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Introduction 
Luminescence usually arises from the thermally accessible, 

lowest excited levels of a system. Fast radiationless and inter- 
system crossing processes establish an effective thermal equilibrium 
within the manifold of excited states. Of continuing interest 
appears to be the Occurrence of inorganic complexes having two 
or more electronic excited states separated by energies comparable 
to vibrational or lattice phonon energies (1-3000 cm-I), but 
without these states being in thermal equilibrium on the ap- 
proximate microsecond time scale (dual emitters). 

Since the first reports1-’ of the luminescence of cis-[Ir- 
(bpy)2C12]+ and its analogues, there have been numerous reports 
of unusual temperature and solvent dependence and particularly 
of nonexponential decay kinetics with concomitant time depen- 
dence of luminescence spectra.I-I2 

Of considerable interest has been the persistent observation of 
a weak, broad (red) luminescence centered around 680 nm. In 
fluid DMF solutions at moderately low temperatures, this feature 
becomes more apparent. It can also dominate the time-resolved 
spectra taken in frozen DMF, after sufficient delay.9 The red 
luminescence becomes significantly stronger when the bpy ligand 
is perdeuterated, and great pains have been taken to establish it 
as genuine. A distinctive risetime seen in the red luminescence 
(for the related phenanthroline complex) helps significantly in 
this respect.* 

The view that has evolved from previous work, summarized in 
Figure 1 (scheme a), is that the luminescence seen in the 460- 
550-nm (green) region is triplet MLCT luminescence and that 
the red luminescence arises from the lowest energy, spin-forbidden, 
metal-centered d-d state. From the temperature dependence of 
the relative intensity of the red and green emissions, it has been 
inferred that the d-d state lies e370 cm-’ below the lowest MLCT 
state. Deuteration of the bpy ligand was found to apparently 
increase the gap to 540 cm-I. The MLCT transition shifts relative 
to the d-d band, favoring the red luminescence. 

This basic scenario has been supported by pressure dependencd2 
and triplet-triplet absorptionlo studies. The most recent inves- 
tigation on low-temperature lifetime behavior failed to see evi- 
dence, in DMF/water mixtures, for the red emission,I3 but these 
workers suggested that there may be two distinct types of green 
emitter. 

The apparent lack of thermal e q u i l i b r i ~ m ~ ~ ~  between emitting 
states a t  77 K on the microsecond time scale is unusual. MLCT 
states quickly undergo strong dielectric relaxation (=2000 cm-l) 
in fluid solutions,I6 and in our view the d-d states would not shift 
to the same extent. Thermal equilibrium is reported in fluid 
solutions, and red luminescence becomes more dominant at lower 
temperatures. The d-d state thus seems unlikely to lie close below 
the (unrelaxed, emitting) MLCT in the rigid phase. 

This system and its direct analogues are perhaps the best es- 
tablished inorganic dual emitters.I4 Given the continuing interest 
in this phenomenon, we have incisively reinvestigated this spec- 
troscopically pathological system by using the full range of 
spectroscopic techniques available in our laboratory. 
Experimental Section 

Ir(bpy),Cl2.CI was prepared from NazIrCls by following the method 
of Watts et al.” Ir(bpy-d8)2C1z.CI was prepared similarly and on the 
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Figure 1. Scheme a: fluid solution model of Watts et al? where the d-d 
state ( I )  lies 370 cm-l below the ’MLCT state (2’). km and klo connect 
the MLCT and the d-d state with the ground state. Connecting these 
excited states are k12 and kzl and for thermal equilibrium kI2, kzl >.> 
klo, kZ0. Scheme b: MLCT state (2) shifted 2-3000 cm-l above ( I )  in 
the rigid phase. (2) does nor link with (1) (kzl = 0) but couples via a 
higher state (3) at elevated temperatures, klo and perhaps k,,, are dom- 
inantly nonradiative. 

same preparative scale by using perdeutero 2,2’-bipyridine and purified 
in the same manner. NazIrCb was obtained by neutralization of HzIrC& 
(Degussa AG) with aqueous NaOH and used without further purifica- 
tion. The trifluoromethanesulfonate (triflate) salt was prepared by me- 
tathesis. 

Most spectra were collected on a single flexible apparatus, centered 
around an Oxford Instruments SM4 cryomagnet, a Spex 1704 mono- 
chromator, and a Tektronix 2430 digital scope. Details are provided in 
a number of recent paperslb3’ that concentrate on related ruthenium 
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bipyridyl type systems. That experience has been indispensable in de- 
veloping adequate instrumentation and techniques in order to study this 
dimcult system. 
Results 

Decay Characteristics. Luminescence decay kinetics were 
accumulated for the protonated and deuterated complexes, as the 
neat chloride powders, in frozen DMF and in EM (4:l etha- 
nol/methanol) glasses. Measurements were also made on single 
crystals of the triflate salt. 

Kinetics were accumulated by using both long (millisecond) 
pulse, Bragg cell modulated Ar+ ion excitation at 458,488, and 
514 nm and short (3-5 ns) N2 dye/laser pulses a t  337 and 440 
nm. Decay kinetics were found to be strongly dependent on 
temperature in the range 1.6-77 K as well as on the excitation 
energy and detected wavelength of the luminescence. 

