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Table 111. Infrared Spectra‘ of Osmium-salen Complexes in the 
1650-1 500-cm-I Region 

comdexes absorution bands, cm-’ 
1 
2a 
2b 
3 1600 (s), 1525 (s) 

1630 (s), 1595 (s), 1525 (m) 
1605 (s), 1590 (s), 1530 (s) 
1600 (s), 1590( (s), 1530 (s) 

‘All spectra were measured as Nujol mulls on KBr or NaCI plates. 
Abbreviations: s, strong; m, medium. 

Table IV. ’H N M R  Spectral Data“ for Os(1V)-salen Complexes 
ethylene axial 

aromatic azomethine bridge ligand 
complexes protons protons protons protons 

2a 6.60-8.10 (m) 6.24 (s) 2.86 8.95 (s) 
2b 6.55-8.06 (m) 6.18(s) 2.90 (s) 9.8 (t), -0.13 (4) 
3 5.78-8.26 (m) 12.0 (s) 2.80 (s) b 

“ N M R  spectra were recorded in CDlC12 solutions, and chemical 
shift (6) values were reported from Me4Si (6 = 0.0) as internal stand- 
ard. The patterns of the signals were given in parentheses. Abbrevia- 
tions: s, singlet; q, quartet; t, triplet; m, multiplet. bobscured by aro- 
matic protons of the chelate. 
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Figure 3. Persepctive view of 3. Thermal ellipsoids are drawn at the 30% 
probability level. 

where H,-CHBA-Et stands for 1,2-bis(3,5-dichloro-2-hydroxy- 
benzamido)ethene. The Os-S( 1) and Os-S(2) bonds measure 
2.298 (2) and 2.343 (2) A, respectively, which are appreciably 
shorter than the Os(1V)-S bond distances (2.36-2.45 A) in 
[Os,(Et2dtc),] [PF,], (Et2dtc = N,N’-diethyldithiocarbamato).’O 
The Os-N bond distances (Os-N( 1) = 2.000 (8) A and Os-N(2) 
= 1.993 (7) A) are normal, and bond lengths and angles for the 
salen ligand are in agreement with the mean values reported for 
a series of saIen complexes.” 
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We and others’-3 have investigated the effects of light intensity 
on observed quantum yields. To the best of our knowledge, 
however, it has not been pointed out in the literature that pa- 
rameters such as the extinction coefficient and window area can 
also have pronounced effects on the observed quantum yield. In 
particular, because the quantum yield can vary with the extinction 
coefficient, a change in the observed quantum yield corresponding 
to a change in wavelength may be due only to the different ex- 
tinction coefficients at the respective wavelengths. In such a case, 
any conclusions regarding the photochemistry or photophysics 
drawn on the assumption of a true wavelength effect will be 
incorrect. In this note we quantify the effects that optical density, 
radiation intensity, and window area can have on the observed 
quantum yield, and we discuss the origin of these effects. 
Results and Discussion 

Although it is relatively simple to distribute heat homogeneously 
throughout a reaction solution, it is rare that a photoreaction 
solution will be “homogeneous in photons”. As a result of both 
the Beer-Lambert law and the fact that radiation is typically not 
focused evenly over the entire surface of the reaction vessel, each 
point within the reaction mixture will experience a different photon 
flux. For an intramolecular reaction (e.g. olefin cis-trans isom- 
erization) this phenomenon will not affect the quantum yield. 
However, when a reaction that is first order in a short-lived 
intermediate is in competition with a second-order reaction be- 
tween two photoproduct species, the quantum yield will be affected 
by the local steady-state concentrations of these transient pho- 
toproducts and, therefore, by the amount of light absorbed at each 
point in the solution. The extent to which stirring can homogenize 
the solution depends upon the lifetimes of these species; it must 
be remembered that stirring can be slow on the time scale of many 
“fast” intermolecular reactions. 

Reactions involving radicals are probably the most common 
type of reaction in which the quantum yield can be affected by 
the local steady-state concentrations of transient intermediates. 
As an example, consider the radical reaction in Scheme I in which 
a photogenerated metal radical abstracts a halogen atom from 
an alkyl halide. 
Scheme I 

dP. hu 

k-i 
M-M G M (1) 

(2) M + RHal 5 MHal + R 
M-M = a metal-metal-bonded dimer, e.g. Mn,(CO)lo; 
RHal = an alkyl halide; M = a metal radical, e.g. Mn(CO), 

As we show in the Appendix, the overall quantum yield for 
disappearance of the dimer is given by 

where T = transmittance of the solution t = extinction 
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Table I. Quantum Yields for Scheme I Calculated by Using Eq 3 
(bP = 0.4, L = 1.0 cm) 

