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ABBREVIATIONS 

bPY 2,2’-Bipyridyl 
4,4’-Me,bpy 4,4’-Dimethylbipyridyl 
4,4’-Ph 2 bpy 4,4’-Diphenylbipyridyl 
phen 1 , 1 0-Phenanthroline 

5-Clphen 5-Chloro: 1, IO-phenanthroline 
5-Brphen SBromo- 1, IO-phenanthroline 
5-Mephen 5-Methyl-l,lO-phenanthroline 
4,7-M% phen 4,7-Dirnethyl- I,1 0-phenanthroline 
5,6-M% phen 5,6-Dimethyl- 1, IO-phenanthroline 
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3,4,7,8_Tetramethyl- 1, IO-phenanthroline 
5-Phenyl- 1, IO-phenanthroline 
4,7-Diphenyl-l,lO-phenanthroline 
2,2’,2”-Terpyridine 

Ethylenediamine 
Dimethylformamide 
Acetonitrile 
Efficiency of the iIh process 
Rate constant for the i’h process 
Quantum yield for the iIh process 
Intersystem crossing process 
Radiative process 
Nonradiative process 
Reactive process 
Quenching process 
Back-electron-transfer process 
Thermal process 
Ground-state quenching process 

A. INTRODUCTION 

Investigations in recent years have demonstrated that the excited states of 

transition metal complexes can engage in homogeneous electron- and energy 
-transfer reactions [I], and heterogeneous electron transfer at semiconductor 
electrodes [2]. Thus, the potential for the conversion of radiant (solar) energy 
to useful chemical and electrical energy by means of photochemical systems 
exists. 

Recently, polypyridyl complexes of transition metals have been critically 
investigated as potential catalysts (photosensitizers) in photochemical sys- 
tems for conversion and storage of solar energy. These investigations have 
focused predominantly on systems incorporating ruthenium(II) polypyridyl 
complexes, e.g. tris(2,2’-bipyridyl)ruthenium(II) [3]. 

Considerable attention has also been directed at the polypyridyl com- 
plexes of Cr(IIIj, Cr(NN)z’ , where NN is 2,2’-bipyridine or 1,10- 
phenanthroline or some substituted analog of these two polypyridyl ligands 
[4]. The investigations have. demonstrated that the metal-centered (MC) 
excited states of these chromium(IIl) complexes can engage in homogeneous 
energy and electron transfer, exhibit relatively long lifetimes [5,6] which can 
be prolonged by alterations of the solution medium [7,8] or ground-state 
concentration [9], and exhibit favourable redox properties [lo]. The ground- 
state Cr(NN):’ complex shows absorption bands to ca. 450 nm [5], and is 
relatively inert in aqueous acidic media 171. These and other photochemical 
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and photophysical features of Cr(NN)j’ complexes will be discussed in 
detail in Sections B-D in order to examine the potential viability of these 
complexes as photosensitizers for solar energy conversion and storage cycles. 
That these Cr(NN): -t complexes are feasible alternatives for such cycles is 
evidenced by observation of the generation of photocurrents in the visible 
region from (‘MC)Cr(bpy):+ [ 1 I], and the observations of hydrogen evolu- 
tion from Cr(bpy)i+ /Ru(bpy)i+ /EDTA/Pt(OH), and Cr(4,4’-M%bpy)z’ ,/ 
Ru( trpy)$* /EDTA/Pt(OH), systems [ 12,131. 

B. SPECTRAL CHAFtACTERIZATXON OF Cr(NN)z+ COMPLEXES 

Chromium(III) complexes possess a d3 electronic configuration. Thk 
ground electronic state in octahedral microsymmetry is the quartet state 4AZ. 
Typicaliy, absorpiion spectra of chromium(III) complexes reveal three weak 
absorption bands (quartet-quartet) in the ultraviolet and visible regions, and 
two very weak, spin-forbidden bands (quartet-doublet) in the red region. 
The quartet-quartet bands correspond to the spin-allowed transitions from 
the 4A2 ground state to the excited quartet states 47’-‘-, 047’,, and b4Y-‘,_ These 
transitions are shown in Fig. 1 for chromium( III) species of octahedral 
symmetry. Although the chromium{ III) polypyridyl complexes possess di- 
hedral (L$) symmetry [14], they are often discussed in the context of 
octahedral microsymmetry. The features of Fig. 1 are applied to all the 
Cr(NN)z+ complexes discussed herein. 

Kanig and Herzog [ 151 have thoroughly investigated the ground-state 
tibsorption spectrum of Cr(bpy):+ and, assuming octahedral microsymme- 
try, have assigned the three spin-allowed quartet bands at 23.4, 28.9 and 
35.6 X lo3 cm-’ to the 4A2 -_, 4T2, 4A2 -3 a4TI, and ‘A, 3 b4T, transitions, 
respectively. The three unresolved shoulders (centered at ca. 23.4 X lo3 
cm-‘) were assigned to vibrational co-excitation involving the coupling of 
electronic d-d transitions and vibrational transitions within the bipyridyl 
ligand. This coupling then results in some electron delocalization within the 
excited states. The bands at 32.7 and 42.1 X lo3 cm-l were interpreted as 
bipyridine ligand-centered transitions, ‘A, + ‘B, and ‘A, + IA ,, respectively. 

The ground-state absorption spectra of several other chromium(III) poly- 
3+ pyridyl complexes, Cr(NN), , have been studied by Serpone and co-workers 

[5,6]. The spectra include those where NN is bpy, 4,4’-Me,bpy, 4,4’-Ph,bpy, 
phen, 5-CIphen, 5-Brphen, %Mephen, 5,6-M% phen, 4,7-Me, phen, 3,4,7,8- 
Me,phen, 5-Phphen and 4,7-Ph,phen. For all of the spectra the lowest-energy 
multicomponent band was assigned [5] to the 4A2 + 4T2 transition; this 
band yields the value of the ligand field splitting parameter A. The multi- 
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Fig. 1. Simplified energy level diagram of Cr(NN):+ complexes; 4k,,, 4krndr and 4kiw. are the 
rate constants of non-radiative, radiative, and inter-system crossing for the lowest excited 
quartet state. “T,; ‘knrr ‘krad, and ‘kbisc are the corresponding rate constants for the 
thermally equilibrated ‘E and “T, excited states; ic denotes internal conversion. The electron 
configuration of each state is dso given. 
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component nature of this band indicates -some degree of synergism’ [5], 

suggesting that A comprises both (J and r contributions. The ground-state 
absorption spectra (dashed line) for X > 350 nm of Cr(bpy):’ , Cr(4,4’- 
Me,bpy)z+ , and Cr(4,4’-Ph,bpy):+ are presented in Fig 2; those of 
Cr(phen)i+ , Cr(S-Clphen)z+ and Cr(3,4,7,%Me,phen);+ are depicted in 
Fig. 3. A comparison of the centers of gravity of the lowest-energy bands of 
Cr(bpy);+ and Cr(phen)z+ suggests that Abpy N Aphen. Spectral data ob- 
tained for other Cr(NN):+ complexes [5,6] have been used to approximate 
the relative values of A thus:. 
(a) 4$-Me,bpy > 4,4’-Ph ?bpy > bpy; 
and 
(b) 4,7-Ph,phen > 5-Mephen > 5-Brphen N 5-Clphen Z= phen > 3,4,7,8- 
Me, phen >‘5,6-Me, phen N 4,7-Me2 phen > 5-Phphen. 
The spectral results show that methyl or phenyl substitution at the 4,4’- 
positions of the bpy ligand causes a slight blue shift in the bands correspond- 
ing to the 4A2 + 4T2 transition. Methyl substitution on the phen ligand 
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Fig. 2. Absorption spectra (X2= 350 MI) of the ground-state Cr(NN):+ complexes (dashed 
tine), and of the primary transient species ( “E)Cr(NN)i+ (solid line a.114 points) w&e NN is 
bpy, 4,4’-Me,bpy, and 4,4’-Ph,bpy, obtained by flash photolysis absorption in N,-purged 
acidic media (1 M HCl); concentration of complexes ca_ 10 -‘- 10 -’ M. Spectra were 
measured 40 ps after the flash except for the bpy compIex, for which the spectrum was taken 
150 ps after the flash [5]. 
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Fig. 3. Absorption spectra (X > 350 nm) of the ground-state Cr(NN):+ complexes (dashed 
line), and of the primary transient species (‘E)Cr(NN):+ (solid line and points) where NN is 
phen, S-Clphen, and 3,4,7&Me,phen, obtained by flash photolysis absorption in Nz-p’urged 
acidic media (I M HCI); concentration of complexes ca. IO -4 - 10 -’ M. Spectra were t&en 
40 ps after the flash except for the phen complex, for which the spectrum was taken 150 ps 
after the flash [5]. 
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blue-shifts this low-energy transition, while phenyl- and halo-substitution 
cause a red shift. Additionally, the values of the molar extinction coefficient 
are significantly increased upon phenyl substitution on both the bpy and 
phen frameworks [5,6]. This feature is analogous to that observed [ 16-201 for 
the effect of substitution on the absorption maxima of the metal-to-ligand- 
charge-transfer (MLCT) states of Ru(NN)f+ complexes_ However, these do 
not show marked shifts in absorption maxima upon substitution [17], al- 
though the’ lifetimes of the emitting MLCT states and redox potentials of 
both ground and excited states appear to be somewhat sensitive to changes 
in ligand substituents. 

(ii) The narure of the excited states of Cr(iVN)j+ complexes 

Absorpi-ion of light into the first ligand-field band of a chromium(II1) 
complex yields a vibrationally-excited Franck-Condon quartet state, which 
subsequently relaxes to a thermally-equilibrated (“thexi”) [21] quartet state, 
4T20. This 4T20 state is expected to be severely distorted with respect to the 
4Az ground state. The distortion results from the promotion of an electron 
from a predominantly nonbonding dv orbital (d,,., ddX_ and d,.=) to a 
formally cr* antibonding orbital (d=z or d,z _).I) and exemplifies itself in 
increased Cr-ligand bond lengths in the quartet state. In the solid state, 
fluorescence (“T? -+ 4A2) is expected to be broad and red-shifted with 
respect to the corresponding absorption band (4A z + 4T2). The energy of 
such distorted states will be sensitive to the nature of the coordinated ligands 
and the chromium-ligand bond strengths_ Although fluorescence has been 
observed for some chromium(II1) complexes at low temperature [22], only 
Cr(urea)i+ exhibits both room-temperature fluorescence and phosphores- 
cence [23]. 

Adamson [24] originally proposed that the “T: excited state was the direct 
precursor to the photochemica! reactivity in chromium(II1) species, on the 
basis of correlation of product yield with ligand field strength. Since then, 
the 4T2 state has been implicated as the immediate precursor to photochem- 
istry with the “E state being chemically inert except via the 4T, state attained 
through back intersystem crossing [23]. 

The lowest-energy doublet states, “E and “Tl, are not expected to be 
greatly distorted with respect to the 4A2 ground state since the 4A2 --_, ‘T,/‘E 

transition involves no electron promotion to a (I* antibonding orbital; rather 
electron spin-pairing or spin-flip occurs within the tZs subshell. The bond 
lengths are thus expected to be very similar for the 4At and 2T,/2E states. 
Indeed, the nuclear equilibrium geometries of the 4A2 and *T, /*E species 
are essentially identical inasmuch as *ALhe absorption (4,41 + 2T,/2E) and 
emission ( ‘T, /‘E -j 4A7) maxima are coincident, there being no Stokes shift 

P21. 
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Definitive identification of the excited . state(s) responsible for 
chromium(III) photoreactions remains somewhat elusive. Two principal 

pathways have been proposed to account for the photochemistry of these 
Cr(III[) complexes. Both the lowest spin-forbidden doublet state [25,26], ‘E, 
and the lowest spin-allowed quartet, 4T2 [24], have been implicated. In’ 
support of reactions originating from the quartet excited state, Chen and 
Porter 1271 have noted that only 50% of the photolysis reaction of ~rans- 
Cr(NH,),(NCS), can be quenched by the doublet-quenching Cr(CN)z- j 

this was taken as evidence that 50% of the thiocyanate loss occurs from the 
quartet excited state prior to intersystem crossing to the doublet excited 
state. Photosolvolysis of Cr(NH&+ must arise from the 4T, state [21] 
inasmuch as the phosphorescence is completely quenched by the doublet- 
quenching hydroxide ion. Furthermore, 40% of the photoreaction of Cr(en);-’ 
in aqueous solution originates from the quartet state prior to intersystem 
crossing to the dbubIet state; the remaining 60% is quenched and this is 
believed to result from molecules passing through the doublet state 1299, 
Balzani et al. [29] have suggested that the quenchable portion of th.e 
photoreaction also comes from the quartet state, subsequent to back inter- 
system crossing from the doublet state. Further, Sabbatini and Balzani [3Q] 
and Wasgsstian [31] have discounted the doublet mechanism in light of 
observations [30] that pyrazine and xanthone photosensitize the aquation of 
Cr(CN)i- , while Michler’s ketone and Ru(bpy):+ do not, although the 
latter two complexes do sensitize the phosphorescence emission- 

Photoracemization studies of (+)-Cr(en)z+ [22] and (+)-Cr(phenJz+ 
[ 16,321 have shown that both the quartet and doublet excited states are 
tmplicated in the photoreactivity of these complexes. Investigation of ( + :I- 
Cr(phen)z+ [ 16,321 has demonstrated that photoracemization is partially 
quenched by oxygen and iodide ion, with an unquenched residual yield 
which has been attributed [ 161 to a prompt reaction from the 4T2 state prior 
to intersystem crossing to the quenchable ‘E state. Fourteen percent of the 
total photoracemization is not quenched by -iodide ion, while 86% of the 
reaction occurs from excited-state species which have passed through 
equilibrated doublet states. Intersystem crossing ( 4 T2 - ‘E) appears to be a 

very rapid process in chrotium(III) complexes, probably in the range of 
lo”- 10” s-l [33]. Further, intersystem crossing has been shown [32,34] to 

be wavelength-dependent, indicating that intersystem crossing and vibra- 
tional relaxation probably occur within similar time frames. Sasseville and 
Langford have recently observed 1321 that the non-quenchable residual (14%) 
of the photoracemization reaction also exhibits a wavelength dependence, 
and the quantum yields for racemization increase (to some extent) with 
increasing initial vibronic excitation across the low-energy side of the first 
quartet band. The parallel between intersystem crossing and non-quenchable 
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racemization in the 4T, state is credible since the efficiency of both processes 
increases with increasing vibronic excitation to an upper limit. The conclu- 
sion drawn is that there is a significant contribution from the vibrationally- 
equilibrated 47’zo state to the non-quenchable reaction. As a result, reaction 
competes with vibrational relaxation. 

