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Abstract

Proton-coupled electron transfer (PCET) was studied for the ground and excited electronic states 
of a [Ru(terpy)(bpm)(OH2)(PF6)2] complex, Ru-bpm. Cyclic voltammetry measurements show 
that the Ru(II)-aqua moiety undergoes PCET to form a Ru(IV)-oxo moiety in the anodic region, 
while the bpm ligand undergoes PCET to form bpmH2 in the anodic region. The photophysical 
behavior of Ru-bpm was studied using steady-state and femtosecond transient UV-vis 
absorption spectroscopy, coupled with density functional theory (DFT) calculations. The lowest-
lying excited state of Ru-bpm is described as a (Ru  bpm) metal-to-ligand charge transfer 
(MLCT) state, while the metal-centered (MC) excited state was found computationally to be 
close in energy to the lowest-energy bright MLCT state (MC state was 0.16 eV above the MLCT 
state). The excited state kinetics of Ru-bpm were found via transient absorption spectroscopy to 
be short-lived and were fit well to a biexponential function with lifetimes 1=4 ps and 2=65 ps in 
aqueous solution. Kinetic isotope effects of 1.75 (τ1) and 1.61 (τ2) were observed for both decay 
components, indicating that the solvent plays an important role in the excited-state dynamics of 
Ru-bpm. Based on the pH-dependent studies and the results from prior studies of similar Ru-
complexes, we hypothesize that the 3MLCT state forms an excited-state hydrogen-bond adduct 
with the solvent molecules and that this process occurs with a 4 ps lifetime. The formation of 
such hydrogen-bond complex is consistent with the electronic density accumulation at the 
peripheral N atoms of the bpm moiety in the 3MLCT state. The hydrogen-bonded state 3MLCT’ 
decays to the ground state with a 65 ps lifetime. Such a short lifetime is likely associated with the 
efficient vibrational energy transfer from the 3MLCT state to the solvent.
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Ruthenium, polypyridyl, bipyrimidine, terpyridine, transient absorption spectroscopy, cyclic 
voltammetry, density functional theory, metal-to-ligand charge-transfer, metal-centered, short-
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Introduction

Ruthenium-based transition metal complexes, particularly Ru(II) polypyridyl motifs, exhibit 
attractive photophysical and photochemical properties due to the presence of many excited-state 
electronic configurations which are governed by ligand coordination.1–3 In general, three types of 
low-lying excited states are present in these complexes, namely metal-to-ligand-charge transfer 
(MLCT), metal-centered (MC) and ligand-centered (LC) states. Recent two-dimensional 
spectroscopic studies have pinpointed Ru-N and other vibrational states responsible for internal 
conversion between different excited states in a Ru-polypyridine complex.4 The relative energy 
order of the excited states depends on the ligand field strength and its standard reduction potential. 
In homoleptic Ru-polypyridyl complexes, polarization-dependent experiments have shown that 
the excited electron in the initial Franck-Condon state is delocalized over all ligands.5 However, 
the interactions of the chromophore with solvent molecules leads to rapid decoherence and 
localization of the electronic density on one of the ligands. Due to the Ru heavy-atom effect, 
intersystem-crossing rates in Ru-complexes are large and the triplet excited states are often formed 
within the first hundred femtoseconds after photoexcitation. The complexes with lowest-energy 
3MLCT states tend to have long excited-state lifetimes and decent photostability, while the 
presence of close-lying MC states generally shortens the lifetimes and leads to ligand dissociation-
based photochemistry.2 As the ligand conjugation is increased, the long-lived triplet LC states tend 
to dominate the photophysical behavior of Ru-polypyridyl complexes.6,7

Terpyridine (terpy) Ru(II) complexes tend to exhibit relatively short excited-state lifetimes.8 For 
example, the lifetime of Ru(terpy)2

