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ABSTRACT

The transfer of electronic excltation energy to or from d~d excited
states of transition metal compounds le formally dipole forbidden and is
allowed by an electron exchange mechanism. In this liwmit, the quenching rate
conatant may be factored into contributione of an electronic term and a
Franck-Conden, or nuclear term. A formalism based on non-radlative relaxation
of electronic excited states is used to ldentify important features of the
Franck-Condon term in the atroeng coupling and the weak coupling limits. Many
of the systematic studtes so far reported in fluld solution have involved the
“Ag # 2E glectronic transition of Cr{III) in eithar the donor or acceptor and
such systems often correspond to the wesk coupling limit. The behavior
observed in this limit has been thought to deviate from expectation, but the
propar accounting for the vibratiomal modes available to accommadate the
excess anergy in a weak coupling formalism accounts for the observed gap
dependencies. When (2B)¢r(ITI) excited states are employed with (1A1 >
3TI)C0(III) acceptors, a strong coupling formalism may be employed to extract
information about the electronic factor from variations in the quenching
rdtes. The atrong coupling and weak coupling formalisma, based on
unimolecular radiationlesa transitions, have succesafully deacribed many
aspects of bimolecular reactionse, but several 1ssues remain. Some of these
igauves will raquire observations on wetal-to-metal energy transfer in multi-
matal molecules. A few pertinent studies are becoming availlable.

INTRODUCTION

The transfer of electronic excitation energy between wolecular centers is
ona of the simplest and most fundamental clamses of light initiated processes.
When the molecular species are transition metal complexes in fiuid aclutions
and whan metal centered ligand field {or d-d) excited states are involved, the
basic principles for description of the energy transfer reaction coordinate
are not altogether clear. Thus the such studied and well understood dipole-
dipole, or Firster mechanlsm for energy transfer (refs. 1-3)} 1s not applicsble
vwhen Laporte {e.g., ligand field) or spin forbidden excited states are
involved. For such systems, short ranga, collisionally activated energf

transfer mechanisme wust be coperative. If the electronic transition within
the donor is dipole allowed, than & dipole-multipole mechaniss may be
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important, 1if not, the energy trensfer process is presumed to depend upon
exchange coupling of the donor and acceptor (ref. 3). In the limit of an
exchange mechaniem, the formal description of the rate constant for energy
tranafer {ref. 3) is similar in a general way to descriptions of the rate
constant for cuter-sphere electron transfer processez (e.g., see ref. §).
Thus the formalismsa used tov describe the rates of electron transfer processes
have been applied to describe the rates of energy transfer between transition
matal complexes (ref. 5}, and ir has been argued trhat snergy transfer
processes can provide vseful insight into novel aspects of the factore
governing electron transfer rates (refs. 6,7).

A number of systematlic experimental studies of energy tranafer invelving
traneition metal complexes have appeared in the past few years (e.g. see refs,
5-11). These studies can be approximately classified by the types of donar
and acceptor exclted atates: (a) organic triplet donor—d-d acceptor; (b)
metal to ligand charge transfer (MLCT) denor-—d-d acceptor; (c¢) d-d donar——d-
d acceprtor. Each clans of energy transfer reactions raiees slightly different
issues and illustrates slightly different points. Several of these iasuea.
will be consldered below in the light of availeble information and pertinent
models for the energy tranafer process.

GENERAL MECHANISTIC CONSIDERATIONS FOR ENERGY TRANSFER INVOLVING TRANSITION
METAL COMPLEXES.

Dipole-multipole mechanisms have to be conaidered for charge-transfer or
ligand centered excited stater of heavy mets] donoras in which spin orbit
coupling makes spin a poorly defined gquantum number. This iasue has baen
addressed for energy tranafer veactions of ruthenium(II)-polypyridyl MLCT
donors with chromium{II1) acceptors (ref. 12). Since no correlation could be
found between the spin allowed acceptor transitions and the rates of the
energy transafer reactions, this study inferred that the dipole-mulripole
mechanism was not a major factor in the observed reactivity patterns.

It is more useful to consider the energy transfer processes ae radiation-
less tranaitions within a collision complex. In this approach the energy
trangfer rate may be formulated, within the context of the Fermi Golden Rula,
as,
kq/Rq = (2n/h)<v>2yp (1)
where p 18 a density of atates parameter and the variations in the energy
tranafer rate (kg/Ks) in the collision complex are attributed to variations inm
a nuclear, or Franck-Condon factor (N) and/or to variations in the mlectronic
matrix element, <V> {ref. 3} (for kq the bimolecular rate coanstant and K, an
equilibrium constant for formation of the collision complex)}. Insofar as the
Born—-Oppenheimer approximation 1s valid, (1) allows ons to discuase the
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reaction cocordinate in terms of reactant and product potential emergy surfaces
based on the nuclear factor (N}, and the effectivenees of the coupling of
those surfaces, based on the electronic factor {V>. Very similar approaches
have been used to dercribe pimple electron transfer reactions (e.g. refa.
13,14).