(a) Doublet state absorption speczra 

In an effort to establish the identity of the photoreactive state(s) of 
‘Cr(NN):* species, it has been necessary to characterize fully these com- 
plexes. The doublet state absorption spectra (Figs. 2 and 3) have been 
obtained by conventional microsecond flash photolysis [35]. The -absorption 
spectrum of the “E state of Cr(bpy), 3+ exhibits bands at 590, 445 and 390 
nm, with shoulders centered at ca. 650 and 475 nm. The entire spectrum 
decays via first-order kinetics in acidic, neutral and alkaline media, with 
k = 1.6 t 0.3 X IO4 s- * at 22OC) [35] for the decay of the primary transient. 
This primary transient absorption is quenched by oxygen ( k, = 1.7 X IO7 
M - ’ s - ’ at 22°C) [35], .by iodide ion (k, = 1.2 X 10’ M - ’ s - ’ at 22OC) [36], 
and by ‘iion(I1) (k, - 10’ M - ’ s- ’ at 22°C) [36]. Transient substrate 
bleaching is also observed upon flash excitation of Cr(bpy):+ in the pH 
range ca. 2-6 1351. The rate of decay of this bleaching is pH-dependent, but 
remains unaffected by oxygen and iodide ion. The pH dependence follows 
the rate law kobs = k, + k,[H ‘1 in the range 2.35 > pH > 5.35 with k,, - 10 

S -’ and k, =4X 10’ M-’ s-I_ Observation [35] that the decay of the 
primary transient is coincident with the decay of the phosphorescence 
( ‘E -+ 4A2) has led to the identification of the primary transient as the ‘E 
excited state. This is further supported by the simiIar temperature dependen- 
cies exhibited by the primary transient and phosphorescence decays, and by 
oxygen and iodide ion quenching results. 

The absorption spectra of the “E states of Cr(4,4’-Me,bpy):+ and Cr(4,4’- 
Ph,bpy); + are very similar to that of Cr(bpy)i+ [5]. Methyl substitution 
red-shifts the 390 nm band of (“E)Cr(bpy);+ , while phenyl substitution 

red-shifts both the 390 and 445 nm bands. The (‘E)Cr(bpy)i+‘ absorption 
band at 590 nm remains virtually insensitive toward substitution at the 
4,4’-positions of the bpy ligand, and has been assigned [S] to the ‘E -_, b”T, 

transition (Fig. 1). Furthermore, the insensitivity of this band suggests that 
the doublet manifold b”T, is predominantly metal-centered. The substituent- 
sensitive bands of (‘E)Cr(bpy), 3* likely correspond to electronic transitions 
to doublet states possessing some ligand character, and may well be de- 
scribed as ‘E + ‘(LMCT) transitions. 

The ( 2E)Cr(phen)i+ absorptionspectrum is characterized [5] by a broad 
band centered at 515 nm, which is insensitive toward methyl substitution at 
the 4,7- and 3,4,7,8-positions. However, 4,7-diphenyl and Shale-substitution 



129 

on the phen ligand red-shifts the 5 15 nm band. This band was assigned to 
the ‘E -+ b’T, transition. 

(b) Lhublet state IiJetimes 
The lifetimes of the states responsible for the two emission bands of 

3+ *Cr(bPY), ( 22°C aqueous solution) are identical. These two bands have 
been assigned to the doublet ‘TI and 2E states 1371. That their lifetimes are 
identical is indicative of therma equilibration of the two states. As a result, 
in the absence of environmental effects, the two states are taken as one. To 
the extent that the relative yield of ‘E phosphorescence from *Cr(bpy)z+ is 
the same for both ligand-centered (3 12 nm) and metal-centered (450 nm) 
excitation it is concluded that relaxation to the lowest quartet state (Fig. 1) 
occurs with unitary efficiency [35J. 

The observed lifetime of the 2E state, %--bs, in the absence of quenchers is 
the reciprocal of the sum of ali the rate constants k, which depopulate the ‘E 
state 1381, as given by eqn. (1) (cf. Fig. 1) 

= l/("k,, + 2k,x + 2krad + ‘kbiac) (1) 
where the subscripts nr, rx, rad, and bisc refer to the nonradiative, reactive, 
radiative, and back intersystem crossing pathways, respectively. With refer- 
ence to Cr(‘opy)~+ and Cr(phen):+ , the “E state reacts with water (‘k,) in 
competition with radiative (‘k,,) and nonradiative (‘k,,) decay back to the 
4A2 ground state species; back intersystem crossing (‘k bisc) to the ‘T2 
excited state appears to be unimportant. For Cr(bpy)i+ , deactivation of the 
‘E state via radiative decay is insignificant ( ‘qrad c 10 -3) in comparison 
with the nonradiative ( ‘qnr = 1 - “qnr = 0.8) [8] and reactive ( ‘rl, ‘v 0.2) 
decay modes [S]. Thus, the ‘E lifetimes can more aptly be defined by 

(2) 
Inasmuch as ‘knr > ( ‘kmd + ‘km + ‘kbisc), the nonradiative decay mode 
(%,,) of the. 2E state is the predominant factor responsible for the lifetime 
of the *E state 181. Gutierrez and Adamson f39] on the other hand, have 

suggested that the emission lifetime of trans-Cr(NH&NCS)Q is determined 
primarily by the rate of chetical reaction (‘/c,) from the doublet excited 

state. 
The lifetimes of (%)Cr(bpy):+ and (‘E)Cr(phen):* in deaerated neat 

water at 22°C are 0.068 and O-25 ms, respectively [9]. With respect to the 
reported lifetime of (“E)Cr(en),(NCS)~ (‘7 - 10 ps) 1403; the (‘E)Cr(NP#+ 
complexes are surprisin& long-lived. The 2E lifetimes of the various 
Cr(NN);+ complexes in deaerated I M HCl (22OC) at infinite subsr;rate 
dilution are collected in Table I. 

Prolongation of the ?E lifetime is an interesting phenomenon inasmuc:h as 
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TABLE 1 

Lifetimes of (‘E)Cr(NN)j’ and (‘CT)Ru(NN)f + complexes 

NN 

bw 

1 

&III) = 

3 

l&H] h 

(ms) (I4 

0.073 c 
4.4’-Me, bpy 0.20 d 
4.4’-Ph,bpy 0.17 
5-Clphen 0.18 
5-Brphen 0.18d 
phen 0.33 
S-Mephen 0.42 
5,6-Me?phen 0.42 ’ 
4,7-Me,phen 0.57 J 
3.4,7.8-Me,phel n 0:64 d 
S-Phphen 0.22 d 
4.7-Ph, phen 0.57 d 

0.060 
0.33 
0.67 
0.94 
1.04 
0.92 
1.33 
1.81 
1.74 
1.39 
1.29 
4.68 

- 

-_ 

a Extrapolated values to infinite substrate dilution in deaerated 1 M HCl at 22°C. see ref. 6. 
These T are very sensitive to the composition of the solution medium (see text)_ h In deaerated 
H,O at 25°C; ref. 17. c‘ Ref. 9. d Solution also contains 4% v/v CH,CN. 

it enhances the potential reactivity of the excited states. As noted in Table 1, 
subtle modification of the polypyridyl ligand alters the lifetime of the ‘E 
state. It is observed that 4,4’-substitution on the bpy framework, and 
4,7-dimethyl, 4,7-diphenyl, 5-methyl, 5,6-dimethyl, and 3,4,7&tetramethyl 
substitution on the phen framework cause an increase in the 2E lifetime, 
while 5-bromo, Schloro and 5-phenyl substitution on the phen ligand 
decrease the ‘E lifetime. The variation in the lifetime can be rationalized in 
terms of the ligand acting as both an oscillating perturbation dipole and an 
energy acceptor. The more vibrationally rigid phen complexes would be 
expected to show a decreased rate of nonradiative decay ( 2k,r) in compari- 
son with analogous bpy complexes, with a consequential increase in the ‘E 
lifetime. Indeed, this is observed (cf. Table I), except in the cases of the 

5-Clphen, 5-Brphen and 5-Phphen complexes where the lifetime decreases 
with respect to the unsubstituted complex. The halo substituents provide an 
increased dipole perturbation which would increase ‘k,, and necessarily 
decrease the 2E lifetime ( ‘)T,~~ - .l/‘k.,). Phenyl and methyl substitution on 
the polypyridyl ligand decrease the perturbation dipole probably through 
their effect on the critical ligand vibrational modes. 

In contrast to the effect of ligand substitution on the ‘E lifetime of the 
chromium(II1) complexes, a thorough investigation of this effect on the 



131 

charge-transfer excited-state lifetimes of Ru(NN)g+ complexes reveals a 
somewhat different behavior. Crosby and co-workers [ 19,41,42] have studied 
the substituent effect on the properties of the charge-transfer excited state 
(do*) of substituted bpy and phen complexes of ruthenium(H) at 77 K. As a 
group, the phen complexes have smaller nonradiative rate constants than the 
bpy complexes, but the correspondingly substituted bpy and phen species 
have nearly identical radiative rate constants. Apparently, substituents do 
produce changes in the nonradiative rate constants, but reveal to be less 
effective than a change of bpy to phen. On the other hand, the radiative 
lifetimes of the levels in the do* manifold appear to be less dependent on 
the details of the molecular framework of the ligand system than on the 
nature and positions of the substituents. Attachment of methyl groups at the 
4,4’-positions of the bpy framework has no significant effect on any of the 
rate constants for deactivation of the excited state; however, phenyl substitu- 
tion at these positibns increases the radiative rate constants of all the levels, 
in the manifoId with a concomitant decrease in the nonradiative rate: 

constants- The unusual sensitivity toward substitution at the 4,7-positions of 
the phen ligand appears to be relatively even more dramatic_ Whereas; 

5,6-dimethyl substitution produces negligible changes in the rate constants 
compared to the unsubstituted phen complex, methyl and phenyl substitu- 
tion at the 4,7-positions yield a sizeable increase in both the radiative and 
nonradiative rate constants of the A, level, with an observed decrease in the 
A2 level. It would appear then that the electronic states are sensitive in a 
non-uniform way on both the nature of the substituents and on their 
positions on the phen and bpy frameworks. 

-In line with the above observations [ 19,41,42], Sutin and co-workers [ I71 

have observed that in fluid media phenyl substitution at the 4,7-positions oli 
the phen ligand and the 4,4’-positions of the bpy ligand effects an increase in 
the luminescence lifetime compared with that of the unsubstituted bpy or 
phen complexes. OtheMrise, lifetimes do not appear to be especially sensitive 
toward substitution at the 4,7-positions of the phen ligand, inasmuch as the 
lifetimes of Ru(4,7-Me, phen)i+ and Ru(5,6-Me, phen)z+ are comparable 
(1.74 vs. 1.81 ps, respectively) [ 171. In addition, attachment of methyl groups 
at the 4,4’-positions of the bpy ligand decreases the emission lifetime of the 
excited complex, while methyl substitution on the phen &and nearly dou- 
bles the lifetime_ The chloro and bromo substituents have no effect on the+ 
*Ru(NN);+ lifetime in fluid media [17]. These effects of ligand substitution 
on the lifetimes of *Ru(NN)z+ complexes are apparent in Table 1. 

At first glance, the variance in behavior between the lifetimes of the 

excited *Cr(NN)z+ and *Ru(NN)f+ complexes (cf. Table 1) might be attri- 
buted to the different orbital parentages of the respective excited states; that 
is, MLCT for the Ru(I1) and MC for the Cr(II1). However, it would be 
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premature to attribute the difference solely to this. 
Kane-Maguire et al. [43] and Henry [7] have observed no isotope effect on 

the 2E lifetimes of either Cr(bpy)z+ or Cr(phen)z’ upon solvent deuteration 
(H,O vs. D,O). This was rationalized [43] on the basis that solvent deutera- 
tion has little or no effect on the intramolecular decay between two states 
which are relatively undistorted with respect to each other, as is the case for 
the ground 4A2 and excited “E/‘T, states. The lack of any solvent isotope 
effect on the ‘E lifetimes was taken [7] as evidence for the lack of direct 
vibrational coupling (e.g., through hydrogen-bonding) between 
(‘E)Cr(NN)i’ and the bulk solvent. More recent studies [44] on this solvent 
isotope effect show that indeed the ‘E lifetimes remain unchanged with 
increasing D,O concentration, and it appears that this medium change 
affects the efficiency of intersystem crossing between the quartet 4T2 and 
doublet ‘E/T, excited states (Section C(G)). A similar lack of D,O isotope 
effect has been reported for Cr(CN)i- [45]. 

In comparison with the chromium(II1) systems, the lifetime and quantum 
yield for Ru(bpy)z’ luminescence significantly increase upon solvent deuter- 
ation [46]. This observation was explained in terms of increased electron 
density in the solvent upon deuteration, and consequential increased interac- 
tion between the charge-transfer-to-solvent (CTTS) and metal-to-ligand- 
charge-transfer (MLCT) excited configurations. 

Henry [7] has reported that there is no alteration of the (‘E)Cr(bpy):+ 
lifetime upon changes in solvent polarity. That the lifetime remained con- 
stant in water, acetonitrile, methanol, dimethylformamide and ethylene 
glycol would indicate that solvent polarity changes do not effect sufficient 
perturbation to alter the rate of nonradiative decay, within experimental 
uncertainty. However, Van Houten and Porter [47] report the (zE)Cr(bpy):+ 
lifetime in dimethyiformamide (DMF) to be 3 t 1 ~.ls (vs. 63 ps in H,O). 
The “E lifetime decreased exponentially with increasing ratio of DMF/H?O, 
in parailel with the emission intensity. This suggests that quenching by DMF 
must involve an increase in the nonradiative rate constant of ‘E while ‘k_, 
remains constant [47]. 

In Henry’s investigations [7,8] of the effects of nonaqueous solvents on the 
“E lifetimes of Cr(bpy)i’ , the observed decrease in emission intensity of 

Cr(bpy):+ in mixed solvent systems (CH,CN/H20, DMF/H,O and 
CH,OH/H.O) was taken as evidence for decreased efficiency of the popula- 
tion of the ‘E state. The ‘E lifetimes remain constant, and are sufficiently 
long-lived that the ‘E state can encounter nonaqueous solvent molecules_ 
This would seem to suggest [S] that the presence of nonaqueous solvent in 

the first solvation sphere of the (‘E)Cr(bpy):+ species is not sufficient for 
reaction, with the result that the nonaqueous solvent does not introduce any 
static quenching process involving the 2E excited state. The assumption that 
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the 4Tz excited state is the exclusive source of the ‘E excited state, and 
furthermore, that the 4T, state is the only precursor state interacting with the 
solvent is validated by the observation f8] that there is no change in the 
shape of the phosphorescence excitation spectrum with increasing amounts 
of nonaqueous solvent. A change in the shape of this spectrum would be 
expected if the solvent effect was caused by interception of some “E 
precursor state. Hence, the lowering of the population of the 2E state in the 
presence of nonaqueous solvents results from a decrease in “Tz - ‘E/T, 
intersystem crossing efficiency, which, in turn, arises from an increased rate 
in the non-radiative and/or reactive steps because of interaction of the 47i 
state with the nonaqueous solvent, 

In aqueous solution, high perchlorate anion concentrations ([C104- ] =s 

1 M) markedly increase the ‘E lifetimes and emission intensities, and dc- 
crease the quantum yields of photoaquation for both Cr(bpy)z’ and 
Cr(phen):” [7]. The non-radiative (%,.,,) and reactive (“k,) pathways of the 
‘E state are responsible for the observed lifetime increases, with z/SIX 
exhibiting a greater decrease than ‘knr in the presence of C104- 181. The -17 
lifetime prolongation effected by high concentrations of anions appears to be 
a general phenomenon for Cr(NN)z+ complexes [5,6,9]. In the presence of 
the C104- ion, it is expected that there will be extensive ion-pairing between 
the chromium(III) core and the anions in the interligand pockets as well as 
in the solvation sphere, thereby curbing access to the chromium(III) core by 
water molecule(s), resulting in a reduction in ‘k,. 

