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the yield of identifiable products (AgS2+ and L) is unchanged. 
Conclusion 

The very different coordination proclivities of silver(1) and 
silver(I1) would appear to preclude the possibility of strong 
coordination of one multidentate, saturated amine ligand in 
both oxidation states. This is a somewhat preplexing con- 
clusion, since it is not entirely obvious that macrocyclic or 
macrobicyclic polyamines as studied in the present work should 
not be able to adopt a configuration suited to, say, linear, 
trigonal, or tetrahedral coordination of silver(1). It is also 
obscure as to why open-chain polyamines, even ammonia itself, 
do not give rise to readily accessible silver(I1) complexes al- 
though there is, of course, much empirical evidence of marked 
differences between the properties of macrocyclic ligands and 
their open-chain analogues.28 

The development of a silver purification procedure based 

defeated if the ligand is not then involved in a robust and 
simple system. More specifically, the complex Ag(TMC)2+ 
found to undergo most facile reduction by silver metal in- 
corporates the least readily accessible ligand and is one of the 
most sensitive to photoreduction. It is therefore unlikely that 
an Ag(TMC)2+-based process could effectively compete with 
any such as AgCl purification through chloro complex for- 
mation in nonaqueous solvents based on less exotic procedures. 

Whatever value the silver( 11) complexes discussed herein 
may have as thermal oxidants, their photoredox behavior 
warrants further examination. The apparent lack of any ligand 
decomposition during their photoreactions in acetonitrile ob- 
viously suggests some potential for use in photoelectrochemical 
devices. Our current research is directed toward development 
of a more detailed understanding of the nature of the reactive 
excited state and a quantitative description of its redox kinetics. 

on silver(I1) complexes of macrocyclic amin& does not require 
that the silver(1) species produced by reduction h acetonitrile 
be a strong macrocyclic complex. Hence, it might be presumed 
that the cyclic process for silver purification outlined previously 
would be feasible provided photoreduction and acid generation 
leading to consumption of macrocyclic amine codd be avoided. 
In a Practical sense, however, it would Seem that the Purpose 
of sophisticated (and expensive) ligand design is at least partly 
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Investigations of the emission of [R~(bpy)~l(PF& single crystals under high pressure are reported for the first time. The 
spectra are recorded at room temperature up to 52 kbar. The following pressure effects are observed: a very small red 
shift, a distinct sharpening of emission spectra, and a considerable decrease in emission intensity. Model conceptions are 
presented to account for the experimental results. 

Introduction 
During the past decade, the photophysical as well as the 

photochemical properties of [ R u ( b p ~ ) ~ ] ~ +  (bpy = 2,2’-bi- 
pyridine) have attracted widespread Most in- 
vestigations of the excited states of [Ru(bpy)#+ were confined 
to fluid  solution^,^^^ glassy matrices,b8 or mixed crystals.”’ 
That is why only little is known about the spectroscopic 
properties of pure single cry~tals . ’~J~ It has been demonstrated 
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that polarized spectroscopy with emphasis on the emission 
spectroscopy of single crystals is an especially effective tech- 
nique for the investigation of excited-state ~r0pert ies . l~ 

The existing theoretical models for the excited states of 
[Ru(bpy)J2+ and related compounds are controversial. The 
Crosby model,15 constructed to explain the emission behavior 
of [ R u ( b p ~ ) ~ ] ~ +  at low temperature, has been contradicted 
recently by the electronic structure models of Kober and 
Meye@ and of Ferguson and Herren.” But the latter models 
are still too coarse to be capable of explaining the data obtained 
from emission spectroscopy. Moreover, there is disagreement 
concerning the symmetry of the complexes in their lowest 
exited states, which may be reduced from the D, ground-state 
symmetry to C2.8,18,19 So further theoretical and experimental 
investigations have to be undertaken to come to a better un- 

~ ~~ ~~ ~ ~~ ~ ~ 

(14) Yersin, H.; Gliemann, G. Ann. N.f Acad. Sci. 1978, 313, 539. 
(15) Hipps, K. W.; Crosby, G. A. J .  Am. Chem. SOC. 1975, 97, 7042. 
(16) Kober, E. M.; Meyer, T. J. Inorg. Chem. 1982, 21, 3967. 
(17) Ferguson, .I.; Herren, F. Chem. Phys. 1983, 76, 45. 
(18) Bradley, P. G.; Kress, N.; Hornberger, B. A,; Dallinger, R. F.; Woo- 

druff, W. H. J.  Am. Chem. SOC. 1981, 103, 7441. 
(19) Braterman, P. S.; Harriman, A.; Heath, G. A.; Yellowlees, L. J. J .  

