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ABSTRACT
Nature utilizes self-assembly to create molecular machines that are capable of performing
biological processes necessary for life, including information storage and processing, catalysis,
and photosynthesis. A molecular machine is constructed by small units that are directed to
assemble through non-covalent interactions, such as hydrogen bonding, metal coordination and ππ stacking. Supramolecular chemistry based on metal-ligand coordination has evolved to create
highly organized structures via molecular recognition, and the construction of structures is more
programmable using biopolymers with repeating units (e.g., nucleic acids and peptides). This
dissertation describes the synthesis and characterization of compounds that combine peptide
coupling chemistry with metal-ligand coordination chemistry to design metallated oligopeptide
self-assemblies. The factors affecting self-assembly of metallated oligopeptides are investigated
in this dissertation, leading to more precise geometrical control and site-selectivity for potential
application in molecular electronics, photo-induced catalysts, and artificial enzymes.
Artificial tripeptides containing three pendant ligands, hydroxyquinoline (hq) and/or bipyridine
(bpy), were synthesized with three different sequences, hq-hq-hq, hq-bpy-hq and bpy-hq-bpy.
Separate reaction of these tripeptides with Zn(II) was quantitatively analyzed, and the formed
Zn(II)-linked tripeptide duplex was confirmed by analysis with UV-visible spectroscopy,
emission spectroscopy, and mass spectrometry. Titrations monitoring formation of the Zn(II) hq
tripeptide duplex had an equilibrium constant larger than the monomeric analogue, and a Hill
coefficient larger than 1, indicating positive cooperativity. Comparison of the photophysical
behaviors of these duplexes indicated sequence-dependent properties. A decrease of emission
intensity was observed in Zn tripeptide duplexes containing bpy compared to the hq-hq-hq
tripeptide. Electron transfer and/or Dexter energy transfer between metal centers is hypothesized
to be the fluorescence quenching mechanism, and is supported by electrochemical, variabletemperature, solvent studies and DFT calculations.

iv
The three artificial tripeptides mentioned above have been reacted with Cu(II) to form
tripeptide duplexes with three Cu(II) coordinative cross-links. NMR spectroscopy, elemental
analysis, and mass spectrometry confirmed the identity of products. The stoichiometry of binding
was examined using spectrophotometric absorbance titrations; positive cooperativity was
observed during the binding and quantified using the Hill equation. Electron paramagnetic
resonance data indicated coupling interactions between Cu(II) centers, and the Cu-Cu distance
was calculated to be ~ 5 Å. A negative shift of the reduction potential of [CuII(bpy)2]2+ was
observed in the cyclic voltammograms of [CuII3(hq-bpy-hq)2]2+ and [CuII3(bpy-hq-bpy)2]4+
compared to the Cu(II) bpy monomer duplex. We hypothesize that it is caused by the geometry
change in reduced [CuI(bpy)2]+ : in the duplex, the close packing of Cu-ligand layers flatten the
tetrahedral geometry of [CuI(bpy)2]+, increasing the energy level of the LUMO of the Cu(II). This
hypothesis was supported by spectroelectrochemical experiments and DFT calculations.
The stabilities of these three tripeptides and their Zn(II) and Cu (II) duplexes were investigated
using pH-dependent and sulfide spectrophotometric titrations, and equilibrium constants were
calculated. The stability of tri-metallic complexes is higher compared to the monometallic
analogues, confirming that the cooperative formation of multiple metal-ligand linkages results in
a higher binding affinity. For the Zn(II) complexes of tripeptides containing bpy ligands, the data
suggested that the protonation-induced dissociation is less favored because of the repulsion
between protons and positive-charged metal-bpy centers.
Artificial pentapeptide containing five pendant ligands was synthesized with a sequences hqbpy-bpy-bpy-hq. The binding selectivities of the pentapeptide and tripeptide hq-bpy-hq with
Cu(II) were determined with pH-dependent absorption spectroscopy. The reaction of partially
Cu(II)-saturated peptides with Zn(II) was quantitatively analyzed with absorption titration, and
the formed Cu(II)Zn(II) cross-linked duplex structures were confirmed by analysis with
absorption spectroscopy and mass spectroscopy. EPR and DEER data indicated coupling
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interactions between Cu(II) centers, and the Cu-Cu distance is calculated to be ~ 9 Å in the
Cu(II)Zn(II) cross-linked tripeptide duplex, and ~ 22 Å in the Cu(II)Zn(II) cross-linked
pentapeptide duplex.
We have expanded the choice of metal species and incorporated Fe(II), Co(II) and Cu(II) ions
into tripeptide hq-bpy-hq to create heterometallic complexes. Spectrophotometric titrations
suggested the formation of [Fe(bpy)2]2+ and [Co(bpy)2]2+ in the middle of two Cu(hq)2 centers,
instead of the thermodynamically favored [Fe(bpy)3]2+ and [Co(bpy)2]2+ complexes. Future
studies move to utilize the active catalytic [Fe(bpy)2]2+ and [Co(bpy)2]2+ centers in the duplex
structures to catalyze reactions including thermal water oxidation to dioxygen, alkene oxidation
with dioxygen, and alkane oxidation with hydroperoxide.
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Chapter 1
Metal Incorporation in Biomimetic Self-Assemblies

1.1 Introduction
Nature utilizes self-assembly to create macromolecules that perform biological processes
fundamental for life. For example, photosynthetic organisms self-assemble supramolecular
structures that are capable of undergoing electron transfer reactions upon irradiation, leading to
chemically functional charge separated states. Supramolecular self-assemblies based on metalligand coordination emerged in 1960-70s,1 demonstrating that complementary small molecules
could assemble into highly organized structures via molecular recognition. The coordinationdriven self-assembly is highly influenced by various exogenous factors such as solvent,
temperature, pH, counter anions as well as intrinsic parameters such as geometric requirements,
charges and solvation of the metal ion and conformational variation, rigidity/flexibility balance,
number and nature of binding sites and charges of the organic backbones. 2 The metal-ligand
coordination chemistry was introduced to modified nucleic acids assemblies by Shionoya and
coworkers in 1999,3 and since then extended studies have been conducted in this field. In this
chapter, we review efforts to insert metal ions into natural nucleic acids and their analogues using
metal-nucleobase or metal-ligand coordinations. Taking advantage of the programmable
arrangement of repeating units in nucleic acids and analogues, incorporation of metal into these
biopolymers could be used to mimic natural biological functions including catalysis, information
storage, and design practical materials such as molecular circuitry.
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1.2 Nucleic Acid Assemblies

1.2.1 Structure and Properties of DNA and RNA
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are single biopolymer strands that
consist of the sugar phosphate backbone and pendant nucleobases. There are five nucleobases that
make up DNA and RNA strands: adenine (A), guanine (G), cytosine (C), thymine (T), and uracil
(U). These nucleobases are covalently attached to a negatively charged phosphate-deoxyribose or
–ribose sugar structure in DNA or RNA, respectively. The negatively charged phosphodiester
linkages stabilize the nucleic acid duplexes by repelling nucleophilic species that could
hydrolytically degrade the biopolymer. 4 Single strands (ss) of DNA and RNA assemble into
double stranded (ds) helices using hydrogen bonding recognition of complementary base pair (bp)
units: A-T, A-U, and C-G. The length of DNA and RNA and the information encoded are
determined by the number and sequence of tethered nucleobase along the chain.
Duplex formation in DNA or RNA is influenced by thermodynamic variables intrinsic to the
biopolymers and the environment including electrostatic factors, Van der Waals interactions,
hydrophobic effects, and hydrogen bonding. In the most common B-form helix of ds DNA, a
right-handed coil that consists of the anionic backbone outside and the nucleobases in the core,
repeats itself every 34 Å with a pitch every 10 bp. The diameter of the helix is 20 Å. Two other
forms of ds DNA naturally exist: A-form is a right-handed helix with an 11 bp pitch every 24.6 Å
and a diameter of 26 Å; and Z-form is a left-handed helix with a 12 bp pitch every 46 Å and a
diameter of 18 Å (Figure 1-1). RNA duplexes have A-form geometry, because the 2’-hydroxyl
group in the ribose sugar locks the ribose into a 3’-endo chair formation that does not favor a Bform geometry.5
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Figure 1-1. (left) A-, (middle) B-, and (right) Z-form helix structures of ds DNA. (Copyright
2010 by Steven M. Carr)
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The structures and conformational dynamics of nucleic acids are directly related to their
functions. Traditionally, DNA and RNA structures are obtained by X-ray crystography. 6
Nevertheless, growing crystals and solving the structure of complex molecules remain
challenging. Therefore, spectroscopic methods were employed to obtain structural information in
liquid or frozen solutions, including fluorescence resonance energy transfer measurements
(FRET), 7 nuclear magnetic resonance (NMR), 8 electron paramagnetic resonance (EPR) and
double electron electron resonance (DEER). 9 Site directed fluorescent dyes or spin labels are
tethered externally to nucleic acids through linkers in quantitative FRET or EPR/DEER
experiments, respectively, and the interaction between inserted probes offers measures of relative
distances and orientations. These highly versatile approaches allow the determination of longrange distances in unmodified DNA and RNA, as well as chemically modified DNA and RNA
molecules that incorporate chromophores, metals, nanoparticles, or proteins in a site-specific
manner.

1.2.2 Structure and Properties of Peptide Nucleic Acid
Peptide nucleic acid (PNA) was first designed by Nielsen et al. as a DNA-mimic for formation
of a triplex structure through binding into the groove of a ds DNA.10 The PNA is composed of a
charge-neutral backbone with repeating N-(2-aminoethyl)-glycine (aeg) units linked by amide
bonds, and the natural nucleobases (A, G, C, and T) that are attached to the aeg backbone through
methylene carbonyl linkages. Like DNA, PNA forms double stranded duplex by recognition
between complementary nucleic acid base pairs via hydrogen bonding (Figure 1-2A).11 PNA has
the ability to form achiral homoduplexs of PNA-PNA in either antiparallel or parallel fashion
with base pairs virtually perpendicular to the backbone, as shown in Figure 1-2B. The flexibility
of PNA backbone allows the hybridization of PNA with either DNA or RNA to form duplexes of
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PNA-DNA12 and PNA-RNA,13 and triplex PNA-ds DNA14 and PNA-DNA-PNA (Figure 1-2B).15
Due to the lack of electrostatic repulsion between the strands, PNA duplexes have greater
stability than their ds DNA counterpart, resulting in an observed order of duplex stability: PNAPNA > PNA-RNA > PNA-DNA > DNA-DNA.16

1.2.3 DNA Nanotechnology
The recognition properties of DNA enable the sequence-programmed construction of nanobiotechnological architectures over the past 30 years.17 The field of structural DNA technology
began with Seeman’s construction of relatively flexible branched junction structure which
enables the fabrication of crossover DNA tiles with greater rigidity. 18 The branched junction
motif has been used to assemble more complex architectures including polyhedral, 19 lattice
arrays,20 and higher-order geometric shapes including cubes, tetrahedral, and buckyballs.21
Taking advantage of the sequences specificity and the resulting spatial addressability of DNA
nanostructures, many of the DNA nanoarchitectures listed above have been proposed to be used
for the organization of chromophores, metals, nanoparticles, and proteins.22 One of the future
directions of DNA nanotechnology is the construction of photonic molecular devices (Figure 13). Photonic components, including light-harvesting and energy/electron-transfer compounds, can
be spatially aligned and attached to a DNA “pegboard”. The precise control of spatial
arrangement of these photonic components can lead to optimized transfer efficiency and charge
separated states, creating a new approach to design artificial photosynthetic systems, photonic
wires and conducting devices.
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Figure 1-2. (A) Comparison of the PNA, DNA, and protein backbones and (B) crystal and
solution structures of duplexes and triplex of PNA with other nucleic acids. (Reprinted with
permission from [11]. Copyright 1999 American Chemical Society.)
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Figure 1-3. DNA nanotechnology for energy transfer and photonics: Blue, green and red spheres
and orange rods represent photonic components that can serve as light-harvesting and energytransfer materials aligned on a DNA “pegboard”. Upon absorption of photons, energy or electron
transfer from the donors to final acceptors which are enzymes or membrane complexes (uneven
green spheres), and light is transformed into chemical potential (represented by the
transformation of substrate (triangles) into a higher-energy product (stars)). (Reprinted with
permission from [22]. Copyright 2011 Macmillan Publishers Ltd.)
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1.3 Incorporation of Metal-Ligand Pairs into DNA and PNA
Metals are functional components in electron transport, magnetic coupling, redox and catalytic
reactions. Incorporation of metal ions into DNA/PNA duplexes combines the superior selfassembly properties of DNA/PNA and functional building blocks of metal complexes, creating
programmable structures that can be applied to electron/energy transfer and construction of
nanoarchitectures. 23 Metals were first coordinated to unmodified DNA by Katz et al. Upon
addition of the Hg(II) ion, two thymine bases in the two strands were brought together to form a
T-Hg(II)-T metal-base pair.24 Marzilli, Ono and coworkers have reported the formation of a stack
of three T-Hg(II)-T base pairs in the DNA duplex. Ono group also confirmed the stacking of up
to five Hg(II) ions inside a DNA chain using mass spectrometry.25

1.3.1 Single Metal-Ligand Pair into DNA
A metal-ligand pair is formed when certain metal ions coordinate with specially designed
ligand nucleosides that are placed opposite each other in the double helix.23 The distinctive shape,
size, and function of inserted ligands have allowed the modification of DNA in a highly specific
and site-selective manner.
The first formation of an artificial metal-ligand pair in a DNA oligonucleotide was achieved by
incorporation of Cu(II) ions into two complementary strands with pendant tridentate pyridine-2,6dicarboxylate (dipic) and monodentate pyridine (py) ligands (Figure 1-4A).

26

Electron

paramagnetic resonance (EPR) studies suggested a square-planar geometry around the metal
center, which was confirmed by X-ray crystallography.27 The crystal structure further confirmed
that the modified DNA duplex was in a Z-form-like conformation, which is possibly due to the
special sequence used for the experiment. Other DNA sequences containing two such metal-
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ligand pairs favored a B-form conformation in solution. This unsymmetrical tri-mono-dentate [3
x 1] metal-ligand pairing system leads to a higher stability of duplex structure, compared to the
bi-bi-dentate [2 x 2] and mono-mono-dentate [1 x 1] metal-ligand/base pairs reported previously.
Bidentate 2,2’-bipyridine (bpy) has been coupled to 2’-deoxyribose and reacted with Cu(II)
ions to form the metal-ligand pair. Greater stability of the duplex was observed as an increase in
melting temperature (Tm = 56.5oC) compared to the unmodified DNA duplex.28 The non-planar
geometry of the Cu(II)-bis-bpy pair does not fit into the double-helical structure. Switzer and
coworkers designed the bidentate ligands containing pyridyl groups, derivatives of the natural
nucleobases A and T, and incorporated them into DNA oligonucleotide.29 Coordination of these
ligand pairs with Ni(II) led to the most thermally stable duplex compared to complexes with
Co(II), Cu(II), Zn(II), Fe(II) and Mn(II) inside the duplex.
Meggers and coworkers chose 8-hydroxyquinoline (hq) as a promising ligand because hq has
an extended hydrophobic aromatic surface, ideal for undergoing hydrophobic stacking in DNA,
as well as an exceptionally strong binding affinity to a variety of transition metal ions.30 Upon the
addition of one equivalent of Cu(II), the melting point of the 2’-deoxyribosyl backbone with one
pair of hq ligand increased by 29 oC reaching a Tm of 65 oC. This Tm is more than 20 oC higher
compared to the natural base pair A-T and G-C, indicating unprecedentedly strong interstrand
pairing properties. The proposed geometry of the Cu(II)-bis-hq center is approximately square
planar.
DNA is known to form a number of secondary structures beyond the primary duplex such as
triplexes, the four-stranded i-motif, and G-quadruplexes (stacked guanine-rich oligonucleotide
tetrads). 31 Recently, Clever and coworkers reported the first tetramolecular G-quadruplex
terminated by a “metal-base tetrad”. A monodentate pyridine ligand was attached to each
guanine-tetrad motif, and together the four pyridine units coordinate to a transition metal ion such
as Cu(II) or Ni(II) in a square planar fashion (Figure 1-4B).32 The stability of the metal-
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Figure 1-4. (A) X-ray structure of the monomeric dipic-Cu(II)-py stacked in the natural base
pairs (left). Electron density of the dipic-Cu(II)-py metal-ligand pair (right). (Reproduced with
permission from [27]. Copyright 2001 American Chemical Society.) (B) Self-assembly of Gquadruplex structure from single strands, incorporation of Cu(II) ions, and molecular model of
Cu(II)-G-quadruplex. (Reproduced with permission from [32]. Copyright 2013 Wiley and Sons.)
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corporated G-quadruplex was investigated using melting temperature studies. The addition of
Ni(II) and Cu(II) ions led to melting temperature increases of 15 oC and 20 oC, respectively,
indicating significant stabilization of the whole assembly. The EPR spectrum of the Cu(II)-Gquadruplex showed the hyperfine structure from one Cu(II) center, supporting the square planar
geometry of the CuN4 unit.

