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Charge Transfer

Observation and Dynamics of “Charge-Transfer
Isomers”**

Tasuku Ito,* Naoyuki Imai, Tadashi Yamaguchi,
Tomohiko Hamaguchi, Casey H. Londergan, and
Clifford P. Kubiak*

We previously reported the measurement of rates of electron
transfer (ET) by the coalescence of vibrational absorption
bands in infrared (IR) spectra."? To observe the coalescence
of vibrational bands in IR spectra, rates of chemical exchange
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must be very fast, about 10"-102s .17 The dynamic
exchange observed in singly reduced symmetric intervalence
charge-transfer complexes, [A-A]~, occurs between the two
equivalent charge distributions related by ET: [A™-A]=[A-
A7]. Simulation of the extent of vibrational band coalescence
in the IR spectrum can then be used to estimate the ET rate
constants."?) We now report the application of this method to
study asymmetric charge-transfer complexes of the type
[A-B]~. We report several unprecedented findings, including
the spectroscopic observation of both of the two possible
charge-transfer isomers, for example, [A™-B] and [A-B7],
and dynamic exchange between them on the picosecond
timescale.

In contrast to a symmetric charge-transfer complex [A—
A]™, intramolecular electron transfer in an asymmetric
system [A-B] is somewhat complicated. The question of
whether an electron transfer will proceed within an asym-
metric mixed valence state depends on two factors: (1) AG,
the “driving force” or difference in free energy to attain [A-
B7] starting from [A™-B]; (2) H,p, the electronic coupling
matrix element that quantum mechanically mixes the poten-
tial energy surfaces for [A™—B] and [A-B~], stabilizes the
resulting symmetric combination (lower surface), and desta-
bilizes the antisymmetric combination (upper surface). This
produces an energy separation of 2H,; between the lower
and upper surfaces at the crossing point (Figure 1). One
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major isomer
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Figure 1. Marcus—Hush semiclassical model to describe ET in asym-
metric charge transfer complexes, [A-B]".

complication of asymmetric mixed valency is that increased
contributions of H,z or AG work in opposite directions.
Increases in H,p tend to delocalize the electronic charge
between A and B, whereas increases in AG tend to localize
(trap) the charge. A more serious complication is that AG
depends on H . Note that electronic coupling (H ,3) has the
effect of decreasing the free energy change for electron
transfer from a value AG|, in the diabatic case (H,z=0) to a
value of AG, in the adiabatic case. One special case that has
escaped both experimental observation and theoretical dis-
cussion in the literature is that in which H,z and AG are of
appropriate magnitudes to permit the coexistence of similar
populations of the two possible charge-transfer isomers: [A™—
B] and [A-B7]. These could then exist as a major and a minor
isomer, which exchange identity by intramolecular electron
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transfer. In particular, ET in the major isomer results in the
formation of the minor isomer, and vice versa. In this letter,
we present experimental evidence for the existence of such
charge-transfer isomers. We describe how vibrational-band
intensities and lineshapes in the IR are used to determine
directly the difference in Gibbs free-energy, AG,, and
electron-transfer kinetics for strongly coupled asymmetric
charge-transfer complexes.

The asymmetrical complexes [Ru;O(OAc)¢(L)(CO)(p-
pz)Ru;O(0OAC)s(L)(CO)] (pz=pyrazine, L =4-dimethyla-
minopyridine (dmap), L' =pyridine (py), 1; L=py, L'=4-
cyanopyridine (cpy), 2; L =dmap, L' =cpy, 3) were prepared
by modification of the procedures used to synthesize the
symmetrical complexes. Each complex (1-3) displays two
single-electron reduction waves in its cyclic voltammogram
that correspond formally to Rul™""!.-pz-Ru" /Ry oz
Ru"™" (0/—1 overall charge) and then Ruj""™"-pz-Ru,}"""/
Ru}"™pz-Rul"™" (—1/-2 overall charge; see Figure 2). This
is completely analogous to the situation found in the
symmetric complexes."? However, in contrast to the sym-
metric complexes, the magnitude of splitting between the two
single-electron reduction waves, (0/—1) and (—1/-2), not only
reflects the electronic interaction between the two Ru,
clusters but also the difference in their intrinsic reduction
potentials because of the different ligands present. The total
splittings for the single-electron reductions of 1-3 are 410 mV

