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This paper reports time-resolved infrared (TRIR) spectroscopic studies on a series of weakly luminescent or
nonluminescent 2,2′-bipyrimidine-based complexes to probe their electronic structure and the dynamic behavior of
their excited states on the picosecond and nanosecond time scales. The complexes are mononuclear [Re(CO)3Cl-
(bpm)] (1), [Ru(CN)4(bpm)]2- (2), and [Ru(bpyam)2(bpm)]2+ (3) [bpm ) 2,2′-bipyrimidine; bpyam ) 2,2′-bipyridine-
4,4′-(CONEt2)2] and their homodinuclear analogues [{Re(CO)3Cl}2(µ-bpm)] (4), [{Ru(CN)4}2(µ-bpm)]2- (5), and
[{Ru(bpyam)2}2(µ-bpm)]4+ (6). Complex 1 shows the characteristic shift of the three ν(CO) bands to higher energy
in the Re f bpm triplet metal-to-ligand charge-transfer (3MLCT) state, which has a lifetime of 1.2 ns. In contrast,
the dinuclear complex 4 shows ν(CO) transient bands to both higher and lower energy than the ground state
indicative of, on the IR time scale, an asymmetric excited state [(OC)3ClReI(bpm•-)ReII(CO)3Cl] whose lifetime is
46 ps. The cyanoruthenate complexes 2 and 5 show comparable behavior, with a shift of the ν(CN) bands to
higher energy in the excited state for mononuclear 2 but two sets of transient bandssone to higher energy and
one to lower energysin dinuclear 5, consistent with an asymmetric charge distribution [(NC)4RuII(bpm•-)RuIII(CN)4]4-

in the 3MLCT state. These cyanoruthenate complexes have much longer lifetimes in D2O compared with CH3CN,
viz., 250 ps and 3.4 ns for 2 and 65 ps and 1.2 ns for 5 in CH3CN and D2O, respectively. In complex 3, both
higher-energy Ru f bpyam and lower-energy Ru f bpm 3MLCT states are formed following 400 nm excitation;
the former decays rapidly (τ ) 6−7 ps) to the latter, and the subsequent decay of the Ru f bpm 3MLCT state
occurs with a lifetime of 60 or 97 ns in D2O or CH3CN, respectively. Similar behavior is shown by dinuclear 6 in
both D2O and CH3CN, with initial interconversion from the Ru f bpyam to the Ru f bpm 3MLCT state occurring
with τ ∼ 7 ps and the resultant Ru f bpm 3MLCT state decaying on the nanosecond time scale.

Introduction

Metal polypyridyl complexes that exhibit luminescence
from charge-transfer excited states have been popular targets
for investigation, with a wide range of potential applications
such as solar energy harvesting,1 catalysis2 (both photo-
chemical2a-e and electrochemical2f), sensors,3 materials for
molecular electronics and photonics,4 and electroluminescent
display devices,5 making this an area of considerable current

interest. Understanding the photoinduced processes occurring
within such metal complexes is of immense importance: not
just the ultimate events such as photoinduced electron transfer
or luminescence, which give the compounds their useful
function, but the very early stage behavior of the excited
state before the lowest-energy triplet metal-to-ligand charge-
transfer (3MLCT) state is reached. Thus, very recent studies
on ruthenium(II) polypyridyl complexes have involved both
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extremes of the time scale: dyads in which photoinduced
charge separation is very long-lived at one extreme6 and
ultrafast studies on the excited-state behavior of [Ru(bpy)3]2+

before thermal equilibrium is reached at the other.7 An
important aspect of metal polypyridyl complexes is that there
is a particularly clear relationship between structure and
electronic properties, and accordingly synthetically straight-
forward control of the steric or electronic properties of the
ligands can be used to fine-tune the photophysical properties
of the complexes.8

In this paper, we describe studies on a series of three
homodinuclear complexes of 2,2′-bipyrimidine (bpm) and
their mononuclear analogues (Chart 1). Bpm has been and
remains a popular bridging ligand in the study of polynuclear
complexes, affording short metal-metal separations (ca. 5.5
Å) and strong electronic coupling between metal centers,9

and there have been a number of studies on the photophysics
and electrochemistry of such complexes.10,11Luminescence-

based photophysical studies on transition-metal complexes
of bpm with d6 metal ions such as rhenium(I) and ruthe-
nium(II) have been limited by the fact that the excited states
can be dark or only very weakly luminescent in room
temperature solution compared to analogous complexes with
2,2′-bipyridine, with the dinuclear complexes having even
weaker luminescence with shorter lifetimes compared with
their mononuclear analogues.10 Generally, there are several
MLCT absorptions in these complexes, consistent with a
greater number of molecular orbitals (MOs) available to
participate in photophysical processes compared to bpy
complexes, and the lowest MLCT absorption occurs at a
longer wavelength than that in the corresponding bpy
compounds,10 consistent with the bpm lowest unoccupied
MO (LUMO) being lower in energy than the bpy LUMO.
The complexation of a second metal center to the bipyrimi-
dine shifts the absorption bands to longer wavelengths, as
the highest occupied MO (HOMO)-LUMO gap is de-
creased. Complexes of bpm containing the ReCl(CO)3 moiety
have been found to be either very weakly luminescent or
nonluminescent at room temperature.10a,cCharacteristic MLCT
emission has been detected and characterized for [Ru(bpy)2-
(bpm)]2+, with a lifetime of 76 ns in MeCN.10b Emission
has only been reported for the solid at 77 K10b for the
corresponding dinuclear complex, [{Ru(bpy)2}2(µ-bpm)]4+.