Chem. SOC., Dalton Trans. 1983, 1801. 

0020-1669/84/1323-3745$01.50/0 0 1984 American Chemical Society 



3746 Inorganic Chemistry, Vol. 23, No. 23, I984 Yersin and Gallhuber 
- .. I 

" m x  I I ,  

2, 
L 
VI 
C 

C 
2 
.- 
C 

Ln 
Ln 

W 

.- 0 

E 
.- 

A IRu bipy,] (PF, l 2  

52 kbar \ 
19bO ' 17600 c h  I5bOO 'F 

Figure 1. Unpolarized emission spectra of single-crystal [Ru- 
(b~y)~](pF,),. The normalized spectra are recorded at room tem- 
perature and at three different pressures. See ref 12 for the polarized 
emission spectra at standard conditions. The spectra at 1 bar and 
at 1 kbar are equivalent within the limits of experimental error. 

derstanding of the nature of the lowest excited states of 

In order to contribute to these investigations, we report in 
this paper the effects of high hydrostatic pressure on the 
emission spectrum of single-crystal [Ru(bpy),] (PF& at room 
temperature. 
Experimental Section 

[R~(bpy)~] (PF,), was synthesized as described previously.12 Single 
crystals of [R~(bpy)~](pF~),  were grown by slow evaporation of 
ethanol-acetonitrile (1:l V/V) solutions at room temperatye. [Ru- 
(bpy)J (PF& crystallizes in hexagonal needles with the c3 axis of 
the complex cation parallel to the needle axis (=crystallographic c' 
axis).20 Crystals suitable for emission spectroscopy were selected 
under a polarization microscope. The size of the crystals used in the 
high-pressure experiments was typically 50 pm X 50 pm X 200 pm. 

High-pressure studies were achieved by means of an optical 
high-pressure cell working according to Bridgman's gasket technique:21 
A metal gasket with a small concentric hole (0.5 mm), which forms 
the pressure chamber, was placed between two sapphire pistons. The 
pressure medium was chosen to be paraffin oil, which permits qua- 
sihydrostatic conditions up to about 50 kbar. The applied pressure 
was measured by utilizing the ruby luminescence method.,, 

The samples in the high-pressure cell were excited with the focused, 
attenuated beam of an argon ion laser. Emission measurements were 
carried out with a spectrophotometer constructed especially for 
micr~crystals~~~~ Emission spectra were not corrected for the spectra 
response of the detection system. 
Results 

Figures 1 4  show the spectroscopic behavior of single-crystal 
[Ru(bpy),] (PF& under high pressure at room temperature. 
The intensity of the emitted light with the eleciric field vector 
E perpendicular to the crystallographic c'axis (El3 is at room 
temErature about a factor of 20 larger than the intensity of 
the Ell itpolarized c o m p ~ n e n t . ~ ~ J ~  Consequently, unpolarized 
spectra represent in the limit of experimental errors the E l  

[R4bPY)3l2+. 
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Figure 2. Energy of the emission maximum (smax) of single-crystal 
[R~(bpy)~](PF6), as a function of pressure. The experimental points 
result from three different crystals. The dashed lines have slopes of 
As,,,JAp N -2 cm-'/kbar for p < 20 kbar and Asmax/Ap -6 
cm-'/kbar for p > 20 kbar, respectively. 
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Figure 3. Pressure dependence of the half-width of the main peak 
(As) in the emission spectra of single-crystal [Ru(bpy)J(PF&. As 
was obtained as twice the energetic difference between the emission 
maximum and the point at half-maximum height on the blueside flank 
of the spectrum. Experimental points are from three measurements 
on different crystals. 
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Figure 4. Maximum height (I-) of the emission spectra of sin- 
gle-crystal [Ru(bpy),] (PF& as a function of pressure. The intensity 
is normalized to the emission intensity at atmospheric pressure. 
Experimental points result from measurements on three different 
crystals. 

itpolarized spectra. The development of the ,!?IlZ-polarized 
component with pressure could not be registered, because 
depolarizing effects of the pressure cell window? mixed sub- 
stantial El? intensity into the very weak EllZ spectra. 
Emission spectra of [ R ~ ( b p y ) , ] ( p F ~ ) ~  single crystals under 
pressure were found to be independent of the exciting wave- 
lengths, A,, = 363.8, 457.9, 488.0 nm. 

