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Gaussian Free-Energy Dependence of
Electron-Transfer Rates in Iridium Complexes

Lucrus S. Fox, Mariusz Kozik, JoAy R. WINKLER, HARRY B. GrAY

The kinetics of photoinduced electron-transfer (ET) reactions have been measured in a
series of synthetic donor-acceptor complexes. The electron donors are singlet or triplet
excited iridium(I) dimers (Ir;), and the acceptors are N-alkylpyridinium groups
covalently bound to phosphinite ligands on the Ir, core. Rate constants for excited-
state ET range from 3.5 x 10° to 1.1 x 10" per second, and thermal back ET
(pyridinium radical to Ir,*) rates vary from 2.0 X 10" to 6.7 x 107 per second. The
variation of these rates with driving force is in remarkably good agreement with the

Marcus theory prediction of a Gaussian free-energy dependence.

THE PRIMARY CHARGE SEPARATION
in the bacterial photosynthetic reac-
tion center proceeds in less than 5 ps
and is virtually independent of temperature
(1). Subsequent ET steps that increase the
charge-separation distance, and ultimately
lead to photochemical energy storage, are all
faster than energy-wasting charge-recombi-
nation events (2). If we are to prepare
synthetic systems that emulate natural pho-
tosynthesis, thorough comprehension of all
factors governing ET rates is essential. In
semiclassical ET theory, three parameters
govern the reaction rates: (i) the electronic
coupling between the donor and acceptor
(kg), (i) the free-energy change for the
reaction (AG®), and (iii) a parameter (A)
related to the extent of inner-shell and sol-
vent nuclear reorganization accompanying
the ET reaction (3). Moreover, when intrin-
sic ET barriers are small, the dynamics of
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nuclear motion can limit ET rates through
the frequency factor vy. These parameters
describe the rate of ET between a donor and
acceptor held at a fixed distance and orienta-
tion (Eq. 1),

—(AG® + \)?
ANRT

] (n

where R is the gas constant and T is the
absolute temperature.

The surprising prediction of a Gaussian
free-energy dependence for kgr has stimu-
lated numerous experimental investigations
(4-11). Early attempts to verify Eq. 1 were
frustrated by diffusion-limited rates at high
driving forces in bimolecular ET reactions.
Our previous examination of the ET
quenching of the triplet excited state of
[Ir2(p-p2)2(COD),] (pz = pyrazolyl; COD
= 1,5-cyclooctadiene) by alkylpyridinium
acceptors is a case in point (6). At driving
forces between 0.1 and 0.8 eV, the quench-
ing rate constant increases monotonically.
At higher driving forces, the rates plateau at
10"°M~" s™!. No evidence was found for a
decrease in ET rate at driving forces up to
1.18 eV.

In order to circumvent the bimolecular dif-
fusion limit, we have prepared a set of com-
plexes in which the electron donor and ac-
ceptor are covalently coupled into one mole-
cule, [Iry(p-pz*)2(CO)»(Ph,PO(CH,)A " ),]
(pz* = 3,5-dimethylpyrazolyl; Ph = C¢Hs).
The Ir(I) dimer (Ir;) serves as the electron
donor, and the acceptors (A*) are N-alkyl-
pyridinium groups bound to phosphinite
ligands (Fig. 1). An x-ray crystal structure
determination of the complex with A* =
pyridinium (py ") reveals a 5.8 A separation
between the closer Ir center and the N atom
of the pyridinium ring (12). In its lowest
singlet ('B) and triplet (*B) excited states, the
Ir, chromophore is a potent reductant that is
capable of transferring an electron to a cova-
lently attached pyridinium cation (12, 13).

We reported previously that ET quench-
ing of the 'B excited state in two of the
donor-acceptor complexes (A* = pyridin-

kET = VNKECXP l:

Table 1. Photophysical parameters for Ir,-phosphinite complexes (Me, methyl; Et, ethyl). Quantum
yields (¢y, singlet quantum yield; ¢p, trlplct quantum ylcld) taken from spectra measured in acetonitrile

solutions at room temperature with Ru(2,2’-bipyridine),?

