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ABSTRACT: We have synthesized the complex [Ru(bpy),(bpy(OH),)]*" (bpy =2,2'-
bipyridine, bpy(OH), = 4,4’-dihydroxy-2,2’-bipyridine). Experimental results coupled
with computational studies were utilized to investigate the structural and electronic
properties of the complex, with particular attention paid toward the effects of deprotona-
tion on these properties. The most distinguishing feature observed in the X-ray structural
data is a shortening of the CO bond lengths in the modified ligand upon deprotonation.
Similar results are also observed in the computational studies as the CO bond becomes
double bond in character after deprotonating the complex. Electrochemically, the
hydroxy-modified bipyridyl ligand plays a significant role in the redox properties of the

complex. When protonated, the bpy(OH), ligand undergoes irreversible reduction

processes; however, when deprotonated, reduction of the substituted ligand is no longer observed, and several new irreversible
oxidation processes associated with the modified ligand arise. pH studies indicate [Ru(bpy),(bpy(OH),)]*" has two distinct
deprotonations at pK,; = 2.7 and pK,, = 5.8. The protonated [Ru(bpy),(bpy(OH),)]*" complex has a characteristic UV/Visible
absorption spectrum similar to the well-studied complex [Ru(bpy);]*" with bands arising from Metal-to-Ligand Charge Transfer
(MLCT) transitions. When the complex is deprotonated, the absorption spectrum is altered significantly and becomes heavily
solvent dependent. Computational methods indicate that the deprotonated bpy(O ™), ligand mixes heavily with the metal d orbitals
leading to a new absorption manifold. The transitions in the complex have been assigned as mixed Metal —Ligand to Ligand Charge

Transfer (MLLCT).

B INTRODUCTION

Electron transfer is often found coupled to proton transfer
reactions in both biological and chemical systems. Some of the
most fundamental chemical reactions of interest, including water
oxidation, nitrogen fixation, and the reduction of carbon dioxide
to useful fuels, require the transfer of multiple reductive equiva-
lents along with multiple protons, eqs 1—3.

2H,0 — O, +4H" +4e” (1)
N, + 8H' + 8¢~ — 2NH; + H, (2)
CO, +4H" +8~ — CH, + O, (3)

In many redox active proteins, such as cytochrome c oxidase and
photosystem II, the transfer of electrons is intricately connected
to a proton pumping mechanism that establishes a proton
gradient across a membrane necessary for energy production.' >
In other systems, such as tyrosine oxidation in photosystem II,
the coupling of proton transfer to electron transfer provides an
energetically favorable pathway that otherwise would render the
protein inactive under physiological conditions.>*

As a result of the common coupling of proton transfer events to
electron transfer, many chemists have investigated the fundamental
aspects of coupled electron—proton transfer.”” > Hammarstrom, and
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in collaboration with Nocera, has synthesized metal complexes
with ligands containing phenol groups to study mechanistics of
proton coupled electron transfer.">” "> Phenol-substituted bipyr-
idines have also been utilized to study the electronic properties of
bimetallic complexes with bipyridine coordinated to ruthenium
and the phenoxide bound to another metal, such as tungsten.'®
Meyer et al have used Os(bpy);”" (bpy =2,2'-bipyridine) to
study the oxidation of the tyrosine phenol in the presence of
phosphate base.”'® Most of the studies are mechanistic, focus-
ing on how the proton and electron transfer occurs. Studies have
also been carried out on metal complexes with hydroxy-modified
polypyridyl ligands, demonstrating acid/base tunability for the
reduction of carbon dioxide to formic acid.'”* In these systems,
the deprotonated form of the catalyst is active toward carbon
dioxide reduction, but as the formic acid builds up, the complex is
protonated and the catalyst becomes inactive.”” There have been
few studies on the structural and electronic properties of the
metal complexes with hydroxy-modified polypyridyl ligands and
the effects of deprotonation.”' ™ **

We are interested in the study of metal polypyridyl complexes
with simple ligand structures that will greatly influence the
electronic properties of the complex depending upon the
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Figure 1. Depiction of [Ru(bpy),(bpy(OH),)]*" and the deproto-
nated form, [Ru(bpy),(bpy(O™),)].

protonation state of the ligand. Recently, there has been
an increased interest in catalysts with ?Properties that can be
tuned with ligand protonation state.”” ® We report here the
synthesis and the structural and electronic characterization of
[Ru(bpy),(bpy(OH),)]*" (bpy =2,2"-bipyridine; bpy(OH), =
4,4-dihydroxy-2,2'-bipyridine), Figure 1. The bpy(OH), ligand
contains two hydroxyl groups that can be readily deprotonated.
The crystal structures of the protonated and deprotonated forms
of the complex are compared to structures determined compu-
tationally in the gas phase as well as two different solvents, water
and 1,2-dichloroethane. The protonation state of the bpy(OH),
ligand greatly alters the absorbance properties of the complex,
and these effects are highly solvent dependent. Recent work on
ruthenium terpyridine complexes has demonstrated that com-
putational methods in concert with experimental studies can be
utilized to gain an understanding of the electronic properties of
the complexes and the role of the solvent.”” Therefore, we
investigated the origin of the visible charge transfer bands in both
the protonated and the deprotonated [Ru(bpy),(bpy(OH),)]**
complex by computational methods. As a basis for comparison,
the control complexes [Ru(bpy)s;]*" and [Ru(bpy),(bpy(O-
Me),)]*" (bpy(OMe), = 4,4'-dimethoxy-2,2'-bipyridine) were
studied experimentally and computationally. The bpy(OMe),
ligand has similar properties when compared to the bpy(OH),
ligand, with the exception that the methoxy group does not have
the ability to be deprotonated and therefore, the electronic
properties do not change as a function of acid and base.