1.3.2 Multiple Homo- or Hetero-Metal-Ligand Pairs into DNA
Shionoya and coworkers were the first to insert multiple Cu(II) ions into the helix of ds DNA
using one to five hydroxypyridone (H) pairs (Figure 1-5A). The bidentate base pair H reacts with
Cu(II) to form the square-planar and charge-neutral H-Cu(II)-H complex that reduces unfavorable
electrostatic repulsion between neighboring Cu(II) centers. The resulting multimetallic DNA
mimics were verified by UV-visible absorption spectroscopy and mass spectrometry. A singlesite incorporation of an H-Cu(II)-H moiety into the DNA duplex stabilized the duplex by 13 oC
compared to a natural DNA duplex.33 EPR spectra of multi-Cu(II) duplexes exhibited typical fine
structure splitting indicating dipole-dipole interaction between Cu(II) electron spins, and the
Cu(II)-Cu(II) distance was estimated to be 3.7 ± 0.1 Å from the splitting, which is slightly larger
than the analogous distance in natural B-form DNA (3.4 Å).34 Other examples of multiple metalligand pairs into DNA strands includes the incorporation of Fe(III) metals into DNA strands with
pendant one to four H ligands to create triple stranded complexes (triplexes),35 and the insertion
of 10 metal ions in a 20-bp DNA duplex.36
More recently, a series of DNA silver nanodevice based on metal-mediated base pairs were
verified.37 Seela and coworkers found that a 6-substituted pyrrolo-dC-pyrrolo-dC mismatch can
capture two Ag(I) ions selectively to form extraordinary stable metal ligand pairs (Figure 1-5B).38
Duplexes with multiple pyrrolo-dC-pyrrolo-dC ligand pairs were synthesized and used as a
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template for tunable metal incorporations, in which the position of metal ions was programmable
by changing the sites of modified ligand pairs. The structure was confirmed by melting
experiments, UV and fluorescence titration experiments as well as mass spectrometry. A doublesite incorporation of four Ag(I) ions into the DNA duplex stabilized the duplex by more than 40
o

C compared to the silver free form. The high melting temperature was caused by a change of

molecularity during melting as well as the greater stability of coordination bonds over hydrogen
bonding. Further addition of Ag(I) did not lead to more increase in stability. The incorporated
Ag(I) ions dissociated from DNA duplex in the presence of iodide ions but not chloride or
bromide anions, indicating that the dissociation constant of the Ag(I) cross-linked DNA was
smaller than the solubility constants of AgCl (Ksp = 1.8 × 10-10) and AgBr (Ksp = 5.4 × 10-13) but
larger than that of AgI (Ksp = 8.5 × 10-17).38
The creation of heterometallic DNA duplex has been demonstrated by inserting different
ligands with sufficient selectivity for different metal ions. For example, the bidentate ligand H
and monodentate ligand pyridine (P) were incorporated on the same strand for the complexation
of tetracoordinate Cu(II) and dicoordinate Hg(II), respectively (Figure 1-5C).39 Ligand binding
selectivity toward the metals was followed by spectroscopic titrations, and the resulting
heterometallic structure was characterized by mass spectrometry and circular dichroism (CD)
spectroscopy. Another approach used the bidentate salen (S) and monodentate thymine (T) to
coordinate Cu(II) and Hg(II), respectively. In this example, the template-directed assembly of two
complementary strands gives a stable duplex with empty coordination sites which establishes a
preorganized scaffold for the complexation process.
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Figure 1-5. (A) A short oligonucleotide containing five consecutive hydroxypyridone ligands
forming a stack of five Cu(II) ions within the duplex. (Reprinted with permission from [23].
Copyright 2007 Wiley and Sons.) (B) Schematic drawings of the proposed DNA duplex with
three PyrdC pairs in the absence and presence of Ag(I) ions, and the proposed structure of Ag(I)PyrdC pair. (Reprinted with permission from [38b]. Copyright 2014 Wiley and Sons.) (C)
Schematic depiction of the insertion of Cu(II) and Hg(II) into a DNA sequence using
hydroxypyridone and pyridine ligands. (Reprinted with permission from [39]. Copyright 2006
Macmillan Publishers Ltd.)

14
1.3.3 Metal-Ligand Pairs in PNA Duplexes
The first example of a ligand-modified duplex PNA structure for coordination of a metal ion to
form a metal-ligand crosslink was described by Achim and coworkers. 40 A bipyridine (bpy)
derivative was inserted into two complementary 10-bp PNA strands using coupling reagents and
solid phase synthesis. Addition of Ni(II), Pd(II) and Pt(II) ions created PNA duplexes with
[Ni(bpy)2]2+, [Pd(bpy)2]2+ and [Pt(bpy)2]2+ cross-links, respectively, which were confirmed by
UV-vis spectroscopic titrations and CD experiments. The stability of resulting PNA duplexes was
determined using melting temperatures. Addition of Ni(II) ions to the duplex containing bpy
ligands in complementary positions led to an increase in stability compared to duplexes that
contain one bpy or mismatches (e.g., GT mismatch). No effect on melting temperature was
observed after the addition of K2[PdCl4] or K2[PtCl4], which was attributed to the fact that
[M(bpy)2]2+ (M = Pd or Pt) transforms to [M(bpy)Cl2] in the presence of Cl- anions.
In the example above, the non-planary geometry of [Ni(bpy)2]2+ induced steric hindrance that
led to destabilization of the base pairs adjacent to the Ni complex through disruption of their
hydrogen bonding or π-stacking ability. To overcome the drawback, Achim et al. incorporated 8hydroxyquinoline (hq) ligands into the PNA scaffold to form square planar complexes Cu(hq)2
upon addition of Cu(II) ions.41 EPR spectroscopy and UV-vis titrations were used to confirm the
presence of Cu(hq)2 and its square planary geometry. The EPR data suggested that both cis- and
trans- isomers of the Cu(hq)2 existed within the PNA duplex, and small solvent molecules were
not coordinated in the axial positions. The melting point of the modified PNA duplex with one
Cu(hq)2 cross-link was higher by more than 33 oC than the fully complementary PNA duplex,
indicating that strong metal-ligand pairs significantly stabilize PNA duplex even in the absence of
Watson-Crick base pairing. However in this report, PNA duplexes did not form by metal
coordination alone without hydrogen bonding.
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Incorporation of multiple metal-ligand pairs into PNA duplex was achieved by coordinating
Ni(II), Co(II) and Cu(II) ions into PNA oligomers containing up to three adjacent bpy ligands.42
The properties of the modified PNA structures were significantly affected by the position and
number of metal complexes within the duplex. Placement of one [Ni(bpy)2]2+, [Co(bpy)2]2+,
[Cu(bpy)2]2+ crosslink at the end or in the center of the PNA duplex (Figure 1-6) resulted in an
increase in overall stability (i.e., higher melting temperature). Similarly, binding of one metal ion
(Ni, Co or Cu) to duplexes containing two adjacent bpy pairs made the duplexes more stable.
However, binding of the second metal ion lowered the duplex stability, which was possibly
caused by electrostatic repulsions between charged [M(bpy)2]2+ centers. UV-vis titrations of Ni(II)
and Cu(II) into PNA duplexes containing one bpy ligand pairs revealed a 1:1 (1 metal ion per
PNA duplex) coordination stoichiometry. Titrations with PNA duplexes containing two bpy
ligand pairs showed stoichiometric ratio of 1:1 (1 metal ion per PNA duplex), suggestive of the
formation of one [M(bpy)3]2+ cross-link. At high concentrations of metal ion, titration plots
exhibited another stoichiometric point at 2:1 (2 metal ions per PNA duplex), indicating the
transformation of one [M(bpy)3]2+ complexes into two [M(bpy)2]2+ alternative cross-links in the
PNA duplex (Figure 1-8). Similar phenomena were observed during titration of metal ions into
PNA duplexes with three pendant bpy ligand pairs. Cu(II) cross-linked PNA duplexes were also
investigated using EPR spectroscopy, and the data suggested that two adjacent [Cu(bpy)2]2+
centers formed in a PNA duplex were far enough from each other, and the dipolar coupling was
very weak.
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Figure 1-6. Cartoon representations of possible structures resulting from metal (M = Ni(II),
Co(II) or Cu(II)) binding to PNA duplexes containing one or two bpy ligand pairs. (Reprinted
with permission from [42]. Copyright 2006 American Chemical Society.)
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1.4 Photo-Induced Electron and Energy Transfer in Coordinative Assemblies
Non-covalently linked donor (chromophore)-acceptor (quencher) complexes have attracted
increasing scientific interests because of their potential applications in light harvesting and
organic photovoltaics. Upon absorption of a photon of light, the donor (chromophore) enters an
electronically excited state. An excited donor can release its energy to an acceptor (quencher) via
two main mechanisms: electron transfer and energy transfer. Comparing to the conventional
synthetic methods that rely on control of covalent bonds to study the photoreactive interactions
between donors and acceptors, supramolecular chemistry utilizes non-covalent interactions (e.g.,
metal-ligand coordinate bonds, hydrogen bonding and π-π stacking) to construct large, reversible
and complicated assemblies with ease and diversity of synthesis.
Metal-ligand coordinate bonds play an important part in creating well-defined cascades for
electron/energy transfer and generating long-lived charge-separated states.43 A classic example of
coordinative donor-acceptor assembly involves axial ligation of pyridine ligands to zincporphyrin units. The association constant Ka for such complexes is ca. 103 – 104 dm3mol-1. 44
Imahori and coworkers designed a supramolecular assembly with Pd(II)-mediated zinc-porphyrin
(ZnP-Py2) donors and pyridylfullerene (Py-C60) acceptors on a flat SnO2 electrode (Figure 18A).45 In such system, Pd(II) cross-linked self-assembly of ZnP-Py2 donors ensured the vertical
growth of porphyrin chains on the SnO2 electrode. Py-C60 acceptors were infiltrated into the
porphyrin linear arrays through metal-ligand axial coordination and π-π interactions between the
Py-C60 moieties. The formed complex was characterized using absorption and fluorescence
spectrometry, transmission electron microscopy (TEM) and atomic force microscopy (AFM).
This photoelectrochemical device had a maximum incident photon-to-current efficiency of 21%
in acetonitrile, comparable to the highest value (20%) reported previously for similar donoracceptor devices. Femtosecond time-resolved transient absorption experiments were conducted to
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investigate the photodynamics of the photoinduced charge-separation processes. The excited
ZnP*/ZnP·+ was proposed to inject electrons to C60 as well as the conduction band of SnO2, and

1

the generated C60·- injected electrons into SnO2 via the C60 molecules infiltrated from top to
bottom in the porphyrin chains.
More recently, D’Souza and coworkers assembled novel ZnP-BF2-chelated azadipyrromethene
(azaBODIPY) and zinc naphthalocyanine (ZnN)-azaBODIPY donor-acceptor complexes using
the binding of axial pyridine or imidazole ligands to ZnP/ZnN (Figure 1-8B).46 The structure of
the formed complexes was confirmed using absorption, emission, NMR, electrochemical, and
computational methods. Photodynamics of the donor-acceptor systems were studied using the
femtosecond laser flash photolysis technique. Excitation of azaBODIPY revealed the absence of
singlet excitation energy transfer to either ZnP or ZnN. On the other hand, photoinduced electron
transfer from 1ZnP* or 1ZnN* to the electron-deficient azaBODIPY led to the formation of
charge-separated states (ZnP)(ZnP·+)-azaBODIPY·- or (ZnN)(ZnN·+)-azaBODIPY·-, respectively.
The measured charge-separation rate constants were in the order of ~ 109 – 1011 s-1, and the
charge-recombination rate constants were ~ 108 – 109 s-1 in toluene. X-ray crystal structures and
density functional theory (DFT) calculations revealed that the azaBODIPY unit was slightly
puckered, and the zinc atom in ZnP and ZnN was pulled out slightly due to axial coordination.
Meyer and coworkers reported the first example of a charge-separated state created after visible
excitation of Cu(I) bipyridyl-methyl viologen [CuI(bpy-MV2+)]3+ donor-acceptor compounds.47
The lifetime of charge-separated state [CuII(bpy-MV·+)]3+ was 33 ns in acetonitrile and 1.8 μs in
DMSO, longer than that of analogous ruthenium-pyridinium donor-acceptor compounds. The
increased lifetime could be caused by the driving force, spin restrictions, and reorganization
energies associated with charge recombination. This system has been further studied using
temperature and solvent-dependent experiments, pump-probe X-ray and laser spectroscopies, and
DFT calculations.48
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Schuster and coworkers used the Cu(I)-1,10-phenanthroline [Cu(phen)2]+ complex to assemble
rotaxanes bearing electron donors ZnP and acceptors C60 (Figure 1-8C). The formed complexes
were characterized using NMR, mass spectrometry, spectroscopies, and electrochemical
techniques. Upon irradiation, these ZnP-C60-based Cu(I)-rotaxanes conducted a series of energy
and electron transfer processes, leading to a long-distance long-lived charge-separated state
(ZnP)2·+-Cu+-C60·- that lasted for several microseconds in THF.43b,c However, incorporation of
ferrocenes (Fc) into rotaxanes (Figure 1-8C) did not generate charge-separated state (Fc)2·+-Cu+C60·- as expected, and the only observed charge-separated state was (Fc)2-[Cu(phen)2]2+-C60·- with
a lifetime of 15-16 ns in PhCN solvent, which could be caused by the increased dimension of the
rotaxanes.
The incorporation of functionalities (e.g., fluorophores,49 redox active species50) into DNA and
PNA strands has potential use as biomolecular labels in biological sensing and measurements that
take advantage of DNA/PNA’s strong target binding. Huang and coworkers engineered metal
cross-linked DNA nanostructures capable of conducting cascade fluorescence resonance energy
transfer (FRET) for detection of heavy metal ions Pb(II), Hg(II) and Ag(I). A DNA sequence that
folded into G-quadruplex structure upon coordination with Pb(II) was employed for binding of
Pb(II). Thymine- or cytosine-rich DNA sequences were used to form T-Hg-T with Hg(II) or CAg-C with Ag(I), respectively. The DNA was also modified with different fluorophores at the end
or internal positions. Upon addition of one or multiple types of metal ions, the formation of the
metal cross-linked DNA nanoassembly initiated the cascade FRET with a single excitation to
produce a fingerprint-like fluorescent spectrum, leading to multiplexed detection of metal ions
(Figure 1-7D).51
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Figure 1-7. (A) Schematic zinc porphyrin-fullerene arrays on a SnO2 electrode. (Reprinted with
permission from [45]. Copyright 2009 American Chemical Society.) (B) Molecular model of
novel ZnP-BF2-chelated azadipyrromethene (azaBODIPY) donor-acceptor complex. (Reprinted
with permission from [46]. Copyright 2013 American Chemical Society.) (C) Structures of zinc
porphyrin-fullerene-rotaxane and ferrocenes-fullerene-rotaxane. (Reprinted with permission from
[43d]. Copyright 2009 American Chemical Society.) (D) Cartoons of the metal-directed selfassembly of DNA nanostructure. (Reprinted with permission from [51]. Copyright 2014
American Chemical Society.)

21
1.5 Cooperativity in Coordinative Assemblies
Cooperativity is a phenomenon observed in some systems with multiple binding sites. The
interplay of binding interactions makes the whole system show different behaviors from the
simple sum of individual components. The most famous example of cooperativity is the binding
of oxygen to hemoglobin. Binding of one oxygen molecule at one heme site of hemoglobin will
increase the oxygen affinity at the other sites, allowing the second, third and fourth molecule to
bind more easily. The whole binding process shows positive cooperativity. Some biopolymers
(e.g., peptide, DNA, or RNA) also behave cooperatively during their folding process.
Cooperativity is useful for the design of responsive materials and sensors, because an abrupt
switching between free and bound states can be achieved upon a small change in conditions.
Three types of cooperativity systems have been defined: allosteric, chelate and interannular
cooperativity,52 and most cooperative behaviors in coordinative assemblies belong to the first two
categories.
At the macroscopic level, most cooperative behaviors can be analyzed by use of the Hill
equation.53 The Hill coefficient nH is the slope of the Hill plot measured at 50% saturation, and the
intercept gives the apparent dissociation constant Kd. No cooperativity gives nH = 1, positive
cooperativity gives nH > 1 and negative cooperativity gives nH < 1. At extreme concentrations, the
slope returns to 1.
Lehn and coworkers were pioneers to study cooperativity in metal-ligand coordinative
assemblies. Positive cooperativity was observed during the binding of three Cu(I) ions by two
strands of tris-bpy ligand (Figure 1-8A).54 UV-vis titrations were conducted, and the analysis of
titration data using Hill equation provided thermodynamic parameters during the binding. The
Hill plot yielded a curve presenting a region with a slope larger than 1 in the case of positive
cooperativity.
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Anderson and coworkers have synthesized a series of conjugated zinc porphyrin (ZnP)
oligomers that form stable ladder, sandwich (Figure 1-8B), and wheel complexes with linear
bidentate ligands 1,4-diazabicyclo[2.2.2]octane (DABCO). 55 Addition of a large excess of
DABCO resulted in disassembly of the complex in a highly positive-cooperative manner. For
example, ZnP monomer through to the hexamer assembled to double stranded ladders (ZnP
monomer)2•(DABCO)2 – (ZnP hexamer)2•(DABCO)6 with DABCO. In the presence of excess
DABCO, the ladders broke up into single stranded complexes (ZnP monomer)•(DABCO)2 – (ZnP
hexamer)•(DABCO)6. As the ladders grew longer, they became increasingly reluctant to open up.
The UV-visible titration of the hexamer ladder with excess DABCO showed that the amount of
DABCO required to break 50% of the ladders into single strands was 1200 equiv for the hexamer,
compared to only 2.9 equiv for the dimer. The Hill coefficients also increased from 1.3 to 4.0
with the increase in ladder length, revealing the increasing positive cooperativity of ladder
dissociation.55a

