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Effects of Rapid Intramolecular Electron
; Transfer on Vibrational Spectra

Tasuku Ito,” Tomohiko Hamaguchi, Haruko Nagino,
Tadashi Yamaguchi, John Washington, Clifford P. Kubiak*

Single-electron reductions of linked triruthenium clusters of the general type Ru,-pyr-
azine-Ru, produced mixed valence systems showing spectroscopic characteristics of
rapid intramolecular electron transfer. Reflectance infrared spectroelectrochemistry was
used to characterize the vibrational spectra of mixed valence systems that contained one
carbon monoxide ligand on each Ruj cluster. Infrared spectra in the CO stretching region
showed two resolved, partially coalesced, and coalesced v(CO) bands for clusters with
rate constants for intramolecular electron transfer k. increasing from = 1 X 10° s~ up

to 5 X 10" and 9 x 10"

s™', respectively. These data provide a strong correlation

between rates of intramolecular electron transfer and infrared spectral bandshape.

Single-electron transfers are the simplest
chemical reactions and are fundamentally im-
portant in biology (photosynthesis and respi-
ration) and technology (photography, electro-
photography, and solar energy conversion)
(1-3). The fastest electron transfers involve
the transfer of charge from an electron-donor
site to an electron-acceptor site within the
same molecule. The Creutz-Taube ion,
[(NH;) Ru-pyrazine-Ru(NH;)s]**, is a now
classical example of an intramolecular charge-
transfer complex (4-6). Rather than being
viewed as a localized valence (Rul/Ru'™)
state, it is generally accepted that charge is
delocalized over the complex (5, 6). The
semiclassical expression for the rate constant
for intramolecular electron transfer k, in a
symmetric charge-transfer complex with no
net free energy change (AG® = 0) is given by

ke = kv,

X exp [=(AG,* — Hap + Hap'/4AG,*)/RT]
(1)

where k is the adiabaticity factor (unity for
adiabatic reactions), v, is the nuclear fre-
quency factor, which includes both the sol-
vent dielectric response frequency and
bond-length/bond-angle reorganizations re-
quired by charge transfer between the local-
ized valence states, AG, * is the reorganiza-
tional energy barrier, and H,p, is the elec-
tronic coupling between the metal centers
(6-8). Thus, the theoretical maximum rate
constant for an intramolecular electron
transfer can approach the nuclear frequency
factor v, (102 to 1013 s71) for barrierless
(Hap = 2AG,*) electron transfer. We
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show that the rates of intramolecular elec-
tron transfer in a series of pyrazine-bridged
assemblies of ruthenium clusters can be var-
ied over orders of magnitude by moderating
the electronic coupling H o through ancil-
lary ligand variation. In the most rapidly
exchanging systems, electron transfer dy-
namical effects were observed in the infra-
red (IR) vibrational spectra.

The pyrazine-bridged ruthenium clusters
RU3(}.L}-O)(M-CH3COZ)6(CO)(L)(}.L2-pZ) RU3
(3-O)(u-CH;CO,)((CONL) [pz = pyrazine;
L = 4-dimethylaminopyridine (dmap, 1),
pyridine (py, 2), and 4-cyanopyridine
(cpy, 3) (see scheme below)], which are
analogous to those reported by Meyer et al.
(9), have been synthesized and structurally
characterized (10, 11). Each trinuclear
Ruj unit formally contains one Ru(II) and
two Ru(IIl) centers. Clusters 1 through 3
also exhibit characteristic carbon-oxygen
stretching absorption [v(CO)] bands in
their infrared spectra that allow changes
in the electronic environment of each Rus
cluster to be assessed.
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The cyclic voltammograms of clusters 1
through 3 each show four reversible redox
waves (Fig. 1). These are characterized by
the half-wave potentials for the different
redox processes, E, /Z(red/ox referenced
versus a saturated sodium chlorlde calomel
electrode (SSCE). Reversible two-electron
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oxidation waves were observed at approxi-
mately E,,(0/+2) = +0.50 and E,,(+2/
+4) = +1.3 V versus SSCE (9, IO 12).
Here, the overall charges of the complexes
are expressed in parentheses. Each of the
complexes 1 through 3 displays two single-
electron reduction waves that correspond
formally to Rug 1ML py Ry HLILIY
Ru, T pz Ry, L (O/ 1 overall charge)
and then Rug I Ry, WL Ry LT
pz-Ru ™ (—1/-2 overall charge) (Flg 1).
The magmtude of splitting between the sin-
gle-electron (0/-1) and (-1/-2) reduction
waves of complex 1 (AE = 440 mV) corre-
sponds to a comproportionation constant
(K) (13) of 2.7 X 107 (Eq. 2). The large K,
value is a direct measure of the thermody-
namic stability resulting from electronic ex-
change in the mixed valence state of com-
plex 1 (5). The relationship between the
electrochemical value of AE and the elec-
tronic coupling H , 5 has been discussed (5,