2+ is only 250 ps,9 and this behavior has been attributed to the 
unfavorable bite angle of the terpy ligand, which weakens the ligand field in Ru-terpy complexes. 
One consequence of this is weak splitting of d orbitals and a lowering of MC (π(t2g) → *σ(eg)) 
state energies. For example, variable-temperature emission spectroscopy revealed that the 3MC 
state in Ru(terpy)2

2+ is only 0.2 eV above the 3MLCT (π(t2g) → *π(terpy)) state,10 while the 
corresponding energy difference in Ru(bpy)3

2+ is 0.5 eV.11 These energy differences are also 
consistent with DFT-calculated values.12 The lifetime of bis(tridentate) Ru(II) complexes can be 
improved either using tridentate ligands with improved bite angles13 or by incorporation of strong 
 -donating ligands.14

The redistribution of electron density in MLCT excited states often modulates the pKa values of 
Ru-based complexes, leading to proton-coupled processes.15,16 In general, acid/base groups will 
become either more acidic due to the electronic density depletion at the metal center in the MLCT 
states, or more basic due to the accumulation of the electronic density at the accepting ligand 
orbital of the MLCT state.17 As a consequence, the acid/base groups located on the ligand that is 
not directly involved in the MLCT state will become more acidic in the excited state.17–19 For 
example, the cyano ligands in Ru(bpy)2(CN)2 possess basic nitrogen atoms with a ground-state 
pKa value of 0.12.19 In the Ru(d)  bpy(*) MLCT state, the pKa value of the protonated cyano 
group shifts to a value of pKa*=–5.7, reflecting the significant electronic depletion on the 
neighboring Ru center. On the other hand, the acid/base groups located on the ligand that accepts 
the electronic density upon MLCT excitation will become more basic.20–24

Here, we report an investigation of electronic properties of a Ru-based complex, Ru-bpm, that 
contains a bipyrimidine ligand capable of accepting electrons and protons under applied potential 
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or visible light photoexcitation (Scheme 1). Electrochemical, spectroscopic, and computational 
studies were utilized to investigate the ground and excited-state electron and proton transfer 
chemistry of Ru-bpm. From cyclic voltammetry, we find the presence of metal-centered and 
ligand-centered PCET processes in anodic and cathodic regions, showing the richness of the 
redox properties of Ru-bpm. The excited state behavior of Ru-bpm was found to be dominated 
by a Ru  bpm MLCT state which was surprisingly short-lived (decaying on the picosecond 
timescale). A detailed pH-dependent study revealed that the most likely reason for the fast 
excited-state deactivation in Ru-bpm is the formation of a hydrogen-bonded complex with the 
surrounding solvent molecules which causes an increased rate of nonradiative decay via 
vibrational energy transfer to the solvent.

Methods 

Materials and methods. All chemicals and solvents were purchased from commercial suppliers 
and used without further purification unless otherwise noted. 1H NMR spectra were collected 
using a Bruker Avance III HD operating at 11.74 T, 500 MHz. Mass spectra were collected via 
electrospray ionization mass spectrometry using a Waters Synapt G2-Si ESI mass spectrometer. 
Ru-bpm was synthesized according to the previously published procedure.25 MS-ESI: m/z 
(CH3CN) 528 ([M–PF6]+), 1H NMR (500 MHz, CD3CN) δ (ppm): 10.81 (s, 1H), 9.26 (d, 1H), 
8.64 (m, 2H), 8.52 (m, 2H), 8.39 (m, 2H), 8.35 (m, 1H), 8.15 (m, 2H), 7.92 (m, 2H), 7.68 (d, 
2H), 7.27 (t, 2H). Steady-state UV-vis absorption was measured using a Thermo Scientific 
Evolution 201 UV-vis spectrophotometer with samples placed in a 2 mm quartz cuvette for 
initial steady-state and subsequent transient absorption measurements. For the pH-dependent 
study, samples were measured in 1cm quartz cuvettes.

