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Abstract 

The luminescence properties of a series of" lrans-dioxo complexes of rhenium(V) with 
nitrogen donor ligands are summarized and their luminescence spectra analyzed New emis- 
sions in the visible to near infrared wavelength Iegion are observed for dioxo complexes with 
imidazo!e and ethylenediamine ligands. The intensity distribution within the main progression 
of the resolved spectra is very similar for all compounds, despite a variation of the luminescence 
band maxima by approximately 3000 cm - ~ within the series of complexes. Molecular orbital 
and crystal field models are combined with time-dependent theory to analyze the experimental 
results. Unusual vibronic structure is shown to arise from coupling between the tAlg (Dah 
point group) ground state and a ~A~g excited state, an effect that is correlated with excited 
state energies. (© 1998 Elsevier Science S.A. 

Keywords: Metal-oxo complexes; Near-infrared luminescence" Vibronic structure 

1. In troduct ion  

7?-ans-dioxo complexes of rhei~ium(V) are a well-known category of transition 
metal compounds with metal-ligand multiple bond9 [!]. Their spectroscopic and 
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photochemical properties have been summarized in a number of recent reviews and 
books [2-4]. Some of these complexes show luminescence in the visible region. A 
representative example is ReO,(py)~- with a structured emission band between 
590 nm and 750 nm [5]. Luminescer~ce from isoe!ectronic trans-dioxoosmium(VI) 
complexes is usually observed in a similar wavelength range, illustrated by 
trans-OsOz(CN)]- which emits between 615 nm and 800 nm [6,7] 

We present and analyze luminescence spectra of a series of trans-dioxorhenium(V ) 
complexes with emitting states at lower energy than the examples given above, i.e. 
in the visible to near-infrared (NIR) borderli~?e wavelength range between 700 nm 
and 1150 nm [8]. The factors leading to low-energy emitting states are identified 
from the comparison of experimental spectra with molecular orbital calculations 
and with a recent crystal field model [4]. These e!ectronic models are combined with 
time-dependent theory [9-11] to calculate emission spectra, allowing for a detailed 
analysis of the resolved vibronic structure. The observed variations of emitting state 
energies and the resolved vibronic structure are reproduced by our approach, and 
we obtain quantitative bond length changes of the emitting state. The analysis also 
provides insight into the physical origin of the unusual vibronic structure observed 
in trans-dioxorhenium(V ) complexes with particularly low-energy emitting states [8]. 

2. Summ~ry of spectroscopic results 

The instrumentation and data acquisitioi:~ procedures used for our spectroscopic 
measurements have been described in detail elsewhere [12, 13]. Onsets and maxima 
of the luminescence bands for a series of complexes studied in our laboratory are 
summarized in Table 1 and compared to selected examples from the literature. An 
extensive summary of spectroscopic data for other d 2 trans-MO2L 4 complexes is 
presented in ref. [4]. 

Fig. t shows single-crystal low-temperature luminescence spectra of two new 
trwzs-MO2L2 complexes, where L denotes vinylimidazole and 1-methylimidazole. 
Luminescence is observed between 14500 cm-1 and 9000 c m - 1  lower in energy by 
approximately 2500cm -~ than the emission from the pyridine analog [5]. Both 
spectra in Fig. 1 show resolved vibronic structure with a dominant progression in 
the totally symmetrical O = R e = O  stretching mode wit~ frequencies between 
880 cm-1 and 905 cm- i  as shown in Table 1. The vibrational energies observed in 
Raman spectra and in the luminescence progression are in excellent agreement. Each 
member of this progression consists of a cluster of bands corresponding to a second 
progression in a lower energy mode, most likely involving the four imidazole ligands 
of the complexes in Fig. 1. This mode has a frequency of approximately 200 cm- 1, 
a region where vibrational spectra show a large number of bands. The low-frequency 
vibration cannot be unambiguously assigned to a specific metal-ligand mode. The 
luminescence onset is 400 cm -1 higher in energy for the vinylimidazole complex 
than for the 1-methylimidazole compound, a significant change caused by the 
different substitution on the nitrogen donor ligand. 

