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Abstract: transDioxo complexes of rhenium(V) and osmium(VI) with ethylenediamine, imidazole, and oxalate
ancillary ligands show luminescence maxima varying between 620 and 900 nm. The resolved vibronic
progressions of the rhenium complexes have intensity distributions that cannot be rationalized with harmonic
potential energy surfaces. The broadband spectra of the osmium(VI) complexes also show deviations from the
band shapes expected for a harmonic ground-state potential surface. We use the large variation of luminescence
energies and the vibronic features to show the influence of excited electronic states on the ground-state potential
energy surface. The vibronic structure and band envelopes of the luminescence spectra are calculated using
the lowest energy adiabatic surface obtained from three interacting electronic states.

Introduction been neglected in the analysis and understanding of spectra and
The excited electronic states of a molecule are generally notpropertles of transition metal compoqnds. Several_ recent reviews
focus on such effects from a theoretical perspective and include

considered to have a significant influence on its ground state : -
. . detailed analyses of the dynamics for model systems such as
properties, because they are well separated in energy from the

. ) ; : 18 ;
ground state. We use a series of transition metal complexes todlatomm and triatomic moleculés:® The photochemical

show that excited states in the visible and near-infrared spectralﬁgczlzcllsgggii ?;v?gxgge?esgrﬁg;\?esé?tfni ftotroct)rrgr?snflgr ;eoarﬁ'gons
region do influence the ground state potential energy surface. ‘ P

Dramatic spectroscopic effects have previously been reported.Of these approaches to transition metal chemisiry, which often

to arise from coupled excited states of transition metal com- ;E\I?czlr:/::r:tqigzls(;ur:gf ézzt _?rr]z igloe ggmp:g)?;ziltlgv?flssttg%sgelf)i)t/
pounds, leading to intensity borrowiAdnterference dip3,or YSES. P

. . . as much as possible from symmetry and different types of
unusual spacings of resolved vibronic progressioolserva- metalligand bonds
tions which have been rationalized in a consistent way with We egamine a se.ries fans-dioxo complexes of rhenium
time dependent quantum mechanical models based on couplecz . - ) S
. A - - V) and osmium(VI1) with the [Xe]58 electron configuration
potential energy surfacésNe use this theoretical approach in Lo S .
the following, but apply it to the study @round stateproperties and ethylenediamine, vinylimidazole, and carboxylate ancillary

of transdioxo complexes of rhenium(V) and osmium(Vl), a ligands, abbreviated as L in the following. These molecules

class of compounds whose photochemical and electrochemicaltsr:]rzvl:/ llﬁnge'jg:g?%}#::;ﬂnaziif;?e% O;ﬁésa V‘I\'"r(lj;re;t?srg? ;%nnge
properties have received considerable intete's. g y g . P

. . and vibrational spectra are well studied, but their luminescence
The influence of the excited states on the ground-state . X . .
. . . . spectroscopy has received less attention, with the exception of
potential surface is experimentally determined from low-

. ) . transReQy(pyridine)y™, a complex with a luminescence maxi-
temperature luminescence spectra of crystallirss-dioxo ; . .

. . . ._mum at 650 nm and resolved vibronic structbfend a series
complexes. The importance of interactions between electronic

states for situations other than the well-studied Jafeilert3.14 of transdioxo complexes of osmium(Vl) with cyanide or

. - macrocyclic nitrogen donor ligands, which show luminescence
or intervalence electron-transfer potentiaf$ has traditionally maxima between 620 riiand 700 nnf.20 We present and

* Address correspondence to this author. analyze previously unreported luminescence data foirans
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(4) Reber, C.; Zink, J. IComm. Inorg. Cheml992 13, 177. degeneracy, an important prerequisite to observe subtle vibronic
(5) Winkler, J. R.; Gray, H. BJ. Am. Chem. Sod.983 105 1373. effects which are easily hidden in spectra consisting of a
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superposition of transitions to final states arising from a Wavelength [nm]
degenerate ground-state split by sporbit coupling or low 1100 800 600
symmetry. The high symmetry allows us to apply crystal field

theory to define the energies and metligand bonding
characteristics of the relevant excited states. The single and
double metatligand bonds have well separated vibrational
frequencies and normal coordinates that involve predominantly
only one type of ligand, an important advantage for the analysis
of the vibronic structure of the luminescence spectra. Metal
oxo vibrational frequencies are higher than metaicillary
ligand frequencies by approximately a factor of 4 and both
modes are therefore easily identified in the vibronic structure
of an electronic spectrum. A recent quantitative normal coor-
dinate analysis oftransOsQy(oxalate)?~ and transOsQ-
(malonatey~ 2! concludes that the @0 oscillators contribute
between 98% and 100% to the metako coordinate and that

the metatligand modes involving the ancillary ligands L have 1 12 14 16 18
between 39% and 48% metdl character, with the remaining Wavenumber [em'] x10°

contributions originating from oscillators centered on L. Figure 1. Solid-state luminescence spectratainsReOy(tmen)Cl

~ We find that not only the lowest energy excited state ;g potiom traceransReQ(en)Cl (15 K, middle trace), anttans:
influences the potential energy surface of the ground state. A Re,(1-vinylimidazole)l (6 K, top trace).

model involving two excited states is necessary to calculate the
vibronic structure of the luminescence spectra for our series of Table 1. Summary of Spectroscopic Data from Low-temperature
related molecules. Low-temperature optical spectroscopy pro- CTystal Spectra ofransDioxo Complexes

Luminescence Intensity [arb. units]

vides a powerful approach to characterize interactions between lum.  lum. lum.
electronic states, information not easily available from other max.  origin lifetime  hov-o hom-L
complex [em™]  [ecm™Y [us] [ecm™]  [ecm™

experimental or theoretical techniques. We have applied absorp-
tion spectroscopy in a previous stddynd use luminescence  ReQ(eny” 12190 14200 1.6 (10K) 880 210
spectroscopy in the following. 1.0 (80K) 899 26¢