Conditions: Zo = lo-' einstein/s, k-' = lo9 M-' s-I, 
k,lRHall = 100 s-I, A = 3 cm2, C = 0.005 M 

e/M-l cm-' d c/M-l cm-I d 
10 0.379 10000 0.082 

100 0.308 40000 0.045 
1000 0.192 

Conditions: Zo = lo-* einstein/s, k-, = lo9 M-l s-], 
k2[RHal] = 100 s-l, e = 100 M-l cm-I, C = 0.005 

M 
A/cm2 d A/cm2 6 

30 0.385 0.03 0.060 
3 0.308 0.0075 0.031 
0.3 0.159 

Conditions: Zo = einstein/s, k-, = lo9 M-' S-I, 
k2[RHal] = 100 s-I, A = 3 cm2, e = 1000 M-l cm-' 

c/10-3 M d c/ 10-3 M d 
200 0.045 0.5 0.308 

50 0.082 0.05 0.379 
5 0.192 

Conditions: k-, = lo9 M-l sd ,  k,[RHal] = 100 s-l, 
A = 3 cm2, C = 0.005 M, e = 1000 M-' cm-l 

Zn/(einstein/s) d I,/(einstein/s) d 
1 x 10-9 0.327 1 x 10" 0.030 
1 x 10-8 0.192 4 x 10" 0.015 
1 x 10-7 0.082 

einstein/s, k2[RHal] = 100 sd,  Conditions: Zo = 
A = 3 cm2, C = 0.005 M, c = 1000 M-I cm-l 

k_,/M-' s-I d k-,/M-' s-I 9 
1 x 107 0.388 1 x 10'0 0.082 
1 x 108 0.326 4 x 10'0 0.045 
1 x 109 0.192 

Conditions: Zo = einstein/s, k- ,  = lo9 M-' s-', A = 
3 cm2, C = 0.005 M, e = 1000 M-I cm-l 

k,[RHall/s-' d kz[RHal]/s-' b 
1000 0.389 1 .o 0.0032 
100 0.192 0.1 3.2 x 10-4 
10 0.030 

coefficient of M-M at  the wavelength of irradiation, L = cell 
pathlength, C = concentration of M-M, @p = quantum yield of 
primary photoprocess (metal-metal bond homolysis), b = -kz- 
[RHal], z = -16k-,@JoeC(ln 10)/(A/1000), Io = incident ra- 
diation intensity, and A = area of surface irradiated by incident 
radiation. 

Table I shows numerically how e, C, Io, and A can affect the 
observed quantum yield. Note that @t as a function of optical 
density, Zo, or 1/A follows the same pattern. In the limit of low 
values of these parameters @t is nearly equal to and in the limit 
of high values (low values of &/@& @t is inversely proportional 
to the square root of the parameter. Thus, if these parameters 
are not accounted for, quantum yield data for radical reactions 
proceeding according to Scheme I or a related pathway should 
be viewed with skepticism, unless the experimenter can be sure 
that the reactions were run under "limiting case" conditions. 

We found another type of reaction, not completely analogous 
to that of Scheme I, in which the quantum yield is dependent on 
the parameters discussed above, namely, the binuclear elimination 
reaction of CpW(CO),Me (Me = CH,; Cp = v5-C5H5): 

2CpW(CO),Me cp2w2(co)6 2[Me] (4) 

(1) (a) Yang, N. C.; Murov, S .  J .  Am. Chem. SOC. 1966.88, 2852-2854. 
(b) Schuster, D. I.; Barile, G. C.; Liu, K. J .  Am. Chem. SOC. 1975, 97, 
4441-4443. (c) Rubin, M. B.; Inbar, S .  J .  Am. Chem. SOC. 1978,100, 
2266-2268. 

(2) Fox, A.; Poe, A. J .  Am. Chem. SOC. 1980, 102, 2491-2499. 
(3) Tyler, D. R. J .  Photochem. 1982, 20, 101-106. 

