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A B S T R A C T   

The development of metal complexes with ligands capable of proton transfer can result in significant advances in 
Proton Coupled Electron Transfer (PCET) chemistry, specifically understanding how these reactions occur 
mechanistically in the excited state. The synthesis of three ruthenium complexes containing asymmetric bipyr
idine ligands: [Ru(bpy)2(4bpyOH)]2+, [Ru(bpy)2(4bpyOMe)]2+, and [Ru(bpy)2(44′bpy(OH)(OMe))]2+ (bpy =

2,2′-bipyridine; 4bpyOH = 4-hydroxy-2,2′-bipyridine; 4bpyOMe = 4-methoxy-2,2′-bipyridine; 44′bpy(OH) 
(OMe) = 4-hydroxy-4′-methoxy-2,2′-bipyridine) are reported. These complexes were studied using both exper
imental and computational methods. These studies indicate that the methoxy-substitution gives similar electron- 
donating properties to the hydroxy-substitution, meaning that the methoxy-substitution is a good control when 
examining electron transfer in the absence of proton transfer. Potential versus pH diagrams show that [Ru 
(bpy)2(4bpyOH)]2+ has a RuIII/II reduction potential of 0.97 V vs. Ag/AgCl in aqueous acidic solution that de
creases to 0.76 V vs. Ag/AgCl when deprotonated. The [Ru(bpy)2(44′bpy(OH)(OMe))]2+, with an additional 
methoxy-substituent, has a RuIII/II reduction potential that is slightly lower with a potential of 0.92 V vs. Ag/AgCl 
in acidic aqueous solution that decreases to 0.74 V vs. Ag/AgCl when deprotonated. These complexes are 
comparable to other hydroxy- and methoxy-substituted polypyridyl ruthenium complexes reported previously, 
showing the additive effects of hydroxy- and methoxy-substitutions on the reduction potential of the RuIII/II wave 
and spectroscopic shifts that occur as the ligand scaffold is altered.   

1. Introduction 

Protons and electrons are two of the most fundamental particles 
involved in many chemical reactions. They are often found coupled to 
each other to lower activation energy barriers to facilitate chemical 
reactions [1–3]. This coupling has led to the widely studied field of 
chemistry dubbed Proton Coupled Electron Transfer (PCET). Coupling 
electron transfer to proton transfer allows for the avoidance of charge 
buildup, leading to the possibilities of carrying out multi-electron re
actions in a more feasible way [4–6]. Due to the common nature of PCET 
chemistry, there is a great interest in studying the mechanisms of these 
reactions [7–10]. From a mechanistic standpoint, PCET reactions can 
occur sequentially with an electron transfer followed by proton transfer 
process, ET-PT, or a proton transfer followed by electron transfer pro
cess, PT-ET. Another possible mechanism is the concerted process, 

whereby an electron and proton are transferred simultaneously, EPT. 
Detangling the mechanistics of these PCET processes is critical to the 
development of new catalysts for these reactions of interest [11–15]. 

Another major and related area of interest is the ability of photons to 
initiate electron transfer in photoinduced processes [16–18]. Learning 
how to couple light absorption to PCET reactions in a controlled way can 
give the energetic driving force needed to make these reactions happen. 
The ultimate goal of solar energy chemists is using renewable energy 
from the sun to drive chemical reactions, in a model such as photosyn
thesis. Photosynthesis is the ultimate model for photoinduced PCET 
chemistry, where there are many examples of electron and proton 
transfer processes occurring throughout. This can be observed in the net 
chemical reactions of photosynthesis: water oxidation to electrons and 
protons (Eq. 1), and carbon dioxide reduction to carbohydrates (Eq. 2). 

* Corresponding author at: Department of Chemistry, Villanova University, 800 E Lancaster Ave., Villanova, PA 19085, United States. 
E-mail address: jared.paul@villanova.edu (J.J. Paul).  

Contents lists available at ScienceDirect 

Polyhedron 

journal homepage: www.elsevier.com/locate/poly 

https://doi.org/10.1016/j.poly.2021.115300 
Received 24 February 2021; Accepted 26 May 2021   

mailto:jared.paul@villanova.edu
www.sciencedirect.com/science/journal/02775387
https://www.elsevier.com/locate/poly
https://doi.org/10.1016/j.poly.2021.115300
https://doi.org/10.1016/j.poly.2021.115300
https://doi.org/10.1016/j.poly.2021.115300
http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2021.115300&domain=pdf


Polyhedron 205 (2021) 115300

2

2H2O→O2 + 4H + + 4e−

6CO2 + 12H + + 24e−→C6H12O6 

Another example in the photosynthetic process is the proton-rocking 
mechanism of the well-studied tyrosine-histidine couple, where tyrosine 
(TyrZ) oxidation is coupled with proton transfer to a nearby histidine 
(His190) base [19–22]. As the oxidized tyrosine is reduced, the proton 
transfers back from the protonated histidine, resulting in the continuous 
process of electron transfer to and from the tyrosine (Eq. 3). 

Furthermore, photosynthesis takes advantage of reversible PCET in 
mobile plastoquinones (Eq. 4) within the membrane system to partici
pate in the electron-transfer cascade, while also transferring protons 
across the bilayer membrane, establishing a proton gradient, where the 
discharge of the gradient leads to ATP Synthase converting ADP to ATP 
for energy storage in the cell [23,24]. 

These are just a few of the multitude of PCET events in photosyn
thesis alone. 

