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ABSTRACT
The “hairpin loop” motif is an attractive model for long‐range charge
separation. The structure is composed of [Ru(bpy)3]+2 functionalized with two
aminoethylglycine (aeg) substituents. These aeg strands contain pendant bipyridine
(bpy) ligands capable of coordinating metal ions. Here we report the synthesis and
analysis of the ruthenium hairpin (Ru1) tethered to various transition metal ions
(Cd2+, Ni2+, Pd2+, Pt2+, and Cu+). These dimetallic structures are fully characterized
and are analyzed both electrochemically and photophysically. Comparisons are then
made of these newly synthesized heterometallic hairpins to previously published
structures, Ru1(Cu2+) and Ru1(Zn2+). Reduction potentials of the tethered metal
complexes, [M(bpy)2]n+, and Ru1(M) reveal if electron transfer is an energetically
favorable mechanism. The radiative (kr) and nonradiative (knr) rates are calculated
using quantum yields and time‐resolved emission following excitation at 470nm of
Ru1(M) in deaerated solutions. Both free energy and nonradiative rates increase
drastically for Ru1 when tethered to Cu2+ or Pd2+, which supports the electron
transfer mechanism of [RuIII(bpy)2(bpy−)]2+ + MII(bpy)2  [RuIII(bpy)3]3+ +
[MI(bpy)2]. Additionally, the nonradiative and radiative rates decays are monitored
under seven different solvents with a range of dielectric constants, 9.1, 21, 33, 37.5,
46.7, 64, and 111 for dichloromethane, acetone, methanol, acetonitrile,
dimethylsulfoxide, propylene carbonate, and formamide, respectively. This data
suggest that controlled shuttling of electrons can be performed by this inorganic
hairpin motif that capable of self‐assembly through metal coordination.
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Chapter 1
Molecular Development of Artificial Photosynthetic Arrays:
Movement Towards iDNA Hairpin Loops

1.1 Introduction

In nature, photosynthetic organisms have developed novel self‐assembled redox
systems for harnessing solar energy. These organisms, which undergo oxygenic
photosynthesis to survive, are primarily composed of green plants, algae, and
cyanobacteria.1 The key components for harnessing solar energy within these
organisms are found in the reaction system known as Photosystem II (PSII), figure
1‐1.1 Within PSII, sunlight is absorbed initiating a series of energy and electron
transfers between redox active species. In the final stages of PSII the oxidative
potential is great enough to split water into molecular components.1
2H2O  O2 + 4H+ + 4e‐

eq.

1.1

In PSII, the most redox active cofactors are bound to the central protein D1
and D2. The primary donor for this system is P680 chlorophyll, which is attached to
antenna pigments. These antenna pigments absorb light and funnel the energy into
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Figure 11: (a) A schematic of the proteins D1 and D2 along with the electron
transfer cofactors of PSII. These cofactors include P680 chlorophylls, a tryrosine
residue (Tyrz), pheophytin (PHE), quinones (QA and QB), and the spatial
arrangement of the manganese ion in the manganese cluster. (b) Chemical
structures of the manganese cluster and nearby tyrosine residue.1
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the P680 chlorophyll exciting the molecule. Following energy transfer, an electron is
transferred from the excited state *P680 to pheophytin (PHE), and then on to the
quinones QA and QB.
P680 + hν  PHE‐ + P680+

eq.

1.2

PHE‐ + QA  PHE + QA‐

eq.

1.3

Q A  ‐ + QB  QA + QB  ‐

eq.

1.4

The resulting P680+ complex is highly oxidizing and removes an electron from a
nearby tyrosine residue, Tyrz. This reaction is also thought to be coupled to the
deprotonation of the Tyrz generating the neutral Tyrz radical.
Tyrz + P680+  P680 + Tyrz + H+

eq.

1.5

This radical oxidizes the nearby manganese cluster, which is primarily composed of
four manganese ions, figure 1‐1b.
Tyrz + Mn4 + H+  Mn4+ + Tyrz

eq.

1.6

Once all four manganese ions are oxidized (4 cycles), the decomposition of water
occurs and returns the manganese ions to their initial redox state (eq. 1.1).
Unfortunately, the mechanism for water oxidation is undetermined.1‐3
The success of solar energy conversion through photosynthesis is unrivaled.
However, there have been an abundance of synthetic compounds created to mimic
this

energy

conversion

process.1,4‐6

The

motivation

for

these

artificial

photosynthetic systems is two‐fold: (1) to gain a better understanding of natural
systems and (2) to master these intricate reactions in the hope to produce energy‐
rich fuels using solar energy.4
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1.2 Molecular Design

Using PSII as inspiration, artificial photosynthetic arrays are constructed
with one central tenet: a chromophore, which can be attached to light harvesting
antennae, is positioned between an electron donor and acceptor.4 Often these arrays
have catalytic sites attached to the electron donors and acceptors that return them
to their initial redox state.4 The unique optical and electrochemical properties of
metal complexes are commonly employed in the molecular design of these arrays.1,4‐
9

One of the most frequently used metal complexes is ruthenium (II) tris(bipyridine)

because it was the first metal complex shown to undergo an excited state electron‐
transfer.4 Additionally, it has a low energy metal‐to‐ligand charge transfer (MLCT)
excited state of 2.1 electron volts above ground state.4
A majority of artificial photosynthetic arrays use covalent linkages between
the chromophore and redox components.1‐9 Primary examples of this are shown by
Hammarstrom,1,5,6 who has developed multiple reaction systems that strongly
resembled the donor side of PSII. These complexes include Ru‐tyrosin and Ru‐(Mn)n
arrays that are linked by polyphenylene chains, figure 1‐2A,B. Analogous to the
chlorophyll complex P680, a [Ru(bpy)3]2+ derivative acts as the initial electron donor
in these systems. Similarly, Eisenberg8 has developed covalently linked donor‐
chromophore‐acceptor triads. The chromophore in this system is a Pt diimine
bis(acetylide) that is connected to a nitro aromatic acceptor and two phenothiazine
donors, figure 1‐2C. From these covalently linked arrays, electrons can either be
transferred by through‐bond (strong electronic interactions) or

5

Figure 12: Examples of covalent linked arrays. (A & B) Hammarstrom’s Ru‐Mn and
Ru‐Tyrosin complexes.5,6 (C) Eisenberg Pt terpridyl‐based triad system.8

6

through‐space (weak electronic interactions) mechanisms.10 To more directly mimic
photosynthesis, multiple systems have been constructed that intentionally place
redox components in close proximity, typically within 10Å, without covalent bonds
so through‐space electron transfer dominates.10‐16 The weak electronic interactions
in the through‐space mechanism decreases the chance for electron transfer as well
as strongly decreases the chance for back electron transfer to occur. To illustrate the
through‐space mechanism Meyer10 has designed a system where a [Ru(bpy)3]+2
chromophore is attached to an oligoproline backbone with organic donors and
acceptors,

such as phenothiazine (PTZ) and anthraquinone (ANQ), figure 1‐3.

Within these assemblies, the oligoproline backbone folds into an α‐helical structure
allowing for closer interactions between the redox components, thus increasing the
probability of through‐space electron transfer.10‐12 By monitoring the growth and
decay of peaks associated with the active species in the transient absorption
spectrum, figure 1‐4, the excited state mechanism was revealed.11 Photoexcitation at
460nm causes metal to ligand charge transfer (MLCT) in the Ru complex, forming a
PTZ‐RuIII(bpy)2(bpy‐)‐ANQ that performs an electron transfer from PTZ to Ru to
give PTZ+‐RuII(bpy)2(bpy‐)‐ANQ within 20 ns. Also within this timeframe a second
electron transfer occurs from bpy‐ to ANQ, forming the charge separated species
PTZ+‐RuII(bpy)3‐ANQ‐.11 The redox‐separated state was formed with a maximum
efficiency of 53% and excited state lifetime of 175 ns, until charge recombination
occurred with an ANQ‐PTZ+ electron transfer.