* used as a standard; excitation wavelength =

436 nm (25). Singlet quantum yields for the reference complexes are +10%; trlplct quantum yields are
+30%. Singlet quantum yields for the donor-acceptor complexes are "_-30%; triplet quantum yields are

+80%. Singlet lifetime is 7¢; triplet lifetime is T,

.. T 1,1
Phosphinite oY by (ps) (;:s)
Reference complexes
Ph,POCH,CH,-NEt;* 0.0015 0.032 95% 1.2
Ph,POCH,CH; 0.0023 0.025 100* 1.1
Ph,POCH; 0.0027 0.040 100+ 1.2
Ph,PO(CH;);CH; 0.0025 0.030 100% 11
Donor-acceptor complexes 0.012
Ph,POCH,CH,Me;py* 0.00017 0.0013 25% 0.144
Ph,POCH,CH,-4- Mcpy 0.00006 0.0004 9t 0.003
Ph,POCH,CH,-py”* 0.00003 § 4.4 S

*Determined from transient absorption measurements; +20%.
tEstimated from quantum yields and the singlet lifetime of [Iry(pz*),(CO),-
§Emission too weak to measure.

measurements; *+10%.
(PhZPOCHZCHg)Z]; +10%.

lifetime of [Try(pz¥)2(CO),(Ph,POCH,CHs),]; +30%.

1Determined from time-resolved emission

IlEstimated from quantum yields and singlet

REPORTS 1069




ium and 4-phenylpyridinium) takes place on
a picosecond time scale (kgr = 10" s7!
(13). The rates of hole:electron recombina-
tion in these reactions proved to be 1/5 to
1/10 as fast as the excited-state ET reactions.
We have now completed an investigation of
the kinetics of Ir,-A™ ET reactions in aceto-
nitrile solution in which the driving forces
span a range of 0.08 to 1.92 eV. The
reactions include photoinduced ET from the
singlet ('Ir,* to py*:'ET) and triplet (*Iry*
to pyJr :3ET) excited states of Ir,, as well as
thermal back ET (py" to Ir,":ET"). The
point of these studies was to test the free-
energy dependence predicted by Eq. 1 and
to determine what differences, if any, could
be found among these three types of ET
processes.

The rates of 'ET, 3ET, and ET® reactions
in the series of Ir, complexes were evaluated
from a combination of time-resolved and
steady-state absorption and luminescence
spectroscopies (14). The photophysical pa-
rameters measured for these molecules are
summarized in Table 1. All 'ET and *ET
rates have been multiplied by a factor of 0.5
to account for the 1:2 donor:acceptor stoi-
chiometry in these complexes. The ET rate
constants and driving forces are given in
Table 2 (12). The rates of excited-state ET
increase with driving force and maximize at
1.1 x 10" s7! near —AG® = 1 eV. The ET®
rates, however, decrease by two orders of
magnitude as —AG?® increases from 1.5 to
1.9 ¢V. This “inverted” free-energy behavior
is predicted by Eq. 1 for driving forces
greater than \.

Fig. 1. The ET driving force
varies with the substituent R
in the Ir,-A™ complexes.

The best fit of the driving-force data to
Eq. 1 appears as a dashed line in Fig. 2.
Optimum values for the two adjustable pa-
rameters are wnkg = 1.5 X 10'" s7! and
A = 1.06 ¢V (15). The maximum ET rate
for the system, vnkEg, is proportional to the
squarc of the matrix element, Hap, that
describes the electronic coupling between
donor and acceptor sites. Evaluation of Hag
in the nonadiabatic limit (3) yields a value of
24 cm™! for the Ir, complexes (15). This
value agrees well with that found for a
porphyrin-quinone complex in which the
edge-to-edge donor-acceptor separation is
5.5 A (Hag = 30 cm™!) (7) and, interest-
ingly, with that estimated for the bacterial
photosynthetic reaction center (Hap = 25
cm™ ) (16).

