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The first spectroscopic investigation of Pd(gdfol~ = 8-quinolinolatoN,O = oxinate) dissolved in an-octane

matrix (Shpol’skii matrix) is reported. Application of several spectroscopic methods at liquid helium temperatures
(typically, T = 1.2 K), such as site-selective and highly resolved luminescence and excitation spectroscopy, time-
resolved emission spectroscopy, optically detected magnetic resonance, microwave recovery, phosphorescence
microwave double-resonance, and magnetic fields, allows us to characterize the lowest excited electronic states
in detail. In accord with previous assignments for the related P¥ijd$) shown that these lowest states represent
intraligand charge-transfer states, namélzCT and 3ILCT. The electronic origin of théILCT state lies at

20 617 cn1! (site A). It exhibits a nearly homogeneous line width with a half-width of about 80'dfivhm),

which corresponds to a lifetime af!ILCT) ~ 2 x 10713 s. This value is even shorter than that found for Pt-
(gol)2, presumably due to intersystem crossings and relaxations to dd* states. The electronic origifild The

state lies at 16 090 cm (site A), and its zero-field splittings (zfs) into three sublevels de=22356 MHz

(0.0785 cntt) andD — E = 5241 MHz (0.175 cm?). The emission decay times of the three sublevels are
determined ag = 90 £+ 30 ms,7; = 1804+ 10 us, andr;; = 80 4 10 us. (Slightly different values are found

for a second site B at 16 167 cf) From the small values of zfs and the long emission decay times it is concluded
that metal-d or MLCT admixtures &LCT are very small. This result clearly reflects the ligand-centered character

of the transition. The assignment as an ILCT transition is supported by the occurrence of relatively strong vibrational
satellites of P&N and Pd-O character in highly resolved emission spectra. Although the transition is ascribed

to a charge-transfer process, the geometry changes between the ground stiteC@inare very small. The

results found for Pd(qol) are compared to those of companion studies of Pt{gafd Pt(qth (gt~ =
8-quinolinethiolatoN,S).

1. Introduction Only a small number of research groups have carried out
systematic investigations of these triplets by use of powerful
methods of laser spectroscopy, to obtain spectrally highly
resolved (on the order of 1 cm) and time-resolved emission
and excitation spectra (e.g., see refs1D). For several

Transition metal complexes with organic ligands have been
investigated with increasing interest due to the large number of
potential photocatalytic and photophysical applications. (For
instance, see the examples cited in ref 1.) Most of these
applications depend on the properties of the lowest excited
electronic states and the ground state. In particular, for (2) Braun, D.;Hensler, G.; Gallhuber, E.; Yersin,HPhys. Chenl991,
compounds with open shell metal ions of the platinum metal @3) %%$8§7W.; Yersin, Hinorg. Chem.1996 35, 2220.
group the photoactive states are the lowest triplets. This is (4) Yersin, H.; Humbs, W.; Strasser, Goord. Chem. Re 1997, 159,
because, following an excitation into higher lying singlets, these 325.

; ; ; (5) zilian, A.; Gidel, H. U.Inorg. Chem.1992 31, 830.
triplets are populated by very fast intersystem crossing processes. (6) Strouse, G. F.: Giel, H. U., Bertolasi, V.- Ferretti, Vinorg. Che.

1995 34, 5578.

* To whom correspondence should be addressed. (7) Colombo, M. G.; Hauser, A.; Glel, H. U. InElectronic and Vibronic
T Present address: Lambda Physik GmbH, Hans-Boeckler-Strasse 12, Spectra of Transition Metal Complexes, VolYérsin, H., Ed.; Topics
D-37079 Gdtingen, Germany. in Current Chemistry 171; Springer-Verlag: Berlin, 1994; p 143.
(1) Yersin, H.; Humbs, W.; Strasser, J.Hfectronic and Vibronic Spectra (8) Chen, W.-H.; Rieckhoff, K. E.; Voigt, E.-MChem. Phys1986 102
of Transition Metal Complexes, Vol.; I¥ersin, H., Ed.; Topics in 193.
Current Chemistry 191; Springer-Verlag: Berlin, 1997; p 153. (9) Schmidt, J.; Strasser, J.; Yersin, Horg. Chem.1997, 36, 3957.
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compounds, it was possible to achieve a detailed characterizatiorpanel display systen?$:28In a previous investigatio?f, it has
of properties of the triplet sublevels. In some cases even thebeen shown that such M(geltompounds with closed shell

dynamical behavid®1 within the system of these sublevels

metal ions predominantly exhibit fluorescence, such as AKgol)

could be determined. Characterizations of these triplets werewhile those with open shell metal ions show phosphorescence,

particularly successful for compounds with zero-field splittings
(zfs) on the order of several crh In this situation, the triplet

as in Pt(qol). The corresponding transitions have been assigned
to intraligand charge-transfer (ILCT) transitioffsTo our

sublevels may optically be well resolved and thus investigated knowledge, the electronic structure of the lowest excited states

individually (e.g., see refs 1, 2, 4, 9, and-115). However,
many interesting complexes exhibit zfs on the order of only
0.1 cm* (3 GHz), which are not easily optically resolvable. In
this situation, optical spectroscopy with additional microwave

of Pd(qoly has not yet been studied in detail. Recently,
investigations using methods of emission and excitation spec-
troscopy for the related compounds, Pt(gelpd Pt(qtl) (qtl~

= 8-quinolinethiolatoN,S)), provided extensive insight into the

irradition allows one in favorable cases to enhance the spectralnature of ILCT transitiond%-33 In the present work Pd(qal)s
resolution by orders of magnitude into the megahertz range (30investigated by means of high-resolution and site-selective

MHz = 0.001 cnT?). The feasibility of this method, in particular

emission spectroscopy as well as by methods involving micro-

of ODMR (optically detected magnetic resonance) spectroscopywave double-resonance spectroscopy to develop a detailed

(e.g., see ref 16) is well established for transition metal
complexes (e.g., see refs 11 and-Ph). From these measure-
ments, detailed information concerning the fine structure
parameters 3 and E) and the radiative character of the

understanding of the properties of the lowest excited states.