Electrochemistry. Cyclic voltammetry (CV) measurements of the Ru-bpm were performed in a 
standard three-electrode cell consisting of a glassy carbon (GC, MF-2012, Bioanalytical systems, 
0.075 cm2 surface area) working electrode, 3M Ag/AgCl aqueous reference electrode (MF-2052, 
Bioanalytical systems) and Pt wire counter electrode (MW-4130, Bioanalytical systems). The 
CV measurements were performed at 1 mM Ru-bpm concentrations in aqueous 1 M phosphate 
solutions in the pH 2-12 region. At highly acidic (pH ≤ 1) and basic (pH ≥ 13) pHs, solutions 
were made with HClO4 and NaOH, respectively. Each working electrode was polished before 
each measurement with alumina (CF-1050, Bioanalytical systems) and diamond (MF-2054, 
Bioanalytical systems) slurry. All the potentials shown are referenced against the normal 
hydrogen electrode (NHE).

Transient absorption spectroscopy. Femtosecond transient absorption spectroscopy was done 
using a setup consisting of a mode-locked Ti:sapphire laser and regenerative amplifier (Astrella, 
Coherent Inc.) operating at a repetition rate of 1 kHz to generate a 100 fs pulsed beam centered 
at 800 nm. The output beam was split into pump and probe beams. The pump beam was sent to 
an optical parametric amplifier (OPerA Solo, Coherent Inc.) to obtain the desired wavelength of 
the pump beam. The probe beam was focused into a 4 mm CaF2 crystal to generate a 350−750 
nm white light continuum that was continuously translated with a linear stage (Newport 
MFACC) to avoid damage to the crystal. The probe beam was focused into the sample, while the 
pump was focused behind the sample, effectively resulting in a 2:3 beam size ratio that ensures 
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most efficient probing of the transient molecules. The angle between pump and probe 
polarizations was set to 54.7° to minimize the influence of molecular rotations on the ultrafast 
kinetics. After transmitting through the sample, the probe beam was directed into an optical fiber 
and input into a CCD spectrograph (Ocean Optics, Flame-S-UV−vis-ES). Data acquisition was 
performed using custom LabVIEW (National Instruments) software. Data processing 
(background subtraction, outlier removal, and averaging) was done in a custom LabView data 
processing program, while chirp correction was performed via CarpetView (Light Conversion). 
Global fitting analysis was performed using the global analysis function in CarpetView. 
Reported time constants with standard deviations were calculated as averages from three separate 
data sets. Numerous sequential models were tested, and their quality was evaluated based on the 
agreement between the calculated component spectra and the temporal evolution of the time-
resolved spectra.

Computational methods. All calculations were performed using the Gaussian 16 software 
package26 with resources of the Laboratory Computing Resource Center at Argonne National 
Laboratory. Geometry and frequency optimizations were performed at the B3LYP/6-31+g(d,p) 
level of theory27,28 and LANL2DZ ECP basis set29 for Ru center. with integral equation 
formalism variant of polarizable continuum model (iefpcm) for solvation effects.30 Frequency 
calculations confirmed the structures obtained were at the local minima of their potential energy 
surfaces by resulting in the absence of imaginary frequencies. TD-DFT was performed to predict 
the spectra of Ru-bpm, Ru-bpmH+, and Ru-bpmH2

2+. DFT-based difference density 
calculations were performed to visualize the movement of charge on the molecule during the 
lowest energy, allowed transition. Natural transition orbitals31 and charge transfer matrices32 that 
were generated to better understand the nature of transitions in the UV-vis spectrum. To quantify 
charge transfer characters in a transition, we grouped the atoms in the molecule into four 
fragments: Ru, terpy, bpm and H2O. The charge transfer matrix elements are computed as a 
probability of each electronic state involved in the charge transfer event between fragments.