795
. . ReQ(tmen)"™ 15910 17660 62 (10K) 890 20¢*
Experimental Section 60 (100 K)
All transdioxo complexes of rhenium(V) were prepared using . 42 (250 K)
ReQy(vi-im),© 13310 14700 88 173

literature method%2¢ Both transReQy(ethylenediaminel| andtrans
ReQy(N,N,N',N'-tetramethylethylenediaming)l were prepared from
solutions of ReOG(OEt)(PPh).?? in absolute ethanol, to which an

210
OsO(eny?* 13550 15200 0.89 (10K) 932 236
0.82(100K) 726 270

excess of the ethylenediamine ligand was addefier 1 h atreflux a 0.40 (250 K)

yellow solid precipitated, wh_lch then was recrysta_llh_zed several times 0sOy(0X)2 11056 12600  0.36 (16 K) 907 561
from a methanol/water 1:1 mixturgansReQy(1-vinylimidazole)l was 0.32 (80 K) 910 569
prepared by adding an excess of the ligand to a suspension of-ReO 0.20 (120K) 730

(PPh)?” in methanol. The crystals obtained were filtered and washed - - - "

with toluene. Bottrans OsQy(enkCl, andtransOsOy(oxalate)(NBu); * Luminescence” Raman.© Absorption {E, excited state)” Raman,

refs 20 and 21¢ transOsQy(malonatey shows a weak luminescence

were prepared according to literature mett®é&rom K,OsQ-2H,0 band with a maximum at 10600 (10 K)

(Strem Chemicals) and recrystallized from ethanol/ether. The ancillary

ligands ethylenediamindy,N,N',N'-tetramethylethylenediamine, 1-vi- o .
nylimidazole, and oxalate will be abbreviated as en, tmen, vi-im, and C€Nce spectra were corrected for detector response by calibration with

ox in the following and we will use only the formula of the transition 2 calibrated reference tungsten lamp (Oriel 63350), using the procedure

metal complex without the counterion for brevity. The purity of all described in detail pr_eV|ousF59. ) )

compounds was checked by IR, Raman, and electronic spectroscopy. Lumlnescencg Ilfgtlmes were measured with an excimer laser (XeCl,
The luminescence instrumentation has been described in detail 308 NM) as excitation source and detected with a Hamamatsu R406

before2 A Xe lamp filtered through a copper sulfate solution and Schott Photomultiplier. The time-dependent intensities were stored with a

BG18 or UGL1 filters was used as excitation source. The samples weredigital oscilloscope (Tektronix TDS386).Absorption spectra were

cooled in a helium gas-flow cryostat (Oxford Instruments CF 1204). Measured with a Varian Cary SE spectrometer.

The emitted light was dispersed through a 0.75 m monochromator (Spex .

1800 I1) or a 0.5 m monochromator (Spex 500M) and detected with SPectroscopic Results

photomultipliers (Hamamatsu R4632, R928 or R406) or a Ge near- C ; ;
! ; . o rystals of altrans-dioxo complexes used for this study show
infrared detector (Applied Detector Corporation 403UL). All lumines luminescence at low temperatures. The spect 5 ReOy-

(21) Struess, A.; Preetz, W. Naturforsch.1998 53h, 823. (vi-im) 4+, transReQy(en) ™, andtransReOy(tmen) ' are pre-
(22) Chatt, J.; Rowe, G. Al. Chem. Socl962 4019. sented in Figure 1. It is remarkable that these closely related
10&35) Johnson, N. P.; Lock, C. J. L; Wilkinson, &.Chem. Socl964 complexes show band maxima separated by 3700cithe
(24) Lock, C. J. L.; Turner, GActa Crystallogr.1978 B34 923. luminescence spectra in Figure 1 show a main progression with
(25) Brewer, J. C.; Gray, H. Bnorg. Chem.1989 28, 3334. an average spacing of 900 ctnThe comparison of this energy
(26) Bdanger, S.; Beauchamp, A. llnorg. Chem.1996 35, 7836. difference with Raman frequencies is given in Table 1 for all
(27) Ciani, G. F.; D’'Alfonso, G.; Romiti, P. F.; Sironi, A.; Freni, M. . . L.
Inorg. Chim. Actal983 72, 29. complexes, confirming that this progression involves the Raman
16(%;i)SMalin, J. M.; Schlemper, E. O.; Murmann, R. lIKorg. Chem1977, active rhenium-oxo stretching mode. The overall band enve-
‘(29) Preetz, W.; Schulz, HZ. Naturforsch.1983 38b, 183. (31) Weiss, J.; Fischer, R. A.; Pelletier, Y.; Reber)iiarg. Chem1998

(30) Davis, M. J.; Reber, Anorg. Chem.1995 34, 4585. 37, 3316.



846 J. Am. Chem. Soc., Vol. 122, No. 5, 2000

Wavelength [nm]
1 1}00 800 600

|

13K

10K

100 K

Luminescence Intensity [arb. units]

T T T T

Wavenumber [cm"] x10°
Figure 2. Solid-state luminescence spectraminsOsQy(en)Cl, (10

and 100 K, bottom traces) arichns-OsQy(0x)(NBus), (13 and 80 K,
top traces). The abscissa scale is identical with that in Figure 1.

lopes and intensity distribution along the main progression of
the spectra in Figure 1 are similar to the literature spectrum of
transReQy(pyridine)™ 56 and to the spectra of sevearans
ReOy(R-imidazole)™ complexes with different substituents R
on the ligand ring systed?. Each member of the main

progression consists of a cluster of bands separated by ap

proximately 200 cm?, particularly obvious fotransReGy(eny™
andtrans-ReQy(vi-im) 4 in Figure 1. These energy differences
are in good agreement with low-frequency Raman transitions
involving predominantly metatL oscillators. Our low-temper-
ature absorption spectrum wansReQy(en)™ is identical with

the literaturé® The lowest-energy absorption bandstans
ReQy(tmen)™* are approximately 4000 cmh higher in energy

than those of the ethylenediamine complex. The absorption

spectra of both compounds overlap with the luminescence
spectra at the electronic origin.