With the great interest of electron and proton transfer chemistry, the 
design of molecules that can help to study light-induced PCET mecha
nisms is of critical importance [25–29]. Our laboratory has chosen to 
take advantage of the rich history of ruthenium complexes to learn and 
gain a more thorough understanding of PCET. We have built complexes 
mainly consisting of hydroxyl-substituted polypyridyl ligands to learn 
how protonation state impacts the structure, spectroscopy, and elec
trochemistry of these complexes [30,31]. For example, the 4,4′-dihy
droxy-2,2′-bipyridine ligand (44′bpy(OH)2) has significant resonance 
structures that modify the spectroscopy and electrochemistry of these 
complexes dramatically as the protonation state changes, Fig. 1 [32–35]. 
This has demonstrated the greater ease of oxidation of the metal center 
to which the ligand is attached compared to the protonated form. In 
addition, the molecular orbital structure and corresponding electron 
transition assignments change significantly in different protonation 
states and depending upon the quantity and location of the ligands. Most 
recently, we have used the ruthenium hydroxyl-polypyridyl complexes 
as a model for studying the mechanism of photoinduced PCET [36]. To 
this point, most of our complexes have had multiple hydroxyl groups, 
due to the relative ease of synthesis of symmetric bipyridine ligands. 
However, this has added great difficulty in studying these photoinduced 
PCET processes due to the fact that there are multiple potential proton 
transfers [36]. It would be ideal to develop a system where only a single 
proton is involved to reduce the complexity in interpreting what species 
exist in solution. Even in the simplest case to date with a single 44′bpy 
(OH)2 ligand, there is the potential for a doubly protonated, singly 
protonated and doubly deprotonated complex to exist, resulting in more 
complicated interpretation of the data. As a result, we have recently 
sought to synthesize asymmetric bipyridine ligands where there are 
single hydroxyl groups present, which will lead to greater ease of 
observing spectroscopic data and interpreting what species are present. 
This work presents the synthesis and fundamental spectroscopic and 
electrochemical studies of three asymmetric ruthenium-polypyridyl 
complexes: [Ru(bpy)2(4bpyOH)]2+ (1), [Ru(bpy)2(4bpyOMe)]2+ (2), 
and [Ru(bpy)2(44′bpy(OH)(OMe))]2+ (3) (bpy = 2,2′-bipyridine; 
4bpyOH = 4-hydroxy-2,2′-bipyridine; 4bpyOMe = 4-methoxy-2,2′- 
bipyridine; 44′bpy(OH)(OMe) = 4-hydroxy-4′-methoxy-2,2′-bipyr
idine), Fig. 2. 

2. Material and methods 

2.1. General 

Reagents were obtained from Aldrich Chemical Co. and Oakwood 
Chemical and used without further purification. RuCl3⋅3H2O was pur
chased from Pressure Chemical Co. Elemental analyses for ruthenium 
complexes was carried out by Atlantic Microlab Inc., Norcross, GA. 
Aqueous solutions were prepared using a Millipore DirectQ UV water 
purification system. 

1H NMR spectra of the metal complexes were collected on a JOEL 
500 MHz NMR Spectrophotometer in deuterated acetonitrile (CD3CN). 
1H NMR spectra of the free ligands were collected on a Varian 300 MHz 
Fourier Transform spectrometer in deuterated dimethyl sulfoxide (d6- 
DMSO) or deuterated chloroform (CD3Cl). Mass spectrometry data was 
collected on an AB Sciex TripleTOF 5600+ mass spectrometer. Infrared 
spectroscopy data was collected on a Perkin Elmer Two Fourier Trans
form infrared spectrometer with an ATR accessory. UV–Visible absorp
tion spectra were collected on a Scinco S-3100 diode-array 
spectrophotometer at a resolution of 1 nm. All electrochemical studies 
were carried out on a Bioanalytical Systems (BAS) CW-50 potentiostat. 
pH measurements were carried out using a VWR SympHony pH meter, 
utilizing a three-point calibration with pH buffer values at pH = 4, 7, and 
10. 

2.2. Synthesis 

Synthetic procedures for asymmetric bipyridine ligands are reported 
in the Supporting information. All metal complexes were synthesized 
using previously reported procedures [34]. For studies done in water, all 
ruthenium hexafluorophosphate salts were converted to chloride salts 
by precipitation from acetone using tetrabutylammonium chloride dis
solved in acetone. 

[Ru(bpy)2(4bpyOH)](PF6)2 · H2O (1) 
A round bottom flask containing 30 mL 1:1 EtOH:H2O was degassed 

with argon for 30 min. To the flask, 0.31 g (0.65 mmol) [Ru(bpy)2Cl2] 
and 0.17 g (1.0 mmol) 4-hydroxy-2,2′-bipyridine were added to the 
solution and refluxed overnight under argon. The solution was cooled to 
room temperature and filtered to remove any insoluble unreacted 
ligand. Two drops of HCl were added to ensure protonation of the ligand 
hydroxyl group, followed by the addition of a saturated 10 mL solution 
of NH4PF6 in water, affording a red–orange precipitate. The complex 
was filtered and washed with water followed by ether. The product was 
isolated by an alumina column with a gradient mobile phase of 5% water 
in acetonitrile to remove any [Ru(bpy)3]2+ and 50% water in acetoni
trile to elute the desired product. The acetonitrile was removed under 
reduced pressure and HPF6 was added to ensure protonation. A satu
rated solution of NH4PF6 dissolved in water was used to precipitate the 
orange product which was collected by vacuum filtration and rinsed 
with water followed by ether. Yield: 0.24 g (0.27 mmol), 42%. 1H NMR 
(500 MHz, CD3CN) δ8.48 (s, 4H) δ8.40 (d, 1H) δ8.02 (m, 5H) δ7.89 (s, 
1H) δ7.80 (s, 1H) δ7.75 (s, 1H) δ7.71 (s, 3H) δ7.37 (m, 6H) δ6.86 (s, 1H). 
Anal. Calcd. for RuC30N6O2H26P2F12: C, 40.32; N, 9.41; H, 2.95%. 
Found: C, 40.64; N, 9.44; H, 2.88%. 

