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Flash Photolysis Studies of Ruthenium(I1)-Ammine Complexes. 1. Transient 
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Conventional flash photolysis of the ruthenium(I1) complexes Ru(NH,),py-X*+ (where py-X is a substituted pyridine or 
related aromatic heterocycle) in aqueous solution leads to the formation of relatively long-lived transients for those species 
also showing net photoaquation of p y x ,  Since only those species which undergo significant photoaquation (6, > 0.01 
mol/einstein) display measurable transient formation and since these complexes are  those previously concluded to have 
a ligand field (LF) state as  the lowest energy excited state, it is concluded that this L F  state is the immediate precursor 
of this transient. In this context, it is proposed that the transient is an intermediate (not an excited state) with the pyridine 
ring K bonded to the Ru(I1) species Ru(NH,)~*+ in a manner making the nitrogen lone pair free to be reversibly protonated. 
Rates of relaxation of the intermediate to starting material and to products are  markedly pH dependent, indicating that 
the protonated intermediate is particularly long-lived but decays largely to form aquation products. A reaction scheme 
for formation and decay of these transients is proposed. and comparisons are  made with relaxation rates and with quantum 
yields for net photoaquation. 

Introduction 
The quantitative photochemistry of ruthenium(I1)-amine 

complexes in aqueous solution is a continuing research interest 
of these laboratorie~.~-’~ Although the majority of these studies 
have involved continuous photolysis techniques, preliminary 
flash photolysis studies have indicated8~9~’4 a rich chemistry 
of species produced transiently in these systems. In general, 
the phenomena resulting from flash photolysis can be separated 
into two categories. The first involves intermediates apparently 
related to the photosubstitution reactions of the hexacoordinate 
complexes, while the second involves intermediates derived 
from photoredox reactions in the presence of oxidants added 
to the reaction solutions. The latter reaction types have re- 
ceived considerable attention with regard to the excited-state 
chemistry of tris(bipyridyl)ruthenium(II) and  analogue^,'^ 
encouraged in part by the proposition that such species are 
possible mediators in the conversion of solar energy to chemical 
potential energy.I6 Clearly, these excited-state reaction types 
are interrelated, at  least in the context that deactivation by 
substitution decreases the role of redox pathways and leads 
to decomposition. For example, even the relatively stable 
R ~ ( b p y ) ~ ~ +  ion displays some ph~to lab i l i ty l~  which may di- 
minish its usefulness in photocatalytic applications where 
long-term stability is desired. 

This paper is concerned with the kinetic behavior of in- 
termediates generated “unimolecularly” in the flash photolysis 
of the Ru(1I) complexes R U ( N H ~ ) ~ ~ ~ - X ~ +  in aqueous solution 
(where py-X is a substituted pyridine or a related aromatic 
nitrogen heterocycle). These species display intense metal- 
to-ligand charge-transfer (MLCT) absorption bands in their 
visible spectra, but the only reaction resulting from visible 
photolysis is ligand photoaquation. Understanding the be- 
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havior of the transient intermediates seen under flash irra- 
diation is essential to the explanations of two features of the 
photoreaction behavior: first, the marked pH dependence on 
the pyridine aquation quantum yields for certain complexes 
in acidic s o l ~ t i o n , ~  and second, the discovery that the pho- 
toreactivities can be “tuned” by the choice of the substituent 
X.I0 The kinetic behavior of intermediates generated by flash 
photolysis of Ru(NHJ5py-X2+ in the presence of added 
oxidants will be described separately.” 
Experimental Section 

Materials. The recrystallized [Ru(NH,),py-X] (BF4j salts were 
prepared from [ R U ( N H ~ ) ~ C ~ ] C I ~  according to published proce- 
dures.’0x’8 Aqueous solutions for photolysis were prepared from 
redistilled water with reagent sodium chloride used to maintain ionic 
strength. Solutions were deaerated with argon which had been passed 
through a chromous bubbler. Reinecke’s salt used in actinometry 
was purchased from Eastman as (NH,) [Cr(NH,),(SCN),] and 
converted to the potassium salt by recrystallizing from K N 0 3  solution. 