Table 11. Quantum Yields for Reaction 9" 

X/nm 
(e/M-I cm-I) In/(einstein/s) bow - 0.02b d&dC 

366 (900) 1.7 x 10-7 0.086 0.090 
366 (900) 1.7 X 10" 0.042 0.033 
405 (200) 9.2 x 10-7 0.083 (0.083) 

"In benzene. Solution volume equals 3 mL; L = 1.0 cm. b0.02 
subtracted to correct for reaction 7. c k 2 / k _ , 1 / 2  set equal to 8.7 X 
M'/2 s-1/2, 

This reaction is probably somewhat of a rarity among reactions 
in which irradiation parameters affect quantum yields in that it 
does not involve radicals. Rather, the dominant primary photo- 
process is metal-carbonyl bond diss~ciation;~ we have suggested 
the mechanism 

CpW(CO),Me C P W ( C O ) ~ M ~  + CO (5) 

(6) 

co 
CpW(C0)2Me + CpW(CO),Me - cp,w2(c0)6 + 2Me 

We found that dimerization under argon proceeds with a 
quantum yield (for dimer appearance) of 0.103 at  405 nm with 
an intensity of 9.15 X lo-' einstein/min. At 366 nm, with an 
intensity of 1.7 X 10" einstein/min, the quantum yield is 0.062, 
whereas with an intensity of 1.7 X lo-' the quantum yield is 0.106. 
Thus, the overall quantum yield is a function of both wavelength 
and intensity. (A value of 0.02 should be subtracted from all three 
quantum yields to obtain the quantum yield for dimerization via 
eq 5 and 6; this correction is necessary because dimerization due 
to tungsten-methyl bond cleavage (eq 7) also O C C U ~ S , ~  inde- 

hv 
CpW(C0)3Me - Me + CPW(C0)3 - 

1/2cP2w2(co)6 (7) 

@appearance = 0.02 

pendently of reactions 5 and 6.) However, because the limiting 
substitution (eq 8) quantum yield, for the complex is the same 

CpW(CO),Me -% C O  + CpW(C0)2Me - high [Ll 

CpW(C0)2LMe (8) 

@dls = 0.40 

at  366 and 405 nm (0.40) and independent of intensity, we can 
safely conclude that the dimerization quantum yields do not reflect 
different primary photoprocess quantum yields; i.e., we are not 
observing a "true" wavelength effect. The variations in the 
quantum yield result from changes in the intensity and extinction 
coefficient which affect the local steady-state concentration of 
the intermediate and free C O  (which in turn affect the rate of 
the back-reaction of eq 5). It should be noted that the kinetics 
of reactions 5 and 6 can essentially be described by eq 3. The 
overall quantum yield of the reaction is 

@ = @ d 1 , ( k 2 [ C p ~ ( C o ) , ~ e ] ) /  
(k-,[COI + k,[CpW(C0)3Mel) (9) 

If the assumption is made that the steady-state concentration of 
CO is equal to that of the fragment, C P W ( C O ) , M ~ , ~  then eq 9 
takes the same form as eq 10 in the Appendix and eq 3 is ap- 
plicable with b = -k2[CpW(CO)3Me3]. (Note that the low 

(4) (a) Severson, R. G.; Wojcicki, A. J .  Orgunomet. Chem. 1978, 157, 
173-185. (b) Tyler, D. R. Inorg. Chem. 1981, 20, 2251, 2261. 

(5) Goldman, A. S.; Tyler, D. R. J .  Am. Chem. SOC. 1986, 108, 89-94. 
(6) More rigorously, the steady-state concentration of CO should be set 

equal to the combined steady-state concentrations of CPW(CO)~M~ and 
Cp2W,(CO),; thus the assumption is only valid to the extent that 
[CpW(CO)2Me] >> [Cp2W2(CO),]. However, as long as [CO] is 
greater than [CpW(C0)2Me] by a relatively constant factor, then the 
form of the equation is unchanged. 
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steady-state concentration of CO is unusual for reactions resulting 
from metal-carbonyl bond dissociation (e.g. ligand substitution) 
because there is usually a stoichiometric increase in [CO] in such 
reactions.) As a result of the low concentration of C O  in the 
solution of reaction 4, coordination of the very poor ligand, 
CpW(C0)3Me (eq 6) is competitive with the back-reaction of 
C P W ( C O ) ~ M ~  with C O  (eq 5). 

Table I1 shows a comparison of the observed values of 4 com- 
pared with those calculated from eq 3. The value of I$p was 
assumed to be 0.40, the quantum yield for ligand substitution. 
The rate constants k-’ and k2 were set so as to let 4ald equal I$ow 
for the case in which wavelength is equal to 405 nm. It can be 
seen that the quantum yield is in fact lowered by increasing the 
extinction coefficient and intensity, although not to as great an 
extent as predicted. Several factors could substantially detract 
from the agreement between predicted and observed values in the 
use of eq 3: (1) the inability to reproducibly focus the lamp on 
the reaction cell will result in an effective variability of A;  ( 2 )  
stirring may occur on a time scale competitive with the lifetimes 
of the intermediates (this will decrease the effect of A and e on 
the observed values); (3) in the particular case of reactions 5 and 
6, a buildup of CO in solution, perhaps due to a side reaction, 
would result in an overall rate of back-reaction less dependent 
on intensity, A,  and e. 