L=dmap
L'=py

AE=410 mV

L=py
L'=cpy

AE=310 mV

L=tmap
L'=cpy

AE=350 my

1.9 1.0 0.5

0.0 -0.5 =1.0 =1.5
E/WwsS55CE —=

Figure 2. Cyclic voltammograms of the asymmetrically ligand substi-
tuted complexes: L=dmap, L'=py (1); L=py, L'=cpy (2); L=dmap,
L"=cpy (3). The two sequential single-electron reduction waves corre-
spond to the (0/—1) and (—1/—2) redox processes. The measured
splittings, AE, between the (0/—1) and (—1/—2) reduction waves
reflect both the differences in intrinsic reduction potentials that
depend on the ligands present and the degree of intercluster electronic
coupling. SSCE = sodium-saturated calomel electrode.
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(1), 310mV (2), and 350 mV (3). These compare with
differences in intrinsic reduction potentials of the clusters,
which depend only on the ligand set present,! 100 mV (1),
130 mV (2), and 230 mV (3). Thus, the differences in electro-
chemical splittings observed are significantly larger than the
differences in intrinsic reduction potentials, which suggests
that large intercluster electronic interactions exist in the
mixed valence (—1) states of 1-3 (large H,3). The differences
in intrinsic reduction potentials also provide a reasonable
estimate of AG,, the Gibbs free energy for transferring an
electron from a Ru; cluster with one type of ligand
substitution to another in the absence of any perturbation
from electronic coupling, H p.

The mixed valence (—1) states of 1-3 exhibit intense
intervalence transfer (IT) absorptions in their electronic
spectra.’) This provides additional evidence of the high
degree of electronic coupling that is present in the mixed
valence states. Because these IT electronic-absorption bands
are relatively broad and overlapped with other electronic
transitions, it is not possible to resolve charge-transfer
isomers. However, resolution can be achieved by vibrational
spectroscopy. The vibrational spectra of the mixed-valence
(—1) state were obtained using a custom low-temperature
reflectance IR spectroelectrochemical (SE) cell under poten-
tiostatic control.!) The carbonyl stretching (v(CO)) bands
contain the most pertinent information. The v(CO) spectra of
the singly reduced states of 1-3 exhibit two broad and
extensively overlapped bands, whereas the neutral (0) and
doubly reduced (—2) states show single v(CO) bands at higher
and lower energy, respectively. The v(CO) bands of 1 in the
neutral (0), mixed valence (—1), and doubly reduced (—2)
states are presented in Figure 3. In the case in which major
and minor charge-transfer isomers exist in the spectrum of the
mixed valence (—1) state, there will be four components to
the overall v(CO) spectral lineshape (Figure4): (1) An
intense high-frequency component from the unreduced
cluster containing ligand L: major (L). (2) An intense low-
frequency component from the reduced cluster containing
ligand L": major (L'). (3) A weak high-frequency component
from the unreduced cluster containing ligand L’: minor (L").
(4) A weak low-frequency component from the reduced
cluster containing ligand L: minor (L). Electron transfer
within the major and minor isomers leads to two simultaneous
two site chemical exchanges: major(L)/minor(L) and
minor(L)/major(L’). It is clear that the v(CO) spectral
lineshape of the intervalence charge transfer (—1) state of 1
(Figure 3 and 4) is too extensively overlapped to be inter-
preted meaningfully within the context of Figure 4. However,
a remarkable simplification of the spectrum can be realized
by selectively labeling one Ruy cluster with *C'*O while the
other contains a CO ligand with natural abundances of
isotopes (mostly '*C'*0O). Such an isotopic substitution has the
effect of shifting the v(**C'®0) frequencies some 85cm™
lower in energy than the v('?C'%O) bands. This has the
additional effect of separating in frequency the major(L)/
minor(L) exchange pair spectral components by 85 cm ™ from
the minor(L")/major(L’) pair in the mixed valence (—1) state.
Figure 5 shows the v(CO) spectra of [Ru;O(OAc)s(L)-
(CO)(1-pz)Ru;0(0AC)((L)(PC"O)]  (L=dmap, L'=py
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Figure 3. IRSE responses of 1 in the neutral (0) (....), mixed valence
(—=1) (—), and doubly reduced (—2) (-----) states. IRSE data were
obtained at 233 K by using a low temperature thin layer cell® in CH,Cl,
solutions that contained 0.1 M tetrabutylammonium hexafluorophos-
phate as the supporting electrolyte.

[Rus (L}CORusy L'WCO) ] - — [Rua(LpCO)y -Rua( L' CO0]
major minor
major (L) major (L'}
minor (L") mingr (L)

v -
Figure 4. Schematic of exchange pairs in v(CO) IR spectra of 1T7-37.
In the case where major and minor charge-transfer isomers exist, four
peaks are expected. The resulting lineshapes are determined by both
the relative populations (equilibrium constant) of major and minor iso-
mers and the electron transfer rate constants that will tend to coalesce
the spectral components that correspond to major(L)/minor(L) and
minor (L") /major(L’).