23

Figure 1-8. (A) Structure of Cu(I) cross-linked tris-bpy ligand duplex.54 (B) Structure and
calculated model of the ZnP-DABCO sandwich complex. (Reprinted with permission from [55b].
Copyright 2011 Wiley and Sons.)
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1.6 Metal-Linked Artificial Oligopeptides
The natural and metal containing DNA and PNA architectures described above all rely on
Watson-Crick base pairing as the main driving force of assembly. Eliminating nucleic acid bps
and utilizing solely metal-ligand interactions between polyamide strands is an approach to
increase the stability of formed structures, and exclude undesirable metal binding to nucleobases
and backbone phosphates. Our group has designed inorganic biomimetic assemblies that use only
metal-ligand bindings to cross-link artificial peptide strands without the assistance of nucleic acid
pairing.56-60 Using both solid and solution phase peptide coupling chemistries, the artificial
oligopeptide strand has been built from an aminoethylglycine (aeg) backbone containing only
pendant metal binding ligands which coordinate transition metal ions to form supramolecular
architectures with multiple metal-ligand cross-links. The ligands were chosen for their denticity
and resulting metal complex product, and typically are pyridine (py), bipyridine (bpy), terpyridine
(tpy), phenyl-terpyridine (Φ-tpy), pyridine dicarboxylic acid (pda) and hydroxyquinoline (hq).
For example, in the presence of a tetracoordinate metal, a bidentate ligand will form a [2 x 2]
complex, and a tridentate ligand will be complementary to a monodentate ligand forming a [3 x 1]
binding motif. The synthetic versatility of the artificial oligopeptide technique allows for the selfassembly of multimetallic, homo- and hetero-functional discrete structures which have potential
applications in catalysis, artificial photosynthesis, and molecular electronics.
The first reported ligand modified artificial oligopeptide was synthesized using an aeg
backbone with the pendant ligands py or bpy.56 The resulting pyridine hexapeptide was reacted
with six molar equivalent of [Cu(pda)H2O] or [Cu(tpy)H2O] to form six [Cu(pda)(py)] or
[Cu(tpy)(py)] complexes tethered along the hexapeptide backbone, respectively. The bipyridine
tripeptide was reacted with tetracoordinate Cu(II) or octahedral-coordinate Fe(II) to form duplex
structures with three [Cu(bpy)2]2+ or three [Fe(bpy)3]2+ cross-links, respectively. Molecular
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modeling was conducted to investigate the solution phase structures of these multimetallic
complexes. In the case of Cu(II) cross-linked bpy tripeptide duplex, the model predicted a Cu-Cu
distance of 4.8 Å (Figure 1-9A), which was supported by the EPR spectra that was broadened and
lacked hyperfine peaks.
To be able to incorporate octahedral-coordinate metal cross-links, a series of Φ-tpy substituted
oligopeptides with length ranging from one to four monomers was synthesized.
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The

oligopeptides were used to coordinate Co(II) and Fe(II) ions, giving [M(Φ-tpy)2]2+ cross-links
(Figure 1-9B). Electrochemistry was used to confirm solution structure and differentiate between
cross-linked duplexes and coordination polymers. Evaluation of the oxidative waves using
chronocoulometry provided measurements of the solution diffusion coefficients (D) of the
complexes, which decreased with increasing peptide length. The linearity of this relationship
indicated that the majority species in solution were the metal-linked oligopeptide duplexes instead
of coordination polymers. Spectroelectrochemistry experiments of deposited Fe(II) cross-linked
oligopeptide duplexes on an indium tin oxide (ITO) coated glass demonstrated repeatable redox
cycles between Fe(II) and Fe(III) species, indicating the robust nature and electroactivity of these
metal-containing oligopeptides.
It is noted that the formation of geometric isomers (i.e., parallel and antiparallel structures, as
shown in Figure 1-9A) is possible in the above designs, and alternative strategies have been
employed to control the relative orientation of the oligopeptide strands. One strategy involved
mimicking the RNA hairpin loops by incorporate [Ru(bpy)3]2+ to the aeg chain with tethered
metal-binding bpy ligands in complementary positions. Addition of tetracoordinate metal (Cu(II)
and Zn(II)) closed the ‘hairpin loop” forming heterometallic structures capable of energy and
electron transfer down the length of the complex (Figure 1-9C).58 These structures capable of
photo-induced electron transfer have implications as biomimetics for artificial photosynthesis and
catalysis.
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Another strategy utilized heterofunctional structures containing two or more ligands with
different denticities that form metal cross-linked duplexes in a controllably antiparallel manner.
Dipeptides containing bpy-tpy and py-Φ-tpy, as well as the tripeptide sequence py-bpy-tpy
formed duplex structures upon addition of Cu(II). 59 EPR studies of the Cu(II) cross-linked
tripeptide duplex revealed stronger Cu-Cu coupling interaction compared to the Cu(II)-linked
dipeptides, suggesting that the metal centers are located at a distances suitable for metal-metal
communication upon incorporation of the third metal-ligand cross-link. The molecular model of
Cu(II)-linked tripeptide duplex is shown in Figure 1-9D, and the Cu-Cu distance was determined
to be ~5.4 Å.
Recently, a symmetric synthetic approach has been developed to create “palindromic” artificial
oligopeptides to eliminate isomer formation upon metal cross-linking. Using a divergent synthetic
scheme, aeg monomers containing one bpy ligand were attached symmetrically to a central
iminodiacetic acid with pedant bpy to form a homofunctional bpy tripeptide in a one-pot
synthesis (Figure 1-9E).60 EPR spectra of the bpy tripeptide duplex with three Cu(II) cross-links
suggested the tetragonal geometry of Cu(II) centers, and the lack of hyperfine interaction for the
tri-Cu(II) complex indicated a Cu-Cu distance of larger than 6 Å.
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Figure 1-9. (A) The molecular model of Cu(II) cross-linked artificial tripeptide with pendant bpy
ligands (Cu-Cu distance d = 4.8 Å), and cartoons depicting the antiparallel and parallel geometric
isomers possible upon metal coordination. (Reprinted with permission from [56]. Copyright 2005
American Chemical Society.) (B) The structure of Co(II) or Fe(II) cross-linked oligopeptides of n
= 1-4 mers with pendant Φ-tpy ligands.57 (C) A cartoon schematic depicting the Ru-hairpin motif
containing bpy ligands cross-links with 4-coordinated metal ions. (Reprinted with permission
from [58a]. Copyright 2008 American Chemical Society.) (D) The structure of heterofunctional
tripeptide py-bpy-tpy, and the molecular model of Cu(II) cross-linked duplex. (Reprinted with
permission from [59b]. Copyright 2011 American Chemical Society.) (E) The structure of
palindromic tripeptide with pendant bpy ligands.60

28
1.7 Overview of Dissertation Research
This dissertation describes the synthesis and characterization of compounds that combine
peptide coupling chemistry with metal-ligand coordination chemistry to design metallated
oligopeptide self-assemblies. The factors affecting self-assembly of metallated oligopeptides,
such as solvent, temperature, pH, counter anions as well as geometric requirements, charges and
conformational variation, are investigated in this dissertation, leading to more precise geometrical
control and site-selectivity for binding.
Chapter 2 depicts the synthesis and characterization of Zn(II)-linked hydroxyquinoline (hq)
tripeptide duplex, as shown in Figure 1-10A. The reaction of hq tripeptide with Zn(II) is
quantitatively analyzed and the structure is confirmed by analysis with UV-visible spectroscopy,
emission spectroscopy, and mass spectrometry. Polarization anisotropy is employed to probe the
differences in the size of the Zn(II) cross-linked tripeptide and monomer complexes. In the case
of the tripeptide, the data suggest that during formation of the Zn-linked structure, positive
cooperativity leads to a large association constant Ka and Hill coefficient. The electronic and
geometric interactions within the tripeptide structure are realized by comparing the behavior of
the Zn-linked monomer.
In Chapter 3, two Zn(II)-linked mixed-ligand tripeptide duplexes (Figure 1-10A) are
synthesized and characterized. Following synthesis of two tripeptides with pendant hq and bpy
ligands, the reaction of these with Zn(II) is quantitatively determined, and the resulting structures
are confirmed by analysis with absorption spectroscopy, emission spectroscopy, and mass
spectrometry. It is interesting that a decrease of the emission intensity of [Zn(hq)2] peak is
observed in [Zn3(hbh)2]2+ and [Zn3(bhb)2]4+ duplexes, compared to the Zn(h)2 monomer duplex.
Electron transfer and/or Dexter energy transfer between the [Zn(hq)2] and [Zn(bpy)2]2+ centers is
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hypothesized to be the fluorescence quenching mechanism, and is supported by electrochemical,
variable-temperature, solvent studies and DFT calculations.
In Chapter 4, we revisited the Cu(II) cross-linked system using a series of artificial peptides
with pendant ligand hq and/or bpy: Cu(h)2, [Cu(b)2]2+, Cu3(hhh)2, [Cu3(hbh)2]2+, and
[Cu3(bhb)2]4+ (Figure 1-10B). Following synthesis of the Cu(II) complexes, the resulting
structures are confirmed using NMR spectroscopy, elemental analysis, and mass spectrometry.
The stoichiometry of binding of Cu(II) with tripeptides is examined using spectrophotometric
absorbance titrations; positive cooperativity is observed during the binding and quantified using
the Hill equation. EPR spectroscopy data indicate coupling interactions between Cu(II) centers,
and the Cu-Cu distance is calculated to be ~ 5 Å. A negative shift of the reduction potential of
[CuII(bpy)2]2+ is observed in the cyclic voltammograms of [CuII3(hbh)2]2+ and [CuII3(bhb)2]4+
compared to the [CuII(b)2]2+. A geometry change in reduced [CuI(bpy)2]+ is hypothesized to be
the cause of this shift, and is supported by spectroelectrochemical experiments and DFT
calculations.
In Chapter 5, the stabilities of peptides h, b, hhh, hbh, bhb, and their Zn(II) and Cu (II)
duplexes are investigated using pH-dependent and sulfide spectrophotometric titrations, and
equilibrium constants are calculated. In the case of the Zn(II) complexes of hbh and bhb, the data
suggest that the protonation-induced dissociation is less favored because of the repulsion between
protons and positive-charged metal-bpy centers. It is noted that stability for the tri-metallic
complexes is higher comparing with the monometallic analogues, confirming that the cooperative
formation of multiple metal-ligand linkages results in a higher binding affinity.
Chapter 6 describes the design of Cu(II)Zn(II) hetero-metallic complexes as molecular rulers
(Figure 1-10C). Following synthesis of the pentapeptide with pendant hq-bpy-bpy-bpy-hq ligands,
the binding selectivity of peptides with Cu(II) is determined with pH-dependent absorption
spectroscopy. The reaction of Cu(II)-saturated compounds with Zn(II) is quantitatively analyzed
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with absorption titration, and the formed Cu(II)Zn(II) cross-linked duplex structures are
confirmed by analysis with absorption spectroscopy and mass spectroscopy. EPR and DEER data
indicate coupling interactions between Cu(II) centers, and the Cu-Cu distance is calculated to be
~ 9 Å in CuZnCu, and ~ 22 Å in CuZnZnZnCu.
We have expanded the choice of metal species and incorporated Fe(II), Co(II) and Cu(II) ions
into mixed-ligand tripeptide hbh to form heterometallic complexes CuFeCu and CuCoCu.
Spectrophotometric titrations suggested the formation of [Fe(bpy)2]2+ and [Co(bpy)2]2+ in the
middle of two Cu(hq)2 centers, instead of the thermodynamically favored [Fe(bpy)3]2+ and
[Co(bpy)2]2+ complexes. Future studies move to utilize the active catalytic [Fe(bpy)2]2+ and
[Co(bpy)2]2+ centers in the duplex structures to catalyze reactions including thermal water
oxidation to dioxygen, alkene oxidation with dioxygen, and alkane oxidation with hydroperoxide.

1.8 Conclusions
A combination of metal-ligand coordination chemistry with biomimetic polymers that have
specific and organized sequence and length allows efficient constructions of supramolecular
structures from modular, simple building blocks. As the number and species of multidentate
ligands and backbone expand, more versatile architectures with specialized functions will be
designed. It is anticipated that these will impact a broad range of applications including molecular
electronics, sensors, and catalysts.
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Figure 1-10. Chemical structures and molecular models of (A) Zn(II), (B) Cu(II) cross-linked
artificial tripeptides with pendant hq and/or bpy ligands, and (C) Heterometallic Cu(II)Zn(II)
cross-linked oligopeptides with pendant hq and bpy ligands.
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Chapter 2
Cooperative Assembly of Zn Cross-linked Artificial Tripeptides with Pendant
Hydroxyquinoline Ligands

2.1 Introduction
The control of electronic properties in supramolecular systems has acquired growing interests
in recent years as it provides theoretical premises for the design of photonic molecular wires and
efficient artificial photosynthetic systems. 1 , 2 Self-assembly via molecular recognition is a
common approach to create such functional supramolecular architectures by often employing
metal complexes as necessary components because of their unique optical and electrochemical
properties.3,4a Among attempts to design photonic wires and mimic processes of photosynthesis,
structures relying upon non-covalent interactions between well-arranged chromophores or
fluorophores have drawn the most attention.4 These non-covalently-linked molecules enable
tunable electron and/or energy flows along the length of the assemblies via through-space
pathways between electron donors and acceptors. 4,5
To construct multisite chromophore-acceptor structures, our group has previously employed the
aminoethylglycine (aeg) backbone, which is characteristic of peptide nucleic acid (PNA), 6 in
conjunction with pendant N- heterocyclic ligands to create single-stranded,7duplex,8and hairpin9
structures that form upon the addition of transition metal ions. The geometry these complexes
form is a result of the denticity of the ligands used, as well as the coordinative saturation of the
metal center. In some cases, the metal centers are held within close enough spatial proximity to
electronically interact.8d Initial work implemented a synthetic strategy involving solution phase
peptide chemistry with an incremental lengthening approach that constructed sequences from the
N to C terminus.7a-b, 8a Upon addition of metal ions to these oligopeptides, two different isomers
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of the duplex can form: antiparallel and parallel conformations. One strategy taken to avoid
formation of these isomers is to follow the methodology from dendrimers (building out from the
core) and use a divergent approach toward synthesizing symmetrical peptides. 10 This strategy
affords a single isomer upon addition of the metal.
Since existing data suggest that the electronic repulsion between charged complexes within our
molecules may counteract the structural design responsible for forcing the metal centers within
close proximity to one another, we chose the luminescent 8-hydroxyquinoline (hq) ligand to form
neutral complexes that have the potential for π stacking within the structure. Other studies have
used hq and its Zn complexes for solid state electroluminescence11 and have more recently been
incorporated in PNA duplexes as an artificial metallobase.12 Our structures are unique because the
only mode for cross-linking two strands to form duplex structures is by metal complexation to the
pendant ligands, resulting in multimetallic structures that are charge neutral and highly
luminescent.
The inclusion of hq and its zinc complex within our structure makes it possible to investigate
the electronic communication between metal centers using fluorimetry. When the ligand and
metal complex are both emissive at different wavelengths, it provides an opportunity to
quantitatively measure equilibrium concentrations and obtain an association constant (Ka), which
can be extremely difficult in structures with overlapping absorbance transitions. We reasoned that
because the hq ligand and [Zn(hq)2] complex are each luminescent at different wavelengths, they
could be used as probes to obtain a quantitative measurement of Ka, and examine the role of
structure on photophysical properties and binding. We expect to see geometric interactions
between metallic ligand centers during the coordination process, such as cooperative behavior
observed in the self-assembly of double-helical metal oligo-bpy complexes.13 It is of particular
interest to obtain binding kinetics and relative stabilities of our self-assemblies, which are
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important to our future design of photonic wires and light-harvesting antennas using these Znlinked hydroxyquinoline complexes.
The structure of the Zn-linked hydroxyquinoline tripeptide duplex, as shown in Scheme 2-1, is
the target for the synthesis and analysis in this chapter. Following synthesis of the tripeptide,
reaction with Zn(II) is quantitatively analyzed and the structure is confirmed by analysis with
UV-visible spectroscopy, emission spectroscopy, and mass spectrometry. Polarization anisotropy
was employed to probe the differences in the size of the Zn(II) cross-linked tripeptide and
monomer complexes. In the case of the tripeptide, the data suggest that during formation of the
Zn-linked structure, positive cooperativity leads to a large Ka and Hill coefficient. The electronic
and geometric interactions within the tripeptide structure are realized by comparing the behavior
of the Zn-linked monomer.

2.2 Experimental Section

2.2.1 Chemicals and Reagents
N-Hydroxybenzotriazole

(HOBT),

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride (EDC) and N-Ethyl diisopropylamine (DIPEA) were purchased from Advanced
ChemTech. Zinc(II) acetate (anhydrous, 99.9%) was purchased from Alfa Aesar. All solvents
were used as received without further purification unless otherwise noted. The syntheses of 5-(8Hydroxyquinolyl)acetic

acid

hydrochloride,

14

tert-butyl

N-[2-(N-9-

fluorenylmethoxycarbonyl)aminoethyl] glycinate hydrochloride (Fmoc-aeg-OtBu•HCl), 15 and
diethyl iminodiacetate16 were performed and the products characterized as previously reported.
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Scheme 2-1. Structure of the Zn-linked hydroxyquinoline tripeptide duplex Zn3(hhh)2.
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2.2.2 Syntheses

2.2.2.1 Synthesis of Ethyl [N-5-(8-hydroxyquinoline)-acetyl] Iminodiacetate (h)
Compounds 5-(8-Hydroxyquinolyl)acetic acid hydrochloride (2.3 g, 9.8 mmol), EDC (1.9 g,
9.8 mmol), HOBT (1.3 g, 9.8 mmol) were added to 150 mL of dry dichloromethane stirred in an
ice bath under nitrogen. The suspension was stirred for 15 min and DIPEA (3.4 mL, 20 mmol)
was added. The yellow solution was stirred for another 45 min. Diethyl iminodiacetate (0.93 g,
4.9 mmol) in 30 mL of dry dichloromethane was added, and the solution was stirred for 48 hrs at
room temperature. The reaction mixture was washed with water (3×50 mL). The organic layer
was dried over sodium sulfate and the solvent removed under vacuum. The crude product was
purified using silica column chromatography with a 5% methanol in dichloromethane mobile
phase; like fractions were combined and the solvent was evaporated to yield a pale yellow oil (1.0
g, 75%). MS (ESI+) calculated: [M+H]+ = 375.2; found [M+H]+ = 375.3.1H NMR (400 MHz,
CDCl3): δ= 1.10 (m, 6H), 2.00 (s, 1H), 3.23 (s, 2H), 3.80-4.10 (m, 8H), 6.88 (d, J = 8Hz, 1H),
7.10 (d, J = 8Hz, 1H), 7.17 (q, J1 = 12Hz, J2 = 4Hz, 1H), 8.05 (d,J = 12Hz, 1H), 8.52 (d, J = 4Hz,
1H) ppm.

2.2.2.2 Synthesis of [N-5-(8-hydroxyquinoline)-acetyl] Iminodiacetic Acid (ida(hq))
Compound h (1.0 g, 3.6 mmol) was dissolved in 20 mL tetrahydrofuran and 6.2 mL of 2 M
sodium hydroxide was added dropwise. The reaction mixture was stirred overnight. Water (10
mL) was added, and the mixture was washed with DCM (3×15 mL). The aqueous layer was
acidified using 1 M hydrochloric acid while cooling in an ice bath until the pH reached 7 and the
solvent was removed by vacuum to yield an orange solid (0.86 g, 74%). MS (ESI+) calculated:
[M+H]+ = 319.1; found [M+H]+ = 319.2. 1H NMR (400MHz, CD3OD): δ= 3.48 (s, 2H), 3.97-4.15
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(m, 4H), 7.06 (d, J =6Hz, 1H), 7.25 (d, J = 6Hz, 1H), 7.43 (q, J1= 9Hz, J2 = 6Hz, 1H), 8.45 (d, J =
9Hz, 1H), 8.77 (d, J = 6Hz, 1H) ppm.