B EXPERIMENTAL SECTION

General Procedures. Reagents were obtained from Aldrich Chem-
ical Co. and used without further purification. RuCls-3H,O was
purchased from Pressure Chemical Co. Ru(bpy),Cl, and 4,4'-dihy-
droxy-2,2'-bipyridine were synthesized using previously reported pro-
cedures.”®* [Ru(bpy);][Cl], was prepared according to a previously
published method and converted to the hexafluorophosphate salt by
metathesis.>® Elemental analyses for ruthenium complexes were carried
out by Atlantic Microlab Inc., Norcross, GA. For studies done in aqueous
solutions, all ruthenium hexfluorophosphate salts were converted to
chloride salts by precipitation from acetone using tetrabutylammonium
chloride dissolved in acetone. Aqueous solutions were prepared using a
Millipore DirectQ UV water purification system.

"H NMR spectra were collected on a Varian 300 MHz Fourier
Transform spectrometer in deuterated acetonitrile (CD;CN). UV—visible
absorption spectra were collected on a Scinco S-3100 diode-array spec-
trophotometer at a resolution of 1 nm. pH measurements were perfor-
med using a VWR SympHony pH meter, utilizing a three point calibration
at pH =4, 7, and 10.

Electrochemical measurements were carried out on a Bioanalytical
Systems (BAS) CW-50 potentiostat. A standard three electrode setup
with a Ag/Ag™ reference electrode, platinum wire auxiliary electrode,

and glassy carbon working electrode was used. All measurements were
taken in 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF) in
acetonitrile electrolyte solution. The solutions were degassed for
approximately 1S to 20 min with argon before data collection. Ferrocene
was used as an internal standard with E; , = +-0.40 V vs SCE.>!

Synthesis. [Ru(bpy),(bpy(OMe),)I[PF4l,. A round-bottom flask
containing 30 mL of ethylene glycol was degassed with argon for
30 min. A 0.5311 g (1.096 mmol) sample of Ru(bpy),(Cl), was added
to the reaction flask and heated to 155 °C for 3 h. To the flask, 0.3303 g
of (1.528 mmol) of 4,4'-dimethoxy-2,2-bipyridine was added and heating
was continued for 3 h. After the reaction was completed, the solution was
cooled to room temperature. To the solution, an excess solution of
NH,PF¢ in 20 mL of water was added to precipitate the orange-red
complex. The complex was filtered and washed with ether. For purifica-
tion, the complex was dissolved in acetone, filtered, and precipitated as
the chloride salt using tetrabutylammonium chloride (TBACI) followed
by rinsing with acetone. The complex was dissolved in water, precipi-
tated using NH,PF, and rinsed with water, followed by ether. Yield:
0.77 g (0.84 mmol), 77%. '"H NMR (300 MHz, CD;CN): 6 8.5
(dd, 4H), 8.0 (m, 6H), 7.8 (d, 2H), 7.7 (d, 2H), 7.4 (m, 6H), 6.9
(dd, 2H), 4.0 (s, 6H). Anal. Calcd for RuC3,NgO,H,3P,F5: C, 41.80;
N, 9.14; H, 3.07%. Found: C, 41.69; N, 9.06; H, 2.94%.

[Ru(bpy)(bpy(OH),)I[PF4],. A round-bottom flask containing 30 mL
of a 1:1 ethanol/water mixture was degassed with argon for 30 min. A
0.4661 g (0.9623 mmol) sample of Ru(bpy),(Cl), and 2 0.2190 g (1.164
mmol) sample of 4,4’-dihydroxy-2,2'-bipyridine were added to the flask
and heated at 80 °C for 3 h under argon. After the reaction was com-
pleted, the solution was allowed to cool to room temperature and filtered
to remove any insoluble unreacted ligand. A 10-fold molar excess
NH,PF¢ in 100 mL of water was added to precipitate the complex.
The complex was filtered and rinsed with water followed by ether. For
purification, the complex was dissolved in acetone, filtered, and pre-
cipitated as the chloride salt using tetrabutylammonium chloride (TBACI)
followed by rinsing with acetone. The complex was dissolved in
water and a few drops of concentrated hydrochloric acid were added
to ensure protonation of the ligand hydroxyl groups. The solution was
precipitated using NH,PFg, filtered and rinsed with water, then ether.
Yield: 0.2124 g (0.2382 mmol), 25%. 'H NMR (300 MHz, CD;CN):
0 8.5 (m, 4H), 8.0 (m, 4H), 7.85 (d, 2H), 7.8 (d, 2H), 7.7 (d, 2H), 7.4
(m, 6H), 6.85 (dd, 2H). Anal. Calcd for RuC5oNgO,H,,P,F 5 - H,0: C,
39.62; N, 9.24; H, 2.88%. Found: C, 40.02; N, 8.94; H, 3.11%.

X-ray Structural Analysis. [Ru(bpy),(bpy(OH),)I*". Crystals of
[Ru(bpy),(bpy(OH),)]** were grown by the slow diffusion of ether
into a benzonitrile solution of the dissolved complex. A single red plate
(0.04 x 0.24 x 0.27 mm) was mounted using NVH immersion oil onto
a nylon fiber and cooled to the data collection temperature of 100(2) K.
Data were collected on a Briiker-AXS Kappa APEX II CCD diffract-
ometer with 0.71073 A Mo-Ka radiation. Unit cell parameters were
obtained from 90 data frames, 0.3° ®, from three different sections of
the Ewald sphere yielding a = 11.835(1) A, b = 28.306(2) A, ¢ =
14.716(1) A, B = 93.195(2)°, V = 4922(1) A>. A total of 65664
reflections (R, = 0.0361) were collected (18801 unique) over q =
1.56 to 33.21°. The systematic absences in the diffraction data were
consistent with the centrosymmetric, monoclinic space group, P2;/n.
The data set was treated with SADABS absorption corrections based on
redundant multiscan data (Sheldrick, G., Bruker-AXS, 2001) T,.a/Tmin
= 1.11. The asymmetric unit contained one [Ru(bpy),(bpy(OH),)]*"
cation, two [PF4]™ anions, two molecules of benzonitrile, and one
molecule of diethyl ether all located on general positions yielding a Z = 4
and a Z' = 1. One of the anions is disordered over two positions, which
were located from the difference map and restrained using SAME and
EADP commands to stabilize the refinement. The other [PF¢] ™ anion is
likely disordered based on the thermal parameters, but the refinement of
this disorder would not stabilize, so it was ignored. All non-hydrogen
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Table 1. Selected Bond Lengths (A) and Bond Angles (deg)
for Ruthenium Complexes