Flash Photolysis Procedures. Flash photolyses were carried out 
on a kinetic flash photolysis apparatus based on a Xenon Corp. Model 
A micropulser and a Model C trigger system. Filtered Flash pulses 
of various energies (100-500 J) were used. Absorbance vs. time data 
were obtained using a high-stability analyzing light beam (from a 
75-W Xenon Corp. source powered by a P I X  Model 401 power 
supply) passed through appropriate light baffles, filters, and 
monochromators. The data were collected with an EM1 6256B 
photomultiplier tube and recorded with either a Tektronix Model 564 
storage oscilloscope or a Biomation 805 transient waveform recorder 
coupled with a Hewlett-Packard 7035B XY recorder. Instrumental 
dead time was approximately 35 ks under typical conditions. Sample 
cells were concentric jacketed quartz cells 1 cm in diameter and either 
12 or 20 cm in length. Cutoff filter solutions were placed in an outer 
jacket for wavelength selection of flash irradiation. All ruthenium(I1) 
substrate solutions M in substrate, 0.2 M NaCI/HCl)  were 
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rigorously deoxygenated in the dark prior to photolysi 
apparatus and procedures are reported in greater detail 

The transient absorbance changes subsequent to flash irradiation 
generally were simple first-order processes giving linear plots of -In 
(A ,  - A,) vs. time t (where A ,  is the long-term absorbance after the 
flash and A, is the absorbance at time t ) .  However, several runs appear 
to have involved a minor additional pathway which was much slower 
and much less sensitive to pH. Since most runs did not show this 
behavior, the “slow” process is likely due to an impurity in solution. 
In these cases plots of -In ( A ,  - A,) vs. t for the decay of the “fast” 
portion of the trace are curved when the “final” A ,  is used but are 
linear for at least 3 half-lives when an “apparent” A ,  calculated by 
the Kezdy-Swinebourne method (similar to Guggenheim method) 
is used. 
Results 

A. Flash Photolysis of R U ( N H ~ ) ~ ~ ~ ~ + .  Flash irradiation 
into the visible region MLCT band of R U ( N H ~ ) ~ P Y ~ +  in fluid 
aqueous solution results in efficient “instantaneous” (i.e., less 
than 35 hs, the instrument dead time) bleaching of the CT 
absorption followed by partial regeneration of the original 
band. Net  bleaching is observed, consistent with the con- 
tinuous photolysis observations made on this c o m p o ~ n d , 4 ~ ~ J ~  
and this can be attributed largely to the photoaquation of 
pyridine (eq la). In the visible region, both the transitory 

R U ( N H ~ ) ~ P Y ~ +  + H 2 0  R U ( N H ~ ) ~ H ~ O ’ +  + py - R U ( N H ~ ) ~ ( H ~ O ) ~ Y ~ +  + NH3 

and net spectral changes parallel the substrate spectrum, and 
maximum bleaching is observed a t  the MLCT maximum a t  
407 nm. In several experiments the flash intensity was 
sufficient to cause -90% temporary bleaching of the MLCT 
absorbance. Thus, the transient has little visible-range ab- 
sorbance, and its extinction coefficient can be estimated to be 
15700 M-’ cm-’ a t  407 nm (tiide infra) and even smaller a t  
longer wavelengths. However, UV monitoring shows a 
transient increase over the substrate’s absorbance. The UV 
absorption begins a t  350 nm and increases to a maximum at 
about 280 nm where it has an apparent extinction coefficient 
of approximately 600 M-’ cm-’. Spectral changes observed 
are independent of whether the reaction medium is aqueous 
HC104/LiC104 solution or aqueous HCl/NaCl solution. For 
the dynamic processes observed subsequent to the flash ra- 
diation, the rate of the transient disappearance monitored at  
300 nm is identical with that of substrate regeneration 
monitored a t  407 nm under identical conditions. 