Luminescence lifetimes and intensities show similar decreases

at high temperatures and are given at representative temperatur
in Table 1. The luminescence lifetime of Rgtnen)™ is 62
us at 10 K, similar to the 6&s lifetime reported at low
temperature for Regpyridine)," 6 and longer by a factor of
50 than the 1.6us lifetime of ReQ(en)' at 10 K. This
difference is most likely due to more efficient nonradiative
relaxation processes for complexes with low energy emission
bands, such as Re@n)". Similar lifetimes between 1 and 3
us have been determined before for a seriesaisReOy(R-
imidazole)™ complexes with emissions in the near-infrared
spectral regio?

Figure 2 shows the luminescence spectrziarfs OsQy(0x)2~
andtransOsQy(en)?". Both spectra have no resolved vibronic

structure. The band maxima of the two complexes are separated

by 2500 cntl, an energy variation comparable to the value
determined for the rhenium complexes in Figure 1. The full
luminescence bandwidths at half-height are 3150 and 2386 cm
for trans-OsQy(en)?" andtrans-OsOy(0x),%~, respectively. The
absorption spectrum ofransOsQy(0x),2~ is given in the
literature?®33 and shows the onset of a weak band system in
the same energy region as the high-energy limit of the
luminescence spectrum at approximately 14000'dm Figure

2. The absorption spectrum tfansOsQy(en)?t also shows
weak, structured bands starting at approximately 18000'cm

v@a and Reber

coinciding with the high-energy limit of the luminescence band.
The average spacing of the main progression in the absorption
spectrum is 726 cri. At 26810 and 31250 cni the origins

of two intense oxo— osmium(VI) charge-transfer bands are
observed. Their vibronic structure and widths are similar to those
reported and analyzed for many othesns-dioxo complexes

of osmium(VI), independent of the nature of their ancillary
ligands?-1220.29.33The |uminescence intensity of bothans
dioxo osmium(VI) complexes decreases at high temperatures,
as illustrated with the high-temperature spectra included in
Figure 2. The luminescence lifetime ansOsQy(en)?" is
0.89us at 10 K, significantly longer than the lifetime of 0.36
us measured at 13 K farans-OsQy(0x),2~, which emits at
lower energy. The luminescence lifetime foans-OsQy(0x),?~
varies by only 9 ns between 840 and 940 nm, indicating that
the observed unresolved band is not a superposition of individual
spectra from significantly different chromophores. Table 1
contains a summary of the relevant spectroscopic data for all
trans-dioxo complexes compared in the following.

Discussion

Totally Symmetric Electronic States oftrans-Dioxo Com-
plexes.In this section, we identify excited electronic states with
the same symmetry as the ground state and define a model for
the ground-state potential energy surface that includes interac-
tions with the excited states. The d-orbitals ofrans-dioxo

complex withD4, point group symmetry and theaxis parallel

to the metat-oxo bond split into by (dyy), € (Oxzy2), big (Ghe—y?),

and aq (d2) in increasing order of enerdgy?* We will only
consider electronic states arising fromdjf(e,)™ orbital con-
figurations , m: 0, 1, 2;n + m= 2). The ground state of all
trans-dioxo compounds studied heréAsy and arises from the
(b2g)? electron configuration. Spirorbit coupling is an impor-
tant effect in complexes of third-row transition metals, and we
will therefore use interactions between sporbit states of Aq
symmetry. Their spin and orbit symmetry and electron con-
figurations are given in Figure 3. The lowest-energy excited

A1g State is a spirrorbit level of the®Ey crystal field state with

Cthe (bg)(ey) electron configuration. It is not the emitting state,

as the Bg and Byg spin—orbit levels are lower in energy for all
titte complexe$:3* The second A, excited state within our
model is the'A,q4 state arising from the @ electron config-
uration3* These three states interact through off-diagonal matrix
elements involving spirorbit coupling and interelectronic
repulsion. Their electronic energies are obtained as eigenvalues
of:

El V12 V13
VAlg =V E Vi 1)
Vis Vs B

The diagonal elemenfs are given in the literatuféin terms
of crystal field theory (CF) using the angular overlap formalism:

Ef = E(lAlg’ bgg) =3Ky=3(38+0) @
E5" = ECE bye) = A, =2((0)—e(L)  (3)
EgF — E(1A1g1e§) = ZAn + 4ny (4)

Empirical values for the two crystal field parametexs and

(32) Savoie, C.; Reber, Coord. Chem. Re 1998 171, 387.
(33) Cromp, B.; Triest, M.; Carrington, T., Jr.; Reber, $pectrochim.
Acta A1999 55, 575.

(34) Miskowski, V. M.; Gray, H. B.; Hopkins, M. D. IiAdvances in
Transition Metal Coordination ChemistrniChe, C.-M., Yam, V. W.-W.,
Eds.; JAI Press: Greenwich, CT, 1996; Vol. 1, p 159.
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andEcadA1g'A1g) in Table 2. The off-diagonal matrix elements
V12, Vi3, andV,3 are adjusted by fitting the eigenvalues of eq 1
=, to the crystal field energies of the threejgAstates. This
S = procedure allows us to include effects arising from coupling to
1/ all Aiqg electronic states and can easily be simplified to a two-
state model by considering only the upper left-has®2natrix

of eq 1. The matrix element between the th4 electronic
states is given as/2K,,34 and the matrix element between the
ground state and the lowest energy, xcited state is expected

to be on the order of the spitorbit coupling constant. The
numerical values o¥/j in Table 2 are in this range and will be
used to calculate the effects of the two excited states on the
Qpe-o [A] ' ground-state potential surface. The off-diagonal matrix elements
are treated as constants in the following. The diagonal elements
correspond to harmonic potential energy surfaces with vibra-
tional frequencies and positions of their minima along the normal
coordinate axes determined from luminescence, absorption, and
Raman spectra.

Calculation of Luminescence SpectraThe matrix in eq 1
represents the energies of the threg électronic states at the
ground-state equilibrium geometry and the valueg:0E,, and
E; given by eqs 24 do not vary as a function of molecular
structure. It is essential to realize that the energy minima of the
excited states correspond to molecular structures that are
different from the ground-state equilibrium geometsy, E,,

0.2 0.4 andEj; represent therefore potential energy surfaces in a model
that allows us to calculate spectra. We use the harmonic potential
surfaces given in eqs-5/ as a function of the metabxo
(Qu=o0) and metat-L (Qu-L) normal coordinates.