2. Experimental Section

Pd(qgol} was synthesized in a manner similar to that described by

phosphorescent triplet sublevels were obtained. For example,ggjiardini et als for Pt(gol). (Compare also refs 30 and 34.) Since

it could be concluded that the emission of Rh(lll) chelates is
ligand-centered and mainly &fz* nature?°-22 (Compare also

Pd(qgol} is not soluble im-alkanes, it was first dissolved in a solvent
of intermediate polarity (1,4-dioxane) and subsequently diluted in

ref 3.) Very recently, an optical-microwave double resonance n-octane. The volume ratio of 1,4-dioxanertmctane was about 1:50,

study for a metatorganic chelate compound, namely, Pd(2-
thpy) ((2-thpy)™ = 2-thienylpyridinate), in the lowest excited
triplet state was reportéd.This investigation demonstrated, for

example, the complementary nature of time-resolved emission

spectroscopy and PMDR (phosphorescence microwave double-
resonance) spectroscopy. Interestingly, both meffidésan
reveal a spin selectivity in the vibrational satellite lines of the
emission spectrum.

yielding a Pd(goh concentration of about T®mol/L. After the solution

was transferred into a cell of 2 mm inner diameter, it was frozen at a
cooling rate of about 100 K/min, thus forming the Shpol’skii matrix.
The ODMR spectrometer is described elsewhéfe.The optical
excitation for the ODMR experiments was carried out by use of the
457.9 nm line of a cw Ar ion laser. Small magnetic fields (up te400

G) for ODMR measurements were applied by means of superconducting
Helmholtz coils immersed in the liquid bath, while for application of
high magnetic fields (up to 12 T for emission measurements) an Oxford

In the present investigation, we report on results obtained Instruments superconducting magnet was used (MD 10-S). Tempera-

for Pd(qol} (structural formula in Figure 2) (qol= 8-quino-
linolato-N,O = oxinate). This compound is related to the well-
known Al(gol)s,26-2° which plays a crucial role in white-light-
emitting organic electroluminescent devices (OLEDs). Such
devices may constitute building blocks for next-generation flat

(10) Schmidt, J.; Wiedenhofer, H.; von Zelewsky, A.; Yersin JHPhys.
Chem.1995 99, 226.

(11) Glasbeek, M.; Sitters, R.; van Veldhoven, E.; von Zelewsky, A,
Humbs, W.; Yersin, HInorg. Chem.1998 37, 5159.

(12) Yersin, H.; Strasser, J. Lumin.1997 72—74, 462.

(13) Strasser, J.; Donges, D.; Humbs, W.; Kulikova, M. V.; Balashev, K.
P.; Yersin, H.J. Lumin.1998 76—77, 611.

(14) (a) Strasser, J.; Homeier, H. H. H.; Yersin,Ghem. Physsubmitted
for publication. (b) Yersin, H.; Strasser,QJoord. Chem. Re, in press.

(15) Homeier, H. H. H.; Strasser, J.; Yersin, Ehem. Phys. Let200Q
316, 280.

(16) Clarke, R. H. EdTriplet State ODMR Spectroscop#/iley: New York,
1982.

(17) Komada, Y.; Yamauchi, S.; Hirota, N.. Phys. Cheni986 90, 6425.

(18) van Oort, E.; Sitters, R.; Scheijde, J. H.; Glasbeek)MChem. Phys.
1987, 87, 2394.

(19) Kamyshny, A. L.; Suisalu, A. P.; Aslanov, L. £&oord. Chem. Re
1992 117, 1.

(20) Westra, J.; Glasbeek, MCchem. Phys. Lett1990 166, 535.

(21) Giesbergen, C. P. M.; Terletski, C.; Frei, G.idey H. U.; Glasbeek,
M. Chem. Phys. Lettl993 213 597.

(22) Giesbergen, C. P. M.; Glasbeek, 81.Phys. Chem1993 97, 9942.

(23) Miki, H.; Shimada, M.; Azumi, T.; Brozik, J. A.; Croshy, G. A.
Phys. Chem1993 97, 11175.

(24) Miki, H.; Azumi, T.J. Phys. Chem1994 98, 6059.

(25) Glasbeek, M. ITransition Metal and Rare Earth Compount¢Excited
States, Transitions, Interaction¥ersin, H., Ed.; Topics in Current
Chemistry; Springer-Verlag: Berlin, in press.

(26) Ballardini, R.; Varani, G.; Indelli, M. T.; Scandola, Fhorg. Chem.
1986 25, 3858.

(27) Kido, J.; Kimura, M.; Nagai, KSciencel995 267, 1332.

(28) Salbeck, JBer. Bunsen-Ges. Phys. Cheh996 100, 1667.

(29) Humbs, W.; van Veldhoven, E.; Zhang, H.; GlasbeekCkem. Phys.
Lett. 1999 304 10.

tures below 4.2 K were achieved by pumping off the helium. Details
of the optical setup for recording emission and excitation spettra
and of the equipment for measurements of emission lifetfimes,
respectively, are described elsewhere.