2.2.2.3 Synthesis of Tert-butyl{N-[2-(N-9-Fluorenylmethyoxycarbonylamino)ethyl]-N-[5-(8hydroxyquinoline)-acetyl]amino}acetate (Fmoc-aeg(hq)-OtBu)
In an ice bath and under N2, 5-(8-Hydroxyquinolyl)acetic acid hydrochloride (6.6 g, 28 mmol),
EDC (5.3 g, 28 mmol), HOBT (3.7 g, 28 mmol) were added to 200 mL of dry dichloromethane.
The suspension was stirred for 15 min, DIPEA (9.6 mL, 55 mmol) was added, and the yellow
solution was stirred for another 45 min. To this Fmoc-aeg-OtBu•HCl (5.9 g, 14 mmol) was added
and the solution was stirred for 48 hr at room temperature. The reaction mixture was washed with
water (3×50 mL). The organic layer was dried over sodium sulfate and the solvent was removed
under vacuum. The crude product was purified using silica column chromatography with a 5%
methanol in dichloromethane mobile phase; like fractions were combined and the solvent was
evaporated to yield a white foam (4.8 g, 64%). MS (ESI+) calculated: [M+H]+ = 582.3; found
[M+H]+ = 582.2.1H NMR (400MHz, CDCl3): δ = 1.40 (m, 9H), 2.16 (s, 1H), 3.25-4.43 (m, 11H),
7.02-8.86 (m, 13H) ppm.

2.2.2.4 Synthesis of Tert-butyl{N-[2-Aminoethyl]-N-[5-(8-hydroxyquinoline)acetyl]amino}acetate (NH2-aeg(hq)-OtBu)
This synthesis was adapted from a published procedure.17 To Fmoc-aeg(hq)-OtBu (4.8 g, 8.8
mmol), 480 mL of 20% piperidine in acetonitrile was added dropwise. The solution was stirred
for 1 hr and extracted with hexanes (3×100 mL). The acetonitrile layer was reduced by vacuum to
yield a yellow oil. The crude product was purified using silica column chromatography with a
10% methanol in dichloromethane mobile phase; like fractions were combined and the solvent
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was evaporated to yield a yellow oil (1.8 g, 57%). MS (ESI+) calculated: [M+H]+ = 360.2; found
[M+H]+ = 360.3. 1H NMR (300 MHz, CDCl3): δ = 1.37 (m, 9H), 2.60 (m, 2H), 3.11 (s, 2H), 3.35
(m, 2H), 3.78 (s, 2H), 7.10 (d, J = 8Hz, 1H), 7.36 (d,J = 8Hz, 1H), 7.46 (q, J1= 4Hz, J2 = 8Hz,
1H), 8.30 (d, J = 8Hz, 1H), 8.75 (d,J = 4Hz, 1H) ppm.

2.2.2.5 Synthesis of Tert-butyl-aeg(hq)(hq)aeg(hq)-tert-butyl (hhh)
In an ice bath under nitrogen, ida(hq) (0.74 g, 2.3 mmol), EDC (1.33 g, 7.0 mmol), HOBT
(0.94 g, 7.0 mmol) were added to 100 mL of dry dichloromethane. The suspension was stirred for
15 min, DIPEA (2.42 mL, 13.9 mmol) was added and the yellow solution was stirred for another
45 min. Compound NH2-aeg(hq)-OtBu (2.5 g, 7.0 mmol) in 50mL of dry dichloromethane was
added, and the solution was allowed to stir for 4 d at room temperature. The solvent was removed
under vacuum. The crude product was purified using silica column chromatography with a
gradient mobile phase (0% to 40% methanol in dichloromethane); like fractions were combined
and the solvent was evaporated to yield yellow foam (620 mg, 27%). MS (ESI+) calculated:
[M+H]+= 1001.4; found [M+H]+ = 1001.7.1H NMR (400MHz, CDCl3): δ= 1.42 (m, 18H), 2.66
(m, 4H), 3.17 (s, 4H), 3.27 (m, 4H), 3.39 (s, 2H), 3.86 (s, 4H), 4.10 (m, 4H), 6.97 (m, 3H), 7.28
(m, 3H), 7.38 (m, 3H), 8.29 (m, 3H), 8.67 (m, 3H) ppm. 2D NMR data are listed in Table 1 and
Figure 2-1,2,3. Elemental Anal. [hhh• 2 H2O] Calcd: 61.38 C; 6.22 H; 10.80 N. Found: 61.50 C;
6.62 H; 11.00 N.

2.2.2.6 Synthesis of Zinc-Tripeptide complex (Zn3(hhh)2)
Zinc acetate (10.5 mg, 0.058 mmol) was dissolved in 2mL of methanol. Hq-Tripeptide hhh
(38.5 mg, 0.039 mmol) in 1 mL of methanol was added, and the resulting solution was stirred
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overnight. The solution was concentrated to a volume of 1.5 mL, and 2 mL of water was added. A
yellow precipitate began to form and was collected by centrifugation and decantation of the
supernatant, washed with diethyl ether, and dried under vacuum. The product appeared to be a
yellow solid (35.6 mg, 85%). HR MS (ESI+) calculated: [Zn3(C102H106N16O24)+2H]2+ =
1069.7842 ; found [Zn3(C102H106N16O24)+2H]2+ = 1069.7690. 1H NMR (300MHz, CDCl3): δ =
1.05-1.50 (m, 36H), 2.00-4.65 (m, 44H), 6.00-9.65 (br, 30H) ppm. Elemental Anal. [Zn3(hhh)2 • 6
H2O] Calcd: 55.34 C; 5.52 H; 9.74 N. Found: 54.57 C; 5.81 H; 9.28 N.

2.2.2.7 Synthesis of Zinc-Monomer Complex (Zn(h)2)
Zinc acetate (18.3 mg, 0.10 mmol) was dissolved in 2 mL of methanol. Monomer h (50.0 mg,
0.13 mmol) in 1 mL of methanol was added, and the resulting solution was stirred overnight. The
solution was concentrated to a volume of 1.5 mL, and 2 mL of water was added. A yellow
precipitate began to form and was collected by centrifugation and decantation of the supernatant,
washed with diethyl ether, and dried under vacuum. The product appeared to be a yellow solid
(44.2 mg, 84%). HR MS (ESI+) calculated: [Zn(C38H42N4O12)+H]+ = 810.2073; found
[Zn(C38H42N4O12)+H]+ = 810.1937.1H NMR (400 MHz, CD3OD): δ = 1.15 (br, 12H), 3.59 (s,
4H), 3.75-4.10 (m, 16H), 6.62-7.74 (m, 6H), 8.10-8.97 (m, 4H) ppm. Elemental Anal. [Zn(h)2• 2
H2O] Calcd: 53.81 C; 5.47 H; 6.61 N. Found: 54.57 C; 5.02 H; 7.18 N.

2.3 Methods
UV-visible absorbance spectra were obtained with a double-beam spectrophotometer (Varian,
Cary 500). Emission spectra were measured using a Photon Technology International (PTI)
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fluorescence spectrometer using an 814 photomultiplier detection system. Quantum yields were
determined using the relationship:18
   ref

( I / A)  
( I ref / Aref )   ref






2

Eq (2-1)

where Φ is the radiative quantum yield of the sample, Φref is the known quantum yield of
anthracene in ethanol, 0.27, I is the integrated emission, A is the absorbance at the excitation
wavelength, and η is the refractive index of the solvent, which is assumed to be the same for the
methanol solutions of sample and reference.
Time resolved emission decays were measured following excitation using a N2 dye laser (PTI
model GL-302), averaging 5 decays with a 50 μs collection time per point. Steady-state
fluorescence anisotropy experiments were performed using the PTI fluorescence spectrometer
equipped with motorized polarizers. Anisotropy (r) and polarization (P) are defined by:19
r

IVV  GIVH ;
3r
P
2r
IVV  2GIVH

Eq (2-2)

where IVV is the light intensity with excitation and emission polarizer vertically aligned; IVH uses
an excitation polarizer vertical and the emission polarizer horizontal. G is the intensity ratio of the
vertical to horizontal components of the emission when the sample is excited with horizontally
polarized light (G =IHV /IHH).
Spectrophotometric absorbance and emission titrations were conducted in spectroscopic grade
methanol solutions at room temperature, in the presence of air, using known concentrations of
peptide compounds. In the emission spectra, the compounds were excited at their π-π* transition
absorbance maxima (λex = ~326 nm) and monitored at their emission maxima (λem = ~423 nm).
The Zn complexes were excited at the π-π* absorbance maxima (λex = ~391 nm) and monitored at
their emission maxima (λem = ~567 nm). During the spectrophotometric titration, absorbance and
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emission spectra were obtained after stirring the solution with each known volume (3.3 – 10 μL)
of standard 15 mM Zn(OAc)2 solutions in methanol for 10 min.
NMR spectra were collected using either a 300 or 400 MHz spectrometers (Bruker) in the
Lloyd Jackman Nuclear Magnetic Resonance Facility. Elemental analyses were performed by
Galbraith Industries. Mass spectrometric analysis was performed on a Waters LCT Premier timeof-flight (TOF) mass spectrometer at the Penn State Mass Spectrometry Facility. Samples were
introduced into the mass spectrometer using direct infusion via a syringe pump, and the
spectrometer was scanned from 200-2500 m/z in positive ion mode using electrospray ionization
(ESI+). Elemental analyses were performed by Galbraith Industries.
A molecular model was generated using full geometry optimization performed in vacuum using
HyperChem (Version 6, HyperCube Inc.) with the MM+ force field. The steepest descent
algorithm and a termination condition with a rms gradient of 0.1 kcal mol -1 Å-1 were employed
during the optimization.

48
2.4 Results and Discussion

2.4.1 Synthesis of Hq-Tripeptide
Our group has previously synthesized different sequences of oligopeptides via solid 7a-b,8a and
solution7c,8b-d,9 phase techniques, which sequentially install monomer units on one terminus of the
chain. The modified approach taken in this work utilizes a more efficient synthetic route that
allows for a one-pot synthesis of a tripeptide from a diacid terminated monomer building block. 8e
Scheme 2-2 contains the synthetic steps to synthesize the tripeptide. The synthesis of the central
monomer begins with ethyl ester protected iminodiacetic acid backbone and couples to it a
pendant acetic acid containing hydroxyquinoline ligand to afford central monomer h. Acid
deprotection of h, and subsequent reaction with amine-terminated hydroxyquinoline monomer
NH2-aeg(hq)-OtBu, gives hq-tripeptide hhh in a 27% yield. High-resolution electrospray
ionization mass spectrometry was used to identify the product by evaluation of the molecular ion
peak with respect to the theoretical mass/charge ratio for the tripeptide ([M+H] + m/z: calculated
1001.4, found 1001.4). In the 1H NMR spectrum of tripeptide hhh, the observed proton
integrations (15 aromatic, 22 aliphatic, 18 tert-butyl protons) are consistent with the tripeptide
structure shown in Scheme 2-2. Detailed analysis of the 1H-1H COSY spectrum of hhh (Figure 22) shows correlations between neighboring protons on aromatic rings that enables assignment of
the proton peaks (Table 2-1) together with comparisons between the 1H NMR spectra of hhh and
monomers h and NH2-aeg(hq)-OtBu (Figure 2-1). The elemental analysis of hhh reveals the
presence of water, consistent with all artificial oligopeptides we have reported, 7-9 and indicative
of their hygroscopic behavior. These data, together with the 13C-1H HMBC (Figure 2-3), and 13C1

H HMQC (Figure 2-4), confirm the identity and purity of the tripeptide structure.
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Figure 2-1. 400 MHz 1H NMR spectra of (A) hq tripeptide hhh in CDCl3; (B) deprotected
outside hq monomer NH2-aeg(hq)-OtBu in CDCl3; and (C) deprotected central monomer ida(hq)
in CD3OD.

51

Figure 2-2. 400 MHz COSY spectrum (expansion of the aromatic region) of hhh in CDCl3. The
one-dimensional 1H spectrum is shown at the top and on the left.
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Figure 2-3. Two-dimensional C, H-correlated spectrum of hhh in CDCl3, recorded by the 400
MHz HMBC method. The one-dimensional 1H spectrum is shown at the top and the 13C spectrum
is on the left.

Figure 2-4. Two-dimensional C, H-correlated spectrum of hhh in CDCl3, recorded by the 400
MHz HMQC method. The one-dimensional 1H spectrum is shown at the top and the 13C spectrum
is on the left.
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Table 2-1. 1H and 13C shifts for hhh
1

13

H/ppm

C/ppm

H1

8.67

147.92

H2

7.38

122.06

H3

8.29

133.45

H4

130.00

H5

122.29

H6

7.28

127.93

H7

6.97

110.28

H8

152.33

H9

139.06

B1

1.42

28.32

B2

81.87

B3

171.80

B4

3.17

51.08

B5

169.20

B6

3.86

40.53

B7

2.66
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B8
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2.4.2 Synthesis of Zn Hq-Tripeptide complex
To investigate oligopeptide-directed assembly of a multimetallic structure, tripeptide hhh was
reacted with zinc acetate. The resulting yellow powder was precipitated in methanol/water
solution, washed copiously with diethyl ether and dried under vacuum at room temperature. For
comparison, the Zn complex of monomer h was synthesized under identical reaction conditions.
The Zn complexes of h and hhh were characterized via 1H NMR spectroscopy, mass
spectrometry and elemental analysis. In both cases, the molecular ion peak observed by ESI+
mass spectrometry is consistent with formation of the [Zn(h)2] and [Zn3(hhh)2] complexes
(Figure 2-5). However, in the ESI+ MS of the trimetallic structure, the mass of the molecular ion
indicated cleavage of one of the four t-butyl chain termini, and the fully intact [Zn3(hhh)2]
molecular ion was not observed. This is most likely a result of difficulty in volatilizing the large,
charge-neutral complex together with gas phase instability of the ionized structure, rather than
cleavage of the t-butyl esters in solution. Evidence to support this is gained from the 1H NMR
spectra of the Zn complexes. In these, the presence of bound Zn results in broadening of the
proton peaks, particularly in the aromatic region. Integration of the peaks and comparison of
aliphatic and aromatic regions are however consistent with intact chains and the unmetallated
oligopeptides.
It has been reported that Zn complexes of unsubstituted 8-hydroxyquinolines form octahedral
structures with two axial water molecules binding the square planar bis(quinolinato)zinc moiety.20
Conversely, crystal structures of anhydrous 8-quinolinate complex of zinc(II) reveal [Zn(hq)2]
units connected by bridging quinolinate oxygen atoms.21 Our synthetic conditions are not water
free: after extended drying under vacuum the 1H NMR spectrum contains a proton peak assigned
to water. The elemental analysis of the [Zn3(hhh)2] and [Zn(h)2] complexes reveals the presence
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Figure 2-5. Molecular ion peaks observed by positive ion electrospray mass spectrometry, plotted
together with the calculated mass and isotope splitting patterns for (A) [Zn 3(hhh)2-tButyl+2H]2+
and (B) [Zn(h)2+H]+.
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of excess H and O atoms: in comparison with the expected analysis for anhydrous [Zn3(hhh)2],
the C and N are ~3% and 1% lower, and H is 0.6% higher. This may be a result of water
molecules that are bound in the structure, either in the axial positions or hydrogen bonded with
the backbone. That these are not observed in the mass spectrum suggests that they are easily
dissociated in the gas phase.
Because we have been unable to form high quality crystals, to visualize and understand the
structure, the molecular model in Figure 2-6 was calculated using HyperChem. This model
suggests that the low energy conformation holds the Zn complexes ~6 Å apart. Despite πinteractions between hq ligands on adjacent complexes that would be favorable for inducing order
and crystallization, the free rotation around the acetyl bonds that link each hq ligand to the
backbone allows the formation of geometric isomers. Figure 2-6 shows only one geometric
isomer, and is realistic in that it reveals a variable relative orientation of the acetyl groups.
Figure 2-6 does not show solvent molecules; however, it shows that access to the inner Zn
complex is sterically hindered by the flanking Zn complexes and tripeptides, and that as a result it
is unlikely that each of the three Zn complexes has two axial water or solvent molecules. The
model suggests that it is feasible that the solvation of the inner Zn complex differs from the outer
Zn complexes, and isomers exist with varied locations of axial water molecules. To attempt to
eliminate the ambiguity about the location of water molecules within the structure, separate
reactions were conducted that were strictly anhydrous or heated to high temperatures. However
the products of the reaction of Zn and (mono- or tri-) peptide under these conditions were found
to be amorphous powders that were completely insoluble and were not further characterized.
Because the room temperature methanolic solutions formed soluble Zn complexes that could be
characterized and studied using spectroscopic methods, and because the elemental analysis, mass
spectrometry, and NMR data taken together confirm formation of the [Zn3(hhh)2] and [Zn(h)2]
complexes with included water, these were used in all further investigations.
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Figure 2-6. Molecular model calculated with a MM+ force field Zn3(hhh)2, with the Zn(II)
centers shown in green.
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2.4.3 Photophysical Behavior
Hydroxyquinoline was selected for insertion into our structures because of its well-known
photophysical behavior. Zinc hydroxyquinoline metal chelates are electroluminescent and are
used in organic light emitting diodes because of their high thermal stability, bright fluorescence,
and excellent electron-transport mobility in the solid state.11e To begin to investigate the
properties of the peptide-linked structures, absorption and emission spectra were obtained, and
the data for h, hhh, [Zn(h)2], and [Zn3(hhh)2] are summarized in Table 2-2. Compounds h and
hhh have similar absorbance spectra, with peaks at 326 nm that are assigned to the π-π* transition
of the 8-hydroxyquinoline ligand. 22 Excitation of the compounds at their absorbance maxima
gives rise to emission with a peak wavelength of 423 nm. The absorption and emission maxima
suggest that under these conditions there is no formation of excitons in the tripeptide, because of
the absence of a red-shifted emission.
Complexation of Zn(II) to form [Zn(h)2] and [Zn3(hhh)2] changes the electronic distribution in
the ligands and results in red shifts of both the absorption and emission maxima to ~391 nm and
~567 nm, respectively, for both compounds. The comparable absorbance and emission spectra for
[Zn(h)2] and [Zn3(hhh)2] imply that they are in the same electronic environments. However, the
absorbance spectrum of the [Zn3(hhh)2] structure contains new peaks in the 290 nm – 310 nm
region that are not present in the spectrum of [Zn(h)2]; similarly tripeptide hhh has an absorbance
peak at 284 nm that monomer h does not have. The presence of the high-energy peak in the
multifunctional structure is suggestive of interactions between pendant hq ligands on the
backbone, perhaps by the  stacking of neighboring pyridyl rings.23
When solutions of known concentration are used, the extinction coefficients (ε) of h and
[Zn3(hhh)2] are found to be 2.5 times higher than those measured for h and [Zn(h)2], respectively.
Although lower than the expected ratio of 3 based on the oligomer length, the slightly depressed
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Table 2-2. Photophysical Data for h, hhh, [Zn(h)2], and [Zn3(hhh)2]
h

a

[Zn(h)2]

hhh

[Zn3(hhh)2]

