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The luminescence properties of thiocyanate and selenocyanate platinum(ll) and palladium(1l) complexes show strong
variations with temperature and pressure. The d—d luminescence band maxima for [Pt(SCN)4](PPhs), (1), [Pt-
(SCN)4](n-BusN); (2), and [Pt(SeCN)s](n-BusN), (4) complexes are centered at ca. 14500 cm~* whereas those of
the [Pd(SCN)4](n-BusN), (3) and [Pd(SeCN),](n-BusN), (5) complexes are approximately 2000 cm~* lower in energy.
Low-temperature luminescence spectra from single-crystal samples have broad bands with highly resolved vibronic
structure indicating large displacements of the emitting-state potential energy minimum along several metal—ligand
normal coordinates. The largest displacements involve the totally symmetric (as,) Stretching modes with frequencies
of 295 cm~?* (1), 303 cm™* (2), 274 cm™* (3), 195 cm™! (4), and 185 cm™! (5). The lower frequencies of these
dominant progression-forming modes for the selenocyanate complexes lead to luminescence bands that are narrower
by ca. 500 cm~* (fwhm) than those observed from the thiocyanate complexes. Under external pressures, the
room-temperature luminescence intensities and lifetimes show considerable enhancement at pressures up to 40
kbar. This effect is largest for the palladium(ll) complexes with lifetimes increasing from approximately 350 ns at
ambient pressure up to 62 us at 30 kbar, an increase by more than 2 orders of magnitude. The platinum(ll)
complexes exhibit a significant, but noticeably lesser increase of luminescence lifetimes and intensities with increasing
pressure. The temperature- and pressure-dependent luminescence decay behavior is rationalized using the emitting-
state molecular geometry determined from the resolved low-temperature luminescence spectra combined with the
strong-coupling limit of radiationless decay theory.

Introduction chemical tuning, variation of temperature and pressure
provides insight into the extent of tunability of electronic
and vibronic transitions for a variety of transition metal
complexes$: 7 These variables can be used to characterize

Square-planar, &l platinum(ll) and palladium(ll) com-
plexes show a wide range of luminescence properties that
depend strongly on the structural and electronic character-
isti(_:s_ of the ligands. It_ is well-known that the nature of the (3) Martin, D. S.Inorg. Chim. Acta Re 1971 5, 107,
emitting-state and luminescence energies of these compounds(4) (a) Connick, W. B.; Henling, L. M.; Marsh, E. M.; Gray, H. Biorg.
can be tuned by substitution of ligands, by modification of Chem.1996 35, 6261. (b) Yang, F.; Fanwick, P. E.; Kubiak, C. P.

. . . . Inorg. Chem.2002, 41, 4805.
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medium of the luminescent molecule, i.e., solvent, counte- A.; Chassot, L.; Jolliet, P.; Maeder, Lhorg. Chem1988 27, 3644,
rions, and neighboring complex&s. In addition to this (©) ééd;'g%?’ T. K Stacy, E. M.; McMillin, D. Rinorg. Chem.1994
(7) Yersin, H.; Trumbach, D.; Wiedenhofer, Hnorg. Chem.1999 38,
* Author to whom correspondence should be addressed. E-mail: reber@ 1411.
chimie.umontreal.ca. (8) Ferraro, J. RJ. Chem. Phys197Q 53, 117.
T McGill University. (9) Bray, K. L.; Drickamer, H. G.; Schmitt, E. A.; Hendrickson, D. .
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the effects of small changes in molecular geometry on kinetic  The electronic configuration of all title complexes is
competition between radiative and nonradiative excited-state a¢(d,?)?bz¢(dyy)?e4(0kz.y)?b14(02—2)°, leading to a nondegen-
relaxationt®2! coupling between potential energy sur- erate!A;q ground state, and all one-electron excitations
faces?>?3or changes in the ground-state electronic structure, populate the fy o* orbital and are therefore interconfigu-
such as spin-crossover transitichd®> We present a new  rational. The lowest energy excited state is degenetag (
pressure effect leading to large increases of luminescenceoriginating from the promotion of an electron from thg e
intensities and lifetimes. It is specific to square-planar orbitals to the k, orbital3273% This state is split into five
complexes with a JahtiTeller active emitting state. components by spinorbit coupling. Low-temperature ab-
The title complexes have some unique traits relevant for SOTption spectra of the potassium salts of platinum(ll) and
the spectroscopic effects presented and discussed in th@alladium(ll) thiocyanate complexes show broad and unre-
following. The ambidentate ligands, denoted as XQIX: solved bands_ for the transition to thl_s excited state, suggesting
S, Se), may coordinate to the metal via the sulfur or selenjum@ Superposition of the energetically close spumbit
atom or via the nitrogen atom depending on the hardness orStates?****’Polarized absorption spectra of these complexes
softness of the metal cent®r All complexes studied here also shpw weak dichroisms for this trqn3|tr%§n8|mllar
are coordinated through the X atom and have eRacpoint absorpt!on features are _o'bserved. for the title complexes, and
group symmetry for the MXfragment. Crystal structures the Iumlngscenge transition studle.d occurs from the lowest
for the title complexes show MX—C angles of ap-  €Nergy spirorbit component of this staé.
proximately 109 and 105-107 for the thiocyanate and The luminescence bands of the title complexes are broad,
selenocyanate complexes, respectively, and it was determinedndicating large displacements of the emitting-state potential
that the anionic complexes occupy only one site throughout €nergy minimum along FraneiCondon active metailigand
the monoclinic lattic! A recent normal coordinate analysis vibrational modes. These large structural distortions lead to
for the title complexe¥ has assigned the vibrational modes weak luminescence at higher temperatures due to efficient
in idealized D4, point group symmetry, and we use these Nonradiative deactivation of the emitting state. At ambient
labels for the ground-state metdigand vibrational modes tgmperature and pressure, the luminescence intensities of the
(a1, big and by) to characterize the resolved structure in titte complexes and related compounds are very low and
the low-temperature luminescence spectra. The typical range€iMOst unobservabfé:*” As temperature is lowered, the
of these frequencies are 27803 cnT (ay, totally symmetric efflc_lency of nonradiative degay pathways is re(_juced and
stretching), 266290 cnm (by, non-totally symmetric stretch- gll t|t|g.complexgs _show rapidly increasing Iummescence
ing), and 146-150 cn1! (b, non-totally symmetric bending) intensities z_:m_d I|fet|mes._ Belc_)w 50 K, aII_ Iumlnescence
for the SCN' complexes, and 180195 cnr! (ay), 170- spectra exhibit resolved vibronic structure with progressions

187 cn! (byy), and 106-110 cn? (byy) for the SeCN in multiple vibrational modes, including the,pand kg
complexes. We then determine if this difference in metal Metat-ligand non-totally symmetric bending and stretching
ligand vibrational frequencies between the thiocyanate and modes. The vibronic structure is richer than for square-planar

selenocyanate complexes affects the variation in Iumines-gallai{”m(ll) Iand plat|r|1um(ll) _halllde coinflﬁxes, wheir_e
cence properties brought on by increasing pressure. IStortions only occur along a singie non-totally Symmetric
prop g y gp mode373° The well-resolved vibronic structure of the title

complexes allows for a detailed analysis of emitting-state

(13) Wenger, O. S.; Valiente, R.;'@al, H. U.J. Chem. Phy2001, 115

3819 distortions that may be used to rationalize the large pressure-
(14) Wenger, O. S.; Giel, H. U.Chem. Phys. LetR002 354, 75. induced effects on luminescence properties.
(15) Willett, R. D.; Haugen, J. A.; Lebsack, J.; Morrey,ldorg. Chem. . L
1974 13, 2510. We have reported in a recent communication that the
(16) lf)orggf&é- A.; Lang, J. M.; Drickamer, H. @. Phys. Chem1994 luminescence intensities and lifetimes of the [Pd(SAN)
(17) Bloomquist, D. R.; Willett, R. DCoord. Chem. Re 1982 47, 125. BuN), complex show large increases under external pres-
§18; Fettero:;. M. L.; Ogen, 3J. Pﬂys. Cﬂem1985 89, 3320. sures at room temperatuf&The degree to which this effect
19) Fetterolf, M. L.; Offen, JJ. Phys. Chem1986 90, 1828. ; ;
(20) Fetterolf. M. L. Offen. Jinorg. Chem.1987, 26, 1070. depend_s on the nature of the metal centt_ar and I|gapds is now
(21) Yersin, H.; Gallhuber, Bnorg. Chem.1984 23, 3745. determined. All pressure-dependent luminescence intensities
(22) fofgyégégK-?T”eSt' M.; Butler, |. S.; Reber, £.Phys. Chem. 2001, and lifetimes measured at room temperature show large
(23) Grey, J. K.; Butler, I. S.; Reber, 0. Am. Chem. So@002 124 increases in intensities and lifetimes, by almost 3 orders of
11699. magnitude, with the application of relatively modest pressures

(24) Gilich, P.; Hauser, A.; Spiering, HAngew. Chem., Intl. Ed. Engl.
1994 33, 2024.
(25) Grey, J. K.; Marguerit, M.; Butler, I. S.; Reber, Chem. Phys. Lett. (32) Pelletier, Y.; Reber, Anorg. Chem.200Q 39, 4535.

2002 366, 361. (33) Basch, H.; Gray, H. Binorg. Chem.1967, 6, 365.
(26) Turco, A.; Pecile, CNature 1961, 191, 66. (34) Vanquickenborne, L. G.; Ceulemans,lAorg. Chem1981, 20, 796.
(27) Pearson, R. Gl. Am. Chem. S0d.963 85, 3533. (35) Harvey, P. D.; Reber, @Can. J. Chem1999 77, 16.
(28) Pearson, R. G5ciencel966 151, 172. (36) Tuszynski, W.; Gliemann, &. Naturforsch.1979 34a 211.
(29) (a) Bertini, I.; Sabatini, Alnorg. Chem.1966 5, 1025-1028. (b) (37) Pelletier, Y.; Reber, Anorg. Chem.1997, 36, 721.
Meek, D. W.; Nicpon, P. E.; Imhof-Meek, \J. Am. Chem. So&97Q (38) The lowest energy spirorbit state is Aq (°Eg) determined from ligand-
92, 5351. (c) Coyer, M. J.; Herber, R. H.; Chen, J.; Croft, M.; Szu, S. field calculations included in the Supporting Information.
P.Inorg. Chem.1994 33, 716. (39) Preston, D. M.; Gutner, W.; Lechner, A.; Gliemann, G.; Zink, J. I.
(30) Burmeister, J. L.; Basolo, fiorg. Chem.1964 3, 1587. J. Am. Chem. S0d.988 110, 5628.
(31) Rohde, J.-U.; von Malottki, B.; Preetz, \&. Anorg. Allg. Chenm200Q (40) Grey, J. K.; Butler, I. S.; Reber, @. Am. Chem. So2002 124
626, 905. 9384.