The reorganization parameter X in Eq. 1
arises from a classical description of the
nuclear reorientation associated with the ET
reaction (3). Both inner-sphere (An) and
solvent (Aoyr) motions contribute to this
reorganization. Distortions of the Ir, core
upon excitation to 'B and *B states, or upon
one-clectron oxidation, are likely to involve
primarily the Ir-Ir separation. Metal-metal
compressions of about 0.2 to 0.3 A have
been reported for excited Rh(I) and Pt(II)
dimers, and analyses of the absorption and
emission profiles indicate X = 0.2 eV for the
excitation process (17). On the basis of
crystal structure analyses of closely related
complexes (18), we estimate that oxidation
of Ir, to Ir,* would reduce the Ir-Ir separa-
tion by roughly 0.1 A, contributing 0.05 to
0.1 eV to M. A small addition to Ay also

Table 2. Driving forces and rate constants for ET. Standard errors are 0.1 eV for —AG® and +10% for

kgT, except where noted.

Donor Acceptor _(CA\gO (I:ET)
ry* 2,4,6-Mespy* 0.08 3.5 x 10°
“Ir* 4-Mepy* 021 L7 x 10°
Ir* 2,4,6-Mespy* 0.58 2.7 x 10
ry* 4'Mepy* 0.71 5.0 x 10'0
r,* py* 0.89 1.1 x 10"
ry* 4-Phpy* 0.97 >1.1 x 10"
4-Phpy’ I, " 1.53 2.0 X 10'°
4-Mepy' Ir,* 1.61 6.7 x 10°
py ) I, * 1.79 3.3 x 10°
2,4,6-Mespy I, * 1.92 6.7 x 107
*+30%.
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30 t t
=T =
—— ~
—— —a—
4 ——
o / ~—
2 / \
x° 20 + / \ T
£ i \
/ N
/ \
Lo \
/ \
10 — t }
0 1
-AG° (eV)

Fig. 2. Plot of In k versus driving force (—AG®)
for reactions of Ir,-A™ in acetonitrile solution at
room temperature (Table 2): 'ET (M); °ET (A);
and ET® (@). The dashed line is the best fit of
these data to Eq. 1.

arises from expansion of the py ring upon
radical formation. All of these distortions
are relatively minor, however, and the over-
all Ay contribution to \ is not likely to be
more than 0.2 e¢V. Reorganization of the
polar solvent (CH3CN) should furnish the
major component of X in these ET reactions.
Dielectric continuum models are generally
used to estimate the magnitude of Aoyr
(19). Representing the Ir, donor-acceptor
complex as a sphere (19.14 A in diameter)
of low dielectric constant (e = 3) embed-
ded in a continuous diclectric (€ = 36)
leads to an estimate of Aoyt = 0.8 €V (20).
The experimental reorganization energy is
clearly in good agreement with the predic-
tions of ET theories. It is interesting to note
that A = 1.06 €V is nearly the same as the
value found in bimolecular *Ir,*/py*-R
quenching (6).

An implicit assumption of the preceding
analysis is that Hap, Aour, and Ay are
constant for all 'ET, *ET, and ET® reactions
that we have examined. Wave functions for
singlet states, triplet states, and radicals,
however, are known to vary substantially in
spatial extent and polarizability (21). Fur-
thermore, theoretical studies of the electron-
ic coupling matrix element (22) and the
outer-sphere  reorganization energy (23)
have suggested that both parameters might
vary with reaction type. The remarkably
close agreement between the experimental
results and the semiclassical ET theory de-
scribed by Eq. 1 implies, however, that in
the Ir, system the variations in Hap and A
are not great (24).