Our studies have been performed using the technique of
time-resolved infrared (TRIR) spectroscopy12,13to probe both
the nature and dynamic behavior of the excited states of the
complexes. The complexes all contain IR-sensitive functional
groups, either directly coordinated to the metal center
(carbonyl and cyanide) or pendant from a terminal bpy ligand
(amide and carbonyl), as spectroscopic handles to probe the
nature of these states directly. The TRIR method has the
advantage over luminescence-based methods for these com-
plexes because of their generally weak luminescence, as
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Chart 1. Three Mononuclear Model Complexes (Top) and Their
Homodinuclear Analogues (Bottom) Examined in This Study [bpyam)
2,2′-bipyridine-4,4′-(CONEt2)2]

d6 Metal Complexes Containing the 2,2′-Bipyrimidine Ligand
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mentioned above. We were particularly interested in three
features of the complexes. First, the lowest-energy MLCT
excited states of the symmetrical dinuclear complexes
M-bpm-M could be either localized at one metal center
(M+-L--M as the limiting description) or delocalized
equally over both (M0.5+-L--M0.5+) on the IR time
scale.14,15 Second, complexes3 and 6, in which there are
both bpy and bpm ligands capable of participating in MLCT
excited states, can undergo excitation to either Ruf bpm
or Ru f bpy MLCT states. Knowledge of the localization
and rate of formation of the lowest MLCT state in hetero-
leptic ruthenium(II) complexes is important for understanding
subsequent processes such as photoinduced energy or
electron transfer to quencher groups or electron injection into
dye-sensitized solar cells from nonexcited states above the
lowest MLCT level.16 Third, the cyanoruthenate complexes
2 and 5 belong to a family whose members show strong
solvatochromism associated with interactions of the cyanide
lone pairs with protic solvents,17 and we were interested in
examining the excited-state dynamics and TRIR behavior
of these as a function of the solvent.

Experimental Section

Syntheses.2,2′-Bipyrimidine was purchased from Aldrich and
used as received. Potassium hexacyanoruthenate trihydrate was
provided on loan by Johnson Matthey plc. Rhenium pentacarbonyl
chloride was purchased from Alfa Aesar and used as received.1H
NMR spectra were recorded on a Bruker AC 250 spectrometer,
and all mass were recorded on a VG AutoSpec magnetic sector
instrument.

The compounds [Re(bpm)(CO)3Cl] (1),10a [Cl(CO)3Re(µ-bpm)-
Re(CO)3Cl] (4),10a [Ru(bpm)(CN)4]2- (2),18a and [{Ru(CN)4}2(µ-
bpm)]4- (5)18b were made according to previously published
procedures (countercations for the anionic complexes2 and5 were
K+ for studies in D2O and PPN+ for studies in CH3CN). The ligand
2,2′-bipyridine-4,4′-(CONEt2)2 (hereafter abbreviated as bpyam) was
also prepared according to a published procedure.19

(a) Synthesis of Ru(bpyam)2Cl2. A mixture of RuCl3·3H2O (2.62
g, 10.0 mmol), LiCl (3.25 g, 77 mmol, a large excess), and bpyam
(6.83 g, 19.2 mmol) was refluxed with stirring in dryN,N-
dimethylformamide (DMF; 200 mL) for 20 h to give a brown
solution. The solvent was distilled off, the residue dissolved in
CH2Cl2, and the solid filtered off. The solution was extracted with
copious water (5× 1 L) to remove any orange, water-soluble
[Ru(bpyam)3]Cl2. The remaining CH2Cl2 solution was evaporated
to dryness and the purple product purified by column chromatog-
raphy on silica with CH2Cl2/CH3OH (10:1, v/v) as the eluant to
give the desired product as a purple solid (6.11 g, 72%). ESMS:
m/z 845 {M - Cl}+ (calcd 845.3).1H NMR (250 MHz, CDCl3):
δ 1.1-1.3 (24 H, m; CH3), 3.3-3.6 (16 H, m; CH2), 6.92 (2 H, d,
J ) 5.8 Hz; H6′), 7.56 (2 H, d,J ) 5.8 Hz; H5′), 7.64 (2 H, d,J )
5.8 Hz; H5), 8.03 (2 H, d,J ) 1.3 Hz; H3′), 8.19 (2 H, d,J ) 1.3
Hz; H3), 10.36 (2 H, d,J ) 5.8 Hz; H6).

(b) Synthesis of [(bpyam)2Ru(bpm)]Cl2 (3) and [{(bpyam)2-
Ru}2(µ-bpm)]Cl4 (6). Bipyrimidine (0.45 g, 2.8 mmol) and
Ru(bpyam)2Cl2 (2.99 g, 3.4 mmol) were combined in ethanol (110
mL), and the mixture was heated to reflux for 50 h to form a red-
brown solution. After cooling to room temperature, the solvent was
evaporated off. The products were separated by column chroma-
tography on Sephadex SP C-25, eluting with aqueous NaCl. Initial
use of water eluted unreacted Ru(bpyam)2Cl2. Use of 0.1 M NaCl
resulted in the elution of red mononuclear3, the major product.
Increasing the NaCl concentration to 0.4 M then resulted in the
elution of small quantities of green-red dinuclear6. For each
fraction, the solvent was evaporated and the product dissolved in
CH2Cl2 and filtered to remove NaCl. Evaporation of CH2Cl2 yielded
red solid3 (yield 57%) and dark green-red solid6 (yield 2%).