6504 Inorganic Chemistry, Vol. 42, No. 20, 2003



Thiocyanate and Selenocyanate Complexes of Pt(Il) and Pd(ll)

up to 30 kbar. The palladium(ll) complexes show the largest water and adding an aqueous solution of KSCN in excess followed
pressure-induced increases. The effects for the platinum(ll) by gentle refluxing for 2 h. After rotary evaporation of water, the
complexes are significant, but weaker than the palladium- Potassium salts of the thiocyanate compounds were recrystallized
(I) compounds. Similar pressure-dependent lifetime mea- Fhree time.s.from hotll-butanoI.The compounds were then dissolved
suremenis on doped chromium(l) fons invarious oxide [} £ VI isE ruE RO (U,
fyhpl?crﬁlt)a/, ;‘;dz ﬂourgrelgs clj?ttrlr(]:;;nﬁhsge,sgzv(\al Br%e ;Egrnza;?:’ several times by slow evaporation of acetonitrile and analyzed by

o : - . Raman, luminescence, absorption, and excitation spectroscopy.
emitting state from a spin-allowefzq to a spin-forbidden  Raman spectra of the title complexes were measured at 295 and

’Eq, _bUt no intensity inqreases have been repo‘l'%d_d_ther 77 K, and bands in the metaligand stretching and bending region
studies have been carried out on molecular transition metalshow strong and sharp peaks with frequencies in excellent agree-

complexes that maintain the same emitting state with ment with literature value¥ The mode of ligation for the
increasing pressure, such as polypyridyl complexes of thiocyanate and selenocyanate ligands was confirmed from Raman
ruthenium(ll) and osmium(I§%1°These systems show only ~ spectroscopy by monitoring the CN stretching frequencies, and all
small variations of pressure-dependent luminescence lifetimescompounds show strong and sharp single peaks between 2100 and
at constant temperature by less than a factor of 2 within 2110 cn* (Table 1), indicative that ligands areot coordinated
similar pressure ranges as studied here. through the nitrogen ator_n of the XCnggnds and are oriented
. . . around the metal center in a nearly equivalent fashion.
Theoretical models are employed for calculating lumines-

t I the trends of the t ¢ Temperature- and Pressure-Dependent SpectralLumines-
cence spectra as well as the trends of (ne temperature- an(il,ence spectroscopic measurements were carried out using two

pressure-dependent luminescence decay behavior. The loWgitterent instruments. Samples were cooled in a microcryostat
temperature luminescence spectra are analyzed using th@ystem (Janis ST-500) by pumping off liquid helium. The 488 and
time-dependent theory of spectroscdpy® which allows 514.5 nm lines of argon ion lasers2 mW) were focused onto
for the quantitative determination of the emitting-state the crystals using a Renishaw 3000 imaging microscope system.
distortions along all relevant normal modes and provides an The luminescence was collected and detected with a Peltier-cooled
intuitive means of understanding the detailed spectroscopicCCD camera. The other system used to record the luminescence
features. The experimental temperature-dependent luminesSpectra was a single-channel scanning spectrorffetecontinuous
cence decay rate constants were analyzed with an analyticaflow helium cryostat (Oxford CF 1204) was used to cool samples
expression for the nonradiative rate constant in the strong-99Wn 10 5 K. Excitation sources were again the 488 and 514.5 nm
. . - . lines of an argon ion laser (Spectra Physics Stabilite 2017) using
coupling limit of radiationless decay theory derived by

Enal d Jortndf. W 4 tal inf i the appropriate interference filters. Excitation was focused onto
ngiman and JOrtner. e use experimental information samples with a quartz lens and the luminescence collected®at 90

determined d'reCtly_ fro'_n the reso_lved low-temperature by a spherical mirror, then dispersed through a 0.5 m monochro-
spectra, such as vibrational energies, the energy of themator (Spex 500M, 600 lines/mm grating) with a long-pass filter
electronic origin transition, and emitting-state distortions, to (Schott OG 550, RG 610) positioned at the entrance slit. The
calculate nonradiative rate constants for each complex. Onlydetection system was a cooled photomultiplier tube (Hamamatsu
a single adjustable parameter in the pre-exponential factorR928 or R406/ Products for Research TE 177RF cooler) connected
remains to fit the experimental luminescence decay rate to a photon counter (Stanford SR 400) or lock-in amplifier (Stanford
constant at all temperatures studied. We are then able toSR 510) with the luminescence signal modulated with an optical
rationalize the different magnitudes of the pressure-induced choPper (Stanford SR 540), and the intensities were saved on a
increase in luminescence lifetimes for all title complexes with computer also used to control the wavelength. Luminescence spectra

. . of complexes2 and 3 in a glassy matrix (1:1 toluereacetone)
the parameters determined from the low-temperature lumi were measuredt® K with concentrations on the order of 10M.

r_]es_cence spectra and temperature-dependent Iummescen%l luminescence spectra are corrected for instrument respbnse
lifetimes. by calibration with a tungsten lamp (Oriel 63350). The corrected
luminescence band shapes obtained with the two instruments are
identical. Detector response characteristics vary strongly over the

Single crystals of [Pt(SCN)(PPhy), (1), [Pt(SCN)](n-BusN), wavelength range of interest, and it is therefore important to
(2), [PA(SCN)](n-BusN)2 (3), [Pt(SeCN)]J(n-BugN), (4), and compare results recorded with different instruments.

Experimental Section

[Pd(SeCN)](n-BusN), (5) were prepared following literature Pressure-dependent luminescence and Raman spectra were
methods’>4749 Starting materials were purchased from Sigma- recorded using the microscope system described above. Pressure
Aldrich and used without further purification. Complexies3 were was applied to the solid samples by loading crystals into a gasketed
also prepared by dissolving crystals of[RtCls] or K;[PdBr] in diamond-anvil cell (DAC, High-Pressure Diamond Optics). The
ruby (R;) method was used to calibrate pressdtesnd paraffin
(41) Bray, K. L.Top. Curr. Chem2001 213 1. oil was the pressure-transmitting medium. All pressure effects
42) %%%Sgg’ S.; Triest, M.; Grey, J. K.; Reber,Rhys. Chem. Commun.  ran6ted here are reversible where, upon gradual release of external
(43) Heller, E. JJ. Chem. Physl975 62, 1544. pressures, all quantities return to their normal values at ambient
(44) Heller, E. JAcc. Chem. Red981, 14, 368. pressure.
(45) Zink, J. I.; Kim Shin, K.-S. IPAdvances in Photochemistry/olman, i ifati _
D. H., Hammond, G. S., Neckers, D. C., Eds.; John Wiley: New York, lif Lymlnescence Llfetlmz Mgasurﬁmgnts‘tlj'lergperature dependentf
1991 Vol. 16, p 119. ifetimes were measured using the doubled output (532 nm) of a
(46) Englman, R.; Jortner, 8ol. Phys.197Q 18, 145.
(47) Burmeister, J. L.; Al-Janabi, M. Mnorg. Chem.1965 4, 962. (50) Davis, M. J.; Reber, norg. Chem.1995 34, 4585.
(48) Burmeister, J. L.; Williams, L. Bnorg. Chem.1966 5, 1113. (51) Piermarini, G. J.; Block, S.; Barnett, J. D.; Forman, R.JAAppl.
(49) Forster, D.; Goodgame, M. Ilnorg. Chem.1965 4, 1712. Phys.1975 46, 2774.
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Table 1. Spectroscopic Quantities from the Temperature-Dependent Luminescence Spectra in Figures 1

Grey et al.

[Pt(SCN)J- [Pt(SCN)]- [PA(SCN)]- [Pt(SeCN)]- [Pd(SeCN)J-
quantity (PPhy)2 (2) (n-BuaN)2 (2) (n-BuaN)2 (3) (n-BusN)2 (4) (n-BuaN)2 (5)
Emax (cm™Y) 14770 14440 12390 14180 12530
luminescence origin (crm) 17464 16806 14343 16330 14445
T (us) (700 nm) (700 nm) (770 nm) (740 nm) (780 nm)
285,4 K 320,5K 947,5K 300,5K 279,5K
173,50 K 207,50 K 282,50 K 149, 75K 180, 100 K
81, 125K 102, 100 K 153,100 K 86, 125K 75,175K
41,175K 49, 150 K 19,150 K 27,200 K 12,200 K
0.3,200K
main progression interval (cr) 295 303 274 195 185
absorptiofexcitatiorf maximum (cn?) 19660 19460 16450 18700 16610
Stokes shift (cm?) 4895 5020 4060 4520 4080
freq intervals in luminescence spectra (@n 295 [303, ag*° 300 [303, ag®P 274 (274, ag®P 195 [195, ag&P 185[179, ag*°
[Raman fregs (cmt)] 250 [bygl° 150 [151, bgaP 260 [260, by 160 [big] 145 [byg
230 33 165 105 [102,4g2P 110 [113, bgP
220 135 [144, k2P 65 65
175 113115
145 [151, bgab 35
108 [byg°
70 [77,10]
35
10
hwen (cm™) 2101, 2126 2107 2103 2108 2105
(strong, sharp) (strong, sharp) (sharp) (strong, sharp) (strong, sharp)

aReference 310 This work. ¢ Observed in absorption spectrumnzK in Figure 2b.