14-16).
Rug ML pg R I Ry LIy R g AL

K.
—_
~

HLIILI HLILI

2 Ry -pz-Ruy (2)
As the adjustable pyridine ligand in the
series is changed from 4-dimethylaminopy-
ridine in 1 to an unsubstituted pyridine for
2 and then to an electron-withdrawing 4-
cyanopyridine for 3, the values of AE and

K_ decrease considerably (Table 1); K_ falls

L =dmap

AE =440 mV
L=py —

AE =380 mV
L =cpy —

AE =250 mV
T T T T T T
1.0 0 -1.0
E/V versus SSCE

Fig. 1. Cyclic voltammograms are shown for
complexes 1 (top), 2 (middle), and 3 (bottom), with
methylene chloride as solvent, 0.1 M tetra-n-butyl
ammonium hexafluorophosphate as supporting
electrolyte, and potentials referenced to an SSCE.
AE is the difference between the half-wave poten-
tials for the two one-electron reduction waves cor-

responding to the redox processes: Rug""!-pz-
Rug" " 1/Rug"-pz-Ruy ™ (0/-1) and then
RU ||| 1, II_DZ RU [N "/RU |I| 1Al pZ RU LI ( 1/ 2)
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Table 1. Electrochemical data for [Ru,(pus-O)(u-CH,CO,)s(CO)L)],(u,-p2) species.

. " AE
Cluster L E, ,(0/-1) E,p(-1/-2) (mv) K,
1 dmap -0.89 -1.33 440 2.7 x 107
2 py -0.81 -1.19 380 2.7 x 108
3 cpy -0.68 -0.93 250 1.7 X 10*

*Cyclic voltammograms were recorded in‘0.1 M tetra-n-butyl ammonium hexafluorophosphate in methylene chloride,

with voltage versus an SSCE.

Table 2. Summary of electronic spectral data for the ICT bands of mixed valence (—1) state of
{[Rus(prg-O)(-CHZCO,L)6(CO)L),(wp-p2)} '~ Data were recorded at —10°C.

v e Av, Hag
Cluster L (cm=) (M-Tem~1) (om™) emiy
1 dmap 12,100 12,200 3760 2180
2 by 11,800 10,700 3930 2060
3 cpy 10,800 6610 5220 1310

*Hag = 2.05 X 1072 (00 Emax AV4 ) 2/r (7), where r is the weighted average intercluster Ru - - - Ru separation from

the crystal structure of 1 (77).

by three orders of magnitude to 1.7 X 10%
for complex 3. It is evident that the mag-
nitude of the electronic coupling H,p can
be moderated over a large range by a rela-
tively simple ligand substitution in the se-
ries 1 through 3. Remote ligand control of
electronic coupling in mixed-valence com-
plexes is not unusual (15-17). However, to
our knowledge, the wide variation seen in 1
through 3 has not been reported previously.
In the present case, it appears that two
conditions are simultaneously met: (i) very
favorable overlap between the Ru; cluster
d-electron system and the bridging pyrazine
7* system and (ii) the ability to raise or
lower Ruj cluster d-electron levels engaging
the pyrazine m* system by changing the
electron donor or acceptor nature of the

Extinction coefficient (104 M~ cm™)
T
s
I

T T
3 2 1
Wavenumber (104 cm™1)

Fig. 2. Electronic absorption spectral data are
shown for complex 1 in the neutral isolated (n = O;
bottom), one-electron reduced (n = —1; middle),
and two-electron reduced (n = -2; top) states,
with methylene chloride as solvent and a temper-
ature of —10°C.

www.sciencemag.org ® SCIENCE ¢ VOL. 277 « 1 AUGUST 1997

adjustable pyridine ligand (18).