Reaction Categories

Twe qualitatively distinct limits can be distinguwished for radiationless

tranaitions {ref. 15}:
1. The activated surface croasing limit {strong coupling). In this

limit, the initial end final states of the system differ considerably in beond
lengths or bond anglea. This results in an intersection of the potential
energy surfaces and a classical activation energy for the transition: -

Ea = (X76X(1 + AE/A)2 (2)
where the minima of the twe surfaces differ by AQ, im their nuclear
coordinates, L = (f{?){ﬂqu)z, f = a mean force constant for normal modas
assoclated with AQ,, and AE is the difference in the zero point potential
energy of the initial etate and final state (see Fig. la). This is the

Potantisl Energy Surisces Blusirating Surfece Crossings
A |AE<) B A=) C. lagl=)
A oo, 2> Nl A Aoy

T
AE
i [ J

J‘ r
Reduced Mucies: Displacement [R—=P, 00-‘*“1_'
Fig. 1. Qualitative potential energy surfaces 1lllustrating surface crossings.

{a) Category I (strong coupling limit). (b) Category III {intermediate etrong
coupling}. (c) Category 11 (weak coupling liwit}.
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limiting condition most appropriamte to simple slectran transfer reactions. For
@gve the pesn vibrational frequency associated with the surface crosaing, the
conditions for this limit are: {a) |AE| £ l;.(b) A hugye-

2. The nested surfece liwit (wvesk coupling). In this limit the nuclear

coordinatea of the initial and final states ars very similar. In such a
situation, the non-radiative transition batween surfacas depends entirely on
nuclear and electronic "tunneling,” the traneition rate 1s very nearly
temperature independent {asee Fig. lc) and decreases with incresaing |[AE|. The
low temperature 2!‘.B = 6A25 relaxstion rates of Cr{III) complexes appesr to
approach this limit. The conditions for this limit arae: (s} |AE} > A3 (b) X ~
hisg

Not all real aystems can be convenlently described by these limits and
some behavior intermediate beatween them should be considered:

3. Large diaplacement~larga gap {"inverted region") behavior. This i

the most commonly encountered intermedlate situation. It has been extenaeively
discuseed, mostly within the context of electron transfer reactions {e.g.,
refs. 4,5,16,17), and has besn referred to as the inverted region since the
usual (strong coupling limit) electron transfer formalism predicts a decrease
in rate with |AE| when the gap 18 sufficlently large. If the displacement of
initial and final state surfaces 1s alao large, there should be a formal
intersection of the zero order potenctlal energy surfaces, and some features of
an activated crogsing might be retained. {Fig. 1b). This behavior corresponds
to: (a) |AR{ > X; (b) & > hugye.

4. Small displacement-small gap behavior. In energy tranafer reactions

one frequently encounters very small initial state~-final atate energy gape. As
a result, intermediate situations can arise, which in principle derive from
limit 2, above. Such situations hava receivad very little artention. The
conditions for this kind of intermediate behavior, are: (a) {AF} < i; (b) X £
hogye-

While the above reaction categories can be ressonably and straight-
forvardly discussed for radiationless transitions in molecules, there are
some complicating aspects in bimolecular reacticns that nead to be carefully
examined. The major concerns relate to the nuclear reorganizational parametsr,
1, and the electronic matrix element. These jsszues will be discussed in turn
below.

The nuclear reorganizationsal parameter ().

In the limit of stromg coupling, categorles 1 and 3, and for harmonic
potential energy functioms, the nuclear reorganirational paramater for a cross
reaction can be represented by rhe mean of the reorganizational parameters for

the component exciton exchange reactions,
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A= (1/2) (Ap + Ap) {(3)
For energy transfer reactions, where the croses reaction 1s of the form,

*D + A3 D+ kA

the exciton exchange reactions are

XD + D' S D+ RD (kp)
A +%' 5 ka4 4’ (xg)
where the asterisk indicates an slectronically exeited moiecule and the prime
designates an arbitrary (e.g., fsotopic) lahel used to distinguish different
wolecules of the same chemical species.

