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The dyad RuLRe contains {Re(bpy)(CO)3Cl} and {Ru(bpy)(bpyam)2}2+ termini (bpy ) 2,2′-bipyridine; bpyam )
4,4′-diethylamido-2,2′-bipyridine) separated by a flexible ethylene spacer. Luminescence studies reveal the expected
Re f Ru photoinduced energy transfer, with partial quenching of ReI-based triplet metal-to-ligand charge-transfer
(3MLCT) luminescence and consequent sensitization of the RuII-based 3MLCT luminescence, which has a component
with a grow-in lifetime of 0.76 ((0.2) ns. The presence of IR-active spectroscopic handles on both termini [CO
ligands directly attached to ReI and amide carbonyl substituents on the bpy ligands coordinated to RuII] allowed the
excited-state dynamics to be studied by time-resolved IR (TRIR) spectroscopy in much more detail than allowed
by luminescence methods. A combination of picosecond- and nanosecond-time-scale TRIR studies revealed the
presence of at least three distinct Re f Ru energy-transfer processes, with lifetimes of ca. 20 ps and 1 and 13
ns. This complex behavior occurs because of a combination of two different Ru-based 3MLCT states (Ruf L and
Ru f bpyam), which are sensitized by energy transfer from the ReI donor at different rates; and the presence of
at least two conformers of the flexible molecule RuLRe, which have different Re · · · Ru separations.

Introduction

Photoinduced energy transfer (PEnT) between metal
complex units across a range of bridging ligands has been
extensively studied1 because of its relevance to naturally
occurring processes in photosynthesis and its importance in

a wide range of applications including solar energy harvest-
ing,2 artificial light-driven molecular devices,3 sensing and
imaging,4 and display devices.5 It is now well-known that
the energy-transfer process can occur by one of two
mechanisms (Förster6 or Dexter7), such that the bridging
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ligand plays an important role not only in controlling the
intercomponent distance, to which both mechanisms are sen-
sitive, but also in determining the magnitude of metal-metal
electronic coupling, which is relevant to Dexter energy
transfer.7

Most commonly, PEnT is probed by luminescence meth-
ods. If both donor and acceptor components are luminescent,
then the rate of energy transfer can be determined from either
the reduced emission lifetime of the energy donor unit or
the rise time in the sensitized luminescence of the acceptor
unit or both.1 However, if dark (nonluminescent) states are
involved, then time-resolved infrared (TRIR) spectroscopy,
which measures changes in the stretching vibration frequency
of IR-active functional groups when the excited state is
formed, can be used.8–10 This technique has the additional
advantage that it can operate on very short time scales
(picoseconds) such that processes that are too fast to detect
by luminescence methods can readily be observed by TRIR.

In this paper, we describe the synthesis and photophysical
study of the dinuclear complex RuLRe, comprising a
{Re(CO)3Cl(bpy)} terminus (hereafter Re-CO) connected by
a flexible saturated ethylene spacer to a {Ru(bpy)(bpyam)2}2+

(bpyam ) 4,4′-diethylamido-2,2′-bipyridine) terminus (here-
after Ru-bpy), via use of the bis-bipyridyl ligand L as the
bridging group. The mononuclear complexes [Ru(bpyam)2-
L]2+ (RuL) and [Re(CO)3Cl(bpy)] [Re(bpy)] were also
investigated as model complexes for comparison. TRIR
studies on this dyad and the mononuclear model complexes
have allowed us to monitor the intercomponent Re f Ru
energy-transfer process10,11 and show how it is related to

the conformation of the molecule in much more detail than
is possible from luminescence measurements.