3. Results and Discussion

Pd(qol} exhibits a planar trans-coordinatiéh(See the inset
of Figure 2.) Further, the length of the complex (1.26 nm) fits
perfectly to the length oh-octane (1.25 nmj’ Thus, it is
expected that-octane represents a suitable Shpol’skii ma#rix
for Pd(qgol}. Indeed, this doping is successful, yielding spectra
which are about 300 times better resolved than reported by other
research groups for any oxinate complex (e.g., compare ref 26).
Therefore, this matrix was used for all measurements in the
present investigation.

3.1. Triplet Emission. A nonselective excitation at 457.9 nm
(21 839 cn1?) of Pd(gol} in n-octane shows that two dominant
sites emit and that their spectra are superimposed. The low-
energy site A with the T— S origin at 16 090 cm? carries
(atT = 4.2 K) about 75% of the total emission intensity, while
the high-energy site B with the electronic origin at 16 167-ém
occurs with an emission intensity of about 25%. By selective

(30) Donges, D.; Nagle, J. K.; Yersin, thorg. Chem.1997, 36, 3040.
(31) Donges, D.; Nagle, J. K.; Yersin, H. Lumin.1997, 72—74, 658.
(32) Donges, D. Ph.D. Thesis, UniveisiRegensburg, 1997.

(33) Vogler, A.; Kunkely, H.Inorg. Chim. Actal981, 54, L273.

(34) Prout, C. K.; Wheeler, A. Gl. Chem. Soc. A966 1286.

(35) Glasbeek, M.; Hond, RPhys. Re. B 1981, 23, 4220.

(36) (a) Yersin, H.; Gliemann, GViesstechnik (Braunschwei@p72 80,
99. (b) Stock, M.; Yersin, HChem. Phys. Lettl976 40, 423.

(37) Nakhimovsky, L. A.; Lamotte, M.; Joussot-DubienHandbook of
Low-Temperature Electronic Spectra of Polycyclic Aromatic Hydro-
carbons Elsevier Science Publishers: Amsterdam, 1989.

(38) Shpol'skii, E. V.Sa. Phys. Usp. (Engl. Transl}96Q 3, 372.
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Figure 1. (a) Triplet emission spectrum of Pd(goih n-octane (Shpol'skii matrix) af = 1.2 K (c ~ 107° mol/L). The compound is selectively
excited at 20 617 crt (0—0 transition of $— YILCT). The emission represents a spectrum of the lowest site A in-thetane matrix. The asterisk
indicates a residual intensity of the electronic origin of site B at 16 167-ciihe vibrational satellites are specified relative to the electronic origin
(CILCT — &) at 16 090 cm? (site A). (b) Emission spectra in the range of the triplet origin for different magnetic fields (scale expanded)

K). The intensities are not comparable.

excitation at 20 617 cmi (485.04 nm) into the singlet;Sof between two sublevels 8= 12 T one obtains g factor of 2,
site A (see below) one obtains the triplet emission spectrum, which corresponds to the free electron value or to the high-
which results exclusively from site A. This spectrum is field limit. This result is reasonable, since the total Zeeman
reproduced in Figure 1la fdr= 1.2 K. It shows one dominating  splitting atB = 12 T is more than a factor of 100 larger than
peak at 16 090 cmi (electronic origin) and a rich vibrational  the observed zero-field splitting (see section 3.2).
satellite structure, as will be discussed in the following subsec- 3.1.2. Vibrational Satellites. The peaks, found in the
tions. emission spectrum of Figure la at lower energy than the
The emission spectrum of site B cannot be measured electronic origin at 16 090 cnt (0—0 transition), reflect a
separately without also observing the emission from site A, since number of very interesting and important properties of Pdggol)
the singlet absorption of site B overlaps with the absorption of Generally, below about 100 crh relative to the electronic
site A. Therefore, the emission of site B is not further discussed origin, one finds lattice modes or local phonon modes, which

here, but see the results presented in section 3.2. carry information about the interaction between the chromophore
3.1.1. Electronic Triplet Origin. The peak of highest energy  and the matrix cage (e.g., the 32 chpeak). Up to about 600
at 16 090 cm! is assigned as the electronic origin—0 cm~1, one finds metatligand (M—L) vibrations (e.g., 236 and

transition) corresponding to th#LCT state of site A. It is 407 cntl), and at higher vibrational energies one observes
expected that a corresponding transition would also be observednternal ligand vibrations (e.g., 760, 1384, and 1594 Hpapart
in an excitation spectrum at the same energy. However, this from M—L progressions (e.g., & 407 cnt?) (Table 1). This
was not found. Obviously, the radiative transition moment general classification is consistent with assignments of the
between this triplet and the singlet ground state is too small to spectra of many other compounds (e.g., see refsll 30-32,
allow us to record the triplet excitation spectra. The weak 39, and 40). The vibrational satellites observed in low-
transition probability is also indicated by the relatively long temperature emission spectra correspond to vibrations of the
emission decay times (see below). Nevertheless, it is still electronic ground state and should be compared to IR and/or
possible to classify the peak at 16 090 ¢nas the electronic  Raman data, which, however, are not yet available, but the
origin due to the general structure of the spectrum and the goodobserved values correspond well to those of Ptggafart from
fit of the satellites to vibrational energies. (Compare the next a slight high-energy shift of vibrations of the latter compound.
subsection.) The zero-field splittings of the electronic origin into  For example, the vibrations at 236 and 407érof Pd(qgol)
the three substatds I, andlll could not be resolved in the  correspond to 253 and the 413 thof Pt(qoly, respectively.
emission spectrum with lines of inhomogeneous line widths of (See Table 1 and refs 30 and 32.) A similar blue shift (high-
~3 cm L. Obviously, the zfs is much smaller, and indeed, this energy shift) of vibrational energies has also been observed for
will be shown in section 3.2. Pt(2-thpy} compared to Pd(2-thpyJ° This behavior of slightly
Besides the occurrence of long emission decay times, thelarger force constants for Pt(Il) compared to Pd(ll) compounds
triplet nature of this excited state is directly demonstrated by does not seem to be unusdhlWwith respect to the present
the splitting of the electronic origin into three components under
application of magnet fields up 8 = 12 T (Figure 1b). The (39) Flint, C. D.; Matthews, A. DJ. Chem. Soc., Faraday Trans19876
temperature for these experiments is chosen to be 10 K, since 72 579. _ _
at lower temperatures, the high-energy Zeeman component(49) .‘éﬁ'e;’e?;ﬂ‘;ﬁiggg gg"‘zl‘%g'gg'e“ S.; von Zelewsky, A.; Yersin, Bl.
would not be observable in emission due to being frozen out. (41, Na{émoto, Klnfrared and Raman Spectra of Inorganic and Coor-
The splitting is symmetric, and from a value of 11.5 @m dination CompoundsWiley-Interscience: New York, 1978.
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Table 1. Prominent Vibrational Energies (cr) of the Electronic Ground State d}Sand of ILCT of Pd(qgol} Dissolved inn-Octane T = 1.2
K)

