similar to that found for the protonated according to the small zfsdirect processnvolving one phonon
matrix with respect to intensities and energies. (For an examplewill not be of relevance buRamanand/orOrbach processes
with distinct differences see ref 19.) should be taken into accouffi4161
Phosphorescence Decay and SpirLattice Relaxation. For comparison, the situation in the perdeuterated matrix
Figure 5 presents phosphorescence decay curves of Bffgol)  should be mentioned. Interestingly, one observes exactly the
different temperatures. The compound was excited into a highersame decay behavior as in the protonated matrix (detection at
lying singlet flexe = 337.1 nm; similar results yield the excitation  the triplet electronic origin at 15 437 crh see Table 1). In
into the!ILCT origin at 532.85 nm). AT = 1.2 K, the emission contrast to this situation, other compounds Igie Pd(2-thpy)
decays triexponentially with the componenis= (60 + 4) us, (2-thpy: C-deprotonated form of 2-thienylpyridine) exhibit
71 = (13 & 1) us, andry = (4.5 £ 0.5) us according to the different decay components in perdeuterated and perprotonated
three independently emitting sublevelILCT) ] [H(ILCT)O matrices, respective’. This behavior indicates a relatively
and|lII(3ILCT)O (The designation of the triplet sublevels does small influence of the matrix on th#LCT of Pt(qol).
not indicate an energy order. This order is not known since  Selective Excitation of Individual Triplet Sublevels. In-
the individual sublevels could not yet be resolved spectrally.) terestingly, a direct excitation of the lowest triplet of Pt(gol)
At T= 1.2 K, the initial spin polarization obtained by a specific at 15426 cm'is possible. Figure 6a shows that in this situation
population of the sublevels via the process of intersystem at T = 1.2 K the phosphorescence is found to deb#xpo-
crossing is preserved. With increasing temperature the decaynentially, exhibiting two short components of 4.5 and 48.
behavior changes drastically due to an increasing-sitice These values just correspond#p and 7, (see above). It is
relaxation (slr) between the sublevels (see the decay curves foimportant thano long-lived componentz() could be detected,
T=4.2,5.0, and 10 K). A thermalization is reached near 20 contrary to the situation with a UV excitation into a higher lying

K, when the decay is monoexponential with a lifetimerof singlet where three decay components occurred (compare Figure
(10+ 1) us. An average decay timg, can be calculated from  6a and Figure 6b). This means that the trlp!et sublgvels
the three low-temperature values. Using= 3/(r; 1 + 7,1 [II(GILCT)Oand |II(3ILCT)Oare populated selectively while

+ 1), one obtains 9.&s (for example, compare refs 19 and sublevel|I(3ILCT)Ocannot be excited directly, since the corre-
55). This value is in good agreement with the experimentally SPonding transition probability is too small. Due to the slow
determined one and thus confirms that the decay componentgProcesses of spinlattice relaxation aff = 1.2 K, the spin
measured aT = 1.2 K are the intrinsic lifetimes of the three  Polarization is preserved during the emission lifetime. However,
triplet sublevels of one chromophore. For completeness it is With temperature increase, stat¢*ILCT)Owill be populated
mentioned that the nonthermalization between closely spaced@nd an additional long emission cgmponent appears (not shown
energy levels at low temperature is well-known for organic In Figure 6). AtT = 1.2 K, the|I(°ILCT)can be populated
compounds (representing the basis for ODMR spectroscopy, for

(58) Clarke, R. H., EdTriplet State ODMR Spectroscapwiley: New
York, 1982.

(55) Tinti, D. S.; El-Sayed, M. AJ. Chem. Physl971 54, 2529. (59) Yersin, H.; Braun, DCoord. Chem. Re 1991 111, 39.

(56) Yamauchi, S.; Azumi, TJ. Chem. Physl977, 67, 7. (60) Griesbergen, C.; Glasbeek, M.Phys. Chem1993 97, 9942.

