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The formation of hydrogen-bonded cation–anion adducts be-
tween the complex [Ru(bpy)2(biimH2)]2+ (bpy = 2,2�-bipyr-
idine; biimH2 = 2,2�-biimidazole) and anthracene-9-carboxyl-
ate in dichloromethane solution was investigated by 1H
NMR, optical absorption, and luminescence spectroscopy.
The experimental data indicates that more than one anthra-
cene-9-carboxylate anion can interact closely with the dicat-

Introduction
Cation–anion interactions play an important role in the

vast field of ion sensing,[1] and hydrogen-bonded cation–
anion pairs are key structural elements in many supra-
molecular assemblies.[2] In proteins, salt bridges between ar-
ginine and aspartate or glutamate are crucial to stabilizing
the tertiary structure.[3] The extent to which hydrogen bonds
can mediate charge and energy transfer is of significant bio-
logical relevance, and in this context there have been numer-
ous investigations of hydrogen-bond-mediated electron
transfer.[4,5] This includes, for example, hydrogen-bonded
cation–anion adducts between amidinium cations and carb-
oxylates that mimic the naturally occurring salt bridges
mentioned above.[6] Cationic metal complexes of 2,2�-bi-
imidazole (biimH2) and 2,2�-bibenzimidazole (bibzimH2)
have been reported to form hydrogen-bonded pairs with
carboxylates[7] as well as other anions,[8] and this has
opened the possibility for investigations of photoinduced
charge[9] and energy transfer[10] within such adducts.

The basic optical spectroscopic and electrochemical
properties of many ruthenium and osmium complexes with
biimH2 and bibzimH2 have been explored more than twenty
years ago.[11] Several complexes with related ligands have
been reported in the meantime.[12] In recent years, photore-
dox-active complexes with ligands that can be deproton-
ated, including biimH2, bibzimH2, and related pyridyl imid-
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ionic ruthenium complex. Energy transfer from the photoex-
cited ruthenium complex to anthracene-9-carboxylate in 1:1
adducts of these two components was investigated by tran-
sient absorption spectroscopy and compared to intramolecu-
lar energy transfer in a covalently linked ruthenium-xylene-
anthracene dyad with a comparable donor–acceptor dis-
tance.

azoles, experience a revival that appears to be mostly driven
by the increasing interest in proton-coupled electron-trans-
fer reactions.[9,13]

In this paper, we report on the interaction of the dicat-
ionic complex [Ru(bpy)2(biimH2)]2+ (bpy = 2,2�-bipyridine)
with anthracene-9-carboxylate anions in dichloromethane
solution. Experimental evidence suggests that, in solutions
containing equimolar quantities of these two components,
hydrogen-bonded cation–anion adducts (Scheme 1a) that
have large association constants form, as observed pre-
viously for other biimidazole complexes and carboxylate
anions.[7–8] When excess anthracene-9-carboxylate is used,
abrupt changes in the 1H NMR spectra indicate that more
than one of these particular monoanions may interact
closely with the [Ru(bpy)2(biimH2)]2+ dication. Photoin-
duced energy transfer from the ruthenium complex to the
anthracene core in the 1:1 salt bridge adduct in Scheme 1a
was explored by transient absorption spectroscopy and
compared to energy transfer in the covalent donor-bridge-
acceptor molecule in Scheme 1b. This comparison provides

Scheme 1. (a) Molecular structure of a hydrogen-bonded 1:1 ad-
duct between the dicationic complex [Ru(bpy)2(biimH2)]2+ (bpy =
2,2�-bipyridine; biimH2 = 2,2�-biimidazole) and an anthracene-9-
carboxylate monoanion; (b) formula of the covalent donor-bridge-
acceptor molecule synthesized and investigated in this work.
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insight into the relative magnitudes of the electronic donor–
acceptor couplings that are mediated by salt bridges and
covalent linkers.