The partial regeneration of the aqueous R U ( N H ~ ) ~ ~ ~ ~ +  
MLCT absorption occurs in a period of milliseconds after flash 
irradiation a t  Xirr >405 nm. Plots of -In ( A ,  - A,) vs. t are 
linear, indicating a first-order process. Calculated first-order 
rate constants kobsd are listed in Table I for various acid 
concentrations, and log k&d is plotted vs. pH in Figure 1. 
These rate constants are independent of the initial Ru- 
(NH3)5py2+ concentration but are markedly affected by the 
solution pH, increasing by more than 2 orders of magnitude 
as the pH is raised from 0.71 to above 3.0. The variation of 
kobsd with temperature was also investigated briefly in 0.2 M 
HCl and values of 14.6 and 1.39 X lo3  s-’ were measured at  
15 and 45 “C, respectively, giving the apparent activation 
parameters A P  = 27 f 2 kcal/mol and AS* = 40 f 6 eu at  
25 “C. 

The quantum yields 4o for the instantaneous bleaching were 
obtained by extrapolating the linear kinetics plots to time zero 
to give the intercept A,. The ratio of the instantaneous ab- 
sorbance change, A,  - A. (A,  is the solution absorbance before 
the flash), to the net change, A, - A,, is equal to the ratio 
40/4L(spec), where $L(spec) is the spectroscopic quantum yield 
for photoaquation of the ligand L determined by continuous 

b 
hu 

(1) 
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Table I. Quantum Yields for Transient Bleaching and Rate 
Constants for Substrate Regeneration in the Flash 
Photolysis of Ru(NH,),L2+ a 

L=PY L = py-3-Cl 

PH $ o b  10-’kobsdc bob 10-’kobsdc 
0.0 0.63 
0.45 1 .o 
0.71 0.15 0.57 
0.78 0.13 3.6 
1 .oo 0.96 0.11 9.4 
1.16 0.14 1.16 
1.53 1.59 0.12 29 
1.99 3.3 0.14 91 
2.16 0.16 5.6 
2.56 13.0 
3.01 0.17 41.5 150 
3.50 100.0’ 
4.0 -190.0 
7.6 >250.0 

a Observations in deaerated aqueous solution: p = 0.20 M NaCl/ 
HCI, h h  > 405 nm, A,, = 407 nm, T =  21.6 “C, [Ru(II)Ii = 
1.3 X lo-’ M; solutions were discarded after a single flash. A 
Biomation 805 transient recorder and an XY plotter were used to 
obtain output transmittance vs. time curve rates. Rate con- 
stants were measured 2-4 times in each case with a reproducibility 
of better than +lo%. 
flash-induced bleaching. In s-’ . 

Quantum yield for the instantaneous 

! I ‘  

PH 

Figure 1. Upper: plot of &L(spec) vs. pH for the photoaquation of 
py from R U ( N H ~ ) ~ ~ ~ * ’  in 25 “C aqueous solution (405-nm irra- 
diation). The data are from ref 4. Lower: plots of log kobsd vs. pH 
for the relaxation rates of the transients produced in the flash 
photolyses of R U ( N H ~ ) ~ ~ ~ ~ +  and R U ( N H ~ ) ~ ~ ~ - ~ - C I ~ ’  in aqueous 
solution. 

photolysis studies.1° From these data 4, can be calculated as 
having the value 0.16 f 0.02 mol/einstein for R U ( N H ~ ) ~ ~ ~ ~ +  
independent of the solution pH over the range 0.71-3.01. 