Use of aq. (3) is difficult to justify when one or hoth of the degenerate
exciton exchange reactions falle into either category 2 or 4. Since the
energy transfer rates in the weak coupling limit depend on nuclear and
electronic tunneling coefficiente, thare is no eimple way te partition the
kinetic parameters into separate donor and acceptar contributions. Even for
|AE} large and T @ 0, the weak coupling limit leads to an expression of the
form {(refs. 15,18),

-ln(kquoD) ¥ +(hlhogye) + Y(AE ~ hay) fhuy (4)
{(vhere D is a vibronic frequency term, v is a slowly varying function of AE
and the contributions te AE from high.frequency vibrational modea (uwy), and
for ay a promoting mode). In this limit, an "intrinsic™ parameter based on the
gap independent contributions to kg is approximately Ed e gy~ 7hey fhoy]
compared to [Af4RT] from equation (2). When hay ~ kpI, population of the
promoting modes will Jjead ta a positive contribution of these modes for the
"intrinsic" parsweter. The situation for AE 3 O in the weak coupling limit
has net received much experimental or theoretical sttention.

Energy transfer between (Z2E)Cr(III} donors and (¢A2)Cr(III) acceptors
will correspond to the wesk coupling limit (A ~ 0) with AE amsll or approach-
ing zero. There are a few scattered observationsa. Fnergy tranasfer between
Cr(III) complexes in the solid state does cccur, but it is relatively
inefficient (xrefs. 19,20). There have been a few pertinent studies of
palypyridyl (PP} chromium(III) complexes in solution. Thus, reactions of the
type,

(2E)Ce(PP) 33+ & (4A5)Co(PP )43+ 5 (4ap3Cr(PP) 33 + (ZE)Cr(PP')43* (5)
have not been detscted and kq s 107 H“ls'l(ZU). In contrast, the “aelf-
gquenching" reactions,

(ZE)Cr(phen)33* + (4A2)Cr(PP)3* 3 (%A7)Cr(phen)33t + (%Az)Cr(PP)43+ (6)
do occur with k,q ~ 107 n~1s71 (21). Since JAE| 1is veary large for {6) and
very small for (5), but A ~ 0 for both reactions, conaidaration of eq. (4)
suggesfs that the "intrinsic"” Franck-Condon parameters are emaller and/or the
electronic factor (<V>} is larger for (6) than for {5). The very limited
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available information indicates that the rates of resction (6) are more
dependent on the spatial extemeion of the ligand w-syatems than on the
reactant-product energy gap, and this ls suggestive of a dominant electronic
factor. The 1isauves of poasible promoting modes and accepting modes have not
been addressed.

If there ip any significant Stokes shift in the excited =tate emjaeion,
the corresponding degenerate energy transfer reactions fall inta category 1.
For example this should be ao for (*CT)Ru(II}-(lAI)Ru(II) reactions and for
(1A1}Co(III)-(3Tl)Co(III) reactions. For such systems, the nuclear reorgani-
zatlonal parameter can be consldered a well defined quantity which 1s trane-
Ferable to any category 1 or 3 cross energy transfer reaction.

Moet crosms energy tranafer reactions will have appreciable energy gape
and many will fall into categories 2 or &, even though ons or both of the
component exciton transfer reactions may fall into category 1. When this 1a
the case, k) and ip in eq.(3) are not simply related to measurable parameters
from the exciton exchange reactions. The experimentally inferred
reorganizational parametars have different phyaical meaninge for reactions in
the different limiting categories.

SURVEY OF SELECTED ENERGY TRANSFER STUDIES

The Franck-Condon contributions found in energy trsnafer reactions.

The problems of interpreting experimental observations will alse be
present in the different interwmediate enargy transfar categories. Thue, a
series of reactions could exhibit a normal gap dependence, characteristic of
category 1 behavior, and approach a limiting value of kq as N » 1 for very
lavge gape. Such a situatiom 1e illuetreted by the data in Figure 2. The form
of the Franck-Condon factor in the reglon in which {AE| 2 X has recelved much
theoretical and experlmental attention {refs. 4,5,8-11, 14-18), end the
limiting values of kg {(for ¥ ~ 1) have formed the experimental bapis for
discuseions of the nature of the slectronic matrix element (refs. 5-12). If
any of theee reactions happened to fall into categorles 2 or & one would
expect a relatively shallow gap dependence, with kg decreasing ae [ AE]
increases (refs. 15,18). In contrast, the several systems so far examined
heve tended to have values of kq which either appear to be gap independent or
to increase with |AER|. These systems will ba coneldered In turn below. This
wotk hae involved either Cr{III) donore or Cr{III} acceptore for which g, ~
0.
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Energy transfer to Cr{III) acceptors.