vibrational satellites vibrational satellites
SILCT — S S—ULCT assignments and SILCT — S S—ULCT assignments and
(0—-0), 16 090 cm* 2 (0—0), 20 617 cm*? comparison to Pt(qof) (0—-0), 16 090 cm*2 (0—0), 20 617 cm*® comparison to Pt(qaj)
32 32 lattice mode/31 580 584
55 lattice mode/53 642 407+ 236
236 ~240 progression-forming mode/253 760 ~770 767
distinct Pd-N component 815 X 407
270 27P 1068 ~1070
407 progression-forming mode/413 1230 12360
distinct Pd-N component 1384 1386
439 448 1389 139%
473 2x 236 1468 1468
498 ~490 499 1507 1508
530 538 1594 ~1580 1600
562 ~560 530+ 32

a Site A.P Vibrational energies of the electronic ground state of Ptégtifsolved inn-octane (from ref 30).

investigation, it is important that by use of the reference peak Table 2. Emission Energies (80 Transitions), ODMR Line
at 16 090 cm! one can determine correct vibrational energies. Fositions, and Emission Lifetimes of the Triplet Sublevels of
The intensity of the electronic origin is much larger than that Pd(qol) in n-Octane T = 14 K) for the Two Different Sites

of any vibrational satellite. This is an indication that the satellites zero-phonon  2E D—E lifetimes of triplet

are mainly Franck Condon induced and that progressions may line (cnm?) (MHz) (MHz) substates (ms)
occur (compare refs 4246). Indeed, the second members of (intensity (%)) (ewn —e) (@ —e) 1 |l I

the progressions of the 236 and 407 énmodes are clearly site A 16 090 (75) 2356 5241 90 0.18 0.08
observed (Figure 1a and Table 1). However, they are still very site B 16 167 (25) 2329 5215 80 0.18 0.10
weak. From_ the intensity distrib_utions of these progressions one hich is the main origin of the high-energy ligand modes, is
can determine the corresponding Huaiithys factorsSto be not so strongly involved in the process of charge reorganization.

~0.1 for both vibrations. These Huan&hys factors correspond  Rather, the electronic transitions occur in the spatial regions of
to the extents of the shifts of the equilibrium positions between 4 coordinating oxygen and nitrogen atoms. Indeed, such a
the involved electronic states. (Compare refs 1 (p 165), 3, 30, gpecific intensity distribution is expected for ILCT transitions,
and 43-46.) Compared to the known rangeSvalues observed iy yhich changes of charge density occur in the region of oxygen
for other compoundsvalues up to 10 and even larger have anq pitrogen. (For a more detailed discussion of this general
been reported (for example, see refs-48)—it follqws that a aspect see refs 1, 30, and-449.) For completeness, it is
Huang-Rhys factor of 0.1 must be regarded as being very small. hentioned that the intensity distribution of the vibrational
This implies very similar equilibrium positions for the electronic  g4taliites is different. for example, for typicalt* transitions
ground state and the triplet sublevel(s). For vibrati_onal modes 55 are found in [Rh(bpy)**, where the satellites of vibrational
other than those at 236 and 407 ¢mwe did not find any  iyterna) ligand character strongly dominagegr in [Os(bpy)|2*,
second member of a progression. Most of these other satelliteSynere due to MLCT transitions. both internal ligand and
observed in the emission spectrum of Figure 1a are probablyy;iprational metat-ligand satellites have high intensities.

also Franck-Condon induced, since the intensity at the elec- 31 3 Emission DecayAfter pulsed excitation into a higher
tronic origin carries significant allowedness. In this situation, lying state fexc = 337.1 nm= 29 665 cnl), one observes at
the intensities of vibronically induced satellites accordingtoa 1 =12 g g non-monoexponential deca);. Usually, the three
Herzberg-Teller mechanism are usually small compared to the ripjet sublevels are populated differently in the course of the
Franck-Condon induced ones. (Compare refs 2, 40-43, intersystem crossing. Due to the fact that normally they are not
and 47.) Thus, one may conclude that the HuaRfys factors thermally equilibratel39-2530-3250-52 5t T = 1.2 K, one should

or the shifts of the equilibrium positions along these vibrational jpserve a triple-exponential decay. However, the decay curve
coordinates lare still smaller than those occurring for the 236 (not reproduced) can perfectly be fitted double-exponentially
and 407 cm” modes. with decay times of 8@ 10 and 180+ 10 us. Obviously, one

The vibrational modes at 236 and 4073?mmay be decay component is missing. A careful search for this compo-
characterized by analogy to those of Pt(aél)*” as largely  nent by use of the usual emission decay measurements was

exhibiting Pd-N and Pd-O vibrational character, respectively. nsyccessful. However, as will be shown below in section 3.2
Interestingly, the intensities of the corresponding satellites are (Figure 5), a zero-field microwave recovery signal clearly
much larger than found for the intensities of typical vibrational oy eals a third component of about 90 ms. We assign the three

ligand modes£600—-1700 cntl). From this behavior, it can decay components in the following sequenee= 90 ms,z
be concluded that the spatial region of the two-ring heterocycle, — 180 s, andry, = 80 us (Table 2).