Results and Discussion

Design and Synthesis of the Dyad. TRIR spectroscopy
requires an IR-active functional group to act as a spectro-
scopic “handle” on each component.8–10 Ideally, these groups
should have a vibration in a region free from interference
by solvent and fingerprint bands, i.e., 1600-2200 cm-1; they
should undergo an easily measurable shift when the electron
distribution changes following the formation of an excited
state and, in a dyad, ideally they should not overlap with
each other such that two distinct sets of signals, one
belonging to each component, can be identified. For PEnT
to occur, the dyad needs to contain two components of which
one has a significantly higher excited-state energy than the
other, providing the necessary gradient, and the lifetime of
the donor must be long enough such that the energy-transfer
rate is faster than the intrinsic deactivation rate by lumines-
cence, which also means that the separation between
components should be less than the critical radius for energy
transfer if Förster energy transfer is involved.6

These criteria led us to the complex RuLRe. Both
rhenium(I)12 and ruthenium(II)13 bipyridyl complexes have
long-lived (tens/hundreds of nanoseconds) luminescent triplet
metal-to-ligand charge-transfer (3MLCT) excited states. The
carbonyl ligands at the ReI center and the amide carbonyl
substituents on the bipyridyl ligands at the RuII center show
substantial shifts of their vibrational frequencies in the excited
state and are far enough apart to be unambiguously assigned
in the IR spectrum.8 The lowest 3MLCT excited state of ReI

complexes of this type is well-known to lie significantly
above that of ruthenium(II) bipyridyl complexes such that
ReI f RuII PEnT occurs as long as the bridging ligand is
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reasonably short (see below).10,11 Finally, the saturated spacer
means that the RuII and ReI chromophores are electronically
isolated such that their individual properties can be estimated
very closely using appropriate mononuclear model complexes.

Synthesis of RuLRe was straightforward by the stepwise
attachment of {Ru(bpyam)2}2+ and then {Re(CO)3Cl} frag-
ments to the bipyridyl sites of L. The intermediate mono-
nuclear complex [Ru(bpyam)2L]2+ (RuL) has been reported
by us recently;14 reaction of this with Re(CO)5Cl allowed
the formation of RuLRe, which was isolated as its bis-
chloride salt, in moderate yield. The complex was satisfac-
torily characterized by a combination of elemental analysis
and MALDI mass spectrometry, and the IR spectrum in
CH3CN showed the presence of the amide carbonyl substit-
uents attached to the bpy ligands at the RuII terminus at 1636
cm-1 and the three CO ligands coordinated to the ReI

terminus in the region 1898-2024 cm-1.
UV/Vis Absorption and Luminescence Properties. The

absorption spectrum of RuLRe in CH3CN displays absorp-
tion features characteristic of both mononuclear complexes
RuL and Re-bpy (Figure 1). In particular, the strong singlet
metal-to-ligand charge-transfer (1MLCT) absorptions be-
tween 400 and 500 nm characteristic of the RuII terminus
are clearly visible in the spectrum of RuLRe; the weaker,
higher energy 1MLCT absorption characteristic of the ReI

terminus is apparent as a region of increased absorbance in
the 350-400 nm region.12 This absorption spectrum is
typical of Ru-Re dyads of this type.11a–d

Excitation into any of these absorption bands in RuLRe
results in a broad emission at 645 nm. This is very similar
in energy, intensity, and lifetime to the emission obtained
from the mononuclear complex RuL at ca. 641 nm,14 which
is associated with a Ru f bpyam 3MLCT state because the
bpyam ligands have a lower-lying lowest unoccupied mo-
lecular orbital than the bpy fragment of the bridging ligand
L.15 This Ru-based luminescence is, however, significantly
different from the shorter-lived and weaker emission of

Re-bpy at ca. 618 nm.12b The luminescence lifetimes were
obtained using 405 nm excitation, a wavelength where the
two chromophores are excited in a ca. 1:0.3 ratio (Ru/Re;
Table 1). The emission lifetime of RuLRe was determined
at 10 nm intervals between 570 and 680 nm, and at all
wavelengths, the emission contained at least two decays;
fitting these data to a biexponential function consistently gave
one short (τ ) 10-35 ns) and one long (τ ) 280-305 ns)
luminescence component.16

