
A Case Study 

Nick Serpone 
Concordia University, Montreal. Quebec, Canada, H3G 1M8 

Morton Z. Hoffman 
Boston University, Boston, MA 02215 

The photochemistry and photophysics of Cr(II1) complexes 
has had a long and noble history (1,2). In the preceding paper, 
Kirk (3) has described the behavior of Cr(II1)-ammine com- 
plexes under UV-visible irradiation. Here, we examine the 
photochemical and photophysical behavior of chromi- 
um(II1)-polypyridyl complexes, Cr(NN)jt, in which NN is 
2,2'-bipyridine (bpy) or 1,lO-phenanthroline (phen), or one 
of their substituted derivatives; a comprehensive review was 
published recently (4). 

Properties of Ground State c~(NN)!+ Complexes 

Geometric and Electronic Structure 
Although Cr(NN)$+ possesses dihedral (Dd symmetry 

(bidentate NN ligands define the blades of a propeller), it is 
common to discuss such comulexes in terms of octahedral 

- .  
in octahedrai micr&mmetry); under the influence of a v'e;y 
strong crystal field environment, two electronic transitions 
are possible: t&ei - t&eiand t&e: -t&e,2. At intermediate 
fields. however, more than two transhons may occur. A typ- 
ical absorption spectrum of a Cr(II1) complex &nsists of three 
weak absorution bands (quartet-quartet) in the UV-visible 
spectral region, and two i e ry  weak, spin-forbidden hands 
(quartet-doublet) in the red range of the visible region. The 
quartet-quartet hands correspond to the spin-allowed tran- 
sitions from the ground state to the three excited quartet 
stages 4T2, a4Tl, and b4T1; the two spin-forbidden transitions 
corres~ond to " A ?  - 2T1 and 4Az - 2E. To the extent that 
these klectronic transitions occur between tzR and eg levels 
which have uredominantly metal character, these states are 
denoted as metal-centeredstates and transitions between such 
states are referred to as metal-centered transitions. These 
transitions are illustrated in the energy level diagram of Figure 
1 for d"omp1exes of octahedral symmetry. In Figure 2 we 
present the absorption spectra of four typical Cr(NNPF 
complexes [NN = bpy, phen, 4,4'-Ph2bpy, 4,7-Phzphen]. 

Electronic Absorption Spectra 

' Note that the g and o subscripts in octahedral symmetry are not 
used here because the ComDlex lacks a center of symmetry. 

and 35.6 X 1O'hm-' arise from the transitions 4A2 - 4T2, 4A2 - a4T1, and 4A2 -b4T1, respectively. The three unresolved 
shoulders centered a t  -23.4 X lo3 cm-' originate from vi- 

Figure 1. Simplified energy-level diagram of Cr(NN)? complexes: 'k,,, 'k,.,. 
and qk, are the rate constants far the nonradiative, intersystem crossing, and 
reactive decay mcdes for the lowest excited quanet state. 'T2;  2k,,. 2kb,,,. and 
2k,, are me cnresponding rate constams, and 'krd is me radiative rate constant 
for the thermally equilibrated 2Eand 2Tr doublet excited states; ic denotes in- 
ternal conversion. Straight-line arrows refer to radiative transitions, wavy-line 
arrows refer to nonradiative transitions. and the broken-line arrows depict re- 
active modes. 

WAVELENGTH, nm 

Figure 2. Ground state absorption spectra for four representative 
~r(~~$+complexes; (-). ~ r ( b p y ) ?  in 0.1 MHCl aqueous media; (-. -1. 
cr(4.4'-ph2bpy$+ in CHaOH: (. . .), Cr(phengt in 0.1 MHCl aqueous media; (- - -1. 
~r14,7-~hmhenl!+ in CHIOH. The two spin-forbidden bands (see text) for -. ." 
cr(bpy)it (-) are shown on the right, and the spectrum was adapted from 
reference (5); (- - -), luminescence spectrum from,~r(bpy$+ in 1.0 MHCl aqueous 
media 
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Table 1. Properties of ('~~)cr(NN):+and ( 2 T l l  2 ~ ) ~ r ( ~ ~ ) i +  Complexes a 

P(Cr3+ lCr2+) P('Cr3i/Cr2t) E O O ( ~ W  k q ( M + c l )  % 

NN (V) ('4 X lo@ cm-' Fez+ X lo-' I X O2 X ? O r 7  '10, ms 

bPY -0.26 1.44 13.74 3.7 14 1.7 0.073 
4.4'-Me2bpy (-0.26Ir (1.39) 13.47 2.0 22 17 0.17 
4.4'-Ph,bpy -0.45 1.25 13.66 0.22 0.40 3.4 0.20 
5-Brphen -0.15 1.55 13.70 6.4 - 3.5 0.18 
5-Clphen -0.17 1.53 13.74 12 60 3.7 0.18 
5-Phphen -0.21 1.49 13.70 4.5 - 5.5 0.22 
4.7-Ph,phen (-0.26)' (1.41) 13.46 2.5 59 31.0 0.57 
phen -0.26 1.42 13.74 3.2 21 2.7 0.33 
5.6-Me2phen -0.29 1.40 13.66 2.6 - 6.5 0.42 
5-Mephen -0.30 1.39 13.70 3.4 - 5.7 0.42 
4.7-Me~phen -0.45 1.23 13.62 0.60 1.5 19.0 0.57 
34.76-Me~ohen 1-0.571E 11.111 13.57 0.092 0.47 15.0 0.64 

'For experiments dems and conditions, see reference (4). 
from reference 1441. 