[Ru(bpy)2(4bpyOMe)](PF6)2 (2) 
A round bottom flask containing 30 mL ethylene glycol was degassed 

with argon for 30 min. To the flask, 0.48 g (1.0 mmol) [Ru(bpy)2Cl2] and 
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0.19 g (1.0 mmol) 4-methoxy-2,2′-bipyridine were added and the solu
tion was refluxed for three hours under argon. The solution was cooled 
to room temperature and filtered to remove any insoluble unreacted 
ligand. The filtrate was diluted to 180 mL with water. To the solution, an 
excess of NH4PF6 in water was added to precipitate the orange product. 
The solid was collected by vacuum filtration and rinsed with water 
followed by ether. Yield: 0.65 g (0.73 mmol), 73%. 1H NMR (500 MHz, 
CD3CN) δ8.49 (m, 5H) δ8.04 (m, 6H) δ7.77 (t, 2H) δ7.73 (s, 3H) δ7.41 
(m, 6H) δ6.96 (dd, 1H) δ3.99 (s, 3H). Anal. Calcd. for RuC31

N6OH26P2F12: C, 41.86; N: 9.45; H, 2.95%. Found: C, 42.15%; N, 9.52; 
H, 3.02%. 

[Ru(bpy)2(4,4′bpy(OH)(OMe))]2+ · 3H2O (3) 
A round bottom flask containing 30 mL 1:1 EtOH:H2O was degassed 

with argon for 30 min. To the flask, 0.48 g (0.99 mmol) [Ru(bpy)2Cl2] 
and 0.21 g (1.0 mmol) 4-hydroxy-4′-methoxy-2,2′-bipyridine were 
added and the solution was refluxed for three hours under argon. The 
solution was cooled to room temperature and a few drops of HCl were 
added to ensure protonation of the ligand hydroxyl group. A saturated 
aqueous solution of NH4PF6 was added to afford an orange precipitate. 
The solid was collected and rinsed with water followed by ether. Yield: 
0.63 g (0.65 mmol), 66%. 1H NMR (500 MHz, CD3CN) δ8.47 (s, 4H) 
δ8.02 (m, 4H) δ7.93 (d, 2H) δ7.83 (s, 1H) δ7.80 (s, 1H) δ7.70 (s, 2H) 
δ7.42 (s, 3H) δ7.34 (s, 3H) δ6.92 (s, 1H) δ6.86 (s, 1H) δ3.97 (s, 3H). Anal. 
Calcd. RuC31N6O5H32P2F12: C, 38.80; N, 8.76%; H, 3.36%. Found: C, 
38.82; N, 8.83; H, 3.22%. 

2.3. Electrochemical pH studies in aqueous buffer solutions 

For aqueous studies, a standard three electrode setup with Ag/AgCl 
reference electrode containing 3 M KCl, platinum wire auxiliary 

electrode, and glassy carbon working electrode was used for studies. 
Britton-Robinson buffer solutions ranging from pH values 2–12 were 
made from a stock solution of 0.04 M acetic acid, 0.04 M boric acid, and 
0.04 M phosphoric acid in water. 0.2 M sodium hydroxide was added to 
correct each buffer and the solution pH was measured after the addition 
of the metal complex. At pH values below 2, dilute triflic acid was added 
until the desired pH was reached. Reduction potentials for aqueous 
studies are reported versus Ag/AgCl. 

2.4. Electrochemical studies in nonaqueous solution 

For nonaqueous studies, a standard three electrode setup with Ag/ 
Ag+ reference electrode containing 0.1 M tetrabutylammonium hexa
fluorophosphate (TBAPF6) in acetonitrile supporting electrolyte, plat
inum wire auxiliary electrode, and glassy carbon working electrode was 
used for studies. All non-aqueous measurements were taken in aceto
nitrile with 0.1 M TBAPF6 supporting electrolyte. The solutions were 
degassed for approximately 10 min with argon before data collection. 
Ferrocene was added after data was collected as an internal standard for 
correction (E1/2 = 0.40 V vs SCE in acetonitrile with 0.1 M TBAPF6) 
[37]. For nonaqueous solutions in acidic and basic conditions, 10 mM 
hexafluorophosphoric acid (HPF6) and 10 mM tetrabutylammonium 
hydroxide (TBAOH), respectively, were prepared with 0.1 M TBAPF6 
supporting electrolyte in acetonitrile to give a 10-fold excess of acid or 
base. 

2.5. Buffer system for UV–visible studies 

UV–visible pH studies were carried out with buffers prepared using 
solutions referenced in the Chemical Technicians’ Ready Reference 
Handbook [38]. Each buffer was checked for pH accuracy and corrected 
with the use of concentrated HCl or concentrated NaOH to its desired 
pH, which ranged from 1.0 to 13.0 in half pH unit increments. 

2.6. Computational methods 

All calculations were performed using Guassian09 [39]. Geometries 
were optimized using restricted M06-L functionals with the 6-31G** 
basis set for the main group elements. The def2-SV [40] basis set was 
used for Ru, with the default pseudopotential used to represent 28 core 
electrons. Spherical harmonic d and f orbitals were used in all calcula
tions and a more refined grid size was used for numerical integration in 
DFT (Int = UltraFine). Default gradient tolerances were used for opti
mizations and frequencies were calculated using analytic second de
rivatives. For the structures presented, all vibrational modes were found 
to be real at the DFT determined stationary points. Vertical excitation 
energies were calculated at each stationary point using time-dependent 

Fig. 1. 4,4′-Dihydroxy-2,2′-bipyridine ligand protonated and deprotonated with resonance structure denotates increased negative charge on the nitrogen portion of 
the ligand upon deprotonation. 