(1*); L=py, L'=cpy (2%*); L=dmap, L'=cpy (3*)) in the
neutral (0), mixed valence (—1), and doubly reduced (—2)
states. The spectra of the neutral and —2 states each show two
single v(CO) bands, in which the lower-frequency band in
each case corresponds to the *C'"®O labeled Ru; cluster. The
mixed valence (—1) states show two broad v(CO) bands, each
with a distinct shoulder on the inside. The overall spectra of
the mixed valence (—1) states, Figure 5 (middle row), are
precisely the results predicted for separating the nested
major(L)/minor(L) and minor(L")/major(L’) pairs of spectral
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Figure 5. IRSE data for 1%, 2%, 3* in the neutral (0; bottom row of spectra), mixed valence (—1; middle row of spectra), and doubly reduced (—2;
top row of spectra) states. The small peaks identified by the “+” symbol correspond to *C'®O isotopic impurities.

components depicted in Figure 4 by isotope shifts. The peak
assignments for the v(CO) spectra of 1*, 2%, and 3* in Figure 5
then in each case are (from high frequency to low frequency):
major(L), minor(L), minor(L’), major(L’). These spectra
provide compelling evidence for the presence of two charge
transfer isomers. The fact that the bands are overlapped and
broadened provides additional evidence that electron transfer
is occurring to interconvert the charge transfer isomers on the
IR timescale.

The IR spectra of 1*, 2*, and 3* were analyzed by dynamic
IR simulation with a modified version of VIBEXGL,?" to
obtain both the thermodynamics (major/minor equilibrium
constant, K., and derived free energy difference, AG;) and
kinetics (k,, the rate constant for “uphill” (major —minor)
ET) for charge-transfer isomers (see Table 1. It is clear that
the populations of the minor isomers are far in excess of
predictions based on differences in intrinsic reduction poten-
tials. The values of K., predicted from AG range from 150 (1)
t0 91000 (3) (Table 1). The experimentally determined values
of K., range from 1.6 (1) to 3.4 (3). The reason that charge
transfer isomers can be observed in the present study then
must be that the mixed valence (—1) states of 1-3 are so
strongly electronically coupled that the diabatic free energies,
AG,, of 810-1850 cm ™" are reduced to (adiabatic) AG, values
of only 75-200 cm ™. The v(CO) spectra in the mixed valence
(—1) state (Figure 5) for each of 1*, 2*, and 3* showed very
small temperature dependence in favor of the major isomer at
lower temperature in the range available experimentally (—40
to 7°C). However, the spectral changes were so small
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Table 1: Data for complexes 1, 2, and 3.7

L-L AGy[cm™'] predicted actual  AG,[cm™] k. [x10"s7]
233K (233K)

dmap- 810 150 1.6+0.1 75 8.5+0.5

py (1)

py-cpy 1050 650 24+0.2 140 3.0+£05

@

dmap- 1850 91000 3.4+£0.2 200 0.4+0.2

cpy (3)

[a] Diabatic and adiabatic free energies and equilibrium constants,
experimentally determined total reorganization energies, and experi-
mentally determined rate constants for forward electron transfer in the
asymmetric charge transfer states.

(comparable to experimental error) that the effect of temper-
ature on k, and K., could not be determined quantitatively.

Perhaps the most surprising result of the present study is
that the large magnitudes of H,j that evidently are sufficient
to nearly equalize the populations of major and minor charge-
transfer isomers are not sufficient to fully delocalize the
systems to states with a single minimum. For example,
Figure 6 presents the computed results of potential-energy
surfaces developed by Sutin,® assuming an initial diabatic
AGy=810cm™ and total reorganization energy A=
11500 cm™ (7, in ref. [6]), similar to values determined
for 1, as a function of increased electronic coupling, H g At
the point that the adiabatic free energy difference is
diminished to AG;=520cm™ (for H,z;=4260cm™), the
double minimum required for two charge-transfer isomers is
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Figure 6. Diabatic (top) and adiabatic potential-energy surfaces show-
ing how the Gibbs free-energy difference for electron transfer, AG,,
decreases as the electronic coupling, H,g, increases. The potentials
used® suggest that a single minimum (fully delocalized system) is
attained at a value of Hu;=4260 cm™' if the initial diabatic driving
force, AGy, is 810 cm™.

no longer defined. Experimentally, we observe clear evidence
of a double minimum: the presence of two charge-transfer
isomers with relative populations 1.6:1, corresponding to
AG,=75cm™'. Why then, do these unusual complexes
continue to exhibit dynamic exchange between alternate
structures when they might otherwise achieve a single
delocalized structure? It appears likely that these systems
remain coupled to some other local dynamics (e.g., solvent, or
molecular normal modes)®!” such that the equilibrated
structure required for full electronic delocalization cannot
be achieved. Experimental evidence of solvent control of the
rates of ET in symmetrical systems related to 1-3 was
reported recently." Further studies should clarify the relative
importance of local solvent and internal normal mode
dynamics to the existence of charge transfer isomers.