Chromium{III) acceptors have been used in aystematic studies with organic
triplet (ref.11) and with MLCT-ruthenium-polypyridyl (refs. 8,10,12) donors.
The nature of the acceptor electronic stete in these complexes ia not
absolutely clear. The lowast energy doublet state, for simplicity called
"2E", 1 a well characterized state, with the same moleculsr geometry as the
gound ntate. Somewhat higher in energy is a second collection of doublet
statea, for simpliciry callaed "ZTI", which have the same orbital papulations.
In Cr(NH3)63*. E(leg) - E(zEg} ~ 700 ca”l (ref. 23). In complexes of lower
symmetry some or all of the degeneracles are removed and there can be up to 5
poesible acceptor states spanning a range of ~ 1 x 103 cm~1 above the lowest
doublet component. The gap dependence for any energy transfer reactions
falling into category 2 will tend to favor the highest energy of these
posslble acceptor states. The larpe number of possible acceptor states,
scattered over an appreciable emergy range, compared to AE, is probably an
important factor in the experimentally observed dependence {or independence)
of kq on the energy gap.

Using a seriee of organic triplet donors with each of two closely related
Cr{1III} acceptors, Wilkinson and Teiamia {ref.ll) have phown: (1} & limiting
value of kq is reached near the energy of the 211 acceptor state; (2) that the
limiting value of kq depends on the acceptor, being wuch nearer the diffusion
limit (as corrected by & spin atatistical factor of 1/6) for the smaller
complex, Cr(acac)3i, than for the larger Cr{dpm}3 {dpm = 2,2,6,6-tetramethyl-
3,5-heptanedionate}; and (3) the limiting values of kq were nearly independent
of AE. These obsorvations, Fig, (2a), suggest a very small empirical reorganiza-
tional parameter (1) for these systema. Complementary studies using a single
donor and several Cr(III} acceptora (Fig. 2b) suppert this fnference. These
seall values of X ahould lead to category 2 behavieor and smaller values of kq
for vary large {AE|. That this is not the case can be attributed to the
comblned effect of the several acceptor doublet electronic states snd the
contributiones of different collections of high frequency vibrational mode
(hwy) for the large values of |AE| than for the small values of {AE|. This
interpretation is discussed in more detall balow.

Several studies of (®CT)Ru{II)-Cr(III) energy transfer aystems have bean
reported (refa. 8,10,12), whera the donor 1s a MLCT sxcited state of poly-
pyridyl-ruthenium{II) species. The donor emission overlape significantly with
tha Cr{X¥Il) acceptor (ﬁAz - éTz) absorbance in many of these studies (ref.
12). Since spin-orbit coupling 1s often consldered to make the triplet state
designation inappropriate for the (*CT)Ru{II) excited atatea (refa. 8§,10,24),
the appreciable donor-acceptor overlap raises the possibility of a dipols-
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Fig. 2. Energy gap dependence of J{organic) + Cr(III) energy transfer
reacticns. (a) (anz)Cr(dpn)3 acceptor with organic donors: 1, banzophenone;
2, triphenylene; 3, naphthalens; %, 2-acetonaphthune; 5, chrysene; 6,
corcnena; 7, pyrene; 8, acridine} 9, anthracene {based on ref. 1l1). Energies
of potential acceptor excited states are Indicated: A, 2g; B, 2T, {ahort
lines sllow for typical splitrinmge}; C, %Ta: D, 2T2. (b} 3(acr1dine) with
several Cr{III) acceptors: l, Cr(HCS)53+; 2, Cr{acaclsy; 3 Cr(NH3)2(NCS)g“; 4,
Cr(C304)33"; 5, Cr(NH3)sBr2*; 6, Cr(NH3)sC12*; 7, Cr(en)3¥*; 8, Cr(NH3)gH*
(based an ref. 22).

multipole contribution to the (MCT)Ru(II}-Cr{III) energy tranafer mechanism.
This 1ssue has been considered (ref.i2), but no correlatfon has been found
between the quartet excited state parameters, and the quenching rates and the
contributions of such a mechaniem eseem unlikely. Consideration of energy
transfer rates in (*CI)Ru(II}-Cr(IIIl)} systems in which there 4s no significant
apectral averlap indicates that there is a shallow, but category l-type energy
gap dependence (e.g., eee Pig. 3). Such a correlation can be generated for
either 2E or for le agceptaer excited states, hut the small values of X and
relatively large values of |AE{ would placa the (*CT)Bu{II) - (2BYCL(IIT)
energy transfer within the category 2 regime. If no other factors intervened,
one would expect the ZT, to be the favored accepteor state, and kq should
decrease with |AE|. However, the values of }{AE| are small encugh that the
effects of several "high frequency” acceptor modes have to be considered;
e.g., for [AE} 2 3x10° cm#l, the C-H arrecching modes will make the dominant
contribution to hwy. The net result of the contributions of the two sets of