50+

2.
A1g (1A‘g, eg/)’

40
30

204\

Energy [cm™'] x10”

SOﬂ

404"

Energy [cm'1] x10°

-0.4 -0.2

0.0
Q Re-L [A]
Figure 3. Potential energy surfaces flsansReQy(1-vinylimidazole)*
along the rheniumoxo (a) and rhenium(1-vinylimidazole) (b) normal
coordinates. Electronic states are indicated in idealzgdsymmetry

and their orbital configurations are given. Adiabatic potential energy Y Ky

surfaces that include coupling between electronic states are given as E, = ESF + :OQZ + _"-QZ (5)
: ; 1 1 2 <M=0 2 <M-L

dotted lines, as calculated from eq 1. The arrow denotes the lumines-

cence transition from the lowest energy sparbit levels of the’E,

excited state to théA4 ground state. The parity forbidden transition _ _CF M=0, 2

is allowed by the low actual symmetry of the compound and by vibronic E,=E"+ 2 (Qu=0 ~ 2Qu=0AQu=0) +

mechanisms. K
M—-L, ~2

. . . _(meL - ZQMfLAQMfL) (6)
2

Kxy are given in the literaturé. The parameten\, has been

determined to be on the order of 24800 ¢nfor saturated 2

nitrogen donor ancillary ligands and values between 1800 andE — ECF 4+ kM=O(Qz — 4Q,_oAQy_o) +

2400 cnt! have been reported fif,.2* These two parameters 3 3 2k, “M=© M=0T"<M=0

are the most important factors determining the luminescence K2

energies and the energies of the three electronic states in eq 1. MTLQ2_, — 4Q,,_ AQy_,) (7)
We have shown previously with molecular orbital and crystal 2y Mt MLTEM L

field calculations thatrans-ReQy(R-imidazole)™ complexes

have lowerA, values thantransReQx(py)st and luminesce The force constantk in egs 5-7 are calculated from the
therefore at significantly lower enerdy.The decrease dfy, experimental vibrational frequencies in Table 1. The enégiy

from transReQ(enk’ to transReQy(tmen)* leads to the (A14,°Eg) obtained from the crystal field calculation compares
different luminescence energies for these two complexes, asfavorably to the first absorption maxima of the rhenium
illustrated in Figure £2 Significant decreases of the Racah complexes. The potential minima for both excited st&eand
parameters for complexes with substituted ethylenediamine Es are defined byAQu=o and AQu-.. These two parameters
ligands with respect to their ethylenediamine analogues haveare obtained from the comparison of calculated and experimental

been reported for tetragoriahnsNi(SCN)(en} complexess-36 luminescence and absorption spectra. Metado bond length
confirming the trend observed faransReQL,* complexes. changes are obtained @Qu-o/v/2. The orbital configura-
We use angular overlap calculatihécluding spin-orbit tions of the two lowest energy electronic states and the ground

coupling within the 58 configuration to calculate the crystal a.nd excited-state vibrational frequencies in_TapIe 1 define the
field energy differences between twaexcited states and the  signs of these bond length changes. The excitation of a molecule

ground state. These energy differences are givéafA14,°Eg) to its Aig(°Eg) excited stateHy) increases electron density in
- - the = antibonding g orbitals oriented toward the oxo ligands.
55’(33’?)7'5‘?"6“ A.B.P.; London, G.; McCarthy, P.Qan. J. Chem1977 The metatoxo vibrational energy of this excited state decreases
(36) Lever, A. B. P.; Walker, I. M.; McCarthy, P. J.; Mertes, K. B.; 10 approximately 90% of the ground-state value, and we expect
Jircitano, A.; Sheldon, Rinorg. Chem.1983 22, 2252. the bond length to increase. The valuea@iv-o given in Table

(37) Adamsky, HAOMX — an angular aerlap program Institut fur imi ; ; ; ;
Theoretische Chemie, Heinrich-Heine-Univeisidisseldorf: Disseldorf, 2 are similar for all complexes, reflecting their almost identical

Germany, 1995 The program is available at http://www.theochem. Metal-oxo bonding. In the A°Eg) excited state electron
uni-duesseldorf.de/Computing/Progs/aomx/Welcome.html. density is removed from the antibonding by orbital oriented



848 J. Am. Chem. Soc., Vol. 122, No. 5, 2000 v@a and Reber

Table 2. Summary of Parameters for the Calculation of SpectraasfsDioxo Complexes

ReQy(vi-im) 4" ReQy(enkt ReQy(tmen)™ OsOy(0X)2~ OsQy(eny?"

A, [em™ 10970 22000 22000

Kyy [cm™] 2000 3100 2000

¢ [em™] 3000 3000 3000

Viz [cm™ 2160 420 2250 4000 0

Vis[em] 2690 441 2980

Vas [cm™] 4600 4620 4820

Eca(A16Eg) [cm] 15670 15700 18490

EcadA1g A1g) [cm ™ 41890 48560 47860

AQu-o[A] 0.11 0.13 0.12 0.085 0.10

AQu-1 [A] -0.08 -0.11 —0.08

I'[cm™Y 50 50 50 350 350
toward the ancillary ligands, and the-\L vibrational frequency 03 |

of the excited state increases to 120% of the ground-state value, 0.2 _A
leading to a bond length decrease and to the negative values of e ——
AQu-L in Table 2.