Nd:YAG pulsed laser (Continuum Mini-Lite Ik-5 ns pulse width).

across the luminescence bands. The detection systems were the same

Laser pulse energy was kept at approximately 1 mJ/pulse measuredis that used in the luminescence measurements.
at the laser head. The luminescence was dispersed by the 0.5 m Absorption measurements were carried out with a Varian Cary
monochromator and detected using the same cooled photomultiplier5SE spectrometer. Sampl@s-5 were dissolved in a 1:1 toluene/

tube described above. The signal was averaged and saved on acetone solution, spectra were recorded at 300 and 77 K, and the
digital oscilloscope (Tektronix TDS 380) triggered by a photodiode concentrations were on the order of 10M.52

(Thorlabs FDS 100). Luminescence lifetimes of all complexes were .

recorded at multiple wavelength intervals as a function of temper- SPectroscopic Results

ature, and these values vary by 2% or less across the luminescence The luminescence spectra from single crystals of the title
bands. Decay traces were fitted with single- and double exponential complexes are broad, spanning up to 4500 %tntow-
functions using least-squares methods. Decay was assigned as SinglFemperature data reveal well-resolved long vibronic progres-
exponential wher? was less than 0.003 for a single-exponential _. . . . . )

) S . . sions in multiple vibrational modes. The band maxima are
function, otherwise it was assigned as double exponential. Measure-

1 .
ments were recorded between 5 and 275 K. At higher temperaturesca' 14500 cm” for platinum(1l) complexesy, 2, 4) and ca.

1 .
an accurate determination of lifetimes was difficult due to low 12500 Cn_T _for the palladium(ll) complexes3( 5). These
signal-to-noise ratios of the luminescence intensities. characteristics are comparable to those of luminescence

. . ._spectra for other square-planar transition metal compounds
Pressure-dependent lifetime measurements were carried out usin

the same pulsed laser source. The excitation was focused into thj eported in the -||teraturé2.,3e,37,39,53 _
DAC with a short focal length quartz lens, and the emitted light ~ 1he 5 K luminescence and absorption spectrd afre
was detected with the cooled R928 photomultipler tube with either Shown in Figures 1 and 2 and serve as representative
a red (Schott RG 610) or orange (Schott OG 590) long-pass filter. €xamples for typical luminescence and absorption spectral
These measurements take advantage of the entire luminescencprofiles of the title complexes at low temperature. The
band, and good signal-to-noise ratios were obtained. Signals wereluminescence band has well-resolved vibronic structure with
acquired using the same detection equipment described above. T@ main progression in thegmode and an easily visible,
avoid heating effects on the sample and possible damage to thebut less intense progression matching the frequency of the
DAC, the laser was used in low-energy mode and the output power b, non-totally symmetric bending mode. Additional structure
was approximately 50@J/pulse. is observable near the origin region, as shown in Figure 2a,
Excitation and Absorption Spectra. A Xe lamp filtered through and the frequencies of all relevant vibrational modes
water to remove IR radiation was used as the excitation source.determined from the luminescence spectra are listed in Table
The 0.5 m monochromator was used to scan the excitation
wavelength, and the emitted light was dispersed through a 0.75 m(52) Solution absorption spectra of all complexes have similar spectral
monochromator (Spex 1800 II, 600 lines/mm gratiffih KV 418 profiles consisting of a weak, IowesE energy band with a molar
UV cutoff filter was placed at the exit slit of the excitation absorptivity on thelordejl of 10 M cm © with overlapping, more
intense ¢ > 100 M~! cm™1) transitions with maxima ca. 2500 cf
monochromator, and either OG 550 (compou@dmd4) or RG higher in energy. At approximately 340 nm (29000 &nthere is an
645 filters (compound8 and5) were placed at the entrance slit of g‘”tecrgsnﬁ él :X elsozul\;l(;ile gmfl) and sharp absorption band observed for
the luminescence monochromator. Excitation spectra were measuregsz) G"Lntneﬁ W.; Gliemann, G.; Kunkely, H.; Reber, C.; Zink, Jniorg.
at the luminescence band maximum as well as other wavelengths ~ Chem.199Q 29, 5238.
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Wavelength [nm] of 295 cn1! on the blue side of the band are resolved in the
800 700 600 500 . 5 K luminescence spectrum with the band maximum at the
L 15 9th member of this progression. Starting from this member,
the vibronic spacings decrease gradually by 11%ctm 284
cm ! at the 15th quantum. Polarized luminescence spectra
of 1 were recorded at 20 K and show the same relative
intensity distributions throughout the spectrum as in the
unpolarized spectrum in Figure 1. The dichroic ratio of the
total intensities is approximately 2 (shown in the Supporting
Information). Luminescence intensities and lifetimes are
strongly temperature dependent. Lifetimes increase by up
to a factor of 300 between ambient temperature and 5 K,
demonstrating efficient nonradiative relaxation processes at
: : I : 0 higher temperatures. €6 K unpolarized absorption spec-
12 14 16 18 20 22x10° trum in Figure 1 has a weak and unresolved band for the
Wavenumber [cm’] lowest energy transition that corresponds to overlapping
Figure 1. Single-crystal luminescence and unpolarized absorption spectra transitions to multiple spinorbit components of thég,
of [PYSCN}(PPR)2 1 at 5 K (unpolarized). excited staté435However, there is another band starting at
19960 cm? that shows resolved vibronic structure in four
PN discernible modes, as shown in detail in Figure 2b. The
-~ 250* largest frequency interval in this resolved band is 250%¢m

1.0

20ueqlosqy

0.5

Luminescence Intensity [arb. units]

which is most likely the frequency of thegvibrational mode
2 pouma P in this excited state. The Stokes shift between the lumines-
g < 120 cence band maximum and the center of the first absorption
é e band in Figure 1 is approximately 4900 chindicative of
3 -10 large structural changes along the metajand vibrational

modes. Estimated energy gaps between the onsets of the
luminescence and absorption bands are found to be ap-
proximately 500 cm?!, much smaller than those found in
— platinum(ll) and palladium(ll) complexes with simple halide
16.5 17 17.5x1 ligands3”3° This energy gap probably arises from vibronic
Wavenumber [cm”'] origins involving low-frequency odd-parity promoting modes.
Temperature-Dependent Luminescence Intensities and
Lifetimes. Figures 3 and 4 show the temperature-dependent
luminescence spectra érb K excitation spectra of the
platinum(ll) complexesq and 4) and palladium(ll) com-
plexes 8 and5), respectively, and all relevant spectroscopic
guantities referred to in the following are collected in Table
1. The luminescence spectra of these complexes exhibit well-
resolved vibronic structure at temperatures below 50 K with
the dominant progression-forming frequencies corresponding
to the ay metal-ligand stretching mode in addition to
—— — ————————— prominent lower frequency progressions including thg b
20 20.5 21 21.5x10° non-totally symmetric bending mode. Progressions in the b
Wavenumber [cm”'] non-totally symmetric stretching modes appear as weak
Figure 2. (a) High-resolution luminescence spectrum of [P{(S{RPh). shoulders on the blue side ofyavibronic bands. The low-
lat5K near the luminescence origiBoj. T_he spectrum consists_ _of two temperature luminescence Bf Figure 3a, shows features
progressions that are separated by approximately 70 amd by additional o ) . .
small-frequency intervals of 35 and 10 cthn Vibronic intervals in similar to that of1 with the luminescence band maximum
wavenumber (cmb) units are indicated on the spectrum; asterisks (*) shifted to lower energy by 330 crh This complex exhibits

correspond to vibrational quanta that also appear e8hK absorption ; ; ; ; ;
spectrum, and “(sh)” stands for shoulde) 8K absorption spectrum df a more noticeable decrease in the main progression interval

showing details of the vibronic structure in the second, higher energy band toward higher quanta of thegmode than what is observed
in Figure 1. in the 5 K luminescence spectrum tfwith the interval

1. The high-resolution spectrum in Figure 2a reveals that decreasing by as much as 30 ¢nacross the band. At the
the dominant progressions are separated by small frequencypand maximum, close to the 10th member of thg a
intervals of 10, 35, and 70 crh These fine features are progression, the frequency interval is approximately 285
lost toward the band maximum where the intensities of the cm™, and by the 15th quantum the interval decreases to 270
main vibronic bands are much higher. Up to 17 quanta of cm™. The luminescence origin region is less resolved than
the aq4 stretching mode with an average frequency interval for complexlin Figure 2a. However, a weak shoulder33

o
w

Absorbance
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Figure 3. (a) Luminescence and excitation spectra of [Pt(SENBusN),
2. Temperature-dependent luminescence spectra are shown at 5, 25, 50fFigure 4. (a) Luminescence and excitation spectra of [Pd(SEMBUN)2

75, 100, 125, and 150 K (top to bottom). The excitation spectrum at 5 K 3. Temperature-dependent luminescence spectra are shown at 10, 20, 30,
(dotted trace) shows the first absorption transition. The luminescence 45, 50, 60, 70, 100, 125, and 175 K (top to bottom). The luminescence
spectrum 85 K is enlarged by a factor of 5 to show detailed features near spectrum &5 K is enlarged by a factor of 5 to show the small repetitive
the origin. Dotted vertical lines show the small experimental energy spacings near the origin. Dotted vertical lines illustrate this separation of
separation (35 crt) resolved near the origin, but not across the entire band. 35 cnt? for this complex. (b) Luminescence and excitation spectra of [Pd-
(b) Luminescence and excitation spectra of [Pt(SefiNBusN), 4. (SeCN)](n-BusaN), 5. Temperature-dependent luminescence spectra at 6,
Temperature-dependent luminescence spectra at 6, 15, 30, 50, 75, 100, 12515, 30, 50, 75, 100, 125, 150, 175, and 225 K are shown top to bottom.
150, 175, 200, and 225 K are shown top to bottom. The excitation spectrum The luminescence spectrurb & K is enlarged by a factor of 5 to show

at 5 K (dotted trace) shows the first absorption transition. The luminescence detailed features near the origin. The excitation spe¢eka(dotted traces)
spectrum 86 K is enlarged by a factor of 5 and offset along the ordinate show the first absorption transition for both complegeands5.

for clarity.