The main effects of pressure on the emission spectrum 
(unpolarized or E l c '  polarized) of [Ru(bpy),] (PF6)2 single 
crystals are as follows: 

(a) Pressure-Induced Red Shift of the Emission Spectra. As 
can be seen from Figure 2, the red shift of the emission 
maximum is very small for the first 20 kbar (Aij,,JAp N -2 
cm-'/kbar), whereas it takes a value of -6 cm-'/kbar for 
pressures p k 20 kbar. 

(b) Pressure-Induced Decrease of Half-Width. In the low- 
pressure region (p 5 20 kbar), the emission spectrum sharpens 
continuously and the resolution of the broad, structureless 
spectrum (at atmospheric pressure) is improved. A second 
peak on the low-energy side about 1400 cm-I below the main 
peak can clearly be distinguished. For pressures above 20 kbar, 
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the band shape does not change much (see Figure 1). This 
development is also demonstrated in Figure 3, where the 
half-width of the main peak (taken as twice the energy dif- 
ference between the emission maximum and the point at 
half-maximum height on the blue side of the spectrum) is 
shown as a function of pressure. This plot again can be divided 
into two regions: for p S 20 kbar, the half-width decreases 
substantially, whereas it remains nearly constant for p R 20 
kbar. 

(c) Pressure-Induced Decrease of Emission Intensity. For 
pressures up to 35 kbar, a continuous decrease of the height 
of the emission maximum by a factor of about 10 can be 
observed (see Figure 4). The decrease of the integrated in- 
tensity is still somewhat more pronounced, because of the 
pressure-induced sharpening of the emission spectrum. 

Spectra recorded after pressure release exhibit the same 
energetic positions and half-widths as those found at 1 bar. 
Information concerning the reversibility of the intensity could 
not be obtained since the crystals broke through pressure 
release and consequently the comparability of the intensities 
was lost. 
Discussion 

Polarized emission spectra of [ R ~ ( b p y ) ~ ]  (PF6)2 single 
crystals at atmospheric pressure and at room temperature have 
already been published and group theoretically classified on 
the basis of crystallographically oriented but noninteracting 
[ R ~ ( b p y ) ~ ] ~ +  centers.12 A comparison of our single-crystal 
emission spectra with those obtained from [Ru(bpy)J2+ doped 
into host matrices at low concentrations shows that the closer 
packing of [ R u ( b p ~ ) ~ ] ~ +  centers in the pure single crystals does 
not produce any evident intermolecular solid-sate interactions 
concerning the electronic properties. This result is not 
unexpected, as the distance between Ru centers in the pure 
[ R ~ ( b p y ) ~ l ( P F ~ ) ~  single crystals is greater than 10 A." Thus, 
the emission spectrum of pure single crystals is considered as 
a property of the [Ru(bpy)J2+ complex alone. The crystal 
lattice only delivers a perturbational environment. 

In ref 12 we argued that at least at room temperature a 
decision as to whether the complex symmetry of the ground- 
state D3 is reduced to C2 in the lowest excited states of [Ru- 
( b ~ y ) ~ ] ~ +  (as actually is discussed8J8J9) cannot be given on 
the basis of our spectroscopic data. Consequently, the optical 
transitions were classified in the D3/ double group to take into 
account spin-orbit coupling. According to group-theoretical 
seleciion rules for electric dipole transitions, it was stated that 
the E l  &polarized emission spectrum at ro_om temperature 
emerges from one or more E' states and the Ellbpolarized one 
comes from A i .  We assume that the same states (mainly the 
E' states, because they carry about 95% of the emission in- 
tensity) are also responsible for the emission spectra at high 
pressure and further that no pressure-induced solid-state in- 
teractions gain a dominant influence. 

The application of high pressure leads to a slight red shift 
of the [ R ~ ( b p y ) ~ ] ( p F ~ ) ~  emission maximum with the values 
of Ai+,,,,/Ap N -2 cm-'/kbar for p 5 20 kbar and A ~ J , , , ~ J A ~  
3: -6 cm-'/kbar for p 2 20 kbar, respectively. These are very 
small values, compared for example to the shifts of the 
phosphorescence of crystalline rare-earth chelates (Ap,,/Ap 
N -30 ~ m - ' / k b a r ~ ~ ) ,  of the absorption of crystalline Ni(II), 
Pd(II), or Pt(I1) chelates (Aq,,,,/Ap N -80 to -160 cm-l/ 
kbar2s), or even of the luminescence of tetracyanoplatinates(I1) 
(Ae,,/Ap up to -380 ~ m - * / k b a r ' ~ , ~ ' , ~ ~ ) .  Consequently, one 
is forced to explain the smallness of the pressure effect. This 
can be achieved by analogy to a model that has already been 

discussed by Drickamer and co-workers for the behavior of 
the absorption bands of Fe complexes under pressure.27 