7

Figure 13: Linear donor‐accepter arrays of oligoproline that favor the through‐
space electron transfer mechanism. (A) A donor [Ru(bpy)3]+2 and acceptor (PTZ)
array10 (B) A PTZ‐[Ru(bpy)3]+2‐ANQ array.11
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Figure 14: Nanosecond transient‐absorption difference spectra for PTZ–
[Ru(bpy)3]2+–ANQ. Following a 4‐ns pulse from a 460 nm laser (1.5 mJ per pulse),
spectra were recorded at intervals from 2 to 777 ns for a 1.0 μM in freeze‐pump
thaw degassed acetonitrile at 25°C. Copyright (1996) National Academy of Sciences,
USA.
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Additionally, a thorough investigation of solvent effects on the
photodynamics and electrochemical properties of this system was performed in the
four solvents, acetonitrile (ACN), butyronitrile (BuCN), N,N‐dimethylacetamide
(DMA), and 1,2‐dichloroethane (DCE).12 Based on circular dichroism experiments it
was shown that the oligoproline arrays retained the α‐helical structure in all
solvents. Transient absorption data was also taken which again showed the
appearance of PTZ+ and ANQ‐ and a quenching of the [Ru(bpy)3]2+ on a 10 ‐ 20ns
timescale. Based on the reductive potentials, the free energy of the of the PTZ 
RuIII(bpy)2(bpy‐) electron transfer quench (ΔG) is more favorable than
RuIII(bpy)2(bpy‐)  ANQ electron transfer by ‐0.44, ‐0.24, ‐0.36, and ‐0.34eV in DCE,
DMA, BuCN, and ACN, respectively. The quantum yields for formation of the charge‐
separated states vary from 33% in DCE, 43% in DMA, 54% in BuCN, and 86% in
ACN. Using a solvent dependent study, a competition was developed between
formations of the charge separated state PTZ+‐RuII(bpy)3‐ANQ‐ and the back
electron transfer from RuII(bpy)2(bpy‐)  PTZ. It was found that the back electron
transfer from ANQ‐PTZ+ was highly favorable and occurred within the Marcus
inverted region.

1.3 Inorganic DNA (iDNA)

Unlike Myer and Hammarstrom, we have created a straightforward
synthetic route to build a charge‐separated complex capable of self‐assembly
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through coordinative metal crosslinks. Our novel systems use an aminoethylglycine
(aeg) backbone due to its synthetic versatility and neutral charge, figure 1‐5.16‐22
The straightforward synthesis of the aeg backbone allows for the extension of these
arrays through simple peptide coupling.16‐22 Also, having an uncharged backbone is
crucial in this model because charged backbones, like the negatively charged sugar‐
phosphate backbone in DNA, would interact with the metal ions used for creating
ligand crosslink.
Inspired by nature and the self‐assembly of DNA through complementary
nucleobases, we have developed an analogous system that is governed by metal
coordination. The assembly of our duplexes is directed by the denticity of pendant
ligands off the backbone and the coordination number of the metal ions.16‐19 For
example, a tetracoordinate metal ion could crosslink bidentate‐bidentate (2x2) pairs
or tridentate‐monodentate (3x1) pairs, as in figure 1‐6.
Since our structures lack bridging ligands between redox sites, the metal
ions have weak electronic interactions. With weak electronic interactions through‐
space electron transfers dominate, theses electron transfers have slower charge
recombination and longer excited state lifetimes. With our structure we hypothesize
that electron transfers can occur over longer distances because rate is not strongly
distance dependent in through‐space electron transfers.
As these architectures self assemble, misalignments can occur which may
lead to polymer formation, figure 1‐7. We have developed various synthetic
strategies to ensure proper alignment, which include: (1) self‐complementary
strands;20 (2) palindromic strands;19 and (3) ribonucleic acid, RNA‐inspired hairpin

11

Ligand
O
O

Dipyridyl Amine

1

2
N
N

2

O

N

N
H

Pyridine

N

O

R

O
n

Hydroxyquinoline
2

N

N
OH

Bipyridine
3
N

Terpyridine

N
3

Phenyl
Terpyridine

N
N

N
N

N

N
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Figure 16: Example of using two tetra‐coordinate metal ions to form a duplex. The
top redox site consists of two bipyridine ligands while the bottom redox site is
composed of a terpyridine and a pyridine ligand.
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Figure 17: (A) Cartoon depicts the possibility for misalignments in these metal
coordination complexes. (B) Cartoon of RNA‐inspired hairpin loop upon addition of
two metal crosslinks, which prevents misalignments.
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loop structures.21‐23 The focus of this thesis is on the photophysical properties of
the RNA inspired hairpin loop structures.
The hairpin motif is composed of a [Ru(bpy)3]2+ chromophore tethered to
two aeg substituents at the 4 and 4’ positions of a bpy ligand. Attached to the aeg
strands are pendant bpy ligands, figure 1‐8.21 These free bipyridine ligands allow for
the insertion of a second metal ion into the system. Even with the added steric strain
from the free bipyridines on the aeg chains and the electronic repulsion between the
two metal ions, this structure is still capable of metal coordinative crosslinks. The
Ru chromophore is ideal for this model because it has well known photophysical
and redox properties as well as being substitutionally inert.1,7,8,10‐12 [Ru(bpy)3]2+ has
a strong absorbance and emission band that are in the visible spectrum along with a
long lived excited state ~1μs.23‐25 Additionally, [Ru(bpy)3]2+ can undergo electron
transfer through multiple mechanisms, depending on the redox properties of
neighboring redox group.
[RuII(bpy)3]2+ + hν  [RuIII(bpy)2(bpy−)]2+

eq. 1.7

[RuIII(bpy)2(bpy−)]2+ + A  [RuIII(bpy)3]3+ + A−

eq. 1.8

[RuIII(bpy)2(bpy−)]2+ + D  [RuII(bpy)2(bpy−)]+ + D+

eq. 1.9

Where A is an acceptor and D is a donor.
In previous work, Cu (II) and Zn (II) ions have been inserted into the hairpin
structure to create dimetallic complexes, which were confirmed by mass
spectrometry, elemental analysis, and 1H‐NMR.21,22 Further analysis using time
resolved emission spectroscopy of the hairpin‐Cu2+complex revealed a drastic
decrease in the quantum yield (0.0029) and excited state lifetime (35ns). 21,22
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Figure 18: RNA‐inspired hairpin loop (Ru1), in which the two free bipyridine
ligands are capable of forming a coordinative crosslink with a tetra‐coordinate
metal.21
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This suggested that the coordinated Cu+2 quenched the Ru center by energy or
electron transfer. To further understand the quenching mechanism of this model,
distance dependent studies were investigated on the coordinated [Cu(bpy)2]2+ on
variations of the hairpin motif.22 Using quantum yield calculations (eq. 1.7) and
time‐resolved emission spectroscopy, the radiative and nonradiative relaxation rate
constants were calculated (eq. 1.8, 1.9). 26

eq. 1.10

In this equation, ϕ is the radiative quantum yield of the sample; ϕref is the known
quantum yield of [Ru(bpy)3]2+ in acetonitrile (0.062);26 I is the integrated emission;
A is the excitation wavelength absorbance; and η is the refractive index of the
solvent. The radiative (kr) and nonradiative