“1y is ob q h d side of . | h temperature. At 225 K the band is centered at 13690'rm
rm .) IS Observer .ont eredsideo th% T]terva nearr: € it then blue shifts gradually by approximately 600 Cnat
uminescence origin and is subsequently lost toward the bandz ) v =0 50 to 6 K, the band red shifts by 150 ¢m

maximum, as illustrated in Figure 4a with dotted vertical Excitation spectra of bot@ and4 at 5 K show a weak and
I(;r}tfas. o de;?rm'”f] Ifl the_ vibronic pattern;gﬁerswited N'& ynresolved first absorption band, similar to that observed in
ffierent medium, t edumlréesczngs T(peCt; a %ass()i/ dthe 5 K lowest energy absorption bandlipfand excitation
matrix were measured at 5 an and gave broad an spectra monitored at different wavelengths across the lumi-
unresolved bands; however, the overall spectral profiles andnescence bands all give the same results as shown in Figure
band maxima were similar to the data obtained for single- 3. The Stokes shifts for complex@sand 4 are 5020 and
cr:ystal salmples. Wheﬂ th? SgChgand replaces SCI\tI)on 4520 cm?, respectively, and energy gaps between lumines-
the metal centers, the Juminescence Spectrum becomegy o and excitation onsets are both comparable to the value
narrower as a result of the lower frequency-BeCN modes determined for [Pt(SCNJ?~ (1) in Figure 1
that form vibronic prggressmns.'The band maximum does Figure 4 shows the temperature-dependent luminescence
n_ot_shoyv an a_\ppremable shift in energy, |nd|cat_|ng very spectra of [Pd(SCN)n-BuN), (3) and [Pd(SeCN](n-
similar ligand f|eld_s for the two different ligandé.Figure BwN), (5). The temperature-dependent luminescence spectra
3b shows the luminescence of [P(SeGN)}BuN), (4) as of the palladium(ll) complexes behave in a manner similar

a frl:_r;(_:tlon ?If temﬁ)erzture. E6 .K Iumlnﬁsciagce spdeclzt(;gm to that of the platinum(ll) complexes showing weak bands
exhibits well-resolved progressions in the 19g)an at high temperature. Vibronic structure3ris more resolved

1 . L . . .
(ﬁzg)l(gg 'E%%esr;? adgmonhto less |ntenselpr<;gressu()jn?]|n than spectra previously reported using different countefns.
the an crm modes that are not resolved toward the Progressions in thep non-totally symmetric stretching

Iowgr energy S'df offthe gand. 'Lhe positions ‘f)f th? ban<fj modes, in addition to the long progressions in thghlending
maxima were also found to change as a iunction o mode, are resolved as shoulders close to the maxima of the

(54) Jergensen, C. KAbsorption Spectra and Chemical Bonding in algVibroniC peaks. |t.iS not poss_iblg ?O conclusively d_etermine
ComplexesPergamon Press: London, 1962. if there is an experimentally significant decrease in the a
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progression interval for compleX as was observed in the 14w 4
low-temperature luminescence spectra of platinum(ll) com- - -200
plexesl and 2. The number of resolved peaks on the red 05 D'D - §
side of the spectra is lower than for the platinum(ll) Con L. -100 3
analogues, preventing a detailed comparison to these com- 5o 5 =
pounds. Near the luminescence origin, compesxhibits z 0 . . . O o oo &
the most distinguishable repetitive patterns at temperatures é EN 300
below 20 K with well-resolved frequency differences of 35 = A a 200 3
cm™t on each member of the dominant progressions. £ 5] 2a, Y S
Luminescence spectra of this complex in a glassy matrix 2 ] s N R 100 é
were measuredt® K to observe this feature in a different £ SN k2
environment; however, the results revealed broad and 3 %% . . . —2 40
featureless bands. Vibronic structure in the selenocyanate 3 ' -t
analogues is not as resolved as in the other complexes except § 1] 0 r08 3
near the origin region where small intervals of approximately £ 051 ©¢ -06 2
65 cnT are barely resolved. On the red side of the band, § 1 e 04 2
resolved structure is completely absent, similar to the 3 8% 0 (0 r02 3
platinum(ll) complex4. In an attempt to achieve better & 07 : ; ¥
resolution of vibronic structure by further separating the = s 'vv v -300 «
[PA(SeCN)]?>~ luminophores in the crystal lattice, the 1 vy ¥ R
tetrabutylammonium counterion was exchanged for the larger 0.5 v Yoy 200 S
bis(triphenylphosphonium)phosphoranylidene ammonium ] v ; L 100 »if
(PPNY)" cation, but the resultin6 K luminescence spectrum ] M 5,
showed no significant improvement. The excitation spectra i . . . 7Y _yo0

of 3and5 show band shapes similar to those of the platinum- 0 50 100 T [K1]50 200 250

(1) complexes2 and 4, and vibronic structure is virtually _ o _ , o _

s . Figure 5. Normalized integrated luminescence intensities (solid symbols)
absent. Excitation maxima are 16450 Crfor 3 and 16610 and single-exponential luminescence lifetimes (open symbols) at wave-
cm ! for 5, both lower in energy by approximately 2000 lengths near the luminescence band maxima: (a) [Pt(JGNBuN); 2
cm-! than the platinum(ll) complexes. Stokes shifts for these (squares) at 700 nm; (b) [Pt(SeGNj-BuaN) 4 (triangles) at 690 nm; (c)

. L . [PA(SCN)](n-BugN), 3 (circles) at 770 nm; (d) [Pd(SeCH(n-BusN), 5
two palladium(ll) complexes are similar with values of 4060  (jyyerted triangles) at 770 nm.
cm for 3 and 4080 cm! for 5. The energy gaps between
luminescence and excitation onsets are approximately 8oot€mperatures lower than 50 K. The temperature-dependent

cm~1 for both palladium(ll) complexes, somewhat larger than integrated intensities all have weak shoulders in the tem-
the literature value of 300 crh for the [Pd(SCN)2 perature range 160150 K. This feature is not seen in the
luminophore in different crystalline environmerits. lifetime data and is most evident in the intensity data of

gcomplex4 (Figure 5b) where the integrated intensities change
little between 75 and 150 K and then decrease rather
1 suddenly at higher temperatures. Differences in the temper-
@ture-dependent luminescence intensities may be attributed
all show a similar increase, by up to a factor of 300, when to subtle changes in radiative and nonradiative relaxation
temperature is decreased from 250 to 5 K. Compl@igure rate constants and energy transfer rate constants_. All com-
5¢) shows a slightly different behavior: its luminescence PoUnds show a strong decrease of their luminescence
lifetimes increase drastically at temperatures lower than 50Ntensity and lifetime at high temperatures, a key condition
K. The platinum(ll) thiocyanatesl( 2) exhibit double- for the observat!on of the unusual pressure effects presented
exponential excited-state decay behavior with a fast com- N the next section. , o _
ponent accounting for approximately 5% of the total intensity _ Fressure-Dependent Luminescence Intensities and Life-
at 5 K, which is followed by a steady increase of the fast mes.Figures 6-8 show pressure-dependent luminescence
component to 50% at 150 K. This type of decay behavior is spectra and lifetimes of complex2s5 in a similar crystal-

wavelength dependent and appears predominantly on the bludn€ environment> The pressure-induced changes in impor
sides of the luminescence spectra bfand 2. The fast tant spectroscopic quantities are summarized in Table 2. All

component is assigned as a luminescent trap. Single- anocomplexes show large increases of luminescence intensities
double-exponential fit results for lifetimes measured from and I|fet!mes as a funcnonlof pressure, by almost 3 orders
the high-energy onset (640 nm) to the band maximum (700 of magnitude between ambient pressure and 35 kbar at room
nm) are included in the Supporting Information. temperature. This effect is accompanied by significant blue
Normalized integrated luminescence intensities for com- ig'ﬁs OFE the IumlgescegcetbaRnd maxima t;y up to 293¢r'r; q
plexes2—5 show steady decreases with increasing temper- ar. rressure-dependent Raman Spectra areé monitore

ature, the ?xceptlon a}gam t_)emg compBaxvhere,' similar (55) Similar studies were performed on complexThe overall pressure
to the lifetimes, the intensity shows a large increase at effect was similar to that of complex

Figure 5 shows the temperature-dependent integrate
luminescence intensities and lifetimes for comple2e$.
All luminescence lifetimes reported in Figure 5 and Table
were measured near the luminescence band maximum, an
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35 kbar *
*
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- 5
K2 \\
= 3 \
g % 2 kbar
§ ; /—\‘\\\\
é g T T T
@ T T T T IS
IS = 28 kbar
c o
< 29 kbar S
e @
@ 1S
£ 3
£ -l
=
—
1 bar
1 kbar ' ' !
10 12 14 16x10°
| | | | Wavenumber [cm™]
10 12 14 16 18x10° Figure 7. Representative pressure-dependent luminescence spectra for
Wavenumber [cm™'] selenocyanate complexes. (a) [Pt(Seg(d)BuN). 4 at 2, 5, 16, 23, 25,

) . . and 35 kbar (bottom to top). The highest pressure spectrum (35 kbar) is
Figure 6. Representative pressure-dependent luminescence spectra fof jicateq by an asterisk. (b) [Pd(SeGN)-BwN), 5 at 1 bar (ambient
thiocyanate complexes: (a) [Pt(SCNh-BusN), 2 at 6, 10, 16, 17, 21, pressure), 2, 5, 11, 13, 20, and 28 kbar (bottom to top)

24, 26, 28, and 30 kbar (bottom to top); (b) [Pd(SQM}BusN), 3 at 1, T e e '
9, 12, 18, 27, and 29 kbar (bottom to top).