The most striking feature of the Ir, ET
kinetics is the strongly inverted free-energy
dependence at high driving forces. In the
semiclassical ET theory, inverted driving-
force effects arise from a reduction in the
Franck-Condon factor for ET as —AG°
increases beyond the value of N (3).
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The Ir, complex with A* = 2,4,6-Me;py™*
(Me = methyl) provides a clear example of
this effect (Table 2). The 'ET rate in this
molecule is more than 300 times the ET®
rate, although the latter process hasa 1.3 eV
grcater driving force. Maximizing both the
ET rate and the 'ET/ET® ratio are the
primary requirements for the efficient gener-
ation and maintenance of photoinduced
hole:electron separation. The Ir, ET data
clearly demonstrate that the driving force—
dependent Franck-Condon barrier to ET
can be exploited to achieve this goal. If
coupled with 'ET/ET® discrimination in the
electronic coupling term, 'ET/ET® ratios
comparable to those found in the photosyn-
thetic reaction center could be achieved in
synthetic photochemical energy storage sys-
tems.
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Direct Coupling of Marine Invertebrate
Spawning with Phytoplankton Blooms

MICHEL STARR, JoHN H. HIMMELMAN, JEAN-CLAUDE THERRIAULT

Spawning of green sea urchins and blue mussels may be triggered by a heat-stable
metabolite released by various spec1es of phytoplankton. Mussels require a higher
phytoplankton density for a maximum response than urchins, perhaps because mussels
are exposed to higher concentrations of phytoplankton as a result of their filtering
activity. Phytoplankton as a spawning cue appears to integrate numerous physical and
biotic factors indicating favorable conditions for larval growth and survival. Evolution
of similar direct coupling of the larval phase with phytoplankton blooms may be

common among marine invertebrates.

OR HALF A CENTURY BIOLOGISTS
have observed the close timing be-
tween the production of pelagic lar-
vae by benthic invertebrates and phyto-
plankton blooms (1). This synchrony pro-
vides the obvious advantage of ensuring an
abundant food supply for the larvae. How-
ever, the mechanisms accounting for this
coupling are poorly understood. Most
workers favor the hypothesis that gamete
and larval release are controlled by physical
environmental variables such as changes in
temperature, salinity, photoperiod, and tur-
bulence. However, only a few studies have
shown a relation with a particular factor that
could be confirmed in the laboratory (2).
An alternative hypothesis is that phyto-
plankton induces spawning. This possibility,
although briefly discussed many years ago
by Thorson (1), has received little attention.
Himmelman (3) showed that spawning of
the urchin, Strongylocentrotus droebachiensis,
and of two species of chitons is synchronous
with the spring phytoplankton outburst and
that natural plankton collected with a 50-
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pm mesh net stimulates spawning in the
laboratory. Subsequently, it was noted in
mariculture work that high concentrations
of phytoplankton induce spawning in Myti-
lus californianus (4). An analogous situation
exists for species such as barnacles, which
brood their embryos and later release pelagic
larvae when food becomes abundant (5).

We examined the mechanisms that couple
spawning of invertebrates and the spring
blooming of phytoplankton (6). We tested
the following hypotheses: (i) that phyto-
plankton stimulates spawning, (ii) that
spawning can be caused by numerous spe-
cies of phytoplankton, (iii) that phytoplank-
ton at concentrations found in nature can
stimulate spawning, and (iv) that spawning
results from direct contact with phytoplank-
ton cells (either chemical or nutritional) or
from the detection of substances released by
them.

The spawning experiments were per-
formed with green sea urchins (Strongylocen-
trotus droebachiensis, 35 to 45 mm in diame-
ter) and blue mussels (Mytilus edulis, 35 to
45 mm in length) collected in the St. Law-
rence estuary shortly before natural spawn-
ing. They were kept in holding tanks, sup-
plied with recirculated seawater containing
no phytoplankton, at a temperature of 5° to
7°C and a salinity of 21 to 27 parts per mil.
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