With temperature increase the decay becomes monoexpo-

(42) Hochstrasser, R. MMolecular Aspects of Symmetiy/. A. Benjamin

Inc.. New York, Amsterdam. 1966. nential and reaches an average value,pf= 150us atT ~ 20
(43) Solomon, E. IComments Inorg. Chem984 5, 225.
(44) Denning, R. G. InVibronic Processes in Inorganic Chemistilint, (48) Braun, D.; Huber, P.; Wudy, J.; Schmidt, J.; YersinJHhys. Chem.
C. D., Ed.; Mathematical and Physical Sciences 28Rluwer 1994 98, 8044.
Academic Publishers: Dordrecht, The Netherlands, 1989; p 111. (49) Yersin, H., Humbs, Wlnorg. Chem.1999 38, 5820.
(45) Wilson, R. B.; Solomon, E. J. Am. Chem. Sod.98Q 102, 4085. (50) Tinti, D. S.; El-Sayed, MJ. Chem. Physl971, 54, 2529.
(46) Yersin, H.; Otto, H.; Zink, J. I.; Gliemann, G. Am. Chem. So&98Q (51) Scott, P. L.; Jeffries, C. IPhys. Re. 1962 127, 32.
102 951. (52) Donges-Becker, D.; Yersin, H.; von Zelewsky, @hem. Phys. Lett.

(47) Gastilovich, E. ASa. Phys. Usp. (Engl. Trans|}991 34, 592. 1995 235, 490.
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Figure 2. Zero-field ODMR spectra of Pd(gel)in an n-octane
Shpol'skii matrix in the excited triplet state, excitation wavelength 457.9
nm,T= 1.4 K. Site A: Detection wavelength 621.5 nm (16 090&mn
Site B: Detection wavelength 618.7 nm (16 167 émThe intensities . : ; ; d
of the signals are normalized with respect to the maxima. 16200 16000 15800 cm’ 15600 ¥

K. (Compare also ref 31.) This behavior results from strongly Figure 3. (@) Time-integrated emission spectrum of Pd(gaf)

- . i 44155051 n-octane afl = 1.4 K, nonselectively excited at 457.9 nm. (b) PMDR
temperature-dependent processes of shifice relaxatiort spectrum induced by microwave excitation of the 2356 MHz zero-

which lead to fast thermalization of the three triplet sublevels o4 resonance of site A. (c) PMDR spectrum induced by microwave
and consequently to the appearance of one averaged deca¥xcitation of the 2329 MHz zero-field resonance of site B. An intensity
component. In general, three processes of-sjaittice relaxation increase ) signifies that the emission from the short-lived sublevel
have to be taken into accoutit!®>5! namely, the direct, the Ill is increased at the expense of an emission from the long-lived
Orbach, and the Raman processes. ARBman process is sublevell. For both PMDR spectra (b) and (c) the optical excitation

probably the most important one, as may be concluded from Was at 457.9 nm.

detailed investigatiod$ of other metat-organic Pt(Il) com- , )
pounds in the same matrix material. However, this subject for Pd(qol} at 2356 MHz (site A) and 2329 MHz (site B) as
zero-field signals (see Figure 2) are comparable in magnitude

requires further study. (Compare also ref 52.) pal
3.2. Triplet ODMR and PMDR Spectroscopy. Lumines- to the value of 2886 MHz for theRtransition in Pd(2-thpy)
It is suggested, therefore, that the two former transitions

cence spectroscopy as is applied is not suited to resolve the @
zero-field splittings of the triplet, when they are smaller than correspond also to theEtransitions of Pd(qo) To further

about 0.5-1 cnm L. However, ODMR spectroscopy can provide substantiate this interpretation, the behavior of these transitions

the corresponding information and can be used to characterize" Small magnetic fields {400 G) was examined. With an

the triplet substates further. Figure 2 shows zero-field ODMR Increase of the magnetic field strength the ODMR signals
spectra for Pd(qof)as detected at the electronic origins of the shifted, broadened, and rapidly decreased in total intensity. For

two different sites in the-octane matrix. For each of the two  11€lds higher than about 400 G the signals became too weak to
sites A and B two zero-field ODMR transitions are observed. P€ observed. In Figure 4a, typical ODMR data for the low- and
The resonance frequencies for these transitions are given inhigh-frequency ODMR transitions are shown for site A for

Figure 2 and Table 2. Conversely, the emission spectra, beingdifférent magnetic field strengths.

related to each of the ODMR transitions, were measured also !t has been shown elsewh&té* that for an ensemble of

in a phosphorescence microwave double-resonance (PMDR)randomly oriented triplet spins with zero-field splitting param-
experiment. In the latter, one probes the spectral dependencéters, which are related iy = 3 > 0, the Z and theD + E

of the microwave-induced changes in the emission intensity, ransitions undergo positive frequency shifts and the- E
keeping the microwave frequency on-resonance with one of the fransition undergoes a negative frequency shift (the shift for
zero-field transitions. The PMDR spectra obtained for the two the Z transition being largest), when small magnetic fields are
resonances at 2356 MHz (site A) and 2329 MHz (site B) as applied (low-field limit). In addition to shifts, the magnetic field
well as the normal emission spectrum are presented in FigureWill also induce broadening effects for the ODMR transition.