= ~stimated by interpolation from a   arc us log k, versus log Klz plot; pee reference IZB) 

brational co-excitation involving coupling of electronic d-d 
transitions and vibrational transitions within the bpy ligand. 
Such coupling implies some electron delocalization with& the 
excited states (i.e., some degree of n bonding). The bands a t  
32.7 and 42.1 X 10" cm-' are due to hpy ligand-centered 
transitions, 'A1 - ' B I  and 'Al - 'A', respectively (5). The 
lowest-energy multicomponent band arises from the 4A2 - 
4 T 2  transition and this band yields the ligand field parameter 
A. For substituted Cr(NN)?, the spectral profile is dependent 
on the nature of the ligand substituents (6). Both methyl and 
phenyl suhstitution a t  the 4,4'-positions of the hpy ligand 
cause a slight blue shift in the bands corresponding to the 4A2 - 4Tq transition. Bv contrast. methvl suhstitution on the 

~ , 
phen ligand framework blue-shifts this low-energy transition, 
while ohenvl- and halo-substitution cause a red shift. In ad- . . 
dition, phenyl substitution on both bpy and phen ligands 
significantly increase the molar absorptivity. 

Redox Potentials 
Formal redox potentials for the couples 

Cr(NN)!t/Cr(NN):t are summarized in Table 1. In all cases, 
the Cr(NN)F species are moderately good reducing agents 
with suhstituents dramatically affecting their reducing 
character. For both bpy and phen complexes, electron-do- 
nating methyl suhstituents increase the reducing ability of 
Cr(NN):+, whereas electron-withdrawing halo and phenyl 
substituents decrease the reducing ability. Also noteworthy 
are the positions of the substituents in this regard. Methyl 
substitution a t  the 5,6-positions of the phen framework hardly 
affects E0[Cr(NN)p/Cr(NN):+] compared to the parent phen 
complex, but substitution a t  the 4,7-positions significantly 
decreases E0[Cr(NN)2+/Cr(NN)j+] by -0.2 V. This suggests 
that in the latter case, electron density is shifted to the Cr-N 
bond. 

Thermal Reactivity 
Knowledge of structure-reactivity relationships of ground 

state ('A2)Cr(NN)P complexes is important in the under- 
standing and elucidation of the photoreactivity of these 
complexes. Cr(bpy)pthermally aquates (reaction (1)) in the 
pH range 0-10.7 via pH-dependent (see Fig. 31, first order 
kinetics with kth < 10-8s-' at pH 5 6, and 4.7 X 10-7s-1 a t  pH 
9-10.7 and l l ° C  (7). 

H'IH~O 
Cr(NN),(H,O):' + NNH* 

Cr(NN):' ( 1 )  * Cr(NN)?(OH); + NN OH-/Ha0 

Aquation appears to proceed via an interchange mechanism 
involving, as the rate determing step, formation of a 

854 Journal of Chemical Education 

Figure 3. Dependence of km for the thermal aquation reamion (0) on pH. 11%. 
ionic strength 1.0 M with NaCI; from reference (7). For comparison. the de- 
pendence of the quantum yield ('&) of the photochemical reaction (0) on pH 
is also indicated; 1lDC, ionic sh-englt 1.0 M wim NaCI, airequilibrated mlutions; 
adapted from reference (8). 

Cr(NN)s(H20)3+ intermediate by nucleophilic attack of a 
water molecule a t  the Cr(II1) center. The very small and 
pH-independent kth a t  pH 5 6 can be rationalized in terms 
of relaxation of the initially-formed intermediates back to 
Cr(NN)i+ via acid-dependent and -independent pathways 
(reaction (2)) (8). 

Subsequently, C I ( N N ) ~ ( H ~ O ) ~ +  can undergo deprotonation 
to form the short-lived Cr(NN)s(OH)2+ species as shown hy 
the inflection point a t  pH 6-9 in the plot of k,h versus pH il- 
lustrated in Figure 3. This hydroxy intermediate can then 
undergo irreversible loss of monodentate NN. 

The plateau region a t  pH 9-10.7 reflects the complete titration 
of Cr(NN)s(H20)3+ SO that kth represents the rate constant 
for the rate-determining attack of H20 on Cr(NN)$+. The 
thermal substitution reaction has been extended to include 
the pH range 10.7-14 for Cr(hpy)jt (9) and the pH range 1L14 
for Cr(phen)p (10). The thermal behavior of the latter com- 
plex parallels identically that of Cr(bpy)v. Above pH 10.7, 
kth is linearly dependent on [OH-] in the range 10.7 5 pH 5 
12.2, indicating possible OH- attack of the chromium(II1) 
core. Where [OH-] = 0.1-1.0 M, kth varies as [OH-12; ion pairs 



Table 2. Thermal Activation Parameters for cr(bpy)Yand cr(phen)Zt a 

Activation pH-10 pH- 12 0.50 MOH- 
Parameter bPY phen bPY phen bPY phen 

0 From relerences(7, 9, 14; in 0.008 MBrinon-Robinson buffer; ionic strength = 1.0 Mwilh NsCl. 

Figure 4. Absorption spectra (0-0) of the transient species (2E)Cr(NN)zt obtained by flash photoiysis absorption techniques in N2-purged acidic 
media (1 MHCI) at 22°C; oncentration of complex -10-5M: spwtra were measured 40 ps after the fiash except for the bpy and phen complexes 
for which spectra were taken 150 ps after the fiash; (- - -), corresponding 'A, ground state spectra. Break in the Cr(bpy):+ transient spectrum 
resuits from a change in concentration used for Cr(bpy):+. Adapted from reference (6). 

appear to be implicated in the formation of Cr(NN)3(0H)2+ 
species. The rate constants and activation parameters for the 
thermal aquation of Cr(hpy)$+ and Cr(phen)$+, under iden- 
tical experimental conditions, are given in Table 2; the simi- 
larity in the activation parameters supports a common 
mechanism for the two comwlexes. 

