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The quenching of the phosphorescence emission of (*Eg)Cr(bpy),** (bpy = 2,2"-bipyridine) by Co(NH,)¢**, Co(NH,)s(H;0)*,
Co(en);**, Co(NH;)sX** (X = F, Cl, NCS, NO,, HCOO), cis-Co(en),(NH,)CI1?*, cis-Co(en),(H,0)C1?*, and cis- and
trans-Co(en),(XY)* (X = Cl, NCS; Y = Cl, NCS) has been studied in 0.1 M H,SO, aqueous solution. The bimolecular
quenching constants are lower than diffusion and span a factor of ~400. On the basis of theoretical considerations it is
shown that the only plausible quenching mechanism is electronic energy transfer. Calculations based on available spectroscopic
data show that the intrinsic barriers to energy transfer are relatively high owing to the excited-state distortion of the Co(III)
complexes but are canceled out by sufficiently large exoergonicities. Thus, nuclear factors are not responsible for the lower
than diffusion quenching constants. It is suggested that the energy-transfer rate is controlled by electronic factors which
depend on the nephelauxetic ability of the ligands and on those parameters (size, electric charge, geometrical configuration)
that determine the intimate characteristics of the encounter complex.

Introduction
Quenching of electronically excited states by energy-* (eq
1) or electron-transfer (eq 2)*® processes is a subject of great
*D+A—D+*A 1)

*D + A — D* + A~ 2

theoretical and practical interest, particularly for the photo-
chemical conversion of solar energy.’ In fluid solution, when
transition-metal complexes are involved as donors and/or
acceptors, energy transfer generally occurs by an exchange
mechanism?* and electron transfer by an outer-sphere
mechanism,*# It has been recently emphasized!® that these
two quenching mechanisms are conceptually related since both
obey Franck—Condon restrictions and require spatial overlap
between donor and acceptor orbitals. A general classical
treatment has also been formulated which accounts for the
rate constants of the two processes by means of the same
algebraic formalism.!® In such a treatment, quenching is
considered to occur in an encounter (or precursor complex)
by a unimolecular reaction whose rate constant depends on
an electronic term related to orbital overlap and a nuclear term
related to Franck—Condon restrictions.

In order to elucidate the role played by electronic and nu-
clear factors in determining the rate constants of quenching
processes, systematic investigations must be performed on
homogeneous families of donors and/or acceptors. Continuing
our studies in the field of energy-transfer processes,!'"!* we
report here the results of an investigation concerning the
quenching of the 2E, excited state of Cr(bpy);** (bpy =
2,2’-bipyridine) by 16 Co(III) complexes. It is shown that the
quenching takes place by electronic energy transfer and that
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the lower than diffusion energy-transfer rate constants are
caused by unfavorable electronic factors. This finding, together
with some other recent results,'?-1¢ confirms the expectations!®
that a nonadiabatic regime is normal for energy-transfer
processes involving metal-centered excited states. The results
obtained also show that the electronic term is strongly de-
pendent on the nephelauxetic ability of the ligands and on the
geometrical configuration of the acceptor complex.

Experimental Section

Materials. [Cr(bpy),](ClO,)s!/,;H,0 was prepared and purified
as reported in the literature.!” The following Co(III) complexes were
prepared according to literature procedures and their purity was
checked by means of electronic absorption spectra: [Co(NH,)¢](N-
03),'® [Co(en);]Cl;-3H,0,'®!* [Co(NH;)sH,0](C1O,)3,2° [Co(N-
H,)sF](ClOy),,*' [Co(NH,)sCl]Cl,,'**?* [Co(NH;)sNO,](NO,),,2*
[Co(NH;)5(0,CH)](C10,),,** [Co(NH;)sNCS](ClO,),, 22 cis-
[Co(en),(H,0)C11SO,,2 cis-[Co(en),(NH,)C1]Cl,-2H,0,7 cis-
[Co(en),Cl,]CL,% trans-[Co(en),C1,]C1,2%2 cis-[Co(en),(NCS)-
CI11CL,% trans-[Co(en),(NCS)CI]C1,3%3! ¢js-[Co(en),(NCS),]Cl,32
trans-[Co(en),(NCS),]CI-H,0.%

The purity of cis- and trans-Co(en),(NCS),* was also checked by
IR spectroscopy. The ionic strength of the solution was controlled
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Table I. Bimolecular Rate Constants for the Quenching of (*Eg)Cr(bpy),** by Co(IIl) Complexes®

Gandolfi et al.