3. As illustrated, one can separate the emission spectra for thet Was showf®>*that the broadening gives rise to asymmetri-
two sites A and B in the matrix by use of the PMDR cally shaped ODMR signals. The resonance frequencies corre-
spectroscopy. sponding to the maxima in the asymmetrically shaped reso-

Recently, Glasbeek and Yersin etateported a single zero- ~ hances are shifted for all three transitions in a positive sense
field ODMR signal for Pd(2-thpy) at 2886 MHz. From an with respect to the zero-field values. As illustrated in Figure
analysis of the shift and the broadening of the 2886 MHz signal, 48 the 2356 MHz resonance shows a positive frequency shift
observed when magnetic fields up to about 400 G were applied,in @ magnetic field (100 MHz in a field of 200 G). This
it followed that the signal corresponds to B #ansition. The —
zero-fieldD = E transitions, however, remained unobserved in (53 %caciglgey, E. M.; Lasko, C. L., Tinti, D. Shem. Phys. Letl199],
the ODMR experiment. ThB value was estimated to be larger  (s4) wcCauley, E. M., Lasko, C. L., Tinti, D. S. Phys. Chem1992 96,
than 6600 MHz (0.22 cmrt). The transition frequencies found 1146.

@

time-integfated
emission spectrum




Intraligand Charge Transfer in Pd(gpl)
ij\\—’\\ b

2329 MHz

site B

200 G

100G / \

5215 MHz

N‘#A\-W ’ MN/\WH
T T Tt T 1 T T 7/ " Tt T T T 7T 1
site A
200 G

o }k 100 G ’ \

2356 MHz 5241 MHz
L ’
| _/
T T T T T T 7 T T T T T T T T
2100 2600 MHz 5000 v 5500

Figure 4. ODMR spectra of Pd(qdl)in various (small) external
magnetic fields for the two sites A and B. Magnetic fields are given in
gauss (1 G= 10*T).

frequency shift is larger than that of the 5241 MHz transition
of site A, for which the maximum is shifted by only 30 MHz
to higher frequency foB = 200 G. Moreover, for the latter
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Figure 5. Zero-field microwave recovery signal for thB — E
transition at 5241 MHz for Pd(qel)n a Shpol'skii matrix at 1.4 K
(site A). (Intensity in linear scale) The drawn curve is a fif() = A
exp(—t/zy) + B exp(—t/wp) with A= 6.3,B = —0.2,7, = 180us, and
7, = 90 ms. The inset shows the energy level diagram for the three
triplet substates and the corresponding emission decay times of site A.

resonance (EEDOR) experiment (e.g., compare ref 55). In the
latter, the power from a second microwave source was swept,
while the frequency of the first microwave source was kept at
a constant value, on-resonance with tfetéansition. Indeed,

transition, one clearly observes a broadening that is larger onj, zero magnetic field, for each site a weak EEDOR signal could
the low-frequency wing. All these features observed for the pe monitored (spectra not shown), but the signal was charac-
ODMR transitions of site A for Pd(qal)n the Shpol'skii matrix  teristic of theD — E resonance only, while th -+ E transition

are compatible with the field effects predicted in a simple emained unobserved. The EEDOR signal is generally much
perturbation approach to the aforementioned limiDof 3E weaker than the ODMR signal, since basicatlyangesin

> 0. Thus, one can assign the zero-field ODMR transitions at opMR intensities are measured. This may be the reasob the
2356 and 5241 MHz to theR2and D — E triplet sublevel + E EEDOR transition could not be observed.

transitions, respectively. Consequently, one obtains for site A 114 sero-field splitting parameters for the phosphorescent

— 1 — 1
D = 6419 MHz (0.214 cm’) andE = 1178 MHz (0.039 c’). triplet state of Pd(qo$)are comparable to those for Pd(2-thpy)
Since the ODMR spectra were measured for an ensemble ofy o |stter hadD > 6600 MHz andE = 1443 MHz! On the

randomly oriented molecules in the triplet state, further speci-
fication of the orientation of the magnetic axes within the Pd-
(qol)2, molecule cannot be given.

Similar ODMR results were also obtained for site B. As

illustrated in Figure 4b, the low-frequency transition at 2329 coupling-induced by metal-d and/or MLCT admixtures to the
MHz is shifted to higher frequencies as the magnetic field triplet wave functions-is significantly stronger for the Pd(ll)
Strength is increased. Furthermore, the resonance has its Steepe%mpounds Compared to the Rh(|||) Comp|exes_ (Compare also
rise on the low-frequency side and a larger broadening at therefs 1, 3, and 4.)
high-frequency side as expected for the magnetic field effect | ifetimes of the sublevels of Pd(gelin the emissive triplet
on a E transition>354In a magnetic field, the maximum of the  giate can be determined by means of microwave recovery
high-frequency zero-field signal for site B at 5215 MHz shows  gyheriments. In these experiments, changes of phosphorescence
a positive shift, whereas the broadening at the low-frequency jntensity induced by applied resonant microwave pulses are
wing is in accordance with the behavior expected forhe measured with time. Under low-temperature conditions and no
E transition in the low-field limit in the casb = 3E > 0. Thus, microwave application, the triplet sublevels are thermally
one obtains for site B = 6380 MHz (0.213 cm’) andE = isolated from each other (they are not in thermal equilibrium).
1165 MHz (0.0388 cr). After application of resonant pulses, the individual lifetimes of
For both sites, one expects that et E transition occurs  the microwave-pumped triplet sublevels are reflected in the

in the frequency range of 7560/600 MHz. However, experi-  kinetics of the recovery sign&t2°-22 Figure 5 shows a typical
mentally, no ODMR signal in this range could be measured.