The highest energy A state {A1g €, configuration) cannot
be observed spectroscopically, but it can be characterized with
egs -5 and with reasonable estimates for its force constant

o [A]

Qe
S o
N 'y
<<<

and for the position of its potential minimum along the —_—
coordinatesQ;. We assume in eq 7 that itAQ; values J
correspond to the double of those obtained for thg®K,) state, 03
where only one electron is excited into thg @rbital. We 0.3 b)

estimate vibrational frequencies that change by a factde/of 02 _A

ks from the values obtained for thelé(?Eg) excited state. Figure

3 shows the harmonic potentials in egs®as a function of = 01

both relevant normal coordinates. The excited-state potentials o 004

cause a flattening of the ground-state surface at positive values Oﬂ?

of Qre—o and negative values oy_.. The higher energy ’°'“¥/

excited state in eq 1 effectively represents both high-energy _o,gﬁv

crystal field states or totally symmetric charge transfer states. v

Qualitative experimental evidence for this excited state is O
0.3 -02 -0.1 00 01 02 0.3

observed in the absorption spectruntrahsReQy(eny™, which
shows a weak band with a resolved progression in tle®e Qrer (Al
mode starting at approximately 28000 Tinpossibly corre-  Figure 4. Ground-state potential energy surface fransReGy(1-
sponding to the second excited state in our model and CDnﬁrm_V|nyI_|m|dazole)ﬁ: (a) diabatic _sur_face and (b) I_o_west adlabat!c_surface
ing our assumption of a large offset of its potential energy °Ptainedfrom eq 1. The dots indicate the position of the emitting state
minimum along Qeo. In other compounds, this transition is potentlallmlnlmum. The: energy minimum <_)f both contour dlabgrams is
masked by more intense transitions to ungerade parity excitedat 0 cnt™ and contour lines are shown at intervals of 2000°tm
states. The contour lines in Figure 4a show the potential surfacecopy?9.40 for our calculations. This approach allows us to
for a harmonic ground state, calculated from eq 1 with = calculate spectra for all models within the same framework. The
Vi3 = V23=0. The contour diagram in Figure 4b is calculated emission spectrum is given by
for the lowest energy adiabatic surface obtained from eq 1 with
the nonzero coupling constan¥ given in Table 2 fortrans —_ ~ 3T jot —T22-+HE oot
ReQy(vi-im)4*, again iIIustratirr:yg the flattening caused by the hum(®@) = Coo f—w e {ple(ie bt (8)
excited electronic states. .

The analytical expression for the ground-state potential ¢ 'ePresents the nuclear wave function of the molecule=at

surface, corresponding to the lowest-energy eigenvalue of eq 10 On the ground-state potential surface. The most important
with the diagonal elements of the matrix given by egs75 ingredient determining the vibronic structure and band shape
contains many terms of the forkgQu=o"Qu_L" (M + n < 6 of the luminescence spectrum is the autocorrelation function

m== 0, n = 0). These terms lead to potential energy surfaces [@l¢(DLof the wave packet evolving on the ground-state

such as Figure 4b where ti@_o andQu_. coordinates can  Potential surfaceI is a phenomenological damping factor
no longer be separated. The influence of terms Witk n = adjusted to reproduce the resolution of the experimental spectra
1 andm= 2, n = 1 on electronic spectra has been studied in @NdEoois the energy of the electronic origin, given in Table 1

detail for (hexafluoroacetylacetonato)dimethylgold(lll) and val- for the title compounds. We assume a harmonic surface for the

ues of k. have been determined from fits to experimental €Mitting state and make the Condon approximation for all
spectra® In our model, both the values of andn and the calculations, using a transition dipole that is independent of

magnitude ofk. for each coupling term are defined by the Qw=oandQu-i. This assumption is justified because progres-
spectroscopic parameters in Tables 1 and 2. The couplingSions built on vibronic origins are experimentally observed to
between the coordinate@u—o and Qu_y is an effect of the have intensity distributions identical with those on pure
interacting electronic states of the title compounds. (39) Heller, E. JJ. Chem. Physl975 62, 1544.

We use the time-dependent theory of emission spectros- (40) Zink, J. I.; Kim Shin, K.-S. IPAdvances in Photochemistryolman,
D. H., Hammond, G. S., Neckers, D. C., Eds.; John Wiley: New York,

(38) Wexler, D.; Zink, J. 1.J. Phys. Chem1993 97, 4903. 1991; Vol. 16, p 119.
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electronic origins in many transition metal compounds with
inversion symmetry! The crystal structures of the ethylenedi-
amine and oxalate complexes have a center of inversion at the
metal site?12428 The luminescence spectra tfansReQ-
(tmen)™, transReQyen) ™, transOsQy(en)?", andtransOsQ-
(ox),%~ are therefore superpositions of spectra built on vibronic
origins that are too close in energy to be resolved in our
experiments. The crystallographic point group symmetry of the
transReQy(R-imidazole)™ compounds does not retain the
inversion centef® relaxing the parity selection rule and leading
to a weakly allowed electronic transition in addition to progres-
sions built on vibronic origins. This superposition is a likely
cause of the limited resolution of the luminescence spectra, in

Luminescence Intensity [arb. units]

contrast to the allowed oxe- metal charge-transfer absorption v U
bands, where line widths of less than 20drare observed for ' N
some of the title compound829.33 harm,
The time-dependent wave functigift) in eq 8 is calculated vV vV Vv
on a two-dimensional grid representing the ground-state potential 10 11 12 13 14 15
surface with the split operator algorithm developed by Feit and Wavenumber [om’] x10°®
Fleck?2 Figure 5. Comparison of calculated luminescence spectrarfors

ReQy(1-vinylimidazole)". Top to bottom are the experimental spec-
i 2 i i 2 trum, the spectrum resulting from the best fit to eq 1 with the potential
Pt + At) = gl AT g AN gAY o(t) + O[(Ats)] 9) in Figure 4%, the spectrumgwifbflz #= 0, the spect?um With/lgip 0,
and the spectrum calculated for the harmonic ground-state surface in
Equations 8 and 9 allow us to calculate the autocorrelation Figure 4a.
function [¢|¢(t)dand the luminescence spectrum.
Luminescence Spectra from Harmonic Potential Energy
Surfaces.Harmonic potentials provide an excellent starting point
for the analysis of vibronic structure in electronic spectra of
transition metal compounds and have been extensively used to
calculate spectra for a large number of transition metal
complexes and organometallic molecuieé$3We use them first
to calculate the resolved luminescence spectra fortridnes
dioxo complexes of rhenium(V) shown in Figure 1. The
vibrational energies of the ground and emitting state potentials ,