10"y, 107k, 107k,

quencher z = 3+% Mts” quencher z = 2+° M-t g™t quencher z = 1+ Mt

Co(NH,),** 2 Co(NH,)F** 2 cis-Co(en),Cl,* 180

Co(NH,),(H,0)** 1 Co(NH,),(OOCH)** 3 trans-Co(en),Cl,* 10

Co(en),** 1 Co(NH,;)(NO,)** 16 cis-Co(en), (NCS)CI 360
Co(NH,)CI** 20 trans-Co(en),(NCS)CI* 62
Co(NH,) (NCS)** 91 cis-Co(en), (NCS),* 390
cis-Co(en), (H,0)Cl 22 trans-Co(en),(NCS),* 92
cis-Co(en), (NH,)CI** 32

@ Conditions: aqueous solution; 22 °C; 0.1 M H,SO, (u=0.12). For the precision of the values reported in the table, see text. bz is the
ionic charge of the quencher. The calculated (see text) diffusion-controlled rate constants and the corresponding dissociation constants are
asfollows: z=3+,kg=33x10° M s k g=13X10" s :z=2+,kq=52X10° M ", k. q=88X10°s";2=1+,kq="7.1x10°

M'st k g=50Xx10°s",

by 0.1 M H,SO, (Merck Suprapur).

Apparatus. The UV and visible absorption spectra were recorded
with a Perkin-Elmer 323 spectrophotometer. The IR spectra were
performed on Nujol mulls with a Jasco DS-701G spectrophotometer
using KBr disks. Luminescence measurements were carried out with
a Perkin-Elmer MPF-3 spectrofluorimeter using an R955 photo-
multiplier tube. The emission lifetime of Cr(bpy);** was measured
by a JK System 2000 ruby laser; the estimated error is ~5%.

Procedures. All the experiments were carried out at room tem-
perature (22 °C) in air-equilibrated aqueous solutions containing 0.1
M H,SO,. The Cr(bpy);** concentration was 1.0 X 103 M, and the
quencher concentration was in the range 5.0 X 10-8.0 X 1073 M.
Photoexcitation was performed at 313 nm, corresponding to a max-
imum (e = 25450 M~ cm™) of Cr(bpy);**. The emitted light was
collected at 45°. When necessary, appropriate corrections were
performed to take into account the fraction of incident light absorbed
by the quencher (<10%). The phosphorescence emission, monitored
at 728 nm, was not absorbed by the quenchers. Duplicate sets of
quenching experiments were performed, each involving at least four
different quencher concentrations.

The Stern—~Volmer quenching constants for the two sets agreed to
within 10% except for Co(NH;)¢**, Co(en);**, and Co(NH,)X?*
(X = H,0, F, OOCH), where the agreement was within 25%.

Results

There was no evidence in the electronic spectra for the
formation of any association between donor and acceptor. No
spectral change was observed in our systems upon irradiation
with the light of the spectrofluorimeter.

Linear Stern—Volmer plots were obtained (see, for example,
Figure 1) for the quenching of the Cr(bpy);** phosphorescence
intensity by all the complexes used as quenchers. The bi-
molecular quenching constants (Table I) were obtained from
the slopes of the Stern~Volmer plots with use of the value 38.0
us for the (2Ey)Cr(bpy);** lifetime, measured in the absence
of quencher under our experimental conditions. The diffu-
sion-controlled rate constants and the corresponding dissoci-
ation rate constants for quenchers of charge 3+, 2+, and 1+
are reported in footnote b of Table I for comparison purposes
(see Discussion).

The data previously obtained by Endicott et al.'¢ for Co-
(NHy)¢* (kg = (3.5 £ 0.8) X 10° M 5!, Co(NH3)5(H,0)**
(ky = (4.0 £ 0.5) X 105 M~ s71), and Co(en);** (k, = (1.5
+ 0.6) X 106 M~! s71) are in fair agreement with our values
(Table I) considering that they were obtained at higher ionic
strengths (. = 1.0-1.5) and that the rate constants for these
relatively inefficient quenchers are affected by considerable
errors.