Fig. 2. Ruthenium polypyridyl complex scaffold studied in this work where 1) 
R1 = OH, R2 = H is [Ru(bpy)2(4bpyOH)]2+ (1); 2) R1 = OCH3, R2 = H is [Ru 
(bpy)2(4bpyOMe)]2+ (2); and 3) R1 = OH, R2 = OCH3 is [Ru(bpy)2(44′bpy(OH) 
(OMe))]2+ (3). 
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DFT (TDDFT) with the M06-L functionals. The basis set size was 
increased for both the main group elements (6–311 + G**) and ruthe
nium (def2-TZVP) [40]. Solvent effects on the optimized geometries, 
frequencies, and vertical excitation energies were considered using the 
C-PCM solvation model, with water as the solvent. Default settings were 
used for all other parameters related to the solvation model (e.g., cavity 
type). 

3. Results and discussion 

3.1. Synthesis 

Suzuki coupling methods were used to synthesize the asymmetric 
bipyridine ligands using Hodgson’s boronate and methods previously 
described by Gütz and Lützen [41,42]. The ligands were then complexed 
to [Ru(bpy)2Cl2] while refluxing in either an ethanol/water mixture or 
ethylene glycol. In some cases, while preparing mixed-bipyridine com
plexes, extended reaction times yielded impurities of [Ru(bpy)3]2+

complex. To isolate the desired metal complex and remove [Ru 
(bpy)3]2+, an alumina column with a gradient mobile phase of 5% water 
in acetonitrile to 50% water in acetonitrile was used, resulting in pure 
complex. 

3.2. Computational structure 

Optimized structures were calculated using restricted M06-L func
tionals with the 6-31G** basis set for the main group elements and the 
def2-SV basis set for ruthenium with water as the PCM solvent. Relevant 
bond lengths and angles are reported in Table 1. All of the structures 
adopt a distorted octahedral shape, which is similar to that observed in 
experimental crystal structures and computational calculations for 
similar complexes [32–34]. It should be noted that computational data 
typically give Ru-N bond lengths that are approximately 2% larger than 
the average bond lengths observed in X-Ray diffraction data [43]. This 
observation is consistent where the calculated bond lengths are in line 
with the computational data from similar complexes and slightly longer 
than the X-Ray data. The Ru-N1, bond length that contains the hydroxyl 
substituted-portion of the bipyridine is slightly longer, ~0.01 Å, than the 
other Ru-N bonds, demonstrating little impact on the overall structure. 
This small lengthening is also observed with the –OCH3 group substi
tution. The major structural change occurs with the C–O bond upon 
deprotonation. When protonated, the CO bond is single bond in char
acter at 1.338 Å for 1, and 1.339 Å for 3. This is similar to the C–O bond 
length with the corresponding methoxy substitution with 1.337 Å for 2 
and 1.337 Å for 3. Upon deprotonation, the C–O bond lengths decrease 
to 1.255 Å in both 1 and 3. This decrease in bond length supports the 

resonance structure whereby the C–O bond becomes more double bond 
in character, Fig. 3. This observation is consistent with similar com
plexes reported previously [32,34,35]. The electronic rearrangement 
upon deprotonation has a significant impact on the electrochemical and 
spectroscopic properties of these complexes, vide infra. 

3.3. Electrochemistry in acetonitrile 

Table 2 gives the RuIII/II reduction potentials of the varying hydroxy- 
and methoxy-substituted complexes synthesized in our laboratory. The 
reduction potentials of the three new complexes prepared in this work fit 
predictably into the table, demonstrating a decrease in reduction po
tential as the quantity of hydroxy- and methoxy-substituents are added 
to the complex. [Ru(bpy)3]2+, which contains no electron-donating 
groups has the highest reduction potential at 0.90 V vs. Fc+/0. The 
reduction potential drops by less than a tenth of a volt with the addi
tional of a single-hydroxy or single-methoxy group in the 4-position of a 
bipyridine ring in the complex. Having di-substitution in the 4- and 4′- 
positions of a single bipyridine almost doubles the decrease in reduction 
potential compared to a single substitution. This systematic decrease in 
potential with increasing electron-donating groups in the 4- and 4′-po
sitions, while not surprising, gives an idea to how many volts each 
substitution is “worth”. For each hydroxyl group addition in the 4- and 
4’-positions, there is an ~ 0.07 V decrease in potential per added sub
stitution. For each methoxy group addition in the 4- and 4’-positions, 
there is an ~ 0.06 V decrease in potential per added substitution. This 
indicates that the hydroxyl group is slightly more electron-donating than 
the methoxy group. This is consistent within the measurements and 
shows in the extreme case of [Ru(bpy(OH)2)3]2+ (0.48 V vs. Fc+/0) and 
[Ru(bpy(OMe)2)3]2+ (0.54 V vs. Fc+/0) where six substitutions impact 
the potential by a total of 0.06 V. The hydroxyl group being slightly 
more electron-donating than methoxy is most likely due to the ability of 
the hydroxyl group to hydrogen bond with solvent, making it slightly 
more electron-donating, which is elucidated by fully deprotonating the 
ligands, vide infra. Also of note, the mixed hydroxy/methoxy complex, 3, 
has a RuIII/II reduction potential of 0.76 V vs. Fc+/0, in alignment of the 
other di-substituted complexes. 

Upon deprotonation of the hydroxy groups, negative charge builds 
up on the ligand and complex as a whole. This impacts the complex by 
making it easier to oxidize the metal center due to significantly 
increased electron-donation to the metal, which is predicted by the 
resonance structures, Fig. 3. In acetonitrile, the oxidation of the depro
tonated RuII is masked by the large oxidation of the tetrabutylammo
nium hydroxide base, which is something we have observed previously 
in the di-hydroxy-bipyridine complex, [Ru(bpy)2(44′bpy(OH)2)]2+, in 
the same supporting electrolyte [34]. Fortunately, we were able to 
observe oxidation of the deprotonated RuII complexes in aqueous solu
tion, vide infra. 