Although the emission spectrum shows a maximum at 645
nm, analysis of the lifetime data, using the relative contribu-
tions of each lifetime component of the biexponential decay
(using τ1 ) 20 ns and τ2 ) 295 ns) at each wavelength,
revealed that there were two emission bands with peak
maxima at 645 nm (major component, ca. 86%) and 620
nm (minor component, ca. 14%). The weak band at 620 nm
can be compared to the analogous mononuclear Re-bpy
complex (emission at 618 nm;12b τ ) 31 ns), and this shorter
decay component from RuLRe can therefore be assigned to
Re-based emission. The fact that residual Re-based emission
can be detected from RuLRe means that Re f Ru energy
transfer is incomplete, although the occurrence of partial Re
f Ru energy transfer may be inferred from the reduction of
the Re-based emission lifetime from 31 ns in Re-bpy to ca.
20 ns in RuLRe. The occurrence of Ref Ru energy transfer
is further confirmed by the fact that the 645 nm emission
component of RuLRe has a grow-in (rise time) of 0.76
((0.2) ns, characteristic of sensitized emission following
energy transfer, which occurs with a rate constant of 1.3 ×
109 s-1 (the reciprocal of the rise time).

Recording the emission spectrum of RuL at 77 K in an
EtOH/MeOH (4:1) glass directly yields the 3MLCT energy
of the emissive state as 16 585 cm-1 (from emission at 603
nm) which is some 1935 cm-1 lower in energy than the
3MLCT energy of Re-bpy at 18 520 cm-1 (from 77 K
emission in methyltetrahydrofuran at 540 nm12b). The
absorption maxima of RuLRe can be used to estimate the
relative energies of the 1MLCT states in the dyad: the lowest-
energy peak maximum, corresponding to the Ru f bpyam
state, is at 475 nm; the Ruf L state is ca. 1936 cm-1 higher
in energy at 435 nm, and the Ref L excited state is a further
4039 cm-1 higher in energy at 368 nm. Assuming that this
relative energy level ordering is maintained in the 3MLCT
excited states of RuLRe, we can use the model complexes
to estimate the energy of the Ru f bpyam 3MLCT state as
ca. 16 600 cm-1; the energy of the Ru f L 3MLCT state is
ca. 17 200 cm-1, and the energy of the Ref L 3MLCT state
is ca. 18 500 cm-1.

TRIR Studies. (i) Picosecond-Time-Scale Experiments. In
order to probe the energy-transfer process in more detail and
with better time resolution, we have examined the photo-
physics of RuLRe further using TRIR spectroscopy. The
picosecond TRIR spectra in the metal-carbonyl region of
RuLRe in CH3CN, following 400 nm excitation into the
1MLCT absorption manifold, are shown in Figure 2. It is(14) Lazarides, T.; Easun, T. L.; Veyne-Marti, C.; Alsindi, W. Z.; George,

M. W.; Deppermann, N.; Hunter, C. A.; Adams, H.; Ward, M. D.
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Figure 1. UV/vis absorption spectra (solid lines) and emission spectra
(dashed lines; λex ) 405 nm) of RuL (red) and RuLRe (blue) at room
temperature in CH3CN.
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clear that the ν(CO) bands of the Re(CO)3 moiety (1898,
1916, and 2024 cm-1) are bleached, and new bands to higher
wavenumber (1959, 1995, and 2059 cm-1) characteristic of
a Re f bpy 3MLCT excited state are produced, in which
the ReI center is transiently oxidized and the CO bonds are
thereby strengthened. The shifts in ν(CO) are entirely typical
of 3MLCT states.10 These bands decay synchronously with
the recovery of the parent ν(CO) bands, and fitting these
data to two exponentials affords lifetimes of 22 ((10) and
830 ((200) ps (Figure 3) for the Re-based 3MLCT state.16