Results and Discussion

Figure 1 shows the results of a 1H NMR spectroscopic
titration of [Ru(bpy)2(biimH2)]2+ with anthracene-9-carb-
oxylate in deuteriated dichloromethane. In all spectra, the
resonances due to protons attached to carbon atoms of the
biimidazole ligand are observable as two singlets (marked
by two squares in Figure 1) at chemical shifts below
7.30 ppm, well-separated from all other signals. Resonances
due to nitrogen-bound protons remain unobserved even in
carefully dried deuteriated solvents.

Figure 1. 1H NMR spectra of a 1.15 m solution of [Ru(bpy)2-
(biimH2)]2+ in CD2Cl2 in the presence of varying amounts of
anthracene-9-carboxylate.

In the spectrum of the ruthenium complex alone (upper-
most spectrum), the two biimidazole proton resonances are
observed at δ = 7.28 and 6.41 ppm. Upon addition of up to
1 equiv. of anthracene-9-carboxylate, these signals experi-
ence upfield shifts of 0.06 and 0.08 ppm, respectively, while
the signals due to bipyridine protons, for example the doub-
let at δ = 7.81 ppm (marked by a triangle in Figure 1), are
virtually unaffected. Similar upfield shifts for the biimid-
azole resonances have been observed previously for an irid-
ium biimidazole complex that was titrated with various
benzoate anions.[9a] When one of the nitrogen atoms of the
biimidazole ligand in [Ru(bpy)2(biimH2)]2+ is deprotonated
by tetrabutylammonium hydroxide, the four biimidazole C–
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H protons still give rise to only two singlets, indicating that
proton exchange between the two nitrogen atoms is fast on
the NMR spectroscopic timescale (data not shown). How-
ever, the two singlets are now shifted upfield by 0.14 and
0.19 ppm, respectively. As in the prior iridium study,[9a] the
upfield shifts observed in Figure 1 after addition of anthra-
cene-9-carboxylate are therefore interpreted in terms of hy-
drogen-bonding interactions occurring between the cation
and the carboxylate anion. In the course of hydrogen-bond
formation, proton density is localized away from the biimid-
azole nitrogen atoms, which results in an upfield shift that
is somewhat smaller than the one associated with the re-
moval of an entire proton. Thus, for up to 1 equiv. of an-
thracene-9-carboxylate added, Scheme 1a is likely to give
a reasonable representation of the interaction between the
cationic ruthenium complex and anthracene-9-carboxylate
in dichloromethane: Both biimidazole N–H protons are
likely to be involved in hydrogen bonding to the two oxygen
atoms of the carboxylate anion, thereby forming a salt
bridge that resembles those occurring between amidinium
and carboxylate groups in artificial and biological systems.
Structures of several biimidazole complexes determined by
single-crystal X-ray diffraction suggest that twofold hydro-
gen bonding with this ligand is possible thanks to signifi-
cant bending of its two imidazole moieties relative to one
another upon coordination to a metal center,[7a,7c,7d,8a,8b,9a]

leading to N–O distances between 2.3 and 2.7 Å in the case
of carboxylate binding partners.[7c,7d,9a]

When the added quantity of anthracene-9-carboxylate ti-
trant surpasses 1 equiv., the trend in the upfield shift of the
biimidazole resonances below 7.30 ppm is not continued.
Already at 1.2 equiv., the two signals are shifted further
downfield relative to those at 1 equiv., and this new trend
continues at 1.7 and 2.2 equiv. However, much more obvi-
ous than these relatively minor shifts of the biimidazole res-
onances is the evolution of a signal associated with anthra-
cene-9-carboxylate: The resonance caused by the isolated
proton at the 10-position of this anion initially occurs as a
singlet at δ = 8.61 ppm (marked by a circle in the spectrum
at 0.2 equiv.), and it remains at the same chemical shift up
to 1 equiv. (dashed vertical line). At 1.2 equiv., this signal is
observed at δ = 8.43 ppm, a displacement by 0.18 ppm with
respect to its initial chemical shift (arrow in Figure 1). Sub-
sequently, this resonance is shifted further upfield.