Properties of Excited (2T,/ 2 ~ ) ~ r ( ~ ~ ) ~ + ~ o m p l e x e s  

Energetics and Structure 

Absorption of light into the lowest energy quartet ligand 
field band of a Cr(II1) complex populates a vibrationally ex- 
cited Franck-Condon auartet state (isoeeometric with the 

mist  be severely distortedkith respect to tge 4Az ground state 
inasmuch as the wromotion of an electron from a predomi- 

Cr-N bond l"engths. kny flu&e&ence (4T2 - 4A2) is ex- 
pected to be broad and red-shifted with respect to the corre- 

sponding absorption band ('A2 - 4T2). However, no such 
fluorescence emission has been observed in Cr(NN)$+ com- 
plexes in fluid solutions at  room temperature or in low tem- 
perature glasses and so decay of the quartet state via this path 
is inconsequential. The energy of 4Tq is unknown but has been 
estimated to be at  -59-62 kcal above the ground state (8) .  

As depicted in Figure 1, the quartet state can dissipate its 
excess energy via nonradiative decay to 4A2(4kh,,), via non- 
radiative decay (intersystem crossing) to the spin-forbidden 
states 2T1/2E(4k,,,), and via reactive decay (4kJ to give 
products. These lowest energy doublet states are not expected 
to be distorted with respect to 4A2 inasmuch as the 4A2 - 
2T1/2E transition involves no electron promotion to a* anti- 
bonding orbitals; rather, electron spin-pairing or spin-flip 
occurs within the t2, level, i.e., the transition is intraconfigu- 
rational. Cr-N bond lengths are, therefore, expected to be 
nearly identical for 4A2 and 2T1/2E. Indeed, the nuclear 
equilibrium gepmetries of 4A2 and 2T1/2E are essentially 
identical inasmuch as absorption (4A2 - 2T1/2E) and emission 
(2T,/2E - 4A2) maxima are coincident, there being no Stokes 
shift (12) (see Fig. 2). The 0-0 doublet levels occur at  -39 kcal 
above the ground state (Table I). 
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Emission and Absorption Spectra 
The emission spectral bands, which represent the 0-0 

transitions of the 2T~/2E - 4A2 electronic transitions, are only 
slightly sensitive to the nature of the ligand suhstituents. 
Table 1 reveals that substitution varies the energy of the low 
energy transitions in the order: bpy > 4,4'-Mezbpy > 4,4'- 
Ph2hpy. Ligand substitution on the phen complexes decreases 
the energy of the 2E state in the order: phen - 5-Clphen > 
5-Brphen - 5-Phphen - 5-Mephen > 5,6-Mezphen > 4,7- 
Mezphen > 3,4,7,8-Me4phen > 4,7-Ph2phen. 

The doublet state absorption spectra of Cr(NN)i+ com- 
plexes have been obtained by conventional microsecond flash 
photolysis techniques (6); those for which NN = bpy, 4,4'- 
Ph2bpy, phen, and 4,7-Phzphen are illustrated in Figure 4. 
Where NN = hpy, the spectrum shows bands at  590,445, and 
390 nm with shoulders at  -650 and 475 nm (8). The entire 
spectrum decays via first-order kinetics in acidic, neutral, and 
alkaline media with k = 1.6 X 104s-' at  22°C. The transient 
absorption is quenched by oxgyen (1.7 X 107M-Is-' 1 (a), 1- 
(1.2 X 109M-Is-') and FeZ,t(-lOsM-'s-l) (13). Coincidence 
of the decay of the phosphorescence emission P E  - 4A2j and 
decay of the transient absorption identified this transient as 
the 2E state; this was further substantiated by similar tem- 
perature dependencies exhibited by the transient and phos- 
phorescence decays, as well as by the similarities evident in 
the oxygen and iodide ion quenching results (Table 1). Phenyl 
substitution at  the 4,4'-positions of Cr(bpy)it red-shifts both 
the 390- and 445-nm hands of (2E)Cr(hpy)j+ to 480 and 525 
nm, respectively. The band at 590 nm is not sensitive to ligand 
substituents. This indicates that the doublet manifold reached 
by absorption is predominantly metal-centered. The re- 
maining two higher energy bands, red-shifted by the presence 
of snhstitnents, must correspond to electronic transitions to 
doublet states containing some ligand character and are 
probably 2E - YLMCT) transitions. The doublet absorption 
spectrum of *Cr(phen):+ is characterized by a broad band 
centered at  -515 nm and appears sensitive to phenyl substi- 
tution. 

Figure 5. Lifetime of (2RCr(phen):i as a function of [subsfrate] in deaerated 
aqueous solutions at 22% (0). 1.0 M HCI; (- - -), deaerated neat water. Insert 
represents a plot of 1I2r,,, for cr(phen)ii as a function of [substrate] in 
deaerated 1.0 M HCI solution at 22% From reference (3). 

in Cr(NN)p complexes (6,21,22). In the case of Cloy, ex- 
tensive ion pairing occurs between the Cr(II1) core and the 
anions in the interligand pockets as well as in the solvation 
sphere, thereby curbing access to the core by solvent water 
molecules resulting in a decrease of 2h,,; also, the "wedged" 
anions in the pockets can reduce the motion of the critical 
vibrational modes in the ligand. These effects are more pro- 
nounced in the Cr(bpy)it complex with the more rigid phen 
analogue being less prone to such anion perturbations; in 11.7 
M HC104, 2 ~ , ~ ,  for (2E)Cr(bpy)a+ has been increased by a 
factor of -10, hut only by a factor of -2 for (2E)Cr(phen)i+ 
relative to 27,b, in 1 M C1- media (20). 