The onsets of absorption and luminescence spectra coincide, indicating emission 
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Table 1 
Summary of luminescence properties of  trans-ReO2L~ complexes 

389 

L, X in trans-[ReO2L4]X Eg, lumin. £;~x, lumin, h(,)o--R¢--o h(,gR~_~ Ara¢=o k~ 
(cm -1) ( c m - b  (cm -~) (cm~:)  (~,) (cm -~} 

2-Ethyl-4-methylimidazole. BPh2 13200 t1200 
lsopropylimidaznle, I - 13600 11000 
Ethylenediamine, C1 - 14200 12190 

1-Methylimidazole, I - 14300 12710 

1 -Methylimidazo!e, BPh2 14500 t 3100 
1,2-Dimethylimidazole, I - 13900 12730 
Vinylimidazole, I -  14700 13310 
Tetramethylethylenediamine, C I -  17660 15910 
Tetraethylethylenediamine, BPh2 t 7500 
Pyridine, BPh2 c 16680 t 5400 
CN - .  K * ~ 17800 16700 

880 210 0.09 6 
899 b 

905 200 0.08 I1 
905 ~ 
890 200 
890 200 0.07 
885 210 O.O7 2 
890 200 0.08 3 

900 190 0.07 ~ 0  
900 0.09 

Electronic origin. 
b Raman. 
c Ref. [51. 

from the majority chromophore in the crystals [8]. Some absorption spectra show 
resolved vibronic structure on the lowest energy band, allowing us to estimate the 
change in O - - R e = O  vibrational frequency between the ground and emitting states. 
These values are included in Table 1. The Stokes shift for trans- 
ReO2(l-methylimidazole)2 is 2900 cm -1, indicating a significant structural change 
between the ground and emitting states. 

The luminescence lifetimes for complexes with low-energy emission bands are 
shorter by more than an order of magnitude than radiative lifetimes estimated 
from oscillator strengths. The low-temperature lifetime for trans-Re02 
(1-methylimidazole)2 is only 1.6 gs at 6 K, for the pyridine analog it is 68 gs [5]. 
This difference indicates that non-radiative relaxation processes become more effi- 
cient in molecules with low-energy emitting states, a qualitative trend that has been 
reported for many transition metal luminophores [ 14]. 

3. Discussion 

3. t. Emitting state et, ergies 

Rhenium(V) has the [Xe] 5d 2 electron configuration. We use the D4h point group 
throughout this analysis of trans-MO2L4 complexes as an approximation to the 
actual molecular symmetry, which is often much lower [15,16]. The electronic 
spectra are close to those expected for D4h symmetry, indicating that the structural 
deviations have only a minor effect on the energy of electronic states and on the 
spectra. In the following, we choose the molecular z axis to coincide with the 
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Fig. 1. Single-crystai luminescence spectra oi" (a) *rans-ReOa(vinylimidazolelJ  ({ ,K)  and t b )  
lra~2s-Re(),( l-nlethytimidazole)4l ( 15 K ). Calculated specm~ are shown as dolled li:les, tee bot tom trace 
in (b)  denotes the calculated spectrum l\~r purely harmonic  surfaces. 

metal-o>:o double bonds, as shown in Fig° 2. The nitrogen donor ligands are located 
in the xv plane. The d-orbitals are split into b2g (dx:,), eg ,(d.,., dy=), big (d~2_:,2) and 
al~ (d=e), as indicated in the qualitative orbital energy level diagram in Fig. 2. The 
lowest energy electronic transition in trans-dioxo complexes corresponds to a 
d,:;-,d=.,.: orbital excitation and occurs between the *A~,; ground ,;tate and the 3Eg 
and ~Eg excited states, leading to a spin-forbidden and a spin-allowed d-d  band. 
observed in the absorption spectra of many complexes [5]. The emitting level is 
theretbre a component of the 3Eg state'., split by spin-orbit coupling and the low 
actual symmetry. 