13. Flash Photolysis of R U ( N H ~ ) ~ P ~ - X ~ + .  Table I1 sum- 
marizes the qualitative but reproducible observations made 
when the pentaammineruthenium(I1) complexes of various 
substituted-pyridine and related pyrazine complexes were flash 
photolyzed in aqueous solution. The pattern parallels closely 
the observations made by Malouf’O in continuous photolysis 
experiments under comparable solution conditions. Systems 
displaying 4L(spec) values greater than 0.01 mol/einstein 
undergo flash-induced net bleaching of the reaction solution 
MLCT absorbance. In each of these cases, flash photolysis 
a t  low pH also leads to transient bleaching greater than the 
net bleaching followed by partial regeneration of the MLCT 
absorbance. In no case did R ~ ( N H 3 ) ~ p y - p ’  complexes shown 
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Table 11. Summary of Qualitative Spectroscopic Observationsa for the Flash Photolysis of Selected R u ( N H ~ ) ~ L ~ +  Complexes 

Vincent A. Durante and Peter C. Ford 

J, nm 

a 

Nq CI 

N W O  
“2 

407 

426 

446 

447 

454 

472 

479 

5 23 

508 

540 

I deaerated aaueous solution: 

0.045 

0.048 

0.033 

0.042 

0.022 

1 x 10-3 

1 x 10-3 

3 x 10-4 

1 x 10-4 

4 x 10-5 

net 
k i n ,  d h l O I l , e  transient f absorbanccff 

PH nm nrn absorbance change change 

0.7-7.4 

0.0-3.5 

0.28 
1.28 
2.02 
3.04 
4.0 

0.00 
0.26 
3.00 

0.05 

5.7 

0.05 

1-3.4 

0-1.5 

1-2 

>405 

>405 

>405 

>405 

>405 

>405 

>405 

2405 

>405 

>439 
2 3 2 0  

407 T B ~  
260 TA 

426 T B ~  

446 TB (67) 
TB (430) 

TB (1.2 X 10“) 
TB (1.6 x 103) 

TB (-1.3 x 104) 

447 TB (650) 
TB (-1.4 x 103) 
none 

454 TB (-103) 

472 none 
510 none 
330 none 
419 none 
4 25 none 

240-523 none 

290-600 none 

240-572 none 
240-5 7 2 none 

NB 

NB 

NB 
NB 
NB 
NB 
NB 

NB 
NB 
NB 

NB 

none 
none 
none 
very small 
NH 

none 

none 

none 
none 

= 23 + 2 “C.  Results described for several flash experiments in each case where solutions were 
discarded after the&first flash if a net reaction was observed. 
at pH 3 and 25 “ C  for aqueous solution, except L = pyrazine (pH 7 )  and L = pzHt (pH 1); hirr = Am,(MLCT).” Wavelength range of 
flash irradiation. e Monitoring wavelength. f Time-dependent absorbance changes observed for kobd (s..’): 40 ,US; T B ,  transient bleaching; 
TA, transient absorption increase. Rate constants for first-order transient decay are given in parentheses. g Nature of overall absorbance 
change (Ai-& for a single flash: NB, net bleaching; none, no change. 

Amx of the MLCT absorption band. Spectrosco ic quantum yield measured 

See Table I. 

to have smaller &(spec) values display measurable net 
bleaching or transient bleaching as the result of a single flash. 
(The failure to see any net bleaching for those systems where 
@L(spec) values are very small reflects the sensitivity limitations 
of the kinetic flash photolysis spectrometer; Le., absorbance 
changes of less than 0.5% were lost in the noise.) 

Some kinetics studies were carried out to determine the rates 
of substrate regeneration for those complexes which display 
bleached transients. In each case the transient decay process 
is markedly pH dependent (Tables I and 11). However, the 
quantum yield for transient bleaching do was shown to be pH 
independent (0.12 f 0.02 mol/einstein); this was also true for 
the 3-chloropyridine complex (Table I ) .  