In Figure 2, the chemical shifts of four different reso-
nances from Figure 1 are plotted against the relative
amount of anthracene-9-carboxylate added to the [Ru(bpy)2-
biimH2]2+ solution. The uppermost panel (a) is for the
above-mentioned proton at the 10-position of anthracene-
9-carboxylate, while the two lowest panels (c, d) illustrate
the evolution of the biimidazole C–H resonances. The
fourth panel (b) is for an NMR signal that is due to the
bipyridine ligands of the ruthenium complex.

Common to all four signals in Figure 2 is the disconti-
nuity between 1 and 1.2 equiv. While the anthracene-9-carb-
oxylate and bipyridine signals (a, b) occur at virtually un-
changed chemical shifts between 0 and 1.0 equiv., the bi-
imidazole signals (c, d) undergo upfield displacements due
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Figure 2. Chemical shifts of four characteristic 1H NMR reso-
nances from Figure 1: (a) anthracene-9-carboxylate singlet due to
the proton attached at the 10-position; (b) doublet signal due to
bipyridine ligands of [Ru(bpy)2(biimH2)]2+; (c, d) singlet signals
due to carbon-bound biimidazole protons of [Ru(bpy)2(biimH2)]2+.

hydrogen-bonding interactions as discussed above. The dis-
continuities at 1 equiv. preclude determination of the asso-
ciation constant (Ka) for the biimidazole–carboxylate inter-
action, but prior studies have revealed Ka values of the or-
der of 105–106 m–1 for this type of salt bridge.[9a,10] The fact
that there is a discontinuity for all four signals in Figure 2
strongly suggests that the type of cation–anion interaction
changes fundamentally when more than 1 equiv. of anthra-
cene-9-carboxylate is present in solution, that is, Scheme 1a
does not give an accurate representation of the situation
under such conditions. The fact that the discontinuities oc-
cur already at 1.2 equiv. of anthracene-9-carboxylate sug-
gests that two such anions interact rather strongly with the
divalent ruthenium complex. Such behavior remained un-
observed in the NMR spectroscopic titration of an iridium
biimidazole complex with benzoate anions, presumably be-
cause the respective metal complex was only singly char-
ged.[9a] The NMR spectroscopic titration data for the ruthe-
nium(II) systems here suggest that the molecular ensemble
comprising one ruthenium complex and two anthracene-9-
carboxylate anions is very stable, possibly because of favor-
able interactions between two anthracene moieties. The dis-
placement of the anthracene singlet from 8.61 to 8.43 ppm
may be a manifestation of π-interactions that involve the
anthracene backbone, but the simultaneous shift of the bi-
pyridine doublet from 7.81 to 7.85 ppm (Figure 2b) may
indicate that bipyridine ligands are also involved in inter-
molecular interactions. However, the actual structure of
these molecular ensembles in solution remains unclear, and
a solid-state structure is not available either. At any rate,
the key point here is that there seem to be rather strong
interactions between one ruthenium(II) complex and two
anthracene-9-carboxylate anions.

Eur. J. Inorg. Chem. 2010, 5509–5516 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5511

Cation–anion interactions also manifest themselves in
optical absorption spectra. Figure 3a shows the metal-to-
ligand charge transfer (MLCT) absorption band of
[Ru(bpy)2(biimH2)]2+ in 3�10–5 m dichloromethane solu-
tion in the presence of 0.00, 0.15, 0.31, and 1.25 equiv. of
anthracene-9-carboxylate. The lowest-energy MLCT transi-
tion in this heteroleptic complex has been identified pre-
viously as a ruthenium(II)-to-biimidazole transition,[11a]

while the ruthenium(II)-to-bipyridine transitions occur at
somewhat higher energies. Upon addition of anthracene-9-
carboxylate, the MLCT absorption band maximum red-
shifts from its initial position at 477 nm to 494 nm at
1.25 equiv. (Figure 3a), but continuing to add anthracene-
9-carboxylate does not induce any further significant
changes in the MLCT absorption band.