An alternative confirmation of the assignment of the lowest excited electronic 
states is obtained from a comparison of the observed vibrational frequencies for 
both the ground and emitting states. We use the experimental values for 
trans-ReO2(ethylenediamine)~ as an example for this comparison. The vibrational 
frequencies of the O = R e = O  and the Re-(en)2 modes in the ground state are 
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Fig. 2. Schematic slrucmre and definition of molecular axes for tral~s-dioxorhenium( V ) complexes. Bond 
lengths are, average v;dues for the compounds in Fig. 3(a)- (c) ~i th L denoting l-methylimidazole, pyridine 
and ethylenediamine. The qualitative splitting of the 5d orbitals in idealized D4h symmetD' and ~he low- 
energy electronic states with lheir orbital configurations are given. The arrow denotes the luminescence 
transition. 

determined from the luminescence spectrum as 880cm -1 and 210cm -I [17]. 
The resolved absorption spectrum leads to frequencies for the excited state of 
795cm -1 and 260cm -1 for the two vibrational modes [5,17]. The metal-oxo 
fi'equeney decreases in the emitting state, as expected for the b2~;eg electron configura- 
tion with its larger lnetal-oxo n antibonding character than the (b2g) 2 configuration 
of the ground state. The rhenium-ethylenediamine vibrational frequency increases 
in the excited state because tan electron is removed from the somewhat metal-nitrogen 
antibondmg dx:, orbital. The observed vibrational frequencies confirm therefore the 
energetic order of orbitals giving rise to the ground and lowest energy excited states. 

The energies of the luminescence band maxima in Table l vary sigmificantty within 
the series of ligands studied. One of the important parameters determining 
these transition energies is the eaergy difference between the dr,. and d,.:,~.: 
orbitals. Extended Hackel molecular orbital (EHMO) calculations [t8] based 
on the crystal structures of ReOz(1-methylimidazole)], ReO2(pyridine)2 and 
ReO2(ethylenediamine))~ [ 15, t 6] are used to examine orbital energies and to compare 
them to the ob,;erved wuiation of the luminescence energies. Average rhenium-oxo 
distances are 1.766,2k, 1.764 A and 1.765 A, and average rhenium-nitrogen distances 
are 2. t 121 fX, 2.148 A and 2.162 ,~ for the three complexes, illustrating their structural 
similarity. The energies of the HOMO (b2g, predominantly d~y) and LUMO (eg, 
predominantly d~-.~,:) orbitals are shown in the middle columns of Fig. 3(a)-(c) and 
compared to the ReO2 and nitrogen donor orbital energies for every complex. 

The LUMO orbitals are at similar energies for all three compounds and we note 
that thee splitting of the eg orbitals due to lower site symmetry is smaller than 
200 cm -~, further justifying our idealized D4h point group. The H O M O - L U M O  
energy gaps are denoted as A~ in Fig. 3. Their numerical values are 
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Fig. 3. EHMO energy levels for ,a) trans-Re02( l-methylimidazole).[, (b) trans-ReO2(pyridine) ~ and (c) 
mms-ReOz(ethvlenediamine)f. The crystal structures of the complexes were used in the calculations. 
Fragment molecular orbital diagrams ore constructed from the ReO: unit (left) and the nitrogen 
ligands (right). 

5960 cm-  1, 7400 cm-  t and 8900 cm - 1 for the 1-methylimidazole, pyridine and ethy- 
lenediamine complexes, respectively. This variation is caused by the destabilization 
of the HOMO orbital due to ~ antibonding interactions with the nitrogen donor 
ligands, an effect that is most important for imidazole, less important for pyridine 
and least important for saturated ligands such as ethylenediamine. The calculated 
HOMO-LUMO energy differences predict higher energy emission from the pyridine 
complex than from the imidazole compound, in qualitative agreement with the 
experimental observation. The origin of the difference is identified as the HOMO 
energy. From the orbital energies in Fig. 3 we expect the highest energy emission to 
occur from ReOz(ethylenediamine)~_ ~ , which is clearly not the case according to 
Table 1. Luminescence from the ethylenediamine complex is observed in an e1~ergy 
range similar to the imidazole compounds in Fig. I. The molecular orbital model is 
therefore not able to rationalize all observed luminescence energies. 