acceptor electronic states (2E and 2T1) and potential contributions to h"u
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Fig. 3. VYariation of quenching rate with energy gap for (¥CT)Ru(bpy)2{CN);
=Cr(III} reactions in which the only accesaible acceptor states are doublets.
Acceptore: 1, trans—Cr([14laneR;)(CN}z*; 2, Cr(chda)3>t; 3, Cr(NHa)5CN2t+; 4,
Cr(en)33+; 5, Cr(HH3)53+; 6, Cr(Nﬂ3)50H25+. Yaluesn of kq have been corrected
for variations in K,. Based on ref. 12.

from vibrational modes (of the guenched domor) in distinctly different energy
ranges will be a very shallow, if any, dependence of kq on [AE|. The slope
will depend on the detalled relationships between tha energy range spanned by
the acceptor electronic states end the frequency ranges epannsd by modes
contributing to hwy. A very approximate illustration of the expected behaviar
is shown in Pig. 4. In order to generate this figure only the highest
frequency modes contributing to hoy £ |AE| have Eeen considered, 1t has been
assumed that B(le) - E(zE) = 700 cm'l, and these acceptor electronic states
have been assuwed to have simllar values of ¢V>. Thia approach can clearly
account for an extended range of oheerved gep independence for many reactions
falling in category 2.

The Cr{III) complexes contalning halide or pseudohalide ligands are
relatively good quenchers of the (®CT)Ru{II) excited states (refs. 8,10,12),

although the rares observed are lass than 8 factor of 10 greater than those
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Fig. 4. Gap dependence predicted for (*CT)Ru{II} - (4A2)Cr(III) anergy
tranefer. Assumes catagnry 2 hahaVior (weak couplin Vs by ~ {1 2+ 0.2 x
103 or (3.0 * 0.2) x 107 co™! for (1A])Ru(IT) and E.( ; 1) - B(?E) s 0.7 x 103
en~l for accepror etates on Cr(III), f w I(bEihuH 1777 exp(~AEj/huy 1}. Only
the largest values of huy £ |AE] have bLeen conasidered. Sum 18 over both
Acceptor atates and the appropriate values of huy.

predicted based on energy gap correlations such as that In Fig. 3 (ref. 12}.
These enhanced quenching rates could, in principle, be attributed to: (a) a
nephelauxetic effect which expands the acceptor d-orbital wave functions,
giving enhanced donor-acceptor overlap, bigger values of ¢{¥> and, thus, larger
valueg of kq (refs. 8,10,25); or (b) an intermolecular, charge-transfer
perturbation which has the affect of increasing <¥> (rafs. 7,12); {(c} a
eignificant change in the energy range aspanned by components of the ZE and 2T]_
statee In thesze relatively low syunet;y complexes.

The nephelauxetic parameter, B = BB, (B and B, are Racah parameters for
the complex and the free ion, respectively), 1s a measure of the different
effects of aelectron repulsion on the complex and free ion d-orbitals (refs.
26,27). Differant values of B and B ara required for the quartet and the
doublet excited states (refs. 23,26,27). The doublet atate parameters, Bgs
send Bgg, are often interpreted in terms of o-bonding parameters {refa.
23,26,27) and do not vary much when one or two ligands are substituted in
amine complexes (ref. 12); i.e., Bgy = 0,81 t 0.01 for the Cr(¥II) acceptora
used in references 8,10, and 12. An approximate MO argument has been used to

suggest that ¢¥> ~ (1 —pX%) (ref. 8) and there may be some tendency for k, to

3_!..
increase with (1 - 35553 for the (*CT}Ru(bpy)z(CN)2 - Cr(Am:l.ne)6 reactions
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(ref. 12). However, the doublet state energies are atrong functions of Bgg
and the correlation in Fig. 3 guarantees that there will also be a crude
correlation with (1 —Bs5i)2. ¥ariations in Bgg do not acecount for variations
of kq for both the hexamine-type and the haloamine-type acceptors. While the
total pattern of wvariations in kq cannot be attributed to the nephelauxetic
parameter, some contributions of Bss, in combination with other factars,
cannot be uneguivocally excluded at this time. However, no clesr correlsation
has emerged. Furthermore, it seems very unlikely that the electronic matrix
element can be 30 neatly factored inte individuwal contributions of donor and
acceptor as a correlation of k; with {1 - 955f)2 would require.