λmax, abs (nm)a

325

326

390

391

ε, M-1cm-1 × 103

3.07

7.18

5.86

14.1

λmax, em (nm)b

423

423

565

567

Φc

0.0014

0.0053

0.031

0.14

 (ns)d

1.3 ± 0.5

1.4 ± 0.5

3.8 ± 0.2

4.6 ± 0.2

re

-

-

0.029

0.042

Pf

-

-

0.043

0.062

Maximum absorbance wavelength and extinction coefficient for the π-π* transition band in

methanol.b Peak emission wavelength following excitation at λmax, abs in methanol.
quantum yields following excitation at λmax,

abs

c

Emission

in methanol, determined using anthracene in

d

ethanol (Φ = 0.27) as a reference. Emission lifetime determined from a single exponential fit to
the time resolved decay at the maximum emission wavelength in methanol.
anisotropy (r) and polarization (P) determined at λmax,
methanol.

em

e,f

Fluorescence

following excitation at λmax,

abs

in
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extinction may be a result of a hypochromic effect, as commonly seen in DNA, RNA, and
polymers.24 The emission quantum yields (Φ) of hhh and [Zn3(hhh)2] are about 4 times larger
than those for h and [Zn(h)2], respectively. However, the excited state lifetimes of the monomer
and tripeptide are short and equivalent within the experimental error and resolution of the
instrument. Complexation of Zn increases the excited state lifetimes of the hq excited state, and
the measured lifetimes for [Zn(h)2] and [Zn3(hhh)2] are approximately the same. The greater
quantum yield of the [Zn3(hhh)2] complex may be a result of shielding of the central fluorophore
from solvent, caused by the close proximity of the aromatic and charge neutral complexes within
the assembly. Similar fluorescence enhancement has been observed in folded oligopeptides that
create a hydrophobic local environment for inserted fluorophores.25
Polarization anisotropy was further used to probe the differences in chromophore size, since
lower anisotropy or polarization values are indicative of faster molecular rotation. As indicated in
Table 2-2, the [Zn(h)2] complex has a lower anisotropy value compared to [Zn3(hhh)2] (0.029 vs.
0.042, respectively). Both values compare well with the measured anisotropy value of a 13 bp
DNA duplex (~ 0.04).26 These data are consistent with the formation of a larger structure when
the tripeptide binds zinc, creating a molecule with slower rotational diffusion.

2.4.4 Determination of Stoichiometry
Because hydroxyquinoline is capable of a variety of coordination geometries, it is important to
separately determine the stoichiometry of Zn to ligand for the duplex. Figures 2-7A and C contain
the absorption spectra upon iterative addition of metal ion to solutions of hhh and h, respectively.
In each case, addition of Zn2+results in a strong red shift in the peak absorbance wavelength from
326 to 391 nm; these maxima are identical to those separately measured for the pure compounds
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Figure 2-7. (A) UV-vis absorbance spectra of the titration of 5.0 mL of 0.13 mM tripeptide hhh
with 3.3 -10 μL injections of 15 mM Zn(OAc)2 in methanol. Inset: Extinction spectra of the
tripeptide hhh (dashed line) and [Zn3(hhh)2] (solid line) in methanol solutions. (B) Titration
curves during this titration, monitored at 326 nm () and 391 nm ().(C) UV-vis absorbance
spectra of the titration of 5.0 mL of 0.35 mM monomer h with 3.3 -10 μL injections of 15 mM
Zn(OAc)2 in methanol. Inset: Extinction spectra of the monomer h (dashed line) and Zn monomer
complex [Zn(h)2] (solid line) in methanol solutions. (D) Titration curves for the addition of Zn(II)
into 5.0 mL of 0.35 mM monomer 2, monitored at 325 nm () and 390 nm ().
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(Table 2-2). The spectrophotometric titrations further reveal a clear isosbestic point at 350 nm,
indicative of the clean conversion of one species to another.
The highly emissive nature of the hq ligand and [Zn(hq)2] complexes also enables the
monitoring of the reaction stoichiometry by emission titrations. Figure 2-8A shows that for
compound hhh, emission is initially bright but incremental addition of Zn(II) to the solution
causes the emission intensity at 423 nm to decrease, while a new emission peak at 561 nm
concurrently forms and increases in intensity. When the solution is excited at 391 nm, the
emissions maximum red-shifts to 567 nm and the intensity of the peak increases (Figure 2-7B),
whereas emission at 423 nm is no longer observed. Analogous experiments using monomer h
have identical spectral features. The excitation and emission maxima measured for pure hhh and
[Zn3(hhh)2] are identical to those observed during the titration in Figure 2-8.
Figures 2-7B and D contain the titration plots while monitoring the absorption of the ligand at
325 nm and the Zn complex at 390 nm, as a function of the concentration of added Zn(II). Both
plots exhibit a linear trend as metal ion is added until the equivalence point is reached, at which
point the absorption remains constant. In Figures 2-7B and D the equivalence points occur at
Zn(II) concentrations of ~0.19 mM with 0.13 mM tripeptide hhh, and ~0.2 mM Zn(II) with 0.35
mM monomer h. Figure 2-8C contains the separately measured titration plot monitoring the
emission intensity at λem = 423 and 561 nm during addition of Zn(II) to hhh. Like the absorption
titration curves, the addition of Zn into 0.13 mM tripeptide hhh induces changes in the emission
intensity that level at a concentration of ~0.19 mM Zn(II). Taken together, the separately
measured absorption and emission titration data reveal a reaction stoichiometry of Zn(II) with
tripeptide hhh of 3 Zn: 2 tripeptide, whereas the analogous experiment with monomer h gives a
molar ratio of 1 Zn: 2 monomer.

63
4e+5

1.6e+5

Emission Intensity (counts/sec.)

Emission Intensity (counts/sec.)

1.8e+5

A

1.4e+5
1.2e+5
1.0e+5
8.0e+4
6.0e+4
4.0e+4
2.0e+4

B
3e+5

2e+5

1e+5

0

0.0
400

500

600

700

400

500

600

700

Wavelength (nm)

Wavelength (nm)

Normalized Emission Intensity

3.0
2.5

C

2.0
1.5
1.0
0.5
0.0
0.0

0.1

0.2

0.3

0.4

[Zn2+] (mM)

Figure 2-8. (A) Fluorescence emission spectra during the titration of 5.0 mL of 0.13 mM
tripeptide hhh with 3.3 -10 μL injections of 15 mM Zn(OAc)2in methanol using an excitation
wavelength of 326 nm. (B) Fluorescence emission spectra of the titration of 5.0 mL of 0.13 mM
tripeptide hhh with 3.3 -10 μL injections of 15mM Zn(OAc)2in methanol at excited wavelength
of 391 nm. (C) Titration curves for the addition of Zn(II) into 5.0 mL of 0.13mM tripeptide hhh,
monitored at 423 nm () and 561 nm ().
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Using the absorbance at 390 nm and concentration of Zn(II) at the equivalence point in Figure
2-7B and D, the extinction coefficients of the formed species are ~4600 for hhh and 5600 M-1cm1

for h. The latter of these compares favorably with the measured extinction coefficient of pure

[Zn(h)2] (Table 2-2), confirming that the species formed during this titration is the [Zn(h)2]
complex. During the titration of tripeptide hhh, the extinction coefficient at the equivalence point
is written in terms of the total concentration of Zn(II). Because pure [Zn3(hhh)2] contains 3
Zn/molecule, the measured value of  must be normalized to the total concentration of zinc for
comparison of the titration product (Figure 2-7B), giving 14100/3 = 4700 M-1cm-1 for pure
[Zn3(hhh)2]. As a result, the extinction coefficient of the product of the titration in Figure 2-7B is
in excellent agreement with pure [Zn3(hhh)2]. Together with the clean isosbestic point and
reaction stoichiometry, these data are consistent with the formation of three Zn
bis(hydroxyquinoline) complexes linking strictly two tripeptide strands to give [Zn3(hhh)2]
during the titration.

2.4.5 Equilibrium Constants and Cooperativity
In oligomers and polymers, it is well-known that multisite binding can lead to changes to the
binding equilibria as a result of positive or negative cooperativity.25,26 The distinct peaks in both
the absorption and emission spectra for the hq ligand and its Zn complexes enable the quantitative
measurement of the association equilibrium constant, Ka, which is given by:

Ka 

[ Zn(hq) 2 ]
[ Zn 2 ][hq]2

Eq (2-3)

Figure 2-9A contains working plots with slopes equal to the equilibrium constants, using
concentrations of the species that are determined from the emission titrations. The slopes of the
two curves at low concentration are approximately the same. However, whereas the curve for
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monomer h is linear, addition of Zn(II) to tripeptide hhh gives a curve that becomes nonlinear at
high concentrations of zinc. The steeper slope at increasing Zn(II) concentrations suggests a
greater affinity, and is typically analyzed by use of the Hill equation:27

log


1

 n H log[ Zn] - log K d

Eq (2-4)

where Kd is the apparent dissociation constant, nH is the Hill coefficient, and

 2

[ Zn(hq) 2 ]
[hq]0

Eq (2-5)

Figure 2-9B contains the Hill plots of tripeptide hhh and monomer h over a concentration range
of 15 – 85%. While the slope of the monomer h Hill plot is nH = 1.3, the Hill plot for hhh has a
marked sigmoidal shape with a slope of nH = 3.5 around 50% saturation. These values are
identical to those obtained from Hill plots constructed from the absorbance titration experiments.
The higher value of nH for hhh is indicative of positive cooperativity during coordination of Zn.28
When the intercepts of the plots in Figure 2-8B are used, the association coefficients (i.e. Ka =
(1/Kd)2/n) are determined to be Ka = 1.0 ×109 and Ka = 1.6 ×108 (L2mol-2) for Zn binding by
tripeptide hhh and monomer h, respectively. These values compare favorably to the values
measured for both the bis(8-quinolinolato) zinc(II) and the multi-hydroxyquinoline-armed
complexes.29 The analogous data from the absorbance titrations gives values of Ka = 2.1 × 109 and
Ka = 9.7 ×107 L2mol-2 for hhh and h, respectively, and are in excellent agreement with the
emission data. These studies quantitatively confirm that cooperative formation of multiple
[Zn(hq)2] bridges between the oligopeptide strands results in a structure with greater stability than
the monometallic analogue.

66
1.5

5

log {2[Znhq2]/([hq]0-2[Znhq2])}

[Zn(hq)2]/[hq]2 (mM-1)

A
4

3

2

1

0
0.00

.01

.02

.03

[Zn2+]

(mM)

.04

.05

.06

B
1.0
0.5
0.0
-0.5
-1.0
-1.5
-5.5

-5.0

-4.5

-4.0

log [Zn2+]
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2.5 Conclusions
Cooperative formation of the highly stable [Zn3(hhh)2] complex to give a structure with
fluorescence emission and higher quantum yields compared to its monometallic analogue
suggests that extended structures containing many [Zn(hq)2] would be both straightforward to
assemble and give bright emitters. Such structures have potential uses in materials that require
multiple chromophores such as sensors and energy transfer antennas. The tunable aeg structure is
amenable to preparing longer oligopeptides with varying ligand sequences. Our continuing efforts
seek to determine the role of structure on the stability and photodynamics of multichromophore
structures. This detailed study provides fundamental understanding about metal coordinationbased molecular recognition for the future design of photonic wires and light-harvesting antennas
in multimetallic and multichromophore structures that could ultimately be useful in sensors,
artificial photosynthesis, and for conversion of solar energy.
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Chapter 3
Energy Transfer in Zinc (II) Cross-Linked Artificial Tripeptides with
Pendant Heterofunctional Ligands

3.1 Introduction
Photoinduced electron and energy transfer processes in chemical systems are attractive for
understanding natural photosynthesis, and led to innovations in the design of photonic molecular
devices. 1 Multifunctional molecular systems, most covalently linked assemblies, have been
synthesized to investigate and control photoreactive behaviors of chromophores, donors and
acceptors. 2 By virtue of their size and complexity, syntheses of these supramolecules can be
highly inefficient and costly. In the last few decades self-assembly has proven to be a viable
alternative to covalent synthesis for the construction of macromolecules by organizing intricate
structures capable of complex functions from modular repeating units. 3 Metal-directed selfassembly is particularly appealing as a result of the large number of different structural motifs
and bond energies that are available through coordination chemistry.3d
Our group has directed self-assembly of multi-metallic single-stranded,4duplex,5and hairpin6
structures using an aminoethylglycine (aeg) backbone in conjunction with pendant heterocyclic
ligands. The geometry of these metallic complexes is determined by the denticity of the ligands
used as well as the coordination saturation of the metal center. Our system is highly versatile
because the geometry, photochemistry, and redox states are all tunable based on the ligand and
transition metal.6c However, determination of the mechanism of excited-state reactivity is difficult
due in part to the flexibility of the aeg backbone.6b,c
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Recently, we synthesized several tripeptides that form more rigid duplexes by coordination of
metals.5d-f The metal centers are held within close enough spatial proximity to electronically
interact and stabilize the whole structure, which were evidenced by the electron paramagnetic
resonance spectroscopy and study of cooperativity. We also chose 8-hydroxyquinoline (hq)
ligand to form charge-neutral complexes to eliminate the electronic repulsion between charged
metal centers within our molecules.5f Our recent studies on two “palindromic” artificial peptides,
tripeptide bbb with three pendant 2,2’-bipyridine (bpy) ligands,5e and tripeptide hhh, with three
pendant hq ligands,5f showed interesting results, such as the electronic interaction in
[CuII3(bbb)2]6+ complex and the strong fluorescence of [Zn3(hhh)2]. These studies motivated us to
design two new mixed-ligand tripeptides hbh and bhb, as shown in Scheme 3-1. These mixedligand tripeptides, with a more closely packed structure compared to the hairpin structures,6 are
promising for investigation of the electron/energy interaction between two different metal-ligand
centers. This is also the first study in our group that involves molecules consisting of two ligands
belonging to different ligand families (i.e. pyridine vs. oxinate).
Scheme 3-1 shows the structures of the Zn-linked mixed-ligand tripeptide duplexes that are the
target for synthesis and analysis in this chapter. Following synthesis of the tripeptides, the
reaction of these with Zn(II) is quantitatively determined, and the resulting structures are
confirmed by analysis with absorption spectroscopy, emission spectroscopy, and mass
spectrometry. It is interesting that a decrease of the emission intensity of [Zn(hq)2] peak is
observed in [Zn3(hbh)2]2+ and [Zn3(bhb)2]4+ duplexes, compared to the Zn(h)2 monomer duplex.
Electron transfer and/or Dexter energy transfer between the [Zn(hq)2] and [Zn(bpy)2]2+ centers is
hypothesized to be the dominant fluorescence quenching mechanism, and is supported by
electrochemical, variable-temperature, solvent studies and DFT calculations.
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Scheme 3-1. Structures of the mixed-ligand tripeptides hbh and bhb, and Zn(II)-linked mixedligand tripeptide duplexes [Zn3(hbh)2]2+ and [Zn3(bhb)2]4+ (counter anions are not shown).

74
3.2 Experimental Section

3.2.1 Chemicals and Reagents
N-Hydroxybenzotriazole

(HOBT),

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride (EDC) and N-Ethyl diisopropylamine (DIPEA) were purchased from Advanced
ChemTech. Zinc(II) acetate (anhydrous, 99.9%) and ammonium tetrafluoroborohydrate (99.5%)
were purchased from Alfa Aesar. All solvents were used as received without further purification
unless otherwise noted. Tetrabutylammonium perchlorate (TBAP) was recrystallized three times
from ethyl acetate. The syntheses of tert-butyl{N-[2-Aminoethyl]-N-[5-(8-hydroxyquinoline)acetyl]amino}acetate (NH2-aeg(hq)-OtBu),5f [N-5-(8-Hydroxyquinoline)-acetyl] iminodiacetic
acid

(ida(hq)),5f

acetyl]amino}acetate

tert-butyl{N-[2-Aminoethyl]-N-[2-(4’-methyl-2,2’-bipyridyl)(NH2-aeg(bpy)-OtBu),5e

[N-2-(4’-Methyl-2,2’-bipyridyl)-acetyl]

iminodiacetic acid (ida(bpy))5e were performed and the products characterized as previously
reported.

3.2.2 Syntheses

3.2.2.1 Synthesis of Tert-butyl-aeg(hq)(bpy)aeg(hq)-tert-butyl (hbh)
In an ice bath under nitrogen, ida(bpy) (0.64 g, 1.9 mmol), EDC (1.1 g, 5.6 mmol), HOBT
(0.75 g, 5.6 mmol) were added to 100 mL of dry dichloromethane. The suspension was stirred for
15 min, DIPEA (3.5 mL, 20 mmol) was added, and the yellow solution was stirred for another 45
min. To this NH2-aeg(hq)-OtBu (2.0 g, 5.6 mmol) in 50 mL of dry dichloromethane was added,
and the solution was stirred for 4 d at room temperature. The solvent was removed under vacuum.
The crude product was purified using silica column chromatography with a gradient mobile phase
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(0% to 40% methanol in dichloromethane); like fractions were combined, and the solvent was
removed to yield dark yellow foam (189 mg, 9.9%). MS (ESI+) calculated: [M + H]+ = 1026.5;
found [M + H]+ = 1026.5. 1H NMR (400 MHz, CDCl3): δ = 1.42-1.70 (m, 18H), 2.35 (s, 3H),
3.00-4.25 (m, 22H), 6.85-7.50 (m, 8H), 8.10-8.80 (m, 8H) ppm. See Table 3-1 for 2D NMR
assignments. Elemental Anal [hbh• H2O] Calcd: 63.27 C; 6.27 H; 12.07 N. Found: 63.33 C; 6.19
H; 11.84 N.