The luminescence band widths and resulting Re~-O bond length changes in the 
emitting state of the trans-dioxo complexes are almost identical, despite the large 
variation of the emission band maxima summarized in Table 1. This observation 
can be rationalized with the orbital energy levels in Fig. 3. The spectra in Fig. 1 and 
many similar examples in the literature show that luminescence band shapes of 
trans-dioxorhenium complexes are dominated by the intensity distribution within 
the high-frequency progression. This intensity distribution is a result of the structural 
change between the ground and excited states along the totally symmetric O-----Re=O 
normal coordinate QR~-o. The most important reason for this structural change is 
the metal-oxo antibonding character of the eg orbitals, occupied only in the emitting 
state. These orbitals are deste.bilized to almost identical energies for all compounds 
in Fig. 3, and their identical antibonding character leads to similar R e = O  bond 
length changes. In contrast, it is the energy of the HOMO orbital that is responsible 
for the change in emission energy. This orbital has a negligible effect on the R e = O  
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bonds. We note that simple relations [19] linking excited state distortions and 
electronic transition energies should not be applied to the title compounds. 

A model allowing a more complete analysis of the trends in emitting state energies 
for the complexes in Table 1 has to include electron-electron interactions. We use 
the crystal field model and formalism presented in ref. [4]. The difference between 
the b2e and eg orbitals is denoted as A=, as illustrated in Fig. 3. and the interelectronic 
repulsion is represented by the parameter/k~y, defined in terms of the Racah parame- 
ters as [4]: 

K~.~. = 3B+ C (1) 

The low-energy electronic states of interest arise from the (b2g)-', bzgeg and (eg) 2 
electron configurations, as indicated in Fig. 2. They are shown in Fig. 4 as a tunction 
of A= lbr two values of K~y We include the labels for the states in O~ symmetry, 
corresponding to A==0, to illustrate the relationship of the states in Fig. 4 to those 
found in a standard Tanabe-Sugano diagrams for the d 2 configuration. 

We concentrate in the following on the ~A~g ground state and the  3Eg emitting 
state. The separation between the ~Eg and 3Eg states is 2/(,~, in our model. The 
experimental energy difference between the two d-d absorption bands should only 
very cautiously be used to detem~ine Kx,. because it also depends on spin-orbit 
coupling and possibly on Jahn-Tetler stabilization energies [4]. We neglect spin-orbit 
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Fig. 4. Electronic states t'c ;rm~s-dioxorhenium(V) complexes with the d e electron config~ration as a 
function of An fcr Kx,,= 1950 cm-~ (solid lines) and K~.= 2500 cm-x (dotted lines). Arrows labeled (a), 
(b) and (c) denote luminescence maxima for trans-ReO,A l-methylimidazole)2, mms-ReO2(pyridine)2 
and mms-ReO2(ethylenediaminel; ,  respectively. 
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coupling in our analysis because it does not split the ground state. The ground state 
energy depends on. both k,~ and K,-~.. The off-diagonal matrix element with the 
*A~. state arising from the (%)2 configuration, calculated in ref. [4] as VB, K~.. has 
to be taken into account. The ground state energy is given by: 

7Kx~. +2A,~ -. V(-- 7K~:. -2A~) 2 - 4K~y( 10K,.,. +6A~) 
E(1Alg)= (2) 

The energy of the 3E excited state is: 

E(~Eg ) = A= ( 3 ) 

Fig. 4 sh~,ws the energies of the relevant electronic states as a function of A, for 
two values of K~., one of them the value of 1950 cm-~ for K,:~, determined for the 
pyridine complex [4,5]. The energy difference between the ground and emitting 
states increases with A=. In the preceding section and in Fig. 3 we show that A~ for 
the imidazole complex is smaller than for the pyridine complex. Fig. 4 therefore 
rationalizes the observed order of ~A~g~3Eg transition energies for these compounds. 