The radiative transitions from the lowest excited states of 
[ R u ( b p ~ ) ~ ] ~ '  are charge-transfer (CT) transitions between 
ligand a* and metal 4d orbitals. Application of pressure will 
influence the d orbitals as well as the a* orbitals. For sim- 
plicity, our first-order approach is given in the parentage group 
of 0, symmetry. The excited states of [ R u ( b p ~ ) ~ ] ~ +  result 
from the promotion of an electron from a Ru tlg orbital to a 
bpy A* orbital. It is known that the s* orbitals of aromatics 
and heterocyclics are lowered in energy under pressure.28 The 
r-s* transition of phen (= 1,lO-phenanthroline), whose elec- 
tronic structure resembles that of bpy, shifts to the red con- 
tinuously by -22 cm-'/kbar, this value being only slightly 
modified by complexation of phen in [Fe (~hen) , ]~+ .?~  Fur- 
thermore, on compression of the complex the overlap between 
the metal tzg and the ligand s* orbitals increases. As a con- 
sequence, s* back-bonding is enhanced, and this leads to a 
stabilization of the tZg orbitals. Thus, the net pressure effect 
is a reduced red shift for the CT transition compared to that 
for the a-a* transition. Indeed, this has been found for the 
d-a* absorption bands of [Fe(phen)3]2+.27 Our results con- 
cerning the [ R ~ ( b p y ) ~ ] ~ +  complex are in accordance with the 
foregoing conclusions. 

In the low-pressure region (p 5 20 kbar), the emission 
spectra of [ R ~ ( b p y ) ~ ]  (PF,), single crystal sharpen distinctly, 
but do not alter their shapes for higher pressure (Figure 1). 
This behavior can be explained by the effect of site homo- 
genization. In a real crystal, there exist crystal lattice defects. 
Therefore, each [ R ~ ( b p y ) ~ ] ~ +  molecule sees a slightly different 
environment, which influences the energies of the excited 
states. This site distribution (normally Gaussian) implies the 
inhomogeneous broadening of the emission spectra of crystals. 
We assume that under pressure crystal defects are removed 
to some extent and especially that molecules in extreme sites 
are influenced most. Thus, the site distribution is homogen- 
ized. As these extreme sites are removed, their contribution 
to the emission spectrum is missing and the inhomogeneous 
broadening is reduced. Consequently, emission bands get 
narrower (Figures 1 and 3). The spectrum therefore sharpens, 
and the vibronic peak (about 1400 cm-' below the main peak) 
is clearly resolved. The importance of the inhomogeneous 
broadening could also be observed by the method of site-se- 
lective excitation of [R~(bpy)~] ,+  solutions at T = 2 K. One 
finds a sharpening of the emission spectrum, t00.I~ 

The effect of pressure-induced sharpening seems to be fin- 
ished at ca. 20 kbar, because no further reduction of the 
half-width occurs on pressure increase (Figure 3). Thus, below 
20 kbar, applied pressure mainly leads to the compression of 
the crystal lattice. With further increasing pressure, the in- 
tramolecular compression apparently becomes significant. This 
is supported by the change in red shift at about 20 kbar from 
a very small value for p C 20 kbar to a distinctly greater value 
(though still small) for p > 20 kbar (Figure 2). 

A drastic decrease in emission intensity is observed, when 
high pressure is applied to [ R ~ ( b p y ) ~ ]  (PI?,), single crystals 
(Figure 4). Such behavior is usually explained with increased 
thermal relaxation.28 This is in agreement with the reduction 
of the emission lifetime, which has been observed to decrease 
from 0.56 p s  at 1 bar to 0.51 p s  at 2.3 kbar.29 At present, 
it is difficult to give the physical reason for the pressure-in- 
duced reduction of the emission intensity. However, it is not 
unlikely that the process involved is coupled to an energy 
barrier. For [ R u ( b p ~ ) ~ ] ~ '  solutions it has been found by 
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temperature variation at  atmospheric pressure that the radi- 
ationless relaxation of the emitting states is an activated 
process, the activation energies being dependent on the solvent, 
i.e. the second coordination ~ p h e r e . ~ - ~  It  is quite possible that 
the corresponding energy barrier is reduced by a pressure- 
induced deformation of the potential surfaces. It is worthwhile 
to mention that the main effect of intensity reduction occurs 
in a pressure range below 20-25 kbar, a region in which the 
complex environment (i.e. the crystal lattice, which also can 
be regarded as the second coordination sphere) is strongly 
influenced. 
Conclusion 