Experimental Section

Preparation of 1-3: The asymmetric dimers 1-3 were prepared in a
way similar to the symmetric dimers by reacting equimolar quantities
of  [Rus(ps-O)(1-CH;CO,)6(CO)(L)(H,0)]  and  [Rus(ps-O)(p-
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CH;CO,)s(CO)(L')(pz)]. The dmap-py dimer,1, was prepared as
follows. A mixture of [Rus(s-O)(p-CH;CO,)o(CO)(py)(H,0)]
(62 mg, 0.0775 mmol) and [Rus(ps-O)(u-CH;CO,)4(CO)(dmap)(pz)]
(70 mg, 0.0775 mmol) in CH,Cl, (15 mL) was allowed to stand for
2 days at room temperature. The resulting solution was subjected to
chromatography over silica gel with CH,Cl,/MeOH 99:1 (volume/
volume) as the eluting agent. The compound was isolated from the
main blue-green band. Yield 103 mg, 74 %. Compounds 2 and 3 were
prepared in a similar way with the use of appropriate Ru; cluster. For
1: Elemental analysis (%) calcd for RusC,,HssO54Ns: C 29.95, H 3.29,
N 4.16; found: C29.22, H 3.44, N 4.18. FABMS: m/z 1659, 1629 (calcd
[M—CO]=1656, [M-2CO]=1628). 'HNMR (270 MHz, CDCL,):
0=9.31(2H, pz), 9.21 (2H, py-0), 8.94 2H + 2H, dmap-o, pz), 8.16
(1H, py-p), 8.07 (2H, py-m), 7.25 (2H, dmap-m), 3.34 (6H, dmap
CH,), 2.25 (6H, acetate CH;), 2.21 (6H, acetate CHj;), 2.16 (6H,
acetate CHj), 2.11 (6H, acetate CHj), 2.00 (6H, acetate CH;),
1.95 ppm (6 H, acetate CHj;). For 2: Elemental analysis (%) calcd for
Ru(C, HyyONs-3H,0: C 28.62, H 3.22, N 4.07 %; found: C 28.47, H
3.11, N 410%. FABMS: m/z 1666, 1638, 1611 (calcd [M]=1667,
[M—(CO)]=1638, [M—2CO]=1611). '"H NMR (270 MHz, CDCL):
0=9.22 (2H, pz), 9.09 (2H, py-0), 8.93 (2H, pz), 8.21 (2H, cpy-m),
8.15 (1H, py-p), 8.06 (2H, py-m), 2.26 (6 H, acetate CHj;), 2.24 (6 H,
acetate CHj;), 2.18 (6H, acetate CH,), 2.16 (6 H, acetate CH;), 2.03
(6H, acetate CH3), 1.99 ppm (6 H, acetate CH;). For 3: Elemental
analysis (%) caled for RusC,;3Hs,O5Ns-SH,O: C, 28.70, H, 3.59, N,
4.67%. Found: C 28.80, H 3.57, N 4.73%. FABMS: m/z 1653 (calcd
[M—2CO]=1653). '"HNMR (270 MHz, CDCL): 6 =9.30 (2H, pz),
9.08 (2H, pz), 8.92 (2H, dmap-0), 8.79 (2H, cpy-0), 8.22 (2H, cpy-m),
7.23 (2H, dmap-m), 3.34 (6H dmap CHj;), 2.26 (6H, acetate CHj),
2.20 (6H, acetate CHj3), 2.18 (6H, acetate CH;), 2.11 (6H, acetate
CHs;), 2.03 (6 H, acetate CHj3), 1.95 ppm (6 H, acetate CHj).

Preparation of 1-3"; Asymmetric dimers with *C'*O ligand were
prepared similarly to the above mentioned method for 1-3 by using
corresponding Ru; cluster with C®O ligand. [Rus(ps-O)(p-
CH,CO,)¢(*C®0)(H,0)(L)] was synthesized from [Rus(ps-O)(p-
CH;CO,)s("*C"*0)(H,0),]. In all cases, isotopically labeled *C"*O
was introduced onto the Ruj cluster fragment having the lower
reduction potential. This produces the least complicated spectral
overlaps of the v(CO) spectra in the —1 states.
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