Alternatively, an attempt was made to measure fhe- E (55) Kuan, T. S.: Tinti, D. S.; El-Sayed, M. hem. Phys. Letl970 4,
transition in an optically detected electrealectron double- 507.

other hand, compared to Rh(lll) chelates (with typical zero-
field splittings of D ~ 3000-4000 MHz and E~ 800-900
MHz), the zero-field splitting values for the Pd(Il) complexes
are significantly larger. This result suggests that sfirbit
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450 460 470 A 480 nm 490 The excitation spectrum is recorded by selectively detecting
‘ : ‘ : r— the triplet emission at the electronic origin of site A at 16 090
z g e cmL. Thus, the singlet excitation represents also a site A
3| 3 8 R g 88 g 8.8 © spectrum with the electronic origin at 20 617 ¢mThis energy
E2 s 2 D Y is determined by fitting the peak with a Lorentzian line shape
: function. (A fit using a Gaussian line shape was not successful,
c as is particularly obvious from the low-energy tail of the line
g’ shape function.) The occurrence of a Lorentzian line shape for
B the electronic origin at 20 617 crhindicates that the spectrum
g is homogeneously broadeng’ Therefore, the half-width,
— T O S B = which is determined to bAv ~ 80 cnt! (fwhm), can be related
22000 21500 v 21000 cm’ 20500 in the low-temperature limit to the lifetime of this state by
Figure 6. Singlet excitation spectrum ¢S~ ILCT) of Pd(qgol} in 7(ULCT) = (27cAv)~L, whereinc is the velocity of light

n-octane atT = 1.2 K, detection of the emission at 16 090 ¢m measured in cm/s, k7 is measured in ct.5 (This expression

(electronic originfILCT — S of site A). The vibrational satellites are  ; ; ; ; o
specified relative to the electronic origin at 20 617 ¢énThe spectrum IS detg_rmlr;egEb.y Esﬁ_zf .thewl-;le.lsenberg uncertalfnt5y6pr|_|[1r(1:|ple
is not corrected with respect to the characteristics of the laser dyes 2CCOrding toOAE-7 = h-Av-r ~ fi; e.g., compare ref 56.) The
(coumarin 47 and 102). resulting value off(ILCT) ~ 2 x 1073s (k~ 5 x 102s7%)

) . ) . is even shorter than that found for Pt(gc®) Presumably, the
transient, probed for th® — E transition of site A. AS 'S gecay of théILCT state is governed not only by processes of
obvious, the recovery signal is non-monoexponential. It can be intersystem crossing to th#LCT state, but additionally by
well fitted to biexponential behavior. Labeling the triplet | q|axation processes to dd* states, which are expected to lie

substates as Il , andlll, such thaky > ¢ > ey > 0 (i.e, & between thellLCT and 3ILCT states, probably not far from
=en — ¢ andD — E = ¢ — ¢; see also the inset of Figure 19 000 cntl32
5), the sublevel lifetimes for site A are fitted tp = 90 & 30 The structure of the excitation spectrum (Figure 6) at higher

ms andz = 180+ 10us. In particular, the decay component  ohqr0y is assigned to result from vibrational satellites. It is
of 7y = 180+ 10us is also obseryed in the Iow-'temperature _possible to determine a number of vibrational energies from
phosphorescence decay (see section 3.1.3). This latter experiye gnergy separations of the electronic origin at 20 617%cm
ment provides additionally they = 80 + 10 us component.  tpe regyiting values are marked in Figure 6 and summarized
The value ofr was verified independently from the measured , tapje 1. Interestingly, one finds a relatively good agreement
microwave recovery signal for thEZero-ﬂ_eId transition. Thu;, _with the vibrational energies of the electronic ground state. This
the three decay components are determined and summarized ify, jicates similar force constants for these states. However, a
Table 2 and Figure 5. Slightly different results are obtained for 1,6 getaled interpretation along these lines does not seem to
site B withr) = 80+ 30 ms,zy = 180+ 10us, andzy = 100 be reasonable due to the relatively large line widths of the

+ 10us. . respective peaks.
Interestingly, these decay components allow us to understand

the intensity increase of the PMDR spectrum by use of 8¢ 2 4. Orbital Assignment and Conclusion
= 2356 MHz resonance, for example, for site A (see Figure o o
3b). This resonance equilibrates the two statesdIll . Since The resolved $— S, excitation spectrum shown in Figure 6
the emission from is strongly forbidden, as is reflected in the corresponds to the characteristic but unresolved absorption band
long decay time of, ~ 90 ms, application of this microwave ~ at ¥max ~ 22500 cmr* (at T = 298 K in DMF). Equivalent
frequency opens the pathway toward the more radiative sublevel@bsorption bands with similar shapes but slightly different values
Il and thus leads to an increase of emission intensity. for maxWere also found for the uncoordinated quinolinol ligand
Moreover, the result that th® + E zero-field ODMR  as well as for Al(qoly, Pt(gol}, and qol" compounds of other
transition remains unobserved may also be explained. From theMetal ions*%The transition found for the uncoordinated ligand
time-resolved experiments it follows that this transition is the Nhas been assigned to an electron charge-transfer transition from
one between the triplet sublevels with the shorter lifetimes. In the oxygen part of the molecule to the nitrogen region, or from
this respect, the situation is similar to that of Pd(2-thpgthe ~ the phenolic side to the pyridyl part of the quinolinol two-ring
phosphorescent triplet state. For Pd(2-thpifje resonance  System?®™®! The near correspondence of the absorption band
between the sublevels with lifetimes of 134 and 2385emained of the uncoordinated ligand with those of the metal complexes
unobserved in zero-field ODMR. The two sublevels with the ~ l€ads to the suggestion that the same type of orbital jump occurs
shorter lifetimes seem to show little population difference also for all of these molecule¥:*Following the notation introduced
for Pd(qoly, as has been shown in ref 10 for Pd(2-thpy). by Vogler et al33 we characterize this electronic transition as
Therefore, detection of an ODMR transition between these an intraligand charge-transfer (ILCT) transition and the corre-