Luminescence Intensity

T T T T
are determined from luminescence, Raman, and absorption 10 11 12 13 14 15
spectra and are summarized in Table 1. A calculated lumines- Wavenumber [cm '] x10°
cence spectrum based on harmonic surfaces is given in theFigure 6. Effect of resolution on the vibronic structure of the calculated
literature fortrans-ReQx(py)st and is in perfect agreement with ~ luminescence spectrum vansReQy(1-vinylimidazole)*. The bottom
the experimental spectrufiThe positions of the minima along and middle spectra are calculated from the same model as the best fit

d’n Figure 5, but with line width parameteFs(eq 8) of 10 and 60 cnd,
respectively. The top spectrum is a weighted superposition of 11 best
fit spectra displaced along the abscissa to simulate the effect of
inhomogeneous broadening.
5 and 7. Each cluster of bands forming the main progression in
trans-ReQy(vi-im) 4T andtransReGy(en)™ has a different shape
from its neighbors, leading to the nonreplica patté&resipha-
sized by the sloping lines. This variation is more pronounced
or molecules which emit at low energies, such as the ethyl-
¢ . - enediamine and 1-vinylimidazole compounds in Figure 1. In
rom the literature spectra, very similar to the values reported o o . .
contrast, it is weak or negligible for complexes which emit at

In Table 2 for the twatransdioxo complexes of osmium(V1) higher energies, such as the tetramethylethylenediamine complex
in Figure 2. Calculations based on harmonic potentials are shown. an gies, o yiethy . P
o . in Figure 1 or the pyridine complex, where the harmonic model
in Figures 5, 7, and 8 for all title compounds. The parameters ._ . - .

: - : is in excellent agreement with the experimental speciihe
used for the calculations are summarized in Table 2.

There are two important discrepancies between ex erimentalSecond Important difference concerns the shape of the lumi-
P P . P . nescence spectrum calculated foansOsGy(0x)22~, which
spectra and calculations based on harmonic surfaces. Both arisicee s from the Poisson band shape calculated for a harmonic
from the terms coup_lmg the_ coordinat@y—o and Qu- as a .. _ground-state surface. Two mono-oxo complexes of rhenium-
consequence of the Interactions betwegn the ground and excite V) with near-infrared luminescence bands also show unusual
electronic states. The first difference is indicated by the sloping

lines on top of the experimental and calculated spectra in Fi uresband shape$! These envelopes will be analyzed in the final
P P P 9 section of the discussion.

the normal coordinates are the only adjustable parameters an
absolute values of 0.07 and 0.03 A are obtained for the
rhenium-oxo and rheniumpyridine bond length changes,
respectively The corresponding changes along the normal
coordinatesAQre—o andAQge-. are 0.10 and 0.06 A, respec-
tively. The literature luminescence spectrum tnsOsOx-
(CN)42~ shows weakly resolved vibronic structure with a
separation between peaks corresponding to the Raman activ
0s=0 mode?2° We estimate a value of 0.10 A faxQos—0

(41) Flint, C. D.Coord. Chem. Re 1974 14, 47. Resolved Vibronic Structure for trans-Dioxo Complexes
41542) Feit, M. D.; Fleck, J. A, Jr.; Steiger, A. Comput. Phys1982, 47, of Rhenium(V). The vibronic structure observed farans
(4'13) Brunold, T.; Gdel, H. U. InInorganic Electronic Structure and (44) Oetliker, U.; Savoie, C.; Stanislas, S.; Reber, C.; Connac, F;

SpectroscopySolomon, E. I., Lever, A. B. P., Eds.; John Wiley: New Beauchamp, A. L.; Loiseau, F.; Dartiguenave, @hem. Commurii998
York, 1999; Vol. |, p 259. 657.
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sloping lines above the first and fourth members of the main
progression in both the experimental and calculated spectra

~
shown in Figure 5. The spectra calculated from models with
1 only two coupled levels are shown as the third and fourth traces
A~ in Figure 5 and do not lead to a variation of the shape of each
member of the main progression that matches the experiment.
o~ Even increasing the only remaining coupling constépt or
V13 in these models does not result in calculated spectra that
show as good an agreement with experiment as the spectrum
S~

from the full calculation with eq 1. The effect of two excited
states with different potential energy minima aloQgon the
ground-state potential surface appears to be essential. The

Luminescence Intensity [arb. units]

10 12 14 comparison in Figure 5 shows that the full model in eq 1 has to
Wavenumber [cm '] x107® be used to quantitatively rationalize the observed vibronic
structure.

to the best fit in Figure 5, indicating that this effect does not
depend on the bandwidth of individual vibronic lines. The

resolution and background of the experimental luminescence

Luminescence Intensity [arb.units]

spectra are most likely determined by inhomogeneous broaden-

Figure 6 illustrates the influence of the vibronic line width
and inhomogeneous broadening on the calculated luminescence
M spectrum ofrans-ReQy(vi-im) 4. The bottom and middle traces
are calculated with the same model as the best fit spectrum
shown in Figure 5, but with damping factofsof 10 and 60
cm! for the high- and low-resolution spectra, respectively.
These calculated spectra show nonreplica patterns very similar

)

S ing. The top spectrum in Figure 6 illustrates the result of a
12 14 16 18 weighted addition of spectra displaced along the abscissa axis,
Wavenumber [cm '] x107 shown as the sum of the best fit spectrum from Figure 5 (weight
Figure 7. Calculated and experimental luminescence spectra of (a) 30%) and best fit spectra displaced £y0 cnt* (15% each),
transReQy(en)" and (b)transReQytmeny’. The top trace in both ~ £140 cn* (7% each);£210 cn1* (4% each);£280 cnm* (4%
sections is the experimental spectrum, followed by the spectrum each), andt350 cnt! (4% each). This calculated spectrum
calculated from the lowest adiabatic potential in eq 1 and the spectrum provides a good reproduction of the background intensity
calculated from harmonic potential surfaces. between the members of the main progression in the experi-
mental spectrum in Figure 5 and it retains the vibronic intensity
distribution of the best fit calculation. The comparison of all
spectra indicates that the intensity variations along the main
progression are not significantly affected by line broadening or
by an unresolved background.