Figure 3. Metal-to-ligand charge transfer (MLCT) absorption band
of [Ru(bpy)2(biimH2)]2+ in 3�10–5 m CH2Cl2 solution in the pres-
ence of various titrants: (a) anthracence-9-carboxylate; (b) tetra-
butylammonium hydroxide; (c) unsubstituted anthracene. Solid
lines: 0.00 equiv.; dashed lines: 0.15 equiv.; dotted lines: 0.31 equiv.;
dash-dotted lines: 1.25 equiv.

As indicated in Figure 3b, deprotonation of the biimid-
azole nitrogen atoms leads to qualitatively similar changes
in the MLCT band,[11a] and the band maximum redshifts to
495 nm at 1.25 equiv. In addition, in the case of hydroxide
addition, the MLCT band broadens substantially as a result
of increasing absorption intensity at longer wavelengths.
Thus, as for the NMR spectroscopic data, there are strong
analogies between the effects of salt bridge formation and
deprotonation. Figure 3c shows that addition of unsubsti-
tuted anthracene without a carboxylate group has no effect
on the MLCT absorption band of [Ru(bpy)2(biimH2)]2+ in
dichloromethane.

The luminescence spectra of Figure 4a also provide evi-
dence for cation–anion interactions. Upon addition of an-
thracene-9-carboxylate, both the luminescence intensity and
band shape are changed. The alterations in the lumines-
cence band shape are qualitatively similar to those observed
in the absorption band (Figure 3a): There is a redshift of
the 3MLCT emission band maximum between 0.00 and
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1.25 equiv. of anthracence-9-carboxylate that amounts to
roughly 35 nm. The apparent shape of the resulting lumi-
nescence spectra is that of a double band; however, the dip
at 650 nm is merely an instrumental artifact. As in the ab-
sorption data, the redshift is essentially complete when
1.25 equiv. of anthracene-9-carboxylate is added, and fur-
ther addition of this titrant only leads to decreasing lumi-
nescence intensities but does not affect the band shape any
more.

Figure 4. 3MLCT luminescence emitted by 10–5 m CH2Cl2 solutions
of [Ru(bpy)2(biimH2)]2+ in the presence of varying concentrations
of three different titrants: (a) anthracene-9-carboxylate; (b) tetra-
butylammonium hydroxide; (c) unsubstituted anthracene. Solid
lines: spectra of pure [Ru(bpy)2(biimH2)]2+ solutions without added
titrant. Dotted lines: Spectra with decreasing intensity were ob-
tained after addition of increasing amounts of titrants, specifically
0.42, 0.83, 1.25, 2.50, 5.00, and 10.00 equiv. for (a); 0.42, 1.25, 2.50,
and 10.00 equiv. for (b); 3, 16, 90, and 280 equiv. for (c). Selective
excitation of the metal complex occurred at the isosbestic point at
482 nm in all cases.

When [Ru(bpy)2(biimH2)]2+ is deprotonated by the
strong base tetrabutylammonium hydroxide, a redshift is
also observed (Figure 4b). This behavior is in agreement
with that observed above in 1H NMR and optical absorp-
tion spectroscopy, where there are close analogies between
the effects of hydrogen-bond formation (with carboxylate)
and deprotonation (with hydroxide). Associated with the
addition of hydroxide is also a decrease in the emission in-
tensity. Figure 4c shows that addition of unsubstituted an-
thracene to a dichloromethane solution of [Ru(bpy)2-
(biimH2)]2+ also leads to emission quenching, but the band
shape remains unaffected because of the absence of hydro-
gen-bond formation or deprotonation in this situation.
Moreover, significantly larger quantities of unsubstituted
anthracene are necessary to induce the same amount of
quenching as with anthracene-9-carboxylate.