3.2.2.2 Synthesis of Tert-butyl-aeg(bpy)(hq)aeg(bpy)-tert-butyl (bhb)
In an ice bath under nitrogen, ida(hq) (0.58 g, 1.8 mmol), EDC (1.0 g, 5.4 mmol), HOBT (0.73
g, 5.4 mmol) were added to 150 mL of dry dichloromethane. The suspension was stirred for 20
min, DIPEA (1.8 mL, 11 mmol) was added, and the yellow solution was stirred for another 20
min. To this NH2-aeg(bpy)-OtBu (2.4 g, 5.4 mmol) in 25 mL of dry dichloromethane was added,
and the solution was allowed to stir for 5 d at room temperature. The solvent was removed under
vacuum. The crude product was purified using silica column chromatography with a gradient
mobile phase (0% to 40% methanol in dichloromethane); like fractions were combined, and the
solvent was removed to yield dark yellow foam (19 mg, 1.0%). MS (ESI+) calculated: [M + H]+ =
1051.5; found [M + H]+ = 1051.5. 1H NMR (400 MHz, CDCl3): δ = 1.25-1.56 (m, 18H), 2.47 (s,
6H), 3.20-4.25 (m, 22H), 6.75-7.60 (m, 7H), 8.04-8.92 (m, 10H) ppm. 2D NMR data are listed in
Table 3-2. Elemental Anal [bhb• NaCl] Calcd: 61.70 C; 6.00 H; 12.62 N. Found: 61.16 C; 5.87 H;
12.73 N.
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3.2.2.3 Synthesis of Zinc hq-bpy-hq duplex ([Zn3(hbh)2](NO3)2)
Tripeptide hbh (20 mg, 0.02 mmol) was dissolved in 2 mL of methanol and added to zinc
nitrate (5.5 mg, 0.03 mmol) in 3 mL of methanol. The dark yellow solution was stirred at room
temperature for 24 h. The solvent was removed under vacuum, and the remaining dark yellow
solid was recrystallized in a 1:4 mixture of methanol/water. The precipitate was collected via
centrifugation, washed with diethyl ether, and dried under vacuum. The product appeared to be a
grayish green powder (24 mg, 99%). HR MS (ESI+) calculated: [Zn3(hbh)2 + 3CH3CN + H2O]2+
= 1192.8864; found [Zn3(hbh)2 + 3CH3CN + H2O]2+ = 1192.5543. 1H NMR (300 MHz, CD3OD):
δ = 1.29-1.86 (m, 36H), 3.59-4.70 (m, 44 H), 6.80-9.08 (m, 32H) ppm. Elemental Anal
[Zn3(hbh)2(NO3)2 • 4 CH3CN • 5 H2O] Calcd: 54.04 C; 5.53 H; 12.82 N. Found: 53.01 C; 5.77 H;
12.88 N.

3.2.2.4 Synthesis of Zinc bpy-hq-bpy duplex ([Zn3(bhb)2](BF4)2Cl2)
Tripeptide bhb (10 mg, 0.01 mmol) was dissolved in 2 mL of methanol and added to zinc
nitrate (2.7 mg, 0.02 mmol) in 1 mL of methanol. The yellow solution was stirred at room
temperature overnight. The solvent was removed under vacuum, and the remaining yellow oil
was redissolved in a 1:4 mixture of methanol/water. A saturated aqueous solution of ammonium
tetrafluoroborate was slowly added. The precipitate was collected via centrifugation, washed with
diethyl ether, and dried under vacuum. The product appeared to be a grayish yellow powder (13
mg, 99%). HR MS (ESI+) calculated: [Zn3(bhb)2 + 2Cl- + H2O]2+ = 1192.3535; found [Zn3(bhb)2
+ 2Cl- + H2O]2+ = 1192.4861; where the chloride ions come from the NaCl salt contained in the
structure. 1H NMR (400 MHz, CD3OD): δ = 2.26-2.78 (m, 36H), 3.65-4.53 (m, 44 H), 7.62-7.13
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(m, 34H) ppm. Elemental Anal [Zn3(bhb)2(BF4)2Cl2 • 2 H2O] Calcd: 53.13 C; 5.24 H; 10.87 N.
Found: 54.67 C; 5.81 H; 10.96 N.

3.3 Methods
UV-visible absorbance spectra were obtained with a double-beam spectrophotometer (Varian,
Cary 500). Emission spectra were measured using a Photon Technology International (PTI)
fluorescence spectrometer using an 814 photomultiplier detection system. Quantum yields were
determined using the relationship:7
   ref

( I / A)  
( I ref / Aref )   ref






2

Eq (3-1)

where Φ is the radiative quantum yield of the sample, Φref is the known quantum yield of
anthracene in ethanol = 0.27, I is the integrated emission, A is the absorbance at the excitation
wavelength, and η is the refractive index of the solvent, which is assumed to be the same for the
methanol solutions of sample and reference.
Time resolved emission decays were measured following excitation using a N2 dye laser (PTI
model GL-302), averaging 5 decays with a 50 μs collection time per point. In variable
temperature experiments, temperature was controlled using a constant temperature bath and flowthrough cell housing, and measured using a thermocouple adhered on the outer surface of the
quartz cuvette. Samples were allowed to equilibrate at each temperature for a minimum of 10 min
(with stirring) prior to measurement. The rates of radiative (kr) and nonradiative (knr) decay were
determined using the measured lifetime (τ) and equations:

 -1  k r  k nr


kr
k r  k nr

Eq (3-2)
Eq (3-3)
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Spectrophotometric absorbance and emission titrations were conducted in spectroscopic grade
solvents at room temperature, in the presence of air, using known concentrations of peptide
compounds. In the emission spectra, the tripeptides were excited at the π-π* transition absorbance
maxima (λex = ~325 nm) of the hq ligands7 and monitored at the corresponding emission maxima
(λem = ~423 nm). The Zinc complexes were excited at the π-π* absorbance maxima (λex = ~380
nm, varied with solvent dielectric constants)5f and monitored at the corresponding emission
maxima (λem = 500~550 nm). During the spectrophotometric titration, absorbance and emission
spectra were obtained after stirring the solution with each known volume (2.6 -10 μL) of standard
15 mM Zn(OAc)2 solutions in methanol for 10 min.
NMR spectra were collected using either a 300 or 400 MHz spectrometers (Bruker) in the
Lloyd Jackman Nuclear Magnetic Resonance Facility. Mass spectrometric analysis was
performed on a Waters LCT Premier time-of-flight (TOF) mass spectrometer at the Penn State
Mass Spectrometry Facility. Samples were introduced into the mass spectrometer using direct
infusion via a syringe pump. The mass spectrometer was scanned from 200-2500 m/z in positive
ion mode using electrospray ionization (ESI+). Elemental analyses were performed by Galbraith
Industries.
All electrochemical measurements were obtained using a CH Instruments potentiostat (Model
660) with a 0.063 cm2 area glassy carbon working and Pt wire counter electrodes with a Ag quasi
reference electrode. Solutions were prepared from acetonitrile containing 0.2 M TBAP supporting
electrolyte. Potentials are reported vs. a saturated calomel electrode reference scale using
ferrocene as a potential reference standard. Chronoamperometric measurements were corrected
for background currents by subtraction of the current transients obtained from potential steps of
equal magnitude applied in solutions containing solely supporting electrolyte.
DFT and TDDFT calculations were performed with Gaussian 09 and visualized with
GaussianView 03. The Zn(hq)2 and [Zn(bpy)2]2+ small molecules were geometry-optimized and
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their absorption spectra with oscillator strength were simulated at the B3LYP level with a
LanL2DZ basis set. In order to shorten the calculation time, molecular models of the Zn
tripeptides and dipeptide were generated using HyperChem (Version 6, HyperCube Inc) with the
MM+ force field using the optimized Zn(hq)2 and [Zn(bpy)2]2+ small molecules. The steepest
descent algorithm and a termination condition with a rms gradient of 0.1 kcal mol -1 Å-1 were
employed during the optimization. The absorption spectra of Zn tripeptide/dipeptide complexes
were simulated using TDDFT method at the B3LYP level with a 6-31G basis set.

3.4 Results and Discussion

3.4.1 Syntheses of Mixed-ligand Tripeptides
Both hbh and bhb tripeptides were synthesized by adapting the method reported previously
(Scheme 3-2).5e,f These two compounds were identified using mass spectrometry by comparison
of the molecular ion peak with the theoretical mass/charge ratio ([hbh + H]+ m/z: calculated
1026.5, found 1026.5; [bhb + H]+ m/z: calculated 1051.5, found 1051.5). The composition of
these compounds was confirmed via NMR. The integration ratio of methyl protons on the
bipyridyl ring to t-butyl protons is 3:18 (1 methyl : 2 t-butyl) for hbh (Figure 3-1), and 6:18 (2
methyl : 2 t-butyl) for bhb (Figure 3-5). Detailed analysis of 1H-1H COSY spectra of hbh and
bhb (Figure 3-2 and 3-6) shows correlations between neighboring protons on aromatic rings that
enables assignment of the proton peaks. The elemental analyses of hbh and bhb reveal the
presence of water or NaCl, which are introduced during the syntheses and loosely associated with
the ligands or aeg backbone. These data, together with the 13C-1H HMBC and HMQC spectra (see
Figure 3-3,4,7,8), confirm the identity and purity of these two tripeptides.
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Scheme 3-2. Syntheses of tripeptide hbh and bhb. (i) EDC, HOBT, DIPEA, CH2Cl2, 5 d; (ii)
EDC, HOBt, DIPEA, CH2Cl2, 4 d.
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Figure 3-1. 400 MHz 1H NMR spectra of hbh in CDCl3.

Figure 3-2. 400 MHz COSY spectrum (expansion of the aromatic region) of hbh in CDCl3. The
one-dimensional 1H spectrum is shown at the top and on the left.
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Figure 3-3. Two-dimensional C, H-correlated spectrum of hbh in CDCl3, recorded by the 400
MHz HMQC method. The one-dimensional 1H spectrum is shown at the top and the 13C spectrum
is on the left.

Figure 3-4. Two-dimensional C, H-correlated spectrum of hbh in CDCl3, recorded by the 400
MHz HMBC method. The one-dimensional 1H spectrum is shown at the top and the 13C spectrum
is on the left.
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Table 3-1. 1H and 13C shifts for hbh
1

H-a
H-b
H-c
A3
A4
H-d
H-e
A1
A2
H-a’
H-c’
A6
A5
H-b’
A7
A8
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12

H/ppm
8.73
7.43
8.19

7.32
7.02

8.57
7.21
2.41
8.37

1.42

3.71
3.98
3.46
3.59
4.14
3.86

13

C/ppm
148.58
122.20
122.89
129.69
121.82
128.06
109.04
152.09
138.92
149.60
126.01
147.13
22.12
133.07
155.84
144.70
29.10
82.22
172.02
40.65
168.88
50.31
37.35
47.41
171.13
51.60
169.34
39.54
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Figure 3-5. 400 MHz 1H NMR spectra of bhb in CDCl3.

Figure 3-6. 400 MHz COSY spectrum (expansion of the aromatic region) of bhb in CDCl3. The
one-dimensional 1H spectrum is shown at the top and on the left.
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Figure 3-7. Two-dimensional C, H-correlated spectrum of bhb in CDCl3, recorded by the 400
MHz HMQC method. The one-dimensional 1H spectrum is shown at the top and the 13C spectrum
is on the left.

Figure 3-8. Two-dimensional C, H-correlated spectrum of bhb in CDCl3, recorded by the 400
MHz HMBC method. The one-dimensional 1H spectrum is shown at the top and the 13C spectrum
is on the left.
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Table 3-2. 1H and 13C shifts for bhb
1

H-a
H-b
H-c
A3
A4
H-d
H-e
A1
A2
H-a’
H-c’
A6
A5
H-b’
A7
A8
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12

H/ppm
8.74
7.41
8.22

7.31
7.00

8.58
7.12
2.44
8.30

1.44

3.25
3.90
2.76
3.32
4.10
3.65

13

C/ppm
149.31
122.55
124.86
122.48
119.39
128.21
109.60
156.08
139.15
145.52
125.21
148.05
21.57
133.62
149.78
139.16
28.39
82.09
171.86
51.06
169.14
39.52
48.54
38.48
170.36
50.50
156.71
43.50
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3.4.2 Spectrophotometric Titrations
UV-visible absorption and fluorescence emission titrations were employed to determine the
stoichiometry of the coordination of Zn(II) with the tripeptides. Upon addition of zinc acetate into
tripeptides during the UV-vis titrations, the absorbance peaks assigned to the π-π* of the hq (~325
nm) and bpy (~282 nm) ligands decrease as new peaks assigned to the π-π* of the [Zn(hq)2]
(~380 nm) and [Zn(bpy)2]2+ (~310 nm) increase in both hbh (Figure 3-9A) and bhb (Figure 39C). The plots of absorbance versus the concentration of Zn(II) for hbh, as shown in Figure 3-9B,
exhibit stoichiometric points at a ratio (mol Zn : mol tripeptide) of 1.0, indicating that two hbh
strands form two [Zn(hq)2] subunits at absorbance wavelengths characteristic of hq (triangles).
On the other hand, bpy and its Zn complex (circles) give stoichiometric points around a ratio of
0.7, which is larger than the theoretical ratio of 0.5. This may be caused by the close affinities of
hq and bpy ligand to Zn(II): the formation constant of the [Zn(hq)2] complex is only about 10
times higher than that of the [Zn(bpy)2]2+ complex.8 During the titration, these two coordination
equilibria may impact each other and result in deviations in titration stoichiometric points. The
extinction coefficients of the formed species are ~11.5 × 103 M-1cm-1 at 390 nm and ~22.3 × 103
M-1cm-1 at 305 nm, which agree well with the corresponding values for the bulk prepared
[Zn3(hbh)2]2+ in Table 3-4, consistent with the species formed during the titration is the
[Zn3(hbh)2]2+ complex. The extinction coefficients of the formed species during titration of Zn2+
into bhb are also consistent with the corresponding values of the bulk prepared [Zn3(bhb)2]4+.
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Figure 3-9. UV-vis absorbance titration of the reaction of Zn(OAc)2 with the mixed-ligand
tripeptides in methanol: (A) Difference spectra acquired during the addition of 15 mM Zn(OAc) 2
in 3.3-10 μL increments to 0.12 mM hbh. Peak annotation: bpy, red down-arrow; [Zn(bpy)2]2+,
red up-arrow; hq, blue down-arrow; Zn(hq)2, blue up-arrow. (B) Titration curves for the addition
of Zn(OAc)2 into 5.0 mL of 0.12 mM hbh, monitored at 306 nm (), 282 nm (), 367 nm (▼)
and 325 nm (△). (C) Difference spectra acquired during the titration of 15 mM Zn(OAc) 2 in 3.3
μL increments into 0.06 mM bhb. Peak annotation is the same with (A). (D) Titration curves for
the addition of Zn(OAc)2 into 5.0 mL of 0.06 mM bhb, monitored at 305 nm (), 282 nm (),
390 nm (▼) and 325 nm (△).
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Since the bpy ligand and the [Zn(bpy)2]2+ complex show much weaker fluorescence in
comparison to the hq ligand and the [Zn(hq)2] complex (Figure 3-10), the fluorescence emission
titration primarily provides information about behaviors of hq during the coordination process.
Upon addition of zinc acetate into the hbh tripeptide, the emission peak of the hq ligand at 423
nm decreases and a new emission peak of the [Zn(hq)2] forms at 545 nm with an increased
intensity (Figure 3-11A). On the other hand, addition of zinc acetate into the bhb tripeptide
quenched the emission intensity of the hq ligand at 421 nm, while only a weak and blue-shifted
peak of the [Zn(hq)2] was observed (Figure 3-11C). The low emission intensity is consistent with
the small quantum yield ~0.004 for the [Zn3(bhb)2]4+ complex (Table 3-4). In a control
experiment, titration of 3 mM of [Zn(b)2]2+ monomer duplex into a solution containing 1 mM of
Zn(h)2 monomer duplex, no quenching of the Zn(hq)2 emission was observed (Figure 3-12). The
diffusion-controlled interaction between [Zn(b)2]2+ and Zn(h)2 allows a donor-acceptor distance
of ~ 10-20 Å within the lifetime of excited state ~ 4 ns. The result indicates that the emission
quenching between [Zn(bpy)2]2+ and Zn(hq)2 is dynamic and distance-dependent. Figure 3-11B
and 3-11D contain the separately measured titration plots monitoring the emission intensity of the
hq and the [Zn(hq)2] during addition of Zn(II) into tripeptides. Like the absorption titration curves,
the coordination of Zn(II) with hq ligands in tripeptides shows stoichiometric points around a
ratio of 1.0 for hbh, and 0.5 for bhb.
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Figure 3-10. (A) Emission spectra of 0.1 mM hq monomer h (black) and 0.1 mM bpy monomer
b (red), excited at 325 nm in methanol. (B) Emission spectra of 0.04 mM [Zn(h)2] (black) and
0.04 mM [Zn(b)2]2+ (red), excited at 390 nm in methanol.
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3.4.3 Syntheses of Zinc Tripeptide Complexes
The Zn compounds of the hbh and bhb tripeptides were prepared by mixing a 1.5 molar
equivalent of zinc nitrate salt with 1 equivalent of the tripeptide in methanol. The product
[Zn3(hbh)2](NO3)2 precipitated from the methanol/water solution immediately, whereas
[Zn3(bhb)2](BF4)2Cl2 was precipitated only after the addition of salt. Both complexes were
washed copiously with diethyl ether and dried under vacuum. The zinc tripeptide complexes were
characterized by 1H NMR spectroscopy, mass spectrometry, and elemental analysis. In the ESI+
MS, the molecular ion peaks are consistent with formation of the trimetallic structures (Figure 313). In the 1H NMR spectra of the Zn complexes, the addition of Zn results in broadening of the
proton peaks, particularly in the aromatic region. Integration ratios of the aromatic protons to the
t-butyl protons are consistent with those observed in tripeptides without metals (32:36 for
[Zn3(hbh)2](NO3)2, and 34:36 for [Zn3(bhb)2](BF4)2Cl2). The elemental analyses of the Zn
complexes reveal the presence of water molecules that are contained in the structure, which is
consistent with our previous observations.5f
It has been reported that Zn complexes of unsubstituted 8-hydroxyquinoline form octahedral
structures with two axial water molecules binding the square planar bis(quinolinato)zinc moiety.9
Zn complexes of unsubstituted 2,2’-bipyridine tend to have a 5-coordinated geometry with two
bipyridines and one counter anion, yielding tetragonal pyramidal structures. 10 Because of the
difficulty to obtain high quality crystals for our zinc-tripeptide complexes, the molecular models
(Figure 3-14) was calculated using Gaussian and HyperChem to visualize and understand the
structures. These models suggest that the low energy conformation holds the Zn centers ~5.3 Å
apart. The flexibility of the backbones and the linkers connecting each ligand to the backbone
allows the formation of geometric isomers.
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Figure 3-13. Molecular ion peaks observed by ESI+ mass spectrometry, plotted together with the
calculated mass and isotope splitting patterns for (A) [Zn3(hbh)2+3CH3CN+H2O]2+ and (B)
[Zn3(bhb)2+2Cl-+H2O]2+.
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Figure 3-14 shows that each of the [Zn(hq)2] has two axial water molecules forming a
octahedral geometry, and the geometry was supported by the TDDFT calculated absorption
spectrum which is in reasonable agreement (± 10 nm) with the measured spectrum of Zn(hq)2
small molecule (Figure 3-15). The [Zn(bpy)2]2+ has one counter anion forming a 5-coordinated
tetragonal geometry. The counter anion can be OAc-, NO3- or Cl-, and we choose OAc- here
because it was used in all spectrophotometric titrations, solvent studies, and variable-temperature
experiments. TDDFT calculations and UV-visible simulations indicate that the variation in
counter anions (OAc-, NO3-, Cl-) has no significant effect on the position and intensity of the ππ* transition peak (Figure 3-16). The position of n- π* transition peak is related to the counter
anion, but its relatively low extinction coefficient (< 3000 M-1cm-1 compared with π- π* ~ 20000
M-1cm-1) is negligible in spectroscopic studies. To attempt to eliminate the ambiguity about the
type of counter anion binding within the structure, we use terms [Zn3(hbh)2]2+ and [Zn3(bhb)2]4+
to represent the two Zn mixed-ligand complexes in all further discussions.