H g is usually determined by character-
ization of the intervalence charge transfer
(ICT) band as explained by Hush (7). The
electronic absorption spectra were obtained
in the isolated neutral (0), mixed valence
(-1), and fully reduced (-2) states (Fig. 2)
(19). The mixed valence states of clusters 1
through 3 all exhibited intense ICT bands
in the region of 12,100 cm™ (1) to 10,800
cm™ (3). No bands in this region of the
electronic spectra were observed in the iso-
lated (0) state or the fully reduced (-2)
states. Values of absorption band maxima
(V,..), molar extinction coefficients (¢, ),
and absorption band half-widths (Av, ;) de-
rived from the spectral deconvolution of 1
through 3 and metrical parameters from the
crystal structure of 1 were used to estimate
H,p (Table 2). Estimates of H,p, derived
from optical data of the singly reduced (~1)
charge-transfer states, ranged by nearly a
factor of 2 from 2180 cm™ (1) to 1310 cm™
(3). In the Robin-Day classification of in-
tervalence charge-transfer complexes (20),
cluster 3 can be considered to be a largely
charge-localized class II complex, on the
basis of AD,,,. By making typical assump-
tions (k = 1, v, = 5 X 10'? 57!, and AG, *
= P_.J/4) (6), Eq. 1 then predicts a rate
constant for intramolecular electron trans-
ferk, = 1 X 107 s7' at 263 K for 3. The high
degree of electronic coupling for 1 and 2
suggests that these complexes are approach-
ing delocalized class III behavior, where a
semiclassical description (8) is no longer
applicable, but where rates of electron
transfer are expected to be exceptionally
fast (21).

The vibrational spectra of the complexes
1 through 3 were obtained by using reflec-
tance IR spectroelectrochemistry (SEC).
The spectroelectrochemical cell used in this
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Fig. 3. IR spectra are shown for [{Rug(pg-O)(u-
CH,CO,)5(CONL},(w-p2)" [7 = 0 (), =1 (=),
and -2 ()] in 0.1 M tetra-n-butyl ammonium
hexafluorophosphate methylene chloride solution
for (A) L = dmap, 1; (B) L = py, 2; (C) L = cpy, 3.

study has been reported previously (22, 23).
Controlled potentials were applied to pre-
pare the singly (-1) and doubly (-2) re-
duced states of clusters 1 through 3 for IR
spectroscopic observation. In the isolated
(0) state, complex 1 exhibits a single
v(CO) band at 1938 cm™ (Fig. 3A). The
normal modes associated with C-O stretch-
ing of the carbon monoxide ligands on each
Ruy™H T ynie have identical frequencies
because of their identical local environ-
ments and large spatial separation. The
doubly reduced species also gives rise to a
single ¥(CO) band, but at 1889 cm™, re-
flecting identical redox states at each
Ru3m’”*II cluster. In view of these results, it
is reasonable to expect that the single-elec-
tron reduced state of 1 will show two
v(CO) bands, one characteristic of a
Ru; ™I enyironment and the other char-
acteristic of Ru3m'“’”. However, for the sin-
gly reduced form of 1, two v(CO) bands are
not observed. Rather, a broad absorption
band at the average energy of the bands
observed for the isolated (0) and doubly
reduced (-2) states of 1 is seen (Fig. 3A).
The degree of “coalescence” of the IR spec-
tra depends on the degree of electronic
coupling between the pyrazine-linked Ru,
clusters (Fig. 3). As H,p decreases from
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Fig. 4. Comparison of observed to simulated (47)
IR spectra for the mixed valence state of 1 as a
function of the intramolecular electron transfer
rate constant k..