Data for3. Anal. Calcd for [(bpyam)2Ru(bpm)]Cl2·6H2O (3): C,
50.2; H, 6.2; N, 14.7. Found: C, 49.9; H, 5.7; N, 14.8. FABMS:
m/z1003 [M- Cl]+ (calcd 1003.6), 967 [M- 2Cl]+ (calcd 968.4).
ESMS: m/z 484 [M - 2Cl]2+ (calcd 484.2).

Data for6. ESMS: m/z 924 [M - 2Cl]2+ (calcd 924.3), 444 [M
- 4Cl]4+ (calcd 444.7).

Spectroscopic, Luminescence, and Electrochemistry Studies.
Fourier transform infrared (FTIR) spectra were recorded in standard
CaF2 solution cells (Specac) using a Nicolet Avatar 360 FTIR
spectrometer, typically at 2 cm-1 resolution. A path length of 1
mm was normally used. UV/vis absorption spectra were obtained
in quartz cuvettes using a UNICAM UV-2 spectrophotometer,
typically with a wavelength resolution of 1 nm. The estimated
uncertainty in absorption maxima is(2 nm.

Emission measurements were performed on a combined fluo-
rescence lifetime and steady-state spectrometer (Edinburgh Instru-
ments FLS920). Samples were thoroughly degassed using the
freeze-pump-thaw technique, in specially modified 1 cm× 1 cm
quartz cuvettes, and the optical density was adjusted to ca. 0.2 at
the excitation wavelength. Steady-state emission and excitation
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A.; Yang, J.; Meyer, L. A.; Brozik, J. A.J. Phys. Chem.2003, 107,
11340. (d) Weinstein, J. A.; Blake, A. J.; Davies, E. S.; Davis, A. L.;
George, M. W.; Grills, D. C.; Lileev, I. V.; Maksimov, A. M.;
Matousek, P.; Mel’nikov, M. Y.; Parker, A. W.; Platonov, V. E.;
Towrie, M.; Wilson, C.; Zheligovskaya, N. N.Inorg. Chem.2003,
42, 7077. (e) Kuimova, M. K.; Mel’nikov, M. Y.; Weinstein, J. A.;
George, M. W.J. Chem. Soc., Dalton Trans.2002, 2857. (f) Encinas,
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Aldridge, W. S.; Papanikolas, J. M.J. Phys. Chem. A2005, 109, 2472.
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spectra were obtained with a xenon arc lamp as the excitation source
and were corrected for detector sensitivity. Emission lifetime
measurements were performed using the time-correlated single-
photon counting technique, with a nanosecond dihydrogen flash
lamp (repetition rate 40 kHz and pulse width ca. 2 ns) as the
excitation source. The estimated uncertainty in emission maxima
is (2 nm.

Cyclic voltammetry was performed using freshly distilled
acetonitrile at a concentration of ca. 1× 10-3 M with [nBu4N]-
[PF6] as the supporting electrolyte. The potential was controlled
with an Autolab PG-Stat 100 potentiostat operated by GPES 4.1
computer software. A solvent-saturated atmosphere of dinitrogen
was used to degas the samples, and all scans were performed under
this atmosphere. A single-compartment, three-electrode cell (volume
ca. 5 mL) was used with a Pt disk working electrode, a Pt wire
counter electrode, and an Ag/AgCl reference electrode, which is
chemically isolated from the cell solution by a bridge tube
containing an electrolyte solution and tipped with a porous vycor
frit. Scan rates used were 100-500 mV s-1; redox potentials
reported in the main text were recorded at 200 mV s-1. Potentials
quoted are versus Ag/AgCl.

TRIR Spectroscopy.TRIR experiments were carried out using
the PIRATE apparatus at the Central Laser Facility of the CCLRC
Rutherford Appleton Laboratory. This apparatus was described in
detail previously.20 ps-TRIR setup: Part of the output from a 1
kHz, 800 nm, 150 fs, 2 mJ titanium-sapphire oscillator/regenerative
amplifier (Spectra Physics Tsunami/Spitfire) was used to pump a
white-light-continuum seededâ-BaB2O4 optical parametric ampli-
fier (OPA). The signal and idler produced by this OPA were
difference frequency mixed in a type I AgGaS2 crystal to generate
tuneable mid-IR pulses (ca. 150 cm-1 fwhm; 1 µJ), which were
split to give probe and reference pulses with data points collected
every 4-5 cm-1. Second-harmonic generation of the residual 800
nm light provided 400 nm pump pulses. Both the pump and probe
pulses were focused to a diameter of 200-300 µm in the sample.
Changes in IR absorption at various pump-probe time delays were
recorded by normalizing the outputs from a pair of 64-element MCT
IR linear array detectors on a shot-by-shot basis. ns-TRIR spectra
were obtained using a Nd:YAG laser (Advanced Optical Technol-
ogy ACE) as the excitation source and the detection system detailed
above.