60 e

concomitantly to determine if changes in molecular structure . § v /,/ A v
accompany the unusual intensity and lifetime increase. Most 504 a4 v
spectra show similar smooth shifts of the metagand vs Jo eTTveTemes
vibrational bands to higher frequency as a function of 40 ", v
pressure. L7

Figure 6 shows pressure-dependent luminescence spectrag /
of 2 (Figure 6a) an@® (Figure 6b) at pressures up to 30 kbar. 307 ,

The ambient pressure spectrum is very weak and appears as
a flat trace at the bottom of each panel. As pressure is 20
increased on the crystalline samples, the luminescence
intensities show a fast, but continuous increase followed by 104
a slow decrease at pressures over 30 kbar. The luminescence
band maxima show a steady blue shift as a function of
pressure with values of 24 critkbar @) and 29 cm‘/kbar

(3) (Table 2)%® These shifts are opposite to those observed

Pressure [kbar]

in the well-studied tetracyanOplati_nat_e(”) complexes where Figure 8. Pressure-dependent luminescence lifetimes: (a) [Pt(3CN)
there are strong metametal stacking interactions between Bu,N), 2 (squares); (b) [Pd(SCBJ{n-BusN), 3 (circles); (c) [Pt(SeCN]-

the closely spaced [Pt(CNj~ chromophored®’ In the title (n-BuaN) 4 (triangles); (d) [Pd(SeCM)n-BuiN)2 5 (inverted triangles).

he accompanying curves for each data set are included as a guide for the

systems, the closest distance for the metal centers to interac ve.

in a stacking fashion is approximately 13¥Rarger by more

than a factor of 3 than typical metainetal distances of 34 ruling out metatmetal interactions as a cause for the

3.7 A in tetracyanoplatinate(ll) complex&simmediately pressure effects reported here. The effect of pressure on the

luminescence spectrum oL Rt(SCN)] has been previously

(56) Blue shifts in the pressure-dependent luminescence band maximumstudied at 100 K, and a blue shift of the band maximum of
Yg:;et_;‘gg‘i;g;”;de?goﬁ,t;'_”9 a Gaussian function to the spectrum using 4 o4 3 coy-3khar was found? almost 3 times smaller than

(57) Lechner, A.; Gliemann, Gl. Am. Chem. So0d.989 111, 7469.

(58) Houlding, V. H.; Miskowski, V. M.Coord. Chem. Re 1991, 111, (59) Hidvegi, I.; Tuszynski, W.; Gliemann, GChem. Phys. Lett1981
145. 77, 517.
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Table 2. Spectroscopic Quantities Obtained from the Pressure-Dependent Luminescence and Raman Spectra of the Title Complexes

quantity [Pt(SCNyJ(n-BuaN)2 (2) [PA(SCN}](n-BusN)2 (3) [Pt(SeCN)](n-BugN)2 (4) [Pd(SeCN)J(n-BugN)2 (5)
AEmax (Y kbar) +24 +29 +12 +25
Ahwq, (cm™Y kbar) +0.60 +0.68 +0.46 +0.57
Ahaw,, (cm Y/ kbar) +0.88 +0.72 a a
T 750 ns (5 kbar) 541 ns (7 kbar) 3 (5 kbar) dus (7 kbar)
9 us (14 kbar) 36us (15 kbar) 3us (16 kbar) 55s (16 kbar)
13 us (30 kbar) 48us (30 kbar) €us (32 kbar) 62:s (28 kbar)

2 hawn,, peaks are too close to the Rayleigh cutoff filter used in the pressure-dependent Raman measurements.

the blue shift reported fa. This literature study also reports  Discussion

a very signific_ant decreasg of the Iyminescence intensity at  \/iyronic Structure in Low-Temperature Luminescence
57 kbar. The linearly polarized luminescence spectra at 100gn60tra The well-resolved vibronic structure in the lumi-
K exhibit a small dichroism, com_pa.rabl_e to the polarized nescence spectra presented in Figured firovides detailed
spectrum ofl measured at 20 K, indicating that the nature jsignt into the structural changes which the title complexes
of the luminescence transition is similar |r1_[Rt(SCN)¢] and undergo upon emission of a photon. We discuss the most
the [PYSCN)*" complexesl and 2. Figure 7 shows  jmnortant features, which are (a) long progressions in
pressure-dependent luminescence spectra of the Se|e”°Cymu|tipIe modes, namely, the;@and by stretching and
anate complexes, [P(SeCNj+BuN). (4) and [Pd(SeCN}- bending modes, respectively; (b) vibronic origins arising from
(-BwN), (5). Increases in luminescence intensities are oqg-parity vibrational modes; and (c) the small repetitive
similar to those in the thiocyanate analogues with the nOtab'%pacings near the luminescence origins. The low-temperature
exception of complex, whose enhancement of the signal |yminescence spectroscopy bfivas used as a benchmark
is much smaller than that of all other complexes studied. for jljustrating the previous points because it shows the best
The pressure-induced blue shifts for band maxima of the resgolution of the vibronic structure.
selenocyanates are 12 chkbar @) and 25 cm'/kbar ©). Long progressions in non-totally symmetric vibrational
It is also interesting to note that the blue shift for complex modes, as shown in Figures-4, are rare for square-planar
4 is lower by a factor of 2 than the observed blue shifts for complexes. The appearances of prominent frequency intervals
the other complexes and more comparable to the literaturein the by, bending mode and the pstretching mode mean
value found for the [Pt(SCN]?~ complex with the smaller  that the emitting-state geometry has a lower point group
K* counterion. symmetry than the ground stéte.The most plausible
Figure 8 shows the pressure-dependent luminescencgationale for long progressions in a bending mode comes
lifetimes of complexe2—5. All experimental excited-state ~ from previous low-temperature luminescence spectra of the
decay kinetics are single exponential, and all luminescence[Pd(SCN)]?~ luminophore in different crystalline environ-
lifetimes increase with pressure. The largest enhancementmnents than of those studied here, showing evidence of a
occurs for the palladium(ll) complexes where the lifetimes progression in thegmode¥ DFT calculations qualitatively
increase by almost 3 orders of magnitude from their ambient confirm the activity of the i mode from the electron density
pressure values of approximately 3500 ns up to 62«s on the highest occupied d-orbitals on the metal centgr, e
at 28 kbar. The platinum(ll) complexes show much smaller (G dy,), being tilted off-axis due to repulsive effects from
increases in lifetimes, up to 16 at high pressures (ca. 30 the proximity of lone-pair electron density on the sulfur
kbar) from approximately &s at ambient pressure. Complex atoms of the thiocyanate ligands. By exciting an electron to
4 exhibits the smallest increase in lifetimes of all complexes the higher-lying ly (d2-?) orbital, whose lobes are oriented
studied, similar to the trends observed in luminescence On the bonding axes, this repulsive effect is altered, thereby
intensities and blue shift of the band maxima as a function favoring a scissor ¢ motion. Another possibility is that
of pressure. At pressures greater than 30 kbar, all complexedh® b interval appears due to progressions in the totally
tend to show slight decreases in both intensity and life- SYmmetric (&) stretching mode built on vibronic (false)
time. Decreases in pressure-dependent luminescence intensitg”g'r‘S of promoting modes that differ by approximately the
are quite common due to more efficient energy transfer Peg Vibrational frequency. Iy, point group symmetry the
processes between luminophores and to deep traps when thEomponents of the electric dipole transform under the a

sample volume becomes smaller. Pressure increases inhodnd & irreducible representations and a vibronically allowed

mogeneity and possibly also the number of deep traps, furthertrans't'on will require 1 quantum of eithes,@r e, vibrations.
In the title complexes one of the twao, enodes has a

reducing the observed luminescence intensity. Evidence for : : N
this effect comes from pressure-dependent Raman Spectrérequepcy difference with _th@@mod_e _that could_glve rse
where measurements &fshow noticeable changes in the to an mter_val between wbromc_ongms matching thg b
intensities and number of bands in the metajand stretch- frequency if both types of promoting modes are actifeor
ing region (286-300 cnt?), as shown in the Supporting  (60) sturge, M. DSolid State Phy4967, 20, 91.

Information. We rationalize the pressure effects using the (61) The experimental frequencies (ref 31) of thgamd the two gmodes,
detailed spectroscopic information obtained at low temper- ~ &(1):a/2), for the title complexes are as follows (in chx 142

and 169,2871, 2); 140 and 165,2933); not observed and 127,132:
ature. 221,236 4); 96 and 121,128:242,25%) respectively.

Inorganic Chemistry, Vol. 42, No. 20, 2003 6511



Grey et al.

the thiocyanate complexes, the appropriatenede has a  displaced vibrational modes based on two vibronic origins.
frequency difference between thg, anode within 5 cm? The interval between these origins is ca. 35 &ntorre-
of the lyy bending frequencies whereas this difference for sponding to the difference between thg and the lower
the selenocyanate complexes is up to 30 ttarger than frequency gpromoting vibrations. Two spectra are calculated
the actual frequency interval observed in the resolved with significant displacements in totally and non-totally
luminescence spectra in Figures 3b and 4b. The inclusionsymmetric even-parity metaligand vibrational modes and
of the byg bending modes is therefore justified based on the added for the resulting fitted spectrum. The time-dependent
experimental luminescence spectra in Figuregll theory of luminescence spectroscopy is used to calculate the
It is important to point out that there is anothgmeodé? vibronic patterns in the low-temperature luminescence spectra
approximately 25-35 cnt* higher in frequency than the.a  of the title complexes and determine the magnitudes of
mode for all complexes, and the frequency difference excited-state displacements along multiple vibrational
between these two possible promoting vibrations may modes* 45 Here we only briefly discuss our application and
account for the repetitive spacings observed in the thiocy- the choice of model that we use to calculate our spectra.
anate complexes in Figures 2a, 3a, and 4a. We first consider Upon emission of a photon from a molecule in the emitting
all other possibilities for the appearance of these small g5t ¢t = 0, a wave packet is created on the final potential
spacings, such as low-frequency lattice vibrations and “beats” energy surface. Because the wave packet is not an eigen-

corresponding to the frequency difference between two g,qtion of this surface, it evolves in time according to the
Franck-Condon active vibrational modésBeating arises time-dependent Schdinger equation. In many transition

fr?]m thfe nonzero ((j]l_l;.placemgnts ofhtwo v:lbratlr:)nal r:nodes metal compounds, there are nonzero displacements of the
whose frequency difference Is much smaller than the SUM;iia| and final state potential surfaces along multiple

of th? two frequencies. Becaus_e the strgtching mpde is. vibrational modes. The wave packet will then follow the path
the highest frequency, progression-forming mode in the fitle of steepest descent, which governs the overall width of the

systgms, there must b? a v_|brat|onal mode that IS P |yminescence band. The intensity of the luminescence
proximately 25-35 cnt?t higher in frequency to achieve the transition is given by eq 1

small repetitive spacing effect observed in the spectra of the
thiocyanate complexes. Raman spectra measured at 300 and 3 o ot