Discussion

Quenching Mechanism. In fluid solution the quenching of
an excited state may take place by several distinct mecha-
nisms,2>33 the most important of which are (i) electronic
energy transfer, (ii) electron transfer, (iii) chemical reaction

(33) Lamola, A. A. In “Energy Transfer and Organic Photochemistry™;
Lamola, A. A., Turro, N. J,, Eds.; Interscience: New York, 1969; p 17.

r * 3
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Figure 1. Stern—Volmer plots for the quenching of the Cr(bpy);**
phosphorescence by (©) trans-Co(en),Cl,*, (®) cis-Co(en),Cl,*, (O)
trans-Co(en),(NCS)CI*, (m) cis-Co(en),(NCS)CI*, (A) trans-Co-
(en),(NCS),*, and (A) cis-Co(en),(NCS),*.

involving atom transfer, (iv) exciplex formation, (v) spin-
catalyzed deactivation, and (vi) external heavy-atom effect.
In the specific case of the quenching of (*E,)Cr(bpy);** by
Co(III) complexes, spin-catalyzed deactivation, external
heavy-atom effect, and atom transfer may be readily excluded.
A small quenching effect (k; =~ 1 X 10° M™! s™!) on (*E,)-
Cr(bpy),** by ground-state &r(bpy);3+ via some kind of ex-
ciplex formation has been reported in 5 M HCI, but no effect
was found in media of lower acidity or ionic strength.3 Thus,
there is no reason why a similar mechanism should play a role
in our systems. Electron transfer can also be excluded because
the excited Cr complex is a strong oxidant but a very poor
reductant (Cr(bpy);** has never been obtained)® and the
Co(III) complexes can only be reduced (Co(IV) is unknown,
at least with usual ligands).3® Even for the quenching of
(?E,)Cr(bpy);** by the very powerful oxidant Co(H,0)¢**
electron transfer was ruled out.!* On the other hand,
quenching by energy transfer via an exchange mechanism (eq
3 and 4, where CoL** represents the complexes shown in Table

(*Ey)Cr(bpy)s** + ('A;;)CoL™* —

(*Az)Cr(bpy)s** + Ty )CoL™* (3)
(’E,)Cr(bpy);** + (‘Aj)CoL** —

(“A2)Cr(bpy)s** + (*Ty)CoL* (4)
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Energy Transfer from (*E,)Cr(bpy);**

1, assumed to have octahedral symmetry) is thermodynamically
allowed because the zero—zero excited-state energy of (ZEg)-
Cr(bpy),™ is 13800 cm™ and the zero-zero energy of the *T),
and °T,, excited states of the Co(III) complexes is smaller than
10800 cm™ (for more details, see below). It should also be
noted that both reactions 3 and 4 are spin allowed and exhibit
unitary spin statistical factors.!*3 Thus, energy transfer is
expected to be the most important (if not the unique)
quenching mechanism in our systems and we can assume that
the experimental quenching constants reported in Table I refer
to this type of process.

The upper limiting value for the energy-transfer quenching
constant is the diffusion rate constant, k4, because exchange
energy transfer can only take place in an encounter complex:

k ke k
D+ AT=*DwA —=D-*A =D+ *A (5)
kg k_en kq

The diffusion rate constant can be evaluated®” by eq 6, where

gm0 = SRT b/r ©
d 30007 /7 — 1

i, 1, and r are the ionic strength, viscosity, and encounter
distance, and the term b is given by

zDer2

b= kT M

where e is the electron charge, ¢ is the dielectric constant, and
Zp» 2, are the electric charges of the two reactants. The ionic
strength dependence of k4 is given by

1.02zpz,p!/?

log k¢ = log k=0 +
g K4 g Kd 1+ Arp/?