The large effect of anions on the ‘E lifetimes of Cr(NN):+ was rational- 
ized [8] in a manner similar to that presented for the effect of substitution on 
the polypyridyl &and; that is, that the ligand serves as both the oscillating - 

dipole and the energy acceptor [48], thereby providing a pathway for 
electronic-to-vibrational energy transfer in the ‘E state. Thus, a decrease in 
‘k,, would arise if the vibrational freedom of the ligands was decreased, and 
also if the efficiency of the energy transfer was decreased. The vibrational 
freedom is expected to be reduced on going from the Cr(bpy)z+ cation to the 
more vibrationally rigid Cr(phen):+ cation; also, a reduction in the energy 
transfer rate is expected in the presence of ion-pairing and occupation of thlz 
interhgand pockets by the anions. Indeed, (“E)Cr(phen)z” is longer-lived 
(0.25 ms) [9] than (‘E)Cr(bpy)z+ (0.068 ms) [7] in O,-free water at 22°C. It 
is also expected, and observed [7,9], that the lifetime effect of C104- anions is 
less pronounced for the phen complex in comparison to the bpy complex 
inasmuch as the more rigid phen complex is less prone to perturbation by 
the anions in the interligand pockets- 

In addition to the lifetime prolongation effected by the perchlorate anion., 
a similar phenomenon has been observed for the ( 2E)Cr(NN):+ lifetimes in 
the limit of infinite substrate dilution due to extensive ion-pairing between 
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state [( ‘E)Cr(NN)z+ _ _ _ Cl - ] species. The ground-state quenching reaction is 
then mediated by the chloride anion since concentration quenching is not- 
observed in the absence of the anion; this is viewed 191 as arising from the 
interaction of ion-paired ground-state and ion-paired excited-state species to 
form an “ion-bridged excimer-‘, *[Cr(NN):+ . . . Cl - . . . Cr(NN)z+ ], which 
rapidly undergoes nonradiative decay via coupling of the vibrational modes 
in the aggregate. Excimer formation is not an unknown phenomenon for 
aromatic moieties and usually manifests itself in decreased excited-state . 
lifetimes with increasing ground-state substrate concentrations [49]. Al- 
though the lifetime of the “ion-bridged excimer” could not be measured, as 
no emission attributable to its formation could be obseI_ved [9], it is mosi 
likely very short due to rapid nonradiative deactivation via coupling of the 
vibrational modes in the aggregate_ Ground-state quenching of chromium( 111) 
excited states in solid matrices has previously been attributed to the forma- 
tion of such aggregates [50,51]. 

A similar prolongation of 2E lifetimes mediated by the chloride ion has 
also been observed [6] for several Cr(NN)z’ complexes, Lvhere NN is 
4,4’-Me,bpy, 4,4’-Ph,bpy, SMephen, 5,6-Me, phen, 4,7-Me? phen, 3,4,7,8- 
Me,phen, SClphen, SBrphen, 5-Phphen and 4,7-Ph,phen. Again, the sub- 
stituted bpy complexes require 5 M HCl to effect a significant lifetime 
prolongation, while the substituted phen complexes exhibit this phenomenon 
in 1 M HCI. Table 2 presents the applicable rate constants given by eqn. (3) 

TABLE 2 

First-order (‘k,) and second-order (‘kg) rate constants for ground-state quenching of 
*Cr(NN):+ in the presence of chloride ion 

+ 

NN 2k0(S-‘)= ‘k,(M-‘6)” ‘k&s-‘)’ ?k,(M-‘&)C 

bPY 
4,4’-Me, bpy b 
4,4’-Ph z bpy 
5-Clphen 
5-Brphen b 
phen 
S-Mephen 
5,6-Me, phen b 
4,7-Me2 phen b 
3,4,7,8-Me, phen 
5-Phphen b 
4,7-Ph 2 phen 

1.0x IO4 d 
3.2X lo3 d 
5.3 x lo3 d 
5.5x lo3 
5.7 x lo3 
3.0x IO3 
2.4X IO3 
2,4X IO3 
1.8X 103 
1.5x lo3 
4.5 x lo3 
1.8X 103 b 

1.3x IO6 d 
2.0x lo6 d 
1.0x 10” d 
1.7x 10’ 
5.4x 10’ 
2.3 X IO6 
5.0 x lo6 
7.5 x IO6 
1.0x 10’ 

1.5 x 10’ 
5.7 x IO’ 
7.4x 10’ b 

1.4x 10J 
5.6X lo3 

(1.9X 10J) = 
6.8 X lo3 
6 x103 
4-3 x IO3 
3.7 x 103 
3.5 x lo3 
2.4X IO3 
1.6 X lo3 
5.6X 10’ 

(1.1 x 104) = 

6.0X IO’ c 
3.5 x 10’ 
8.1X107 
6.1 X lo6 
1.4x 10’ 
1.7x 10’ 
1AX IO’ 
3.9 x IO7 
9.3 x 10’ 

J In argon-purged, 1 M HCI solutions at 22°C. b Solutions contain 4% v/v acetonittile. c Ir 
argon-purged solutions containing 0.008 M B&ton-Robinson buffer, 1 .O M NaCl, pH- 9.4, 
at 22°C. d In 5 M HCl. c Solutions contain 40% v/v methanol. 



136 

in order to compare the various Cr(NN)z’ species. The data reveal that the 
observation of this phenomenon depends on low values of 2k, and high 
values of ‘kg. Table 2 also summarizes 2k, and 2kg values obtained under 
identical solution conditions as used to measure Qobs (Table 5), the quantum 
yield for the photoaquation reaction in alkaline solution. The pattern that 
emerges from these data is that the unsubstituted complexes have the lowest 
‘k, values, with ‘k, increasing with increasing size of the chromium(II1) 
cation. It would seem that the effect of phenyl substitution on the polypyri- 
dyl ligand is to provide a steric template for orbital overlap. With reference 
to the 5-halogen complexes, it is probably the electron-withdrawing capacity 
of the substituent which affects the 2k, value. The data show that, in 
addition to the solution medium, both the size of the cation and the nature 
of the ligand substituents have an effect on the value of ‘kg. 

C. REACTIVITY OF Cr(NN);+ COMPLEXES 

(i) Thermal reactivity of Cr(bpy)j+ and Cr(phen):+ 

Knowledge of the reactivity of ground-state ( 4AZ)Cr(NN)z+ complexes 
aids in elucidating the photoreactivity of these complexes_ To this extent, 
Maestri et al. [52] have shown that the thermal aquation of Cr(bpy)z+ in the 
pH range 0- 10.7 occurs via pH-dependent, first-order kinetics with k,, = ca. 
lo-” s-’ at pH<6, and 4.720.4X lo-' s-’ at pH 9-10.7 and 11°C. 
Arguments were presented against dissociative, ion-pair interchange, and 
Gillard-type [53] covalent-hydrate mechanisms for the aquation reaction (5). 
An associative mechanism, involving the formation of a seven-coordinate 
Intermediate via nucleophilic attack of a water molecule at the chromium(II1) 
center, was proposed [52,54] as the rate-determining step. The thermal 
aquation has been -extended to include the pH range 10.7 to 14.0 for 
Cr(bpy):+ [54] and for Cr(phen);+ in the pH range 0 to 14 [55]. 

For both Cr(bpy)i’ and Cr(phen)z+, the stoichiometry of the solvolysis 
reaction is described by reaction (5), where NN refers to bpy or phen. At 

Cr(NN)2W20)23*+ NNH* 

(5) 

Cr(NN),(?H),+~ NN 

PH G 6, kobs is very small and independent of solution pH. This has been 
rationalized in terms of relaxation of the initially-formed Cr(NN),(H20)3t 
intermediate back to Cr(NN)z+ via acid-dependent and acid-independent 
pathways for the bpy complex (reaction (6)). The seven-coordinate inter- 

Cr(NN):+ + H,O -_r Cr(NN)3(H,0)3+ 
ii (6) 
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mediate, Cr(NN),(H,0)3* , subsequently undergoes deprotonation to form 
the short-lived Cr(N&(OH)2’ species. This step is revealed by the inflec- 
tion point at pH 6-9 in plots of kobs vs. pH (Fig, 5) for the Cr(bpy):+ and 
Cr(phen):+ systems. The hydroxy intermediate subsequently undergoes ring- 
opening and, ultimately and irreversibly, loss of monodentate NN. 

Cr(NN),(OH)*+ + Cr(NN),(NN-)(OH)*+ (7) 

Cr(NN),(NN-)(OH)2’ + Cr(NN),(OH)’ + NN 
OH- 

(8) 

The existence of complexes containing monodentate bpy [56] and phen [S?) 
ligands has been suggested. The pH region ca. 9- 10.5 reflects the complete 
titration of Cr(NN),(H20)3+, so that kobs represents the rate constant fclr 
the rate-determining attack of H,O on Cr(NN):+ . 

Above pH 10.7, kobs is linearly dependent on [OH- 1 in the range 
10.7 < pH < 12.2; the slope of the line was identified with the rate constant 
for direct nucleophilic attack of OH - on Cr(NN)z+ , followed by reactions 
(7) and (8). The first-order dependence of k,, on [OH- ] has not precluded 
a Gillard-type [53] covalent-hydrate mechanism in which the initial OH - 
attack is at the C-6 position of the bpy ligand, or the C-2 (or C-9) position of 
the phen ligand. Subsequent deprotonation of the resulting quatemaly 

- 0.12 

Fig. 5. Dependence of the quantum yield (a,,,) of the photochemical reaction (0) on $1, 
11OC, air-equilibrated soh~tions, p = 1.0 M [3S]. For comparison the dependence of the rate 
constant (kih) of the thermal substitution reaction on pH is also indicated; I I “C, p = 1.0 Ivi 
fW 
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nitrogen followed by an intramolecular OH shift to the chromium(II1) center 
would then lead to the same seven-coordinate intermediate Cr(NN),(H,0)3f . 

Inasmuch as no spectral variations in Cr(NN)i+ solutions were observed 
even in very alkaline media, this mechanism was deemed unlikely. A 
Gillard-type mechanism has, however, been proposed for the OH - reduc- 
tion of Ru(bpy), 3+ [58], and of various polypyridyl and substituted poly- 
pyridyl complexes of iron(II1) and osmium(II1) [59]. 

Where [OH - ] = O-l- 1.0 M, kobs linearly varies with [OH -1’ [54]. A 
plausible mechanism involves formation of ion-pairs between Cr(NN);’ and 
OH -, followed by attack on the ion-pair by another OH - to form some 
seven-coordinate intermediate which, also, ultimately and irreversibly leads 
to polypyridine release. Creutz and Sutin [58] have also observed a second- 
order [OH - ]-dependent path at pH > 13 in the reduction of Ru(bpy):+ . 

The rate constants and activation parameters for the thermal aquation of 
Cr(bpy);’ and Cr(phen)z+ under identical experimental conditions are given 
in Table 3. The similarity in the activation parameters in the pH regimes > 6 
supports a common mechanism for the two complexes inasmuch as similar 
intermediates are indicated. 

(ii) Photoreactivity of Cr(NN)j + 

Continuous photolysis of Cr(bpy)z+ or Cr(phen):+ in neutral or basic 
aqueous solution leads to substitution by two water (or hydroxy) molecules 
for one polypyridyl ligand [8,35]. The spectral changes and formation of free 
polypyridine mimic those observed for the corresponding thermal reactions 
[52,55]. For Cr(bpy)z+ at pH 9.6, the absorption spectral changes of continu- 
ously photolysed [35], repeatedly flashed [35]*and thermal solutions [52] were 
identical, with isosbestic points located at 306, 270, 262 and 254 nm [35]. 
Similar experiments on Cr(phen), 3+ locate the isosbestic points at ca. 235, 
254, 287 and 304 nm [55]. The overall stoichiometric thermal and photo- 
chemical reactions are given in reactions (9) and (lo), respectively, for 

TABLE 3 

Thermal activation parameters for. Cr(bpy): T and Cr(phen):+ a 

Activation 
parameter 

pHca. 10 pHca. 12 0.50 M OH - 

bpy phen bpy phen bpy phen 

A H&s (kcal mole - ‘) 22.3 23.3 20.7 21.6 18.9 
A s,i,s (eu) -8.8 - 8.4 - 12.6 -11 -11 

o From refs. 6 and 35; in 0.008 M Britton-Robinson buffer, p= 1.0 M NaCl. 

20.8 
-5 
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Cr(bPYI; + and Cr(phen)z+ in basic aqueous solution, where Qobs is the 
obset-ved quantum yield for polypyridine release. Both complexes are rela- 
tively inert toward thermal [52] and photosolvolysis [35] in acidic media. 
This observation, along with the observation that kobs for the thermal 
reaction (9) and Qobs for the photoreaction (10) show identical dependencies 
on pH [35,52], suggest that the two reactions proceed through a common 
ground-state intermediate. The pH dependence is illustrated in Fig. 5 for 

Cr(bPYI; + - 

Cr(NN):’ H 
2 
;zH_ Cr(NN),(OH)’ + NN 

Cr(NN)z+ 5 *Cr(NN)i+ H 
2 
cyiH_ Cr(NN)&OH)~ + NN (10.. : 

The associative mechanism outlined in the previous discussion is believed to 
be equally applicable to the photoreaction. That is, the same seven-coordinate 
intermediate Cr(bpy),(H,0)3’ generated via an associative pathway with the 
excited-state *Cr( bpy): + species is envisaged [8,351. 

From the various extensive studies carried out by us and others, a genera1 
photochemical mechanism has evolved for the photoreactivity of Cr(bpy)i’ 
in aqueous solution, and which can be extended to the other Cr(NN)z+ 
complexes. This mechanism is presented in Scheme I. 