Ligand reduction potentials for the three complexes are reported in 
Table 3. Data for the complexes was collected both in the presence and 
absence of tetrabutylammonium hydroxide base to determine how 
increasing the negative charge on the substituted ligands would impact 
the overall reduction of the unsubstituted bipyridine ligands. The 
change in reduction potentials for the bipyridine ligands with added 
base was small, with at most a slight decrease of ~ 0.01 V for complexes 
1 and 3. The single-methoxy-substituted complex, 2, has three observ
able reduction features at −1.74 V, −1.95 V, and −2.20 V vs. Fc+/0, with 
the third reduction occurring at the more electron-rich 4bpyOMe ligand. 
The two complexes with a hydroxyl group attached to a bipyridine only 
have observable reductions for the two unsubstituted bipyridine ligands. 
The reduction of these unsubstituted ligands are virtually identical for 
the two complexes with bpy1 = −1.85 V and bpy2 = −2.07 V vs. Fc+/ 

0 for 1 and bpy1 = −1.86 V and bpy2 = −2.08 V vs. Fc+/0 for 3. These 
potentials indicate that having a hydroxyl group compared to a methoxy 
group makes the reduction of the first unsubstituted bipyridine more 
difficult by slightly over 0.1 V, with the first bipyridine reduction in 

Table 1 
Relevant bond lengths (Å) and angles (◦) of calculated structures.  

Bond R1 = OH R1 = O− R1 = OCH3 R1 = OH R1 = O−

Lengths R2 = H R2 = H R2 = H R2 = OCH3 R2 = OCH3 

Ru-N1 2.100 2.098 2.100  2.104  2.098 
Ru-N2 2.094 2.097 2.093  2.101  2.104 
Ru-N3 2.091 2.089 2.092  2.088  2.085 
Ru-N4 2.090 2.095 2.090  2.086  2.093 
Ru-N5 2.089 2.085 2.089  2.087  2.082 
Ru-N6 2.091 2.081 2.090  2.090  2.079 
C-O1 1.338 1.255 1.337  1.339  1.255 
C-O2 N/A N/A N/A  1.337  1.340 
O-CH3 N/A N/A 1.428  1.429  1.427  

Bond Angles      
N1-Ru-N2 77.5 77.5 77.5  77.2  77.2 
N1-Ru-N3 96.5 95.2 96.5  96.6  95.2 
N1-Ru-N4 172.3 171.2 172.2  172.2  170.9 
N1-Ru-N5 96.7 96.2 96.9  96.9  96.7 
N1-Ru-N6 88.8 89.3 89.1  88.5  89.4  
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complex 2 occurring at −1.74 V vs. Fc+/0. Notably, the reduction of the 
hydroxy-substituted ligands is not observed, which is consistent with the 
other previously synthesized hydroxy-substituted bipyridine complexes 
[32]. 

3.4. Pourbaix diagrams 

To better understand the pH dependence of the RuIII/II reduction 
potential, Pourbaix diagrams were made using the Britton-Robinson 
buffer system. Complex 2 demonstrated no pH dependence as antici
pated (Fig. S22, Supporting information), due to the fact that there are 
no deprotonatable groups. The reduction potential of RuIII/II in this 
complex is 0.96 V vs. Ag/AgCl. The completely protonated single hy
droxy complex (1), Fig. 4, gives a similar reduction potential for the 
RuIII/II reduction of 0.97 V vs. Ag/AgCl. This again, supports that the 
protonated hydroxy and methoxy groups have similar electron-donating 
properties to each other. However, for complex 1, the potential begins to 
decrease at pH ~ 1.6. This value corresponds to the pKa of the RuIII 

oxidation state of the complex. The potential then decreases before 
leveling off at pH ~ 6.0, giving a rough estimate of the pKa of the RuII 

oxidation state of the complex. Through pH titrations, the pKa of the RuII 

oxidation state of complex 1 is 5.72 ± 0.05. The final potential is 0.76 V 
vs. Ag/AgCl, resulting in a 0.21 V change between the protonated and 
deprotonated complex. The slope of the pH dependent region is 50 mV/ 
pH unit, close to the predicted slope of 59 mV/pH unit for a 1 e−/1H+

process. 
The mixed hydroxy/methoxy complex (3), Fig. 5, has a lower 

reduction potential when fully protonated of 0.92 V vs. Ag/AgCl 
compared to complexes 1 and 2, due to the nature of two electron- 
donating groups. This reduction potential is in line with the 4,4′-dihy
droxy-substituted complex, [Ru(bpy)2(44′bpy(OH)2)]2+ with a potential 

Fig. 3. Structures of asymmetric ligands and resonance structures after deprotonation of the ligands. a = 4-hydroxy-2,2′-bipyridine; b = 4-hydroxy-4′-methoxy- 
2,2′-bipyridine. 

Table 2 
RuIII/II reduction potentials of ruthenium complexes in acetonitrile with 0.1 M 
TBAPF6.  

Complex E◦ (V) vs. Fc+/0 Reference 

protonated deprotonated 

[Ru(bpy)3]n  0.90 N/A Fuentes 
1n  0.82b – This work 
2n  0.83 N/A This work 
[Ru(bpy)2(X)]n  0.76a – Klein 
[Ru(bpy)2(Y)]n  0.78 N/A Klein 
3n  0.76b – This work 
[Ru(bpy)(X)2]n  0.61b −0.35c Charboneau 
[Ru(bpy)(Y)2]n  0.66 N/A Charboneau 
[Ru(X)3]n  0.48b −0.95c Fuentes 
[Ru(Y)3]n  0.54 N/A Fuentes 

X = 4,4′-dihydroxy-2,2′-bipyridine; Y = 4,4′-dimethoxy-2,2′-bipyridine 
n = +2, +1, 0, −2, or −4 depending upon number of protons 
a = 0.1 M HPF6; b = 10 mM HPF6; c = 10 mM TBAOH 
Note: methoxy-only-substituted complex potentials are listed in the protonated 
column due to the fact that they cannot be deprotonated. 

Table 3 
Ligand reduction potentials (V vs. Fc+/0) of ruthenium complexes in acetonitrile 
with 0.1 M TBAPF6.  