77 K and those reported in literature studiesveal that lum(@) = Co ffoo €7 plg(Cut 1)
there are no modes that match this description. If such a

mode existed, its inclusion in our model would result in a wherelyn(®) is the luminescence intensity at the frequency
calculated spectrum with a large discrepancy in the vibronic w, Cis a constant, an@|¢(t)[is the autocorrelation function,
intervals on the red side of the spectra, i.e., an increase ofwhich is the overlap of the initial wave packet(t = 0),

the aq4 interval as opposed to the observed decrease for thewith the time-dependent wave packe(t).

platinum(ll) thiocyanate4 and2. The 5 K luminescence of The latter quantity is calculated from a closed-form
1 (Figure 2a) exhibits the same small frequency interval of analytical equatiod®-45 and several assumptions have to be
ca. 35 cm' as observed in the spectra®find3 (Figures  made in order to calculate the overlap in a multidimensional
3a and 4a), in addition to Other interVaIS Of 70 and 10hm case: (a) there are no Changes in the Vibrationa' force
In the 10 K luminescence spectrum of compgthe small  constants in the excited state; (b) there is no mixing of normal
repetitive spacings of 35 cm are the most resolved and  ¢qordinates: and (c) the transition dipole moment,is

persist close to the band maximum. Because small spacinggonstant. The overlap for tHeh mode is then given by eq
in the same approximate interval are present in different 5

complexes and in the same complexes in different crystalline

environments, lattice vibrations with large displacements are A2 ot
probably not responsible for these features. We rationalize Do (D)= exp{—%(l —expl—imt)) — Tk (2
the small repetitive spacings based on the previous consid-

erations of odd-parity vibrational modes, i.ez, and the for harmonic potential energy surfacés and wy are the

EW:T”?;:errgcﬁfnpgo?#gr\,%gﬂvfrggfg'g:?fl)s elfﬁgm displacement and frequency of tkilh mode in dimensionless
y g y N ) units and cm?, respectively. For many displaced modes, the

also been demonstrated on theoretical grounds that sucr} ; L
. . .total overlap is the product of overlaps for each individual
unusual spectroscopic features can be present in the electronic

spectra of square-planar complexes with second- or third- mode,
row transition metal centers, i.e., large sporbit coupling
constant$?

Calculated Emitting-State Distortions from Progres- Ple)t= U@klm(t)@ﬂ(
sions in Luminescence SpectraWe use a model for the
luminescence spectra of the title complexes with multiple whereE, is the energy of the electronic origin aidis a

. . . Gaussian damping factor, both in ch After calculating

62) ggolgg%sl‘fvonh’ G. 35 Shin, K-S. K.; Zink, J. Inorg. Chem.1990 the total overlap, the result is Fourier transformed (eq 1) to
(63) Ballhausen, C. Jtheor. Chim. Actal965 3, 368. give the spectrum.

—iEgt

— F2t2) (3)
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Table 3. Parameters Used To Calculate Luminescence Spectra of the Title Complexes

[PYSCNYI(PPh)>  [PHSCNM(N-BuN),  [PA(SCN)}(n-BuN),  [Pt(SeCN)(n-BuwN),  [Pd(SeCN)|(n-BusN)»
parameter 0] 2 (©)] 4 5)
progression I, nd I,nd I,nd I I
vibrational energies 299 4.01,3.87 308" 3.75,3.67 274b 3,55, 3.53 195 4.36 183> 4,22
[ground and emit- 28%: 1.00, 1.00 298> 0.71, 0.55 260c 1.48, 1.45 168> 1.73 1430 1.79
ting states] (cm?): 250% 1.64,1.52 25% 1.92,1.55 148" 1.67,1.64 105 1.87 1162 1.84
normal coordinate 1750.71,0 1530 1.22,1.22 118 1.14,0.84 65 1.0 65: 0.89
offset (dimensionless) 148 1.18, 1.00 132 1.05, 0.84
110% 1.05,0.71
Eo(cm™) | 17464 1 16806 1 14343 1 16330 | 14445
Il 17387 Il 16771 Il 14307
T (cmY) 10 10 6 15 15
% Aa,/Awta 42 (1), 48 (Il) 43 (1), 47 (IN) 45 (1), 47 (Il 49 (1) 48 (1)

aFrom luminescence.Experimental Raman frequency measured at 295Raman and IR 9 Progression Il is scaled by an appropriate factor and
added to progression 11) 0.15, @) 0.35, @) 0.70.

|
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Figure 9. Calculated and experimental (5 K) luminescence spectta of
The experimental spectrum is offset along the ordinate, and the calculated
spectrum is given by the dotted trace. The inset shows features near the
origin. All parameters used for the calculated spectrum are listed in Table

Luminescence Intensity

The primary goal of calculating the luminescence spectra
is to determine excited-state distortiond,, along the
displaced vibrational modes and to rationalize the apparent ' 12 13 1 15 16
anharmonicity effects. Table 3 shows the numerical values Wavenumber [om”]
used in the calculation of luminescence spectra of the title _ . .

| | lexek—3. W lculate lumin n Figure 10. (a) Calculated [ = 15 cnt!) and experimental (5 K)
compiexes. In complex » We calculate luminescence  yminescence spectra afon the lower energy half of the spectrum. The
spectra using two origins separated by the frequency differ- experimental spectrum is offset, and the vertical lines represent intervals
ence of two promoting modes whose frequency difference of the totally symmetric PtS stretching mode (g 295 cnt). (b)

ds to th I titi . b din th Calculated and experimental luminescence spectra dhe top trace is
corr.espon S o the small repetiive spacing observed In théy,, experimental spectrum at 5 K, the middle trace represents the 5-mode
luminescence spectra of these complexes (ca. 33)cithe calculated spectrum with two vibronic origin§ & 10 cnt) using the
calculated spectra shown in Figures 2 are obtained by parameters in Table 3, and the bottom trace is a 2-mode mbdel 20
. . . P cm™1) calculated spectrum. To illustrate the decrease of the high-frequency
first fitting one pngI'ESSIOI’I (progressian '_n Table 3) . progression interval on the low-energy side of the spectrum, the intervals
followed by calculating the second progression (progression of the highest frequency are indicated on the experimental spectrum by
I1) and scaling it by appropriate factors, which are 0.1)5 ( arrows. Corresponding lines are given on the calculated spectra for
0.35 @), and 0.708). Values used for the individual offsets, ~COMParison to the experimental trace.
Ay, of both progressions are varied independently to obtain resolved features in Figures—#, and we obtain the
reasonable fits for the experimental spectra. The final result differences between progressions on different vibronic origins
is obtained by adding the two calculated spectra. In casesby using individual offsets for both the calculated spectra.
where the luminescence is vibronically allowed, the propa- This does not lead to substantial differences in offsets
gating wave packet is multiplied by the transition dipole and between the largest displaced modes. Spectra calculated using
along each displaced mode the cross sections explored arexactly identical offsets for progressions built on both
not necessarily identical. The procedure used to calculatevibronic originsl andll resulted in noticeable discrepancies
spectra is justified by the need to reproduce the highly between the best-fit spectrum and the experimental data, as

17x10°
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shown in Figure 12. All vibrational frequencies used in the
calculations are determined from experimental Raman spec-
tra. The percentage of thealisplacement to the sum of all
normal coordinate offsets is listed at the bottom row of Table
3. The variance of this value between complexes with the
........ same ligand is small, which shows that all complexes, despite
135  14x10° om” the differences in bandwidths, have similar displacements
along the dominant progression-forming mode. The values
used for the damping factof;, in the calculated lumines-
cence spectra for complexgés 3 are smaller than the actual
vibronic bandwidths. This was necessary due to the “filling
in” effects by the large number of displaced modes of closely
spaced progressions and to show the small doubling effect
near the origin region. The choice bfdoes not influence

. . , , the values ofAx used to calculate the spectra in Figures
11 12 13 14 15x10° 9—12.
Wavenumber [cm'1]

Luminescence Intensity

) . Figure 9 shows the fit for complek A larger frequency
Figure 11. Calculated and experimental spectra of [Pd(SN)BusN), . 1 . . Lt
3. The top trace denotes the 10 K experimental spectrum, the dotted (middle)'ntervalv 70 cm, is used between the two vibronic orgins
trace is a 4-mode calculated spectrdir= 32 cntl) with one origin, and I and Il corresponding to the largest separation between
the solid (bottom) trace is the best-fit high-resolution 4-mode calculated qominant progressions observed in the experimental spectrum
spectrum with two vibronic originsl{= 4 cn1%). Both calculated spectra . . . . . . . .
use the same vibrational modes. The offsef for the single-origin In Flg_ures 1 and 2a. The inset in Figure 9 is the origin region
calculated spectrum are as follow&s74 = 3.36,A260= 1.76,A140= 1.52, showing the good agreement between the calculated and
and Auis = 1.00 Eo =14343 cn?). Parameters for the 2-origin fit are  ayperimental spectra. Some of the detailed features, such as
listed in Table 3. The inset shows the experimental spectrum (solid trace) h .
and 2-origin calculated spectrum (dotted trace) highlighting the small the small spacings of 10 crhy cannot be reproduced in the
doubling effect. calculated spectra due to the overlapping of several peaks

and the value of the damping factdr, Figure 10a shows

the low-energy side of with the calculated spectruni’ &
Z 15 cm'?) below the experimental spectrum. The vertical lines
8 correspond to constant frequency intervals in thensode
é /\ (295 cnm?), illustrating the effect of a gradually decreasing
8 frequency interval of the main progression in the experi-
8 mental spectrum. Figure 10b shows the experimental (top
€ trace) and calculated (bottom and middle traces) spectra of
- 2 with the arrows at the maxima of selected vibronic peaks
. T . . — on the low-energy side. When using a simpler model based
12 3 w1 16x10 on one origin with only the two predominant displaced modes
Wavenumber [cm-] (ag and by), the calculated spectrum (bottom trace) cannot
reproduce the experimental spectrum, as shown by the
> vertical lines that match the largest frequency interval in the
g experimental spectrum. The best-fit calculated spectrum with
% two vibronic origins can better reproduce the decrease in
g the largest progression interval on the red side as well as
2 the small doubling effect near the luminescence origin. Figure
£ 11 contains the experimental (top trace) and calculated
3 (bottom and middle traces) luminescence spectrd, aind
the inset shows the origin region in detail. The two-vibronic-