(knr) decay rate constants are

determined using the measured excited state lifetime (τ).26

eq. 1.11

eq. 1.12
These relaxation rate constants, in conjunction with temperature dependent
studies, suggested that electron transfer is the method of quenching; however,
energy transfer could not be ruled out.20
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In this thesis, I expand our understanding of the photodynamics of Ru1 by
coordinating a range of transition metals (Cd2+, Ni2+, Pd2+, Pt2+, and Cu+) into the
structure and measuring the photophysical and electrochemical properties and
compare them to the Zn2+ and Cu2+ complexes. [Cd(bpy)2]2+ is used as a control for
electron transfer because the structure is photochemically and spectroscopically
silent. The group 10 elements (Ni2+, Pd2+, and Pt2+) are selected because they are
catalytic and redox active metals. Finally, Cu (I) will be used due to its catalytic
nature and it was thought that the absorbance band for [Cu(bpy)2]+ would not
overlap with the emission of [Ru(bpy)3]2+. Unfortunately, there is a slight overlap
within theses spectra, figure 1.9. Analysis of the photophysical properties of these
heterometallic complexes allows for the comparison of excited state relaxation rate
constants, which give insight into the quenching mechanism. If there is a strong
increase in nonradiative rate decay upon chelation of a metal ion this would be
indicative of a new fast relaxation pathway, possibly electron transfer. Analyzing
reduction potentials of these complexes will allow for the calculation of free energy,
which will be used with all other supporting information to determine if electron
transfers are occurring within our system.
Additionally, a solvent study was performed on select Ru1 derivatives: Ru
1, Ru1(Cd2+), Ru1(Zn), Ru1(Cu2+), Ru1(Ni2+), Ru1(Pd2+), and Ru1(Pt2+). The
quantum yields and excited‐state lifetime were monitored under seven solvents:
dichloromethane

(DCM),

acetone,

methanol

(MeOH),

acetonitrile

dimethylsulfoxide (DMSO), propylene carbonate (PC), and formamide. These

(ACN),
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Figure 1.9: Visible absorption spectra and extinction coefficient (left y‐axis) for all
small molecules along with Ru(bpy)3 absorption and emission(right y‐axis). The
extinction coefficient of Ru(bpy)3 is a tenth of its actual value to remain in the
spectral window.
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solvents were selected for Ru1 solubility and the large range of dielectric
constants. The photodynamic properties were used to provide more information on
possible electron transfer by investigating the radiative and nonradiative rate
constants.
Understanding how electron and energy transfer occurs between acceptors
and donors in excited state photophysical applications is important for solar energy
conversion and catalysis. Here we have developed a versatile system that uses
amide coupling and metal ion coordination to create elaborate supramolecular
structures that undergo energy and electron transfer. Further expansion on these
sophisticated structures include the introduction of new pendant ligands for binding
and greater control over structural geometries in solution.

1.4 References:
(1)

Hammarstrom, L. “Towards Artificial Photosynthesis: Ruthenium‐Manganese
Chemistry Mimicking Photosystems II Reactions” Curr. Opin. Chem. Biol.
2003, 7, 666‐673.

(2)

Meyer, T. J.; Huynh, M. H.; and Thorp, H. H. “The Possible Role of Proton‐
Coupled Electron Transfer (PCET) in Water Oxidation by Photosystem II”
Angew. Chem. Int. Ed. 2007, 46, 5284‐5304.

(3)

Brudvig, G. W. “Water Oxidation Chemistry in Photosystem II” Phil. Trans. R.
Soc. B. 2008. 363, 1211‐1219.

(4)

Huynh, M. H. V. ; Dattelbaum, D. M.; Meyer, T. J. “Excited State Electron and
Energy Transfer in Molecular Assemblies” Coor. Chem. Rev. 2005, 249, 457‐
483.

(5)

Magnusson, A.; Berglund, H.; Korall, P.; Hammarstrom, L.; Akermark, B.;
Styring, S.; and Sun, L. “Mimicking Electron Transfer Reactions in
Photosystem II: Synthesis and Photochemical Characterisation of a

20
Ruthenium(II) tris(bipyridyl) Complex with a Covalently Linked Tyrosine.” J.
Am. Chem. Soc. 1997, 119, 10720‐10725.
(6)

Magnusson, A.; Frapart, A.; Abrahamsson, M.; Horner, O.; Akermark, B.; Sun,
L.; Girerd, J. J.; Hammarstrom, L.; and Styring, S. “A Biomimetic Model System
for the Water Oxidising Triad in Photosystem II” J. Am. Chem. Soc. 1999, 121,
10781‐10787.

(7)

Pfennig, B. W.; Goertz, J. K.; Wolff, D. W.; and Cohen, J. L. “Photoinduced
Electron Transfer in a Trinuclear Mixed‐Valence Chromophore‐Quencher
Compound” Inorg. Chem. 1998, 37, 2608‐2611.

(8)

Chakraborty, S.; Wadas, T. J.; Hester, H.; Flaschenreim, C.; Schmehl, R.; and
Eisenberg, R. “Synthesis, Structure, Characterization, and Photophysical
Studies of a New Platinum Terpyridyl‐Based Triad with Covalently Linked
Donor and Acceptor Groups” Inorg. Chem. 2005, 44, 6284‐6293.

(9)

Larson, S. L.; Elliot, C. M.; and Kelley, D. F. “Charge Separation in Donor—
Chromophor—Acceptor Assemblies: Linkage and Driving Force Dependence
of Photoinduced Electron Transfers” J. Phys. Chem. 1995, 99, 6530‐6539.

(10)

Serron, S. A.; Aldrigde, W. S.; Fleming, C. N.; Danell, R. M.; Baik, M.; Sykora, M.;
Dattelbaum, D. M.; and Meyer, T. J. “Evidence for Through‐Space Electron
Transfer in the Distance Dependence of Normal and Inverted Electron
Transfer in Oligoproline Arrays.” J. Am. Chem. Soc. 2004, 126, 14506‐14514.

(11)

McCafferty, D. G.; Friesen, D. A., Danielson, E.; Wall, C. G.; Saderhol, M. J.;
Erickson, B. W.; and Meyer, T. J.; “Photochemical Energy Conversion in a
Helical Oligoproline Assembly.” Proc. Natl. Acad. Sci. 1996, 93, 8200‐8204.

(12)

Striplin, D. R.; Reece, S. Y.; McCafferty, D. G.; Wall, C. G.; Friesen, D. A.;
Erickson, B. W.; and Meyer, T. J. “Solvent Dependance of Intramolecular
Electron Transfer in a Helical Oligoproline Assembly.” J. Am. Chem. Soc. 2004,
126, 5286‐5291.

(13)

Wasielewski, M. R. “Energy, Charge, and Spin Transport in Molecules and
Self‐Assembled Nanostructures Inspired by Photosynthesis” J. Org. Chem.
2006, 71, 5051‐5066.

(14)

Rybtchinski, B.; Sinks, L. E.; and Wasielewski, M. R. “Combining Light‐
Harvesting and Charge Separation in a Self‐Assembled Artificial
Photosynthetic System Based on Perylenediimide Chromophores” J. Am.
Chem. Soc. 2004, 126, 12268‐12269.

(15)

Wasielewski, M. R. “Photoinduced Electron Transfer in Supramolecular
Systems for Artificial Photosynthesis” Chem. Rev. 1992, 92, 435‐461.

21

(16)

Gilmartin, B. P.; Ohr, K.; McLaughlin, R. L.; Koerner, R.; and Williams, M. E.
“Artificial Oligopeptide Scaffolds for Stoichiometric Metal Binding” J. Am.
Chem. Soc. 2005, 127, 9546‐9555.

(17)

Ohr, K.; Gilmartin, B. P.; and Williams, M. E. “Pyridine‐Substituted
Oligopeptides as Scaffolds for the Assembly of Multimetallic Complexes:
Variation of Chain Length” Inorg. Chem. 2005, 44, 7876‐7885.

(18)

Ohr, K.; McLaughlin, R. L.; and Williams, M. E. “Redox Behavior of Phenyl‐
Terpyridine‐Substituted Artificial Oligopeptides Cross‐Linked by Co and Fe”
Inorg. Chem. 2007, 46, 965‐974.

(19)

Gilmartin, B. P.; McLaughlin, R. L.; and Williams, M. E. “Artificial Tripeptide
Scaffolds for Self‐Assembly of Heteromultimetallic Structures with Tunable
Electronic and Magnetic Properties” Chem. Mater. 2005, 17, 5446‐5454.