Results and Discussion

Electrochemistry of Ru-bpm reveals the proton-coupled redox activity of the Ru-center in the 
anodic region and of the bpm ligand in the cathodic region. This behavior is illustrated in cyclic 
voltammograms (CV) of Ru-bpm in aqueous medium, across a large pH region (Figures 1, S1, 
and S2). Representative CVs in acidic, neutral and basic solutions (Figure 1a) show the presence 
of a single reduction feature in the cathodic region (0 to −1 V vs. NHE, light blue traces) and a 
single oxidation feature in the anodic region (0 to +1.5 V vs NHE, dark blue traces). The cathodic 
feature is chemically reversible and exhibits pronounced pH-dependence. Similar behavior was 
observed previously for bipyrimidine-based nanographenes,33 and is assigned to a two-electron, 
two-proton reduction of the bpm moiety to the corresponding dihydro-bipyrimidine (bpmH2) 
analog (Scheme 1). The bpm reduction feature exhibits a modest current enhancement in the 
cathodic scan for CVs collected at pH<2.0 (observable in the pH=2 CV, Figure 1a). This current 
increase indicates the presence of a catalytic process. The possibly of catalytic hydrogen-evolution 
was explored, but the headspace analysis of the electrolysis solution did not result in the detection 
of molecular hydrogen. The origin of this current enhancement is currently not understood. The 
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5

experimental CVs were used to construct the Pourbaix diagram for the bpm-based reduction 
feature (Figure 1b). Experimental data were fitted using a single Nernst equation for PCET34 across 
the entire pH range, yielding a slope of −0.061 V/pH unit. This slope implies that the equal number 
of electrons and protons are transferred in the reduction process and is consistent with the two-
electron, two-proton transfer proposed in Scheme 1. 

Scheme 1. Scheme summarizing PCET processes in Ru-bpm. Ligand (bpm/bpmH2) reduction 
involves a two-electron, two-proton process in all pH regions. The proton stoichiometry 
associated with Ru-oxidation depends on the pH: a two-electron, two-proton (Ru=O/Ru(OH2)) 
oxidation occurs in the pH range 1-10, while a two-electron, one proton (Ru=O/Ru(OH)) 
oxidation occurs in the pH=10-14 range.

Figure 1. (a) Representative CVs of Ru-bpm taken at cathodic (light blue) and anodic (dark 
blue) potentials in the acidic (pH 2), neutral (pH 7) and basic (pH 11) pH regions and recorded at 
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a scan rate of 100 mV/s. (b) Pourbaix diagram of Ru-bpm showing the pH-dependence on bpm-
centered reduction and Ru-centered oxidation features. The shaded areas and lines represent pH-
potential regions where annotated species are stable and proton-coupled electron transfer occurs, 
respectively.

The peaks in the anodic region (0 to +1.5 V vs NHE) were assigned to Ru-based oxidations. Unlike 
many similar polypyridine-ligated Ru complexes,35 where two separate RuIII/RuII and RuIV/RuIII 
features are observed, the Ru-bpm features only a single oxidation peak in the anodic region across 
all pH values (Figure 1a, dark blue traces). This oxidation feature is attributed to the two-electron 
RuIV/II couple of Ru-bpm. The merge of two one-electron processes into one oxidation feature are 
the result of the bpm ligation. The increased π-backbonding and σ-donation of bpm ligand 
selectively stabilizes the RuII and RuIV states relative to RuIII. This consequence of this stabilization 
effect is the lower potential of the RuIV/III couple relative to RuIII/II, leading to the presence of a 
single two-electron oxidation feature. Similar behavior was observed previously for other Ru-
based complexes with similar ligand structure.36–38 Plotting E1/2 for RuIV/II against pH and fitting 
to the Nernst equation for PCET reveals two different regions (Figure 1b). The transition between 
two regions occurs at pH=9.9 where the deprotonation of the aqua ligand is expected to occur.36,39 
At pH<10, the data were fit to a Nernst equation with the slope of −0.054 V/pH unit, which is 
consistent with the two-proton two-electron conversion from [RuII-OH2]2+ to [RuIV=O]2+ (Scheme 
1). At pH>10, the slope is reduced to −0.026 V/pH unit, corresponding to the one-proton two-
electron conversion from [RuII-OH]+ to [RuIV=O]2+ (Scheme 1).