The difference between the ground and emitting states and therefore the emission 
energy also depends on Kx~,, as illustrated in Fig. 4. Based on the nephelauxetic 
series, we expect a higher value of K~:, for the ethylenediamine complex than ibr the 
aromatic pyridine and imidazole ligands. An increase of this parameter to 
2500 cm-* decreases the emission energy by 1500 cm- ~, a reductioe of the emission 
energy corresponding approximately to the difference between pyridine and ethylene- 
diamine. A similar effect contributes to the large difference in emission energy 
between the ethytenediamine and the tetramethylethylenediamine complexes. The 
interelectronic repulsion parameters B and C were lbu,ad to decrease in a series of 
tetragonal Ni(NCS ):L2 complexes if L is varied from ethylenediamine in *etramethy- 
lethylenediamine and to tetraethylethylenediamine [20,2l]. The reduction of A~.,, is 
therefore an important element contributing to the increase of the emission energy 
observed for the substituted ethy!enediamine complexes. The crystal field model 
reproduces the trends in emitting state energy observed lbr all nitrogen donor ligands 
in "Fable 1. 

3.2. Vibronic structure in the luminescence ,~7;eccra 

The resolved vibronic structure in the luminescence spectra in Fig. 1 provides the 
experimental information necessary for a quantitative characterization of the emit- 
ting state geometry. The luminescence band shape arises from progressions in two 
modes whose vibrational energies differ by more than a factor of four, as indicated 
in Table 1. Detailed vibronic effects in both modes can therefore be observed sepa- 
rately, a unique opportunity for a detailed comparison of theoretical models with 
experimental spectra. For uncoupled, purely harmonic modes we expect each member 
of the high-frequency progression to consist of an identically shaped cluster of peaks 
separated by the low vibrational frequency. In order to quantitatively compare such 
a prediction with the experimental spectrum, we include a calculated spectrum based 
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on two-dimensional harmonic oscillator potentials in Fig. l(b).  We use the time- 
dependent theory of spectroscopy [% 1 l] to calculate spectra fiom different potential 
energy surfaces. 

The two-dimensional harmonic oscillator potential energy surfaces for the 
electronic ground state and the emitting state are given by Eqs.(4) and (5). 
Dimensionless normal coordinates QR~. o and QR~s represent the two vibrational 
modes observed in the luminescence spectrum: 

t ~ 1 2 Vh~.g~ (O~-o- OR~-x ) = ~h~oR,.-o O~e-O + JuoR~_ ~ QR~- ~ (4) 

Vh~m,~(ORe-O. QR~-~) = ½hOJR~-o(QR~- O + aQ~o_o)2 

1 , 2 
+Jl(ORe_~(Ql~e_ y -~-i\Q~e_ x )  + E  o (5 )  

Numerical values for the electronic origin E0 and for the vibrational energies 
ho)Re-O, h~OR,-N, h"J'R~-o and h(,)~ N were determined directly fi'om the experimental 
luminescence and absorption spectra. The differences AQ along the dimensionless 
Re-O and Re-N normal coordinates are adjustable parameters that were used to 
calculate the bond length changes ArR~_o given in Table 1 as described in detail 
in ref. [8]. 

The main discrepancy between the experimental and calculated spectra based on 
harmonic potentials in Fig. l(a) concerns the shape of the members of the main 
progression. The clusters labeled 1 and 4 in Fig. l have exactly the same shape in 
the calculated spectrum, but their shapes are not identical in the experimental 
spectrum. 