We have also monitored the amide CO band in order to
probe the RuL component of RuLRe. The parent band
bleach at 1636 cm-1 is formed by the initial laser flash and
persists on the time scale of the measurement (1-2 ns). The
TRIR spectrum obtained 2 ps after the laser flash shows that,
following 400 nm excitation, the ν(CO)amide band shifts to

lower energy (1619 cm-1; Figure 4). This transient band is
typical of the formation of the Ruf bpyam 3MLCT excited
state in which a bpyam ligand is transiently reduced.9 After
the initial subpicosecond formation, this low-energy transient
band continues to increase in magnitude with τ ) 750 ((400)
ps, indicative of the grow-in of the Ru-based excited state
that we also observed by luminescence methods. This grow-
in rate also correlates well with the slower of the two decay
components of the Re-based 3MLCT state [830 ((200) ps]
that we observed on the picosecond time scale.

There is also a weak transient band at 1649 cm-1, higher
in energy than the ν(CO)amide parent band at 1636 cm-1,
which grows with τ ) 13 ((5) ps (Figure 5) and then persists
for the duration of the measurement (1-2 ns). The formation
of a band at higher wavenumber than the parent is consistent
with the formation of an alternative Ru-based 3MLCT excited
state in which the excited electron resides on the coordinated
bpy fragment of the bridging ligand rather than on a bpyam

Table 1. UV/Vis Spectroscopic and Photophysical Dataa

emissionb

complex absorption λmax/nm (10-3ε M-1 cm-1) λmax/nm 102φc τ (ns)

RuL 300 (143.3) 367 (13.0) 432 (21.6) 471 (24.1) 641 4.1 341 ( 10

Re-bpy12b 370 (2.5) 618 0.3 31

RuLRe 295 (156.8) 368 (18.8) 396 (15.7) 435 (20.7) 475 (20.7) 645 d 20 ((2), 295 ((6)
a Measured in air-equilibrated CH3CN at room temperature. Sample concentrations were 1 × 10-5 M. b Excitation wavelength ) 405 nm. The emission

maxima and quantum yields ((10%) are from corrected spectra. c Measured against a [Ru(bpy)3]Cl2 standard solution in H2O (φ ) 0.028). d The quantum
yield varies with the excitation wavelength; see the text.

Figure 2. Picosecond-TRIR difference spectra of RuLRe in CH3CN in
the rhenium carbonyl region with λex ) 400 nm. Selected time delays after
laser excitation are as shown.

Figure 3. Kinetics of the parent bleach at 2024 cm-1 (bottom) and the
transient band at 2059 cm-1 (top) of RuLRe in CH3CN after laser excitation
at 400 nm. The data can be fitted to a biexponential decay of 22 and 830
ps (solid lines).12

Figure 4. Picosecond-TRIR difference spectra of RuLRe in CH3CN in
the amide carbonyl region with λex ) 400 nm. Selected time delays after
laser excitation are as shown.

Figure 5. Early time kinetics of the transient band at 1649 cm-1 of RuLRe
in CH3CN after laser excitation at 400 nm. The data can be fitted to a growth
of 13 ps (solid line).
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ligand; i.e., a Ru f L 3MLCT state is populated in addition
to the Ru f bpyam 3MLCT state. In this case, the transient
oxidation of the RuII center results in a shift of the
“spectating” ν(CO)amide band on the bpyam ligands to higher
energy.9 The grow-in of this Ruf L 3MLCT state [13 ((5)
ps] correlates well with the fastest decay component of the
Re-based 3MLCT state [22 ((10) ps].

Thus, on the basis of the picosecond-time-scale experi-
ments, there appear to be two processes occurring. The faster
decay of the Re f bpy 3MLCT state correlates with the
growth of the Ruf L 3MLCT state that involves the bridging
ligand at the RuII center. The slower decay of the Ref bpy
3MLCT state correlates with the increase in the population
of the Ru f bpyam 3MLCT state. This could possibly be a
result of the greater donor-acceptor distance between the
Re energy-donor unit and the Ruf bpyam energy-acceptor
unit, than between the Re energy-donor unit and the Ru f
L energy-acceptor unit; or alternatively due to two different
conformers being present in the solution, affording different
energy-transfer rates.