[Ru(bpy),(bpy(OH),)]** [Ru(bpy),(bpy(O™),)]

Bond Lengths
Ru(1)—N(1) 2.0611(18)  Ru(1)—N(1) 2.068(2)
Ru(1)—N(2) 2.058(2) Ru(1)—N(2) 2.066(2)
Ru(1)—N(3) 2.061(2) Ru(1)—N(3) 2.051(2)
Ru(1)—N(4) 2.0590(19)  Ru(1)—N(4) 2.044(2)
Ru(1)—N(5) 2.059(2) Ru(1)—N(5) 2.057(2)
Ru(1)—N(6) 2.059(2) Ru(1)—N(6) 2.048(2)
C(3)—0(1) 1.342(3) C(3)—0(1) 1.283(3)
C(8)—0(2) 1.335(3) C(8)—0(2) 1.294(3)

Bond Angles
N(1)—Ru(1)—N(2)  78.50(8) N(1)—Ru(1)—N(2)  78.52(8)
N(1)=Ru(1)—N(3)  96.15(8) N(1)—Ru(1)—N(3)  94.47(9)
N(1)—Ru(1)—N(4)  171.86(8) N(1)—Ru(1)—N(4)  170.42(8)
N(1)—Ru(1)—N(5)  89.84(8) N(1)—Ru(1)—N(5)  87.92(8)
N(1)—Ru(1)—N(6)  95.70(8) N(1)—Ru(1)—N(6)  97.51(8)

atoms were refined with anisotropic displacement parameters. All
hydrogen atoms were treated as idealized contributions. The goodness
of fit on F* was 1.029 with R1(wR2) 0.0535(0.1185) for [Ig > 2(I)] and
with largest difference peak and hole of 1.319 and —1.117 ¢/A® because
of a small amount of unresolved disorder in one of the [PF4] ™ anions.
[Ru(bpy)»(bpy(O™),)]. Crystals of [Ru(bpy),(bpy(O™),)] were grown
by precipitation from an acetonitrile solution of [Ru(bpy),(bpy(OH),)]*"
with aqueous tetrabutylammonium hydroxide. A single red block (0.10 x
0.10 x 0.13 mm) was mounted using NVH immersion oil onto a glass fiber
and cooled to the data collection temperature of 100(2) K. Data were
collected on a Briker-AXS Kappa APEX II CCD diffractometer with
0.71073 A Mo-Ka radiation. Unit cell parameters were obtained from 90
data frames, 0.3° @, from three different sections of the Ewald sphere
yielding a=23.391(2) A, b=13.355(2) A, c=20.589(2) A, 5 =99.200(4)°,
V'=6349(1) A>. A total of 74556 reflections were collected (23825 unique,
Riye = 0.0805) over q = 1.76 to 33.13°. The systematic absences in the
diffraction data were consistent with the centrosymmetric, monoclinic space
group, P2, /c. The data set was treated with SADABS absorption corrections
based on redundant multiscan data (Sheldrick, G., Bruker-AXS, 2001)
T/ Tonin = 1.02. The asymmetric unit contains two independent Rul;
molecules, two acetonitrile solvent molecules, and 9 solvent water mole-
cules. The solvent was located from the difference map and allowed to refine
freely. The protons on the water molecules were located from the difference
map except in two cases where they would not survive refinement. Those
four protons were left out of the structure, but the chemical formula
modified to include them. There is a residual Q-peak remaining above
2.656, that looks like another water molecule but even at half occupancy it
does not refine well as an oxygen atom. It was modeled as it is in free space
and has no bearing on the identity of the parent molecule. All molecules
were located on general positions yielding Z = 4, and Z' = 2. All non-
hydrogen atoms were refined with anisotropic displacement parameters. All
other hydrogen atoms were treated as idealized contributions. The good-
ness of fit on F* was 1.022 with R1(wR2) 0.0509(0.1021) for [Ig > 2(I)]
and with largest difference peak and hole of 2.656 and —0.931 e/A>.
Computational Methods. All calculations were performed using
GAMESS.* Geometries were optimized using B3LYP with the 6-31G*
basis set for main group elements and a scalar relativistic Huzinaga
model core potential**** (MCP) for ruthenium. The default grid size
was used for numerical integration in density functional theory (DFT)
calculations. Spherical harmonic d-orbitals were used in all calculations. The
maximum tolerance for nuclear gradients was set to 0.001 hartree/bohr.

The nature of each minimum was determined by running analytic
frequencies at RHF optimized structures. The RHF geometries did
not differ drastically from DFT optimized geometries, and all structures
were found to have zero imaginary frequencies. Vertical excitation
energies were calculated using time-dependent DFT (TDDFT) with
the same set of functionals and basis sets used in the ground state
calculations. Solvent effects on the vertical excitation energies were
evaluated using the PCM solvation model. The solute cavity was
determined using the simplified united atomic radii implemented in
GAMESS. The two solvents considered in this work were water and 1,2-
dichloroethane.