(®)

where A is (87 Ne?/1000keT)'/2. The dissociation rate con-
stant k_4 can be evaluated by the equation*

_ 2T _b/r

B arn 1 —e?/r ©)
where each symbol has the meaning previously seen. Taking
7 A as the radius of Cr(bpy),** and 4 A as an average radius
of the Co(III) complexes, one obtains the k4 and k_y values
reported in footnote b of Table I. From the same table, one
can see that the values of the experimental quenching constant
are lower than the diffusion-controlled limit and that they are
also very different for the various complexes. In an attempt
to establish which factors are responsible for the observed
behavior, we will now apply the approach to energy-transfer
processes discussed in detail in previous papers.

Approach to Energy-Transfer Processes.!'%!13 The ener-
gy-transfer process (eq 1) is subdivided into elementary steps
(eq 5), and the bimolecular quenching constant, k, is expressed
as a function of the rate constants of the various steps:

K
kq—1+k"°+k'd "
ke ke

In the frame of the classical approach, the ratio k_./k, is
equal to exp (AG/RT), where AG is the free energy change
of the energy-transfer step (taken as the difference between

(36) Porter, G.; Wright, M. R. Discuss. Faraday Soc. 1959, 27, 18.
(37) Debye, P. Trans. Electrochem. Soc. 1942, 82, 265.
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Inorganic Chemistry, Vol. 22, No. 23, 1983 3437

the zero—zero spectroscopy energies of the donor and acceptor,
eq 11), and the rate constant of the forward energy transfer

AG = —E®(*D,D) + E%(*A A) (11)

step is given by eq 12, where k%, is the preexponential factor,

-AG* kT -AG*
= k0 = Kx—
ke k’“"( RT ) “ °"p( RT ) (12)

« is the electronic transmission coefficient, KT/ h is the univ-
ersal frequency of the transition-state theory (which should
more correctly be replaced by an effective frequency for nu-
clear motion?4142), and AG* is the free activation energy,
which can be expressed by the free energy relationship given
by eq 13.43 In this equation, AG is the previously seen free

AG*(0) AGIn2
In{ 1+exp} ~———
In2 AG*(0)

AG* = AG +

(13)

energy change and AG*(0) is the so-called intrinsic barrier
to energy transfer, a parameter related to the amount of
distortion of both the inner coordination spheres and the outer
solvation shells accompanying the energy transfer. It is thus
apparent that the classical equation, like the quantum-me-
chanical equation in the high-temperature limit, expresses the
rate constant as a product of an electronic term associated with
«x and a nuclear term associated with exp(-AG*/RT) (for a
comparison between the classical and quantum mechanical
models, see ref 39, 41, and 42).
Equation 10 can be rewritten as

kq

. = (14)
1 +ex (—A£)+Eex AGY
P\RT] ™ ¥, P\ RT

which shows that the experimental quenching constant of an
energy-transfer process may be lower than diffusion for three
reasons: (i) the reaction is endoergonic; (ii) the preexponential
term of the energy transfer step, k%, is smaller than the dis-
sociation rate constant, k_g; (iii) the reaction is exoergonic but
the activation energy term is positive because of a high intrinsic
barrier (eq 13). Equations 14 and 13 can be used to correlate
the quenching constants within homogeneous series of ener-
gy-transfer processes'®!4!* and to elucidate the role of nuclear
and electronic factors in determining the values of energy-
transfer rate constants,!®!12-15

Nuclear Factors. The role of the nuclear factors is contained
in the exp(AG*/RT) term of eq 14, where AG* is a function
of the intrinsic barrier AG*(0) and the free energy change AG
according to eq 13. The intrinsic barrier to energy transfer
can be taken as

AG*(0) = /A(AG*p(0) + AG*4(0)) (15)

k

where AG*(0) and AG*,(0) are the free energies of activation
for the self-exchange energy transfer of donor and acceptor,'®
respectively. Each one of these terms receives contributions
from changes in the inner nuclear coordinates of the molecule
(“inner-sphere” reorganization energy, AG*(0);) and from

(41) Brunschwig, B. S.; Logan, J.; Newton, M. D; Sutin, N. J. Am. Chem.
Soc. 1980, 102, 5798.
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Catalysis”; Gritzel, M., Ed.; Academic Press: New York, in press.

(43) Equation 13 is preferred to the classical Marcus equation, because it
can better account for the behavior of highly exoergonic reactions.* In
the case of slightly endoergonic or slightly exoergonic reactions, like
those dealt with in this paper, the two equations give practically
equivalent results.*
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changes in the solvent arrangement around the molecule
(“outer-sphere” reorganization energy, AG*(0),).