The lowest adiabatic surface is sufficient to calculate spectra
ecause only negligible wave packet amplitude extends to the
region of the avoided crossing between the potential surfaces
illustrated in Figure 3. The energy difference between the
ground-state minimum and the initial position of the wave
packet, indicated by the black dots in Figure 4, is 2470tm
for the harmonic surface in Figure 4a and 2030 éror the
potential in Figure 4b. The difference of 440 chibetween these
two energies is due to coupling between the ground and excited
electronic states, as derived with our model from the low-
temperature luminescence spectra. The difference is obvious
from Figure 4, where the dot indicating the emitting state
minimum is outside the innermost (2000 th contour line
Sfor the harmonic potential in Figure 4a, but intersects this
contour line for the potential including coupling in Figure 4b.
The terms coupling normal coordinates cause wave packet
dynamics on the potential energy surface in Figure 4b that can
no longer be separated into independ€ii—o and Qu-L
dynamics, as has been illustrated in detail for a two-dimensional
potential surfac®(Q1,Q,) with a singlek.Q;2Q. coupling ternté

The same approach was applied to the ethylenediamine and
tetramethylethylenediamine compounds and leads to satisfactory
spectra calculated with eq 1, as illustrated in Figure 7. The
calculated spectra show the importance of the energy difference

ReQL," (n = 2, 4) complexes with low-energy emission is
influenced by all three £y electronic states defined in eq 1.
We use in the following the model outlined in the first section
of the discussion to rationalize the spectra observed for the
rhenium(V) complexes in Figure 1. We have previously reported
a phenomenological model that was sufficient to quantitatively b
describe the nonreplica vibronic patternosfecomplex,trans
ReQy(1-methylimidazolej", by adding a singl&Qre-0?Qre-L

term coupling the two normal modes to the harmonic ground-
state potential and fitting the adjustable paraméte® This
coupling constant was found to be smaller by approximately 2
orders of magnitude than the rhenigimxo and rheniumL
vibrational energies. The phenomenological model does not
allow us to rationalize the presence or absence of nonreplica
patterns in the luminescence spectra of the closely related
rhenium complexes presented here and reported previgusly,
but we found that the adjustable paramétgds largest for low-
energy luminescence spectra, a qualitative correlation that ha
inspired us to develop the model described here.

Figure 5 shows a detailed comparison between spectra
calculated from several models and the experimental spectrum
of transReQy(vi-im) 4+ (top trace). The spectrum corresponding
to the full three-level model given in eq 1 and Figures 3 and 4
provides the best overall fit and is shown directly below the
experimental spectrum. The harmonic spectrum (bottom) does
not reproduce the variation of the vibronic structure along the
main progression at all, because all interactions with excited
states are neglected. This is obvious from a comparison of the

(45) Savoie, C.; Reber, C.; Bager, S.; Beauchamp, A. lnorg. Chem.
1995 34, 3851. (46) Tannor, D. JJ. Phys. Chem1993 97, 4903.
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spectrum is steeper than observed experimentally and the low-
energy decrease of the calculated intensity occurs slower than
in the experimental spectrum. It is not possible to simultaneously
remove both discrepancies with a harmonic ground-state surface.
The experimental band shapes at 10 and 80 K are very similar
and differ from a Poisson envelope. The constant luminescence
lifetimes across the band shape indicate that the envelope is
not due to two or more overlapping harmonic spectra. The value
B e N of 0.085 A for AQos—o obtained from the fit is smallest among

10 11 12 13 14 15 18 the values in Table 2, possibly related to the osmitoxo bond
Wavenumber [em ] x10 length of trans-OsOy(0x),2~ which is 0.03 A shorter than in
trans-0sQy(en)?™ 2128 or due to the competition between
metal-oxo and metatoxalatesr bonding?+34

We improve our model by including interactions between the
ground state and the lowest energy excited state, involving a
single coupling constan;,. The energy of this excited state is
obtained from the absorption and luminescence spectra and
given in Table 2. The calculated spectrum shown as a solid
line in Figure 8b (bottom trace) is obtained from the upper left

| . r - 2x2 section of the matrix in eq 1 by adjustivg,. Increasing
9 10 11 12 13 its value leads to a narrower calculated band shape with a steeper
Wavenumber [cm™'] x10° decrease of the intensity at low energies and improves the
Figure 8. Calculated and experimental luminescence spectra of (a) agreement with the experiment, as shown in Figure 8b. A
transOsQy(en)?" and (b)trans-OsOy(0x),?~. The top traces in both qualitatively similar change in the band envelope as a conse-
sections denote the experimental spectrum. The calculated spectrunyuence of coupling is observed for the low-energy emission of
of trans-OsQy(en)?" is obtained from a one-dimensional harmonic  the rhenium compounds in Figures 5 and 7b. The remaining
potential surface and shown as the bottom trace in part a. The CalCU|ateddiscrepancies between experimental and calculated band shapes

b : i
spectrum oftransOsQ(ox),"" based on harmonic potential energy oo et jikely due to the limitation to only one excited state
surfaces is shown as a dotted line in part b. The spectrum calculated.