B RESULTS AND DISCUSSION

Structural Characterization. The [Ru(bpy),(bpy(OH),)]*"
complex was structurally characterized by X-ray diffraction and
computational methods. Select bond lengths and angles are re-
ported in Table 1 and the corresponding structure is depicted in
Figure 2a. The Ru center is a distorted octahedral shape with
adjacent N—Ru—N bond angles ranging from 78.50(8)° to
98.16(8)°. This distorted octahedral shape is similar to the parent,
[Ru(bpy);]*" complex, with a(?acent N—Ru—N bond angles
ranging from 78.65° to 96.30°”> Ru—N bond lengths of the
hydroxylated complex range from 2.058(2) A to 2.061(2) A, also
similar to the parent [Ru(bpy);]*" complex.

The crystal structure of the hydroxylated complex has many
similarities in bond lengths and angles compared to the methoxy-
substituted complex, Ru(bpy),(bpy(OMe),)]**.** The C—0O
bond lengths in the hydroxylated complex (1.342(3) A and
1.335(3) A) are analogous to the methoxy complex (1.345 A and
1.342 A). These bond lengths are consistent with the electron-
donating nature of the hydroxy and methoxy groups. Crystals of
the fully deprotonated complex [Ru(bpy),(bpy(O™),)] were
also grown, and relevant bond lengths and angles are reported in
Table 1 with the corresponding structure depicted in Figure 2b.
There is not a significant change in the bond lengths or angles in
the crystal structure upon deprotonation with the exception of
the shortening of the C—O bond lengths from 1.342(3) A and
1.335(3) A to 1.283(3) A and 1.294(3) A respectively. The
observed shortening of the C—O bonds is readily explained by
the resonance structures that are possible upon deprotonation,
Figure 3.

Computational studies have been carried out on the ground state
bis-protonated [Ru(bpy),(bpy(OH),)]*" complex and the com-
pletely deprotonated form of the complex, [Ru(bpy),(bpy(O™),)].
The relevant bond lengths associated with both complexes in
water, 1,2-dichloroethane, and in the gas phase, are reported in
Table 2. The numbering system for this complex is the same as
that used for the crystal structure analysis. All calculated struc-
tures are distorted octahedral complexes with Ru—N bond
lengths slightly elongated compared to the crystal structure.
The adjacent N—Ru—N bond angles in the gas phase calculation
range from 77.71° to 96.12°, and are all within one degree of the
corresponding observed bond angles in the crystal structure. The
addition of solvent in the calculations does not significantly alter
the bond angles within the complex. The C—O bond length of
the protonated complex in the gas phase is 1.338 A and only
negligibly longer at 1.341 A in the presence of solvent, which is
similar to the corresponding bond length observed in the crystal
structure. Upon deprotonation, the C—O bond length decreases
significantly in the gas phase to 1.245 A and becomes more
double bond in character. In the presence of both water and
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Figure 2. Crystal structures of (a) [Ru(bpy),(bpy(OH),]*" and (b) [Ru(bpy),(bpy(O7),)].
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Figure 3. Resonance structures of deprotonated bpy(O ™), ligand.

1,2-dichloroethane solvent, the average bond lengths are longer
(1.261 A) than calculated in the gas phase. These bond lengths
are shorter than the C—O bond lengths of 1.283(3) A and
1.294(3) A observed in the crystal structure. However, the crystal
structure of the completely deprotonated complex has a signifi-
cant number of solvent specific water molecule interactions that
can hydrogen bond with the deprotonated oxygen atoms in the
complex, thus lengthening the actual observed C—O bond.
Computational studies were also performed on [Ru(bpy);]**
and [Ru(bpy),(bpy(OMe),)]** to provide a complete compar-
ison of all complexes. Nuclear coordinates are reported in
the Supporting Information. Both complexes adhere to the
distorted octahedral shape observed in all previous complexes
with adjacent N—Ru—N bond angles ranging from 77.58°
to 97.19°. All of the Ru—N bond lengths are comparable to
the protonated complex with bond lengths ranging from 2.105 A
to 2.107 A for [Ru(bpy);]*" and 2.095 A to 2.104 A for
[Ru(bpy),(bpy(OMe),)]*". In addition, the C—O bond length
in the methoxy-modified complex has a calculated bond length of
1.333 A, which is similar to the hydroxy-modified complex. As a
result of these observations, we conclude that structurally, the
hydroxy-modified complex is very similar in structure to the
corresponding methoxy-modified complex. Upon deprotona-
tion, however, there is a significant change in the structure, which
is reflected in the electronic absorbance spectroscopy, vide infra.
Electrochemistry. Cyclic voltammetry measurements on
all three ruthenium complexes gave reversible waves from
the Ru™" couple. The complex [Ru(bpy),(bpy(OH),)]*"
gave the lowest potential at 1.16 V vs SCE, followed by
[Ru(bpy),(bpy(OMe),)]>" at 1.18 V vs SCE. As expected,
these potentials were significantly lower than the observed redox
potential of [Ru(bpy);]*" with the reversible Ry couple at

2757

1.30 V vs SCE. The hydroxy- and methoxy- substituted groups
are electron-donating and stabilize the Ru"' oxidation state
compared to the unsubstituted bipyridine complex resulting in
the observed redox potential trend. By way of further illustration,
[Ru(bpy(OMe),);]*", which has three methoxy-substituted bpy
ligands, has been found to have a reduction potential of 0.85 V vs
SCE because of the increasing electron-donating nature of the
substituted bpy(OMe), ligand.*”

The [Ru(bpy);]*" and [Ru(bpy),(bpy(OMe),)]*" com-
plexes both have reversible waves from the bipyridine ligands.
For [Ru(bpy);]*", the waves were observed at —1.33 V,
—1.53 V, and —1.79 V vs SCE while for [Ru(bpy),(bpy(O-
Me),)]*™, the waves occurred at —1.37V, —1.58 V,and —1.81 V
vs SCE. Cyclic voltammograms of [Ru(bpy);]** and [Ru(bpy),-
(bpy(OMe),)]*" are available in the Supporting Information.
[Ru(bpy)z(bpy(OH)z)]ZJr yielded several reduction waves in
the range from —1.40 to —1.85 V in addition to the appearance
of two oxidation waves in this region, Figure 4. However, these
waves could not be distinguished because of heavy overlap and a
significant degree of irreversibility. Also, during a complete scan,
after reducing and reoxidizing the bipyridine ligands in [Ru(bpy),-
(bpy(OH),)]**, another new oxidation wave appears at 0.78 V vs
SCE. This oxidation wave is not observed when scanning between
0 and 1.80 V. Clearly, the addition of the bpy(OH), ligand on the
complex is the source of this irreversibility.