Following the classical harmonic oscillator approach!®® the
inner-sphere contribution to the intrinsic barrier of a self-ex-
change energy-transfer process can be calculated by the re-
lation

Sifa(r _’2)2
i+

where f) and f; are the breathing force constants of the ground
and excited state and r, - r, is the change in the bond length.
The force constants are obtained from f = 4x%?u/N, where
v is the frequency of the vibration and u is the reduced mass
of the oscillator. As far as the donor is concerned, the in-
ner-sphere contribution is certainly negligible because it is
well-known*® that for Cr(III) complexes the ’E, excited state
has practically the same size and vibrational frequency as the
‘Azg ground state. The situation, however, is quite different
for the acceptor Co(III) complexes because their low-energy
excited states are obtained by promoting nonbonding =(t;,)
electron(s) to o*(e,) antibonding orbitals and are thus expected
to have different equilibrium configuration and different vi-
brational frequency compared with those of the !A,, ground
state.** A complete picture of the excited-state situation is
only known for Co(NH;)¢** % and trans-Co(NH;)(CN),*#
(the latter has not been used as a quencher in this paper).
With use of eq 16 and the spectroscopic data reported in ref
46 and 47, AG*(0); values ranging from 950 to 2290 cm™ are
obtained for the following self-exchange reactions:

Co(NH,)¢*

AG*(0), = (16)

g + Ty = Ty + 'A;y AG*(0); = 2290 em™ (17)
g + Ty =Ty + 'A; AG*(0); = 1420 em™ (18)
A + 'Tyg —~ Ty + 1A, AG*(0); = 1540 cm™ (19)

trans-Co(NH,),(CN),*

A + 1A = 1Ay + 1A, AG*(0); = 950 cm™ (20)
For Co(NH;);X?** (X = F, Cl, Br) and trans-Co(NH;) X,*
(X = Cl, Br) high-resolution spectra are also available*® and,
although their detailed interpretation does not seem possible,
it is evident that the geometrical situation for these complexes
must be quite similar to that of Co(NH;)¢** and trans-Co-
(NH,),(CN),*. Thus, the AG*(0); values of eq 17-20 can be
taken as representative for all the Co(III) complexes used in
this paper.

In evaluating the outer-sphere contribution to the intrinsic
barrier, it should be noted that in energy-transfer processes
the electric charges of the reaction partners do not change
(unlike the electron-transfer case®); thus this contribution must
be small because it is only due to changes in dipole moment,
polarizability, and molecular size. Since we are dealing with
energy transfer involving metal-centered excited states, no
important change in dipole moment and polarizability is ex-
pected. For the donor Cr complex, there is also no change
in size (see above). For the acceptor Co(III) complexes there
is a small increase in size in going from the ground state to
the excited states® (mean radii for Co(NH;)¢**: 'Ay,, 3.30
A; 5T, 3.44 A; 7T ,, 3.38 A; 'Ty,, 3.39 A). The corresponding

(45) Balzani, V.; Carassiti, V. “Photochemistry of Coordination Compounds”;
Academic Press: London, 1970.

(46) Wilson, R, B,; Solomon, E. 1. J. Am. Chem. Soc. 1980, 102, 4085.

(47) Urushiyama, A.; Kupka, H.; Degen, J.; Schmidtke, H. H. Chem. Phys.
1982, 67, 65.

(48) Fukuda, K.; Urushiyama, A. Bull. Chem. Soc. Jpn. 1978, 51, 1946.
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contribution to AG*(0),, however, is expected to be negligible,
as shown by the practically identical values obtained for
AG*(0), for the self-exchange electron-transfer processes of
‘I;e(};lgg))s”/“ (Ar = 0.14 A) and Ru(NH,)¢**/2* (Ar = 0.04

).

In conclusion, the only important contribution to the intrinsic
barrier AG*(0) of reactions 3 and 4 comes from the inner-
sphere reorganization of the acceptor. On the basis of eq 15
and of the values estimated for AG*,(0); (eq 17-20), such a
barrier should be on the order of 500-1000 cm™.