A small charge-transfer perturbation of «V), arising because the donor
(*CT)Ru(II) excited states ara good oxidants and the halide and pseudo-halide
ligands are ionizable, could account for many of the deviations of kq from
pimple correlations with AE. The small size of the effect for these systems,
possibly an order of magnitude asmaller than found in (2E)Cr(PP)33+ - Col(III)
ayatems (refs. 7 and 28}, is attributable to the more weakly oxidizing
ruthenium (than (ZE}Cr(PP)33+) excited states. Thus the overall behavior of
(*cT)Ru(II)~Cr(III) seem best described by a combination of Franck-Condon and
electronic factors 1n the weak coupling regimes (categories 2 or 4). The
detailed origins of many of the small rate variations are not at present
clear.

Energy transfers for (2E)}Cr(PP)33*) domnors
There have aleo been systematic studies of the (ZE)Cr{PP)33+ - Co{IIT)

energy transfer systewa. These systems contraat with those discussed in the
preceeding section in that there 1s a very large diatortion assecclated with
population of any of the acceptor excited atates. Thse best characterized of
the acceptors 1= Co(NH3)63+, for which the low temperature, single crystal
absorption epectra indicate a tetragonal distortion of the 311 excited atate:
a 12 pm expansion of four squatorial Co-N bonds and & 4 pm axial compressfon
(ref. 29). The Stokeas shift for the lﬁlg “ 3T18'transition 18 ~ 6 x 103 cal,

8o for the degenerate exciton exchange transfer reaction,

3 3¢ 1 . 3+ 1 3+ 3 . 3+
{ Tlg)Cn(NH3)6 + { AIS)CG (Hﬂa)6 + { A.lg)Cn(Nﬂa)6 + ( Tls)Co (NH3)6

A ~6x 103 ca”l. This, and Ap ~ 0 lead to A ~ 3 x 103 eml for category 1 or 3
behavior of,

3+

Crrccrr) 3 Cay eoimg 3 2 Capeerrr > ¢ Oy ooty
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The (ZE)C:‘(PP)33+ - Co{III) energy transfer reactions exhibit sevaral
features anticipated for category 3 behavior (refs. 6,7,9,28): (a) estimated
energy gape are {1 - 4.5) x 103 em~l, eo for many of the resctions |8E| ~ \;
(b} over this range of AE, kg 18 found to be insensitive to the donor-acceptor
energy gap, (c) Co(NH3)63+ and Cn(HD3)53+ have nearly the same values of kg
(indicating that Co~N nuclear tunneling does not make a aignificant contribu-
tion}.

Despite all the evidence thet E; ~ ¢, the Co{IIT) acceptors are
inefficient quenchers of (2E)Cr{PP)33+. For example, kg = 1.4 x 106 N-1s-1 for
the (ZE)Cr(phen)33+ - CD(HH3)33+ reaction (25° G, 1 M NaCF3503), a value only
about 0.1% of the diffusion limited collision frequency. This inefficiency of
(ZE)Cr(PP)33+ 2+ Co{III) energy transfer has bheen attributed to contributions of
the electronic matrix element, <¥> (refs. 6,7,9,28}. Since there seem to be
relatively few ambigulties concerning these systews and since kq appears to be
ingensitive to Franck-Cendon factorz, the (2E)Cr(PP)33+ 2 Co{IIl) energy
transfer systens can provide relatively direct experimental information about
the contributions to <(¥> and how they affect simple himolecular reactiona. Thus
kq for these systems has been found to decrease with increasing size of the
donor and acceptor (refs. 6,28) and to increase as the energy of charge
tranafer excited states becomea smaller {refs. 7,28). Theee points are
elaborated below. There has alsa been some speculation that kg in (2E)Cr(PP)33+
% Co{Ill} systemn can be correlated with nephelauxetic parametere {ref. 9), but
no clear correlation has been dewmonstrated.

Other (2E)Cr{1II)} - acceptor eyetems

A variation on the approachee described above ia to vary the acceptor
electronle structure while keeping other factora {ligands, medium, etc.)
conatant. A few efforts in this direction are summarized in Table I. A
relatively trivial peint, emphasized by the observations in Table I, is that
the only coordination complexes which are at all effective as quenchers of
(ZE)Cr(PP)33+ are those with accesslble excited electromic stares. A second
point reinforces some comments made above: one expecta Bys to depand more on
the ligands and the charge type of tha quencher than on the specific metal
{refa. 23,26,27), and there 18 no correlatiomn of kq with such factors. The
estimated energy parameters in Table I mre for the spin allowed quenching
processes, and there may be some tendency for kq for the H(Oﬂz)52+ complexas to
decrease as AE becomes more negative. Since Stokes shifte are unknown for most
of these acceptors, aince estimates of the squilibrated excited state energy

are very approximate, and since there are only a few available ayatems,
definitive correlations are not poasible at this time.
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Tabhle I.