For the luminescence spectroscopic studies (Figures 4
and 5), the ruthenium complexes were excited at 482 nm, a
wavelength corresponding to an isosbestic point in the op-
tical absorption spectra in Figure 3. Figure 5 shows the re-
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sults of a luminescence intensity titration of [Ru(bpy)2-
(biimH2)]2+ in dichloromethane with the three different ti-
trants from above. Initial addition of anthracene-9-carb-
oxylate (circles) and tetrabutylammonium hydroxide (tri-
angles) leads to an increase in the emission intensity by 35
and 45 percent, respectively. The maximum luminescence
intensities are reached when approximately 0.2 equiv. of
carboxylate/hydroxide titrants are added, and subsequently
the emission intensity decreases steeply in both cases.

Figure 5. Normalized luminescence intensity as a function of
number of equivalents of titrant added to a 10–5 m CH2Cl2 solution
of [Ru(bpy)2(biimH2)]2+. Open circles: anthracene-9-carboxylate;
gray filled triangles: tetrabutylammonium hydroxide; black filled
squares: unsubstituted anthracene. Excitation of the metal complex
occurred at the isosbestic point at 482 nm in all cases. The lumines-
cence intensity of the initial solution containing pure [Ru(bpy)2-
(biimH2)]2+ was set to a value of 1.0.

A prior study on the [Ru(bpy)2(biimH2)]2+ complex al-
ready showed that the mono-deprotonated congener,
[Ru(bpy)2(biimH)]+, has a drastically reduced emission
quantum yield relative to that of the parent complex.[11a]

The decrease in the emission intensity upon addition of the
strong hydroxide base (triangles) therefore comes as no sur-
prise. More intriguing is the initial increase in the emission
intensities observed for both anthracene-9-carboxylate and
hydroxide. In the [Ru(bpy)2(biimH2)]2+ complex, lumines-
cence is in competition with the deactivation of the MLCT
excited state by nonradiative relaxation. The highest-fre-
quency vibrations are usually the most effective for
multiphonon relaxation;[14] hence, the biimidazole N–H vi-
brations and the interaction of these hydrogen atoms with
the solvent are particularly important for nonradiative ex-
cited-state deactivation in the ruthenium complex consid-
ered here. Prior work on emissive biimidazole complexes in
apolar solution has already shown that the addition of
anions that participate in hydrogen bonding may lead to
increased emission intensities.[8e,9a] Thus far, the origin of
this effect may only be speculated, but given the above-men-
tioned special role of the N–H vibrations, it is not particu-
larly surprising that hydrogen-bond formation affects the
luminescence intensities of these biimidazole complexes. It
has been argued that the N–H vibrational frequency is low-
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ered upon N–H–O hydrogen-bond formation, thereby
decreasing the efficiency of multiphonon relaxation.[8e] This
may explain the initial increase in the emission intensity
upon addition of anthracene-9-carboxylate (circles). As far
as the data for hydroxide addition is concerned (triangles),
the formation of hydrogen-bonded metal complex dimers
may potentially be held responsible for the initial increase
that is observed in the luminescence intensity titration. It is
known that mono-deprotonated biimidazole complexes
may form hydrogen-bonded dimers with fairly high associa-
tion constants.[8e,15] In these dimers, one biimidazole ligand
from each metal complex acts simultaneously as a hydro-
gen-bond donor at one nitrogen site and as a hydrogen-
bond acceptor at the second noncoordinated nitrogen atom.
The formation of these N–H–N hydrogen bonds can be ex-
pected to affect the N–H vibration energy in a similar way
as do the above-mentioned N–H–O hydrogen bonds, and
an analogous decrease in the efficiency of multiphonon re-
laxation may therefore result. Superimposed on this effect
is the influence of the weakly emitting mono-deprotonated
[Ru(bpy)2(biimH)]+ complexes that are part of the hydrogen
bond dimer equilibrium but not actually involved in hydro-
gen bonding to other complexes. Apparently, their influence
on the emission intensity becomes dominant at values of
added hydroxide that are greater than 0.2 equiv.