11 12 13 14x10° origin model is able to reproduce the small repetitive spacing
Wavenumber [cm’'] and the intensity distributions of the individual progressions.
Figure 12. (a) Calculated spectrum (bottom trace) and experimental \WWe include a best fit to the overall band profile using a
spectrum (top trace) of [P{(SeC(n-BuN), 4 at 6 K. (b) Calculated  ~ gingla_origin spectrum with the same vibrational modes
spectrum (bottom trace) and experimental spectrum (top trace) of [Pd- . . . .
(SeCN})](n-Bw:N), 5 at 6 K. Parameters used in the calculated spectrum involved as a comparison. Figure 12 shows the experimental
are listed in Table 3. (top traces) and calculated (bottom traces) of the selenocy-
shown in the Supporting Information. Low-temperature anate complexed and5. It was found that a model based
luminescence spectra of complex¢sand 5 have a much  on one origin, considering the number of vibrational modes
narrower spectral profile, and vibronic structure is not as involved, was sufficient to calculate the luminescence spectra.
resolved near the origin. We use only one origin to calculate Preliminary calculations with the two-origin model lead to
the luminescence spectra for these compounds, which leadsongested spectra and poor agreement between calculated
to very good agreement with the experimental spectra asand experimental spectra. This discrepancy is attributed to
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the fact that the luminescence spectra of the selenocyanates 1.0
are much narrower than those of the thiocyanate analogues, :
making the fit procedure difficult with the two-origin model
due to the many overlapping vibronic bands.
Phenomenological spectroscopic effects reminiscent of
those analyzed here have been observed for other com-
pounds. The low-temperature luminescence spectrum of bis- 0
(maleonitriledithiolato)palladate(ll) shows highly resolved 10
vibronic structure that is “modulated” by a small frequency
interval of 26 cnm.5® The origin of this small repetitive
spacing arises from a beating effect, and the two modes with
largest displacements have a frequency difference of 26.cm
Another illustrative example is the low-temperature lumi-
nescence spectrum of ruthenocene, which exhibits two well- 0
defined progressions in the totally symmetrigg{aRu—cp
stretching mode with the main vibronic peaks separated by
165 cm1.52 Similar beating effects occur in this spectrum
with well-resolved shoulders appearing on the two main
progressions. The beat frequency comes from differences
between the totally symmetric stretching mode and higher
frequency non-totally symmetric modes. In both the above
cases, we find that similar models applied to the spectra in
Figures 4 do not yield good fits or are physically
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meanlngless. Overall, the calculated fits are able to reprc’duceFigur(-:‘ 13. (a) Absolute autocorrelation functions far Dotted trace:

the important and prominent spectral features observed inautocorrelation function for the 295 cthmode € = 10 cnt?). Solid
the experimental luminescence spectra and we now use thdrace: total autocorrelation used to calculate the best-fit spectrum and

. d d h lain the eff fthe d .__enlarged by a factor of 10. (b) Total autocorrelation functions for calculated
time-dependent theory to explain the efiect of the eCreaSmgspectra of2. Solid trace: total autocorrelation of the two-vibronic-origin

main progression interval across the luminescence bands. best-fit spectrum enlarged by a factor of 5. Dashed trace: 2-mode total
Non-Constant Progression Intervals.From the high-  Suoeereition T e eeuronee inesiue rseid s
resolution luminescence spectralof3, we have found that  recurrence times for the total autocorrelation of the best-fit spectrum. (c)
there are significant displacements in non-totally symmetric Total autocorrelation functions for calculated spectr8.@olid trace: total
vibratonal modes, incuding thesfand by stietching and  Seereston b In e B esoutir e virone ongn mene
bending modes. Near the luminescence band maxima, the&or the eye to show the modulation of the overlap.
resolution decreases and only the dominant progressions are
visible. In this region, transitions near the maxima of thg a harmonic approximation with multiply displaced vibrational
progression coalesce and appear as one peak. In the modehodes we are able to show that the decrease in the main
defined by egs %3, this effect corresponds to a damping progression interval comes from changes in the relative
factor,I', that increases as the luminescence energy decreasedtensities of individual vibronic transitions antbt from
Multiple individual maxima for the narrow vibronic peaks an anharmonic shape of the potential energy surface.
are resolved near the origin, but only a single maximum is  The time-dependent theory allows for an intuitive under-
observed for the broader vibronic peaks at lower energy thatstanding of these features. Figure 13 shows calculated
does not exactly correspond to any ground-state vibrationalabsolute autocorrelation functions for the spectra in Figures
frequency, as indicated by the arrows in Figure 10b. This 9—12. The top panel (Figure 13a) shows the total overlap
effect causes a gradual decrease of the experimental energused for the calculated spectrum Dbf(Figure 9) with the
interval separating maxima of the main apparent progressionoverlap of the single;gmode (295 cm?) using the average
in the spectra of the thiocyanate complexes, giving the overall displacement value from the calculated spectrum. The second
impression of anharmonicity. A well-established and related recurrence of the overlap shows a small mismatch with the
effect has been reported fop[RtCly], where large displace-  expected recurrence time of the 295dmode. The middle
ments along the;g mode and smaller displacements along panel (Figure 13b) shows the absolute overlaps used in the
the lower frequency {9 mode give an overall progression calculated spectra of Figure 10b. The inset of Figure 13b is
frequency that does not match the frequency of any ground-the difference in absolute autocorrelation function- (
state vibrational mod&.This is known as the “missing mode  [®|¢(t)[]) between a two-mode model and the model for the
effect”, or MIME, and is observed when vibronic progres- best-fit calculated spectrum. The recurrence mismatch can
sions are not highly resolved. The decrease of the progressiorbe clearly seen in the second recurrence, where the best-fit
interval on the low-energy side of the luminescence spectraspectrum has a longer recurrence time compared to what
of 1 and2 (Figures 1, 2, 3a, and 4a) is different from the would be expected for progressions with constant energy
MIME effect, but can be rationalized with the concepts spacings between members. This mismatch is the result of
underlying the MIME. From the calculations using the two vibrational modes close in frequency, i.e,g and hg
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modes, that combine to yield a frequency that does not Table 4. Parameters Used in the Calculation of the Nonradiative Rate
correspond to any ground-state vibration, as is illustrated jn Constant within the Strong-Coupling Model in Eq 4

Figure 10a. The actual MIME frequency is then mediated [Pt(SCN)]- [Pd(SCN)]- [Pt(SeCN)]- [Pd(SeCN)}-
within the range of each implicated mode by the individual _Paameter (n-BuN)>(2) (n-BuN)2 (3) (n-BuN)>(4) (-BusN)2(5)
offsets for these modes. The bottom panel (Figure 13c) AE(cm 5* 12806 53343 217%3(’)30 1%%45
contains the apsolute autocorrelatioq used to calculate theAfof;m ) 8.25 766 5896 874
spectrum o8 (Figure 11). The overlap is modulated by beats #fwes (cm™)> 251 220 155 146

th?t are ”IUStrateq by the dotted trace. The.beat frequency . Line 2 (Ep) in Table 1.P The contribution tdiwes from each displaced
arises out of the difference between the two highest frequencymode is weighted by the individual offsets in Table 2.

modes with the largest displacements. It corresponds to 136
cm, which is the difference of thes@and bg frequencies.

The by mode also has a significant distortion, but its beat
with the ag modes is only 14 cmt and may only manifest
itself at longer time scales than necessary for our calculations.
Similar beat effects occur for the selenocyanate complexes
where the g and by modes also have the largest displace-
ments.

Temperature- and Pressure-Dependent Luminescence
Decay Behavior.Large displacements of the emitting-state
potential energy surface along multiple normal coordinates
favor nonradiative decay mechanisms because the potential
surfaces of the ground and excited states cross at energies
close to the lowest vibrational level of the emitting state. At
room temperature (ca. 300 K) efficient nonradiative relax-
ation processes lead to short luminescence lifetimes and weak %
luminescence intensities. This situation corresponds to the -
strong-coupling limit® of radiationless decay theory where =
the transition probability for nonradiative decay depends
exponentially on the activation energy between the two states
in the luminescence transition. One of the classical spectro-
scopic characteristics for the strong-coupling case is when oo oo
the Stokes shifts are much larger than the largest accepting TIK] T K]
vibrational frequency, as observed for the title complexes rigure 14. Experimental luminescence decay rate constants (solid
in Figures 4 and summarized in Table 1. We use an symbols) with calculated fits using eq 4 (dashed lines) as a function of
analytical expression for the nonradiative rate constaat, f?»'é](psecrﬁ;f(iéﬁf,u[i tgsfg)n[”P?(“é‘Z‘)éNg] ((r]ti)BE}\(I)SzegNM(“‘B““N)Z 4 )
derived by Englman and Jortrieto model the temperature-
dependent luminescence decay behavior.
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The effective accepting modé&wes, is calculated as the
weighted sum of all displaced metdigand vibrational
frequencies (in cmt), listed in Table 3 At is the offset
between the ground- and excited-state potential minima
(dimensionless units), which is taken as the sum ofAall
used to calculate the spectra (Table 3). For the thiocyanate
complexes Z and 3) we use the averagdéy values for
progressions andll then sum over these averaged offsets
for Awta Identical frequencies for the accepting mode in the
ground and emitting states are assumed in the Engtman
Jortner formalism provided that the energy difference
between these states is sufficiently large. The only nonem-
pirical parameter in eq 4C;, is assumed to be a constant
and adjusted to obtain good fits with experimental decay rate
data as a function of temperature. The observed luminescence
decay rate constants are then modeled with eq 4 assuming
that the radiative rate constaRg, is equal to the observed
rate 4 5 K (kyr = 0) and is invariant of temperature. The

e(—EA/kBT*) (4)