Results and Discussion

Complexes under Investigation.The mononuclear com-
plexes1-3 and dinuclear complexes4-6 (see Chart 1) fall
into three groups: complexes based on the{Re(CO)3Cl}
fragment coordinated to bipyrimidine (1 and4), complexes
containing{Ru(CN)4}2- fragments coordinated to bipyrimi-
dine (2 and5), and complexes containing{Ru(bpyam)2}2+

fragments coordinated to bipyrimidine (3 and 6). For
complexes1, 2, 4, and 5, there is only one ligand (bpm)
that can act as the electron acceptor in MLCT transitions,
whereas3 and 6 offer the additional possibility of MLCT
excitation to either the terminal bpyam ligands or the central
bpm ligand, generating initially two different3MLCT states
of which the higher energy is expected to convert to the lower
energy one via an internal relaxation process. The anionic
cyanoruthenate complexes2 and5 display strong negative
solvatochromism, a feature that we and others have inves-
tigated in a range of complexes of this type17,18,21and which
allows tuning of the MLCT excited states by altering the
solvent environment of the complexes. In light of this, the
physical properties of2 and5 have been recorded in D2O
and CH3CN wherever possible. The neutral rhenium com-
plexes1 and 4 are insoluble in aqueous media and were
examined only in CH3CN as the solvent. All of the
complexes contain IR-active functional groups (carbonyl for
1 and4, cyanide for2 and5, and amide CdO for 3 and6),
which provided the basis for TRIR studies.

Absorption and Luminescence Properties.Electronic
absorption spectra of the complexes are summarized in Table
1. In general, the lowest-energy absorptions correspond to
metalf bpm singlet metal-to-ligand charge-transfer (1MLCT)
transitions because of the low-lying unoccupiedπ* orbitals
on the bpm ligand.10 Although complexes1, 2, 4, and5 are
known, it is appropriate to summarize briefly their spectro-
scopic properties here to assist in understanding the new
TRIR data presented later.

(a) Complexes 1 and 4.The two absorption bands at 304
and 384 nm for1 in CH3CN correspond to Ref bpm
1MLCT transitions involving two low-lying unoccupiedπ*
bpm orbitals at similar energy.10c These transitions move to
lower energy upon coordination of the second metal center,
to 375 and 484 nm, respectively, in4.10b The luminescence
of 1 in CH3CN at 298 K is weak but detectable at room
temperature,22 occurring at 687 nm, considerably red-shifted

(20) Towrie, M.; Grills, D. C.; Dyer, J.; Weinstein, J. A.; Matousek, P.;
Barton, R.; Bailey, P. D.; Subramaniam, N.; Kwok, W. M.; Ma, C.;
Phillips, D.; Parker, A. W.; George, M. W.Appl. Spectrosc.2003,
57, 367.

(21) (a) Timpson, C. J.; Bignozzi, C. A.; Sullivan, B. P.; Kober, E. M.;
Meyer, T. J.J. Phys. Chem.1996, 100, 2915. (b) Herrera, J.-M.; Ward,
M. D.; Adams, H.; Pope, S. J. A.; Faulkner, S.Chem. Commun.2006,
1851.

(22) Shavaleev, N. M.; Accorsi, G.; Virgili, D.; Bell, Z. R.; Lazarides, T.;
Calogero, G.; Armaroli, N.; Ward, M. D.Inorg. Chem.2005, 44, 61.

Table 1. UV/vis Absorption and Luminescence Data for the Complexes in This Study (Fluid Solution, Room Temperature)

absorption emission

compound solvent λabs
1 (nm) λabs

2 (nm) λabs
3 (nm) λabs

4 (nm) λem (nm)

1 CH3CN 384 (2.6) 304 (3.6; sh) 687
2 CH3CN 585 (2.4) 418 (7.6) a
2 D2O 437 (2.2) 342 (5.8) 257 (sh) a
3 CH3CN 453 (12.9) 418 (10.3; sh) 400 (7.9) 360 (8.2), 330 (13.9) 648
4 DMF 480 (3.7) 350 (6.6) a
5 CH3CN 685 (5.6) 628 (sh) 436 (20.7) a
5 D2O 510 (3.8) 362 (12.7) a
6 CH3CN 581 (6.5) 526 (6.4) 424 (22.9) 400 (20.5), 360 (13.5; sh) 774

a Nonluminescent under these conditions.
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compared to [Re(bpy)(CO)3Cl].23 The dinuclear complex4
is nonluminescent in a CH3CN solution (and also in the solid
state and in glasses down to 4 K).10a

(b) Complexes 2 and 5.These complexes exhibit the
expected strong negative solvatochromism due to specific
donor-acceptor interactions between the cyanide lone pairs
and surrounding solvent molecules, which results in higher
MLCT energies in protic media.17,21aFor 2, the two Ruf
bpm 1MLCT transitions are centered at 437 and 342 nm in
D2O and at 585 and 418 nm in CH3CN. Again complexation
of the second metal center to give dinuclear5 reduces the
energies of the unoccupied ligand orbitals and red-shifts the
1MLCT absorptions, so in both CH3CN and D2O the Ruf
bpm 1MLCT transitions of5 are observed at lower energy
than those of the mononuclear2.9a Intense structured features
at higher energy are assigned to intraligand transitions and
are largely independent of metal complexation. No lumi-
nescence was detected from either2 or 5 in either solvent.

(c) Complexes 3 and 6.The absorption spectra of these
complexes are only slightly affected by the solvent, with
differences of a few nanometers in wavelength between
related absorptions in D2O and CH3CN. More low-energy
absorption bands are observed in comparison with the other
complexes, owing to the presence of Ruf bpyam1MLCT
transitions in addition to the Ruf bpm transitions. There
are two transitions, at ca. 420 and 400 nm, whose positions
do not vary significantly with either the solvent or nuclearity
and, hence, are tentatively assigned to the Ruf bpyam
1MLCT transitions. The bands at ca. 450 and 330 nm in3
are thought to correspond to those at 581 and 526 nm in the
dinuclear6 and are tentatively assigned to two Ruf bpm
1MLCT transitions. This is again consistent with (i) the
presence of two different low-lyingπ* bpm orbitals giving
two 1MLCT transitions to bpm and (ii) the reduction in
energy of the bpmπ* orbitals upon complexation of a second
metal to the bpm ligand.