The electronic transitions in Ru-bpm were studied using pH-dependent steady-state UV/Vis 
absorption spectroscopy. The absorption spectra of Ru-bpm are pH-independent at pH>1 and 
consist of one absorption bands in the visible range, centered at =520 nm (Figure 2a). As the pH 
is lowered below pH=1, the absorption band shifts to the red. The new intermediate is detected at 
pH=–0.73, with absorption at centered at  590 nm, while further acidification to pH=–0.88, leads 
to the formation of new product that absorbs at =680 nm. These spectral changes were assigned 
to the stepwise protonation of the uncoordinated N-centers on the bpm ligand to form Ru-bpmH+ 
and Ru-bpmH2

2+ species. The associated pKa values were determined to be pKa1=–0.7 and 
pKa2=–0.8 (Figure S3, Supp Info) and the value are in the agreement with the previously published 
pKa values of similar Ru-bipyrimidine complexes.21,40 These experimental spectral changes are in 
excellent agreement with the calculated electronic transitions of Ru-bpm, Ru-bpmH+ and Ru-
bpmH2

2+ (Figure 2b, calculation details are shown in the Supplementary Material), which predict 
the visible absorption bands for Ru-bpm, Ru-bpmH+ and Ru-bpmH2

2+ to appear at 470, 615 and 
730 nm, respectively. These absorption bands were evaluated using difference density plots 
(Figure 2c) and show that, in each case, the electronic density shifts from Ru and terpy units toward 
the bpm moiety.
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Figure 2. (a) Steady-state UV-vis absorption spectra of aqueous Ru-bpm solutions at various pH 
values. Inset shows the color change of Ru-bpm at pH=7 and when protonated at pH <0, indicating 
a substantial shift in the energy of the MLCT band. (b) TD-DFT calculated spectra of Ru-bpm in 
its unprotonated (violet), singly protonated (green), and doubly protonated (orange) forms. 
Calculations were performed at the B3LYP/6-31+G(d,p) level of theory with water solvation 
modeled by a polarizable continuum (iefpcm); c) Difference density (DD) plots of the model 
compounds showing the sites of charge accumulation (blue) and depletion (red) in the lowest 
energy bright excited states for Ru-bpm, Ru-bpmH+ and Ru-bpmH2

2+. Protonated sites on Ru-
bpmH+ and Ru-bpmH2

2+ are indicated with red arrows.

Detailed assignment of the three lowest-energy electronic transitions (S1, S2 and S3) of Ru-bpm 
was achieved using charge-transfer matrix calculations. Calculated transition wavelengths and the 
orbitals involved in each transition are shown in Figure 3. The highest contribution to each 
transition is attributed to metal-to-ligand charge transfer (MLCT) transitions: S1 and S2 states are 
associated with the charge accumulation at the bpm ligand (Ru  bpm MLCT state), while the S3 
state is associated with the charge accumulation at the terpy ligand (Ru  terpy MLCT state). The 
lower energy of the Ru  bpm MLCT states relative to Ru  terpy states  is consistent with better 
electron-accepting ability of the N-rich bpm ligand relative to terpy ligands. Each of the three 
transitions also involves a small contribution due to ligand-associated transitions, such as ligand-
centered (LC) bpm  bpm and terpy  terpy transitions and intra-ligand charge transfer (ILCT) 
terpy  bpm transitions. Finally, the S3 state also exhibits a small contribution from the Ru  Ru 
metal-centered (MC) transitions. The presence of these low-energy MC states is likely associated 
with the terpy ligands, which are known to have a small bite angle, resulting in inefficient ligand 
field induced splitting of metal d-orbitals.41 The oscillator strengths of S1 (f=0.0013), S2 (f=0.1144) 
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and S3 (f=0.0097)  transitions indicate that the excitation into the lowest-energy transition 
populated predominantly the S3 state.