Figure 5 shows that addition of unsubstituted anthracene
to a dichloromethane solution of [Ru(bpy)2(biimH2)]2+

does also lead to a decrease of the luminescence intensity
emitted by the ruthenium complex (squares), albeit to a
lesser extent than the addition of anthracene-9-carboxylate,
which can participate in hydrogen bonding (circles). Char-
acteristic for anthracene is an energetically relatively low-
lying triplet excited state at approximately 1.8 eV above the
ground state.[16] Hence, this molecule is a popular choice as
an energy acceptor in donor–acceptor systems that aim to
explore photoinduced energy transfer with transition metal
photosensitizers such as ruthenium polypyridyl compounds
or rhenium tricarbonyl diimines.[17] The energetically low-
est-lying 3MLCT state of [Ru(bpy)2(biimH2)]2+ is approxi-
mately 2.1 eV above the ground state; hence, energy transfer
from this complex to anthracene is expected to be exergonic
by roughly 0.3 eV. Prior work in the area of photoinduced
electron transfer has demonstrated that hydrogen bonds can
mediate relatively strong electronic coupling,[4] and one
might thus expect triplet–triplet (Dexter-type) energy trans-
fer to occur with particular ease in hydrogen-bonded 1:1
adducts between [Ru(bpy)2(biimH2)]2+ and anthracene-9-
carboxylate. The stronger luminescence quenching observed
in Figure 5 for anthracene-9-carboxylate (circles) with re-
spect to unsubstituted anthracene (squares) suggests that
this is indeed the case.

Conclusive evidence for energy transfer in the [Ru(bpy)2-
(biimH2)]2+–anthracene-9-carboxylate system comes from
the transient absorption data in Figure 6. The uppermost
panel (a) shows transient absorption spectra of 1:1 mixtures
of the ruthenium complex with anthracene-9-carboxylate
(solid trace) and unsubstituted anthracene (dotted trace) at
a concentration of 10–5 m in dichloromethane. In the middle
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panel (b) there are analogous data obtained from the same
1:1 mixtures but further diluted to 10–6 m. The spectra in
the uppermost panel are clearly identifiable as the spectro-
scopic signatures of the lowest anthracene triplet excited
state, even though there are slight differences (ca. 2 nm) be-
tween the band maxima of anthracene-9-carboxylate and
unsubstituted anthracene. When the 10–5 m solutions are
further diluted, the intensity of the transient absorption sig-
nal of unsubstituted anthracene decreases more strongly
than that of anthracene-9-carboxylate, and at a dilution of
10–6 m (Figure 6b), the signal due to unsubstituted anthra-
cene is not observable any more. This suggests that, under
these very dilute conditions, the remaining transient absorp-
tion signal is predominantly due to energy-transfer prod-
ucts that are part of a hydrogen-bonded donor–acceptor
pair. This, in turn, would imply an association constant (Ka)
between [Ru(bpy)2(biimH2)]2+ and anthracene-9-carboxyl-
ate that is of the order of 105–106 m–1, a value that is in line
with previously reported Ka values for comparable sys-
tems.[9a,10] We note that, at a 1:1 ratio of [Ru(bpy)2-
(biimH2)]2+ and anthracene-9-carboxylate, the formation of
donor–acceptor pairs as shown in Scheme 1a is consistent
with the 1H NMR spectroscopic data presented above. Fi-
nally, the bottom panel of Figure 6 shows the transient ab-
sorption spectrum measured in a 3� 10–6 m dichlorometh-
ane solution of the covalent donor-bridge-acceptor mole-
cule shown in Scheme 1b. Essentially the same triplet spec-
trum is observed as that for anthracene-9-carboxylate and
free anthracene.