(20)

Coppock, M. B.; Miller, R. J.; and Williams, M. E. “Assembly of a Trifunctional
Artificial Peptide Into an Anti‐Parallel Duplex with Three Cu(II) Cross‐links.”
Inorg. Chem. 2011, 50, 949‐955.

(21)

Myers, C. P.; Gilmarin, B. P.; and Williams, M. E. “Aminothylglycine‐
Functionalized Ru(bpy)3+2 with Pendant Bipyridines Self‐Assemble
Multimetallic Complexes by Copper and Zinc Coordination” Inorg. Chem.
2008, 47, 6738‐6747.

(22)

Myers, C. P.; Miller, R. J.; and Williams, M. E. “Impacts of the Location and
Number of [Cu(bpy)2]2+ Cross‐Links on the Emission Photodynamics of
[Ru(bpy)3]2+ with Pendant Oligo(aminoethylglycine) Chains” J. Am. Chem. Soc.
2009, 131, 15291‐15300.

(23)

Kalyanasundaram, K. “Photophysics, Photochemistry, and Solar Energy
Conversion with Tris(Bipyridyl)Ruthenium(II) and Its Analogues.” Coord.
Chem. Rev. 1982, 46, 159‐244.

(24)

Fukuzumi, S. “Bioinspired Energy Conversion Systems for Hydrogen
Production and Storage.” Eur. J. Inorg. Chem. 2008, 9, 1351‐1362.

(25)

Cady, C. W.; Crabtree, R. H.; and Brudvig, G. W.; “Functional Models for the
Oxygen‐Evolving Complex in Photosystem II.” Coord. Chem. Rev. 2008, 252,
444‐455.

(26)

Meyer, T. J. “Photochemistry of Metal Coordination Complexes: Metal to
Ligand Charge Transfer Excited States.” Pure Appl. Chem. 1986, 58, 1193‐
1206.

22

Chapter 2
Studying the Effects Ruthenium Hairpin Coordinated to Various Transition
Metals.

2.1 Introduction
Nature uses solar energy to efficiently transfer energy and electrons to drive
internal chemical pathways.1 Many photosynthetic organisms synthesize highly
ordered macromolecules that can achieve long distance charge separations.1
Although synthesis of self‐assembled supramolecules for artificial photosynthesis is
a challenging objective, our group has developed an innovative solution.2‐6 We have
developed an aminoethylglycine‐derivatized [Ru(bpy)3]2+ complex with pendant
bipyridine (bpy) ligands.2,3 With the addition of metal ions this structure forms
crosslinks through of the metal coordination with the free bpy ligands. These
suspended redox sites, [M(bpy)2]n+, lack shared ligands with the Ru chromophore
causing weak electronic interactions where through‐space electron transfer
dominates over through‐bond electron transfer.
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Our aim here is to expand on the photophysical and electrochemical
properties of the Ru1 structure, figure 1‐8. Coordination of a series of transition
metals ions (Cd2+, Ni2+, Pd2+, Pt2+, and Cu+) into its structure will provide information
on energy and electron transfer with the hairpin motif. To achieve this, the free
energy for electron transfer quenching (ΔG) is calculated from the redox potentials
of the tethered [M(bpy)2]2+ complexes and excited state [Ru(bpy)3]2+*. By
monitoring quantum yields and excited‐state lifetimes, the radiative and
nonradiative relaxation rate constants are calculated. Increases in nonradiative rate
decays upon chelation of the metal ions add support to the electron transfer
mechanism.
In addition to the electrochemical study, a solvent‐dependence study was
performed on Ru1 heterometallic complexes with seven solvents: dichloromethane
(DCM), acetone, methanol (MeOH), acetonitrile (ACN), dimethylsulfoxide (DMSO),
propylene carbonate (PC), and formamide. These solvents were selected for Ru1
solubility and their large range of dielectric constants. The quantum yields and
excited‐state lifetimes were monitored and used to provide more information on
potential electron transfer by investigating the radiative and nonradiative rates.

2.2 Experimental Section
2.2.1 Chemicals

Cadmium nitrate tetrahydrate was purchased from Acros Organics. Nickel
(II) nitrate hexahydrate and potassium tetrachloroplatinate (II) were purchased
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from Alfa Aesar. Tetrakis (acetonitrile) palladium (II) tetrafluoroborate was
purchased from Strem Chemicals and tetrakis (acetonitrile) copper (I)
hexafluorophosphate was purchased from Aldrich. (1,5–cyclooctadiene)platinum
(II) dichloride was synthesized as previously reported7 and converted to the BF4 salt
with AgBF4. Ru1 was synthesized as previously reported.2

2.2.2 Methods

UV‐vis absorbance spectra were obtained using a Varian Cary 500 double‐
beam spectrophotometer. Emission spectra were measured using a Photon
Technology International (PTI) fluorescence spectrometer using an 814
photomultiplier detection system. Time resolved emission decays were measured
following excitation with N2 pumped dye laser (PTI model GL‐302), 16 decays were
averaged with a 50 µs collection time per point. Quantum yields and transient
emission were measured using samples that were thoroughly deaerated using
repetitive freeze‐pump‐thaw cycles, and then sealed cells under nitrogen. Quantum
yields were determined using equation 1.7, where the quantum yield of [Ru(bpy)3]+2
in acetonitrile = 0.062.7 The radiative (kr) and nonradiative (knr) decay rates are
determined by using the measured excited state lifetime (τ) and equations 1.8 and
1.9.8
Mass spectrometric (MS) analysis was performed on a Waters LCT Premier
time‐of‐flight (TOF) mass spectrometer. Samples were introduced into the mass
spectrometer using direct infusion via a syringe pump. All NMR spectra were
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collected on either 360 or 400 MHz spectrometers (Bruker) in the Lloyd Jackman
Nuclear Magnetic Resonance Facility.
Analytical‐scale high performance liquid chromatography (HPLC) was
performed with a Varian system equipped with two quaternary pumps (Model 210),
an autosampler (Model 410), a UV‐vis detector (Model 320), and a Thermo Scientific
Betasil Silica‐100 column (150 mm x4.6 mm with 5 μm particle size). The Ru‐1
complexes (5.0 μL injections) were separately analyzed using a flow rate of 0.5 mL/
min. The eluent contained a mixture of acetonitrile (ACN), water, and saturated
aqueous potassium nitrate in a 6:3:1 volume ratio, respectively. Elution of the
compounds was monitored at 450 nm.
Spectrophotometric emission titrations were measured in acetonitrile at
room temperature in the presence of air and with known concentrations of Ru1
(~1 x 104M), with the exception of Ru1(Cu+), which was performed under nitrogen.
For emission titrations and solvent dependence studies all compounds were excited
at their maximum MLCT absorbance, maxima ranges from 462 in DCM to 476 in
formamide, and the emission monitored at their maximum emission wavelength.
Emission spectra was obtained after serial additions of ~5 µL of metal ion in
acetonitrile then stirred for 10 min. Aliquots of the titration solutions were
examined by mass spectrometry.
All electrochemical measurements were obtained using a CH Instruments
potentiostat (Model 660) with 0.31 cm diameter glassy carbon working and Pt wire
counter electrodes with a Ag quasi reference electrode. Solutions were prepared
from distilled CH3CN containing 0.2 M TBAP supporting electrolyte; the solutions
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were deoxygenated by five freeze‐pump‐thaw cycles and analyzed within a
glovebox under N2. Potentials are reported vs a saturated calomel electrode
reference scale using ferrocene as an internal potential reference standard in
solution.