The formation of the seven-coordinate intermediate (reactions (18) and 
( 19)) is evidenced by transient bleachin g in acidic media (secondary tran- 
sient) [35]. Reformation of ( 4AZ)Cr(NN)3 3+ from the intermediate occurs via 
acid-dependent (reaction (22)) and acid-independent (reaction (21)) paths. 
The acid-dependent pathway involves Cr-0 bond rupture, assisted by I-I + ; 
the acid-independent pathway reflects the relaxation of the intermediate to 
form ( 4A,)Cr(NN)z’ via direct loss of coordinated water, The acid-dependent 
path is believed [60] to be the primary reaction leading to the relative 
stability, both photochemical [35] and thermal [52], of Cr(bpy);+ in acid 
solution. It has been shown [35] that the first-order rate constant for the 
recovery of ground-state absorption from the transient bleaching is linearly 
dependent on [H+] yielding kobs = k,, + k2JHC] where k,, G 10 s-’ and 
kz2 =4X 105 M-’ s- ! Both the acid-independent and -dependent paths 
are operable in the thermal reaction, for which the reverse of reaction (21) is 
the rate-determining step. Finally, deprotonation of the seven-coordinate 
intermediate (reaction (25)) leads, ultimately, quantitatively and irreversibly 
to ring-opening (reaction (26)) and to loss of NN (reaction (27)). 

Cr(NN),I H,O)” _ Cr(NN),(OH)‘+ + H + (25 ;I 

Cr( NN),(OH)‘+ + Cr( NN),( NN-)( OH)‘+ (26 :I 

Cr(NN),(NN-)(OH) *+ O%- Cr(NN),(OH),f + NN 
. 

(271 , 
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As discussed previously for the thermal reaction, a Gillard-type [53] 
covalent-hydrate mechanism is also plausible for the photoaquation of 
Cr(NN);+ . A covalent-hydrate mechanism would be favored by ligand-to- 
metal-charge-transfer (LMCT) excited configurations as this mechanism 
involves nucleophilic attack on the polypyridine framework. On the other 
hand, an associative pathway incorporating nucleophilic attack at the chro- 
mium(II1) core would be favored by metal-centered (MC) excited configura- 
tions; that is, by attack on the ‘E/‘Tl doublet species. Suggestions have 
been made [5,6,35,60] to the effect that the ‘E state is responsible for the 
photosolvolysis of the Cr(NN)z+ complexes. Balzani and co-workers [40] 
have found evidence for direct reaction between the "E state and hydroxide 
ion for trcrns-Cr(en),fNCS),f , a complex incapable of photosolvolysis via .a 
covalent-hydrate pathway. For these reasons, a Gillard-type mechanism is 
also believed to be .highly improbable for the Cr(NN)z’ complexes. 

The overall quantum yield, QO,&, for the photosolvolysis has been mea- 
sured for several Cr(NN):+ complexes under a variety of experimental 
conditions. Figure 5 reveals, also, the dramatic change in sobs over the pH 
range 0- lo-7 for Cr(bpy)z+ [35]. In air-equilibrated solutions, Q-S increases 
from 0_002 at pH l_ 1 [dOI to ci. 11 at pH 9-6 for Cr(bpy)z+ at 11°C [35], In 
deaerated solutions, the Qobs values are somewhat larger, with qobs increasing 
from 0.007 at pH 1.0 to 0.13 at pH 9.6 and 22°C for Cr(bpy)z+‘ 135,601. The 
increase in a*55 at pH ca. 1 in deaerated solution has been attributed 1601 to 
the quenching of ( ‘E)Cr(bpy)z i by molecular oxygen. The values of (Pobs in 
$-free, Witton-Robinson buffered solutions at 22°C have been measured 
f63 at various pH values for several Cr(NN)i+ complexes. These are collected 
in-Table 4. Table 5 summarizes the observed quantum yields, lifetimes and 
rate constants for the various Cr(NN)z+ species under identical experimental 
conditions. Among the bpy complexes, the quantum yield for reaction 
decreases with increasing size of substitlient on the bpy framework, as do the 
rate constants 2k,,bs and ‘k,. Except for the 5-halo complexes, a similar 
trend is observed for the phen complexes. For the 5-halo species, the increase 
in @&s is most likely due to the electron withdrawing nature of these chloro 
and bromo substituents and to an increase in the hydrophilic environment sf 
the reaction site. 

The observed quantum yield sobs is also affected by the presence of 
anions, revealing marked decrease with increasing anion concentration [8]: 
!D ohs = 0.16, 0.08 and 0.009 for Cr(bpy)i + in air-equilibrated aqueous solu- 
tions (pH 9.8) containing 1 M NaCl, 5 M NaCl and 5 M NaClO,, respec- 
tively. Nonaqueous solvents also affect the observed quantum yield of 
Cr(bPY): + - In comparison to that in water (cobs = O.I6), sobs = 0.02 il> 
dimethylformamide and < 10 -’ in acetonitrile at 22°C (air-equilibrated) [8]. 

The temperature dependence of Q& for the photosolvolysis of Cr(bpy)z+ 



TABLE 4 

Observed quantum yields (a& for polypyridine release from Cr(NN):+ complexes ’ 

‘-xv 
4.4’-Mezbpy ’ 

4,4’-Ph ?bpy d 

S-Clphen 

5-Brphen ’ 

phen 

S-Mephen 

5.6-Me,phen 

4.7-Me, phen c 

3,4,7.8-Me,phen c 

S-Phphen c 

4.7-Ph 1 phen d 

1.0 0.13 (9.3) 
0.12 0.002 (5.1) 

0.06 (9- 10.5) 
0.048 0.011 (5.1) 

0.02 (9- 10.5) 
0.14 0.002 (5.1) 

0.011 (9- 10.5) 
0.12 0.006 (5.1) 

0.008 (9- 10.5) 
1.5 0.0005 (5.1) 

0.006 (9- 10.5) 
0.12 0.004 (5.1) 

0.012 (9- 10.5) 
0.11 0.005 (5.1) 

0.007 (9- 10.5) 
0.11 0.0003 (5.1) 

0.004 (9- 10.5) 
0.084 0.0002 (5.1) 

0.002 (9- 10.5) 
0.072 0.003 (5.1) 

0.006 (9- 10.5) 
0.034 0.0012 (5.1) 

0.0014 (9- 10.5) 

J Ref. 6. b In argon-purged solutions containing 0.008 M Britton- Robinson buffer, 1 .O M 
NaCl, at 22°C. c Solution contains 4% v/v acetonitrile. d Solution contains 40% v/v methanol. 

TABLE 5 

Photochemical and photophysical characteristics of Cr(NN):+ at pH 9- 10.5 and 22OC 3 

NN 

by 
4.4’-Me,bpy b 
4.4’-Ph,bpy c 
5-Clphen 
S-Brphen b 
phen 
S-Mephen 
5,6-Me,phen 
4,7-Me,phen b 
3,4,7,8-Me,phen b 
5-Phphen b 
4,7-Phzphen c 

1.41 x 1oJ 
5.67X IO3 
2.00x IO4 
.1.17x IO4 
1.57x 104 
1.35 x lo4 
5.56 x lo3 
5.26 x lo3 
4.00x 103 
4.76 X IO3 
1.23x IO4 
1.35 x 104 

‘k, =40bs ‘kobs 

(s-l) 
1.6X lo3 
3.5 x 10’ 
4.2X 10’ 
1.3 x 10” 
1.3x 102 
0.8x 10” 
6.7X 10’ 
3.4 x 10’ 
1.4x 10’ 
0.8 X 10’ 
0.7x 10’ 
1.9x 10’ 

a Ref. 6. b Solution contains 4% v/v acetonitrile. ’ Solution contains 40% v/v methanol. 



in &-free, alkaline solution has been measured in the temperature range 
279.5-309.5 K [61]. (I& increases from 0.14 at 279.5 K to 0.19 at 309.5 K at 
pH 9.8. The excited state responsible for the photoreactivity of Cr(bpy)z’- 
had been suggested as being the metal-centered 2E state, although the ?, 
state could also play a role f35]. Recent studies [61] on the temperature- 
dependence of the photoaquation of Cr(bpy)i+ reveal that the enthalpy of 
activation, AH?, of the reaction from the 2E/2Tl states is considerably les:; 
(by ca_ 13 kcal mole - ‘) than the comparable reaction from the 4A 2 ground 
state. This observation lends credence to the view that the ‘T, state is 
responsible for the photoreaction since a vacant t,, orbital would result in 
less reorganizational energy bein g required to form the activated cornplea;. 
Reaction from the doublet arises from interaction of the thermally- 
equilibrated 2T,o state with solvent. To the extent that the ‘T, state has an 
unoccupied 12g orbital, a solvent molecule can be accommodated between th:, 
bpy ligands. A comparison of the activation parameters for the thermal [52] 
and photo-aquation [61 J reactions reveals that for Cr(bpy)z’- the photoreac:- 
tion is faster by ten orders of magnitude than, necessitates less activation 
enthalpy than, and shows a parallel decrease in activation entropy with the 
thermal reaction. These activation parameters are A& = 9.6 & 0.4 kczll 
mole - ’ and As&, = - 10.0 t 1.4 eu (Britton- Robinson buffered solution:;, 
pH 9.8, p = 1.0 M NaCl). 

Porter and Van Houten [47,62] have investigated the photolytic behavior 
of Cr(bpy)z+ in DMF at room temperature, and found evidence for b 
chromium(I1) intermediate. Irradiation of O,-free solutions of Cr(bpy):+ in 
neat DMF at room temperature yields observations different from those in 
aqueous solutions. The luminescence lifetime and quantum yield of Cr(bpy)z + 
in DMF are a factor of 15 smaller than they are in water, while the 
photochemical quantum yield for the disappearance of Cr(bpy)i+ in DMF is 
orders of magnitude larger than in water. The overall quantum yield for the 
photosolvolysis of Cr(bpy)z+ in O,-free DMF was estimated to be of the 
order of unity 1621. 

Absorption of *radiation (X = 442 nm) by Cr(bpy)z+ in neat DMF popu.- 
lates the “T2 state (reaction (28)) with subsequent intersystem crossing to the 
‘E state (reaction (29)), presumably also with unitary efficiency, ( 9)isc = ca. 1) 
[62]. Since Cr(bpy):f has been observed during photolysis and (“E)Cr(bpy)i“ 

6,) cr (bPY)33+ 
har(442nm) 

DMF 
(4J-*m(bpy)~3+ 

isc 
(4r21Cr(bpy)33+e (2Eh3-(bpy)33+ 

is known to be a strong oxidizing 

(201 

(29) 

agent [36], the 2E species underg0e.j 
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reduction to form a cage pair (reaction (30)). 

(ZE)Cr(bpy):t + DMF zz (Cr(bpy)f+ _. _ DMF+ 1 (30) 

It may well be that DMF itself serves as the electron donor, though this 
remains uncertain. Subsequently, back-electron transfer (bet) results in over- 
all quenching which occurs in competition with diffusion out (-diff) of the 
cage pair. To the extent that the entire reaction is completed in a short time, 

(31) 

reaction of Cr(bpy)z+ with DMF + does not appear to be important [62]. 
The quantum yield for Cr(bpy)f+ formation was estimated to be ca. 0.006. 
Subsequent solvolysis leads to ligand substitution of one bpy ligand (reac- 
tion (32)), and further reaction with Cr(bpy)z+ yields Cr(bpy)2(DMF)sf and 
Cr(bpy):’ (reaction (33)). 

Cr(bpy)f+ + 2DMF e Cr(bpy),(DMF)f + + SPY (32) 

Cr(bpy),(DMF)z+ + Cr(bpy):+ = Cr(bpy),(DMF)i+ + Cr(bpy):+ (33) 

It was further noted that if some Cr(bpy):+ remains in the reaction solution, 
the reverse of reaction (32) cannot occur because of competition with 
reaction (33). The equilibrium in reaction (32) is established when all the 
Cr(bpy):+ is consumed. 

The implication of a chromium(I1) species in DMF was rationalized [62] 
in terms of the formation of a radical ion via oxidation of a DlMF molecule 
in the inner solvation sphere. This radical ion can then escape from the cage 
pair by self-exchange with molecules in the outer solvent sphere, and 
ultimately with the bulk solvent via transfer of an electron from the bulk 
solvent into the inner solvent sphere. Although Cr(bpy):+ can be reduced to 
Cr(bpy):+ in DMF and in water [62], the fate of the chromium(I1) species 
appears different in the two solvents. Porter and Van Houten [62] attribute 
this difference to the fact that a solvent molecule such as DMF can more 
efficiently undergo oxidation and escape from the cage pair than could a 
solute in low concentration as it would be in aqueous solutions. 

It is possible to estimate some of the photophysical parameters with the 
presently available data. Using Scheme I, various parameters may be de- 
fined. Equation (2) defines the observed lifetime of the ‘E state, while eqn. 
(34) defines the intrinsic ‘E lifetime, 2r0. The reciprocal of 270 represents the 

: - __ _ . 
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Fig. 6. Dependence of the quantum yie!d (+,) for the photoaquation of Cr(bpy):+ (0) and 
Cr(phen):’ (0) complexes on I - concentration; 22°C. p = 1.0 M; draerated buffered 
solutions, pH 9- 10 [65]. 

Inasmuch as iodide ion quenches the photoreaction from ‘E/‘T, with 
‘k,‘- 10y M-’ s -’ [35] for the various Cr(NN); •t , any nonquenchable 
portion of the observed quantum yield for reaction (a,,) must arise directly 
from the 4T, state. The total quantum yield for release of NN is given by 
eqn. (42), where 4qm is the efficiency of reaction from the “T, state, and 
‘q,( = ‘k, %) is the efficiency of reaction from “E/T,. 

%bs = @rx = c2 9rx 417isc) + 477rx (42) 
The plot of Fig. 6 reveals that with increasing concentration of I - , the value 
of @= reaches a plateau in alkaline solution (pH = 9.3) for both Cr(bpy)z+ 
and Cr(phen), _ 3t [65] These plateau values reflect the efficiency of reaction 
from the 4T2 state, 4qrx. For Cr(bpy):+ and Cr(phen):+ at pH 9.3, FL= 1.0 
and 22”C, 4qo( = 2 X 10P3 and 7 X 10m4, respectively. The lower value of 
4qrx for the phen complex may be attributed to the “T2 state of this complex 
being less distorted than that of the bpy complex, owing to the greater 
rigidity of the phen framework_ These results suggest that the 4T2 state is the 
immediate precursor to reaction from the ‘E/‘T, manifold, and that there is 
reaction from the quartet state of Cr(bpy):+ and Cr(phen)i+ , albeit f sma!l 
fraction of the overall quantum yield. 