Figure 6. (a) Transient absorption spectra of 1:1 mixtures of
[Ru(bpy)2(biimH2)]2+ with anthracene-9-carboxylate (solid trace)
and [Ru(bpy)2(biimH2)]2+ with unsubstituted anthracene (dotted
trace) in CH2Cl2 at concentrations of 10–5 m; (b) the same experi-
ments at a dilution of 10–6 m; (c) transient absorption spectrum of
the donor-bridge-acceptor molecule shown in Scheme 1b in
3�10–6 m CH2Cl2 solution. In all experiments, the excitation wave-
length was 532 nm, and detection occurred in a 10 μs time window
starting 1 μs after excitation with 10 ns laser pulses.
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The upper half of Figure 7 shows the temporal evolution

of the transient absorption signal from Figure 6b for the
[Ru(bpy)2(biimH2)]2+–anthracene-9-carboxylate 1:1 adduct.
The population of the anthracene-9-carboxylate triplet ex-
cited state builds up exponentially with a time constant of
153 ns (Figure 7a) and decays in a single-exponential man-
ner with a time constant of 59 μs (Figure 7b) in deoxy-
genated dichloromethane solution. Lifetimes of this order
of magnitude are typical for aromatic triplet excited
states.[16] More interesting is the build-up of the triplet an-
thracene population, from which one extracts a rate con-
stant for energy transfer (kEnT) from the ruthenium com-
plex to anthracene-9-carboxylate of 6.5�106 s–1. Figure 7c
shows that, in the covalent donor-bridge-acceptor molecule
shown in Scheme 1b, the triplet anthracene population as
monitored at 430 nm builds up with a time constant of
10 ns. Indeed, this time constant is instrumentally limited,
and we may only estimate a lower limit of 108 s–1 for the
energy-transfer rate constant (kEnT) in this case. The an-
thracene triplet excited state in this molecule has a lifetime
of 51 μs (Figure 7d). However, the key point here is that
kEnT is at least 15 times larger for the covalent system than
for the salt bridge adduct.

Figure 7. (a) Rise of the transient absorption signal in Figure 6b
(10–6 m [Ru(bpy)2(biimH2)]2+–anthracene-9-carboxylate 1:1 mix-
ture in CH2Cl2) as detected at 436 nm; (b) decay of the same signal;
(c) rise of the transient absorption signal in Figure 6c detected at
430 nm (3� 10–6 m solution of the donor-bridge-acceptor molecule
shown in Scheme 1b in CH2Cl2); (d) decay of the same signal. Exci-
tation occurred at 532 nm with laser pulses of 10 ns duration in all
four cases. The solutions were deoxygenated by three subsequent
freeze-pump-thaw cycles. Note the different time scales in panels
(a) and (c).

By analogy to numerous other d6-metal(diimine)–arene
donor–acceptor systems,[17] triplet–triplet energy transfer in
the systems shown in Scheme 1 is expected to occur by me-
ans of a through-bond electron exchange process. On the
basis of X-ray crystal structures for related biimidazole
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complexes that form hydrogen-bonded 1:1 cation–anion ad-
ducts with benzoates,[7c,9a] one arrives at an estimate of ap-
proximately 10 Å for the distance between the ruth-
enium(II) ion and the anthracene core in the hydrogen-
bonded [Ru(bpy)2(biimH2)]2+–anthracene-9-carboxylate
adduct shown in Scheme 1a. This compares to a ruth-
enium–anthracene distance of approximately 10.6 Å in the
covalent donor-bridge-acceptor molecule shown in
Scheme 1b. Thus, the donor–acceptor distances are nearly
identical in the two cases investigated here. There are only
minor differences in the driving forces for ruthenium-to-an-
thracene energy transfer between the two systems shown
in Scheme 1, and hence the difference in kEnT is likely a
manifestation of differences in electronic couplings that are
mediated by the salt bridge on the one hand and the coval-
ent p-xylene spacer on the other hand. Dexter-type triplet–
triplet energy-transfer rate constants (kEnT) are pro-
portional to the squared matrix elements for overall elec-
tronic donor–acceptor coupling (HDA).[18] Therefore, HDA