The Ru f L 3MLCT state is expected to decay into the
Ru f bpyam 3MLCT state on a subnanosecond time scale.
Unfortunately, the kinetic data between 500 ps and 2 ns are
not currently of sufficiently high quality in order to determine
unambiguously the kinetics of this process. The growth of
the lower energy ν(CO)amide transient band of the Ru f
bpyam 3MLCT state could be fitted to a biexponential rise
as opposed to the monoexponential fit above, with both
lifetimes ca. 800 ps, but this does not constitute direct
evidence for the internal conversion of the Ru f L 3MLCT
state. The persistence of the higher energy ν(CO)amide

transient band for at least 1 ns without significant decay may
indicate the presence of another energy-transfer process
“feeding” it from the Re f L excited state, on a time-scale
commensurate with its decay by internal conversion. The
occurrence of multiple rates of energy transfer involving a
single ruthenium(II) polypyridine type chromophore, ac-
cording to which of the ligands is involved in the 3MLCT
state and its spatial relationship to other components in the
assembly, has been observed in other cases.17

(ii) Nanosecond-Time-Scale Experiments. The decay of
the Re-based MLCT state can be further monitored on the
nanosecond time scale. Figure 6 shows the TRIR spectra
obtained following 355 nm excitation of RuLRe in CH3CN.
The Re f L 3MLCT state is clearly visible on the
nanosecond time scale, with the ν(CO)Re bands of the excited
state decaying biexponentially with time constants of ca. 1
and 13 ((3) ns at the same rate that the ground-state ν(CO)Re

band is completely reformed (Figure 7). The shorter com-
ponent of ca. 1 ns is similar to the 830 ((200) ps component
that was measured using picosecond-time-scale experiments
(see above); the long-lived 13 ((3) ns component is,
however, in addition to the picosecond-time-scale compo-
nents and presumably correlates with the 20 ns Re-based

luminescence component detected by the emission measure-
ments. Note that the higher concentrations typically used for
TRIR experiments compared to luminescence experiments
result in reduced lifetimes due to a degree of self-quenching,
such that lifetimes of 20 ns (by luminescence) and 13 ((3)
ns (by TRIR) are consistent with the same excited-state decay
process.

We have also monitored the amide carbonyl band in order
to probe the RuL component of RuLRe on the longer
nanosecond time scale. The Ru f bpyam 3MLCT excited
state is apparent on this time scale (Figure 8), with the lower-
energy ν(CO)amide transient and parent bleach bands clearly
present in the TRIR spectrum obtained 1 ns after photolysis.
The weak higher-energy transient associated with the Ruf
L 3MLCT state is not clearly observed after 1 ns. This may
be due, in part, to the different excitation conditions between
the two TRIR experiments (355 vs 400 nm excitation) and
implies that the lifetime of this state is <1 ns. The lower-
energy transient band continues to grow in over the first 20
ns, synchronously with further bleaching of the parent
ν(CO)amide band and on a similar time scale to the longer
decay component [13 ((3) ns] of the Re f bpy 3MLCT
state, indicative of a slow Ref Ru energy-transfer process.
The parent and transient ν(CO)amide bands of the Ruf bpyam
3MLCT state subsequently decay on a time scale of ca. 150
ns. This is shorter than the Ru-based lifetime obtained from

(17) (a) Constable, E. C.; Handel, R. W.; Housecroft, C. E.; Morales, A. F.;
Flamigni, L.; Barigelletti, F. Dalton Trans. 2003, 1220. (b) Shavaleev,
N. M.; Bell, Z. R.; Easun, T. L.; Rutkaite, R.; Swanson, L.; Ward,
M. D. Dalton Trans. 2004, 3678.

Figure 6. Nanosecond-TRIR difference spectra of RuLRe in CH3CN in
the rhenium carbonyl region with λex ) 355 nm. Selected time delays after
laser excitation are as shown.