High-pressure investigations on the emission spectrum of 
[Ru(bpy),](PF,), Gngle crystals have been reported for the 
first time. As the EIlZ-polarized component carries_only 5% 
of the emission intensity at  room temperature, the EL?-po- 
larized and the unpolarized spectra are comparable. A very 
small red shift of the emission spectrum is observed, which 

is explained by the simultaneous stabilization of the ligand r* 
and the metal t2g orbitals. Under pressure the resolution of 
the emission spectra is enhanced and the emission bandwidth 
decreases by about 30% due to a reduction of the inhomoge- 
neous broadening of the spectra. The pressure-induced in- 
tensity reduction is possibly coupled to the change of an energy 
barrier involved in the radiationless relaxation of the lowest 
excited states. From the pressure behavior of the band shape 
and of the red shift, two pressure regions can be distinguished. 
For pressures below about 20 kbar compression of the crystal 
lattice seems to be the dominant effect, whereas for higher 
pressures intramolecular compression gains a considerable 
influence on the pressure behavior of the emission spectra. 
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The Mn(C0)4L. (L = CO, PR,; R = n-Bu, i-Bu, i-Pr, OPh) radicals have been observed directly as transient species following 
flash photolysis of Mnz(C0)8L2 in hexane solution. The transient absorbance due to the radical disappears according to 
a second-order rate law. No difference in the decay behavior was noted when the experiments were conducted under an 
argon atmosphere as compared with CO. Earlier results from this laboratory in which a transient absorption was noted 
following flash photolysis of vacuum-degassed solutions of Mnz(CO)lo are shown to have been due to an experimental artifact. 
There is no direct evidence in the flash photolysis experimental results for dissociative loss of CO from Mn(C0)4L.. In 
addition, under the conditions of flash photolysis, Mn(CO).,PR?. is not observed to undergo replacement of phosphine by 
CO when a CO atmosphere is employed. The spectral characteristics of the radicals have been measured. The bimolecular 
rate constants for recombination of Mn(CO)4Pr3. radicals have been measured in hexane solution at 25 OC: P ( ~ - B U ) ~ ,  
1 X lo8 M-' s-I; P(i-Bu)3, 2 X lo7 M-l s-I; P(i-Pr)3, 4 X lo6 M-l s-'; PPh,, 1 X lo7 M-' s-l; P(OPh)3, 9 X lo7 M-' s-l. 
The recombination rates are lowest for phosphorus ligands of largest steric requirement. 

Introduction 
It has been well established that irradiation of dinuclear 

metal carbonyl compounds a t  wavelengths corresponding to 
the u-u* or dr-u* transitions results in efficient homolysis 
of the metal-metal bond. Studies of cross-coupling reactions 
of Mn2(CO)lo and Rq(CO)lo and of halogen atom abstraction 
reactions during irradiation show that metal-metal bond 
cleavage is homolytic, producing metal-centered radicals with 
17-electron Recombination of the radicals, 
eq 1, is bimolecular, with rate constant k, near the diffu- 

sion-controlled limit. In the case of Mn2(CO)lo, k,, defined 
by the rate law -d[Mn(CO),.]/dt = Zk,[Mn(CO),-],? has been 
reported to have values of 3.9 X lo9 M-' s-l a t 20 OC in 
cyclohexaneS and 9.5 X 108 M-I s-' at 22 OC in hexane? Both 
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sets of results are based on flash photolysis results. For 
Re2(CO)lo k,  has the value of 3.7 X lo9 M-' at  22 OC in 
hexane.6 Pulsed radiolysis studies yield similar values for 
recombination rates in ethanol as solvent.' 

To properly interpret some of the observed chemical be- 
havior of the radicals it is important to know how replacement 
of CO on the metal center by larger ligands such as phosphines 
affects the rates of recombination. We know in general that 
recombination rates should decrease as a result of such sub- 
stitution. When the ligands on the metal are sufficiently large, 
metal-metal bond formation is no longer energetically favored 
and the resulting radicals are persistent. The properties of such 
persistent radicals, of the form Mn(C0)3L2., where L is a 
bulky phosphine, have been reported.8-10 

Aside from recombination, radicals may also undergo other 
reactions, notably substitution. There is substantial evidence 
that the radicals are highly labile. Whether that lability is 
related to a dissociative loss of CO from the radical, or to a 
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