2.2.3 General Procedure for Preparation of Heterometallic Complexes.

Heterometallic compounds Ru1(Cd2+), Ru1(Zn2+), Ru1(Cu2+), Ru1(Cu+),
Ru1(Ni2+) and Ru1(Pd2+) were prepared by addition of a slight molar excess of
each metal salt in acetonitrile to a solution of Ru1 in acetonitrile. The Ru1(Cu+)
complex was prepared and analyzed in the absence of air. The Ru1(Pt2+) complex
was prepared by the addition of a slight molar excess of Pt(COD)(CH3CN)2](BF4)2 in
acetonitrile, which was refluxed for 3 hr and cooled. Addition of saturated aqueous
solution of NH4PF6 caused precipitation of a dark red solid, which was collected by
vacuum filtration and rinsed with water and diethyl ether.
All tethered complexes [Cd(bpy)2]2+, [Ni(bpy)2]2+, and [Pd(bpy)2]2+ were
prepared by addition of the metal salt mentioned above with two molar equivalents
of 4’‐4’ dimethylbpy in acetonitrile. The solution was stirred for an hour. Addition
of saturated aqueous NH4PF6 caused precipitation, which was collected by vacuum
filtration and rinsed with diethyl ether. [Cu(bpy)]+ was prepared under nitrogen by
adding tetrakis (acetonitrile) copper (I) hexafluorophosphate with one molar
equivalent of 4’‐4’ dimethylbpy in acetonitrile and stirred for an hour. While under
nitrogen the solvent was removed by vacuum and the flask was backfilled with
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nitrogen. [Pt(bpy)2]2+ was prepared from Pt(COD)(CH3CN)2](BF4)2 and the addition
of two molar equivalents of 4’‐4’ dimethylbpy in acetonitrile. After stirring for an
hour the addition of saturated aqueous NH4PF6 caused precipitation, which was
collected by vacuum filtration and rinsed with diethyl ether. Characterization and
purity of these tethered complexes were determined by NMR with an ethanol
internal standard to insure the metal complexes had two ligands. NMR cannot
characterize the nickel complex due to contact angle shifting9a so an UV‐vis
absorbance curve9b was used to characterize the compound, figure 2.7.

Ru1: 1H NMR 400MHz, CD3CN (Figure 21): 1.35‐1.40 (t, 18H); 2.16‐2.22 (m, 6H);
2.33‐2.37 (d, 2H); 3.52‐3.77 (m, 9H); 3.84‐4.05 (m, 4H); 4.20 (s, 1H); 7.02‐7.19 (m,
4H); 7.33‐7.47 (m, 4H); 7.64‐7.83 (m, 6H); 7.87 (m, 3H); 8.06 (m, 5H); 8.18‐8.36
(m‐m, 6H); 8.52 (m, 4H); 8.69‐9.08 (m‐m, 4H). MS (ESI+) [M4+] Calcd: 362.1; Found:
362.1. HPLC

Ru1(Cd2+): 1H NMR 400MHz, CD3CN (Figure 21): : 1.40 (s, 18H); 2.10 (s, 6H); 3.57
(s, 8H); 3.74 (m, 1H); 3.99 (m, 4H); 4.17 (d, 1H); 7.37 (m, 8H); 7.72 (s, 4H); 7.76‐7.91
(m, 5H); 8.07 (m, 6H); 8.17‐8.31 (d, 3H); 8.52 (s, 5H); 8.75‐9.13 (m, 2H); 9.23 (s, 2H).
MS (ESI+) [M4+] Calcd: 376.1; Found: 376.1.

Ru1(Cu+): 1H NMR 400MHz, CD3CN (Figure 21): : 1.37 (s, 18H); 2.41 (s, 4H); 3.67
(s, 10H); 4.00 (s, 5H); 4.24(s, 1H); 7.41 (m, 7H); 7.71 (m, 4H); 7.86 (s, 4H); 8.06 (m,
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6H); 8.12‐8.42 (m, 5H); 8.5 (t, 5H); 8.90‐9.4 (m, 5H). MS (ESI+) [M3+] Calcd: 484.5;
Found: 484.5.

Ru1(Ni2+): 1H NMR 400MHz, CD3CN (Figure 21): 1.37 (s, 18H); 3.2‐3.8(s, 8H); 3.8‐
4.3 (s, 4H); 7.2‐7.5 (s, 4H); 7.5‐7.8(d, 7H); 7.8‐8.0 (s, 3H); 8.0‐8.2 (s, 4H); 8.4‐8.6 (s,
4H); 8.6‐8.9 (s, 2H). MS (ESI+) [M4+] Calcd: 362.1; Found: 362.1.

Ru1(Pd2+): 1H NMR 400MHz, CD3CN (Figure 21): 1.37 (s, 18H); 2.61 (s, 6H); 3.5‐
4.0 (m, 8H); 4.0‐4.4 (m, 6H); 7.41 (m, 6H); 7.7 (m, 6H); 7.9 (s, 4H); 8.0 (m, 5H); 8.15‐
8.45 (m, 5H); 8.51(m, 7H); 8.9‐9.1(m, 2H); 9.1‐9.35 (m, 1H); 9.4 (s, 2H). MS (ESI+)
[M4+]: Calcd: 375.1; Found: 375.1.

Ru1(Pt2+): 1H NMR 400MHz, CD3CN (Figure 21): 1.37 (s, 18H); 2.61 (s, 6H); 3.5‐
4.0 (m, 8H); 4.0‐4.4 (m, 6H); 7.41 (m, 6H); 7.7 (m, 6H); 7.9 (s, 4H); 8.0 (m, 5H); 8.15‐
8.45 (m, 5H); 8.51(m, 7H); 8.9‐9.1(m, 2H); 9.1‐9.35 (m, 1H); 9.4 (s, 2H). MS (ESI+)
[M4+] Calcd: 396.4; Found: 396.4.

Cd(bpy)2(PF6)2: 1H NMR 400MHz, CD3CN with 1 molar EtOH internal standard
(Figure 26): 1.14‐1.18 (t, 3H); 2.52‐2.58 (s, 12H); 3.54‐3.62 (m, 2H); 7.40‐7.48 (d,
4H); 8.05‐8.15 (d, 4H); 8.30‐8.40 (s, 4H). Mass Calc. 770.81.
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Cu(bpy)2(PF6): 1H NMR 400MHz, CD3CN with 1 molar EtOH internal standard
(Figure 26): 1.12‐1.19 (t, 3H); 2.19‐2.75 (s, 12H); 3.52‐3.63 (m, 2H); 7.2‐7.7 (d,
4H); 8.0‐9.0 (s, 8H). Mass Calc. 576.98.

Ni(bpy)2(PF6)2: 1H NMR 400MHz, CD3CN with 1 molar EtOH internal standard
(Figure 26) Protons are shifted off the spectrum due to contact shifts. Mass Calc.
717.10.

Pd(bpy)2(PF6)2: 1H NMR 400MHz, CD3CN with 1 molar EtOH internal standard
(Figure 26) 1.14‐1.18 (t, 3H); 2.65‐2.75 (s, 12H); 3.54‐3.62 (m, 2H); 7.73‐7.79 (m,
4H); 8.29‐8.34 (s, 4H); 8.45‐8.50 (d, 4H). Mass Calc. 764.82.

Pt(bpy)2(PF6)2: 1H NMR 400MHz, CD3CN with 1 molar EtOH internal standard
(Figure 26): 1.12‐1.18 (t, 3H); 2.65‐2.73 (s, 12H); 3.52‐3.62 (m, 2H); 7.72‐7.77 (m,
4H); 8.29‐8.32 (s, 4H); 8.43‐8.48 (d, 4H). Mass Calc. 853.49.
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Figure 21: 1H NMR spectrum of (A) Ru1, (B) Ru1(Cd2+), (C) Ru1(Cu+), (D) Ru
1(Ni2+), (E) Ru1(Pd2+), and (F) Ru1(Pt2+) at 400 Hz in CD3CN. Solvent peaks are
removed for clarity.
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Figure 22: Aromatic region of 1H NMR spectra of (A) Ru1, (B) Ru1(Cd2+), (C) Ru
1(Cu+), (D) Ru1(Ni2+), (E) Ru1(Pd2+), and (F) Ru1(Pt2+) at 400 Hz in CD3CN.
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Figure 23: Selected molecular ion peaks observed by positive ion electrospray mass
spectrometry, plotted together with the calculated mass and isotopic splitting patterns for
1-A) {[Ru-1(Cd)]+4(PF6)2}+2; 1-B) {[Ru-1(Cd)]+4(PF6)}+3; 1-C) [Ru-1(Cd)]+4; 2-A)
{[Ru-1(CuI)]+3(PF6)}+2; 2-B) [Ru-1(CuI)]+3;3‐A) {[Ru-1(Ni)]+4(PF6)2}+2; 3-B) {[Ru1(Ni)]+4(PF6)}+3; 3-C) [Ru-1(Ni)]+4.
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Figure 24: Selected molecular ion peaks observed by positive ion electrospray mass
spectrometry, plotted together with the calculated mass and isotopic splitting patterns for
4-A) {[Ru-1(Pd)]+4(PF6)2}+2; 4-B) {[Ru-1(Pd)]+4(PF6)}+3; 4-C) [Ru-1(Pd)]+4; 5-A) {[Ru1(Pt)]+4(PF6)2}+2; 5-B) {[Ru-1(Pt)]+4(PF6)}+3; 5-C) [Ru-1(Pt)]+4.
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Figure 25: HPLC data of Ru1(Cd2+), Ru1(Cu+), Ru1(Ni2+), Ru1(Pd2+), and Ru
1(Pt2+).