The luminescence of3 in CH3CN is relatively intense at
room temperature, resembling that of [Ru(bpy)3]2+ 24 with a
broad structureless emission peak centered at 648 nm, which
decays with a time constant of 116 ((10) ns. By comparison,
the luminescence of6 in CH3CN is at lower energy (774
nm) and is much weaker and shorter-lived (7 ns from TRIR
studies; see below), reflecting the stabilizing effect on the
LUMO of the complexation of the second metal center to
the bpm ligand.

TRIR Studies. Laser excitation at 400 nm is into a metal
f bpm 1MLCT transition for complexes1, 2, 4, and5 and
into an overlapping set of Ruf bpm and Ruf bpyam
1MLCT transitions for complex3. In complex6, excitation
at 400 nm is primarily into a Ruf bpyam1MLCT transition
(vide supra).

(a) Complexes 1 and 4.Figure 1 shows the FTIR and
ps-TRIR spectra obtained for1 in a CH3CN solution. The
FTIR spectrum of1 displays threeν(CO) bands. After laser

excitation at 400 nm, all three shift to higher energy, which
is typical for the 3MLCT excited state of [Re(CO)3Cl-
(diimine)] complexes.12aThe excited state is initially formed
vibrationally “hot” and cools over the first 20 ps, as
evidenced by narrowing and slight blue-shifting of the
transient bands over this time scale.25 The excited-state bands
decay at the same rate as the bleaches recover [τ ) 1.2 ((0.1)
ns]. This is significantly shorter than the excited-state lifetime
of [Re(bpy)(CO)3Cl]12a,23 and consistent with the “energy-
gap law”26 and the lack of any significant luminescence from
this complex.

FTIR and ps-TRIR spectra obtained for the dinuclear
analogue4 in a CH3CN solution are shown in Figure 2. The
FTIR spectrum of dinuclear4 also displays threeν(CO)
bands; the spectrum is comparable to that of1. Although
there are two possible isomers of this complex with the
chloride ligands either syn or anti to each other, the1H NMR
spectrum shows a single set of resonances, indicating the
presence of only one isomer. After laser excitation, the ps-
TRIR spectrum yields two sets of three excited-state transient
bands. One set is very similar to the transient carbonyl bands
observed in the IR spectrum of the MLCT excited state of
1, i.e., shifted to higher energy with respect to the ground
state, and the other set of three bands is shifted to lower
energy by 15-35 cm-1, indicative of a metal center that has
become more electron-rich. The positions of the bands shifted
to lower energy are in good agreement with the IR bands of
the reduced form of4, within which the added electron is
localized on the central bpm ligand, obtained from optically
transparent thin-layer electrode spectroelectrochemistry ex-
periments (Figure 3). The presence of two sets ofν(CO)
transients, one with a positive shift and one with a negative

(23) Worl, L. A.; Duesing, R.; Chen, P.; Della Ciana, L.; Meyer, T. J.J.
Chem. Soc., Dalton Trans.1991, 849.

(24) Felix, F.; Ferguson, J.; Gudel, H. U.; Ludi, A.J. Am. Chem. Soc.
1980, 102, 4096.

(25) Dougherty, T. P; Heilweil, E. J.J. Chem. Phys. 1994, 100, 4006.
(26) Caspar, J. V.; Kober, E. M.; Sullivan, B. P.; Meyer, T. J.J. Am. Chem.

Soc.1982, 104, 630.

Figure 1. FTIR (i) and TRIR spectra of1 in CH3CN obtained (ii) 2 ps,
(iii) 4 ps, (iv) 7.5 ps, (v) 10 ps, (vi) 20 ps, (vii) 50 ps, (viii) 100 ps, (ix)
200 ps, (x) 500 ps, and (xi) 1000 ps after 400 nm excitation.
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shift compared to the ground state, has been observed
previously for 3MLCT states of dinuclear carbonyl com-
plexes.15a-e The 3MLCT excited state is accordingly best
formulated as having an asymmetric charge distribution in
the excited state, such that the transient structure may be
written in the form [ReI(bpm•-)ReII]. This complex consti-
tutes an example of an “excited-state mixed-valence” spe-
cies14 in which the valences are localized on the IR time
scale and shows behavior similar to that of other dinuclear
complexes containing{Re(CO)3} fragments connected by a
polypyridine-type bridging ligand.15a-d The decay of the
excited state [τ ) 46 ((5) ps] is considerably shorter than
that for mononuclear1 in the same solvent (τ ) 1.2 ns). A
significant factor here is that the lower energy of the MLCT
excited state for the dinuclear complex will be more readily
quenched by molecular vibrations, resulting in a shorter-lived
excited state, as predicted by the energy-gap law.26 In
addition, it has been suggested that the existence of a low-
energy rhenium(0)-rhenium(II) excited state may provide
an additional quenching pathway that does not exist for
mononuclear1, although there appears to be no concrete
evidence for this.10a