Furthermore, 2robs is increased with decreasing [suhstrate] 
in C1- aqueous media. For Cr(phen)W+ in 1 M HC1 at  2ZnC, 
2~ ,b ,  is increased by an order of magnitude (0.038 ms to 0.33 
ms) as lsnbstratel is decreased from 1 X 10V M to 1 X 10-5 

Excited State Lifetimes 
The lifetimes of the 2T1 and 2E states (14) responsible for 

the two emission hands from excited Cr(hpyj,;+are identical 
indicating that these two states are in thermal equilibrium and 
are often denoted simply as 2E. The observed lifetime of 2E, 
2.r,b, = 1/Z2h, where 2h represents the rate constant of the 
individual decay modes. In the absence of quenchers and other 
environmental perturbations, 2.r,b, = 1/(2h,, + 2h,, + 2h,d 
+ 2kbi,). The 2E states of Cr(NN):+ react with water (2h,,) 
in competition with radiative (2k,,d) and nonradiative (Zk,,) 
decay back to 4A2 species; hack intersystem crossing (2hbs,) 
to 4Tz appears to be unimportant (15). For Cr(hpy):+, radia- 
tive decay is insignificant (2+,,d - (6,161 in comparison 
with nonradiative W,, - 0.9) and reactive (2+,, - 0.1) decay 
modes. Thus, 2 ~ , b ,  - 1/(2h,, + 2h,,), with the nonradiative 
decay mode being the predominant decay channel of 2E (17). 
By contrast, chemical reaction is the important decay mode 
of the 2E state of trans-Cr(NH&(NCS)h (18). Under high 
laser power, (2E)Cr(phen)i+ and (2E)Cr(4,7-Me2phen):+ 
decay via a second-order, doublet-doublet annihilation process 
(19). 

Interaction with Solution Medium 

At [ClO;] > 1 M in aq;eous iolutfon, 2;,~, and W,,d are 

and reactive rate constants with the latter exhibiting a greater 
decrease (17). Such 2E-lifetime prolongation effected by high 
concentrations of anions appears to he a general phenomenon 

.\I: thl; ~ i i m  is ~llu.tr.ltri1 i n  1..ig\lrc> 5 .  'iimilar nwl t .  are 
d ~ t ~ m t . d  in 1 .!I Sd'l indii3tinl: that 111,. ~t'iecl i* mctlii~tvd 
by the C1- anions; no effect is &served in the absence of an- 
ions. By comparison, to observe the effect in Cr(hpy),3trequires 
5 M HC1. The observed lifetime variation of Figure 5 follows 
good quenching kinetics; 'k,,b, = 2ho + 2h,[Cr(NN)v], where 
2ko(= 11270) is the first-order rate constant for deactivation 
of 2E at  infinite suhstrate dilution and 2h, is the second-order 
rate constant for the quenching of 2E by the ground state 
complex (reaction (4)). 

(2E)Cr(NN)!+ + ( 4 ~ 2 ) ~ r ( ~ ~ ) ! t  % ' 2 ( 4 ~ 2 ) ~ r ( ~ ~ ) ! +  (4) 
CI- 

Thus, for Cr(phen)ii in 1 M HC1 media at  2Z°C, =ho = 3.0 X 
103s-' and 2kE = 2.3 X 106M-'~-~, while 2ho = 1.0 X 104s-' and 
2h, = 1.3 X 106M-I~-1 for Cr(bpy):t in 5 M HC1 media at  22°C 
(22). The other Cr(NN)ji complexes show similar behavior 
(21) with the data demonstrating that, in addition to the so- 
lution medium, both the size of the Cr(II1) cation and the 
nature of the ligand substituents have an effect on 2k,. This 
second-order rate constant reflects the encounter of ion-paired 
ground state [(4A2)Cr(NN)i+- C - ]  and excited state 
[(2E)Cr(NN)i' - -Cl-] species which can be viewed as forming 
an "ion-bridged excimer," *[Cr(NN)i* . Cr(NN)$+], 
which rapidly decays nonradiatively via coupling of the vi- 
brational modes in the aggregate. Ground state quenching of 
Cr(II1) excited states in solid matrices has previously been 
attributed to formation of such aggregates (23). The generality 
of ground state quenching for Cr(phen)j+ in other anionic 
media has recently been demonstrated (24). 

Clearly 2 ~ , b ,  must be established for the specific experi- 
mental conditions; 2.r0 reflects the nonradiative and reactive 
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decay modes. As evident in Table 1, subtle modification of the 
polypyridyl ligand by the variation of substituents alters 2 ~ 0 .  