Figure 3. Electronic transition wavelengths calculated for Ru-bpm at the B3LYP/6-31+G(d,p) 
level of theory. Three lowest energy transitions (at 477, 485 and 543 nm) were characterized using 
charge-transfer matrix calculations and the orbitals involved in each transition are as follows: S0 
transition is composed of Ru  bpm MLCT (77%) and terpy  bpy ILCT (12%) transitions; S1 
transition is composed of Ru  bpm MLCT (68%), bpm  bpm LC (12%) and terpy  bpy ILCT 
(12%) transitions; S2 transition is composed of Ru  terpy MLCT (70%), terpy  terpy LC (12%) 
and Ru  Ru MC (12%) transitions

To better understand the pH-dependent photophysics of Ru-bpm, we employed femtosecond 
transient absorption (fsTA) spectroscopy (Figure 4). At pH=7 (Figure 4a), transient spectra 
consist of the ground state bleach in the 500-650 nm range and excited-state absorption with 
maximum at 350 nm. These spectral features are indicative of the Ru  bpm 3MLCT state with 
the band at 350 nm assigned to the absorption by the reduced bpm moiety. This absorption band 
is red-shifted relative to the bpm-centered absorption of the molecule in the ground state (which 
appears at 350 nm, Figure 2a), as expected for the increased electronic density on bpm upon the 
formation of the 3MLCT states.42,43 Furthermore, the assignment of 3MLCT state is consistent 
with the DFT-predicted Ru  bpm MLCT transition at 485 nm (Figure 3). The observed 
transients were found to decay biexponentially with lifetimes 1=4 ps, 2=65 ps. Such short 
excited-state decay in transition metal complexes is often associated with the involvement of MC 
transitions that are known to undergo fast excited state deactivation to the ground state or 
photochemical ligand loss.44–47 Since the low-lying metal-centered (MC) transition is predicted 
by DFT to appear at 477 nm (0.04 eV above the photogenerated 3MLCT state) it is quite possible 
that the observed fast kinetics are associated with the thermally activated MLCT  MC state 
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transition. However, we rule out this scenario for several reasons. First, the observed lifetimes 
appear to be too short for MC state mediation. A very similar compound, 
[Ru(bpy)(terpy)(H2O)]2+, was found to exhibit an excited state lifetime of 270 ps, which was 
assigned to the mediation by MC states whose energy is lowered due to the small bite angle of 
the terpy ligand.41 Thus, if the same mediation took place in Ru-bpm, the observed decay would 
be an order of magnitude slower than the observed. Second, the excited-state decay of Ru-bpm 
exhibits a large kinetic isotope effect (KIE) of 1.75 for the 1 component and 1.61 for 2 
component (Figure 5). Such KIE is not expected for the MC-mediated deactivation. As a matter 
of fact, the inverse isotope effect was observed due to the stabilization effects caused by the aqua 
ligand.41 Based on these arguments, we conclude that the fast excited-state decay in Ru-bpm is 
associated with another process, likely involving the contribution from the solvent.

Figure 4. (a) Femtosecond transient absorption spectra of Ru-bpm in water at pH=–1 (top), pH 7 
(middle), and pH 9 (bottom). Steady-state UV-vis spectra are overlaid in light grey. (b) 
Corresponding kinetic traces at selected wavelengths with data plotted as dots and fits, derived 
from target analysis using the ABGS (ground state) model, plotted as curves. Samples at pH 
=–1 were excited at 700 nm while samples at pH 7 and 9 were excited at 550 nm. 