3.4.4 Photophysical Behavior

To study the properties of the mixed-ligand tripeptides and their Zn complexes, absorption and
emission spectra were obtained, and the data for hbh, bhb, [Zn3(hbh)2]2+, and [Zn3(bhb)2]4+ are
summarized in Table 3-3 and 3-4. The extinction coefficients of hbh and bhb, monitored at
characteristic wavelengths of hq and bpy ligands, are consistent with the number of hq and bpy
ligands per molecule (Table 3-3). For example, hbh gives a extinction coefficient of 5.84×103 M1

cm-1 at 326 nm for the two hq ligands, which is about 2 times higher than the value of hq-

monomer h at 325 nm (3.07×103 M-1cm-1).5f Also, the extinction coefficient of one bpy ligand at
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Figure 3-15. Measured extinction spectrum of the Zn(hq)2 small molecule in methanol (red line)
and calculated absorption spectrum (black line).
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Figure 3-16. Molecular models of [Zn(bpy)2OAc]+, [Zn(bpy)2NO3]+, and [Zn(bpy)2Cl]+. The
calculated absorption data for these compounds and [Zn(bpy)2]2+ are listed in the table.
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Table 3-3. Photophysical Data of Peptides
h5f

b

hhh5f

bbb5e

hbh

bhb

λmax, abs (nm)a

325

282

326

282

326, 284

325, 282

ε, M-1cm-1 × 103

3.07

13.0

7.18

38.0

5.84, 12.9

3.24, 26.9

λmax, em (nm)b

423

--

423

--

423

421

Φc

0.0014

--

0.0053

--

0.0017

0.0060

τ (ns)d

1.3 ± 0.5

--

1.4 ± 0.5

--

1.8 ± 0.5

2.8 ± 0.5

Absorbance wavelength and corresponding extinction coefficient for the π-π* transition band.
Peak emission wavelength following excitation at λabs = 325 nm. c Emission quantum yields
following excitation at λmax, abs, determined using anthracene in ethanol (Φ = 0.27) as a reference.
d
Emission lifetime determined from a single exponential fit to the time resolved decay at the
maximum emission wavelength.
a

b

Table 3-4. Photophysical Data of Zn Complexes of Peptides
Zn(h)25f

[Zn(b)2]2+

Zn3(hhh)25f

[Zn3(hbh)2]2+

[Zn3(bhb)2]4+

λmax, abs (nm)a

390

305

391

374, 306

380, 305

ε, M-1cm-1 × 103

5.86

26.0

14.1

11.3, 20.4

5.76, 40.0

λmax, em (nm)b

565

--

567

516

500

Φc

0.031

--

0.14

0.010

0.0041

τ (ns)d

3.8 ± 0.2

--

4.6 ± 0.2

3.4 ± 0.2

3.9 ± 0.2

Absorbance wavelength and corresponding extinction coefficient for the π-π* transition band.
Peak emission wavelength following excitation at λabs = 390 nm. c Emission quantum yields
following excitation at λmax, abs, determined using anthracene in ethanol (Φ = 0.27) as a reference.
d
Emission lifetime determined from a single exponential fit to the time resolved decay at the
maximum emission wavelength.
a

b
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284 nm (12.9×103 M-1cm-1) agrees well with the measured value of 13.0×103 M-1cm-1 for bpymonomer b at 282 nm.
The measured extinction spectra of the monomers h and b with the tripeptides hbh and bhb in
methanol are compared (Figure 3-17A). It is noted that the intensity and position of the peak at
~380 nm, which is hypothesized to be the charge transfer signal between the bpy ligands,11 are
strongly affected by the pH. Both tripeptide spectra are equivalent to a linear combination of the
monomers, indicating that there is no formation of excitons in the tripeptides.
Since the bpy ligand has much weaker fluorescence in comparison to the hq ligand, the
measured quantum yields of the mixed-ligand tripeptides are mostly attributed to the hq ligand. In
Table 3-3, the quantum yield of bhb is about 3 times larger than that of hbh. The greater quantum
yield is most likely a result of shielding of the central fluorophore hq from solvent molecules,
caused by the close proximity of the outside bpy ligands within the bhb strand. 12 Similar
fluorescence enhancement has been observed in the hq-tripeptide hhh that has a higher quantum
yield than the hq-monomer h.5f
The extinction coefficients of Zn mixed-ligand tripeptides determined by the UV-vis spectra
are listed in Table 3-4. These values, again, are consistent with numbers of ligands per molecule.
For example, [Zn3(hbh)2]2+ gives an extinction coefficient of 11.3×103 M-1cm-1 at 390 nm for two
[Zn(hq)2] centers, which is about 2 times larger than the value of Zn(h)2 monomer duplex at the
same wavelength (5.86×103 M-1cm-1).5f The extinction coefficient of one [Zn(bpy)2]2+ center at
306 nm (20.4×103 M-1cm-1) compares favorably with the measured value of 26.0×103 M-1cm-1 for
[Zn(b)2]2+ monomer duplex at 305 nm. Figure 3-17B shows the measured extinction spectra of
[Zn3(hbh)2]2+ and [Zn3(bhb)2]4+ in methanol solutions. Both zinc-tripeptide spectra are equivalent
to a linear combination of the zinc-monomers, confirming the formation of duplex structures
containing exclusively [Zn(hq)2] and [Zn(bpy)2]2+ units while no mismatched hetero-ligand
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Figure 3-17. (A) Extinction spectra of hbh (blue solid line), bhb (red solid line), linear
combination of 2h + b (blue dashed line) and 2b + h (red dashed line) in methanol. (B) Extinction
spectra of [Zn3(hbh)2]2+ (blue solid line), [Zn3(bhb)2]4+ (red dashed line), linear combination of
2Zn(h)2 + [Zn(b)2]2+ (blue dashed line) and Zn(h)2 + 2[Zn(b)2]2+ (red dashed line) in methanol.
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centers like [Zn(hq)(bpy)]+.13 No formation of excitons is observed in the UV-vis spectra of zinctripeptides.
In the emission spectra, the [Zn(bpy)2]2+ complex show much weaker fluorescence in
comparison to the [Zn(hq)2] complex. The emission quantum yields of [Zn3(hbh)2]2+ and
[Zn3(bhb)2]4+ are listed in Table 3-4. It is surprising that no bright peak for [Zn(hq)2] was
observed in the emission spectra of [Zn3(bhb)2]4+ in methanol, and the quantum yield is low (only
~0.4%). The intensity of the [Zn(hq)2] peak for [Zn3(hbh)2]2+ was also significantly quenched,
giving a relatively low quantum yield of ~1% compared to the quantum yield of ~3% for Zn(h)2
monomer duplex.5f A similar phenomenon was observed in the mixture of Zn-bpy/Zn-hqmontmorillonite, where Zn-bpy complexes quenched the emission band of Zn-hq.11 We attribute
the quenching in our duplexes to electron transfer and/or Dexter energy transfer between Zn(hq)2
and [Zn(bpy)2]2+ centers, discussed in detail below. The excited state lifetimes of [Zn3(hbh)2]2+
and [Zn3(bhb)2]4+ are comparable with that of [Zn(hq)2] monomer (~ 4 ns).5f

3.4.5 Mechanism of Fluorescence Quenching
The quenching pathway in the Zn(II) mixed-ligand tripeptides cannot be Förster energy transfer
because the emission band of [Zn(hq)2] (~ 550 nm) is well-separated from the absorption bands
found for [Zn(bpy)2]2+ (~ 310 nm). The mechanism could be Dexter energy transfer or electron
transfer, or a combination of both. The ligands coordinated to Zn(II) centers are electrochemical
active,14,15,16 and both Zn(h)2 and [Zn(b)2]2+ monomer duplexes require relatively large chemical
potentials (~ ±1 V) to be reduced or oxidized (Figure 3-18). The driving force (ΔG0) of the
electron transfer from excited Zn(hq)2 to [Zn(bpy)2]2+ is estimated to be ~ -0.75 eV in acetonitrile
based on the Rehm-Weller equation (zero-zero transition energy of Zn(hq)2 is calculated to be
~3.0 eV from emission spectra).17
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Regardless of whether the reaction which quenches the excited-state is electron or energy
transfer, the same semi-classical formalism governing the rates of nonradiative processes can be
applied:18

k nr 

4 2
H DA
h

2

 G 
exp  
4k B T
 k BT
1





Eq (3-4)

In this well-known expression, ΔG≠ is the free energy barrier associated with the reorganization
of the solvent dipoles and of the vibrational coordinates needed to reach the transition state. λ is
the reorganization energy, HDA represents the electronic coupling between the donor and the
acceptor. From the equation, the plot of ln(knrT1/2) vs. 1/T will give a linear relationship.
Figure 3-19 contains the ln(knrT1/2) vs. 1/T plots of [Zn3(hbh)2]2+ and [Zn3(bhb)2]4+ duplexes in
chloroform and methanol solutions. The slope ΔG≠ and the intercept corresponding to these
curves are listed in Table 3-5. The reorganization energy λ was calculated using equation 3-5:

G  

(G 0   ) 2
4

Eq (3-5)

There are two solutions: λ1 ~ 1.5 eV, and λ2 ~ 0.4 eV. It is reported that electron transfer
reactions generally have reorganization energies around 1-2 eV, and energy transfer processes
usually exhibit considerably smaller values for λ (e.g., < 0.5 eV).18c The two solutions suggest
that both mechanisms are theoretically possible. To further distinguish between electron and
energy transfer, variable-solvent experiments and DFT calculations were conducted.
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Figure 3-18. (A) Cyclic voltammograms of 3.0 mM Zn(h)2 monomer duplex (black line) and 3.0
mM [Zn(b)2]2+ monomer duplex (red line), in solutions containing 0.2 M TBAP in ACN.
Potential scan rates were 50 mV/s. (B) Linearized current-time transients resulting from an
applied potential step of 1.6 V for 3.0 mM Zn(h)2 () and -1.1 V for 1.7 mM [Zn(b)2]2+ ().
Inset is plots of the peak anodic current of Zn(h)2 () and peak cathodic current of [Zn(b)2]2+ ()
versus the square root of the scan rate.
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Figure 3-19. (A) Plots of ln(knrT1/2) vs. 1/T for [Zn3(hbh)2]2+ duplex in chloroform () and
methanol () based on equation 3-4. (B) Plots of ln(knrT1/2) vs. 1/T for [Zn3(bhb)2]4+ duplex in
chloroform () and methanol () based on equation 3-4.

Table 3-5. Thermodynamic Data for Zn(II) Mixed-Ligand Duplexes in Different Solvents
[Zn3(hbh)2]2+

[Zn3(bhb)2]4+

Chloroform

0.086 eV

0.074 eV

Methanol

0.11 eV

0.092 eV

Chloroform

24

24

Methanol

26

26

ΔG≠ a

Intercept

a

Free energy barrier, determined from the slopes of plots in Figure 3-20.
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3.4.5.1 Solvent Study
In Dexter energy transfer the rate of the exchange is little affected by solvent reorganization, in
contrast with electron transfer which is largely solvent-dependent. 19 The quantum yields and
excited-state lifetimes of the zinc complexes were measured in a series of solvents. The solvents
are selected to be chloroform, tetrahydrofuran, acetone, methanol, acetonitrile, dimethyl sulfoxide
and propylene carbonate because of their large range of static dielectric constants Ds and optical
dielectric constants Dop. The plots of ln knr vs. Pekar factor (1/Dop- 1/Ds) for [Zn3(hbh)2]2+,
[Zn3(bhb)2]4+, Zn(h)2 and Zn3(hhh)2 duplexes are shown in Figure 3-20. For Zn(h)2, the dominant
non-radiative decay is through the intrinsic decay pathway with a rate kD ~ knr, and kD increases
with the increase of Pekar factor (Figure 3-20C). For Zn3(hhh)2, the dominant decay rate kD is
smaller compared to Zn(h)2 (Figure 3-20D), which is likely a result of shielding of the central hq
from solvent molecules. For the [Zn3(hbh)2]2+ and [Zn3(bhb)2]4+ duplexes, the linear fitting
curves of ln knr vs. Pekar factor show flatter slopes compared to Zn(h)2 and Zn3(hhh)2 (Figure 320A and B). Electron or energy transfer contributes to the fluorescence quenching in mixedligand duplexes with a decay rate kET, and kET ~ knr - kD.20 Under the assumption that kD is the
same in Zn3(hhh)2, [Zn3(hbh)2]2+ and [Zn3(bhb)2]4+, the plots of kET vs. Pekar factor for mixedligand duplexes give negative trends that are predicted by Marcus theory for electron transfer.18a,b
The solvent study supports that electron transfer is likely the dominant excited-state reaction
pathway.
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Figure 3-20. Plots of ln knr vs. Pekar factor of (A) [Zn3(hbh)2]2+; (B) [Zn3(bhb)2]4+; (C) Zn(h)2
monomer and (D) Zn3(hhh)2 in different solvents. The solvent Pekar factors are chloroform
0.271, tetrahydrofuran 0.373, dimethyl sulfoxide 0.436, propylene carbonate 0.480, acetone
0.494, acetonitrile 0.527, and methanol 0.537.
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3.4.5.2 DFT Calculations
Both electron transfer and Dexter energy transfer require the presence of electronic excited or
ground state(s) within the acceptor [Zn(bpy)2]2+ that lie energetically below the excited state of
the donor Zn(hq)2. Calculated orbital energy level diagram (Figure 3-21) reveals the existence of
multiple low-energy excited and ground states of [Zn(bpy)2(OAc)]+ which may serve to satisfy
this condition.
To further understand our systems, we did TDDFT calculations on a di-metallic mimic: one
[Zn(hq)2 •2H2O] and one [Zn(bpy)2(OAc)]+ linked together by the aeg backbone with Zn-Zn
distance ~ 5.5 Å (Figure 3-22). This structure is constructed with one donor-acceptor pair to
simplify the calculation. The result shows that the oscillator strength of the transition between H
(HOMO) and L (LUMO) is low (f = 0.008), meaning that a direct electron excitation from the
ground state of [Zn(hq)2 •2H2O] to the unoccupied orbitals of [Zn(bpy)2(OAc)]+ is prohibited.
The major signal is the transition between H and L+7 (f = 0.0547), corresponding to the π - π*
transition within the [Zn(hq)2 •2H2O]. This transition gives an absorbance maxima ~ 380 nm with
the extinction coefficient ~ 5 ×103 M-1cm-1, which agrees well with the observed absorption data
in Table 3-4.
The calculated results again support the existence of excited state(s) of [Zn(bpy)2(OAc)]+ (e.g.
L+6 ~ L+4, L+2 ~ L) energetically below the excited state of Zn(hq)2 (e.g. L+7). Therefore
excited electron(s) of [Zn(hq)2 •2H2O] could transfer to excited state(s) of [Zn(bpy)2(OAc)]+
through internal conversion, resulting in quenched fluorescence. TDDFT calculations on trimetallic compounds yielded similar orbital arrangements but deviations between simulated and
observed absorption spectra became larger (~ 100 nm), this is possibly due to the limitation of
theoretical calculations on large and complex systems.
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3.5 Conclusions
We have shown the use of artificial mixed-ligand tripeptides to prepare Zn(II) cross-linked
metal duplexes, and it is observed that the [Zn(bpy)2]2+ centers quench the excited state emission
of the [Zn(hq)2] in these complexes. Variable-temperature and solvent dependent emission studies
and theoretical calculations point toward electron transfer and/or Dexter energy transfer as the
quenching mechanism, and electron transfer is likely to contribute more than Dexter energy
transfer. The result demonstrates that photophysical behaviors of these duplexes are highly
dependent on the species and sequence of ligands. The constructed structures provide
fundamental understanding about energy communication between metal centers. Such
interactions are tunable using our modular peptides and variable metals, enabling the construction
of longer and more complex architectures. Our ongoing studies seek to further determine the
electrochemical and photodynamic properties of these polyfunctional structures that could
ultimately be useful in molecular wires, sensors, artificial photosynthesis, and for conversion of
solar energy.
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Chapter 4
Metallic Interactions in Cu(II) Cross-Linked Artificial Tripeptides with
Heterofunctional Ligands