Discussion 
The qualitative flash photolysis observations in Table I1 

show a definite parallel with the continuous photolysis studies 
of aqueous R U ( N H ~ ) ~ P ~ - X ~ + .  Transient bleaching (TB) of 
the Ru”py-X MLCT absorption band is seen only for those 
complexes also showing detectable net reaction when flash 
photolyzed, Le., only for those “reactive” complexes displaying 

relatively large (>0.01 mol/einstein) quantum yields of 
photoaquation.1° The lifetimes of these transient phenomena 
are markedly pW dependent and, in some cases, TB was not 
detected within the limitations of the flash apparatus for 
several reactive complexes at  high pH. However, TB is seen 
under conditions of low pH for each “reactive” complex studied 
but not for any “unreactive” complex at analogously low pH’s. 
Notably, the pH effects on TB lifetimes fall in approximately 
the same pH range that the similar effects on q5L(spec) have 
also been noted for Ru(NH3) jpy2+ and other “reactive” 
c ~ m p l e x e s ~ ~ ~  (Figure 1). Thus, for the various substituted- 
pyridine complexes, those factors determining whether a 
long-lived bleached transient will be formed are closely in- 
terrelated to the factors determining the relative photolability 
of the complexes. 

Under continuous photolysis, it was shown that the Ru- 
(NHJ5py-X2+ complexes having MLCT band maxima longer 
than 460 nm in aqueous solution are relatively photoinert 
toward ligand substitution while those with shorter A,,, 
generally are much more active. These observations led 
MalouP$’o to propose that the “reactive” complexes were those 
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with their lowest energy excited state having ligand field (LF) 
character while, in contrast, the lowest energy excited state 
of the "unreactive" complexes is a MLCT state. Since the 
energies of the MLCT absorption band and presumably of the 
thermally relaxed MLCT states are quite sensitive to X, 
judicious choice of pyridine substituent can be used to "tune" 
the photochemistry of these systems.1° Similar models have 
also been used to interpret the photosubstitution behavior of 
various py-X complexes of pentacarbonyltungsten(O), W- 
(CO)5py-X,19 and of pentacyanoferrate(II),20 Fe(CN)5py-X3-. 
In a similar vein, the fact that TB is seen in the flash photolysis 
only of complexes having X-(MLCT) 6460 nm indicates that 
a MLCT state is unlikely to be the immediate precursor to 
whatever intermediate responsible for this behavior. This 
conclusion directly contradicts the proposal that the transient 
species is a pyridine radical anion coordinated to Ru(II1) and 
is produced by a distortion of the MLCT excited states2' Thus 
the strong parallels between the continuous and flash photolysis 
results strongly support the argument that the immediate 
precursor of the TB and photosubstitution is a common lowest 
energy state, L F  in character. 

Scheme I is a modification of the sequence originally 
proposed4 to explain the pH effects noted for the continuous 
photolysis quantum yields. In this scheme, MLCT* is the 
electronic state formed in the initial charge-transfer excitation, 
LF* is the lowest LF  state populated by efficient internal 
conversion/intersystem crossing from MLCT*, I is a long-lived 
intermediate formed from LF* and has very little absorption 
in the visible, and IH+ is the protonated form of I. Direct 
aquation of py from LF* and formation of I would have the 
respective quantum yields 

$d = kd/(kn + kd + kd'+ kI) 

$1 = k r / ( k  kd + kd'+ k ~ )  

Here $I has been measured as 0.16 i 0.02 for Ru(NH3);py2+ 
and 0.12 i 0.02 for R U ( N H ~ ) ~ ~ ~ - ~ - C ~ ~ + ,  Unlike pyridine, 
ammonia is depicted as aquating only from LF* and not from 
I since $", has been shown to be insensitive to solution pH 
in contrast to $py,4 