The presence of KIE hints at a possibility of excited-state proton transfer (ESPT) as the quenching 
mechanism for Ru-bpm. Similar ESPT processes were observed previously in Ru-bipyrazine 
complexes and have been assigned to the excited-state protonation of the bpm ligand.24 This 
behavior is consistent with the increased basicity of non-coordinated N atoms in Ru  bpm MLCT 
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10

excited states and similar effect is expected to occur in Ru-bpm. The excited-state protonation of 
the bpm ligand at pH=7 is thermodynamically favorable: our Förster cycle analysis predicts that 
the pKa value of protonated bpm shifts from pKa=–0.7 in the ground state to pKa

*=6.15 in the 
MLCT state (Eq. S1, Supp Info). If such protonation event occurred adiabatically, excited-state 
dynamics would be controlled by the excited-state lifetime of the protonated Ru(bpmH+), which 
we evaluated by measuring transient absorption spectra at pH=–1, where the ground-state 
protonation of bpm ligands is expected to occur (Figure 4). The transient absorption signal exhibits 
a bleach in the 550-800 nm range, consistent with the red shift of the MLCT absorption band upon 
protonation (Figure 2). Additional excited-state absorption bands appear at 350 and 500 nm and 
the overall signal decays biexponentially with lifetimes of 1=1.5 and 2=7 ps. Given that the 
excited state of Ru-(bpmH+) is indeed quite short-lived, the adiabatic excited-state protonation of 
Ru-bpm is expected to result in the observed short-lived excited states. To test the possibility that 
the ESPT mechanism is taking place, we collected transient absorption spectra of Ru-bpm at pH=9 
(Figure 4). This pH value was selected because it is more basic than the pKa*=6.15 value estimated 
for Ru-bpm. If ESPT were indeed taking place, the excited-state lifetime of Ru-bpm was expected 
to become significantly longer in the basic pH region, where the solvent is insufficiently acidic to 
protonate bpm ligands. Similar suppression of ESPT was observed in other Ru-bipyrimidine 
complexes in basic solutions,48–50 resulting in detectable emission from 3MLCT state of the 
unprotonated complex. To our surprise, we found that the spectral features and kinetic traces 
obtained for Ru-bpm at pH=9 are quite similar to those obtained at pH=7, clearly eliminating the 
possibility that the ESPT is involved as the quenching mechanism for the Ru-bpm excited state.
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Figure 5. Kinetic traces of Ru-bpm at pH=7 in H2O (blue) and D2O (red) at 360 nm (top), 400 
nm (middle), and 540 nm (bottom). Lifetimes calculated from target analysis are given in the inset.

The pH-dependent behavior of Ru-bpm is very similar to that observed previously for Ru and Os 
complexes with dipyridophenazine (dppz) ligands.51–53 For example, Ru-dppz complexes were 
found to exhibit short excited-state lifetimes in water, while a significant increase in the lifetimes 
was observed in acetonitrile and other non-aqueous media.51 This light switching behavior found 
application in biosensing of DNA and other biomolecules.52,53 Mechanistically, the short excited 
state lifetimes observed in aqueous media were found to be insensitive to the pH changes, even 
though significant kinetic isotope effect was observed.51 This behavior was hypothesized to occur 
due to the formation of MLCT states with strong hydrogen bonds between aza centers of the dppz 
radical anion and the water molecules. Optical transient absorption measurements showed that 
such hydrogen-bonded complex forms within several picoseconds, a timescale associated with 
water reorganization dynamics,52 while the time-resolved infrared measurements provided direct 
evidence for the hydrogen-bonded complex through their vibrational signatures.54 While strong 
experimental evidence exists that the hydrogen-bonded complex is involved in the fast excited-
state deactivation of Ru-complexes with dppz ligands, it is still not clear what is the mechanism of 
increased rates of nonradiative decay in these adducts. Based on the observed strong coupling of 
the vibrational modes of the dppz ligand and hydrogen-bonded water, it was hypothesized that fast 
vibrational energy transfer to the solvent causes the observed short excited-state lifetimes.54