(iii) Quartet -+ doublet intersystem crossing in Cr(NN)j+ complexes 

The nature and extent of participation of the quartet 4T2 and doublet 
‘E/T, excited configurations in the photochemistry of Cr(NN)z+ com- 
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plexes has stimulated increased interest since the initial report by Bolletta et 
al. 1633 that the intersystem crossing efficiencies (4qi,) for Cr(bpy):+ and 
Cr(phen)i+ were 0.94 and 0.21, respectively. The method used to determint= 

4qisc in this study was based on electronic energy transfer from an emitting 
donor species (D) to an emitting acceptor species (A). For the two 
donor/acceptor couples biacetyl/Cr(bpy)i’ in H,O and Cr(phen);+ ,I 
Cr(CN);- in H,O/DMF, a representative energy level diagram given in 
Fig. 7 was used as the basis for determining 4qiw* For both couple!;, 
excitation of the donor species D causes a sensitized emission from th,e 
acceptor species A. According to Fig. 7, the emission intensity of th,e 
acceptor, Ei, and the sensitized emission intensity, Ei, of the acceptor arti 

given by eqns. (43) and (44), respectively 

where Zi is the light intensity absorbed by the acceptor solution, and I,-, is 
the light intensity absorbed by the donor in a solution containing known 
amounts of donor and acceptor species. The efficiency of the intersystegp 
crossing step (vi) from the spin-allowed state to the spin-forbidden state fcbr 

z k, f 

Donor Acceptor 
(8iocetyl) (Cr(bpy)33f) 

k2 

l 4T2 

Fig. 7. Simplified energy level diagram of the couple Biacetyl/Cr(bpy)i+ used in the 
determination of the intersystem crossing efficiency in Cr(bpy);+ . SA denotes a spin allowed 
state and SF a spin forbidden state; k,, kz, k,, kq, ki and k,, refer to the rate constants of 
nonradiative, radiative, nonradiative, quenching, intersystem crossing, and energy transfer 
processes; I refers to the intensity of the exciting light. . 



the donor and act ptor, respectively, is given by eqns. (45) and (46) 

the ~ff~~igney of the ~~~si~~ from the spin-forbidden state of the 
acceptor is given in eqn. (47), while the energy transfer efficiency from the 
spin-forbidden donor state to the s~in~forbi~den acceptor state is giv 
eqn. (48) 

Taking (k$ + ky) in eqn. (48).as equal to kg”, eqn. (48) becomes 

(47) 

(49) 

represents the qu ng ~ff~~~en~y of the s 
e ground-state a r species, md 7jCt re 
events that cause formation of the excited a 

ut the emission intensity measurements un 
itions, eqns. (43) and ( may be combi 

E: _ 

E- ~~~~~q~~~ 

Sirice R is an experiment %ed quantity in eqn. (541, the ratio 
ed. Thus, 174 can be determined if 119, qet, and R are 
aq~eo~s_so~u~un at room temperature was talcen as 

$ for ~~~b~y~~+ in 
fe is 0.94 in water [ miiar analysis on the 



Cr(phen);+ /Cr(CN& couple gave v$’ = 0.21 in H,O/DMF( l/3 v/v} media, 
at room temperature. 

Recently, alteration of solution medium has been shown to have profound; 
effects on the various photochemical and photophysical parameters of thtr. 
Cr(NN)$j+ systems. These include concentration quenching in the presence 
of anions [7 - 91 and the diminution of the 2E lifetimes in DMF 147,621. As 
a result, additional experiments have been performed in an effort to de* 
tern-tine the intersystem crossing efficiency, 4~i,. 

Serpone et al, 1641 have attempted to determine the intersystem crossin;g 
yield ‘Tisc, as given by eqn_ (55) for Cr(bpy)s+ and Cr(phen)z’. under 
identical experimental and instrumental conditions. 

From the enePJ state diagram for Cr(NN)z- given in Fig. 1, it can readiky 
be sho\vn that for direct excitation into the doublet %/‘TI manifold, the 
quantum yield for photoaquation from the doublet is ‘em = ‘krx ‘7; and for 
acitation into the quartet ‘T2 manifolds. the quantum yield is 4Y2d’,.X 
= %ji.. %, ‘T_ Beczmse the quantum yield of reaction directly from the 
quartet is less than 10% of 1d2@,, its contribution was imored, Therefore:, 
J-’ -a= =2@,,4q;cc_ Comparison of 14’erx for the Cflbpy): -’ and 
Caphsn); - compkes kads to 
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4T, state (the .precursor to *E) is sensitive to the isotopic nature of the 
solvent. On the other hand, the (‘E)Cr(bpy)j+ lifetime remains unchanged 
with increasing amounts of D,O vs. H,O; this observation reflects the 
independence of the nonradiative rate constant, ‘k,,, for the *E -_, 4A2 
decay mode. Similar lifetime behavior is exhibited by Cr(phen):+ ; however, 
the luminescence intensity of Cr(phen):+ also remains unchanged as the 
D,O/H,O ratio is increased [44]. The results of this investigation are 
‘collected in Table 6. The radiative quantum yield, arnd, proportional to the 
luminescence intensity, decreases with increasing mole fraction of D,O for 
Cr(bpy):+ : arad = 4 77isc( 2k,,,/“k,). Since the indices of refraction for H,O 
and D,O are essentially the same and (Pmd is independent *of solvent 
composition for the Cr(phen)z+ cation, it was not expected that ‘krad would 
be responsible for the observed diminution of Qmd for the bpy complex. 
Rather. 4qisc decreases with increasing amounts of D,O for Cr(bpy)z+ and 
remains constant for the Cr(phen)i? complex. 

The explanation for these observations emanates from several factors [44]. 
Firstly, in the 4T2 state, distorted with respect to the 4A2 state, there are 
probably solvent molecules occupyin g the opened interligand pockets and 
which exhibit weak electronic interactions between the lone electron pairs 
and the vacant t,, _ orbital that points into the pockets. The direction and 
magnitude of the solvent isotope effect argues against coupling of the 
vibrational levels of 4T, and 4A, by the solvent; the lower vibrational 
frequencies of D,O relative to HZ6 suggests that D,O is less efficient in its 
coupling and would favor a modest hydrogen-favored effect. The solvent 
involvement in the nonradiative process could arise from the microstructure 

TABLE 6 

Em&on intensities, lifetimes and relative values of QrJd for Cr{bpy):’ and Cr(phen):’ in 
deaerated H,O/D,O mixtures at 22°C ’ 

Complex 

Why): L 

Cr(phen)if 

XD 

0.00 
0.20 
0.40 
0.60 
0.80 
0.99 

0.00 
0.50 
0.99 

Intensity 

60.5 
46.6 
37.3 
26.5 
18.0 
12.6 

53.0 
45.5 
45.0 

‘7 (ms) Qrad (rel) 

0.066 1.00 
0.067 0.77 
0.066 0.62 
0.066 0.44 
0.063 0.32 
0.06 I 0.23 

0.23 1.00 
0.20 0.99 
0.19 1.00 

., Ref. 44. 
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of the solvent in the immediate vicinity of the complex ion; D,O is a more 
structured solvent than is I-I,0 [67]. If the nonradiative process were entropi- 
cally more favorable in D,O than in H,O with littIe or no enthalpic 
difference, then 4kE < 4kE 1441. The significance of this entropic effect is 
supported by our recent observations that in D,O, 4qisc increases in the 
presence of salts in a manner similar to the ability of these salts to modify 
solvent structure [67]. 

The invariance of Qmd with solvent isotope composition for the Cr(phen)z+ 
cation (Table 6) was explained f44] in terms of both the rate of intersystem 
crossing ( 4ki,) and the rate of nonradiative decay ( 4k,,) being less sensitive. 
to the solvent isotope substitution in the phen system than in the bpy 
system, If the ( 4T2)Cr(phen)Qt species were less distorted than the 

( 4 T2 )Cr(bpY)z+ species because of the greater rigidity of the phen frame-- 
work, then the interligand solvent molecules would be less strongly bound, 
resulting in a lessened sensitivity toward vibronic coupling in the intersystem 
crossing decay mode and a lessened contribution of the entropic effect in the 
nonradiative decay mode. 

In light of reports that both Irutrs-Cr(en),(NCS), [68] and Cr(en)z+ [34] 
show a decrease in population of the doublet state in the long wavelength c 
tail of the quartet band, it has been suggested [34] that these observations are 
due to quartet population at some vibrational energy level lower than the 
“crossover point” between the quartet and doublet potential energy surfaces., 
and that the photoreaction originates from the quartet state [68]. Although 
417i~c is believed to be near unity for Cr(bpy)z+ [63,64], Langford and. 
Sasseville have recently indicated [69] that there is a “crossover point” for 

Cr(bPY): + at ca. 590 nm whereupon 4rlisc. decreases. This seems to suggest 
that the unitary value for 4~isc for Cr(bpy)Q+ is only valid for quartet 
excitation well above the O-O band energy, and that intersystem crossing 
occurs in competition with vibrational relaxation in the quartet manifold. 

D. BIMOLECULAR QUENCHING OF CHROMIUM(II1) EXCITED STATES 

Excited-state quenching provides a unique method for obtaining photo- 
chemical and photophysical information and for elucidating the roles of the 
various excited-state deactivation pathways_ With respect to chromium(III) 
polypyridyl complexes, the object is to ascertain the relative importance of _ 

the quartet 4r. and doublet 2E/‘T, excited states, and the importance of 
each deactivation pathway within each excited-state configuration. Balzani et 
al. [l] have thoroughly reviewed the available data up to 1975 and more 
recently [70] have included a detailed kinetic analysis of the quenching 
processes ‘of excited states of transition metal complexes. 

When spin and energy requirements are satisfied, excited-state quenching 
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processes between organic species are usually diffusion-controlled [7 l-731. 
This generality, however, is not applicable to transition metal complexes, for 
which quenching efficiency in the collision encounter is strongly affected by 
the nature of the ligands [74-781 and by the charge and geometry of the 
complex [74,79-831. Studies of quenching processes of excited-state poly- 
pyridyl transition metal complexes have lent insight into the excited-state 
reactivities of these complexes. 

Several distinct mechanisms exist for the bimolecular quenching of excited 
-state molecules [49,71,72], of which the most relevant to transition metal 
complexes are the following: electronic energy transfer, electron transfer, 
spin-catalyzed deactivation, excimer or exciplex formation, and external 
heavy atom effect. These processes are noted in Fig. 8. The participation of 
each of these pathways in the quenching process has been discussed [l] with 
particular emphasis on the various factors which determine their occurrence 
and relative importance. The most common quenching pathways for poly- 
pyridyl transition metal complexes are the electron and energy transfer 
paths; these are depicted in Schemes II and III, respectively. 

SCHEME II 

.* 4 _ 4 
M + B _ 
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k _ 
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SCHEME III 
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ke 
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k-d k-e 

Since excited-state lifetimes in fluid media are usually short, bimolecular 
processes involving these excited states must be near the diffusion-controlled 
limii so that they can compete with intramolecular deactivations. However, it 
is unlikely that either ligand substitution or inner-sphere electron transfer 
reactions could occur at a rate competitive with the deactivation of the 
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+ A f 8 (External heavy atom effecti 

(AIB)* (Exc@lex formation) 

Fig. 8_ Selected bimolecular quenching pathways of an excited-state species. 

excited state. On the other hand, outer-sphere electron transfer and energy- 
and spin-allowed electronic energy transfer quenching pathways are rapid 
enough to successfully compete with intramolecular deactivation. 

The nature of the polypyridyl chrornium(II1) complexes will undoubtedky 
have an effect on these quenching processes. Shielding of the chromium(II1) 
core by the hydrophobic ligand sphere, for example, should affect the 
iriteraction of the MC states with the quenchers. Also, since the energy of the 
*E state varies only slightly with changes in the ligand field strength, the 
effect of structure on the quenching process can be examined by varying thlz 
ligand sphere. 

(i) Bimoleculat electron transfer 

Transition metal complexes can undergo redox reactions via either outer- 
sphere or inner-sphere pathways. Inner-sphere redox reactions are not ex- 
pected to occur within the lifetime of the excited-state species since ligand 
substitution processes are generally slow and therefore cannot compete with 
excited-state decay. On the other hand, an outer-sphere redox pathway forms 
an activated complex in which the number and type of ligands on the twc; 
reactants remain unchanged. This pathway may be very fast, and can 
thereby compete with deactivation of an excited-state species. The quenching 
rates are governed by “intrinsic” (self-exchange rates of the reactants) 
as “extrinsic” (overall fr,ee energy change of the reaction) factors [ 11. 

as well 
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Excitation of an electron from a low-energy (bonding) orbital to a 
higher-energy (antibonding) orbital reduces the ionization potential and 
increases the electron affinity of a molecule. Thus, it is expected that an 
electronically-excited species, *M will be both a better reductant and a 
better oxidant than its corresponding ground state M. The rate constant for 
the quenching process, shown in Scheme II, can be determined using 
steady-state approximations, as has been shown by various workers [10,84- 
911. 

Often an elect.ron transfer process does not yield products different from 
the reactants; this is usually indicative of rapid, reverse thermal electron 
transfer. The rate constant for the quenching process, k,, is given by eqns. 
(57) and (58), with the latter relating k, to the free energy of activation. AGZ 
[701- 

(57) 

k, = kcl 
(58) 

Equation (58) can be used to estimate the dependence of k, on the overall 
free energy change AGZ, if the free energy of activation for the electron 
transfer step, AC:, can be related to AGJ’. 

Marcus [84,85] has provided the classical relationship (59) to relate AGJ to 
AGZ; Rehm and Weller [86,87] have proposed_ the empirical relationship (60). 

(59) 

(60) 

A detailed kinetic analysis and critical review of these two relationships has 
been presented by Balzani ei al. [ 1,701. 

The dependence of k, on AGt’(eqn. (58)) as predicted by the Marcus and 
Rehm-Weller theories is illustrated in Fig. 9. It is clear that for positive and 
slightly negative values of AGZ the dependence of log k, on AGZ is virtually 
identical. However, in the region where AGZ becomes increasingly more 
negative, the Marcus theory reveals a dramatic decrease in k, (commonly 
referred to as the Marcus inverted region); in contrast, the Rehm-Weller 
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Fig. 9. Dependence of log k, on AG: calculated from eqn. (58) (see text) where AC,” is given 
by the Marcus and Rehm-Weller relationships. 

empirical relationship predicts that k, reaches a plateau value under these 
conditions. Evidence for adherence to the Marcus behavior has only been 
found in the quenching of (3CT)Ru(bpy)i’ for which there is a small 
decrease in k, with increasing endoergic character of the quenching reaction 
(increasing negativity of AGZ) [88]_ 

One method utilized to confirm the existence of an electron transfer 
quenching pathway emanates from the relationship (61) given by Marcus 
[89,90] for electron transfer reactions. 

k, = k,, = (kI,k22K12f,2)"2 (61) 
where log fiz =(log K&4 log(k,,k,,/Z”), and kl, and kz2 are the rate 
constants for the self-exchange reactions (62) and (63), respectively: K,, k 
the equilibrium constant 
number usually taken as 

Q+Q+sQ+ +Q 

*Cr(NN)z+ + Cr(NN):f 

for the cross-reaction (64), and 2 is the collision 
10” M-1 s-1 * 

(6 > Z! 