We see that 4,4'-substitution on the bpy framework and 
4,7-dimethyl, 4,7-diphenyl, 5-methyl, 5,6-dimethyl, and 
3,4,7,8-tetramethyl substitution on the phen ligand increases 
2 ro ,  while 5-hromo, 5-chloro, and 5-phenyl substitution on 
phen decreases '70; it appears that the greater vibrational ri- 
gidity of the phenanthroline complexes decreases the non- 
radiative decay mode relative to the analogous bipyridyl 
complexes, with consequentially larger values of 2ro. These 
variations in the doublet lifetimes are understood in terms of 
the ligand acting as both an oscillating perturbation dipole 
and as an energy acceptor. Halo suhstituents could provide 
an increased dipole perturbation that would increase 2k,,; by 
comparison, methyl and phenyl substitution on the polypyr- 
idine could decrease the perturbation dipole, probably 
through their effect on the critical ligand vibrational modes. 
Moreover, the large interligand pockets in the dihedral 
Cr(NN).p structure could allow solvent molecules to penetrate 
close to the Cr(II1) core and provide an additional decay 
channel; substituents on the ligands that can isolate the metal 
core from solvent molecules shonld lead to increased 270 (6). 
This structural effect is most evident a t  the 4,7-positions in 
the phen ligand framework. Variations of solvent medium also 
affects 2r,h,; Van Houten and Porter (25) found Z ~ o h .  - 311s 
for Cr(hpy)ic in dimethylformamide. 

Redox Potentials 
Transition metal polypyridyl complexes have proven of 

value in electron- and energy-transfer studies inasmuch as 
they provide a wide range of excited state properties that can 
be "fine tuned" by alteration of the metal center, by alteration 
of the type of ligand, or simply by variation of the suhstituents 
on the polypyridine framework. One property of excited states 
that is dependent on ligand suhstituents is the redox potential; 
the changes are expected to parallel those noted earlier for the 
ground state species. 

Where the Stokes shift between ground state absorption 
and excited state emission is small, and the differences in 
shape, size, and solvation between the two states are also 
small, the entropy differences between ground and excited 
states are negligible. The redox potentials for the 
(2E)Cr(NN)i+ species can be estimated from eqn. (51, where 
Eoo(*Cr3+lCr"+) is the one electron potential corresponding 
to the 0-0 spectroscopic energy of the excited state (-1.7 
eV). 

E'(*Cr"/Cr2+l = Eo(CrS+/Cr2+) + Eoo(*CIS+IC~~+) (5) 

The redox potentials evaluated in this manner are given in 
Table 1 (6, 26-28). The validity of this procedure for 
Cr(NN)i+ complexes has been verified by Balzani and co- 
workers (29). The 2E complexes are moderately strong oxi- 
dizing agents compared to the 4A2 species; this effect is a 
consequence of the excitation of an electron from a low energy 
orbital to a higher energy orbital leading to a reduction of the 
ionization potential and to an increase of the electron affinity. 
The 5-halo phen complexes are the strongest oxidants while 
the poorest oxidizing agents are those containing methyl- 
substituted phen ligands. 

Electron and Energy Transfer Reactions 
Of the various decay paths available to excited states, the 

principal quenching modes are electron transfer and energy 
transfer. I t  is often difficult to discriminate between these two 
quenching modes inasmuch as energy-transfer reactions can 
lead to the same oxidized or reduced products expected from 
electron-transfer reactions, and electron-transfer reactions 
may yield, in the end, nonreduced or nonoxidized products 
(30). Knowledge of the energy of the 2E excited state, the 
energy of the lowest excited state of the quencher, and the 
ground state redox potentials of Cr(NN):+ has been useful in 

assigning the operative quenching mode. Correlations between 
the quenching rate constants, Zh,, and the thermodynamic 
quantities involved have also been critical, in some cases, in 
defining the nature of the quenching mechanism. 

Experiments have been carried out (13) to show that  the 
emission of (2E)Cr(bpy);'+ is quenched by Ru(hpy)p via re- 
ductive electron transfer. Energy transfer is not possible in- 
asmuch as the energies of the lowest excited states of 
Cr(bpy)p and Ru(bpyj~+ are 13.7 X lo3 and 17.1 X 10" em-', 
respectively. For electron transfer, the redox potentials for 
the *Cr(bpy);+/Cr(bpy)jt and Ru(hpy)piRu(hpy):t couples 
are 1.44 V and 1.30 V versus NHE ( $ I ) ,  respectively. Flash 
photolysis experiments demonstreie that (2E)Cr(bpy)p is 
quenched by I- and Rn(bpy)p via electron transfer reactions 
(6)-(8); reaction (9) constitutes hack electron transfer of the 
charge-separated species. 

Ru(bpy)ji + Cr(bpy1jt - Ruibp~)!' + Cr(bpy).$+ (9) 

The rate constants of reactions (7)-(9) are 1.4 X lo9 (ti), 4.0 
X 108 (32) and 2.6 X lo9 (13) M-Is-', respectively. The 
products of reaction (7) are not observed because the geminate 
products undergo prompt back electron transfer within the 
solvent cage; however, in the absence of I-, the electron 
transfer products of reaction (8) are observed. Because 
Cr(hpy)$+ can quench the lowest excited state of Rn(bpy)ji, 
reactions (10) and (11) also occur 

3(MLCT)Ru(bpy)it + Cr(bpy):+ - Ru(bpy)it + Cr(bpyl$+ 
(11) 

k n  = 3.3 X lo9 M-Is-' (32). (2E)Cr(bpy)p is quenched by 
aliphatic and aromatic amines and methoxyhenzenes via re- 
ductive electron transfer leading to one-electron oxidized 
products of the qnenchers (29). Luminescence quenching of 
(2E)Cr(bpy)i+by various transition metal cyano complexes 
has shown that reductive electron transfer occurs with 
Mo(CN)f, Fe(CN)$-, Ru(CN&, and Ni(CN):- and oxidative 
electron transfer with Fe(CN)i- and Co(CN)g-; with Cr(CN)g- 
quenching occurs via energy transfer (33). The relationship 
between k, and the redox potentials of the excited states and 
quencher species is consistent with reductive or oxidative 
electron transfer. Plots of log k, versus the driving force for 
electron transfer, AG,, show no inverted region as predicted 
by the Marcus theory of electron transfer (34) .  There is no 
decrease in k, a t  the larger negative values of AG, (29,33); 
rather. the trend ink,  follows the modified theorv of Rehm 
and ~ e l l e r  (35). 