The electrochemistry of [Ru(bpy),(bpy(OH),)]*" changes
significantly upon deprotonation, Figure 4. Cyclic voltammo-
grams of [Ru(bpy),(bpy(O™),)] were collected by using tetra-
butylammonium hydroxide to deprotonate the complex. Two
reversible redox waves appear at —1.55 and —1.81 V vs SCE that
are attributed to reduction of the unmodified bipyridine ligands.
These redox waves are comparable to the second and third
bipyridine redox waves observed in the [Ru(bpy)s;]*" and
[Ru(bpy),(bpy(OMe),)]>" complexes. There are several new
irreversible oxidations that appear at potentials above 0 Vvs SCE.
The two lowest oxidation waves occur at 0.27 and 0.55 V vs SCE.
Upon deprotonation, phenols have significantly lower oxidation
potentials, most notably observed in the oxidation of tyrosine as a
function of pH.** Although each of the current peaks were not

dx.doi.org/10.1021/ic1017054 |Inorg. Chem. 2011, 50, 2754-2763



Inorganic Chemistry

Table 2. Calculated Bond Lengths (A) and Bond Angles (deg) for [Ru(bpy),(bpy(OH),)]*"

solvent gas gas water water DCE DCE
protonation state bpy(OH), bpy(0™), bpy(OH), bpy(0 ), bpy(OH), bpy(0™),
Bond Lengths
Ru(1)—N(1) 2.109 2.070 2.099 2.090 2.101 2.092
Ru(1)—N(2) 2.109 2.070 2.098 2.090 2.099 2.091
Ru(1)—N(3) 2.100 2.069 2.090 2.079 2.091 2.080
Ru(1)—N(4) 2.100 2.110 2.092 2.103 2.093 2.102
Ru(1)—N(5) 2.100 2.069 2.093 2.079 2.093 2.079
Ru(1)—N(6) 2.100 2.110 2.093 2.104 2.093 2.103
C(3)—0(1) 1.338 1.245 1.342 1.262 1.341 1.261
C(8)—0(2) 1338 1.245 1.341 1.261 1.341 1.260
Bond Angles
N(1)—Ru(1)—N(2) 77.71 78.53 77.87 77.94 77.85 77.94
N(1)—Ru(1)—N(3) 96.09 94.75 96.23 95.38 96.15 95.52
N(1)—Ru(1)—N(4) 171.66 171.15 172.20 171.67 172.03 171.84
N(1)—Ru(1)—N(5) 89.87 91.98 89.15 91.22 89.53 90.94
N(1)—Ru(1)—N(6) 96.12 96.31 96.23 96.56 96.10 96.58

assigned as metal-centered, ligand-centered, or mixed metal-
ligand centered oxidations, computational studies were per-
formed to help understand the structure of the filled molecular
orbitals of the complex, vide infra.

Cyclic voltammetry data was also obtained for the monode-
protonated, [Ru(bpy),(bpy(OH)(O™))]™", which was made by
the addition of one stoichiometric equivalent of tetrabutylam-
monium hydroxide, Figure 4. The voltammogram clearly shares
teatures of both the fully protonated and fully deprotonated
forms of the complex. The monodeprotonated complex has
reversible waves at —1.53 and —1.80 V vs SCE that are similar
in potential to the reversible bpy waves observed in the depro-
tonated complex. There is also an irreversible reductive wave
at —1.77 V vs SCE that matches the sharp reductive wave
at —1.77 V vs SCE observed in the fully protonated complex.
The monodeprotonated complex has a significant number of
oxidation waves above 0 V vs SCE. Most notably, the first
irreversible oxidation wave occurs at 0.57 V vs SCE, similar to
the second oxidation wave in the completely deprotonated
complex (0.55 Vvs SCE). It is not surprising that the completely
deprotonated complex has the overall lowest energy oxidation
(0.27 Vvs SCE) as significant negative charge has built up on the
modified bpy(O™ ), ligand.

Absorbance Spectroscopy. UV/Visible absorption data was
collected for [Ru(bpy),(bpy(OH),)]*" in water, Figure 5.
Table 3 gives peak maxima and the molar absorptivities of these
peaks. The observed absorbance bands were very similar to those
seen for [Ru(bpy);]>" and [Ru(bpy),(bpy(OMe),)]*" in water
(Supporting Information).*” There are several intense transi-
tions in the wavelength range from 240 to 300 nm that are
assigned to T—2* transitions.** The electronic transitions that
appear at wavelengths higher than 300 nm in [Ru(bpy);]*" are
the result of many overlapping MLCT bands from the metal-
centered d orbitals to the ligand 7% orbitals and are therefore
assigned similarly for [Ru(bpy),(bpy(OH),)]*".*' The lowest
energy MLCT transition observed for [Ru(bpy)z(bpy(OH)z)]2+
occurs at Ay, = 462 nm, similar to the corresponding MLCT
transition in [Ru(bpy),(bpy(OMe),)]*" (Amax = 461 nm) and red-
shifted compared to the MLCT transition in [Ru(bpy) 317 (Anax

I
PR
—

1800 1300 800 300 -200 -700 -1200 -1700 -2200
Potential (mV)

Figure 4. Cyclic Voltammogram of (black line) [Ru(bpy),
(bpy(OH),)]**, (blue line) [Ru(bpy),(bpy(OH)(0))]", and (red
line) [Ru(bpy),(bpy(O™),)] in acetonitrile with 0.1 M tetrabutylam-
monium hexafluorophosphate. Data reported versus SCE.