Figure 7. Kinetics of one parent bleach at 1918 cm-1 (bottom) and the
transient band at 2059 cm-1 (top) of RuLRe in CH3CN after laser excitation
at 355 nm. The data can be fitted to a biexponential decay of 1 and 13 ns
(solid lines).
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the emission experiments (295 ns) due to the higher
concentration used in the TRIR experiments, as mentioned
earlier.

It should be noted that the higher-energy nm excitation
used for the nanosecond times-scale experiments would be
expected to increase the initial relative proportion of the
Re-L excited states to Ru-based excited states over that of
400 nm excitation. This change should not affect the energy-
transfer rates observed and is expected to be small because
comparison of the UV/vis absorption spectra of the model
complexes indicates that the extinction coefficient of the RuL
chromophore is still considerably higher than that of the Re-
bpy chromophore at this wavelength.

Discussion of Results: Correlation of TRIR and
Luminescence Behavior. The UV/vis and luminescence
results clearly show that the predominant absorption and
emission processes of RuLRe are Ru-based, with the RuII

terminus hosting the lowest-energy 3MLCT state from which
most of the luminescence occurs following Ref Ru energy
transfer, which is itself in competition with the normal
emission of the Re-based chromophore.

The combination of picosecond- and nanosecond-time-
scale TRIR experiments shows that the Re f L 3MLCT
excited state, which is the highest of the metal-based 3MLCT
states and acts as the energy donor for all Ref Ru energy-
transfer processes, decays with at least three time constants
of 22 ((10) ps, ca. 1 ns, and ca. 13 ns. The first of these
corresponds to fast energy transfer to the Ru f L 3MLCT

state based on the bridging ligand; this is not the lowest-
energy Ru-based 3MLCT state but is the one that is spatially
closest to the Re center, with the two bpy fragments that are
involved in the Re f L and Ru f L 3MLCT states being
part of the same bridging ligand and separated only by an
ethylene bridge. The second and third of these Re-based
decay components may both correspond to energy transfer
from the Re f L 3MLCT state to the Ru f bpyam 3MLCT
state, which occurs over a greater distance because the bpyam
ligands are more remote from the ReI center, and are
therefore slower. The ≈1 ns Re-based decay component is
matched by corresponding grow-in in both the TRIR
spectrum and the luminescence spectrum associated with the
Ru f bpyam 3MLCT state. The 13 ns Re-based decay
component is also matched by a grow-in of the corresponding
Ru-based TRIR transient bands. In principle, we should also
expect a 13 ns grow-in component to the Ru-based lumi-
nescence, but the overlap of Ru- and Re-based emission
profiles, with several components in the same wavelength
region (Re, ≈13 ns decay; Ru, 1 ns grow-in and 295 ns
decay), means that this additional expected 13 ns grow-in
of the luminescence could not be deconvoluted. The behavior
of both Re- and Ru-based signals on the nanosecond time
scale is clearly observed by TRIR. The 13 ns decay
component of the Re-based 3MLCT state is also correlated
with the observed weak Re-based luminescence and, together
with the amount of quenching of the Re-based emission from
the dyad compared with the mononuclear complex, suggests
that the slowest energy-transfer process occurs on a time
scale similar to that of emission, directly competing as a
deactivation pathway of the Re-based 3MLCT state.

The question arises as to why there should be two
components, with lifetimes of ca. 1 and 13 ns, corresponding
to PEnT from the Re f L 3MLCT state to the lowest-lying
Ru f bpyam 3MLCT state. A plausible reason for this is
the conformational flexibility of the molecule, which is not
rigid but will exist as an ensemble of conformers with a range
of Re · · ·Ru separations.11a,18 The conformational flexibility
of RuLRe has been estimated by undertaking simple
molecular mechanics calculations, which show that the
Ru-Re internuclear separation lies between the extremes of
ca. 5.5 and 12.6 Å (Figure 10; see the Supporting Information
for details).19 The different conformers will necessarily result
in variable rates of energy transfer, and we suggest that the
presence of both 1 and 13 ns components for Re f Ru
energy transfer involving the Ru f bpyam 3MLCT state as
the lowest-energy acceptor is a consequence of the presence
of two predominant conformers with short and long Re · · ·Ru
separations, respectively.