" 

As Table 1 shows, I wenches the 2E states of all 12 
Cr(NN)i+ complexes and <he values of kg range over two or- 
ders of magnitude. To the extent that the lowest excited states 
of I- have energies greater than 37.0 X 10%m-', an energy 
transfer pathway is ruled out. The k values decrease as the 
oxidizing ability of the ( 2 ~ ) ~ r ( ~ ~ ) $  species decreases; the 
strongest oxidant, (2E)Cr(S-Clphen)it, has the highest k, 
while the weakest oxidant, (2E)Cr(3,4,7,8-Me4phen)p, has 
the lowest value of k,. For quenching of (%)Cr(NN)i+ by 
Feii, the formation of Cr(NN)jtand its subsequent second- 
order reaction with Fe3+ is observed (6). The availability of 
low-lying states of Fe:;?t 10.4 X lo3 cm-' (ST*) and a t  -14.4 
X 103 cm-1 (probably 3T1,) (36) above the 'Al, ground state 
renders direct energy transfer energetically feasible. A scheme 
for (2E)Cr(NN)it-Fe:i quenching involving both electron- 
and energy-transfer modes is depicted by reactions (12)-(171, 
where { I  I denotes an encounter pair in a solvent cage with re- 
action (14) thermodynamically allowed. 
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For the energy-transfer route to be of any consequence, k14 
> k le .  Energy transfer appears to be inconsequential in the 
quenching of (2E)Cr(NN)F by Fez: inasmuch as the reor- 
ganization energy in the electron-transfer step (14) is expected 
to be much larger than that of reaction (16) because electron 
transfer originates from an antihonding e, level in step (15); 
in reaction (161, a ta electron is involved. Moreover, the or- 
bitals implicated in reaction (16) have identical tu  symmetry 
while in reaction, (14) the donor orbital is er and the acceptor 
orbital is t ~ , .  The variations in k, (Table l i  sunnort direct 
electron transfer with the stronge;oklants;'the'5'-halo phen 
comdexes rive the larnest rates. An additional benefit in ob- 
taining k, &om electron-transfer processes is the estimation 
of the self-exchange rate for reaction (18); kls - lo3- 
109M-Is-' (26,271. 

(zE)cr(~N)j+ + Cr(NN)gt- cr(NN);+ + (zE)Cr(NN)it (18) 

For reaction between 0 2  and i2E)Cr(NN);+, kg values are 
2-3 orders of magnitude smaller than the diffusion-controlled 
limit. Inasmuch as the two lowest excited states of 0 2  occur 
at  -12.9 X 103 cm-' ('2:) and -7.9 X lo3 cm-' ('Ag) (37) and 
the energy of i2E)Cr(NN);+ is -13.7 X 103 cm-1, energy 
transfer to form I 0 2  (reaction (19)) is energetically possible 
and spin-allowed; quenching via electron transfer does not 
appear consequential (6,271. 

Photoaquation of (2Tll 2 ~ ) ~ r ( ~ ~ ) ~ + C o m p l e x e s  

Quantum Yields 

Continuous photolysis of Cr(NN)F in neutral or basic 
aqueous solutions leads to substitution of one polypyridyl li- 
gand by two water (or hydroxy) molecules (8, 10, 17). The 
spectral changes and formation of free polypyridine mimic 
those observed for the corresponding thermal reactions (7,lO). 
For Cr(bpy)y at  pH 9.6, the absorption spectral changes of 
continuously photolyzed (81, repeatedly flashed (8), and 
thermally aquated solutions (7) are identical, with isosbestic 
points a t  306, 270, 262, and 254 nm (8). The overall stoichi- 
ometry of the photoaquation (reaction (20)) is similar to re- 
action (I) ,  where @,, is the observed quantum yield for NN 
release. 

0, 
C ~ ( N N ) ~ + % * C ~ ( N N ) ~ + L C ~ ( N N I ~ ( O H ~ :  + NN (201 

OH-/Hz0 

The complexes are relatively inert toward thermal- (7,lO) and 
photosolvolysis (8,21) in acidic media. This observation, to- 
gether with the observation that k* of reaction (1) and $,, of 
the photoreaction (20) show very similar pH dependences, 
(Fig. 3) suggests that the two reactions proceed through a 
common eround state intermediate. The interchanee mech- 
mism a l l ~ i d d  I,, h c L n  i ~ p p l ~ ~ i  equally to wnction IW. u.hcre 
the intcmndiarc w r c i t  s I.; immed In. a1taa.k id H 0 on the 
*Cr(NN)i+ metal ;ore (8,17). Flash photolysis experiments 
on Cr(bpyFin acidic media reveal transient bleaching of the 
ground state following decay of the 2T~12E states implying 
formation of a nonahsorhinn (at the munilurine wavelennth) 
intermediate. Recovery of ground state ahsorphn proceeds 
via acid-deoendent and -indenendent ~ a t h s  helieved to he the ~-~~ ~~~~~ ~~ 

equivalent bf reaction (2) withrate condtants of 4 X 105 M-'s-' 