= 451 nm) in water. These wavelength shifts scale with the
electron-donating ability of the ligands, which leads to a desta-
bilization of the filled d-orbitals, resulting in lower transition
energies. In addition, these results follow the same trend observed
for the Ru""" redox potential as a function of ligand, vide supra.
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Figure S. UV/Visible spectrum of (black line) [Ru(bpy),
(bpy(OH),)]*" and (red line) [Ru(bpy),(bpy(O~),)] in water.

Table 3. UV/Visible Absorption Data for
[Ru(bpy),(bpy(OH),)][Cl], in Water

complex energy (eV) A (nm) e(M 'em )

protonated with HCI 5.046 246(sh) 23100
4.868 255 24400
4.325 287 55500
3.819 325 8980
3477 357(sh) 6190
2.853 435(sh) 9670
2.687 462 11000

deprotonated with NaOH 5.129 242 37700
4.265 291 50300
3.761 330 7730
3.373 368 6460
2.796 444 6440
2.518 493 7280

Upon deprotonation of [Ru(bpy),(bpy(OH),)]*" with
NaOH in aqueous solution to make [Ru(bpy),(bpy(O™),)],
the spectral region between 300 and 600 nm changes signifi-
cantly, Figure 5. The MLCT transitions shift from 325 and
357 nm to 330 and 368 nm, respectively. The MLCT absorption
band at 462 nm forms two clearly defined absorption peak
maxima at A, = 444 nm and A, = 493 nm. The
[Ru(bpy);]** and [Ru(bpy),(bpy(OMe),)]*" complexes ab-
sorbance spectra are not altered in either acidic or basic solution
(Supporting Information). It is therefore clear that the proton-
ation state is the cause of the electronic changes that occur with
the [Ru(bpy),(bpy(OH),)]*" complex. Deprotonation of the
bpy(OH), ligand makes the ligand a better s77-donor as depicted
in Figure 3, which leads to further destabilization of the filled d
orbitals. The destabilization leads to lower energy transitions for
some of the MLCT bands. The lowest energy transition shift of
1300 cm ™' upon deprotonation is comparable to the 1500 cm ™'
energy change that is observed in the deprotonation of [Ru(bpy),
(phen(OH)z))]zJr (phen(OH), = 4,4'-dihyroxy-1,10-phenan-
throline).”" Both of these complexes have the hydroxyl group
directly attached to the bipyridine. Interestingly, [Ru(bpy),
(bpy(PhOH))]** (bpy(PhOH) = 4-(4-hydroxyphenyl)-2,2'-
bipyridine), a similar complex containing a phenol attached to
the bipyridine, does not undergo any wavelen§th shift of the
lowest energy MLCT band upon deprotonation.”* This complex

{a} 1
Increasing —pH2
pH pH3

@
o ——pH 4
§ i
8 pHE
2 pH7
pHE
pHY
o pH 10
300 350 400 450 500 550 600
Wavelength (nm)
(b) 12.00
10.00
8.00
L 6.00
4.00
2.00
0.00
0.0 5.0 10.0 15.0 20.0 25.0 30.0

Volume 0.01 M NaOH (mL)

Figure 6. (a) UV/Visible spectrum of [Ru(bpy),(bpy(OH),)]*" in
water ranging from pH = 1 to pH = 10 and (b) pH titration of

[Ru(bpy),(bpy(OH),)]**.

does, however, give the appearance of a new absorbance band at
360 nm, which the authors ascribe to a ligand centered
transition.”* Although it is clear that the general explanation of
a lower energy transition as a function of the more electron-
donating ligand holds for our results, we sought to gain a better
understanding of the features of the MLCT bands themselves
upon deprotonation. Computational studies were utilized to help
further elucidate the nature of the changes in the absorption
manifold upon deprotonation, vide infra.

The absorbance spectra of |:Ru(bpy)2(bpy(OH)Z)]zJr was
collected at varying pH values to determine the pK, of the
complex, as well as to determine if two subsequent deprotona-
tions could be observed, Figure 6a. The spectra clearly demon-
strate a change beginning at pH = 5.0 to pH = 7.0 where the
complex is fully deprotonated. pH titration data was collected
and two pK, values were determined with pK,; = 2.7 and pK,, = 5.8,
Figure 6b. The values can be compared to [Ru(phen(OH),),
(bpy)]*", a complex with four protons where the individual
pK, values could not be determined and is reported in the
literature to have an average pK, = 5.1.>” It is clear that the first
deprotonation step does not change the absorbance spectrum
significantly in aqueous solution. However, during the second
deprotonation step of the complex, there is a clear change in the
absorption spectrum. It is unclear as to why the first deprotona-
tion step does not result in an observed change in the electronic
absorbance of the complex, although there is most likely a high
degree of hydrogen bonding in the aqueous environment with
the substituted ligand, which would help to explain this observa-
tion. Further studies were performed in additional solvents to
determine if the result was a trend or solvent specific to water.
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Figure 7. UV/Visible spectrum of (black lines) [Ru(bpy),(bpy(OH),)]*", (blue lines) [Ru(bpy),(bpy(O )(OH))]", and (red lines)
[Ru(bpy),(bpy(O™),)] in (a) 1,2-dichloroethane, (b) acetonitrile, (c) ethanol, and (d) methanol.