On this basis, we would also expect that there should also
be at least two quite different rate constants for the energy

(18) (a) Pope, S. J. A.; Rice, C. R.; Ward, M. D.; Morales, A. F.; Accorsi,
G.; Armaroli, N.; Barigelletti, F. Dalton Trans. 2001, 2228. (b)
Morales, A. F.; Accorsi, G.; Armaroli, N.; Barigelletti, F.; Pope,
S. J. A.; Ward, M. D. Inorg. Chem. 2002, 41, 6711. (c) Fletcher, N. C.;
Ward, M. D.; Encinas, S.; Armaroli, N.; Flamigni, L.; Barigelletti, F.
Chem. Commun. 1999, 2089.

(19) Molecular mechanics calculations have been performed using the
SPARTAN02 Computational Suite.

Figure 8. Nanosecond-TRIR difference spectra of RuLRe in CH3CN in
the amide carbonyl region with λex ) 355 nm. Selected time delays after
laser excitation are as shown.

Figure 9. Kinetics of the parent bleach at 1635 cm-1 (bottom) and the
transient band at 1619 cm-1 (top) of RuLRe in CH3CN after laser excitation
at 355 nm.
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transfer to the Ruf L 3MLCT state. There is some evidence
that this is the case in the continued presence of the higher-
energy ν(CO)amide transient band in the picosecond-TRIR
spectra over ca. 1 ns with little appreciable decay observed.
This could be caused by the presence of simultaneous energy
transfer from the Ref L 3MLCT state and decay of the Ru
f L 3MLCT state, both on a time scale of ca. 1 ns. This
indicates that the observed process with τ ) 22 ((10) ps
could be the faster component, with a slower energy-transfer
process in a less compact conformer occurring on a time
scale that coincidentally overlaps with the ca. 1 ns decay
process, which generates the Ru f bpyam 3MLCT state in
the more compact conformer. Given that in other ReI/RuII

dyads with short saturated spacers the Re f Ru energy-
transfer process takes place on a time scale of nano-
seconds,11a,b this is entirely possible, and research on this
multistep energy-transfer process is ongoing.

It should also be noted that the 13 ns energy-transfer
process between the Re f L 3MLCT state and the Ru f
bpyam 3MLCT state may occur either directly between the
chromophores, or via a 13 ns Re f L to Ru f L energy
transfer followed by a rapid (∼1 ns) decay to the lowest-
energy Ru f bpyam 3MLCT state. The data we have
recorded cannot distinguish between these two possibilities.

If it is a two-step process, then this provides evidence for a
third conformation in which the Ref L 3MLCT state to Ru
f L 3MLCT distance is greater still than either proposed
conformation above.

Table 2 reports the calculated distances assuming Förster
energy transfer for the four observed energy-transfer rates
(see the Supporting Information for details of the calcula-
tions). The calculated Förster energy-transfer rates are
consistent with at least two major conformers in solution,
each of which has two energy-transfer processes, i.e., two
Re f L 3MLCT state to Ru f L 3MLCT state energy-
transfer processes, over ca. 3 and 6 Å, and two Re f L
3MLCT state to Ru f bpyam 3MLCT state energy-transfer
processes, over ca. 6 and 10 Å. As stated above, the very
slow (13 ns) energy-transfer process could be evidence for
a third conformer if it occurs in two steps, or may occur in
a single step. Three of these distances are within the
calculated internuclear separation range of 5.5-12.6 Å, but,
of course, this range is only a guideline to the true distance
between the excited states, which are delocalized across both
relevant metal and associated ligand. The 22 ps energy-
transfer step (corresponding to a rate of 4.5 × 1010 s-1) can
only be Förster energy-transfer if the inter-chromophore
separation is 3.2 Å, which is less than the smallest metal-
metal distance calculated by molecular mechanics (Fig. 10).
This process may therefore be occurring by Dexter energy-
transfer in a folded conformation, in which overlap of
aromatic ligands attached to the different metals provides
the necessary electronic coupling. On the basis of these data,
more than one possible energy-transfer scheme may be drawn
depending on the number of primary conformers that are

Figure 10. Four possible conformers of RuLRe calculated in the gas phase
using SPARTAN molecular mechanics package. Amide groups and H atoms
were omitted for clarity. See the Supporting Information for further
information.