(b) Complexes 2 and 5.TRIR investigations into the
mononuclear complex2 have been reported;18a the main
relevant features are summarized here. Its FTIR spectrum
exhibits fourν(CN) bands in both CH3CN and D2O. Three
of these bands are at lower energy in the latter solvent; the
fourth appears to be less solvent-sensitive. Only three bands
can usually be resolved in our TRIR experiments. Following
excitation, the parent bands bleach, a single major transient
band is observed at higher energy, and the magnitude of the
shift from the peak center of the major bleach component to
the peak center of the major transient component can be used
to compare the differences in the spectra. It can be seen that
this shift is larger in D2O (49 cm-1) than in CH3CN (30
cm-1). This shift to higher energy can be interpreted in the
same way as that for metal carbonyls, viz., a reduction in
metal-to-cyanideπ-back-bonding in the excited state, al-
though it has recently been suggested that this interpretation
is too simplistic and that the electrostatic consequences of
the increase in charge on the central metal ion are also
important.27 The excited state decays much more rapidly in
CH3CN [τ ) 250 ((20) ps] than in D2O [τ ) 3.4 ((0.3)
ns]. The longer excited-state lifetime in D2O is due to a
combination of two effects: increased hydrogen bonding of
the cyanides with the solvent leads to an increased HOMO-
LUMO energy gap in D2O compared to CH3CN,18a,band the
use of a deuterated solvent further attenuates the nonradiative
deactivation pathways by lowering the energy of the relevant
solvent vibrations.18a,28

Figure 4 shows the FTIR and ps-TRIR spectra obtained
for dinuclear complex5 in a CH3CN solution (top) and a
D2O solution (bottom). The excited state again decays much
faster in CH3CN [τ ) 65 ((2) ps] than in D2O [τ )1200
((100) ps]. This is in keeping with the solvent dependence
observed for mononuclear complex2 and with diimine-
cyanoruthenate complexes in general.18aThese lifetime values
are also considerably shorter than those of mononuclear2
in the same solvents (cf. the discussion of the lifetimes of
mononuclear1 and dinuclear4 above).

Comparison of the lifetime behavior of1 and4 vs 2 and
5 in CH3CN is interesting. Although in both cases the
dinuclear complexes have a shorter lifetime than the corre-

(27) Kettle, S. F. A.; Aschero, G. L.; Diana, E.; Rossetti, R.; Stanghellini,
P. L. Inorg. Chem.2006, 45, 4928.

(28) Kovacs, M.; Horvath, A.Inorg. Chim. Acta2002, 335, 69.

Figure 2. FTIR (i) and TRIR spectra of4 in CH3CN obtained (ii) 2 ps,
(iii) 4 ps, (iv) 7.5 ps, (v) 10 ps, (vi) 20 ps, (vii) 50 ps, (viii) 100 ps, and (ix)
200 ps after 400 nm excitation.

Figure 3. TRIR of 4 (top) and the FTIR difference spectrum obtained
following electrochemical generation of the radical anion4•- (bottom), both
in CH3CN.

Figure 4. FTIR (bottom) and TRIR (top) spectra of5 in CH3CN. λexc )
400 nm; time delays shown are between 1 and 2000 ps.

d6 Metal Complexes Containing the 2,2′-Bipyrimidine Ligand

Inorganic Chemistry, Vol. 46, No. 9, 2007 3701



sponding mononuclear complexes, the difference is signifi-
cantly less between2 and5 (τ2 ≈ 3τ5) than between1 and
4 (τ1 ≈ 26τ4). Although the lifetime of both2 and5 in D2O
is much longer than that in CH3CN, the same ratio of
lifetimes is observed (τ2 ≈ 3τ5 in each solvent). This can be
ascribed to the fact that the addition of a second{Re(CO)3Cl}
center (on changing from1 to 4) reduces the lowest1MLCT
absorption by 5400 cm-1, whereas the addition of a second
{Ru(CN)4}2- center (on changing from2 to 5) has a smaller
effect on the lowest MLCT state, reducing the lowest1MLCT
absorption by only 3300 cm-1 in water. Consequently, there
is a bigger difference between the LUMO energies of1 and
4 than between those of2 and 5, and the energy-gap law
accordingly predicts a bigger drop in the excited-state lifetime
between1 and4 on the basis of3MLCT energies. It is likely
that the weaker stabilizing effect on the bpm LUMO of an
additional {Ru(CN)4}2- unit compared to an additional
{Re(CO)3Cl} unit is because the former is a poorerπ
acceptor on account of its 2- charge.

In complex 5, there are, in both solvents, two sets of
transientν(CN) bands in the TRIR spectrum; one to higher
energy than the ground state and one to lower energy. This
is exactly similar to what we observed in4 and indicates
that the excited state is again an asymmetric (i.e., valence-
localized) mixed-valence species [(NC)4RuII(µ-bpm•-)-
RuIII (CN)4]4- on the IR time scale, i.e., with spectroscopically
distinct {Ru(CN)4} termini. The oxidized metal center has
its transientν(CN) bands at higher energy, whereas the
“spectator” ruthenium(II) center becomes more electron-rich
because of the electron being pushed toward it, such that its
transient ν(CN) bands are at lower energy because of
increased Ru-CN back-bonding. It is noticeable, however,
that the relative intensities of the high- and low-energy
transient bands are very different in the two solvents. In
CH3CN, the high-energy transient is very weak (almost lost
under the bleaches of the parentν(CN) manifold), whereas
the low-energy transient is relatively intense and dominates
the spectrum. In D2O, the same trend occurs but to a much
smaller extent, with the high-energy transient now being
clearly visible and the low-energy transient, while still the
more intense of the two, being weaker than that in CH3CN.
The general pattern of weak high-energyν(CN) transient
bands compared to intense low-energyν(CN) transient bands
is consistent with simple expectations based on how the
charge distribution in the excited state will affect the C-N
dipoles,29 but the nature of the solvent clearly also has a
substantial effect.30

UV/vis and IR spectroelectrochemistry for complexes2
and 5 was unsuccessful for all oxidative and reductive
couples because of the chemical irreversibility of the
processes on the long time scale of a spectroelectrochemistry
experiment.