Table 3. Photochemical and Photophysical Characteristics of 
Cr(NN):+ at 2 2 T  in Deaerated Solutions' 

~ P Y  1.0 0.13(9.3) 0.071 1.6 X 10% 
4.4'-Me2bpy 0.12 0.002(5.1) 

0.06(9-10.5) 0.18 3.5 X 102 
4.4'-Ph2bpy 0.048 0.01 l(5.1) 

0.02(9-10.5) 0.050 4.2 X lo2 
5-Clphen 0.14 0.002(5.1) 

OOll(9-105) 0.086 1.3 X 102 
5-Brphen 0.12 0.006(5.1) 

OOOS(9-10.5) 0.063 1.3 X lo2 
phen 1.5 0.0005(5.1) 

0.006(9-10.5) 0.074 7.5 X 10' 
5-Mephen 0.12 0.004(5.1) 

0.012(9-10.5) 0.18 6.7 X 10' 
5.6-Meephen 0.11 0.005(5.1) 

0.007(9-10.5) 0.19 3.4 X 10' 
4.7-Meephen 0.11 0.0003(5.1) 

0.004(9-10.5) 0.25 1.4 X 10' 
3.4.7.8-Me.phen 0.084 0.0002(51) 

0.002(9-10.5) 0.21 7.6 
5-Phphen 0.072 0.003(5.l) 

0.006(9-10.5) 0.081 7.4 X 10' 
4.7-Ph2phen 0.034 0.0012(5.1) 

0.0014(9-10.5) 0.074 1.9 X 10' 

See reference (21) for experimenfai conditions. 

and 510 s-' (8), respectively. The H+-dependent path is be- 
lieved (38) to be the primary reaction leading to the relative 
photochemical and thermal stability of Cr(bpy)!+in acid so- 
lution. However, because of the ground state quenching 
phenomenon, measurements of a,, and 2 ~ o b ,  must be made 
in well defined solution media. These data are summarized 
in Table 3 for 12 Cr(NN)if complexes. 

The population of 2T1/2E depends on the efficiency of in- 
tersystem crossing (4qiSi,,) from 4T2 to 2T1I2E where 41)i,, = 
4ki,Ji4kis, + 4k,,r + 4h,,). The value of @,, for each complex 
is a result of all the processes that eventually lead to the 
aquated products. As can he seen in Table 3, all the observed 
values of a,, reach a plateau in the vicinity of pH 9-10 and 
decrease as the solution is made more acidic. If it is true, as is 
believed, that all 2T1/2E species that pass to Cr(NN)3(0H)2+ 
in alkaline solution lead rapidly, irreversibly, and quantita- 
tively to Cr(NN)2(0H)t, then a,, = (4qi,,2~,,) + 411rx where 
2q, is the efficiency of reaction out of 2T1I2E (= 2k?pobg) and 
4771. is the efficiency of reaction out of 4T2. Inasmuch as the 
portion of the observed value of $,, that cannot be quenched 
by I-, a very efficient doublet state quencher, is <lo% of @, 
(15), 4vrx may he neglected. Therefore, @, -- 4vis,2k,,2~ob,. 
Taking 47isc - 1 (39), @,, = 2k,2~,h. Calculated values of 2k, 
are collected also in Tahle 3. 

Ligand Substituent Effect 
According to our model, 2k,, reflects the ease with which 

the C I ~ N N ) ~ ( H ~ O ) ~ +  intermediate forms upon interaction of 
the solvent with (2T1/2E)Cr(NN)~t. It is possible to visualize 
the distortion and loosening of the ligand structure in order 
to accomodate the incoming water molecule; the intermediate 
may he seven-coordinate in nature with some capped octa- 
hedral or pentagonal bipyramidal structure Thus, the 
flexibility of the ligand structure and the extent of hydro- 
philicity in the vicinity of the interligand pockets will dictate 
the value of 2k,,. Examination of the data of Table 3 shows 
that the more flexible bpy framework is more amenable to 
distortion than is the more rigid phen framework; in all cases, 
2k, for bpy complexes is larger than for phen. The highly 

I1 :S wonh noling that seven-coora nale geometry for lne fwst row 
lrans.18on mela s ih no longer an unusual geometry See, for examp e. 
Ihe extensive revlow by Drew (411 
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electronegative chlorine and bromine atoms in the 5-position 
of  hen clearly facilitate water entry (compared to unsubsti- 
tuied phen) into the pockets thereby providing an increased 
hydrophilic environment. Methyl and phenyl derivatives, 
especially multiply substituted, exhibit lower values of 2h,, 
due to decreased hydrophilic environment. The values of 2h,,, 
therefore, reflect the competition between the hydrophilic 
quality of the interligand pockets and the flexibility of the 
ligands in order to accomodate distortion. 

Solution Medium Effects 

One of the most interesting aspects of the photochemical 
studies of Cr(NN)!+ complexes is the alteration of the solution 
medium and its effect on the properties of the excited state 
complexes. One such effect, pH changes on a,,, has already 
been noted. 