sublevels will be difficult. sponding singlet state &4.CT. _
3.3. Site-Selective Singlet ExcitatiorFigure 6 shows a low- An alternative assignment of the low-energy absorption band
temperature excitation spectrum of Pd(gdped inton-octane. O excitation structure of Pd(gel)s not very likely, since (i)

In the same energy range one finds a broad and unstructurecen LMCT transition should lie at much higher enef§y(i)
absorption peak &t = 298 K ("max~ 22 500 cnt?, half-widths
(fwhm) ~ 2500 cnT?, emax~ 6000 L/mol cm in DMF, spectrum (56) Demtialer, W.Laser-Spektroskopi&pringer-Verlag: Berlin, 1991;
. . p 42 ff.

not r_e_produc_ed), which _obwously_ C(_)rresponc_ls to the same (57) Dick, B.; Nickel, B.Chem. Phys1986 110, 131.
transition as is recorded in the excitation experiment. The high (sg) Bailey, A. S.; Willams, R. J. P.; Wright, J. D. Chem. Socl1965
value of the molar absorption coefficient allows us to assign 59) 2657'3. M. Wehry. E. LAnal. Chem 1970 42, 1178

i i i olaman, M.; enry, £. LAnal. em s .
the corresponding excngd state to a singlet, namel&‘l,Ll@T. _(60) Burton. R. E. Davis W, 0. Chem. Soc1964 1766,
Further arguments for this classification are presented in section(g1) pardez, E.; Chatelain, A.; Larrey, B.; Valeur, BPhys. Chenl.994

4 and in refs 36-32. 98, 2357.
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dd*-metal-centered transitions would be much weaker (e.g., see In conclusion, the assignment of the emitting state3h.&T
ref 62), and (iii) MLCT transitions which might occur in this  state seems to be well substantiated. Moreover, in Pd(tini)
energy range can be ruled out, since the observed absorptiorstate contains only very small metal-d or MLCT admixtures.
bands are also found in closed shell metal compounds such as\Nevertheless, this small metal participation seems to be
Al(qgol)s, for which such a low-energy MLCT transition can be manifested in the magnitude of the zero-field splitting parameter
excluded (e.g., see ref 26). D, which is larger than expected for purely ligand transitions.
The triplet emission having its electronic origin 0 Under the condition that singlet and triplet excited states belong
transition) at 16 090 cmi (site A) is assigned to result to the same orbital parentage, the energy difference between
predominantly from the same orbital character. Thus, the the electronic origins of thHLCT and?3ILCT states is to a first
corresponding state #LCT. The information discussed in the — approximation determined by twice the exchange interaction.
previous sections provides strong support for this classification. The resulting value of 4527 crhis much too small for a typical
In particular, the vibrational satellite structure (section 3.1.2) zz* transition, but fits well to a charge-transfer transition.
clearly shows that the spatial regions of the-fand Pa-N Interestingly, corresponding values are also known for Pt{qol)
vibrational modes are involved in the electronic transitions as and Pt(qtl), being 3341 and 2035 chn respectively?! This
is expected for an ILCT transition. The alternative assignment behavior seems to show that the corresponding ILCT transitions
to an MLCT transition can be easily excluded due to the small are spatially increasingly extended from Pd(g@)Pt(qol} and
zero-field splittings on the order of only 0.1 ci(section 3.2),  to Pt(qtly. This property seems at least in part to be connected
since for a typicafMLCT state, as occurs in [Ru(bpg§j, one with an increasing (though still small) MLCT admixture to the
finds zfs which are orders of magnitude larger (e.qg., see refs 1ILCT states. Indeed, the larger metal participation in¥h€T
and 4). Moreover, the very long emission decay time of substate State of Pt(qoh compared to Pd(qal)is distinctly displayed,
| of 7, &~ 90 ms and the very low transition probabilities for all  for example, in much shorter emission decay times and higher
three triplet sublevels (not excitable) are more characteristic of radiative rates for the transitions betweéhCT and the
a ligand-centered than of an MLCT transition. Similarly, electronic ground state. However, the zfs is still smaller than
assignments to triplets of MC (metal-centered dd*) or LMCT ~1 cmi%, which demonstrates that even in Pt(gdhe metal
character can be excluded. Finally, a triplet resulting from a character in thélLCT state is relatively small compared to that
ligand-centeredzzr* transition would exhibit similarly small ~ in compounds such as [Ru(bgl)" and [Os(bpyj]** (e.g.,
values of zfs and long decay times, but the intensity patterns of compare refs 1, 3, and 4).
the vibrational satellite structures would be different. One would
observe much higher vibrational satellite intensities in the range
of the typical ligand modes than observed for Pd(g@dmpare
refs 1, 3, 4, and 49).
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