must be larger at least by a factor of 4 for the xylene-
bridged system than for the salt bridge adduct. Calculation
of a more exact number is hampered by our inability to
determine kEnT values that are greater than 108 s–1, but an
upper limit for kEnT of 1010 s–1 appears plausible in view
of a recent study that reports on ruthenium-to-anthracene
energy transfer across a flexible alkane spacer.[19] In this
system, the donor–acceptor distance is roughly 8.5 Å, but
since alkane spacers mediate charge and energy transfer less
efficiently than π-conjugated spacers,[20] the above-men-
tioned upper limit of kEnT = 1010 s–1 seems reasonable for
the somewhat longer p-xylene bridged system shown in
Scheme 1b.[21] We thus arrive at an estimated upper limit of
a factor of 40 for the difference in electronic donor–ac-
ceptor coupling (HDA) between the salt bridge and a coval-
ent linker. This finding is in line with recent comparative
studies of photoinduced electron tunneling through hydro-
gen-bonding and non-hydrogen-bonding solvent matrices
that have provided evidence for comparatively strong elec-
tronic coupling across this type of intermolecular bond.[22]

As has been pointed out recently, the weaker electronic cou-
pling across salt bridge interfaces with respect to that across
covalent bonds may not only be the result of smaller orbital
overlaps, but it may also be influenced by differences in the
HOMO and LUMO energies of the bridging units that
separate the donor from the acceptor.[23] Be that as it may, it
is clear that triplet–triplet energy transfer across salt bridge
interfaces, whether of guanidinium–carboxylate[23–24] or bi-
imidazole–carboxylate type,[10] is relatively efficient even
when compared to covalent bonds.

Conclusions

The spectroscopic evidence presented in this paper indi-
cates that, in dichloromethane solution, more than one an-
thracene-9-carboxylate anion can interact closely with the
dicationic [Ru(bpy)2(biimH2)]2+ complex. This is in spite of
the presence of only one single biimidazole ligand that is
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available for formation of doubly hydrogen-bonded cation–
anion pairs in a salt bridge. Energy transfer across this salt
bridge in highly diluted 1:1 cation–anion adducts is sub-
stantially more efficient than energy transfer between
[Ru(bpy)2(biimH2)]2+ and unsubstituted anthracene, but
slower at least by a factor of 15 than the intramolecular
energy transfer over roughly the same distance from a
[Ru(bpy)3]2+ unit to a covalently attached anthracene ac-
ceptor. Yet, electronic donor–acceptor coupling in the sup-
ramolecular adduct is estimated to be smaller than that in
the covalent system only by a factor of 4 to 40. Salt bridges
seem therefore well suited for the construction of compli-
cated supramolecular structures in which efficient energy or
charge transfer is desired.

Experimental Section
[Ru(bpy)2(biimH2)]2+ was synthesized as a hexafluorophosphate
salt as described previously, and characterization data are as re-
ported in two prior studies.[12b,25] Anthracene-9-carboxylic acid was
bought from the Sigma–Aldrich chemical company and converted
to anthracene-9-carboxylate by use of tetrabutylammonium hy-
droxide. The latter, as well as unsubstituted anthracene, was also
bought from Sigma–Aldrich.

The covalent donor-bridge-acceptor molecule shown in Scheme 1b
was synthesized by following the same synthetic strategy that we
used in our prior work on donor-bridge-acceptor systems for intra-
molecular electron transfer.[26] Detailed synthetic protocols and
product characterization data are presented in the Supporting In-
formation

Dichloromethane of spectrophotometric grade was used for the op-
tical spectroscopic experiments. 1H NMR spectroscopy, UV/Vis op-
tical absorption, emission, and transient absorption experiments
were performed with the instruments described in some of our
prior publications.[26]

Supporting Information (see footnote on the first page of this arti-
cle): Synthetic protocols and product characterization data for the
synthesis of the covalent donor-bridge-acceptor molecule shown in
Scheme 1b.
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