Decay kinetics were measurably nonexponential above 20 K. 
Attempts were made to analyze entire families of decay curves, 
measured across the luminescence spectrum, using the global 
procedure of K r a u s ~ . ~ ~  

A global single-exponential fit of 36 decay profiles, with 3-11s 
excitation at  337 nm, measured at  equally spaced energies 
spanning the entire emission, of the protonated and deuterated 
species in DMF at 77 K, provided best fit lifetimes of 3.8 and 3.85 
M, respectively. The fits were poor and residuals systematic, and 
this situation was not usefully improved by a global dual-expo- 
nential fit. The best fit dual "lifetimes" were 1.6 and 4.7 ps for 
the protonated complex and 2.0 and 5.8 ps for the deuterated 
complex. The largest residual intensities were always associated 
with the green, rather than the red, emission. 

Similar behavior was observed in EM. This environment, the 
defacto standard in the field, forms a clear glass, whereas DMF 
forms a strongly scattering, polycrystalline matrix at 77 K. 
[ R ~ ( b p y ) ~ ] * +  decay kinetics were measured in frozen D M F  in 
order to prove the effect of the polycrystalline environment. Good 
global single-exponential behavior was obtained with a uniform 
lifetime of 5.1 ps, entirely in accord with work done on this 
well-established system in a number of  environment^.^^ 

At 77 K, the decay curves obtained by exciting at 488 and 515 
nm approached exponential behavior and lifetimes were uniformly 
longer; in D M F  the protonated lifetime fits gave 12-13 ps and 
the deuterated, 15-1 9 pus, exciting at 488 nm, detecting from 547 
to 703 nm. 

At 4.2 K, with excitation at  458 nm, decays became quanti- 
tatioely exponential across the luminescence. The protonated (h,)  
and deuterated (de) samples in D M F  gave 92 f 1 and 107 f 1 
ps, respectively. Excitation at either 488 or 514 nm gave shorter 
(but not single exponential) lifetimes of around 20 and 40 ps, 
respectively. 

Short-pulse excitation at  337 nm at  4.2 K, did not give accu- 
rately exponential decays, even at  the lowest excitation fluences. 
Dye laser excitation at 440 nm gave decay times almost identical 
with the long-pulse 458-nm excitation values. The 337-nm excited 
decays showed greatest deviation from single-exponential behavior 
in the red region, where a second component of 20 or 40 ps became 
evident, for the h8 or d8 material, respectively. 

Decay kinetics, detected at 547 nm, with long-pulse excitation 
at  458 nm, were measured as a function of temperature between 
1.7 and 80 K, for the protonated and deuterated species, in both 
D M F  and EM. As well as the decays becoming obviously non- 
exponential above 20 K, it was significant that under constant 
(long pulse) excitation conditions, the initial amplitude of the decay 
profile remained virtually constant. Similar behavior was seen 
for all systems. 

Decay profiles of the neat chloride salts were more complex 
than those in dilute media. At 77 K, very little green emission 
is seen, and only a little at 4 K. For the red emission decay times 
are comparable to those in dilute media, but there is clear evidence 
for energy transfer and impurity trapping. 

Luminescence and MCPL. The 458-nm Ar+ laser line is vir- 
tually coincident with the origin feature of the MLCT absorption. 
Figures 2 and 3 show time-resolved spectra, excited a t  337 nm. 
At longer times in the 77 K spectra (Figure 2), but a t  (relatively) 
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Figure 2. Lower left: absorption spectrum of Ir(bpy-d8)2C12+ in EM at 
77 K. Directly above are excitation spectra detected at 547 nm (-) and 
640 nm (-e). Time-resolved luminescence spectra taken after I ps (-) 
and 30 psec (..a) are on the right. 
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Figure 3. Excitation spectra of Ir(bpy-d&CI2+ in DMF at 4.2 K detected 
at  547 nm (-) and 640 nm (e-). Time-resolved luminescence spectra 
taken after IO ps (-) and 100 ps (.e-) are on the right. 

shorter times in the 4.2 K spectra (Figure 3), the red band is 
clearly revealed. It is invariably a minor component of the total 
luminescence in the rigid phase. 

Steady-state spectra, excited at  488 or 515 nm, however, show 
the red emission very strongly enhanced. Also present, to a 
variable extent, is a yellow emission at  around 560 nm. This 
(yellow) emission dominates the luminescence of chloride powders 
with any excitation energy, but is much weaker in our best single 
crystals of the triflate salt. It appears to be associated with the 
strongly emitting impurity of the type previously r e p o r t ~ d . ~ J  

MCPL spectra were measured by using 458-, 488-, and 515-nm 
excitation (in isotropic EM glasses) in the 1.6-50 K range. With 
458-nm excitation, a negative B term type signal ( A l l I  a 0.05 
at  3 T)  was obtained between 1.6 and 10 K, which diminished 
at higher temperatures. With 488-nm excitation, the MCPL 
magnitude was greatly reduced (M/f < 0.01) in the red region. 
This indicates that the 488-nm excited luminescence has an entirely 
different character, with weak MCPL. 