(57) Schwoerer, M.; Sixl, HZ. Naturforsch 1969 24, 952. (61) Scott, P. L.; Jeffries, C. IPhys. Re. 1962 127, 32.
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by processes of intersystem crossing after an excitation into anexchange interaction, is much too small for a typiea*
excited singlet (Figure 6b). Thus, both processes, temperaturetransition of a conjugated two-ring aromatic compound but fits
increase and UV excitation, lead to triexponential decay curves. well to a charge transfer (CT) transition. In fact, two types of
Corresponding properties have also been observed for a serie€T transitions have been suggested for the triplet, metal to ligand
of other transition metal compounds, like Pd(2-thpylPt- charge transfer (MLCT)and intraligand charge transfer (ILCT)
(bpy)?t, and Pt(2-thpyy20:622b This interesting behavior allows  respectively. Keeping in mind that typicILCT states exhibit
us to study the mechanisms of spiattice relaxation and further  relatively large zero-field splittings (zfs, for example, 61¢m
relaxation paths in detail. for [Ru(bpy)k]2t and 210 cm? for [Os(bpy)]2+),111252this type
The different decay times observed for the three triplet of transition can be ruled out, since the lowest triplet state of
sublevels of Pt(qopat T = 1.2 K (when using UV excitation)  Pt(qoly has a zfs smaller than 1 cth But for a3ILCT state
make it possible to separate the emission spectra which resultwhich is mainly confined to an organic ligand such a small
from the different sublevels by time-resolved spectroscopy. splitting is expected. Thus, the lowest excited singlet and the
Similar experiments have already been carried out for other lowest triplet may be specified as being mainly*tfCT and
transition metal compounds (for example, see ref 20). For Pt- 3|LCT character, respectively. However, a small Pt 5d-orbital
(gol),, the short-lived spectrum measured with a time window contribution manifests itself in the relatively large rates of
up to 50us after the excitation pulse carries most of the emission intersystem crossing froriLCT to 3ILCT, and also in the
intensity of the subleveldlI(3ILCT)Oand [II(GILCT)0 It is radiative decay rate of the two sublevel$(3ILCT)O and
totally different compared to the long-lived one (for example, |11II(3ILCT)D In particular, this results in the possibility of their
registered with a time delay of 1Q0s and a time window of direct excitation.
300 us). The spectra are not reproduced here, but the main - he \yell-resolved vibrational satellite structures provide
message is that the short-lived emission spectrum is largely theg ey support for the classification given above. In particular,
same as the time-integrated one shown in Figure 3. This implieSio tact that the PtN and the PO vibrational satellites

that the usual, time-integrated err;ission is strong;y dominated yominate all spectra indicates that changes of charge densities
by the emission from the statg8(*ILCT)0and [IlI(*ILCT)L] upon excitation occur mainly in the spatial regions of oxygen

On th‘? otper h?]nd,3the delayeld alndhlong-lived emiss}on and nitrogen for singleandtriplet. This leads to an appreciable
stemming from thell(ILCT)Usublevel shows a number o change of the equilibrium positions of the potential hyper-

?ﬂ?égggzl ;ﬁg!:genss‘gzgrugea;z)eizrgg}eozzug f'i?]ézié'trglﬁt'essurfaces in théILCT state compared to those of the ground
: T ) state along the corresponding normal coordinates. (The Huan
at 98, 130, 277, 446, and 529 cin Relative to the electronic 9 P 9 ( 9

S k - ) Rhys factorS characterizing this property is of the order of 1
origin, these satellites are much more intense than found in thefor the metat-ligand modes at 253 and 413 chj Interest-
short-lived spectrum. Consequently, these specific vibrational ingly, the force constants corresponding to these modes are
modes are assigned to represent vibronically coupling mOOIeS(with’in the limits of experimental error) just the same in the
which supply additional radiative decay paths from state ground state and in theLCT state
[ICILCT)Oto the ground state by Herzberdeller processes '

(compare refs 12, 14, 20, 54, and 63). These coupling pathways Although the dominance of the two vibrational satellites with
probably include’ma,inly,spi’n-vibroni.c mechanisfig? Pt+—N and P+O character is also obvious for tR& CT state,

one observes a somewhat different behavior. The vibrational
4. Characterization of the Lowest Excited States of energies are slightly smaller in the excited triplet state (247 and
Pt(gol),. A Concluding Summary 407 cnt?) than in the ground state (253 and 4137djnand

the equilibrium positions of the potential hypersurfaces of the
SILCT are distinctly less shifted relative to those of the ground
state 8= 0.2) than found for thélLCT. 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 tAikCT state compared

to thelILCT state.

Pt(gol), is investigated in am-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 &mThe
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-
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