(c) Complexes 3 and 6.Figure 5 shows the ps-TRIR
spectra obtained for mononuclear complex3 in a D2O
solution. The FTIR spectrum of3 exhibits a single amide
ν(CO) band in both D2O and CH3CN, at 1617 and 1641
cm-1, respectively, and a weak band at ca. 1580 cm-1, which

is solvent-independent and is assigned to a vibrational mode
of bipyrimidine.

Following 400 nm laser excitation in D2O, the TRIR
spectrum of3 exhibits several features. The parentν(CO)
amide band is bleached, and two transient bands are
observed: one at higher energy (1636 cm-1) and one at lower
energy (1593 cm-1). This is because initial excitation is
nonselective (cf. the electronic absorption spectrum vide
supra) such that both [(bpyam)(bpyam•-)RuIII (bpm)]2+ [here-
after MLCT(bpyam-3)] and [(bpyam)2RuIII (bpm•-)]2+ [here-
after MLCT(bpm-3)] excited states are formed in the first
instance. The higher-energy transient, which corresponds to

(29) It is interesting that the lower-energy transient band associated with
the “spectating’{RuII(CN)4} terminus has (in both CH3CN and D2O)
a much higher intensity than the weak high-energy transient band
associated with the{RuIII (CN)4} terminus. This can be accounted for
on the basis of a change in the dipole moment of the CtN bonds
following charge redistribution in the excited state (ref 27). The
increase in the electron density at the spectating ruthenium center in
the excited state leads to an increase in the negative charge on the
carbon atoms and hence an increase in the effective dipole moment
of the CtN oscillators, giving more intenseν(CN) bands. The converse
is true for the transiently oxidized ruthenium center, whoseν(CN)
band in the excited state is correspondingly weak because transient
oxidation of the metal center reduces the partial negative charge on
carbon and hence reduces the CtN dipole.

(30) There are two quite different contributions to the solvent-dependent
behavior of this type of complex: (i) the change in the dipole moment
on going from the ground to excited state, which will affect solvation
by any dipolar solvents; (ii) the presence of specific hydrogen-bonding
interactions between cyanides and protic solvents, which change
between the ground and excited states (see ref 17). The extent to which
each of these factors contributes to the change in the dipole moment
of the C-N oscillators on going form the ground to excited state, and
hence the intensity of the transient bands in the TRIR difference
spectra, is a complex issue and is beyond the scope of this paper.

Figure 5. TRIR spectra of3 in D2O obtained (a) 1 ps and (b) 100 ps after
400 nm excitation. TRIR kinetic traces of transients recorded at (c) 1593
cm-1, (d) 1563 cm-1, and (e) 1636 cm-1.
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a decreasein the electron density on the bpyam ligands, is
consistent with the formation of the MLCT(bpm-3) excited
state. The lower-energy transient, which corresponds to an
increasein the electron density on the bpyam ligands (and
partial population of the bpyam LUMO, which has CdO
antibonding character), is conversely consistent with the
formation of the MLCT(bpyam-3) excited state.

The behavior of these two transients allows us to monitor
the fast interconversion of the higher-lying MLCT(bpyam-
3) excited state to the lower-lying MLCT(bpm-3) excited
state. The higher-energy transient band grows in with a time
constant of 7 ((2) ps (Figure 5) and then decays at the same
rate as the recovery of the parent bleach, with a time constant
of 60 ((5) ns. The 7 ps grow-in corresponds to the formation
of the MLCT(bpm-3) state from the higher-energy MLCT-
(bpyam-3) excited state; i.e., relaxation of the higher-lying
bpyam-based3MLCT state to the lower-lying bpm-based
3MLCT state occurs with a lifetime of 7 ((2) ps. The
subsequent 60 ns decay corresponds to the lifetime of the
MLCT(bpm-3) lowest excited state under these conditions
(cf. the value of 116 ns determined using luminescence
methods). (This discrepancy is likely due to the much higher
analyte concentrations required for TRIR experiments, which
will lead to self-quenching, an effect that has been observed
previously.31 Another possible reason for the shorter lifetimes
observed by TRIR measurements compared to luminescence
measurements is the inferior degassing regime that is used
during the PIRATE TRIR experiments. Both of these factors
will result in shorter3MLCT lifetimes under the conditions
of TRIR measurements compared to luminescence measure-
ments.) Consistent with this interpretation, the low-energy
transient [arising from the MLCT(bpyam-3) excited state]
decays at the same rate as the transient for MLCT(bpm-3)
grows in (Figure 5). This is consistent with the formation of
a short-lived MLCT(bpyam-3) state, which is partly popu-
lated by the nonselective 400 nm excitation and quickly
converts to the lower-energy MLCT(bpm-3) state. The bpym-
based vibration at 1585 cm-1 is also bleached on excitation,
with a transient appearing to lower energy (1560 cm-1) due
to the formation of the MLCT(bpm-3) state, in which the
bpm ligand is reduced. Recovery of the parent band and the
decay of the transient both occur with the same time constant
(60 ns) as that observed for the higher-energy amide transient
band; hence, they are also monitoring the decay of the
MLCT(bpm-3) excited state.