Excitation, Absorption, and MCD. Absorption and excitation 
spectra are shown in Figures 2-4. From a comparison of ab- 
sorption and excitation spectra of powders, crystals, and glasses, 
we are able to determine the shift of the lowest origin feature upon 
deuteration of the bpy as 30 f 10 cm-I. This compares rather 
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That the d-d and MLCT processes have different relaxation shifts 
(Figure 2), pointed out for the first time in this work, was not 
taken into account. An adequate analysis of the relative intensities 
of the red and green emissions in viscous solutions clearly requires 
more detailed consideration of the extent of thermal equilibrium 
and the dielectric relaxation process. 
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Figure 4. Lower panel: absorption (-) MCD (-e) at 5 T and 4.2 K of 
Nafion films2* with differing concentrations of Ir(bpy),CI2+. Lower left 
of the upper panel shows the 300 K absorption spectrum of a =IO pm 
thick (chloride) crystal (-) and ~ 3 0 0  pm thick triflate crystal. Directly 
above are 4.2 K (uncorrected) excitation spectra of the (triflate) crystal 
detected at 547 nm (-) and 640 nm (-). Also shown is the 5 K lu- 
minescence spectrum, excited at 458 nm, of the pure triflate crystal. The 
right-hand side shows the 'pure" d-d luminescence, calculated by sub- 
tracting 10- and 200-ps time-resolved spectra in DMF at 4 K with the 
least-squares fit Gaussian curve. 

well with the value of 40 cm-' seen in analogous MLCT transitions 
in [ R ~ ( b p y ) , ] ~ + . ~ ~ ~ ~ * ~ ~ ~  

Excitation spectra are dependent upon the energy of detection. 
With red (640 nm) detection, a broad feature is seen in the 
490-520-nm region that is absent when green (547 nm) detection 
is used. This low-energy feature is seen most clearly in the ex- 
citation spectrum of the single-crystal triflate salt (Figure 4). An 
absorption feature in this region can also be seen with a moderately 
thick crystal. 

The MCD spectra (Figure 4), taken in dilute and very con- 
centrated Nafion films, show a low-energy feature with electronic 
properties clearly different from that of the lowest MLCT tran- 
sitions. 
Discussion 

Our results clearly identify a weak transition below the MLCT 
state. Subtraction of appropriately scaled, time-resolved lu- 
minescence spectra allow us to extract the "pure" red emission 
(Figure 4). This spectrum is well fitted by a Gaussian curve, 
centered at 14700 cm-l (680 nm) with a width of 3400 cm-'. 
Comparing this to absorption and excitation spectra it seems 
reasonable to estimate the origin of the band to be around 19000 
cm-' (530 nm), a3000 cm-l below the MLCT origin. 

A three-level system such as scheme a (Figure 1) will, in 
general, give only dual-exponential behavior32 irrespective of the 
values of klo,  km, k2,, and k12. Our data do not fit such a model 
at all, and it becomes necessary to introduce an additional excited 
state (scheme b). 

The presence of an additional level, which is strongly coupled 
(nonradiatively) to the ground state via the low-efficiency red 
emitting state is entirely consistent with our data. In particular, 
the reduction in lifetimes, bur with constunt initial intensity, 
observed in the 20-80 K range reflects a fall in quantum efficiency 
and not the population of a more strongly radiative electronic state. 
The presence of close-lying MLCT states with different electronic 
properties is well established in this type of complex.33 

The magnitude of the deuteration shift of the MLCT band 
determined in this work is inconsistent with the previous analysis? 
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We are currently exploring the chemistry of the title macrocyclic 
ligand (see l), which can form both mononuclear and binuclear 
complexes. In the binuclear ones, the potential steric repulsion 
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of this macrocyclic ligand surprisingly does not seem to affect their 
stability. In our studies, we have succeeded in synthesizing many 
interesting mononuclear complexes such as Cr(tmtaa)CI' and 
R ~ ( t m t a a ) ( P P h ~ M e ) ~ , ~  among others, and a few fascinating un- 
bridged metal-metal-bonded dimers of the type M2(tmtaa)2 where 
M = Cr,, Mo,, and Rh.4 The ability of tmtaa to stabilize these 
and other compounds can be attributed to its two important 
features: (1) the ability to displace the metal out of the N4 plane 
and (2) its flexibility to adjust the saddle shape conformation 
according to the size of a metal and the axial ligand. 

We have decided to use this macrocyclic ligand in reactions 
with some vanadium starting materials because of the rather 
unexplored low-valent chemistry of this early transition metal. 
We were faced however with a 2-fold challenge, in this area of 
chemistry: (1) the choice and the availability of the appropriate 
V(I1) starting materials are limited, and (2) there is a strong 
tendency of the low-valent vanadium materials to abstract oxygen 
from other molecules in the reaction solution. We report here 
the experimental and theoretical results on two previously com- 
municated but never crystallographically characterized V(II1) and 
V(IV) compounds, which were obtained by interacting the va- 
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