2 Cr(NN):+ + *Cr(NN):+ (6 ) 2; 

*Cr(NN):+ + Q _ 2 Cr(NN);+ + Q + (6 0 L 

Also 

log k,, = 0.5 log k,,k,, + 0.5(1 + a) log K,, c 
(6 ) J 

where a = (log t&)/4 log( k,, k,, /Z2). A linear relationship between log 
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ks( = log k,,) vs. (1 + a) log K,? suggests electron transfer quenching; if k,, 
is known, the value of kzL? can be estimated by fitting the experimental data 
assuming various values of kz2. Log K,, is a measure of the driving force for 
electron transfer and varies as AE’. The effect of driving force on electron 
transfer reactions has recently come under critical scrutiny [92,93]. Creutz 
and Sutin [88] have predicted that electron transfer rates should begin to 
decrease ,..c high enough driving forces; concrete evidence is, however, still 
lacking. 

Turning now to the actual investigations of excited-state electron transfer 
quenching, it is evident that polypyridyl transition metal complexes are 
suitable candidates as they provide a wide range of excited state properties_ 
These properties can be varied by altering the metal center, altering the type 
of ligand, or simply by adding substituents to the polypyridyl ligand frame- 
work. It is this “excited-state tuning” which allows the complex to serve as 
both a reductant and an oxidant, an attribute not possible for the metal ion 
or the free polypyridine molecule alone. 

Where the Stokes shift between the ground-state absorption and excited- 
state emission is very small, and the changes in shape, size and solvation 
between- the two states are also small, the entropy differences between the 
ground and excited states may be neglected. Whence the redox potentials of 
the excited state can be estimated from eqns. (66) and (67) for chromium(I11) 
polypyridy 1 species 

E”(Cr’+/*Cr3+) = E”(Cr4+/Cr3+) - EO_O(Cr3+/*Cr3t) (66) 
E”(*Cr3+/Cr2+) = E”(Cr3+/Cr’+) - Eo_o(Cr3+/*Cr3+) (67) 

where E o_o(Cr3+/*Cr3i) is the one-electron potential corresponding to the 
zero-zero spectroscopic energy of the excited state. The reduction potentials 
of the ‘E states of Cr(NN);+ complexes have been evaluated [5,10] from the 
excitation energy ( AG* - 1.7 eV) and ground-state reduction potentials 
[9 1,93-961. These excited-state redox potentials, along with the correspond- 
ing ground-state potentials, are summarized in Table 7. The validity of this 
procedure has been verified in the case of the MLCT state of Ru(bpy):’ 
[97], for which the estimated value of -0.84 V for E”(Ru3+/*Ruzf) [17] is 
in accord with the value of -081 V for the Ru(bpy):+ /*Ru(bpy):+ couple 
in acetonitrile [98]; this was taken [97] as good evidence that the entropy 
difference between the ground state and the luminescent state of Ru(bpy):’ 
is small. For some of the Cr(NN)z+ complexes cited in Table 7, Balzani and 
co-workers [92] have experimentally verified the estimation of the redox 
potentials of the various polypyridyl complexes using a series of quenchers 
of graded potential. A comparison of the ground- and excited-state redox 
potentials in Table 7 reveals that the latter states are indeed better oxidants 
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TABLE 7 

Formal reduction potentials of Cr(NN)yi complexes at 25°C a 

NN E0(Cr3’/Cr”) E0(*Cr3+/Cr”+) 
09 0-l 

bpy 
4,4’-Mezbpy 
4,4’-Ph,bpy 
5-Clphen 
5-Brphen 
phen 
5-Mephen 
5,6-Me, phen 
4,7-Me,phen 
3,4,7&Me,phen 
5-Phphen 
4,7-Ph 2 phen 

- 0.26 
- 0.45 

( -0.28) b 
-0.17 
-0.15 
- 0.28 
- 0.30 
- 0.29 d 
- 0.45 

(-0.57) b 
-0.21 d 

(-0.26) ’ 

+ 1.44 

+ 1.25 
(+1.39)’ 

+ 1.53 
+ 1.55 
+ 1.42 
f l-39 
+1*4O’ 
+ 1.23 

(1.11)’ 
-I- 1.49 lz 

(+ 1.41) c 

a Vs. NHE, in 1 .O M LiCl at 25°C. Ref. 9 1, unless otherwise noted. ’ Ref. 10; calculated by 
interpolation from log k ,‘, obtained from plots of Iog k, vs. log K,,. ’ Ref. 10. ’ Vs. NHE, 
cakulated taking E” of Cr(phen)z’/‘+ as -0.28 V, 
Cr3+“+ couple in TabIe IV of ref. 96. 

and using E’ values for the appropriate 

than their respective ground states. The reduction potentials of the chro- 
mium(U) complexes parallel those of the corresponding Ru(II1) complexes 
1171, with the chromium potentials ca. 1.5 V more negative. The potentials 
for reduction of the 2E excited states are also about 1-7 V more positive than 
the corresponding ground-state reduction potentials. This uniform shift of 
the excited-state reduction potential is due to the similarity in the wave- 
lengths for maximum emission in the Cr(NN)z+ complexes. 

WJPYE + would appear to be a good candidate for studies in bimolecular 
excited-state redox reactions inasmuch as the lowest excited state, “E/‘T,, is 
relatively long-lived in aqueous media (‘7 = 0.063 ms) [9], is photostable in 
acidic media [8] and exhibits an efficient emission [37] which can be easily 
monitored. Balzani and co-workers [36,99] have shown ‘that Ru(bpy)$- 
quenches the emission of ( 2E)Cr(bpy)z’ via electron transfer. An energ 
transfer pathway was discarded inasmuch as the energies of the lowest 
excited states of Cr(bpy):+ and Ru(bpy)z+ are 13,800 and 17,100 cm-‘, 
respectiveIy [36]. Flash photolysis experiments carried out in the presence of 
iodide ion, which selectively quenches the ‘E state of Cr(bpy)z+ , have 
unequivocally demonstrated that reductive electron transfer occurs via reac- 
tions (68)-(71) [36] 

Cr(bpy):+ 2 +(‘E)Cr(bpy)z+ (68) 
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(‘E)Cr(bpy):+ + I - 2 Cr(bpy)z+ + I- 

(‘E)Cr(bpy)z+ + Ru(bpy)z’ ‘2 Cr(bpy):+ + Ru(bpy):+ 

Ru(bpy):+ + Cr(bpy):’ “I + Ru( bpy):+ + Cr( bpy): + 

where k,, = 1.4X IO9 M-’ s-’ [S], k,, =4.0X 10” M-’ s-’ [99] and 
k = 2.6 X lo9 M -’ s-’ [36]. The products of reaction (70) are not observed 
bi;ause of the fast thermal back-electron transfer reaction (71). Reactions 
(69) and (70) demonstrate that the ‘E state of Cr(bpy)z+ is a strong 
oxidizing agent. 

The quenching of (‘E)Cr(bpyji+ by a series of aliphatic and aromatic 
amines and methoxybenzenes has been investigated by flash photolysis 
techniques; these studies have shown that the quenching results in the 
formation of a one-electron oxidation product of the quencher [92]. The 
quenchers examined and the corresponding k, values obtained are given in 
Table 8. Plots of log k, vs. AGZ show no decrease in k, as predicted by the 
Marcus theory (eqn. (58)). A comparison of the relationships between k, and 
AG: for aliphatic and aromatic amines reveals that the reorganizational 
energy h is greater for the aliphatic amines since the electron to be trans- 
ferred is more localized in the aliphatic amine, thereby requiring a greater 
geometrical perturbation upon oxidation. As well, owing to this greater 
electron localization, steric factors should cause a decrease in the quenching 
rate constant of the aliphatic amines compared to that for the aromatic 
amines. 

Luminescence quenching of ( ‘E)Cr( bpy): f by various transition metal 
cyanide complexes has been studied by Juris et al. [ 1001. As is apparent from 
Tables 8 and 10, quenching of (‘E)Cr(bpy):+ occurs via reductive electron 
transfer with Mo(CN)i- , Fe(CN)z- , Ru(CN)i- , and Ni(CN)i- ; via oxida- 
tive electron transfer with Fe(CN)z- and Co(CN)i- ; and via energy transfer 
with Cr(CN)i- . Discrimination between the possible quenching pathways 
cannot be based solely on the observations of reduced or oxidized products, 
since a reverse electron-transfer reaction so often occurs (vide infra), nor can 
it be based solsly on the kq values experimentally obtained_ However, the 
relationship between the k, valties and the redox potentials of the excited- 
state (‘E)Cr(bpy):+ and quencher species provide some insight into the 
thermodynamic favorability of either a reductive or oxidative electron trans- 
fer pathway. The quenching rate constants k, obtained in this investigation 
[loo] of the cyanide complexes show no Marcus inverted region; that is, 
there is no decrease in k, at the larger negative values of AGZ. 

Cr(bPy)z+ and Fe&+ result from quenching of ( 2E)Cr(bpy):+ by Fez at 
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pH 3 [10,36]; quenching proceeds via reductive electron transfer [91]. 
Brunschwig and Sutin [91] have advanced the possibility that the observed 
electron transfer products could be produced if an energy transfer step 
occurred prior to the electron transfer step, as depicted in eqns. (72) and 
(73). 

(‘E)Cr(NN):’ + Fe$+ + *Fe’+ ICr(NN):+ (72) 

*Fe”’ jCr(NN):+ 3 Fe3+ jCr(NN):+ (73) 

For such a pathway to be feasible, reaction (73) would necessarily have to be 
faster than an electron transfer process involving the encounter complex 
from reaction (72); that is, faster than reaction (74). 

Fe:: J*Cr(NN):+ -+ Fe3+ ]Cr(NN):’ (74) 

The involvement of energy rransfer was deemed [91] improbable inasmuch as 
reaction (73) would likely require more reorganizational energy than reaction 
(74); and also, the orbital symmetry for reaction (73) is less favorable than 
for reaction (74). Other studies [10,36] have been in agreement with a 
reductive electron transfer mechanism for quenching of *Cr(NN):+ by 
Fe&+ _ Table9 summarizes the values of kq so obtained. Also, Fe” has 
available low-lying excited states at 10.4 X 10 cm-’ and ca. 14.4 X lo3 cm-’ 
above the ground state [loll, thus making energy transfer energetically 

TABLE 9 

Electron transfer rate constants ( k4) and thermal back electron transfer rate constants (k,,_) 
for the Cr(NN):+/Fe=y systems at 22-24°C ’ 

NN k,x10-7 k b._! x 10 -y 
(M-Is-‘) (M-’ s-‘) 

by 
4,4’-Me,bpy 
4,4’-Ph ,bpy 
5-Clphen 
5-Brphen 
phen 
S-Mephen 
5,6-Me, phen 
4,7-Me, phen 
3,4,7,8-Me,phen 
5-Phphen 
4.7-Ph, phen 

1 

3.7 
0.22 
2.0 

12 
8.4 
3.2 
3.4 
2.6 
0.60 
0.092 
4.5 
2.5 

1.44_+0.04 
10.6 +0.6 

1.6 to.2 
0.61 kO.08 
1.4 ro.4 
1.3 to.3 
2.0 -to.7 
2.7 -t 1.0 

(7) 
(18) 

1.9 kO.6 
1.4 -1-0.4 

J Refs. 5.10; in 1 M HCI, 22-24°C. 
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feasible. _4n oxidative path was discounted since E’ > L6 V vs. NHE for the 
Cr(NN)z+/Cr(NN)z+ couple and E” > -0.1 V for the Cr(NN)i+ / 
(‘E)Cr(NN)z+ couple [s]. The rate constants ( kbct) have also been measured 
for the thermal back-electron transfer reaction [lo] 

Fe&+ + Cr( NN)if ‘2 Fe&+ + Cr(NN);+ 

and are collected in Table 9 along with the corresponding k, values. It is 
evident that the slowest rate of the thermal back reaction (75) ii provided by 
the 5-Clphen complex, while the fastest rate is exemplified by the 3,4,7,8- 
Me, phen complex. 

Brunschwig and Sutin 1911 have shown that quenching of various 
“Cr(NN)i+ complexes by Ru(NN)$+ proceeds via reductive electron trans- 
fer and also that the quenching rate is dependent on the driving force for 
electron transfer, A E*. The ( 3CT)Ru(NN)ff state is at higher energy than 
the (%)Cr(NN)i’ state (2.1 eV vs. 1.7 eV) [91], thus ruling out an energ\{ 
transfer quenching pathway- The quenching rate constants k, are sum- 
marized in Table 8 for the generalized reaction (76). 

*Cr(NN)z+ + Ru(NN’)f+ 2 Cam+ + Ru(NN’);+ (76) 

Using the relationships between $ and AG:, it was demonstrated that the 
values of k, increase with increasmg driving force of the reaction, AE’, but 
much less dramatically than predicted by the Marcus model [89,90]. 

Quenching of Cr(bpy)i+ excited states by quencher species capable of 
oxidizing chromium( III) to chromium( IV) has revealed some inconclusive 
results regarding the operable quenching mechanism [91]. The quenchers 
examined were Ru(bpy)z+ and Os(bpy)z’ _ Of these two quenchers, 
Ru(bpy); + was expected to quench more efficiently than the Os(II1) analog 
if oxidative electron transfer occurred since the driving force AE” for the 
Ru(III) reaction is more favorable ( I .25 vs. 0.82) [9 11. Indeed, Os(bpy);’ is 
an inefficient quencher compared with Ru(bpy)z’ , allowing only an upper 
limit of k, (ca. 1 X 106 M - ’ 6) to be formulated [91]. The quenching rate 
constant for the Ru(bpy)i’ reaction was determined to be 6 X lo6 M - ’ s - ‘, 

both values being determined in 1 M H,SO, at 25°C. An energy transfer 
pathway cannot be discounted for these two M(II1) polypyridyl quenchers 
inasmuch as the Ru(III) complex has an absorption band at 674 nm 1981 
which is in close proximity to the emission band at 695 nm 1141 of 
*Cr(bpy)?- ; and both the Ru(II1) and Os(III) complexes have spin-forbidden 
bands at longer wavelengths, which may be close to, or overlap with, the 7213 
nm emission of *Cr(bpy)z+ IS]. Inconclusive results were also obtained upon 
using Fe(CN)z- and Co(CN)i- as possible oxidative quenchers of the 
( ‘E)Cr(bpy)z+ species [ 1001. 
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Utilization of the Marcus theory for outer-sphere electron transfer reac- 
tions in the form of reactions (61) and (65) has afforded the estimation of 
self-exchange rate constants k,, for the couples involved in reaction (63). 
Determination of these self-exchange rate constants permits comparison of 
the excited-state reaction with the corresponding ground-state reaction in 
reactions (63) and (77), respectively, inasmuch as the excited and ground 
states may differ in shape, size and/or dipole moment. 