Conclusion. Certain photochemical pathways involve a com- 
petition between elementary reactions that are first and second 
order in a short-lived intermediate. The observed quantum yields 
of such reactions may show a dependency on irradiation param- 
eters such as optical density, extinction coefficient, irradiation 
intensity, and window area. Difficulties may be encountered in 
attempting to quantitatively apply the above equations with any 
precision. Nevertheless, we believe that they can be quite useful, 
if only for calculating the expected direction and order of mag- 
nitude of any dependency of the quantum yield on these irradiation 
parameters. At the very least, the photochemical experimenter 
should always be aware of the possibility that the parameters 
discussed herein can affect efficiencies and even product distri- 
butions. 
Experimental Section 

Quantum yield measurements for the binuclear reductive elimination 
of CpW(CO),Me (0.02 M in benzene) were made by monitoring the 
band maximum at 508 nm of the product complex Cp2W2(CO)6 with a 
Beckman DU spectrophotometer. The light source for irradiations was 
a 200-W Oriel high-pressure mercury lamp. Intensities were varied with 
use of Oriel neutral-density filters. Each value was based on three in- 
dependent sets of three consecutive irradiations. Substitution quantum 
yields were determined by monitoring the 2016- and 1918-cm-’ bands 
of CPW(CO)~M~ and the 1933- and 1847-cm-’ bands of CpW(CO)2- 
(PPh3)Me with a Perkin-Elmer 983 spectrophotometer. Lamp intensities 
were measured by ferrioxalate actinometry. The 366- and 405-nm 
mercury arc bands were isolated with use of a Corning CS 7-83 filter and 
an Edmund Scientific interference filter, respectively. CpW(CO),Me 
was prepared by literature methods.’ All other materials were obtained 
commercially. Benzene was distilled under nitrogen from LiAIH4. 
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Appendix 

The observed quantum yield for the reaction in Scheme I will 
be dependent on the competition between the forward reaction 
and the back-reaction, the latter of which is dependent on the 
steady-state concentration of M. The quantum yield at any given 
point X in solution will be 

I $ x  = ~ , ~ A R H ~ ~ I / ( ~ ~ - I [ M I x  + kdRHa11) (10) 

where dP is the quantum yield for the primary photoprocess 
(metal-metal bond homolysis) and [MIx is the steady state 
concentration of [MI at  point X. Let us assume a rectangular- 

(7) See ref 4b, Experimental Section, and references therein. 

prism reaction cell of pathlength L, evenly irradiated over all or 
part of one surface, with the incident light, perpendicular to the 
irradiated surface, distributed over area A.  Let x equal the 
distance of point X from the irradiated surface, 6 equal the ex- 
tinction coefficient of M-M at the wavelength of irradiation, Io 
equal the incident radiation intensity, and C equal the concen- 
tration of M-M. Using the steady-state approximation for M, 
we then find 

b + (b2 + 8k-1J)1/2 
(1 1) 4k-1 [MIX = 

where 

b = -k2[RHal] (12)  

f = (24pIoeC(ln 10)lO-fcx)/(A/lOOO) (13) 

The value for the overall quantum yield 
integration over the length of the cell (from x = 0 to L ) :  

can be obtained by 

where I ,  = IolO-fcx is the intensity at point x. Making the sub- 
stitution u = and integrating, we find 

+ ( ( b 2  - z T P 2  - b ) - ; ( (b2 - z ) ’ / ~  - b ) ] 
z (b2 - zT) ’ / ’  + b (b2 - z)‘/~ + b 

(3) 
where T is the transmittance of the solution and z = 
-16k-l~pZoeC(ln 10)/(A/1000). 
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(CO)3Me, 12082-27-8; Cp,W,(CO),, 12091-65-5; CpW(C0)2(PPh3)Me, 
12115-41-2. 
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The EDTA and related polyamino polycarboxylate ligands have 
been shown to labilize greatly the ligand substitution reactions 
of the chromium(II1) complexes.’ Later, trivalent metal com- 
plexes other than those of chromium(III), including titanium(III), 
iron(III), cobalt(III), ruthenium(III), and osmium(II1) complexes, 
were also found to undergo rapid ligand substitution reactions 
when an EDTA-type ligand was coordinated.” This remarkable 
effect of the EDTA-type ligand has attracted continuing attention 
for a decade.’ 
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