Table 2. Calculated Energy-Transfer Distances Assuming Förster
Energy Transfer6

Re f L
lifetimea

energy-transfer
rate (s-1)

calcd Förster energy-transfer
distance, r (Å)

22 ps 4.54 × 1010 3.2
830 ps 1.18 × 109 5.9
1 ns 9.68 × 108 6.1
13 ns 4.47 × 107 10.2

a Measured from TRIR spectra of the ν(CO)Re bands in CH3CN.

Figure 11. Energy-transfer scheme shown for three primary conformers
in solution resulting in three different Re f L to Ru f L energy-transfer
rates.
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present in these experiments. Figure 11 shows a scheme
based upon a three-conformation model, in which the Ref
L 3MLCT state to Ruf L 3MLCT state distance varies with
the conformation, and the internal Ru-based energy transfer
is fixed. It is possible that one or both of the slower energy
transfers of ca. 1 and 13 ns may go directly from the Re f
L 3MLCT state to the Ru f bpyam 3MLCT state instead,
and this will be the subject of further studies.

Conclusions

TRIR studies on RuLRe have provided a much more
detailed picture of the Re f Ru energy-transfer processes
than could be obtained from luminescence measurements
alone. While the occurrence of energy transfer is obvious
from the luminescence behavior, only one component (≈1
ns) was unambiguously clear from the rise time of sensitized
Ru-based emission. From TRIR data, however, at least three
Ref Ru energy-transfer processes could be identified with
lifetimes of ca. 13 ps and 1 and 13 ns. Such complex
behavior occurs because of a combination of two different
Ru-based 3MLCT states (Ruf L and Ruf bpyam), which
are sensitized at different rates, and the presence of at least
two conformers of the flexible molecule RuLRe, which have
different Re · · ·Ru separations.

Experimental Section

The mononuclear complex [Ru(bpyam)2L]Cl2 (RuL) was
available from previous work.14 Conversion to RuLRe was
achieved by the reaction of RuL (100 mg, 0.08 mmol) with
[Re(CO)5Cl] (33 mg, 0.09 mmol) in MeOH/toluene (1:1, v/v)

at reflux for 1 week, affording a red precipitate and a green
solution. After evaporation of solvents, the product was purified
by preparative TLC on an alumina plate eluting with CH2Cl2/
MeOH (94:6, v/v). The main orange band was separated and
the product removed from the alumina by washing with CH2Cl2

to yield the product as an orange powder (30 mg, 24%). IR (solid
state): ν(CO)Re 2015(s), 1905(m), 1878(s) cm-1; ν(CO)amide 1621
cm-1. IR (CH3CN solution): ν(CO)Re 2024, 1916, and 1898 cm-1;
ν(CO)amide 1636 cm-1. MALDI-MS: m/z 1706 [M + matrix]+,
1483 [M - 2Cl - H]+ (matrix is 3-nitrobenzyl alcohol). Calcd
for [(bpyam)2Ru(BL1)Re(CO)3Cl]Cl2 · 3H2O: C, 50.07; H, 5.02;
N, 10.46. Found: C, 49.98; H, 5.26; N, 10.04. The NMR
spectrum was broad and uninformative, probably because of the
presence of slowly interconverting conformers.

Details of the equipment and methods used for the luminescence
and TRIR studies have been described previously.9,20 TRIR spectra
are shown with ca. 4 cm-1 resolution, and data have been fitted
using a spline function.
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