The effect of the intrinsic barrier in slowing down k, is
moderated by the exoergonicity of the reaction according to
eq 12 and 13. As we have seen above, the free energy changes
of an energy-transfer process is approximately given by the
difference between the zero—zero spectroscopic energies of the
donor and acceptor (eq 11). For our systems E®(*D,D) is
equal to 13800 cm™. As for the acceptors, from the paper
of Wilson and Solomon*$ values of 10580 and ~8300 cm™!
can be obtained for the zero~zero energy of the 3Ty, and °T,,
excited states of Co(NH;)¢**. On the basis of ligand field
arguments, Endicott et al.!® obtained a value of 10800 cm™
for the *T, excited state of Co(en),**, and on the same basis,
slightly lower values can be predicted for the energies of the
correspondent excited states of the other quenchers. From the
above estimations of exoergonicities and intrinsic barriers we
can now estimate the free activation energies of reactions 3
and 4 by eq 13. For Co(NH,)¢**, reaction 3 is exoergonic by
3220 cm™ and the intrinsic barrier (eq 15 and 18) is on the
order of 700 cm™., If it is assumed that the value of the
intrinsic barrier might be underestimated by as much as 70%,5!
AG?* is found to be in the range 41-245 cm™.52 In the same
way for reaction 4, taking AG = —5500 cm™ and AG*(0) =
1100-1900 cm™!, one gets AG* ranging from 50 to 330 cm™.
As previously mentioned, for the other quenchers used, re-
actions 3 and 4 are expected to be a little more exoergonic and
to exhibit comparable (or a little smaller™) intrinsic barriers.
Thus, the values ~50 to ~300 cm™ estimated for the free
activation energy in the case of Co(NH;)¢>* are representative
for all the quenchers used. This means the term
exp(—AG*/RT) in eq 12 is not far from unity (0.2-0.8) so
that, if x were equal to unity, k% would be about equal to
kT/h, i.e. much higher than k_4, and k, (eq 14) would have
been diffusion controlled. In other worcils, in all cases energy
transfer is sufficiently exoergonic to make up for the intrinsic
barrier. Thus, nuclear factors cannot be responsible for the
observed lower than diffusion quenching constants and for the
differences in the k; values for the various complexes.

Electronic Factors. From the above discussion it is apparent
that the quenching constants are controlled by the transmission
coefficient «, i.e. by electronic factors. When, as in our case,
AG is large and negative and AG? is very small, eq 14 reduces
to

ka kT
kq k_dx p 21

and « values ranging from 6.3 X 1077 for Co(NH;)sH,0%** to

(49) Sutin, N. In “Tunneling in Biological Systems”; Chance, B., DeVault,
D. C., Frauenfelder, H., Marcus, R. A., Schrieffer, J. R., Sutin, N.,
Eds.; Academic Press: New York, 1979; p 201.

(50) Endicott et al.'® have used a simPIe Born charging model to estimate
AG*(0),- With this approach, AG*(0), values of ~1000 and ~100 cm™
are obtained for complexes having 3+ and 1+ ionic charges, respec-
tively. The conclusions reported in this paper would not be affected by
using such values. We would like to note, however, that it is not clear
how actual activation energies can be estimated by the Born charging
model.

(51) In this way, the value of AG*(0), estimated from the Born charging
model*® would be included.

(52) Using the Marcus quadratic equation instead of eg 13,** one obtains
quite similar values: AG* = 16-125 cm™.



Energy Transfer from (2E;)Cr(bpy),**

4.3 X 107 for cis-Co(en),(NCS),* can be obtained from the
data reported in Table I, showing that energy transfer from
(*Eg)Cr(bpy);** to Co(III) complexes is strongly nonadiabatic.
This important feature of energy-transfer processes involving
metal-centered excited states of transition-metal complexes
has already been observed in this'®!? and other!4!¢ labora-
tories. As discussed in more detail elsewhere,!? the electronic
interaction between initial and final states in energy-transfer
processes has the form of an exchange integral between donor
and acceptor orbitals. To a first approximation, the donor-
acceptor orbitals involved in the energy-transfer process (eq
3 and 4) are centered on the different metals and thus they
are shielded by the ligands. This reduces the overlap between
the metal orbitals and causes the lower than unity « values.
Different ligands, however, and different geometrical structures
may exhibit different shielding effects, causing the observed
variations in the quenching constants (Table I).