35

Figure 26: 1H NMR spectrum of Cd(bpy)2(PF6)2, Cu(bpy)2(PF6), Ni(bpy)2(PF6)2,
Pd(bpy)2(PF6)2, and Pt(bpy)2(PF6)2 at 400 Hz in CD3CN.
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Figure 27: Absorption curve of 0.04 M [Ni(bpy)2]2+ in acetonitrile.
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2.3 Discussion

As shown previously, the addition of one molar equivalent of metal ions
generates coordinative crosslinks between the pendant bipyridines on the aeg
strands.2,3 All Ru1(M) complexes were synthesized as previously reported and
isolated by precipitation though anion exchange.2 Analysis through mass
spectrometry and 1H NMR conclusively confirmed the identity of each complex.
Addition of Mn+ ions causes significant shifts in the aromatic region of the 1H
NMR spectra, figure 2‐7 specifically at 7.0‐7.2, 7.75‐7.8, and 8.2‐8.35 ppm, and are
attributed to direct Mn+‐bpy coordination. Comparison of the integrated area ratio of
the aromatic:t‐butyl for Ru1(Pd2+), Ru1(Cd2+), Ru1(Pt2+), and Ru1(Cu+) reveal
expected values of 2.05:1, 2.07:1, 2.08:1, 2.07:1 respectively (predicted 36:18). In
contrast, the ratio for Ru1(Ni2+) was 1.33:1 (predicted to be 36‐18). This is an
expected observation given that complexes of Ni2+ with pyridine derivatives exhibit
a paramagnetic shift; placing the bpy protons downfield out of the spectral
window.9 High‐resolution MS reveals the expected molecular ion peaks for all Ru
1(M)n+ complexes as PF6‐ counter ions are removed, figure 2‐4. The purity of these
compounds was also investigated through HPLC. In figure 2‐5 are the normalized
UV traces for all Ru1(M)n+. All compounds, with the exception of Ru1(Cu+), have a
single Gaussian peak that is indicative of a pure compound. The Ru1(Cu+) has a
shoulder which is attributed to the oxidation of Cu+. Since this column is separated
by charge, where the higher charge exits the column first, suggests that the initial
peak is Ru1(Cu2+) followed by a slight should which is Ru1(Cu+). This is
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exceptable considering that the column is run in aerated solvents. This data
unequivocally confirms the coordination of the transition metals to the pendant bpy
in ruthenium hairpin.

2.3.1 Spectrophotometric Emission Titrations

In order to gain information on the metal binding stoichiometry, we
conducted a series of emission titrations. A solution of ACN with known volume and
concentration of Ru1 was excited at 470 nm and the emission intensity measured
at 650 nm. Sequential additions of solution containing metal ions caused a
permanent decrease in Ru1 emission intensity. Figure 2‐8 shows a plot of peak
emission intensity at λem = 650 nm vs the molar ratio of M/Ru1 in acetonitrile
solutions. For each metal ion studied a decrease was observed in Ru1 emission
intensity that leveled off at ~1 M:1 Ru1. The addition of Cd2+ caused a decrease in
emission intensity of ~15 %. This is comparable to our previous reports,2 in which
the addition of Zn2+ caused a 13 % emission intensity decrease. Because both Cd2+
and Zn2+ are d10 metal centers and exhibit no visible absorption bands, energy and
electron transfer can be ruled out. Instead, we suggest that the coordination of a
Zn2+ or Cd2+ leads to a change in the chemical environment surrounding the Ru
chromophore that leads to a slight decrease in emission intensity.
Our previous reports of Ru1 quenching by Cu2+ have shown a 97% decrease
in emission quenching.2,3 Arrhenius plots suggested an electron transfer quenching
mechanism however because of the broad absorption band of [Cu(bpy)2]2+, energy
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Figure 28: Spectrophotometric titration curves of emission Ru1 in acetonitrile
upon incremental addition of ACN solutions of Ni(II); Cd(II); Cu(II); Cu (I); Zn(II);
and Pd(II). Curves are normalized to the initial emission intensity of the RuHP
solution at 650 nm following excitation at 470 nm.
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transfer cannot be ruled out conclusively. As shown in figure 2‐8, the addition of
Cu+ in oxygen free solutions causes a 94% decrease in emission intensity. Addition
of Pd2+ and Ni2+ quenches emission intensity by 48% and 46%, respectively. The
identity of the titration products were analyzed and compared through mass
spectrometry to isolated pure compounds. We were unable to report the emission
titration for Ru1(Pt2+) because the synthesis requires filtration and significant
heating. Instead, we compare the photophysical data of the final, pure product with
our other complexes.

2.3.2 Electrochemistry

Quenching of [Ru(bpy)3]2+ can occur by either energy or electron transfer
mechanism or a combination of the two.10‐12 Experimentally distinguishing the
contribution of the two processes is challenging. Determining the redox potentials of
the tethered metal complexes and excited state [Ru(bpy)3]2+ will reveal if electron
transfer is an energetically favorable reaction. Again, [Cd(bpy)2]2+ and [Zn(bpy)2]2+
are used as controls and are not redox active within the potentials of Ru1. The
mechanism for electron transfer in all tested metal ions except Cu+ can be seen in eq.
2.1. The redox potential of the excited state Ru3+/2+* complex is –0.64 V vs SCE in
acetonitrile.10

[RuIII(bpy)2(bpy−)]* – [MII(bpy)2]  [RuIII(bpy)3] – [MI(bpy)2]

eq. 2.1
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It is important to mention that the dash in eq. 2.1 represents the two aeg
strands that attach the Ru center to the tethered metal ion. Using the mechanisms
along with the redox potentials, the energy for each reaction can be calculated, table
2‐1. Ru1(Cu2+) and Ru1(Pd2+) are both favorable reactions for electron transfer.
As for Ru1(Ni2+) and Ru1(Pt2+), they do not favor electron transfer. Since Cu+ is in
a reduced state the electron transfer mechanism occurs differently with
[RuIII(bpy)2(bpy‐)]*

being reduced. Here the potential for the excited state

reduction of [RuIII(bpy)2(bpy‐)]* is ‐0.81V vs SCE in acetonitrile.11

[RuIII(bpy)2(bpy)−)]* – [CuI(bpy)2]  [RuII(bpy)2(bpy−)]* – [CuII(bpy)2]

eq. 2.2

If the Ru1(Cu+) follows eq. 2.2 this is a favorable electron transfer reaction with a
driving force of ‐0.9V. Although Ru1(Cu+) is capable of electron transfer the
mechanism has yet to be identified due to the overlap of the absorption spectra of
[Cu(bpy)2]+ with [Ru(bpy)3]2+, figure 1.9. Therefore, [Cu(bpy)2]+ becomes excited as
the Ru chromophore is excited.
The cyclic voltammograms for all heterometallic complexes in deoxygenated
ACN are shown in figure 2.9. All heterometallic complex potentials are set vs. a
saturated calomel electrode by setting the Ru2+/3+ potential to the previously
reported potential of 1.29V vs. SCE.3 To aid in the interpretation of these dimetallic
structures the cyclic voltammograms of the tethered [M(bpy)2]n+ complexes can be
seen in figure 2.10. By overlapping voltammograms of the Ru1 and [M(bpy)2]n+
complexes, the potentials found in the dimetallic Ru1 structures can be explained.
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Table 21: Electrochemical Data for the Ru1 complexes
Complex
Ru1(Ni2+)
Ru1(Pd2+)
Ru1(Pt2+)
Ru1(Cu2+)
Ru1(Cu+)