Scheme I 

Ru(NH3)5py2+ -% MLCT* w- LF* 

LF* -% R u ( N H ~ ) ~ P Y ~ +  

kd 
LF* + Ru(NH3)sH202' + py 

LF* ------* Ru(NH3)4(H20)py2' + NH3 
k.4 

kr 
LF* - I 

kl 
I + Ru(NH3)5H202+ + py 

I - Ru(NH3)5py2* 
k2 

I + H+ 5 IH+  
k ,  

IH+ .-+ RU(NHP)SH~O~+ + py H+ 

IH+ - Ru(NH3)5py2+ + H+ 
k4 

When the photoreactions are monitored spectroscopically 
a t  wavelengths corresponding to X,,,(MLCT) of the starting 
material, N H 3  aquation has very little effect on the solution 
absorbance.4i10 Thus $py(spec) is indicative of the total pyridine 
labilization by direct aquation from LF* (&) and by indirect 

reaction via intermediate formation of I: 

'&(spec) = $indirect + $d (2) 

&,dlrect has the form 

kl + k3K[Ht] 
hdirect = "kl + k2 + (k3 + k4)K[Ht] (3) 

These relationships suggest that $L(spec) should follow a 
reverse S curve with pH-independent plateaus at low and high 
pH as was indeed shown by Chaisson et al.4 (Figure 1). The 
limiting values should be 

kl 
lim $py(spec) = $I- 

[H+]-0 k l  + k2 + " (4) 

(5) 

The dpy(spec) data plotted in Figure 1 indicate these limiting 
values to be -0.036 and 0.125 mol/einstein, respectively. 

The time-dependent absorbance changes followed in the 
flash experiments correspond to the first-order partial re- 
generation of starting material. A straightforward derivation 

would, according to Scheme I, be 
shows that the Slope (kobsd) Of the -In ( A ,  - A,)  VS. t plots 

kl + k2 + (k3 + k4)K[Ht] 
( 6 )  1 + K[H+] kobsd = 

Thus the kobd should also show limiting values at low and high 
pH's as suggested by Figure 1: 

lim kobsd = kl  + k2 
[H+]-0 

( 7 )  

At high pH, kow is very large, falling close to the instrumental 
capabilities, and the limiting rates for R U ( N H ~ ) ~ ~ ~ ~ '  and 
R U ( N H ~ ) ~ P ~ - ~ - C ~ ~ +  are approximately 2.5 X and 1.5 X 

Equation 6 suggests another manner of data analysis. At 
acid concentrations where K[H+] >> 1, kobsd has the form 

s-l, respectively. 

kobad = (k3 + k4) + (k ,  + kz)K-'[H']-' (9) 
Thus, at sufficiently low pH, plots of kobsd vs. [H']-' should 
be linear with slopes of (k l  + k2)K-' and intercepts of (k3 + 
k4). (This type of analysis would be consistent with the earlier 
reportI4 of kobsd for R U ( N H , ) ~ ~ ~ ~ +  having the form a + b- 
[H'I-'.) For the data in Table I, a plot of kobd vs. ["]-I gives 
a very good line for R U ( N H ~ ) ~ ~ ~ ~ +  with a slope of 4.1 f 0,3 
M s-l and intercept of 36 f 3 s-1.22 Similar treatment of the 
R U ( N H ~ ) ~ ~ ~ - ~ - C ~ ~ +  data is less satisfactory but gives a slope 
of 77 f 15 M s-l with an intercept of about 0. However, the 
curvature of the log kobsd vs. pH plot for the latter complex 
at  the low pH range indicates that this intercept should be 
nonzero with a value in the range of 10-50 s-]. 

Division of lim[,+ -o kobsd (eq 8) by the slope of the kobsd 
vs. [H+]-' plots (eq 9\ gives the equilibrium constants K equal 
to -6.1 X lo3 and -2 X lo2 M-' for R U ( N H ~ ) ~ ~ ~ ~ +  and 
R U ( N H ~ ) ~ ~ ~ - ~ - C I ~ + ,  respectively. Thus, there is a modest 
substituent effect on the basicity of I, the electron-withdrawing 
3-C1 substituent reducing the basicity about 30-fold, as re- 
flected by the shift of the log kobld vs. pH plots to lower pH's. 