Complex bpy1 bpy2 bpysubstituted 

1 −1.85 −2.07 – 
2 −1.74 −1.95 −2.20 
3 −1.86 −2.08 –  

Fig. 4. Pourbaix diagram of [Ru(bpy)2(4bpyOH)][Cl]2 in Britton-Robinson 
buffer solution. The four forms of the complex are: [RuIII(bpy)2(4bpyOH)]3+

= HRu3+, [RuII(bpy)2(4bpyOH)]2+
= HRu2+, [RuIII(bpy)2(4bpyO-)]2+

= Ru3+, 
and [RuII(bpy)2(4bpyO-)]+ = Ru2+. Potentials are reported versus Ag/AgCl. 

Fig. 5. Pourbaix diagram of [Ru(bpy)2(44′bpy(OH)(OMe))][Cl]2 in Britton- 
Robinson buffer solution. The four forms of the complex are: [RuIII(b
py)2(44′bpy(OH)(OMe))]3+ = HRu3+, [RuII(bpy)2(44′bpy(OH)(OMe))]2+ =

HRu2+, [RuIII(bpy)2(44′bpy(O-)(OMe))]2+ = Ru3+, and [RuII(bpy)2(44′bpy(O-) 
(OMe))]+ = Ru2+. Potentials are reported versus Ag/AgCl. 

K.R. Benson et al.                                                                                                                                                                                                                               



Polyhedron 205 (2021) 115300

6

of 0.91 V vs. Ag/AgCl reported previously [33]. The potential for 3 
begins to decrease at pH ~ 2.4 (pKa of RuIII oxidation state of complex) 
as the complex starts to deprotonate before leveling off at pH ~ 6.0 (pKa 
of RuII oxidation state of complex). Through pH titrations, the pKa of the 
RuII oxidation state of complex 3 was determined to be 5.69 ± 0.03. The 
slope for the pH dependent region is 51 mV/pH unit, indicative of a 1 
e−/1H+ transfer process (59 mV/pH unit). The RuIII/II reduction po
tential for deprotonated 3 is 0.74 V vs. Ag/AgCl, a 0.18 V decrease from 
the protonated form of the complex. This change in potential is similar to 
the decrease in potential observed for complex 1 upon deprotonation. In 
addition, the [Ru(bpy)2(44′bpy(O-)2)] deprotonated complex has a 
RuIII/II reduction potential of 0.62 V vs. Ag/AgCl, decreasing 0.29 V 
between the completely protonated and completely deprotonated state 
of the complex [33]. This equates to approximately 0.15 V per proton, 
which is comparable to complex 3. 

Comparing the 44′bpy(OH)(OMe) ligand complexed to ruthenium 
with the 44′bpy(OH)2 ruthenium complex is an area of great interest to 
us, because we wanted to develop a system with only one ionizable 
proton that had similar electronic properties to the protonated [Ru 
(bpy)2(44′bpy(OH)2)]2+ complex. In our previous work with [Ru 
(bpy)2(44′bpy(OH)2)]2+ having two ionizable protons, we were only 
able to observe an average pKa of ~ 5.8 for both protons by titration 
[34]. This average pKa phenomenon has been observed in other com
plexes in the literature [35,44]. The Pourbaix diagram of [Ru 
(bpy)2(44′bpy(OH)2)]2+ also did not show two subsequent deprotona
tion steps, meaning that the second deprotonation of some of the com
plex in solution is happening before the first deprotonation step of all of 
the complexes in solution is complete [33]. The Pourbaix diagram did, 
however, give an estimate of a pKa2 ~ 6.8 for the second deprotonation 
of the di-hydroxy complex. Comparatively the two single hydroxy 
complexes have distinguishable pKa values by titration of 5.72 ± 0.05 
for 1 and 5.69 ± 0.03 for 3, with their respective Pourbaix diagrams 
estimated pKa values in this range as well. Even more interesting, the 
[Ru(44′bpy(OH)2)3]2+ complex with six ionizable protons gives an 
average pKa = 6.5 even though the complex gains a 4- charge when 
completely deprotonated [35]. These results demonstrate that although 
the protonation state affects the overall electronic properties of the 
ruthenium complexes, each proton dissociation has little effect on sub
sequent deprotonations. This underscores the importance of these newly 
synthesized asymmetric hydroxy-substituted ligands for tracking and 
understanding PCET reaction chemistry in the excited state where we 
can now track a single proton. 

3.5. UV/Visible absorbance spectroscopy 

UV/Visible absorbance data was collected in acetonitrile with rele
vant peaks and extinction coefficients reported in Table 4. All three 
complexes give typical spectra compared to that of other ruthenium 
polypyridyl complexes, with a low energy Metal to Ligand Charge 
Transfer (MLCT) band in the 400–500 nm region and higher energy π to 
π * transitions below 300 nm [45,46]. For complexes 1 and 2 with the 
single-hydroxy or single-methoxy substitution, the lowest energy MLCT 

occurs at 456 nm in both cases. This shift is very small, approximately 4 
nm higher in wavelength (200 cm−1) than the unsubstituted [Ru 
(bpy)3]2+ (λmax = 452 nm in acetonitrile) [35]. The mixed methoxy/ 
hydroxy complex, 3, has a longer wavelength shift to λmax = 461 nm in 
acetonitrile. This value is on the order of the di-hydroxy-substituted, [Ru 
(bpy)2(44′bpy(OH)2]2+, complex (λmax = 462 nm in acetonitrile) [34]. 
This trend of longer wavelength shifts with increasing number of hy
droxy- and/or methoxy-groups systematically increases for all of the 
complexes synthesized, where [Ru(44′bpy(OH)2)3]2+ with six hydroxy 
groups results in the longest wavelength shift (λmax = 479 nm in 50:50 
acetonitrile/water with 10 mM HPF6) [35]. It should be noted that in 
previous work, some of the complexes were prepared in acetonitrile/ 
water mixtures to help with solubility. With higher numbers of hydroxy- 
substitutions, these complexes lose their solubility in acetonitrile. 
However, in studies carried out both in this work and the previous work, 
similar λmax values (within 1 nm) were observed when data was 
collected in both pure acetonitrile and the 50:50 water/acetonitrile 
mixture. When all the data is taken into account, it appears that each 
hydroxy- or methoxy-substitution results in an ~ 200 cm−1 shift to lower 
energy of the lowest energy MLCT band. These small shifts can be 
explained by a slight disruption in π -backbonding from the metal d or
bitals to the ligand π * orbitals as electron-donating substituents are 
added to the polypyridyl scaffold. This results in the metal d orbitals 
destabilizing in energy, bringing the d orbitals closer in energy to the 
empty π * orbitals, lowering the energy gap. 