In CH3CN, the TRIR spectra of3 exhibit a similar bleach
of the mainν(CO) amide band following 400 nm excitation.
Transientν(CO) bands are seen at both lower and higher
energy than the ground state (at 1652 and 1623 cm-1),
consistent with near-simultaneous population of both MLCT-
(bpyam-3) and MLCT(bpm-3) excited states. The lower-
energyν(CO) transient again overlaps with the bleach of
the ground-state band and is assigned to the formation of
MLCT(bpyam-3). The IR transient band associated with
MLCT(bpyam-3) decays (4.0( 1.5 ps) at the same rate as
MLCT(bpm-3) is formed (6.0( 2.4 ps). MLCT(bpm-3) then

decays to reform the ground state withτ ) 97 ((3) ns.
Similar to the results described in D2O, the bpm-based
ground-state band at 1580 cm-1 is bleached and a lower-
energy transient grows in at 1559 cm-1 and then decays with
the same lifetime (97 ns) as that of the higher-energy transient
amideν(CO) band. Thus, in both solvents, we are observing
interconversion of the higher-lying MLCT(bpyam-3) state
to the lower-lying MLCT(bpm-3) state on a similar time
scale.

Figure 6 shows the FTIR and ps-TRIR spectra obtained
for dinuclear complex6 in a CH3CN solution. The FTIR
spectrum of6 is similar to that of the mononuclear analogue
3, in that a single amideν(CO) band is seen in both solvents,
at 1615 cm-1 and 1636 cm-1 in D2O and CH3CN, respec-
tively. Upon 400 nm excitation, the parentν(CO) band is
bleached and a transient band is observed at higher energy.
In both solvents, the shift to higher energy is small (20-40
cm-1) and both the bleach and transient are broad and
overlapped, making deconvolution more difficult. Initial
excitation is nonselective so both [(bpyam)(bpyam•-)-
RuIII (bpm)RuII(bpyam)2]4+ [hereafter MLCT(bpyam-6)] and
[(bpyam)2RuIII (bpm•-)RuII(bpyam)2]4+ [hereafter MLCT-
(bpm-6)] triplet excited states are expected on the picosecond
time scale, with the latter being significantly lower in energy
(as demonstrated by UV/vis spectroscopy, vide supra).

As with the mononuclear complex3, the transientν(CO)
band that is shifted to higher energy can be ascribed to, and
can be used to monitor the formation and decay of, the
MLCT(bpm-6) excited state. In D2O, this transient grows in
with a time constant of 9 ((1) ps and then decays
synchronously with the recovery of the parent bleach with a
lifetime of 6 ((2) ns. Similarly, in CH3CN, the higher energy
ν(CO) MLCT(bpm-6) transient grows in and then decays
synchronously with the parent bleach recovery with a lifetime
of 7 ((1) ns. In both cases, this behavior is consistent with

(31) Glyn, P.; George, M. W.; Hodges, P. M.; Turner, J. J.J. Chem. Soc.,
Chem. Commun.1989, 1655

Figure 6. FTIR (i) and TRIR spectra of6 in CH3CN obtained (ii) 2 ps,
(iii) 5 ps, (iv) 10 ps, (v) 20 ps, (vi) 50 ps, (vii) 100 ps, (viii) 200 ps, (ix)
500 ps, and (x) 750 ps after 400 nm excitation.
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fast (picosecond time scale) internal conversion of the higher-
lying MLCT(bpyam-6) state to the lower-lying MLCT(bpm-
6) state, formally by internal electron transfer from (bpyam)•-

to bpm, followed by a slower decay of the MLCT(bpm-6)
state to the ground state on the nanosecond time scale. There
is some evidence for a short-lived lower-energyν(CO)
transient in both solvents from inspection of the parent bleach
profile and kinetics, which we assign to initial generation of
the MLCT(bpyam-6) state by nonselective excitation at 400
nm. This is expected by comparison with the mononuclear
complex. In both solvents, the bands assigned to MLCT-
(bpyam-6) decay rapidly (7( 2 ps). However, a much clearer
lower-energyν(CO) band is observed in CH3CN, at a slightly
lower energy (1615 cm-1), which persists on the nanosecond
time scale and decays at the same rate as the MLCT(bpm-
6) excited state, and this may be due to a broader excited-
state transient band overlapping the parent bleach.

Conclusions

In all of these complexes, the TRIR spectra have clearly
demonstrated the metalf bpm3MLCT nature of the lowest
excited states, with the excited state being lower in energy
and shorter-lived in the dinuclear complexes compared to
the related mononuclear ones, and we have been able to
determine excited-state dynamics for several complexes that
are nonluminescent. The main conclusions are as follows:

(i) In the dinuclear complexes4 (in CH3CN) and5 (in
both CH3CN and D2O), it is clear that the metalf bpm-

based MLCT excited states are best represented as localized
on the IR time scale, i.e., two sets of transient IR bands are
observed, at higherand lower energy than the parent bleach,
indicative of spectroscopically distinct metal centers on the
IR time scale; the bands to higher energy are in the same
positions as those of the corresponding mononuclear com-
plex.

(ii) In complexes3 and6, there are two possible types of
MLCT transition, Ruf bpm (to the bridging bpm ligand)
and Ruf bpyam (to the terminal ligands). Of these, the
former is lower in energy. Excitation at 400 nm results in
nonselective excitation of the complex into both excited
states, but we can detect using TRIR the rapid decay of the
Ru f bpyam MLCT state to the lower-lying Ruf bpm
state on the picosecond time scale before the much slower
decay of the Ruf bpm state on the nanosecond time scale.
These changes can be followed using both the amide
carbonyl reporter groups on the terminal ligands and a
bipyrimidine-based vibration.

Photophysical studies on related heterodinuclear bipyrimi-
dine-bridged complexes are in progress and will be reported
later.
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