*

Ay E KT

C; is a pre-exponential frequency factks,is the Boltzmann
constant in cmY/K, A is in units of cn-s,

« 1 hweff
keT = Zhweﬁ COU_(ZKBT) 5)

and

e (AE — E,,)?

m

where AE is the energy difference between the lowest
vibrational levels of the ground and emitting statds,) (n
Table 1, andE,, is half the Stokes shift,

1
Ehw eﬁA

2
total

1 N
— 2 __
Em - ZzhweﬁAk = (7)
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parameters used in the calculations are collected in Table 4.
Figure 14 shows good agreement between the one-parameter
fits with the observed temperature-dependent decay rate
constants for complexe2—5. Some discrepancies arise
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between 150 and 200 K for complex2sand 4, where the
calculated rate constant increases faster than the experimental
data for the former, and slower for the latter. However,
experimental rates for both complexes show a rather sudden
increase at 225 K, and this large change may contribute to
the difficulty of reproducing these trends in the data at higher
temperatures. Because the title complexes undergo multiple
and substantial distortions in the excited states, this simple
one-dimensional model cannot fully account for all possible
contributions to the observed luminescence decay rate
constants. This is most obvious in the large differences
between individual values used f@;, and, due to the
inherent difficulty of accurately estimating such coupling
factors, we do not attempt to interpret these quantities. The
most important aspect of this model is that reliable calculated
decay rate constants can be obtained by using parameters
determined directly from resolved experimental spectra and
guantitative calculated luminescence spectra. The Engtman
Jortner expression (eq 4) is now used to rationalize the
pressure-dependent luminescence decay behavior of com-
plexes2—5 in Figures 6-8.

Pressure-Dependent Luminescence Intensities and Life-
times. At room temperature and ambient pressure the
luminescence spectra of the title complexes are very weak.
The large pressure-induced enhancements of the lumines-
cence intensities observed for the title complexes are rigyre 15. (a) Calculated nonradiative rate constaiig) as a function
unexpected, and they can principally arise from both increas- of the normal coordinate offsetA{) along thehwerr at 300 K. The
ing radiative relaxation rate constants and decreasing rKm_downward arrows indicate the value At(_m used for the calculation of

- . temperature-dependent rate constants in Table 4k\g)xalculated as a

radiative relaxation rate constants. The trends observed hergnction of temperaturd, and emitting-state offseta, along the effective
are comparable to some organic chromophores that showmode hwer, of complex3.
enhancements of luminescence intensities and lifetimes with
increasing pressufé A possible contribution to the increase  therefore a very large decrease of the nonradiative rate
in intensity as a function of pressure may be caused by theconstantkr, with pressure. To better understand the trend
removal of the center of inversion, thereby making the in pressure-dependent lifetimes, we apply the strong-coupling
electronic transition more allowed in a non-centrosymmetric model discussed in the previous section to the pressure-
molecular geometry. The nature of the metiigand geom- ~ dependent decay rates.
etry and specific vibrational modes may also play an  The model described by eq 4 treats the title complexes as
important role in this process. For example, by compressingisolated molecules. At pressures greater than 30 kbar it is
the crystals the bending motions,¢bcan gain “leverage”  obvious that intermolecular effects are increasingly important
through intermolecular forces acting on the SCldnd since the spectra show steady decreases in intensity due to
SeCN ligands. This effect would enable the metal-centered quenching by efficient energy transfer to nonluminescent
luminescence transition to be tuned through these largelytraps. This situation is not addressed by eq 4, and we instead
displaced, low-frequency bending vibrations in the emitting focus on the rise in luminescence intensities and lifetimes
state. To test the validity of this conjecture, we have with pressure below 30 kbar. The most relevant pressure-
measured the pressure-dependent luminescence spectra ofependent parameter in the strong-coupling model is the
K,[PdBry], a compound that does not show a progression in offset along the effective accepting modgs:. Figure 15a
the by mode®” The room-temperature luminescence of this shows the effects of varyin@dv.a on kyg at a constant
compound is weak, similarly to the title complexes, and there temperature of 300 K for complexés-5 to simulate the
was virtually no pressure-induced enhancement of the signal.effect of pressure-induced decreases in normal coordinate

The luminescence lifetimes also exhibit a considerable offsets between the ground and emitting states. Figure 15b
increase from ambient pressure values as shown in Figure gshows the surface generated by varying both temperature,
and Table 2. If the pressure-induced changes in molecularT, and At for complex3.
structure remove the center of inversion around the metal From Figure 15a, it is clear that the variationkak with
ion, the luminescence transition becomes more allowed andAw Near the values o\ Used in the calculation of
the lifetime is expected to decrease as the radiative ratetemperature-dependent decay rate constants (indicated by the
constantkg, increases. In contrast, the measured decay ratedownward vertical arrows) is greater for the palladium(ll)
constant decreases significantly. The decrease of the ratecomplexes3 and 5 than for the platinum(ll) complexe3
constant by more than 2 orders of magnitude indicates and 4, resulting in a larger decrease kyg for similar
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decreases i\ This result is consistent with the trends smaller than those reported here. It is also expected that the
of the experimental pressure-dependent luminescence decayole of the by bending mode in the pressure-induced
rate constants and intensities in Figures86 The variations enhancements of luminescence intensities and lifetimes is
of knr calculated with eq 4 are similar for complexes of the important given the large displacements that occur along this
same metal ion, despite the very differét values used  mode in the emitting state. Figure 15b also shows that at
for different ligands. The most important differences between lower temperatures the valueslafz decrease significantly

the platinum(ll) and palladium(Il) complexes that influence and vary much less with . than at room temperature. We
the dependence okyr as a function ofAw are the therefore expect smaller changes of luminescence intensity
vibrational frequencies, the offsefsq, and the lumines-  at low temperatures, which might explain why{Rt{(SCN)]
cence energieg\E in eq 6). Each of these parameters alone does not appear to show an enhancement of luminescence
is not sufficient to explain the pressure-induced luminescenceintensity with increasing pressure at 100%By using eq 4
effect. For example, a large value Afy, leads to a lower and varyingAa to simulate the effect of pressure, it is also
activation barrier for nonradiative relaxation than a small possible to explain the pressure-induced blue shifts of all
value of Awta, SUggesting a large rate constant for identical luminescence band maxima. A significant decreas#n,

hwerr and luminescence energy. Figure 15a shows that thecan lead to a significant blue shift of the band maxima
platinum(ll) complexes have largéa Values than their  without any change in the energy of the potential minimum
palladium(ll) analogues, but theixr values are lower and  since the more nested emitting-state surface would shift
vary less than those of the palladium(ll) complexes. The vibronic intensities toward higher energy. We suspect that
observed variations are determined by all these parametergnergy differences between potential energy minima (elec-
simultaneously. The lower vibrational frequencies of the tronic origins) do not change with pressure because they are
palladium(ll) complexes lead to wider potential energy similar for thiocyanate and selenocyanate complexes of the
surfaces and crossings at lower activation energy for identicalsame metal ion, a much larger “spectrochemical change” than
Awtar@and luminescence energy, and their lower luminescencethe shifts induced by the pressures used here.

energies also lead to lower activation energy barriers,

assuming identical\ya andhwer values. The influence of ~ Conclusions

all these parameters determines the slope of the surface
shown for one compound) in Figure 15b and for three
others 2, 4, and 5) in the Supporting Information. An
alternative, qualitatively appealing rationalization of the
pressure effect on luminescence properties is given by the
variation of the activation energy, defined in eq 6 as the
difference between the minimum of the emitting-state
potential energy curve and the crossing point of the ground-
and emitting-state potential curves given by the parameters
in Table 4. For identical variations @, a larger change

of the activation energy is obtained for the palladium(ll)
complexes than for the platinum(ll) complexes, confirming
the trends summarized in Figures-8. The variations of
the activation energies (eqs 6 and 7) for compouies as

a function ofAa are given in Figure S12 of the Supporting  Acknowledgment. We thank the Natural Sciences and
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mathematical formalism chosen to describe the nonradiative
rate constants, but that their physical origin can be understood Supporting Information Available: Raman spectra of com-

from the emitting-state potential energy surfaces derived from plexes2—5, and pressure-dependent Raman spectga®fessure-
the low-temperature luminescence spectra. dependent Raman spectra &an the metat-ligand vibration region.

" . Polarized luminescence spectra of compleRressure-dependent
Transitions between states with small along metat- ; P ompleR P
luminescence spectra bf High-resolution luminescence spectrum

ligand vibrational modes, such as intraconfigurationatid of 3at 10 K showing progressions in thgyimon-totally symmetric
and some charge transfer transitions, are expected 0 ShOWretching mode. Luminescence lifetimes measured at 640, 670,
small changes in the pressure-dependent luminescencng 700 nm for2 fitted with single- and double-exponential
lifetimes at a constant temperature. For example, the pres-functions. Angular overlap model calculations. Calculated spectra
sure-dependent excited-state decay kinetics for [Rugbpy) showing different choices of models for compl&xAutocorrela-

Cl, and [Ru(pheryCl,, both metal-to-ligand charge transfer tion overlaps for4 and 5. Activation energies (eqs 6 and 7)
(MLCT) emitters, were successfully modeled using an calculated as a function @, for complexe2—5. Surface plots
expression in the weak-coupling limit of radiationless decay ©Of ks as a function of temperature ardy. for complexes2, 4,
theory (energy gap law) and do not show large changes ofand>5. This material is available free of charge via the Internet at
kur With pressure. The increases in pressure-dependen{'ttP-//pubs.acs.org.

lifetimes of these systems are less than a factor'&tZmuch 1C0342503

The temperature- and pressure-dependent spectroscopic
results show large variations from ambient conditions.
Analysis of the vibronic structure in the low-temperature
luminescence spectra shows that the largest displacements
occur along the totally symmetricigrmetal-ligand stretch-

ing vibration. Significant distortions in thedbending modes
occur in all complexes, and the pressure effects on lumi-
nescence properties are most likely dependent on the
pressure-induced displacement of this mode. The strong-
coupling model can be used to rationalize the temperature
and pressure dependence of the nonradiative decay rate
constant using physically meaningful parameters determined
from spectroscopic experiments.
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