Potentials of [M(bpy)2]n+
(V vs. SCE)
‐1.00
‐0.44
‐1.15
0.04
0.04

ΔG
(V)
0.4
‐0.2
0.5
‐0.7
‐0.9
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Figure 29: Cyclic voltammogram of acetonitrile solution containing 1x10‐4 M Ru1
complexes with 0.2 M tetrabutylammonium perchlorate supporting electrolyte,
obtained using a 0.68 cm2 area glassy carbon working electrode and a potential scan
rate of 50mV/s.
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Figure 210: Cyclic voltammograms of acetonitrile solutions containing 3x10‐4 M
[M(bpy)2]n+ complexes with 0.2 M tetrabutylammonium perchlorate supporting
electrolyte, obtained using a 0.68 cm2 area glassy carbon working electrode and a
potential scan rate of 50mV/s.
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For example, the reduction potentials of Ru1(Ni2+) are particularly difficult to
determine. However, by looking at the Ru1 reduction potentials, ‐1.15V, ‐1.51V,
and ‐1.72V vs. SCE, overlapped with the reduction potentials of [Ni(bpy)2]2+, at ‐
1.45V and ‐1.88V vs SCE, the Ru1(Ni2+) voltammogram can be explained. Within
the Ru1(Cu+) complex the Cu+/2+ oxidation is seen at 0.04V vs. SCE along with a
potential wave appearing at ‐0.3V vs. SCE which is indicative of the tethered copper
complex absorbing to the electrode surface. Within the Ru1(Pd2+) there is a
reduction wave at ‐0.44V vs. SCE which is also seen within the [Pd(bpy)2]2+. The Ru
1(Cd2+) voltammogram is similar to that of Ru1. When looking at the tethered Cd2+
complex the voltammogram shows no potential waves within the region of the first
bpy reduction of Ru1 at ‐1.15V vs. SCE. Finally Ru1(Pt2+) has a broadened wave at
1.15V vs. SCE which is indicative of the Ru1 bpy reduction and reduction of the
[Pt(bpy)2]2+. The voltammogram of [Pt(bpy)2]2+ did not scan far enough in the
negative direction where hopefully a second reduction would occur around ‐1.8V vs.
SCE. Which would explain the increased reduction wave in Ru1(Pt2+).

2.3.3 Lifetimes and Quantum Yields

To gain quantitative information on the rate of excited state decay of
[Ru(bpy)3]2+, time dependent emission decays and quantum yields were monitored
in deaerated solutions the data from these experiments are compiled in table 2‐2. It
can be seen that as quenching efficiency increases the excited state lifetimes of the
complexes decrease accordingly. Ru1(Cu+) has the strongest quenching ability and
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Table 22. Photophysical data of bulk prepared Ru complexesa
Compound

φb

Τ c (ns)

Ru1f
Ru1(Cd2+)
Ru1(Zn2+)f
Ru1(Cu+)
Ru1(Cu2+)f
Ru1(Ni2+)
Ru1(Pd2+)
Ru1(Pt2+)

0.0405
0.042
0.039
0.019
0.0029
0.025
0.022
0.038

1180
910
1330
39
35
420
630
940

kr d (sec‐1)
x104
3.43
4.62
2.9
48.7
8.3
5.95
3.49
4.04

knr e(sec‐1)
x105
8.12
10.5
7.2
251
280
23.2
15.5
10.2

in thoroughly de‐gassed ACN solutions; b quantum yield; c lifetime following 1 ns
excitation at 450 nm; d e radiative and nonradiative relaxation rates, determined
using Eq. 1‐8 &1‐9; f from Ref 8.
a

47
also the shortest excited state lifetime of the newly synthesized compounds. Each
heterometallic structure was fit to a monoexponential curve with the exception of
the Ru1(Cu+) and Ru1(Cu2+), which display biexponential curves at one molar
equivalent of added metal ion. This biexponential curve is composed predominately,
~95%, of a component of ~40 ns (Ru1(Cun+)) and a longer excited state lifetime of
~1μs (Ru1), suggesting an equilibrium between bound and unbound metal ion.2
Ru1(Ni2+) and Ru1(Pd2+) exhibit excited state lifetimes of 420ns and 630ns.
The radiative (kr) and nonradiative (knr) relaxation rate constants were
calculated using eq. 1.8 and 1.9. The radiative rate constants among the dimetallic
structures were similar with the exception of Ru1(Cu+). However, Cu+ also has a
much smaller quantum yield than Cu2+, do to the fact that Cu+ absorption overlaps
with [Ru(bpy)3]2+ absorption. Since the radiative rate constants are determined by
lifetime and quantum yield this would affect the radiative rate constants. In
comparison to Ru1 the nonradiative rate constants increased substantially in the
copper complexes, Ru1(Cu+) and Ru1(Cu2+), having a ~30‐fold increase. The
catalytic metal series of Ni, Pd, and Pt had much smaller increases in nonradiative
rates over Ru1, with Ru1(Ni2+) having the highest increase of 3‐fold while Ru
1(Pd2+).
The increase in nonradiative rate decay relative to unbound Ru1 with the
–ΔG values for electron transfer suggest that the dimetallic complexes Ru1(Cu2+)
and Ru1(Pd2+) have potential to quench excited state Ru(bpy)3 through electron
transfer. To help demonstrate the point figure 2‐11 plots the log of (knr) vs ΔG. Ru
1(Cu+) has been omitted from this chart due to the fact it has a different electron
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Figure 211: Plot of log (knr) vs. ΔG of Ru1 with a range of bound catalytic metals.
Also includes a blue dashed line of the log(knr) of unbound Ru1 and black solid
indicates the slope = ‐1.032.
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transfer mechanism. Here we can see that the free energies of reaction of the
dimetallic copper complex and palladium species favor electron transfer quenching.
As for Ru1(Pt2+) and Ru1(Ni2+) they also show increased nonradiative rate
constants but according to the electrochemistry they are not favored reactions for
electron transfer. The data within figure 2‐11 was averaged and found to have a
slope of ‐1.032 that is part of the Marcus normal region.