The complexes were deprotonated using NaOH, and UV/Visible 
absorbance spectra were collected to observe how the lowest energy 
MLCT band changed in this state, Supporting information. The first 
observation is that the single-methoxy complex, 2, has an identical 
spectrum in the MLCT region in the presence of base, which is unsur
prising as the complex has no ionizable protons. There are spectral 
changes observed for complexes 1 and 3 in the presence of base. For 
complex 1 (Fig. S26, Supporting information) there is an overall 
broadening of the spectrum, however, the λmax does not change. The 
broadening results in absorbance at longer wavelengths, which is sup
ported in the computational studies, vide infra. Complex 3 gives a more 
significant peak shift (Fig. S28, Supporting information), with a new 
λmax = 475 nm. However, this spectrum has a higher energy peak with 
clear shoulder at λmax ~ 440 nm. This shifting, with clear peak and 
shoulder, is also observed for the [Ru(bpy)2(44′bpy(OH)2)]2+ complex 
with one molar equivalent of added base, which would be rough indi
cator of what the singly deprotonated [Ru(bpy)2(44′bpy(OH)(O-))]+

looks like spectroscopically [34]. 
Additional UV/Visible absorbance data was collected in aqueous pH 

buffers, Fig. 6. This data allows the observation of how the spectra 
change as the single deprotonation process of 1 and 3 occurs. For 
complex 1, it’s clear that the λmax does not change as a function of 
protonation state, however, the spectra broadens as the pH increases. 
For the mixed hydroxy/methoxy complex, the λmax shifts from 462 nm 
to 470 nm upon deprotonation. Most notable is that this deprotonated 
species, [Ru(bpy)2(44′bpy(O-)(OMe)]+, has a spectrum that looks 
virtually the same as the UV/Visible absorbance spectrum at the average 
pKa of [Ru(bpy)2(44′(bpy(OH)2)]2+ where individual deprotonation 
steps are not readily observable [34]. As a result, this gives a nice 
spectroscopic handle for observing the properties of the deprotonated 
complex. As anticipated, the single-methoxy complex 2, gives a similar 
UV/Visible absorbance spectrum in aqueous solution to that of aceto
nitrile. In addition, the UV/Visible absorbance spectrum of 2 does not 
change in water, the presence of strong acid, the presence of strong base, 
or in aqueous pH = 7 buffer, due to the lack of ionizable protons, 
Fig. S29. 

3.6. Computational analysis of electronic transitions 

Computational studies were carried out to assign the specific charge 
transfer transitions to the visible spectra of the complexes, Tables 5–7. 

Table 4 
UV/Visible absorbance peak wavelengths (λ)and corresponding extinction 
coeffecients (ε)of ruthenium complexes in acetonitrile.  

1[PF6]2 2[PF6]2 3[PF6]2 

λ (nm) ε (M−1⋅cm−1) λ (nm) ε (M−1⋅cm−1) λ (nm) ε (M−1⋅cm−1) 

245 26,600 227 25,300 255 30,500 
254 24,500 244 25,600 283 67,000 
286 76,300 254 23,300 288 70,500 
322 10,400 286 74,300 326 11,800 
357 6500 324 10,300 358 7850 
429 12,600 356 6200 433 12,500 
456 14,700 427 11,800 461 14,400   

456 14,400    
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All calculations were carried out using the PCM solvent water. For the 
protonated form of both complexes 1 and 3, as well as the single- 
methoxy complex 2, all of the major electronic transitions in the visible 
region are MLCT with charge transfer to molecular orbitals on the 
unsubstituted bipyridine, substituted bipyridine, or combination of the 
bipyridines. For complexes 1 and 2, the predicted spectra are very 
similar in both energy and intensity, which is to be expected with the 
similarities in experimental electron-donating ability between the hy
droxy- and methoxy-substitutions, vide supra. For the mixed hydroxy/ 
methoxy ligand complex, 3, there is a predicted longer wavelength shift 
compared to the singly substituted complexes. Again, these results are 
confirmed by the experimentally observed lower energy shift in UV/ 
Visible absorbance spectra. 

For the deprotonation of the single-substituted hydroxy complex, 1, 
the absorbance spectrum changes, Table 5. For the protonated complex, 
there are two predicted intense transitions at 497 and 494 nm with 
oscillator strengths of 0.098 and 0.094, respectively. Once deproto
nated, the complex has six predicted, less intense transitions between 
400 and 550 nm, with oscillator strengths ranging from 0.030 to 0.064. 
These results support the experimental spectra where there is a broad
ening of the spectrum with increased absorbance at lower energy than 
the protonated form. In addition, two new types of electronic transitions 
are observed. The first is a transition from a mixed metal and deproto
nated ligand orbital, Fig. 7a, to a delocalized π * molecular orbital on 
both the substituted and unsubstituted bipyridine scaffold ((ML2) 
L12CT). This transition is termed a mixed Metal-Ligand to Ligand Charge 
Transfer (MLLCT) and have been observed in previous studies upon 
deprotonation of hydroxy- substituted bipyridine ligands [34]. The 
second new type of transition occurs from a lone pair electron orbital on 
the oxygen of the deprotonated ligand, Fig. 7b, to the unsubstituted 
bipyridine ligand (L2(n)L1). This transition is nearly degenerate with a 
metal to unsubstituted bipyridine ligand charge transfer, ML1CT, hence 
the mixing of transitions in Table 5 at 545 nm and 542 nm. 