Ground state quenching of 2T1/2E results in a diminution 
in the population-of the states and must consequently result 
in a decrease of the quantum yields of the various processes 
that arise from doublet states. a,,, for example, is expected 
to decrease with increased [substrate] in 1.0 M NaCl inasmuch 
as a, = 2k,,2i,t,, and 2~,b ,  = 1/(2k0 + 2 k g [ ~ ~ b ~ t r a t e ] ) .  Al- 
though a,, has been determined for most of the Cr(NN)!+ 
comolexes over a concentration in substrate of greater than ~ ~ 

one brder of magnitude (21), only three complexes (NN = 
5-Brphen, 5-Phphen, and 4,7-Ph2phen) show the effect out- 
side of experimental error. This limitation arises from the very 
low values of a,, (Table 3). This notwithstanding, the re- 
sulting 2k, values obtained from @,, studies agree reasonably 

well with %g values obtainedfrom 2~,,b, studies in 1.0M media 
(21). 

Doublet state quenchers such as I- and 0 2  act to decrease 
the population of 2E and the value of a,,. Thus, with in- 
creasing concentration of I-, +,, diminishes to a plateau a t  
[I-] - 0.1-0.4 M in deaerated alkaline solution for both 
Cr(bpy)r and C ~ ( ~ h e n ) $ + ;  at  that [I-], -99.99% of the reac- 
tion from 2T1/2E is quenched. The observed value of a,, is 2 
X 10-3 and 7 X for Cr(bpy)$+ and Cr(phen)r,  respec- 
tively, at  pH 9.3 (15). The lower value of a,, for the phen 
complex is attributed to the 4Tz state of this complex acco- 
modating less distortion than the hpy complex owing to the 
greater rigidity of the phen framework. The effect of the 
presence of air is to reduce @,, from a value of 0.13 for 
Cr(bpy)$+ in alkaline solution (absence of I-) tc a value of 0.10 
in air-saturated solution. 

The value of a,, for the photoaquation of Cr(hpy)i+ in 
0s-free alkaline solution increases from 0.089 at  279.5 K to 
0.13 at  309.5 K(15). Activation parameters are AH!,= 9.7 kcal 
mol-I and AS!, = -11 cal deg-'mol-1. Thus, the enthalpy of 
activation for reaction from 2T1/2E is considerably less, by -13 
kcal mol-', than the comparable reaction from the 4Az ground 
state, but the entropy of activation is about the same; the 
photoreaction is faster by about ten orders of magnitude. In- 
asmuch as 2T1/2E and 4A2 have the same geometry, the 
greater excited state photoreaction is attributed to the 2T1 
state which we suggest possesses some degree of reduced 
electron density in t h e t a  levels compared to the 2E state; this 
aspect would result in less reorganizational energy being re- 
quired to form the activated complex (42). 

Table 4. Summary of the General Mechanism for the Photochemistry and photo physic^ of C~(NN):+ Complexes in Aqueous Solution 

Reaction Mechanism 

h" 
('A~)C~(NN):' + i4T2, a4~,,b4~,)Cr(NN):+ Light absorption 

b 

Internal  onv version 

Nonradiative decay 

'hu + (2~, /2E )~ r (~~ ) : t  Intersystem crossing 

4*m,~20 
~ C ~ ( N N ) ~ ( H ~ O ) ~ +  Chemical reaction 

2*n. 

( 2 ~ , 1 2 E ) ~ r ( ~ ~ ) % +  + ( 4 ~ Z ) ~ r ( ~ ~ ) : t  Nonradiative decay 

a ('A&~(NN);+ + hv' Phosphorescence 

Chemical reaction 

Chemical reaction 

Ground state quenching 

Aci6independent decay of intermediate 

Aciddependent decay of intermediate 

"+ 
+ c~(NN)~(H,o)~+ + NNHt Lsbilization of intermediate 
nlo 

0"- 
Cr(NN)s(0H)2+ 4 cr(NN)dOH): + NN Labilization of deprotonated intermediate 
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Summary 
From the various studies, a general mechanism has evolved 

for the photochemistry and photophysics of Cr(NN)p com- 
plexes in aqueous solutions which is summarized in Table 
4. 

Unaswered Questions and Future Directions 
As in all areas of research, the more one knows, the more 

questions are raised. Despite the enormous body of knowledge 
on the photochemistry and photophysics of Cr(II1) complexes 
in general, and Cr(NN)$+ in particular, there remain many 
unanswered questions that will serve as the basis for future 
research. 

1) What is the energy of the thexi 4 T g  state, itsgeometry, 
and its lifetime? Without any detectable fluorescence from 
that state, it will remain an enigma. Perhaps it can he detected 
by its absorption spectrum using picosecond pulsed laser ex- 
citation. 

2) What is the origin of the wavelength dependence of the 
quenchable and unquenchable photoaqnation quantum yields 
and the phmphorescence quantum yield (43,44) which shows 
a sharp decrease between 470 and 510 nm? It is clear that 41)i,, 

is wavelength-dependent in that region (45) suggesting that 
prompt intersystem crossing and photoreaction occur at  an 
energy higher than that of the thexi 4T! state (46). 

3) What is the mechanism by which solution medium af- 
fects the value of 2.r,b, and a,,? We know that the addition 
of C10; to aqueous solutions of Cr(bpy),3+prolongs the lifetime 
but decreases the quantum yield of photoaquation (47). We 
also know that DMF (25), CH3CN and mixed CH3CN-H20 
(48) decrease both 2 ~ , h ,  (25,481 and a,, (17,481. Details for 
other nonaqueous solvents and mixed solvents are not avail- 
able. 

4) To what extent can Cr(NN):+ complexes be used in solar 
energy conversion and storage schemes? We have addressed 
the question of the potentiality of these complexes (49) and 
find. that their photochemical and thermal stabilities in acidic 
solution, their long-lived excited states, and their excited state 
redox potentials are positive aspects; their absorption spectra 
and lahility of their corresponding Cr(I1) species are negative 
aspects. 
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