2.4 Solvent Effects

To gain more information on the photophysical properties of the dimetallic
Ru1 structures, the quantum yields and excited‐state lifetimes were monitored in a
series of solvents. The solvents selected are DCM, acetone, MeOH, ACN, DMSO, PC,
and formamide; they were selected because of their large range of dielectric
constants, table 2‐3. All lifetime and quantum yield data of the dimetallic Ru1
complexes can be found in table 2‐4. Due to the uncertainty on the Ru1(Cu+)
mechanism it was not included in the solvent study.
As the dielectric constant increases in these solvents the excited state
lifetime should also increase. This is because the more polar the solvent molecules
are the more they can stabilize the charge separation. This trend can be seen in
figure 2.12, here Ru1(Pd+2) has a positive slope of 1.7 while Ru1(Cu2+) and Ru
1(Ni2+) have slopes of ‐1 and 0.3, respectively. As for Ru1(Pt2+) and the d10 metals
complexes, not shown, there is no correlation between lifetime and dielectric
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Table 23: Solvents and Related Properties
Solvent

εOPa

εSb

Pekar
Factor c

Dichloromethane

2.028

9.1

0.383

Acetone

1.847

21

0.494

Methanol

1.764

33

0.537

Acetonitrile

1.806

37.5

0.527

Dimethylsulfoxide

2.184

46.7

0.436

Propylene Carbonate

2.019

64

0.480

Formamide

2.093

111

0.469

Optical dielectric constant, from refractive index given in ref. 12. b Static dielectric
constant given in ref. 12. c Pekar factor is (εop‐1 – εs‐1).
α
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Table 24 Lifetime and quantum yield values for Ru1 complexes in various
solvents.
Lifetimes (ns)
DCM
1526

Acetone
1024

MeOH
788

1510

858

Ru-1(Zn )

1571

952

Ru-1(Cu2+)

25

Ru-1
Ru-1(Cd2+)
2+

2+

Ru-1(Ni )
2+

Ru-1(Pd )
Ru-1(Pt2+)

ACN
1180

DMSO
842

PC
1111

Formamide
755

608

910

878

968

998

560

1330

905

901

901

34

28

35

43

20

20

360

439

319

420

457

364

412

485
1511

530
1033

496
795

630
940

504
835

653
978

648
816

Quantum Yields

Ru-1

DCM
0.103

Acetone
0.034

MeOH
0.035

ACN
0.041

DMSO
0.023

PC
0.031

Formamide
0.021

0.133

0.043

0.026

0.042

0.034

0.025

0.019

2+

0.100

0.036

0.018

0.039

0.027

0.031

0.016

2+

0.0011

0.0028

0.0036

0.0029

0.0121

0.0104

0.0027

Ru-1(Ni )

0.037

0.017

0.014

0.025

0.018

0.012

0.010

Ru-1(Pd2+)

0.056

0.021

0.017

0.022

0.015

0.022

0.015

0.081

0.022

0.024

0.038

0.021

0.031

0.018

Ru-1(Cd2+)
Ru-1(Zn )
Ru-1(Cu )
2+

2+

Ru-1(Pt )

*Solvents are listed in increasing order of dielectric constant, dichloromethane
(DCM), acetone, methanol (MeOH), acetonitrile (ACN), dimethylsulfoxide (DMSO),
propylene carbonate (PC), and formamide.
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Figure 212: The change in excited state lifetime τ as a function of dielectric
constant for heterometallic Ru1 complexes.
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Figure 213: The change (1) absorbance and (2) emission λmax as a function of
dielectric constants for all Ru1 complexes.
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constant. Another trend found within this data is that the absorbance and emission
maxima are red‐shifted as dielectric constant increases, figure 2.13. Therefore less
energy needed to excite Ru chromophore in polar solvents.
The non‐radiative and radiative rate constants were calculated for all Ru1
structures, table 2‐5. From this data there seems to be a trend within the radiative
rates where as the dielectric constant increases the radiative rates increase as well.
For example, Ru1(Cd2+) exhibits an increase in radiative rates from 4.636x103 in
DCM to 1.403x105 in formamide. The radiative rates among all the Ru1 complexes
within the same solvent are similar, which is analogous to studies within ACN.
The nonradiative rates correlations to dielectric constants are more difficult
to interpret. To aid in the interpretations of the radiative rates, a plot of the pekar
factor [1/optical dielectric constant (εOP) – 1/static dielectric constant (εS)] vs the
natural log of the nonradiative rate constants, figure 2‐14. Again, Ru1(Cu2+)
nonradiative rate constants are an order of magnitude greater than the Ru1 in
every solution. Ru1(Ni2+) has the next highest nonradiative rate constants,
followed by Ru1(Pd2+). Finally, Ru1(Cd), Ru1(Zn), and Ru1(Pt) are all relatively
close in proximity to the radiative rate constants of Ru1, which is expected result
for Ru1(Cd) and Ru1(Zn).

2.5 Conclusion

This work has demonstrated the synthesis and analysis of a range of
dimetallic ruthenium hairpin structures including, Ru1(Cd2+), Ru1(Ni2+), Ru
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Table 25: Radiative (kr) and nonradiative (knr) rate constants for Ru1 complexes
in various solvents.
knr x105 (sec)-1

Ru-1
Ru-1(Cd2+)

DCM
5.88

Acetone
9.43

MeOH
12.25

ACN
8.13

DMSO
11.60

PC
8.72

Formamide
12.96

5.74

11.16

16.03

10.53

11.00

10.07

9.83

2+

5.73

10.13

17.54

7.23

10.75

10.76

10.92

2+

399.54

293.29

355.86

284.89

229.74

494.80

498.65

26.75

22.39

30.91

23.21

21.49

27.16

24.04

19.46

18.47

19.82

15.52

19.55

14.98

15.20

6.08

9.47

12.27

10.23

11.72

9.91

12.03

Ru-1(Zn )
Ru-1(Cu )
2+

Ru-1(Ni )
2+

Ru-1(Pd )
2+

Ru-1(Pt )

kr x104 (sec)-1

Ru-1

DCM

Acetone

MeOH

ACN

DMSO

PC

Formamide

6.72

3.34

4.38

3.43

2.76

2.78

2.83

2+

8.80

5.00

4.19

4.62

3.88

2.62

1.88

2+

6.38

3.77

3.14

2.93

2.95

3.41

1.82

2+

4.56

8.26

12.86

8.29

28.14

52.00

13.50

Ru-1(Ni )

10.28

3.90

4.42

5.95

3.89

3.16

2.33

Ru-1(Pd2+)

11.63

3.98

3.43

3.49

2.90

3.38

2.33

5.38

2.09

3.07

4.04

2.56

3.12

2.25

Ru-1(Cd )
Ru-1(Zn )
Ru-1(Cu )
2+

2+

Ru-1(Pt )

*following solvents: dichloromethane (DCM), methanol (MeOH), acetonitrile (ACN),
dimethylsulfoxide (DMSO), and propylene carbonate (PC).
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Figure 214: Plot of log (knr) vs. the Pekar Factor (εop‐1 – εs‐1) for all Ru1(M2+)
species.
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1(Pd2+), Ru1(Pt2+), and Ru1(Cu+). ESI+ MS, NMR, and HPLC have been used to
identify and confirm the purity of these compounds. Comparisons of these
compounds were made with previously reported structures Ru1(Cu2+) and Ru
1(Zn2+). From the reduction potentials of the tethered redox sites, [M(bpy)2]2+ the
free energy (ΔG) of electron transfer quenching of these newly formed
heterometallic structures were determined. This data supports electron transfer is a
likely candidate for the quenching [Ru(bpy)2]2+ emission in Ru1(Pd2+) and the
previously reported Ru1(Cu2+). The mechanism for electron transfer for Ru1(Cu+)
is still unidentified due to the challenges of Ru1 absorbance band overlaps with the
absorbance of [Cu(bpy)2]+.
The quantum yield and excited state lifetimes of the Ru1 derivatives were
monitored. Ru1(Cu+) had the most drastic decrease in quantum yield efficiency and
excited state lifetime, 94% and 39ns, respectively. These results are analogous with
results from Ru1(Cu2+) that has a 97% quenching effect over unbound Ru1 and a
lifetime of 35ns. Ru1(Pd2+) and Ru1(Ni2+) exhibit quenching effects of 48% and
46% with excited state lifetimes of 630ns and 420ns, respectively. Finally Ru1(Cd)
and Ru1(Zn) had low quenching effects near 15% and excited state lifetime similar
to that of unbound Ru1 at 1μs. From the quantum yield and excited state lifetime
data, nonradiative and radiative rate constants could be calculated. The
nonradiative rate constants and ΔG of the electron transfer reaction supports that
both Ru1(Cu2+) and Ru1(Pd+2) are capable of electron transfer quenching.
A solvent dependence study was performed on all Ru1 complexes, except
Ru1(Cu+). To study the solvent dynamics seven solvents were selected with a large
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range of dielectric constants from 9.1‐111. From this study we see that nonradiative
rate decays are solvent dependent but there seems to be little correlation between
the two.
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