The deprotonation of the mixed hydroxy/methoxy complex, 3, pre
dicts a more intense transition at 551 nm with an oscillator strength of 
0.083 that is assigned as a MLCT to a π * molecular orbital on the 
unsubstituted bipyridine ligands, Table 7. Notably, the deprotonated 
complex 1, gives two predicted peaks at 545 nm and 542 nm with a 
combined oscillator strength of 0.080, Table 5. These results support the 
more broadened peak maxima observed in the deprotonated spectra of 
1, which appears slightly sharper in complex 3. In addition, complex 3 
deprotonated is further red shifted compared to 1 deprotonated, due to 
the added electron-donating effect of the methoxy group. The deproto
nation of complex 3 also has similar new transitions that result from 
deprotonation. The first is a mixed MLLCT from an orbital of the metal 
with the deprotonated portion of the bipyridine, Fig. 7c, to the methoxy- 
substituted portion of the bipyridine, Fig. 7d ((ML2)L2CT). Similarly to 
complex 1, there is also a transition from the lone pair electron orbital on 
the oxygen from the deprotonated ligand to the unsubstituted 

Fig. 6. UV/Visible absorbance spectra in aqueous buffer solutions of a) 0.05 M [Ru(bpy)2(4bpyOH)][Cl]2 and b) 0.05 M [Ru(bpy)2(44′bpy(OH)(OMe))][Cl]2.  

Table 5 
Electronic transition assignments for [Ru(bpy)2(4bpyOH)]2+ (1) in water.  

complex energy (eV) λ (nm) oscillator strength transition type 

protonated  2.494 497  0.098 ML12CT   
2.509 494  0.094 ML12CT   
3.323 373  0.083 ML12CT   
3.338 371  0.064 ML2CT   
3.409 364  0.048 ML12CT   
3.425 362  0.067 ML12CT   
3.540 350  0.048 ML2CT  

deprotonated  2.274 545  0.042 ML1CT + L2(n)L1   

2.289 542  0.038 ML1CT + L2(n)L1   

2.465 503  0.064 ML1CT   
2.802 443  0.030 (ML2)L12CT   
2.881 430  0.043 (ML2)L12CT   
3.063 405  0.059 ML12CT   
3.263 380  0.054 ML12CT 

L1 = bpy ligand, L2 = 4bpyOH ligand, (ML2) = mixed metal-L2 orbital, L2(n) =
lone pair on oxygen 

Table 6 
Electronic transition assignments for [Ru(bpy)2(4bpyOMe)]2+ (2) in water.  

energy (eV) λ (nm) oscillator strength transition type  

2.489 498  0.096 ML2CT  
2.507 495  0.098 ML12CT  
3.317 374  0.084 ML12CT  
3.410 364  0.046 ML12CT  
3.422 362  0.084 ML1CT  
3.572 347  0.053 ML2CT 

L1 = bpy ligand, L2 = 4bpyOMe ligand 

Table 7 
Electronic transition assignments for [Ru(bpy)2(44′bpy(OH)(OMe))]2+ (3) in 
water.  

complex energy (eV) λ (nm) oscillator 
strength 

transition type 

protonated  2.354 527  0.069 ML12CT   
2.464 503  0.101 ML12CT   
2.483 499  0.063 ML2CT   
3.241 383  0.107 ML1CT   
3.424 362  0.155 ML1CT  

deprotonated  2.250 551  0.083 ML1CT   
2.432 510  0.053 ML1CT   
2.842 436  0.040 (ML2)L1CT   
3.024 410  0.043 (ML2)L2CT + ML1CT   
3.045 407  0.043 ML1CT + L2(n)L1   

3.339 371  0.084 ML2CT 

L1 = bpy ligand, L2 = 44′bpy(OH)(OMe) ligand, (ML2) = mixed metal-L2 orbital, 
L2(n) = lone pair on oxygen 
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bipyridines (L2(n)L1). 

4. Conclusions 

The work reported herein describes the synthesis, electrochemical, 
and spectroscopic properties of three ruthenium complexes containing 
asymmetric ligands. Specifically, two of these complexes, [Ru 
(bpy)2(4bpyOH)]2+ (1) and [Ru(bpy)2(44′bpy(OH)(OMe))]2+ (3) have 
single deprotonatable hydroxy groups, that are more ideal for studying 
excited-state processes where clear delineation can be made between the 
protonated and deprotonated states compared to complexes with mul
tiple deprotonatable groups, such as [Ru(bpy)2(44′bpy(OH)2]2+. Both 
complexes 1 and 3 have a clear 1e-/1H+ PCET that is pH dependent 
between pH ~ 1.6 and 6.0 for complex 1 and ~ 2.4 and 6.0 for complex 
3. This thermodynamic information is helpful for designing systems to 
study excited-state PCET processes where PCET does not occur in the 
ground state, but can be initiated by light sources. Both protonated 
complexes 1 and 3 have typical MLCT states in the visible region 
commonly associated with ruthenium polypyridyl complexes, however, 
upon deprotonation, inter-ligand charge transfer and mixed-metal 
ligand to ligand charge transfer transitions appear, demonstrating that 
the deprotonated portion of the ligand has a significant impact on 
electronic structure. Furthermore, the results reported herein indicate 
that the methoxy-substitution has similar electron-donating properties 
to the hydroxy-substitution. This indicates that the 44′bpy(OH)(OMe) 
ligand is a nicely comparable ligand to 44′bpy(OH)2 without the com
plications of multiple deprotonation possibilities. 
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