Despite the complexity of Scheme I, there is sufficient 
information available for the R U ( N H ~ ) ~ ~ ~ ~ +  system to estimate 
rate constants for the proposed steps by which I is depleted. 
A key problem is found in eq 2 since $p (spec) may have 
contributions both from pathways directly !rom LF*($d) and 
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indirectly via formation of I and subsequent product formation 
($indirect). In the absence of an independent measurement of 
$,,, two limiting assumptions can be made: +d = 0 and 6 d  = 
0.036 mol/einstein (the high p H  limit of $py). 

If $d = 0, then eq 4 gives 

Vincent A. Durante and Peter C. Ford 

(d,)2(d,,)'(d,2)1(d,2-,2)0. Upon relaxation, such a Franck- 
Condon state is expected to result in distortion along the z axis, 
which in its limit leads to ligand dissociation. However, the 
relatively large, pH-independent values argue strongly 
against a mechanism where the pyridine first passes into the 
bulk solvent then recombines with Ru(I1) to form I. A 
distortion involving both lengthening of the Ru-N bond and 
twisting of the pyridine ring upward so that it is no longer 
coplanar with the Ru(I1) center has the attractive feature that 
this motion is counterparallel to the angular redistribution of 
electron density on the metal ion suggested by formation of 
3B1 excited state from the 'Al ground state. 

Regardless of the specific configuration of I ,  it is obvious 
from the observation that the protonated form IH+ is more 
stable than I toward either dissociation to products ( k 3  vs. k,) 
or regeneration of R U ( N H ~ ) ~ ~ Y T  (k4 vs. k2)  that the bonding 
between the metal and the pyridine rings in these intermediates 
must involve considerable a back-bonding. Such back-bonding 
is implicit in the Dewar-Chatt model for a species such as A. 
For B one can see that the tilted configuration of the pyridine 
places the unoccupied a2 orbital in position to act as a a- 
acceptor from the d,, metal orbital (assuming 1 to be in a 
singlet electronic ground state) and perhaps places the 
unoccupied bl ligand orbital in a position appropriate to act 
as a u-acceptor from the filled d,, orbital. 

@ @. 
b, a2 

Summary 
The studies described here clearly demonstrate a one-to-one 

correspondence between those R U ( N H ~ ) ~ P Y - X * +  complexes 
showing significant quantum yields for photoaquation of py-X 
and those giving flash-photolysis-induced bleached transients. 
Since these complexes all have relatively high-energy MLCT 
absorption bands, we conclude that the lowest energy excited 
state for the reactive complexes is LF in character and that 
this state is the precursor of the intermediates formed. 
Notably, those complexes displaying relatively long-wavelength 
MLCT absorption maxima do not give bleached transients 
upon flash photolysis. Since a L F  state of Ru(lI), not a MLCT 
state, is apparently the precursor of the bleached transient, 
it is suggested that this intermediate consists of the Ru(I1) 
moiety Ru(NH3)?" P bonded to the pyridine ring in a manner 
freeing the ring-nitrogen lone pair for protonation. 

Rates of relaxation of the flash-induced intermediate to 
products and starting material are markedly pH dependent 
and are very rapid at  high pH'5 and relatively slow at low pH's. 
The kinetic pH effect parallels pH effects on photoaquation 
quantum yields noted previously4 thus indicating that the 
pathways for intermediate relaxation are influenced differently 
by pH. Thus, the protonated intermediate decays largely by 
aquation but is less labile toward relaxation than its conjugate 
base. 
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O n  photolysis in aqueous solution in the wavelength range 366-578 nm and temperatures of 10 and 2 0  "C, trans- 
[Cr(en)2NCSF]2t aquates mainly thiocyanate ($ = 0.22-0.28) with a small yield of ethylenediamine ($ = 0.05-0.1 1). 
No observable aquation of fluoride occurs ($ < 0.005). The ratio of the two modes of photoreaction varies with wavelength, 
particularly a t  10 OC, a t  wavelengths longer than 436 nm. These results support reaction via a t  least two excited states 
which are  not in thermal equilibrium. The various models of chromium(II1) photochemistry are  considered briefly and 
the results shown to agree best with a recent semiempirical molecular orbital theory. The wavelength and tempera- 
ture-dependence data, the theory, and general considerations are  suggestive that both 4E and 4B2 states may be photoreactive 
in complexes of this type. 