It is highly likely that the hydrogen-bonded complex between Ru-bpm in its 3MLCT state and the 
solvent molecules causes the observed short excited-state decay in our system. To investigate this 
hypothesis further, we collected the transient absorption spectra of Ru-bpm in acetonitrile, where 
hydrogen-bonded complexation was not expected to occur. Results of this experiment are 
summarized in Figure 6 and show that both lifetime components increased from 1=4 ps and 2=65 
ps in water to 1=7 ps, 2=76.5 ps in acetonitrile. These results show that the nature of the solvent 
plays an important role in the excited-state lifetimes. However, the observed lifetime increase is 
quite modest relative to that observed for dppz ligands, where a 2560-fold increase was reported.51 
We assign this difference in behavior to the higher basicity of the aza moiety of bpm radical anion 
relative to that of the dppz analog. Due to smaller size of the bpm ligand relative to dppz, we expect 
that the aza moiety of the bpm radical anion formed in the 3MLCT state of Ru-bpm is a strong 
hydrogen-bond acceptor, capable of forming hydrogen bond adducts with acetonitrile. While 
acetonitrile is not as strong hydrogen bond donor as water, it has a reasonable hydrogen bond 
donating coefficients,55 making it likely that the observed fast dynamics are due to the hydrogen-
bonded adduct. 
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Figure 6. (a) Difference absorption spectra and (b) kinetic trace plots for the fsTA measurement 
of Ru-bpm in anhydrous acetonitrile excited at 550 nm.

Based on our experimental findings and the previous literature on similar complexes, we propose 
the Jablonski diagram shown in Scheme 2 to describe the excited state behavior of Ru-bpm. The 
excitation into the lowest energy absorption band is expected to populate S2 and S3 states of Ru-
bpm. The S1 state is not populated directly due to the low oscillator strength calculated for this 
transition (Figure 3). The nonradiative internal conversion and intersystem crossing from these 
states to the T1 state are expected to occur at timescales shorter than the 300 fs instrument response 
function of our setup. The T1 state is predominantly characterized by the Ru  bpm MLCT 
character, based on the transition orbitals calculated for the corresponding S1 state. The 
experimentally observed  1 lifetime is assigned to the solvent reorganization dynamics around the 
photogenerated molecular dipole, and this reorganization also includes the specific hydrogen-
bonding interactions between the solvent molecules and the aza-based hydrogen bond donors of 
the bpm radical anion moiety. The T1’ state of the molecule/solvent adduct then decays back to 
the ground state with lifetime 2, and this fast nonradiative decay is likely associated with efficient 
vibrational energy transfer to the solvent, facilitated by the strong coupling of the vibrational 
modes of bpm moiety with those of the hydrogen-bonded solvent.
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Scheme 2: Jablonski diagram describing the excited state dynamics of Ru-bpm in different 
solvents. Proposed structures of hydrogen-bonded T1’ states are shown for water and acetonitrile 
solvation.

Conclusion

In summary, we present a study of the electronic properties of Ru-bpm, a complex that contains 
redox-active Ru and bipyrimidine moieties. We find that the electrochemical behavior of Ru-bpm 
is dominated by the proton-coupled oxidation of RuII-aqua to the corresponding RuIV-oxo species 
and the proton-coupled reduction of bpm to bpmH2. The electronic transitions of Ru-bpm were 
found to be dominated by MLCT transitions with resonant frequencies in the visible region. We 
also find that Ru-bpm exhibits short excited-state lifetime and this behavior is attributed to the 
formation of a hydrogen-bonded adduct between the solvent and 3MLCT state of Ru-bpm. Due to 
low solubility, the photophysical studies of Ru-bpm could not be performed in solvents with poor 
hydrogen-bond donating abilities (such as benzene). However, we postulate that the excited-state 
lifetime would exhibit an additional increase in such solvents, leading to interesting light switching 
behavior. 

Supporting Information

Details on general methods, synthesis, characterization, steady-state spectroscopy, transient 
absorption spectroscopy, and computational methods. This material is available free of charge 
via the Internet at https://pubs.acs.org. 
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