The Co(III) complexes used as quenchers (Table I) differ
from one another for one or more of these four parameters:
(i) electric charge, (i) size, (iii) nature of the ligands, and (iv)
geometrical configuration. In order to understand the role
played by each one of these parameters, one should compare
the results obtained with complexes which are identical as far
as the other parameters are concerned. In Table I, the
quenchers are grouped according to their charge. At first
glance, it would appear that the quenching constants increase
with decreasing electric charge, as is expected in view of the
positive charge of the donor. Upon closer examination, how-
ever, it is clear that such a conclusion is not firm because a
change in the electric charge is always accompanied by a
change in the nature of the ligands.

Concerning the size of the quenchers, Endicott et al.! re-
ported that for a series of 3+ Co(III) complexes there is a
consistent decrease in k, with increasing size of the complex,
as expected on the basis of orbital overlap arguments. In
agreement with these authors,'¢ we find that Co(NH,;)¢** is
a slightly better quencher than Co(en);**. However, it should
again be emphasized that a change in size always involves a
change in the nature of the ligands. Thus, other effects can
predominate, as shown, for example, by the higher quenching
constants of the complexes containing 2 NCS~ compared with
those of the analogous, smaller complexes containing 2 CI™.

More reliable conclusions can be drawn as far as the nature
of the ligands is concerned. The quenching of the couples
Co(NH;)¢*—Co(NH,) {(H,;0)** and Co(en),(H,0)CI**-Co-
(en),(NH;)CI** shows that NH, has a slightly better
quenching ability than H,O. Comparison among the
quenching constants of the Co(NH;)sX?* complexes, which
may be assumed to have approximately the same size, allows
classification of the X~ ligands according to the following series:
F- < HCOO™ < NO,” < CI" < NCS-. The better quenching
ability of NCS™ compared with that of CI™ (in spite of the
larger size) is fully confirmed by the Co(en),X,* complexes.
The ligand series above coincides (except for the position of
NCS- with respect to Cl”) with the nephelauxetic series,*
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which is related to the delocalization of the metal orbitals as
measured from spectroscopic parameters. A strict correlation
between the preexponential factor of the energy transfer rate
constant and the nephelauxetic parameter 8 has already been
found for energy transfer to Cr(III) complexes.!>!* Inter-
estingly, the inversion between Cl- and NCS~ compared to the
nephelauxetic series was already found for the quenching of
*Ru(bpy),** by Cr(en),X,* complexes.!!

The effect of geometrical structure is extremely clear: the
cis isomers are better quenchers than the trans isomers. This
is again in agreement with previous findings!! concerning the
quenching of *Ru(bpy);?* by Cr(en),X,* complexes. The
most likely explanation of this effect is the following: the cis
acceptors may interact better with the positively charged donor
because they have a dipolar distribution of the electric charge,
with the less positive region corresponding to the 2 X ligands,
which are more nephelauxetic than en. The effect of the
geometrical structure is very strong, and it seems to overcome
the effects of ligand and electric charge, as one can see on
comparing the rate constants of cis-Co(en),(NH;)CI** and
trans-Co(en),Cl,*. Other, minor details on the behavior of
the quenching constants appear in the data of Table I, but their
interpretation is difficult because of the small number of cases
examined.

Conclusion. Quenching of (*E,)Cr(bpy),** by Co(III)
complexes takes place by an exchange energy transfer mech-
anism. The intrinsic barriers are relatively high because of
the strong distortion of the acceptor excited states, but their
effects are canceled out by a sufficiently large exoergonicity.
The low values of the rate constants are controlled by electronic
factors which depend on the ability of the ligands to delocalize
the metal orbitals (nephelauxetic effect) and on those param-
eters (size, electric charge, geometrical configuration) which
determine the intimate characteristics of the encounter com-
plex.

In view of the analogy between energy transfer via an ex-
change mechanism and outer-sphere electron transfer, it seems
likely that the nephelauxetic properties of the ligands and the
geometrical configuration of the complex can play some role
in outer-sphere electron transfer processes involving transi-
tion-metal complexes.
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