Vartations in (ZE)Cr(II1I1)-MLg Energy Transfer Rates with Metal

Acceptor Stateb ~AES

Quencher k:,H_ls-lflﬂﬁ Emax,cn-l!103 cm-1/103
c:(onz)z'+ <0.01 14.8 +1.0
Fe(0H2)3+ 0.4 12.6 -3.7
Co(0H2)2+ 3.7 (8) 12.5 -3.3
un(orrz)g+ <0.004 18.7 44,9
Co(0H2)§+ 0.005 ~10 -5.5
51(032)2" 1.9 8.59,15.2° -1®

2+
Cu(OR,) & 0.36 8,11,13 -3.8
Ru(NH3)2+ 0.2 23 +6.2

3+
Co(NH,) 3.5 13 -3,13
Co(HH,) 5c12* 41 ~12 b3
11}.(11113)5_512+ 02. 29 +10.7

Botea: a) 25°C, 1 M ionic strength (HC1D4;, NaClOg or MaHSO4); refs. 6,28. b)
Based on ref. 23, States for which AS = O in the energy transfer proceps. «c¢)
Yibrationally equilibrated acceptor state ensrgles apsume & 5 x 10 ce~l Stokes
ehift for distorted excited states. d)} Triplet state. o) Singlet atata.

The (2E)Cr(PP}33* epecies are quenched by Og with kq(Og) ~ 107 w1g-1
(ref. 30). 1In contrast, the oxygen insensitivity of (2B)Cr([14]anaﬂﬁ)(CN)2+
{ref. 31) dwplies rhat for this complex kq(Oz) < 103 H_lsﬁl. Such gross
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differences in behavier ave yet to be axplored carefully, but they could relate
toe the lov enargy charge tranafer transitions presant io (2E)Cr(PP)33+ but not
in (2B)Cz([14laneNy){CN) 2t

Unirolecular Analogs

Thera have been a few studies of snergy transfer between transition metal
centers in polywstallic molecular species. However, the work to date has
largely involved sensitized photochemiatry (e.g., refs. 32,33), and little
photophysical Information 1s available about energy transfer pathways.

Some interesting features have begun to emerge from studies of mixed
metal, uranyl polyketonate cowplexes {ref. 34). The absorption spectra of
thess complexes are dominated by ligand to metal charge transfar (LMCT) bands.
These banda move to progressively lower energies as the number of ketonate
mojieties increass. Thus Ag,, = 365 nm for UOp(acac)y, 405-424 nm for
UOsM{triketonate}y (M = Co,Ni,Pd}, and 475480 nm for (UQj)oM(tetraketonate);
{M = Co,N{,Pe,Cu,2n) {refs. 35-37)., The ebsorption of the uranyl moiaty in
obacured by the IMCT transitions in these aystema, but the characteristic,

Table II

Photophysical Parameters for Mixed Metal-Uramyl
Polyketonate Complexss

Relative e{at 386 rm)
Complex” 'anb ,un® Egiizizzzyd M cm-lflud
Uuz(acac)z-ﬂzo 0.67 300 1 0.17
Uozﬂz(DBA)z-CHSOH Q0.083 140 0.27 2.51
UOZCO(DBA)2-3H20 0.023 120 0.09 3.74
UOZ(DBﬁ)szHZD 0.072 - 125 0.26 1.89
U02Pd(DBA)2-H20 0.041 180 0.1 2.9
(U0, ) ,Fe(DBAA) , - dpy 0.15 125 0.55 2.15
(002)2Co(thA)z-ﬁpy 0.003 302 0.005 31.76
(UOz)ZCu(DBAA)z-Apy 0.006 200 0.014 1.72