from a model including coupling between two potential surfaces is given InIQractlng Wlth_the ground state of the osmium(V1) complexes,
as a solid line (bottom trace in part b). unlike the rhenium compounds, where the full model with two

excited states in eq 1 was used. The unresolved luminescence

between the electronic states: the effect is easily seen in theSPectra and the limited crystal field absorption data of the
experimental luminescence spectrumtrains-ReO,(eny*, but _osmlum(_VI) comp_lexes do not provide sufficient experimental
it is much less obvious for the tetramethylethylenediamine !nform_atlon to define aII_the parameters necessary for a model
complex. The parameters used for the two complexes are veryinvolving three electronic states.
similar, with the exception of the interelectronic repulsion  The reason for the narrowing of the band envelope is evident
parameterKyy, which is significantly larger for the ethylene-  from a comparison of the autocorrelation functiagg(t)Lin
diamine complex. eq 8 obtained for harmonic ground-state potentials and for the
The values determined faxQ; in Table 2 are very similar surfaces including coupling to excited states. At the initial
for the three rhenium complexes, but the detailed vibronic position of the wave packet, the harmonic ground-state potential
structure of their luminescence spectra varies and the spectreédf each title compound has a steeper slope than the lowest
do not have the same overall bandwidths: the spectrum of theadiabatic surface arising from the coupled model, as illustrated
ethylenediamine complex is narrower than the spectrutmané for transReQy(vi-im)4* in Figures 3 and 4. The slope of the
ReQy(tmen)*, which has its maximum at higher energy. The surface region explored by the wave packet at short times
same trend is observed ftans-dioxo complexes of osmium-  determines the initial decrease of the autocorrelation function.
(V1) and discussed in the following section. The model ineq 1 A rapid decrease is calculated from harmonic surfaces as
involving three coupled electronic states therefore provides a illustrated by the dotted lines in Figures 9a and 9btfans-
complete and quantitative explanation for the observed spec-OsQy(0x),?~ and transReQy(en)", respectively. These auto-
troscopic effects. correlations lead to a broad Poisson band enveidffeThe
Band Shapes oftrans-Dioxo Complexes of Osmium(V1). adiabatic surfaces are flattened in the region below the emitting
The unresolved band shapes of thns-OsOL, complexes in state minimum and we calculate a slower decrease of the
Figure 2 also show distinct evidence for interacting ground and autocorrelation, shown as solid lines in Figures 9a and 9b,
excited electronic states. We calculate spectra from a simplified leading to the narrower band envelopes and deviations from a
model including only one normal coordinate, the osmitono Poisson band shape illustrated faans-OsQ,(0x),?~ in Figure
modeQos-o. The spectrum dffans-OsQy(en)?* resulting from 8b and fortransReQy(enk* in Figure 7b.
a harmonic ground state potential surface is shown in Figure The autocorrelation functions for the two calculated spectra
8a. Both the shape of the calculated band and its width are inof trans-ReQy(en)" in Figure 7a are compared over a longer
very good agreement with the experimental spectrum. The only time period in Figure 9c. Autocorrelation maxima occur every
adjustable parameter 8Qos—o, reported in Table 2. Our value  37.9 fs on the harmonic ground-state surface, shown as a dotted
of 0.10 A is within the range of literature values given as 8:10  line in Figure 9c. This time interval leads to a constant energy
0.12 A for trans-OsQ(CN)z2~.20 separation of 880 cm between the calculated maxima of the
The spectrum oftrans-OsQy(0x),2~ is compared to the  main progression. It is obvious that the recurrences occur later
calculation based on a harmonic potential energy surface inin time for the autocorrelation calculated with the adiabatic
Figure 8b (dotted line). The high-energy onset of the calculated surface including coupling (solid line in Figure 9c) than for the
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1.0 intensity variations indicated by the sloping lines in Figures 5
\ and 7: the maximum of the first member of the main
\ progression occurs later in its series of low-frequency peaks
057\ than for the fourth member of the main progression, which has
' its maximum intensity at the beginning of its cluster of low-
0.0 ~rererrerrrr ] frequency bands. The nonreplica pattern is clearly illustrated
0 10 20 0 10 20 by the autocorrelation recurrences, which occur at longer times
Time [fs] Time [fs] on the potential surface obtained from the full model in eq 1,
1.0 illustrated for one compound in Figure 4b. Figure 9d illustrates
the differences between autocorrelations from potentials includ-
ing coupling to excited states and harmonic surfacesréors-
0.5 1 A ReQy(en)™ (solid line) andtransReQy(tmen)™ (dotted line).

] The initial positive difference leads to the narrower band
envelope and the shift of the autocorrelation recurrences causes
the characteristic negative and positive autocorrelation differ-
ences at each recurrence. The comparison in Figure 9d shows
that similar effects are observed for both compounds, but that
they are much stronger for the complex with the lower energy
; ; emission, represented by the solid line in Figure 9d, again
—— T illustrating the influence of the excited electronic states on the

0 50 100 150 200 ground-state potential energy surface. The model defined in eq
Time [fs] 1 rationalizes the vibronic structure and luminescence band
Figure 9. (a) Absolute autocorrelation function foans-OsGy(0x),%. shapes for many 3dconfiguredtrans-dioxo compounds and

Thﬁ solid line denlc_Jtes tr:le (?utogol_rrelatri]on forhthe adiabatilc potefntial gives a quantitative description of the ground-state potential
with nonzero coupling, the dotted line shows the autocorrelation for a energy surfaces for the title compounds.

harmonic potential. (b) Absolute autocorrelation function at short times
for trans-ReQy(en)k". (c) Autocorrelation fortrans-ReQy(eny™. (d) Conclusion
Difference between coupled and uncoupled autocorrelatiortsios-
ReQy(en)? (solid line) andtransReQ,(tmen)* (dotted line).

[<olo(t)>|

[<olo(t)>|

A(|<olo(t)>])

The detailed comparison of luminescence spectraanfs
dioxo complexes allows us to determine the influence of excited
autocorrelation obtained with the harmonic surface. The dif- electronic states on the ground-state potential energy surface.
ference is 1.0 fs for the first recurrence, which corresponds to The resolved vibronic structure in luminescence spectra can be
an energy interval of 857 cm, and increases to 4.6 fs for the used to calculate this effect, but even the shape of unresolved
fifth peak in Figure 9c. These longer times lead to maxima of band envelopes provides experimental evidence for coupling
the main progression which occur at slightly lower energy than between the electronic ground and excited states.
those of the spectrum resulting from a harmonic surface. The

time differences between maxima of the autocorrelation shown Acknowledgment. This work was made possible by grants
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as a solid line in Figure 9c are not constant for the adiabatic (Canada). We acknowledge contributions from Sandrine Stanis-
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members of the main progression that vary across the spectrum.
These properties of the autocorrelation function cause the distinctJA993305Q