Absorbance spectra of [Ru(bpy),(bpy(OH),)]*" were col-
lected in four additional solvents: 1,2-dichloroethane, acetoni-
trile, ethanol, and methanol with the use of tetrabutylammonium
hydroxide to deprotonate the complex, Figure 7. The solvents
were chosen for the range in dielectric constants as well as the
solvent hydrogen bonding ability. The absorbance spectrum of
the protonated complex does not change significantly upon
altering the solvent. The largest shift observed is of the lowest
energy MLCT band that red-shifts from 462 nm (water) to
469 nm (1,2-dichloroethane). The modest lower energy shift is
comparable to solvatochromatic shifts observed for [Ru(bpy)s]**
upon changing the solvent from water (450 nm) to methylene
chloride (453 nm).*

The wavelength maxima of the fully deprotonated complex in
varying solvents are significantly shifted when compared to
water. All of the absorbance maxima in the range from 300 to
600 nm shift to lower energy and these shifts are attributed to two
factors: (1) hydrogen bonding ability of the solvent and (2)
dielectric constant of the solvent. When comparing the lowest
energy A, of the fully deprotonated complex in the hydrogen
bonding solvents: (water, methanol, and ethanol), the energy
shifts scale with the dielectric constants of the solvent. That is, the
deprotonated complex shifts from 493 nm in water to 503 nm in
methanol to 511 nm in ethanol. The overall shift is approximately
700 cm™ ' in energy. Even larger shifts are observed when the
non-hydrogen-bonding solvents acetonitrile and 1,2-dichloro-
ethane were examined. The observed A,,,, of the deprotonated
complex is 526 nm in acetonitrile and 534 nm in 1,2-dichloro-
ethane, shifting 1300 cm ' and 1600 cm ™}, respectively, from

the deprotonated form in water. Of the additional solvents
studied, acetonitrile has the highest dielectric constant when
compared to water. The fact that the shifts are larger in non-
hydrogen bonding solvents compared to hydrogen bonding
solvents experimentally supports the hypothesis that there are
solvent-specific interactions between the deprotonated phenox-
ide of the bipyridine ring structure and hydroxyl protons in the
solvent resulting in a smaller effect on the electronic structure of
the complex.

Comparing the protonated form of the complex with the
completely deprotonated form of the complex in all solvents
provided significant changes in the absorbance spectrum. These
energy shifts were all larger than those observed in water. For
example, the lowest energy A, for the completely deprotonated
complex was observed for 1,2-dichloroethane at 534 nm, shifted
by 2600 cm ™' compared to the protonated form in 1,2-dichloro-
ethane. This energy change is double the energy shift observed
upon deprotonation of the complex in water (1300 cm™ ).

Further studies were carried out to stoichiometrically depro-
tonate the complex by only one proton in the varying solvents to
compare the monodeprotonated form of the complex to that
observed in water during the pH studies, Figure 7b—d. In all
cases the monodeprotonated complex demonstrated a lower
energy shift compared to the fully protonated complex in the
varying solvents. This is not surprising because a single depro-
tonation can still result in s7-donation to the metal center from
one of the pyridine rings, Figure 8. Similar results were observed
in 1,2-dichloroethane, but a stoichiometric monodeprotonation
could not be accurately obtained because of the low solubility of
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Figure 8. Resonance structures of the monodeprotonated bpy(OH)-
(0™™) ligand.

Table 4. Electronic Transition Assignments for [Ru(bpy),-
(bpy(OH),)]** in Water®

energy A oscillator transition
complex (eV) (nm) strength type
protonated 2.968 418 0.129 ML,CT
3.050 407 0.131 ML,,CT
3.667 338 0.007 ML,CT
3.760 330 0.013 ML,CT
3.830 324 0.015 ML,CT
monodeprotonated 2.729 4SS 0.096 (MLo)L,CT
2.897 428 0.078 (MLo )L, CT
3.057 406 0.023 (MLo )L,CT
3247 382 0.019 (MLo)L,CT
3360 369 0.041 (MLo )L,CT
deprotonated 2.516 493 0.057 ML,CT
2.683 463 0.030 ML,CT
2912 426 0.025 (ML,)L,CT
2.944 422 0.020 (ML,)L,CT
3.095 401 0.027 (ML,)L,CT
3127 397 0012 (ML,)L,CT
3223 385 0.043 (ML,)L,CT

“L, = bpy ligand, L, = bpy(OH), ligand, (ML,) = mixed metal-L,
orbital, (MLo.) = mixed metal-deprotonated pyridine of L, ligand.

the tetrabutylammonium hydroxide in the solvent. All of the
monodeprotonated complex absorbance band energies occur
between that of the fully protonated and fully deprotonated
complex. The results are in contrast to studies performed in water
where the monodeprotonated form has a similar absorbance
spectrum compared to the fully protonated complex, Figure 6.
The lack of a shift upon a single deprotonation could be due to a
significant degree of hydrogen bonding in water, possibly limiting
the increased degree of 7-donation from the ligand.
Computational Analysis of Electronic Transitions. Com-
putational studies were utilized to map out the charge transfer
transitions above 300 nm for the protonated form of [Ru-
(bpy)z(bpy(OH)z)]pr in both water and 1,2-dichloroethane,
Table 4 and Table S. The lowest energy MLCT transition in
[Ru(bpy),(bpy(OH),)]*" is observed at 418 nm in both sol-
vents and is calculated to be at higher energy than actually
observed in experimental data. This trend has also been observed
in computational models for the lowest MLCT band in other
ruthenium polypyridyl complexes.*> The transition at 418 nm
corresponds to MLCT excitation from a d orbital to the 7*
orbital on the nonhydroxylated bpy ligands. There is another
calculated transition at slightly higher energy (407 nm in water)
with similar oscillator strength to the 418 nm transition. This
transition appears as a mixing of two types of MLCT excitations,
one to a T orbital on the nonhydroxylated bpy ligand and the
other to a 7z* orbital on the bpy(OH), ligand. There are three