Cr(bpy):+ + Cr(bpy):+ = Cr(bpy):+ + Cr(bpy):+ (77) 

This difference should be reflected in the reorganizational parameter X (see 
eqns. (59) and (60)) for the ground-state and excited-state reactions. Since 
the Stokes shift between the ground-state absorption and excited-state 
emission is related to nuclear coordinates of these states, one also expects the 
Stokes shift to be related to the difference in X of the ground and excited 
states. Hence, an observed Stokes shift of zero would necessarily imply 
similar reorganizational parameters for the two states. 

Several groups [10,91,iO2] have investigated the *Cr(NN)z+/Cr(NN)i+ 
excited-state self-exchange reaction in reductive electron transfer quenching 
experiments. Both Brunschwig and Sutin [91] and Serpone et al. [lo] have 
determined the self-exchange rate using Fe&+ as the quencher species, as per 
reaction (78). 

*Cr(NN):+ + Fe&+ 2 Cr(NN)i+ + Fe&+ (78) 

The self-exchange reactions corresponding to this cross-reaction are noted as 
reactions (79) and (63), with k,, and kzz as the self-exchange rate constants, 
respectively. 

Fe:: + Fe:: = Fez: + Fe&+ (79) 

For the FeZi/Fe3+ couple, k,, = 4.0 M-’ s-’ [103]. Serpone et al. [IO] have 
obtained an “apparent” k,, of ca. IO5 M-’ s-’ from the intercept of a log 
k,? vs. log K,, plot. Endicott and Ferraudi [104] have estimated k, for the 
*Cr(bpy)z+ /Cr(bpy)? couple to be ca. 3 X lo5 M-’ s-l, based on data for 
the Ru(bpy)z+/*Cr(bpy)i+ cross-reaction and employing a self-exchange 
rate constant of ca. 4 X lo9 M-’ s- ’ [ 17,881 for Ru(bpy)z+ /Ru(bpy):+ 
couple. On the hand, Brunschwig Sutin [91] k,, - 1 X 
lo8 M - ’ s -’ from a series of Ru(NN)f+ /*Cr(NN)s+ reactions (reaction 
(63)) in 1 M HzSO, at 25°C. However, an experimental value of k,, - 600 
M-’ s-’ was obtained based on Fe’+/*Cr(NN)z+ reactions. The dis- 
crepancy between the experimental and theoretical estimations of k,, was 
explained in terms of nonadiabaticity of the cross-reaction (78) while the 
self-exchange reactions (79) and (63) are probably adiabatic_ If the Marcus 



relationship (61) is modified to include a term for the probability of electron 
transfer in the activated complex, eqn. (61) becomes 

k 12 =Plz(k*,k,,K,2fiz/PIIP22)r’~ (80) 

where p terms aL”e the probabilities of electron transfer in the respective 
activated complexes_ In the adiabatic limit, p 12 = p 1, = pz2 = 1, and eqn. (80) 
reduces to (61). However, if the cross-reaction (78) is non-adiabatic and the 
self-exchange reactions (79) and (63) are adiabatic, then p, I =pz2 = 1 and 
p,3 << 1; the intercept of a log k,, vs. (1 + (u) log K,, plot will yield kzzplIz 
121, and not simply k,,. Since pf2 < < 1, kzl for reaction (63) will be > 10-j 
M - ’ s - I, the “apparent” value determined by Serpone et al. [IO], and is 
probably ea. 108-109 M-’ s - 1 [9 11. The rate constant for the self-exchange 
reaction (77) was also estimated to be ca. lo*- IO9 M -’ s- 1 [lo]. Ferraudi;, 
and Endicott [102] have reported k,, -4 X 10' Mm' s-' for reaction (81:1 
from flash photolysis studies of Cr(bpy)z* in the presence of Cr(Me,phen):+ 
in methanolic solution (25*C, p = 0.1 M). 

(44)c4bPY):+ -f- cr(bpY)g+ -+ Cr(bpy)i$ + (4A,)Cr(bpy)~~ 1 
(81 I I 

These above results demonstrate the similarities in the excited-state (633 
and ground-state (8 1) self-exchange reactions. This is not unexpected in view 
of the fact that the reactants in both reactions have the same charges, and 
the 44, and 2E states are virtually undistorted with respect to each other, 
These similarities suggest that the ground- and excited-state reactions can 
only differ with respect to their inner-sphere barriers, AG;t, 1911, taking both 
reactions as adiabatic. For metal-centered states, the differences in these 
barriers for the ground-state, Ai$.,, and excited-state, *AGk, exchange reac- 
tions have been approximated [9 l] by eqn, (82), where f is a breathing force 
constant, a is the Cr-N bond distance and subscripts 2 and 3 denote the 
charge on the complex, 

A( &-Tn) = *AGr,, - A@,, 

The3fiAf2 +m t erm is expected [105] to be small inasmuch as the 4Az and 
‘E states have the same electron configuration. The second term in eqn. (821 
has five possible fates, as discussed by Brunschwig and Sutin [Y l] and 
Serpone et al_ [lo]. To the extent that the tz8 orbitals in both the 4A2 and %’ 
states are equally occupied, at = u3, and Es = 0; thus, &AGTJ would 
necessarily be zero, and the inner-sphere barriers for the ground- and 
excited-state reactions would be identical. This reasoning suggests that the 
exchange rate for the two reactions should be nearly identical. as is observed_ 
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The remaining possibilities for the second term in eqn. (82) imply excited-state 
Cr-N bond distances that are either longer or shorter than in the ground 
state, and are not applicable here. 

The lifetime of the 4T, state of Cr(bpy)z+ has been estimated to be of the 
order of lo-‘* s [106]. This state cannot be involved in reaction (63) since 
a; > a3, and because its lifetime& too short to be involved in bimolecular 
reactions_ The other possibility is the ‘T, state, in thermal equilibrium with 
the ‘E state. These latter two states differ only in the I,, orbiial population: 
((y, c, fi) for the ‘E state and (‘y, ap, ) for the ‘T, state. Unfortunately, 
the available data and the uncertai&esTnherent in the Marcus relationships 
precluded a delineation as to the reactive state in the self-exchange reactions 
involving the “E/*7’, pair. 

It is interesting to note that the ‘E state does not appear to be implicated 
in the reductive quenching of *Cr(bpy)z+ in alcoholic media [ 1021. 

*Cr(bpy):+ + ROH + Cr(bpy)i :’ + ROH + (83) 

This suggestioll was based on observations that both the (‘E)Cr(bpy)i’ 
transient and Cr(bpy):+ were detected in aqueous alkaline and alcoholic 
media, and that the (“E)Cr(bpy) z’ lifetime is relatively independent of 
solution media while the (‘E)Cr(bpy)z’ yield ( 4qisc) is medium-dependent. 
It was suggested [102] that the solvent-dependent process leading to the 
chromium(II) species is a prompt, upper-state process that occurs in compe- 
tition with excited-state relaxation to form the ‘E transient. The investiga- 
tion of Ferraudi and Endicott implies [102] the involvement of either the 
4T2, or ‘T2, or some higher excited state. 

The importance of electron transfer quenching studies lies therefore in the 
identification gf products of the process, the identity and characterization of 
the excited state which gives rise to the oxidized or reduced species, the fate 
of the excited-state electron transfer products, and the comparison of the 
corresponding excited-state and ground-state exchange reactions. Reductive 
electron transfer studies have shown that Cr(NN)s+ is produced, and these 
species are potential charge carriers in photogalvanic systems. In Section E 
the Cr(NN):’ species are shown to be capable of reducing water to hydro- 
gen in the presence of a catalyst. 

(ii) Bimolecular energy iransfer 

Energy transfer occurs via two types of interactions: (i) A dipole-dipole 
interaction which takes place over an intermolecular distance much larger 
than the molecular diameter. This type of interaction is important only for 
spin- and symmetry-allowed transitions in the donor and quencher species. 
ri’hus, in transition metal complexes which exhibit relatively weak, low-energy 



spin-forbidden absorption bands, the dipole-dipole interaction does not 
significantly contribute to excited-state energy transfer. (ii) An exchange 
interaction, on the other hand, requires a collisional encounter, and thus, is 
dependent on the energy of the excited-state species. The kinetic scheme 
presented in Scheme III is that for a collisional energy transfer process. 

Using Scheme III and analogous assumptions in deriving expression (57) 
for electron transfer quenching, Balzani and Bolletta [ 1071 have shown that 
k, for energy transfer quenching is given by eqn. (84) and that k, can be 
related to free energy changes and free energy of activation by the equivalenl 
of eqn. (58). 

k,= k_ 
k, 

k_,k_, 
1+2+ kk 

c s c 

The overall free energy change for the energy transfer process is given by 
eqn. (85) 

AGZ = -E,_,(*M,M) + l&,(*B,B) + constant (8% 

wherein J&-o refers to the zero-zero excited-state energy, and the constant 
term accounts for differences in partition functions and in the entropies of 
the ground and excited states. This constant is usually small and is consid- 
ered negligible in most cases. When a homogeneous series of donors (*M) is 
quenched by a single quencher, eqn. (85) reduces to 

AGZ = -E,_,(*M,M) + constant (86 
\ 
I’ 

At low values of E,_,(*M,M), eqns. (58) and (86) predict that log k, will 
increase linearly with EO_O with a slope 1/2.303RT; at high E,_,(*M,M) 
values, log k, becomes equal to log k, (plateau) as depicted in Fig. IO. 

To ascertain that quenching occurs via energy transfer from the donor to 
the acceptor species, there must be some experimental or theoretical evidence 
to support this contention. Luminescence from the excited-state acceptor 
species (*B) is evidence for energy transfer; however, if the acceptor species& 
undergoes a sensitized chemical reaction, it cannot be automatically assumed 
that energy transfer has occurred as the observed phenomenon may we11 be 
due to chemical interaction between the donor excited state (*M) and the. 
acceptor ground state (B), or to a catalytic effect on the reactivity of the 
acceptor ground state- Clear-cut evidence (i.e., sensitized emission) for an 
energy transfer pathway is seldom encountered with transition metal com- 
plexes. IIowever, such a pathway has often been proposed on the basis of, 
various tenets such as: (i) the magnitude of k, values relative to the 
diffusion-controlled rate constant k, [ 1081; ( ii correlation of the k, values ) 
with the energies of the excited-state species [lOO,lOS]; (iii) comparison of 
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Fig. 10. Dependence of log k, on the excited-state energy E,,(M*,M) (see text). 

analogous ground-state reactions [ 171; (iv) the sensitivity of k, towards 
excited-state redox potentials [ 17,100]; and (v) comparison of the spectro- 
scopic energies and redox potentials of the donor and quencher species. The 
important feature of intermolecular energy transfer in photoreactive systems 
is the selective population (or depopulation) of a specific excited-state 
species. 

Sensitized emission has been observed for the *Cr(bpy)z+ /Cr(CN)i- and 
*Cr(phen)i+ /Cr(CN)i- donor/acceptor couples in H,O/DMF solutions 
[64]. Energy transfer for these two couples is both spin- and thermodynarni- 
tally-allowed, while an electron transfer pathway is thermodynamically 
unfavorable. A subsequent investigation on the *Cr(bpy):+ /Cr(CN)z- cou- 
ple confirms an energy transfer path [ lOO]. A comparison of the k, values for 
*M(bpy);+ /Cr(CN)i- couples (where M = Ru(II), Os(I1) and Cr(II1)) re- 
veals that k, increases in the order Ru(I1) < Os(I1) < Cr(II1) [ 1001. An 
energy transfer path should be more favorable for the Cr(II1) ion owing to 
its higher ionic charge and to the absence of excited-state distortion relative 
to the Os(I1) and Ru(I1) analogs. However, the metal-centered nature of 
( ‘E)Cr(bpy);+ , which is expected to cause a less favorable overlap between 
donor and quencher orbitals [ 1091, does not favor an energy transfer pathway. 
The greater value of k, for the Cr(II1) complex suggests that ionic charge 
and/or excited-state distortion play major roles in energy transfer processes. 

The quenching of the 2E states of several Cr(NN)z+ complexes by 
molecular oxygen in 1 M HCl has been investigated [91,108], and is believed 
to proceed via energy transfer. Both the results of Brunschwig and Sutin [91] 
and Serpone et al. [ 1081 indicate that the k, values are considerably slower 
than the diffusion-controlled limit by 2-3 orders of magnitude, and are 
slower ‘&an the k, values obtained for organic triplet states. That energy 



transfer is energetically favorable is reveaIed by comparison of the 
( 2E)Cr(NN)~* energy (ca. 13.7 kK) [lo81 and (‘2: )07 and ( ‘Ag)02 (ca. 12.9 
and 7.9 kK) [ 1101 energies. The k, values are collected in Table 10, and it is 
clear that they are sensitive to the energies of the ‘E donor states. These 
results suggest that the operable reaction is 

(‘E)Cr(NN):+ + (‘EL )02 +(4A2)Cr(NN);+ + ( ‘A9)02 

Brunschwig and Sutin [91] have suggested that the ‘Xl state of oxygen is 
populated in the process, rather than the ‘A9 state, from the observation that 
the k, values for oxygen quenching of organic triplet states and 

TABLE 10 

Energy transfer rate constants ( kq) for quenching of ( ‘E)Cr(NN):+ complexes 

NN Quencher k, x lo-’ 
(M-* s-I)= 

Ref. 

bPY 
bPY 
phcn 
bPY 
bPY 
bPY 
bPY 
4,4’-Me,bpy 
4,4’-Me, bpy 
4.4’tPh ?bpy 
5-Clphen 
5-Clphen 
5-Brphen 
5-Brphen 
phen 
phen 
phen 
phen 
5-Mephen 
5-Mephen 
5,6-Me,phen 
4,7-Me, phen 
4,7-Me, phen 
3,4,7,%Me, phen 
5-Phphen 
4,7-Ph 1 phen 

Cr(CN)i - 4.1 h 100 
Cr(CN)i - C 63 
Cr(CN)z- c 63 
Oxygen 1.7 5, 108 
Oxygen 2.6 91 
Oxygen 2.7 ’ 91 
Oxygen 2.9 ’ 91 
Oxygen 3.4 5, 108 
Oxygen 4.2 91 
Oxygen 17 5, 108 
Oxygen 3.7 5, 108 
Oxygen 3.7 91 
Oxygen 3.5 6 
Oxygen 4.0 91 
Oxygen 2.7 5. 108 
Oxygen 4.9 91 
Oxygen 5.0 c 91 
Oxygen 4.4 c 91 
Oxygen 5.7 6 
Oxygen 6.4 91 
Oxygen 8.5 6 
Oxygen 19.0 5, 108 
Oxygen 8.8 91 
Oxygen 15.0 5, 108 
Oxygen 5.5 6 
Oxygen 31.0 5, 108 

a In 1 M HCI at 25”C, unless othetise noted. b In water, 0.5 M NaCl, at ca. 20°C. c I.rt~ 
H,O/DMF sohttions, at ca. 20°C. d In 1 _M DCl, at 25°C. e In D,O, at 25°C. ’ In water, at 
25°C. 