2180 cm™! for 1 to 1310 em™ for 3, two
distinct v(CO) bands ac 1931 ecm™ and
1904 cm™! become resolved. Cluster 2 with
an intermediate value of H,, (2060 cm™)
shows an intermediate degree of spectral
coalescence in the singly reduced state.
The dependence of IR absorption band-
shape on electronic coupling in the mixed
valence states (H,p) is consistent with ex-
tremely rapid intramolecular electron trans-
fer. The question of how to accurately deter-
mine electron transfer rate constants from IR
spectroscopic measurements is less clear at
this time. Carbonyl ligand exchange in
Fe(CO);(n*norbornadiene) was reported to
be on the order of k., = 102 571 at 24°C, as
calculated from the observed coalescence of
two IR bands as a function of temperature
(24). Grevels et al. assumed a multiple-well
potential-energy surface for the process and
assumed that the dynamics could be treated
in a manner similar to that routinely applied
to nuclear magnetic resonance (NMR) spec-
troscopy (Bloch equations) (24). This effect
was subsequently explained as resulting from
torsional modulation of the vibrational cou-
pling (single potential-energy well) between
two v(CO) modes (25), but certain features
of the coalescing IR spectra may be ex-
plained only by the multiple well (exchange)
model (26). Other systems reported to show
dynamical effects in their IR spectra involve
conformational changes or rapid proton ex-
change reactions (27-30). Unusual features
in the IR spectra of organic dicarbonyl rad-
ical anions have been ascribed to purely
vibronic transitions (31, 32). In several iso-
lated cases, intramolecular electron ex-
change has been invoked to explain appar-
ent coalescence of IR spectral features in

ICT complexes (33-38). It has also been
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shown that dynamic processes wholly differ-
ent from equilibration of dissimilar chemical
environments can produce vibrational spec-
tra that appear coalesced, but intramolecular
electron transfers were not considered (25,
39, 40). Intramolecular electron transfers
can be sufficiently fast that lifetime broad-
ening of IR spectra would be expected. How-
ever, a continuous correlation of vibrational
spectral lineshape with electron transfer dy-
namics has not been reported previously.

Rate constants for intramolecular elec-
tron transfer were estimated, assuming a
model where the Bloch equations apply (26,
41). In NMR spectroscopy, dynamic process-
es occurring on a millisecond time scale can
produce spectral broadening and coales-
cence. To observe any line broadening in the
IR spectrum due to a dynamical effect, we
assumed that the process must occur on a
time scale shorter than 10 ps (rate constant
of 10! s71). Complex 1 shows this fast ex-
change behavior, but complex 3 does not.
Equation 1 predicts a rate constant for 3 of
1 X 107 s7L. This is well below the threshold
for observation by IR spectroscopy. The
spectrum of cluster 3 (Fig. 3C) can then
safely be assumed to show no line broaden-
ing arising from electron exchange. The
bands at 1931 and 1905 cm™ in the spec-
trum of 3 in the (~1) state represent the
“stopped exchange” limit on the IR spectros-
copy scale. We then simulated changes in IR
line shape due to electron exchange dynam-
ics (41). Figure 4 shows a comparison of the
simulated spectral line shape as a function of
k. to the observed spectrum for complex 1.
The rates of electron transfer estimated for 1
and2are9 +3 X 10 and 5 + 3 X 10! s,
Uncertainties in the rates of electron transfer
are present but the rate constants obtained
for 1 through 3 are reasonable within the
context of theories of electron transfer. The
correlation of IR line shape for the mixed
valence states of 1 through 3 with electronic
coupling H . provides convincing evidence
of the effects of intramolecular electron
transfer on the time scale of observation by
IR spectroscopy (<1071 s). '
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An Advective-Reflective Conceptual Model for
the Oscillatory Nature of the ENSO

J. Picaut,* F. Masia, Y. du Penhoatf

Recent findings about zonal displacements of the Pacific warm pool required a notable
modification of the delayed action oscillator theory, the current leading theory for the El
Nifio—Southern Oscillation (ENSO). Simulations with a linearized coupled ocean-atmo-
sphere model resulted in 3- to 6-year ENSO-like oscillations, with many of the variable
model parameters found to be very close to their observed values. This simple model
suggests that ocean processes that are ignored or underestimated in the delayed action
oscillator theory, such as zonal current convergence, zonal advection of sea surface
temperature, and equatorial wave reflection from the eastern ocean boundary, are
fundamental to the development of the ENSO, in particular to its manifestations in the

central equatorial Pacific.