Table 5. Electronic Transition Assignments for
[Ru(bpy),(bpy(OH),)]*" in DCE*

energy A oscillator transition
complex (ev) (nm) strength type
protonated 2.966 418 0.137 ML,CT
3.046 408 0.139 ML,,CT
3.669 338 0.008 ML,CT
3.762 330 0.014 ML,CT
3.831 324 0.016 ML,CT
monodeprotonated 2.706 459 0.100 ML,CT
2.857 434 0.062 (MLo )LouCT
2.939 422 0.018 ML,CT
2.980 417 0.036 (MLo.)LouCT
3.289 377 0.045 (ML, )L,CT
deprotonated 2469 503 0.052 ML,CT
2.624 473 0.026 ML,CT
2.800 443 0.016 (ML,)L,CT
2.843 437 0032 (ML,)L,CT
2987 416 0.016 (ML,)L,CT
3.018 411 0.018 (ML,)L,CT
3.108 399 0.046 (ML,)L,CT
3204 387 0.017 (ML,)L,CT
3241 385 0.021 (ML,)L,CT

“DCE = 1,2-dichloroethane, L, = bpy ligand, L, = bpy(OH), ligand,
(ML,) = mixed metal-L, orbital, (MLe.) = mixed metal-deprotonated
pyridine of L, ligand, Loy = protonated pyridine of L, ligand.

additional MLCT bands predicted at 324, 330, and 338 nm in
water that correspond to MLCT transitions. These bands are also
predicted in 1,2-dichloroethane without energy shifts. Experi-
mentally, the bands only shift on the order of a few nanometers
and are all highly overlapped.

Computational studies indicate a significantly more compli-
cated absorption manifold in the region above 300 nm upon
deprotonation of [Ru(bpy),(bpy(OH),)]*" in both water and
1,2-dichloroethane, Table 4 and Table 5. None of the individual
transitions are as intense as the MLCT transitions observed in
the protonated form. In both solvents, the two lowest energy
transitions are MLCT from an unmixed metal d orbital to 7*
orbitals on the unmodified bipyridine ligands. Computationally,
these transitions occur at lower energy (503 and 473 nm) in 1,
2-dichloroethane than in water (493 and 463 nm), a trend con-
sistent with the experimental results. The remaining higher
energy transitions studied have been identified as charge transfer
excitations from metal d orbitals that significantly mix with
orbitals on the deprotonated bpy(O™ ), ligand into orbitals on
the nonhydroxylated bpy ligands. These transitions are effec-
tively Metal—Ligand to Ligand Charge Transfer (MLLCT)
transitions. The increased s-donation upon deprotonation
(predicted by the resonance structures in Figure 3) results in
the formation of new molecular orbitals that are hybrids of the
metal d orbitals and the ligand 77 orbitals on the oxy-substituted
bipyridine. As a result, there are numerous overlapping MLLCT
bands that cannot be distinguished from each other in the
experimental UV/Visible spectrum.

Studies carried out on the monodeprotonated complex using
both water and 1,2-dichloroethane confirm the predicted behav-
ior of the bpy(OH)(O ™) ligand, Figure 8. That is, the deproto-
nated half of the substituted bipyridine ligand forms new hybrid
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orbitals by mixing with the metal center, Table 4 and Table S. All
of the calculated MLCT transitions involve mixing of the metal
with the deprotonated half of the monodeprotonated ligand into
the unsubstituted bipyridine ligands. The calculated energies lie
intermediate in energy to the protonated and deprotonated
forms of the complex, which is not observed in the experimental
results in water where there is no shift in energy. We hypothesize
that solvent specific interactions, specifically hydrogen bonding
play a significant role in the lack of an energy shift in water
experimentally, and future computational studies will investigate
the role of the solvent in orbital mixing and the effects of
electronic transitions. In the nonpolar solvent, 1,2-dichlor-
oethane, the MLCT transition structure is more complex,
although the transitions are intermediate in energy to the
protonated and deprotonated complex consistent with the exper-
imental results when solvent specific interactions are not taken
into account. In addition, all of the transitions are red-shifted in
1,2-dichloroethane compared to water, consistent with the
effects of polarity observed in the experimental data. There are
two MLCT transitions (459 and 422 nm) occurring from an
unmixed metal d orbital to a 77* orbital on the unmodified
bipyridine ligands. Three other transitions are also MLCT, and
the originating orbital is a mixture of the metal with the depro-
tonated half of the monodeprotonated ligand as observed in
water. Of these three transitions, the two lowest in energy (434
and 417 nm) occur into a 77* orbital on the protonated half of the
monodeprotonated ligand while the third transition (377 nm)
occurs into a 7r* orbital on the unmodified bipyridine ligands.

Il CONCLUSION

Electron transfer events are often found intricately woven to
proton transfers in biological and chemical systems. We are
interested in studying simple molecular systems whereby altering
the proton content, the change in electronic properties can be
readily observed through spectroscopic and computational
means. To this end, [Ru(bpy),(bpy(OH),)]*" has been synthe-
sized and studied for the effects of the protonation state on the
complex. The structural, electrochemical, and light-absorbing
properties of the complex were studied in detail for both the
protonated and the deprotonated form. Computational studies
have shed light on a significant degree of mixing between the
metal d orbitals and the modified ligand upon deprotonation, a
feature that is elucidated in the UV/Visible absorbance spectrum.
In a future paper, we will investigate luminescence properties of
the [Ru(bpy),(bpy(OH),)]*" complex through both experi-
mental and computational means. We also intend to investigate
the roles of solvent specific interactions computationally.
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