The origin of this particular vibronic effect is qualitatively illustrated in Fig. 5. 
The ground state potential energy surface is coupled to the surface of the ~A~g state 
arising from the (eg) z electron configuration. This coupling is mediated by the off 
diagonal matrix element depending on the interelectronic repulsion parameter K~;.. 
The curvature of the adiabatic ground state potential energy surface varies along 
the abscissa of Fig. 5. an important deviation from a purely harmonic model. The 
shape of the potential energy surl:ace is determined by the energy difference between 
the two ~A~ states, their vibrational frequencies and the offset of the exmted 1Alg 
state along the two normal coordinates. The d-d transition to the high-energy 
tAlg state is expected to be weak because it corresponds to a two-electron transition 
in the strong-field limit [2271. It is hidden in the absorption spectrum below more 
intense charge-transfer bands. We have therefore not nearly enough experimental 
information to determine all parameters that define the ground state potential energy 
surface in Fig. 5. The coupling constant used in Fig. 5 was calculated fi'om the 
estimated K~y valu'~s derived in the previous section and assumed to be identical for 
the two complexes'.,. 

We define a simplified model for the ground state potential energy surface which 
retains as its most important aspect a variable curvature of the potential along the 
Q~-o coordinate, qualitatively similar to the ground state surface in Fig. 5: 

Vg~(QRo-o, QRe-N ) = Vh~m.g~(Qke-o, QRe-N ) + [Q Q~-.o QRe-N (6) 



396 ( ~ ,S'a;'(fie, t" . . . .  Ret~cr (.'(~urdittalio~ ChemL','Irr. Revicwx ] 71 f 199;~) 387 39~ 

50- 

40- 

...? 
(D, 

3 0 -  x 

E 
>,,., 

20- 
Lg 

10~ 

0_ 

a) ~ b) 

~ E g  

~A~g 

,Sire x 10 
:::::::::::::::::::::::::::::::: Apy x 10 
~ " ; '  1-- . . . . . . .  "t . . . . .  

0 2 4 

QRe.o 

~3Eg 

~A~g 

t 

Alg 

2 4 6 

QRe-o 
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complexes, respectively. 

This equation reduces the effect of coup!ing to a single parameter, k~, instead of 
the three unknown parameters and the estimated value of t(~.,, required for a full 
description of the ground state surface. Graphical representations of this type of 
potential energy surface are available in the literature [1 l, 23]. The calculated spectra 
obtained using the ground state potential energy surface in Eq~ (6} are compared to 
experimental luminescence spectra of two ReO2(imidazole)2 complexes in Fig. 1. 
These calculated emission spectra are in better agreement with the experimental data 
*han the tmcoupled harmonic calculation, illustrated by a comparison of the clusters 
l and 4 in Fig. 1, All the parameters in Eq. (6) were held fixed at the values 
determined ibr the uncoupled harmonic model, and values of 11 cm -~ [8] and 
2 cm- t were obtained for k~ in the l-methytimidazole and vinylimidazote complexes, 
respectively. 

The coupling constants k¢ for the imidazote complexes decrease with increasing 
luminescence energy. This trend is confirmed by the literature spectrum for 
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ReOz(pyridine)2, which emits at higher energy and shows no evidence for coupling. 
All members of the progressmn in the high-frequency mode have exact!y the same 
shape and therefore k~ is negligible for this complex [5]. A qualitative explanation 
for this trend can be derived from a comparison of Fig. 5(a) and (bL We note that 
the ground state potential energy surface for the irnidazole complex deviates more 
from the harmonic model than the surface of the pyridine complex, a consequence 
of the larger offset of the two coupled ~Azg surfaces along the ener~" axes for the 
pyridine complex. Traces denoting this difference are included in Fig. 5(a). The 
unusual variation of the vibronic structure is therefore a direct consequence of the 
coupling between the ground state and a high-energy excited state of the same 
symmetry. 

The title compounds show detailed electronic spectra that allow us to gain new 
insight into the importance of several factors determining excited state enerNes and 
bond length, changes in the excited state. The trends presented and analyzed with 
our examples can be used in the rational search for complexes with des ired 
lurrdnescence properties. 
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