Earth climate variations on interannual
time scales are dominated by a coupled
ocean-atmosphere interaction in the Pa-
cific. This interaction connects a large-
scale oceanic sea surface temperature
(SST) anomaly.of the tropical Pacific (El
Nifio) to the large-scale atmospheric
Southern Oscillation, which is character-
ized by a sea-level pressure seesaw between
French Polynesia and north Australia [de-
fined by the Southern Oscillation Index
(SOI)]. This coupled phenomenon,
named the ENSO, oscillates irregularly
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(roughly every 4 years) into a warm phase
and a cold phase (Fig. 1). The warm phase,
El Nifio, is characterized by warm SST and
weak easterly winds in the central and
eastern equatorial Pacific, energetic west-
erly winds in the western Pacific, and
negative SOI; whereas the cold phase, La
Nifia, is characterized by cold SST and
strong easterly winds in the central and
eastern equatorial Pacific, weak westerly
winds in the western Pacific, and positive
SOI. The gross features of the ENSO, and
some of its dramatic climatic impacts, can
be predicted 6 months to a year in advance
by dynamical coupled ocean-atmosphere
models (1-3). However, the prediction
skills of these models are still limited by
our insufficient understanding of the in-
trinsic mechanism that is responsible for
the ENSO.

Bjerknes (4) proposed that the ENSO

is a self-sustained system in which SST
variations in the eastern and central equa-
torial Pacific produce wind variations,
which in turn produce SST changes. How-
ever, this scenario leads to a never ending
warm or cold state. A mechanism for the
oscillatory nature of the ENSO was origi-
nally proposed by McCreary (5), based on
the reflection of a subtropical oceanic up-
welling Rossby wave against the western
ocean boundary. Battisti, Hirst, Schopf,
and Suarez (6—8) proposed a concept that
was similar to McCreary’s (but was better
supported by observations and equatorial
wave theory), known as the delayed action
oscillator, in which equatorial Rossby
waves reflected as upwelling equatorial
Kelvin waves are essential (9). Given the
9-month total travel time of the equatorial
upwelling Rossby and reflected Kelvin
waves, this concept asserts that it is the
continuous arrival of upwelling Kelvin
waves that slowly erodes the growing SST-
wind interaction in the eastern equatorial
Pacific, finally stops it after 1 or 2 years,
and eventually turns the El Nifio event
into a La Nifia event.

The delayed action oscillator theory is
currently the leading theory for the
ENSQ, although it has several flaws. First,
the maxima in the coupled SST-wind
stress fields, simulated by the different
models that led to this theory, are located
20° to 40° too far into the eastern equa-
torial Pacific as compared with observa-
tions (Fig. 1) (10). Second, on the basis of
mooring data all along the equatorial Pa-
cific and satellite altimetry data, several
authors have questioned the effectiveness
of the western ocean boundary as an equa-
torial wave reflector (11-14). In contrast,
it seems that equatorial Kelvin waves re-
flect quite well on the eastern boundary as
equatorial Rossby waves (14). Third, the
models that have led to this theory of the
ENSO are based on the dominant role of
thermocline displacements on SST in the
eastern equatorial Pacific, and they under-
estimate or misinterpret the effects of zon-
al advection (15). As a result, these mod-
els consider the eastern equatorial Pacific
(where ENSO-related SST variations are
the strongest) to be the source of the
ENSO air-sea interaction, instead of the
central equatorial Pacific (Fig. 1) (10).

The central equatorial Pacific has been
confirmed as the source of the ENSO in
recent studies (16—19), which indicated
that the central equatorial Pacific SST
varies between 26° and 30°C, predomi-
nantly on the ENSO time scale, as a result
of the strong eastward and westward dis-
placements of the eastern edge of the
western Pacific warm pool. Because the
SST varies around the approximate 28°C
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