a) acac = acetylacetonmate; DBA = dibenzoylacetonate; DBAA = dibenroylacatyl-
acetonats. b) Yields relstive to U02(N03)3 at 77 P in 2-merhyl-tetrahydrofuran
glase. c) 77 K EPA glasa. d) Based on 1 @ #gy t ' kpaq; Kpads COnstant.
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structured uranyl luminescence is cbserved in glasses at 77 K, and the zero-
zero transiltion is ~ 520 nm in the polyketonate complexes (ref. 34}, Thus, the
equilibrated LMCT excited state lies at higher energy than the U0; excited
state in the di- and tri-ketonate complexes, but at lower energy in the
tetraketonates. The uranyl emission 1is obgerved at 77 K for all these
complexes, the luminescence liferimes chenge conly a little, but the relative
luminescence gueantum yields change a great deal {(Table ILI). The implication is
that transfer of electronic excitatien energy into and out of the uranyl moiety
is inefficient. TFor example, assuming that the radiative lifetime (k . 4) is
invariant in these complexes, one can estimate the relative efficilency, ny. #
Pom T-lkrad, for populating the uranyl excited state following 385 nm (2 90%
IMCT) sbeorption. For most of the complexes with strong LMCT absorptions &t
386 nm, ny./nic(U02{acac}o)<<l. In view of this and the fact that the lower
energy LMCY state does mot quench the uranyl emission in tetraketonatea, there
smuat be an appreciable barrier to entry into or exit from this state at 77 K.
In view of the appreciable Stokes shift of the uranyl emission, a comsiderable
distortion along the O=lU=0 axis is implicated (ref. 38). Thus the ipolation of
the uranyl excited state, from uther eptates of the polyketonate complexes, {s
most readily attributed to a subatantial Franck-Condon barrier for surface
crossing inte, or out of, the uranyl excited state potential energy surface.
Unfortunately, the uranyl polyketonates are relatively labile, and complicated
phetoinduced chemical degradation precludes investigation of the surface

crossings at higher temperature {ref. 34).
GENENAL DISCUSSION

Syatematic atudiee of energy transfer processes involving the Laporte
forbidden transition meta) excited states are relatively few. The exiating
studies have provided some inzights into the factors affecting the electronic
matrix alemant. They also raise a2 mumber of fundamental questions to be

addressed in Future studies.

Concerning the applicabiltiy of unimolscular relaxation models to bimolecular

processen.
Unimolecular and bimelecular processes appear to be vary nicely described

by very similar formulations in the strong coupling limit. Within the

constraints of thies 1limit, as in cataegoriea 1 and 3 above, one can design
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experiments which probe the interactions between reactive molecules, thus
obtaining experimental inforwation about the electronic matrix element for
simple bimclecular reactions.

The situation ia not so satisfactory for bimolecular systems which can be
described as at or near the weakly coupled limit. The studies now available
geem to show that those bimolecular energy transfer reactiona which can be
deacribed as falling into categories 2 or & have rates which are elther
independent of or increase slightly with |AE|, rather than the expected
decresses of kq with increasing |AE}. It now aeems likely that this feature is
related to the distribution of high frequency vibrational =modes which are
available to span [AE{, and the energy range apanned by potential acceptor
electronic stetes. Further studies are needed to explors mora critically the
relationship between the high frequency vibrational modes available in the
electronically relaxed donor, the several poesible mcceptor electronic atates,
and the efficilency of bimolecular energy transfer processes. At the present
time, forwalisms based on umimolecular processes seem to provide an adequate
basisz for interpreting observations on bimolecular aystems.

Oheervations on the naturs of the electronic matrix element

In the limit that the donor and acceptor states are coupled by the
electron exchanga operetor, the electronic matrix element is given approxi-
mately by (ref. 3), <V> ~ A exp(-Zarps) where rpy 1s the donor-acceptor
aeparation, a is an inverse radial parameter (where the exponential is a crude
donor-acceptor overlap term), and A is a collaction of Hamiltonian coupling
terms. By useing subatituted polypyridyl ligands, simple cobale(TII} amine
complexes, and van der Waasl'as contact diatances for rpa, 2ua has been found to
be 11+1 nm~) for the (ZE)Cr(PP)33+ - Ca{III1) energy tranafer reactions (refs.
6,28). This leads to ¢~l ~ 1.8 &, which seems a reasonable magnitude for a
mean d-orbital raedius. The Co{III} complexes hecome betrer gquenchers of
(ZE)Gr(PP}33+ wvhen thers are low energy charge transfer statee in the donoxr-
‘acceptor aystem. For this class of reactiona, the dominant contribution is feor

intermolecular charge transfer transitiona of the type,

{ Coceen >, (xocen | D e 2 (ocoqiny |

vhere the brackets indicate a donor-acceptor callision and X~ 1s an ionizable
ligand of the Co(III) acceptor. The sffect of such low energy CT transitions
can be intafprated in terms of an induced dipole moment which has the effect of
increasing a =l (ref. 7).
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