170 

(“E)Cr(NN) z’ both begin to decrease at similar energies. Others suggested 
[ 1081 that the magnitude of k,, relative to the diffusion-controlled limit, may 
arise from the insulating effect of the solvation spheres which would slow 
down the penetration of oxygen to the distance necessary for effective 
quenching. The variation in kq was neither attributed to Franck-Condon 
factors [I 1 l], nor solely to the insulating effect of tight solvation spheres (741 
about the highly-charged Cr(II1) cation. Quenching by molecular oxygen via 
energy transfer has also been suggested for *Cr(acac),, *Cr(NCS)i- , *trans- 
Cr(NH,),(NCS), and *Cr(CN)i- , wherein the energy transfer process 
should be promoted by “conducting” ligands like CN - and NCS - , and 
hindered by “insulating” ligands like NH2CH2CH2NH, and NH, [74]. 

The dependence of k, on AGZ, as revealed by a plot of log k, vs. AGZ, 
shows that oxygen quenching of (‘E)Cr(NN)z+ follows a Marcus inverted 
behavior [ 1081. This behavior is analogous to the electron transfer quenching 
of the MLCT states of Ru(I1) polypyridyl complexes in which “vestiges” of 
the inverted Marcus region have been reported [88]. In addition, it must be 
noted that the k, values for oxygen quenching of (‘E)Cr(NN);’ are some- 
what sensitive toward the redox potentials of the polypyridyl complexes; a 
plot of log k vs. 
potentials, E’, 

A E ‘, (where A Ef is the difference in the formal reduction 
of the Cr(NN):+ species and E’ of the Cr(phen)z+ [96]), 

shown in Fig. 11 for various phen complexes, reveals a small but definite 
dependence on redox potentials. However, this dependence is nowhere near 
as dramatic as that exhibited by the (“E)Cr(NN)z+ /Fe&+ systems for which 
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.8 
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Fig. I 1. Dependence of log k, on A E’ for oxygen quenching of *Cr(NN):+ species; A E’ is 
the difference between the formal reduction potentials E’ of the Cr(NN):+ complexes and 
that of Cr(phen), 3+ (see e.g. ref. 96). 
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quenching does proceed via electron transfer. Variations of k, with AE:’ 
potentials (Fig. 11) are su,, Oaestive of an oxidative electron transfer path, even 
though formation of Cr(NN):+ and HO1 radicals would be endoergic 
(AG > 0.2 eV) [108]. A reductive electron transfer pathway is unlikely in 
light of the strongest oxidants ( 2E)Cr(5-Clphen):+ and (‘E)Cr(S-Brphen)i-- 
having the smaller k, values. 

E. UTILIZATION OF Cr(NN);+ IN SOLAR ENERGY CONVERSION SCHEMES 

Any endoergic photoreaction is capable of converting light energy into 
chemical energy. If the products of such a reaction are kinetically stable, 
they are potential “fuels” that can be stored, transported, and converted to 
the original or other chemical species with evolution of energy. 

As noted earlier, absorption of light provides a method by which excita- 
tion of an electron from a low-energy to a high-energy orbital increases the 
electron affinity and decreases the ionization potential of a molecule. Thus, 
an electronically-excited state is both a better reductant and a better oxidant 
than its corresponding _ ground state. If the lifetime of the excited-state 
species is sufficiently long, the species can engage in bimoiecular reactions 
involving encounter and transfer (electron and energy) with another species. 
Electronic excitation increases the oxidation and reduction potentials of .a 
molecule, Thus, absorption of light is capable of driving a redox reaction in 
the non-spontaneous direction, and any excited-state energy can thus be 
converted to chemical energy in some outer-sphere reaction of the excited 
state. A redox scheme utilizing radiant energy has great potential, if baclc- 
electron-transfer reactions can be minimized such that the build-up of 
high-energy products is maximized. To accomplish these rate requirements, 
various alterations to systems involving polypyridyl complexes have been 
investigated, including modification of the reactants and incorporation of 
synthetic membranes to separate the high-energ;l products from any un- 
desired energy-wasting reactions. 

To date, the vast majority of work incorporating polypyridyl complexes 
has focused on ruthenium(I1) .complexes. Lin and Sutin [97] have observed a 
rather large photogalvanic potential (ca. 0.18 v) for the Ru(bpy)z’ /Fe,‘,” 
system. However, the more attractive way to utilize solar energy is the 
photocatalyzed splitting of water to yield hydrogen and oxygen. The reaction 
is highly endoergic ( AHo = 295 kJ mole-‘, AGO = 237 kJ mole-‘). 

Water is transparent to solar radiation in the visible and ultraviolet regions 
and does not begin to absorb until below 200 nm. Therefore, direct photoly- 
sis of water with solar radiation is not possible, and the reaction must be 
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sensitized by redox catalysts in some cyclic scheme. A multistep process 
involving two or more quanta of light is required to make efficient use of the 
radiant energy, as a single quantum process would require energy of x C 400 
nm; > 237 kJ mole - ‘. Several investigations involving ruthenium(I1) poly- 
pyridyl complexes have shown that hydrogen is indeed produced. 

Visible irradiation of deaerated or aerated aqueous solutions (pH 4-5) of 
Ru(bpy):+ , EDTA, methylviologen (MV2’), and a colloidal platinum cata- 
lyst leads to oxidative quenching of Ru(bpy):+ by MVZf followed by 
reduction of the oxidized complexes by the electron donating EDTA; in the 
presence of the catai;st the process affords hydrogen, with yields of hydro- 
gen vs. EDTA of about unity [ 1131. A similar system has been investigated 
by Graetzel and co-workers [ 1121 wherein triethanolarnine (TEOA) serves as 
the electron donor and PtO, as the catalyst. The overall mechanism induced 
by light absorption is the reduction of water and oxidation of TEOA. 
Kalyanasundaram and Graetzel [ 1141 have also shown that visible irradia- 
tion of aqueous solutions (pH 4.7) containing Ru(bpy):+ and MV2+ in the 
presence of RuO, and colloidal platinum yields simultaneous evolution of 
hydrogen and oxygen in a 2 : 1 ratio. 

Kirsch et al. [ 1151 and Sutin and co-workers [ 1161 have observed hydrogen 
evolution from a system incorporating Ru(bpy):+ , Rh(bpy):+ , tri- 

eth&olamine, and some platinum catalyst. Kirsch et al. [ 1151 suggested that 
a rhodium hydride complex serves as the precursor in the formation of 
hydrogen. 

In view of the observation that the short-lived reductant *Ru(bpy):’ can 
be reduced to the longer-lived, more strongly reducing Ru(bpy)c species, 
Sutin and co-workers [ 1171 have shown that Ru(bpy)z can reduce the metal 
complex [Co”( Me, [ 16]dieneN,)] ‘+ to the corresponding cobalt(I) complex. 
This cobalt(I) species subsequently reacts with H + to form a metal hydride, 
which eventually leads to hydrogen production. Europium(II) is used to 
reduce *Ru(bpy)i+ , and the overall quantum yield for hydrogen production 
was reported to be 0.05 [ 1171. 

Miller and McLendon [12] have observed hydrogen evolution from sys- 
tems incorporating chromium(II1) polypyridyl complexes (reactions (89)- 
(92)). An aqueous solution (pH 4.0) containing Cr(bpy):+, Ru(bpy)z+, 
EDTA and Pt(OH)2 was irradiated (410-500 nm) to produce hydrogen with 
a quantum yield > 0.002 based on Cr(bpy)i+ . 

Cr(bpy):+ 2 *Cr(bpy):+ (89) 

*Cr(bpy):+ + Ru(bpy):+ + Cr(bpy):+ + Ru(bpy):+ (90) 

Ru( bpy); + + EDTA + Ru(bpy);+ + ED3A + CO, + CH,O (91) 

Cr( bpy):+ PtFsHj_ $ H z + Wbpy): f 
-I (92) 
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In this particular system, Ru(bpy),‘+ is also capable of acting as the 
photocatalyst inasmuch as *Ru(bpy)$+ is efficiently quenched by Cr(bpy)i+ 
to yield Ru(bpy):+ and Cr(bpy)z+, the same species as those obtained in. 
reaction (90). Iodide ion selectively quenches *Cr(bpy):+ ; thus addition of 
iodide ion to the Cr3+/Ru’+/EDTA/Pt(OH)Z solution virtually negates 
hydrogen production [13]. This result indicates that Cr(bpy)i+ , and not 

Ru@PY):+ 3 serves as the photocatalyst in this system. 
Hydrogen production was also observed [12] (quantum yield of ca. 0.003) 

in aqueous solutions (pH 4.9) containing Cr(4,4’-Me,bpy);+ , Ru(trpy)z+!, 
EDTA and a Pt(OH), catalyst. The short-lived Ru(trpy)z+ (T < 5 ns) [ 1181 is 
capable of quenching (via electron transfer) *Cr(NN)z+ . 

*Cr(NN):+ + Ru(trpy)i+ + Cr(NN)i+ + Ru(trp# (93) 

The advantages of the substituted chromium( III) complex Cr(4,4’-Mezbpy): ‘- 
over the Cr(bpy)z’ species include a longer ‘E lifetime (0.23 ms vs. O_0750 
ms) [5] for the former complex. Also, the substituted complex is a stronger 
reductant, with E”(Cr3+/CrZ+) = -0.45 V vs. NHE; the corresponding 
parent complex has E? = -0.26 V [91]_ The substituted complex is less 
reactive toward photosolvolysis than the unsubstituted bpy complex, proba- 
bly the result of steric inhibition imposed by the methyl groups at thgz 
4,4’-positions such that attack by water molecules at the chromium(II1) 
center is impaired. 

Recently, Balzani and co-workers [ 131 have reported hydrogen production 
from aqueous solutions using Cr(NN):+ complexes as photosensitizers (reac- 
tions (94)-(97)) 

Cr(NN)z+ % *Cr(NN)l+ 

*Cr(NN):+ + EDTA + Cr(NN):’ + EDTA+ (9,) G 

Cr(NN)z+ + H+ Ptzt Cr(NN)i’ + ;H, WI) 

EDTA+ + irreversible decomposition (97) 

Their studies demonstrated that only Cr(NN)z+ complexes possessing .a 
sufficiently negative reduction potential capable of reducing H + at pH 4.8 
were able to photosensitize hydrogen production. Hydrogen evolution was 
observed when NN = phen, 4,4’-Me,bpy, and 4,7-Me,phen; yields were 
< 0.001, 0.025, and 0.035 ml min- ’ of irradiation, respectively. The low 
turnover numbers of these Cr(III) systems (TN = 4 for the Me,bpy complex) 
compared to that of the Ru(bpy)g+/MV’Q’EDTA system (TN > 120) was 
attributed [13] to forriration of catalytic amounts of Cr(NN)2(H20)g+, 
which catalyses the rapid degradative aquation of the Cr(III) complexes. 011 
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the other hand, one of the advantages of the chromium(III) system is that 
only Cr(I1) is formed; whereas in the cycle involving Rh(bpy)<+ [115] one- 
and two-electron reduction is thought to occur. Furthermore, no “relay” 
species is required for the chromium systems, as is the case for the Ru(bpy):+ 
cycles [ 1131. 

Creutz and Sutin [58] have shown that the luminescent state of Ru(bpy)i+ 
is, in principle, capable ( E”(Ru3+/*Ru2+) = -0-84 V) of reducing water to 
hydrogen ( E”(H,0/H2) = -0.83 V) in the pH region O-14 according to 
reactions (98) and (99) 

*Ru(bpy);+ + Hz0 + Ru(bpy):+ + $H? (98) 

Ru( bpy); + + OH - + Ru(bpy);+ + 40, + ;H20 (99) 

in which the Rujbpy):+ formed in the first reaction is reduced by OH - in 
the second reaction to give oxygen since E’(Ru~~/Ru~+) = 1.26 V and 
E’(O,/OH - ) = +0.4 V. Kinetic reasons (7 - 0.6 ps), however, prevent the 
reduction of water. Further, it was proposed [58] to effect the photodecom- 
position of water by visible irradiation using an appropriate electrochemical 
cell consisting of a Ru(bpy)f+ -sensitized semiconductor TiOz electrode 
connected to a platinum electrode_ Irradiation of the transparent semicon- 
ductor electrode and formation of *Ru(bpy)z+ lead to injection of an 
electron into the conduction band of TiO,. The resulting Ru(bpy)z+ species 
is subsequently reduced by OH - , yielding oxygen. Simultaneously, Hz0 is 
reduced to hydrogen at the counter platinum electrode. One advantage of 
such a TiO,/Pt cell arrangement is the regeneration of the photochemically 
active substrate in the visible region via oxidation of water. 

A cathodic photocurrent has been observed by langford and co-workers 
[ 1 l] in a photoelectrochemical cell (Xirr = 457-5 14 nm) consisting of 10 - ’ M 
Cr( bpy) 3’ in deaerated 0.1 M HzSO,, a transparent SnO, n-doped semicon- 
ductor electrode, and a platinum counter electrode.’ Addition of a reducing 
scavenger (Fe”EDTA) to the solution causes the photocurrent to become 
anodic with adjustment of the potential_ Adjustment of the potential allows 
{or competition between reaction (102) and the reverse of reaction (lOl), 
since the Cr(I1) species will be rapidly oxidized at the platinum electrode 

(101) 

Cr(bw):’ k$w *Crby):+ 

*Cr(bpy)i+ + Fe(I1) ‘?!J 
G 

Cr(bpy)i+ + Fe(II1) 

Cr(bpy):f ‘2 
PI electrode 

Cr(bPy): + (102) 
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better candidates for conversion schemes inasmuch as ground-state quench- 
ing is minimized for these complexes compared to the phen complexes. 

In the various investigations and analyses discussed heretofore, it is 
evident that chromium(II1) polypyridyl complexes are also potential pho- 
tosensitizers in the search for feasible cycles for solar energy conversion and 
storage. Studies directed at unraveling the photochemical and photophysical 
behavior of these complexes should aid in elucidating their potential use in 
conversion cycles. 

Clearly, what must be stressed is that future studies of all the systems 
mentioned here in this section be focused towards identifying and under- 
standing the various molecular processes taking place in the several sug- 
gested schemes for harnessing solar energy. Only then will photochemists 
contribute significantly towards this goal. 
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