Introduction 
In the last decade a number of models, empirical and 

theoretical, for chromium( 111) photochemistry have ap- 
peared,'-' the most recent being a semiempirical molecular 
orbital This study of trun~-[Cr(en)~NCSF]+ was 
undertaken to compare its behavior with the reported pho- 
tochemistry of trans- [ Cr(en),F,]+ and trans- [Cr(en),- 
(NCS),]' lo and to provide a further test of the models then 
existing. In particular we anticipated from the a-donor model2 
that the ratio of ethylenediamine to thiocyanate or fluoride 
aquation should be intermediate to the values of >5  for 
[Cr(en)2F2]+ and -0.5 for [Cr(en),(NCS),]+. 

The molecule was also of interest as it emits phosphorescence 
a t  719 nm from room-temperature aqueous solution and can 
be quenched by [Cr(ox),13- and [Cr(CN),J3-. It therefore 
represented an opportunity to study both the quenching of 
emission and multiple reaction modes under identical con- 
ditions. The investigation of this aspect of the photochemistry 
has been rendered difficult by analytical problems and by the 
high absorbance of the available quenchers and is therefore 
not reported here. 
Experimental Section 

trans-[Cr(en)2NCSF]C104 was prepared as previously described." 
The purity of the compound was confirmed by analysis" and by 
ion-exchange chromatography12 and was at  least 99% pure with respect 
to elutable complexes including cis- [ c r ( e r ~ ) ~ N C S F l  t, 

The UV/visible spectrum of the compound is shown in Figure 1 I 
Photolysis was carried out in the apparatus previously described.I2 

Proton uptake  measurement^'^ were used to determine amounts of 

Table I. Apparent Quantum Yield for trans-[Cr(NH,),(NCS),1 - 
a t  Various Wavelengths and Temperatures 

temp, "C wave- 
length, 

nm 30 23 15 1 0  5 1 
5 7 8  0 .269  0.244 0 . 2 2 0  0.205 0.195 
546  0.311 0.281 0 .256  0 . 2 2 8  0.219 
436  0 .310  0.276 0.239 

ethylenediamine released. These measurements were performed at  
p H  3 so that about 50% of any released fluoride would also have been 
included in the measurement. Fluoride was not measured directly; 
instead ion-exchange chromatography to  detect  cis-[Cr- 
(en)2H20NCS]Zt was used to determine the extent of fluoride loss. 
Thiocyanate was measured by the method of Wegner and A d a m ~ 0 n . l ~  

Ion-exchange chromatography was carried out on a 20 cm long, 
8 mm diameter column of either Baker Analyzed C G C  241 or 
Hamilton HC8X cation-exchange resin, eluted with gradients (0.2-1.0 
M) of ammonium sulfate solution. A modified Technicon Au- 
toAnalyser was used to react the eluted complexes with 1 M sodium 
hydroxide and 0.5% (w/v) hydrogen peroxide. By monitoring the 
chromate absorbance a t  370 nm a complete chromatogram'* could 
be recorded. 

Depending on the wavelength of interest, both ferrioxalateI5 and 
reineckateI4 actinometry were employed for measurement of the 
incident light flux. The latter actinometer exhibited temperature 
dependence of its photolysis yield. Consequently calibration was 
required. For this purpose the light flux was monitored continuously 
by a Phillips 150 CV phototube observing 8% of the incident beam 
and the relative yield of thiocyanate measured for various temperatures 
and wavelengths. The temperature dependence of photolysis yield 
observed could be due partly to a change in solution absorbance with 
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