4.1 Introduction
In the last few decades, self-assembly has proven to be a viable alternative to covalent
synthesis for the construction of complicated molecular architectures by simply mixing a finite
number of discrete, programmed units under thermodynamic control.1 A difficulty in the design
of self-assembling systems is that it is challenging to control the geometries and spacing of
functional units, and therefore hard to change many of the parameters that determine the behavior
of the system and the interactions among components. 2 There have been several attempts to
create metal-coordinative assemblies in which the interaction of metal centers is controlled by
varying the positioning and functionality of binding sites. Tanaka and coworkers reported the
alignment of up to five Cu(II) ions within a DNA duplex with substituted hydroxypyridone
ligands. 3 Experimental data suggested that each Cu(II) ions lay in a distorted square-planar
geometry and the Cu-Cu distance was ~ 3.7 Å, in good agreement with analogous distance in
natural DNA (3.4 Å). Later on, Clever and coworkers incorporated up to ten Cu(II) ions into a
DNA duplex with pendant salicylaldehyde ligands.4 Both studies showed magnetic interactions
between the Cu(II) centers. Inspired by DNA and PNA based supramolecular chemistry, 5 we
have reported the synthesis of a series of ligand-substituted oligopeptides based on an
aminoethylglycine (aeg) backbone. These peptides form transition-metal cross-linked singlestranded,6duplex,7and hairpin8 structures with exclusive metal-ligand coordinate bonds, and they
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show potential as a motif for the construction of inorganic molecular devices in a specific and site
selective manner.
We have strong interests in the Cu(II) cross-linked peptides because of the high binding affinity
of Cu(II) ion, and the unique electrochemical properties of Cu(II/I) complexes. In our previous
studies,6a, 7c-e electron paramagnetic resonance (EPR) spectroscopy and electrochemical analysis
were used to investigate the geometry and Cu-Cu interaction of the multi-copper complexes;
preliminary data were obtained, but they could not be used to determine detailed information such
as the Cu-Cu distance. In this chapter, we revisited the Cu(II) cross-linked system using a series
of artificial peptides with pendant ligand 8-hydroxyquinoline (hq) and/or 2,2’-bipyridine (bpy):
Cu(h)2, [Cu(b)2]2+, Cu3(hhh)2, [Cu3(hbh)2]2+, and [Cu3(bhb)2]4+ (Scheme 4-1, counter anion are
not shown). Following synthesis of the Cu(II) complexes, the resulting structures are confirmed
using NMR spectroscopy, elemental analysis, and mass spectrometry. The stoichiometry of
binding of Cu(II) with tripeptides was examined using spectrophotometric absorbance titrations;
positive cooperativity was observed during the binding and quantified using the Hill equation.
Coupling interactions between Cu(II) centers were observed in EPR spectra, and the Cu-Cu
distance was calculated to be ~ 5 Å. In the cyclic voltammograms of [CuII3(hbh)2]2+ and
[CuII3(bhb)2]4+, a negative shift of the reduction potential of [CuII(bpy)2]2+ was observed
compared to the [CuII(b)2]2+. This shift is hypothesized to be caused by the geometry change in
reduced [CuI(bpy)2]+, and is supported by spectroelectrochemical experiments and DFT
calculations.
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4.2 Experimental Section

4.2.1 Chemicals and Reagents
Ammonium tetrafluoroborohydrate (99.5%) and copper(II) acetate (monohydrate, 98+%) were
purchased from Alfa Aesar. Tetrabutyl ammonium tetrafluoroborate (99%) was purchased from
Strem Chemicals. Cupric nitrate (2.5 Hydrate, 99.9%) was purchased from J. T. Baker. Copper(I)
acetate (> 93.0%) was purchased from TCI. All solvents were used as received without further
purification unless otherwise noted. The syntheses of monomers h and b, tripeptides hhh, hbh
and bhb were performed and the products characterized as previously reported.7f,g

4.2.2 Syntheses

4.2.2.1 Synthesis of Copper(II) hq monomer duplex Cu(h)2
Monomer h (0.64 g, 1.7 mmol) was dissolved in 3 mL of methanol. Cupric nitrate (0.20 g, 0.86
mmol) in 3 mL of methanol was added dropwise. The resulting solution was stirred at room
temperature overnight. The solvent was removed under vacuum, and the remaining solid was redissolved in a 1:4 mixture of methanol/water. The precipitate was collected via centrifugation,
washed with diethyl ether, and dried under vacuum. The product appeared to be a greenish yellow
powder (0.48 g, 69 %). HR MS (ESI+) calculated: [M+H]+ = 810.2173; found [M+H]+ =
810.2169. 1H NMR (300 MHz, CD3OD): δ = 1.20 – 1.63 (m, 12H), 3.88 – 4.50 (m, 16H) ppm.
Elemental Anal [Cu(h)2 • 2 H2O] Calcd: 53.93 C; 5.48 H; 6.62 N. Found: 54.40 C; 5.15 H; 7.17 N.
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4.2.2.2 Copper(II) hq-hq-hq duplex [Cu3(hhh)2]
Tripeptide hhh (10 mg, 0.010 mmol) was dissolved in 2 mL of methanol, and added to cupric
nitrate (4 mg, 0.016 mmol) in 1 mL of methanol. The dark yellow solution was stirred at room
temperature overnight. The solvent was removed under vacuum, and the remaining dark yellow
solid was re-dissolved in a 1:4 mixture of methanol/water. A saturated aqueous solution of
ammonium tetrafluoroborohydrate was slowly added. The precipitate was collected via
centrifugation, washed with diethyl ether, and dried under vacuum. The product appeared to be a
greenish yellow powder (6.0 mg, 55 %). HR MS (ESI+) calculated: [Cu3(hhh)2 – COOtBu +
2H]2+ = 1043.2948; found [Cu3(bhb)2 - COOtBu + 2H]2+ = 1043.3337. 1H NMR (400 MHz,
CD3CN): δ = 1.13 – 1.80 (m, 36H), 2.54 – 4.37 (m, 40H) ppm. Elemental Anal [Cu3(hhh)2 • 6
H2O] Calcd: 55.48 C; 5.53 H; 9.77 N. Found: 54.51 C; 5.84 H; 9.72 N.

4.2.2.3 Copper(II) bpy monomer duplex [Cu(b)2](BF4)(NO3)
Monomer b (755 mg, 1.9 mmol) was dissolved in 3 mL of methanol. Cupric nitrate (227 mg,
0.95 mmol) in 3 mL of methanol was added dropwise. The resulting solution was stirred at room
temperature overnight. The solvent was removed under vacuum, and the remaining solid was redissolved in a 1:4 mixture of methanol/water. A saturated aqueous solution of ammonium
tetrafluoroborohydrate was slowly added. The precipitate was collected via centrifugation,
washed with diethyl ether, and dried under vacuum. The product appeared to be a dark yellow
powder (651 mg, 80 %). HR MS (ESI+) calculated: [Cu(b)2]2+ = 430.6442; found [Cu(b)2]2+ =
430.6279. 1H NMR (300 MHz, CD3OD): δ = 1.16 – 1.65 (m, 12H), 2.80 – 2.92 (m, 6H), 3.69 –
4.57 (m, 16H) ppm. Elemental Anal [Cu(b)2(BF4)(NO3)] Calcd: 49.88 C; 4.98 H; 9.70 N. Found:
50.60 C; 4.97 H; 9.27 N.
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4.2.2.4 Copper(II) hq-bpy-hq duplex [Cu3(hbh)2](BF4)(NO3)
Tripeptide hbh (7 mg, 0.007 mmol) was dissolved in 2 mL of methanol, and added to cupric
nitrate (2 mg, 0.01 mmol) in 1 mL of methanol. The resulting solution was stirred at room
temperature overnight. The solvent was removed under vacuum, and the remaining dark yellow
solid was re-dissolved in a 1:4 mixture of methanol/water. A saturated aqueous solution of
ammonium tetrafluoroborohydrate was slowly added. The precipitate was collected via
centrifugation, washed with diethyl ether, and dried under vacuum. The product appeared to be a
greenish yellow powder (6.4 mg, 84%). HR MS (ESI+) calculated: [Cu3(hbh)2]2+ = 1118.8562;
found [Cu3(hbh)2]2+ = 1118.8385. 1H NMR (400 MHz, CD3CN): δ = 1.21 – 1.81 (m, 36H), 2.58 –
4.77 (m, 40H) ppm. Elemental Anal [Cu3(hbh)2(BF4)(NO3) • 4 H2O] Calcd: 53.71 C; 5.33 H;
10.82 N. Found: 52.75 C; 5.28 H; 10.35 N.

4.2.2.5 Copper(II) bpy-hq-bpy duplex [Cu3(bhb)2](BF4)2Cl2
Tripeptide hbh (5 mg, 0.004 mmol) was dissolved in 2 mL of methanol, and added to cupric
nitrate (1.5 mg, 0.006 mmol) in 1 mL of methanol. The resulting solution was stirred at room
temperature overnight. The solvent was removed under vacuum, and the remaining greenish
yellow solid was re-dissolved in a 1:4 mixture of methanol/water. A saturated aqueous solution of
ammonium tetrafluoroborohydrate was slowly added. The precipitate was collected via
centrifugation, washed with diethyl ether, and dried under vacuum. The product appeared to be a
greenish yellow powder (4 mg, 73%). HR MS (ESI+) calculated: [Cu3(bhb)2 + 2 Cl- + H2O]2+ =
1190.8751; found [Cu3(bhb)2 + 2 Cl- + H2O]2+ = 1190.9084. 1H NMR (400 MHz, CD3CN): δ =
0.57 – 1.48 (m, 36H), 2.89 – 4.63 (m, 40H) ppm. Elemental Anal [Cu3(bhb)2(BF4)2Cl2 • 2 H2O]
Calcd: 53.24 C; 5.25 H; 10.78 N. Found: 54.03 C; 4.89 H; 9.92 N.
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4.3 Methods
UV-visible absorbance spectra were obtained with a double-beam spectrophotometer (Varian,
Cary 500). NMR spectra were collected using either a 300 or 400MHz spectrometers (Bruker) in
the Lloyd Jackman Nuclear Magnetic Resonance Facility. Elemental analyses were performed by
Galbraith Industries. Mass spectrometric analysis was performed on a Waters LCT Premier timeof-flight (TOF) mass spectrometer at the Penn State Mass Spectrometry Facility. Samples were
introduced into the mass spectrometer using direct infusion via a syringe pump. The mass
spectrometer was scanned from 200-2500 m/z in positive ion mode using electrospray ionization
(ESI+). Elemental analyses were performed by Galbraith Industries.
Electrochemical measurements were obtained using a CH Instruments potentiostat (Model 660)
with 0.063 cm2 glassy carbon working and Pt wire counter electrodes with a Ag quasi reference
electrode. Solutions were prepared from DMSO containing 0.1 M tetrabutyl ammonium
tetrafluoroborate (TBABF4) supporting electrolyte; the solutions were deoxygenated by purging
with solvent-saturated N2. Potentials are reported versus a saturated calomel electrode reference
scale using ferrocene as a potential reference standard. Spectroelectrochemical measurements
were conducted on indium-tin oxide (ITO) coated glass working electrodes; UV-visible
absorbance spectra were obtained with a single-beam spectrophotometer (Varian, Cary 50).
All of the EPR measurements were acquired in the Green lab by Dr. Alexey Silakov on a
Bruker Elexsys E580 X-band spectrometer equipped with a SuperX-FT microwave bridge.
Continuous-wave EPR measurements were performed using an ER 4122 SHQE SuperX highsensitivity cavity in combination with an ER 4112-HV Oxford Instruments variable temperature
helium flow cryostat. All experiments were performed around 30 K. All Cu(II) samples were
prepared in methanol. Simulated spectra were obtained using the EasySpin package and home
built software.
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DFT calculations were performed with Gaussian 09 and visualized with GaussianView 03. The
Cu(hq)2 and [Cu(bpy)2]2+ small molecules were geometry-optimized at the B3LYP level with a
LanL2DZ basis set. In order to shorten the calculation time, molecular models of the Cu
tripeptides were generated using HyperChem (Version 6, HyperCube Inc) with the MM+ force
field using the optimized Cu(hq)2 and [Cu(bpy)2]2+ small molecules. The steepest descent
algorithm and a termination condition with a rms gradient of 0.1 kcal mol -1 Å-1 were employed
during the optimization.

4.4 Results and Discussion

4.4.1 Syntheses of Copper Complexes
The Cu(II) compounds were prepared by mixing a 0.5 molar equivalent of cupric nitrate salt
with 1 equivalent of the h and b monomers, or a 1.5 molar equivalence of cupric nitrate with 1
equivalent of the hhh, hbh and bhb tripeptides. The product Cu(h)2 precipitated from the mixture
of

methanol

and

water

immediately,

while

Cu3(hhh)2,

[Cu(b)2](BF4)(NO3),

[Cu3(hbh)2](BF4)(NO3) and [Cu3(bhb)2](BF4)2Cl2 precipitated out after counter anions BF4- were
added. The isolated compounds were washed copiously with diethyl ether, and dried under
vacuum at room temperature. All the Cu(II) complexes were characterized by 1H NMR
spectroscopy, mass spectrometry, and elemental analysis. In 1H NMR spectra, bound Cu(II)
induces a paramagnetic shift of the ligand proton resonances, and the aromatic proton signals
were no longer observed. Integration ratios of amide protons to t-butyl protons are consistent with
those observed in tripeptides without metals. The tri-Cu(II) complexes were also identified using
mass spectrometry by comparison of the molecular ion peak with the theoretical mass/charge
ratio (Figure 4-1). The mass of the molecular ion of Cu3(hhh)2 indicated cleavage of one
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COOtBu chain termini, which is maybe a result of difficulty in volatilizing the large, chargeneutral complex together with gas phase instability of the ionized structure. 5f The elemental
analysis of the Cu(II) complexes reveals the presence of counter anions and water molecules that
are bound in the duplex structures, which is consistent with our previous observations.7f,g
It is possible that Cu(II) ions cross-link more than two tripeptide single strands to form highly
ordered structures such as polymers. Thermodynamically, formation of highly ordered structures
with relatively lower entropy requires less change in free energy, resulting in less stable product
compared to lower ordered duplexes. Therefore, lower ordered duplexes are likely to be the
dominant species in the mixture. Diffusion coefficient analysis can provide information about the
size of molecule. The diffusion coefficients of Cu(II) complexes are ~ 1 × 10-6 cm2/s in DMSO
and ~ 5-10 × 10-6 cm2/s in ACN at room temperature, indicating that the size of dominant species
is around 4-10 Å, in good agreement with the size of duplexes. In addition, highly ordered
structures like Cu(II)-ligand coordinate polymers usually have poor solubility in solvents we use
in experiments (e.g., methanol, ACN). Considering all the above factors, the presence of
impurities other than duplexes is negligible in the following spectroscopic and electrochemical
studies. However, to accurately assess the purities of the Cu(II) cross-linked duplexes, highperformance liquid chromatography (HPLC) or molecular weight analyses will be necessary.
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Figure 4-1. Molecular ion peaks observed by positive ion electrospray mass spectrometry, plotted
together with the calculated mass and isotope splitting patterns for (A) [Cu3(hhh)2 – COOtBu +
2H]2+, (B) [Cu3(hbh)2]2+, and (C) [Cu3(bhb)2Cl2]2+ •H2O
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4.4.2 EPR Study and Molecular Models
Because we have been unable to obtain high quality crystals, EPR spectroscopy was employed
to understand the coordination geometry of Cu(II) centers and Cu-Cu distance in the Cu(II)
complexes. The measured and simulated EPR spectra of Cu(h)2, [Cu(b)2]2+, Cu3(hhh)2,
[Cu3(hbh)2]2+ and [Cu3(bhb)2]4+ are shown in Figure 4-2 and data listed in Table 4-1. It has been
reported that crystalline Cu(II)(8-hydroxyquinoline)2 has a square planar structure in both
dihydrate and anhydrous forms, 9 and Cu(II) complexes of 2,2’-bipyridine tend to have a
tetragonal pyramidal coordination geometry with coordinating anions OAc-, NO3-, or Cl-.10 The
EPR data for Cu(h)2 is typical for axially symmetric complexes (gx = gy = g//, gz = g⊥ ) in which
the coordination geometry is at least approximately square planar. For [Cu(b)2]2+, the simulated
spectrum indicates that there are two components cis and trans with an intensity ratio of 8:2.
Component trans is axially symmetric, meaning a square-planar geometry with two anions on the
axial positions. Component cis has three different g values suggesting a tetragonal pyramidal
geometry. This result agrees with the fact that [Cu(bpy)2]2+ exists mainly as the "cis" isomers at
room temperature.11 For Cu3(hhh)2, [Cu3(hbh)2]2+ and [Cu3(bhb)2]4+ , the shapes of EPR spectra
are not equivalent to the linear combination of the spectra of Cu(h)2 and/or [Cu(b)2]2+. Instead,
significant line broadening and the appearance of an additional peak with g value smaller than 2.0
suggest that the Cu(II) centers are extensively interacting rather than electronically isolated. 3 The
same simulation was calculated for all three tri-Cu(II) complexes, and shows that the electronelectron dipole interaction Jdip = 400 ± 10 MHz. Using the relationship Jdip 1/r3, where r is the
average distance between two electrons, the Cu-Cu distance is estimated to be 5.0 ± 0.1 Å .
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Figure 4-2. The experimental EPR spectra of 3mM tri-metallic duplexes [Cu3(hhh)2],
[Cu3(hbh)2]2+, and [Cu3(bhb)2]4+, in comparison with 3 mM monomer duplexes Cu(h)2 and
[Cu(b)2]2+ in methanol at 30 K. The peaks labeled by vertical dashed lines in tri-Cu(II)
compounds are signals indicating Cu-Cu interactions. The simulated EPR spectra of Cu(h)2,
[Cu(b)2]2+ and tri-Cu(II) compounds are shown in dotted lines.
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Table 4-1. Simulated g tensors (x, y, z directions) and hyperfine coupling constants (A//) for
Cu(II) complexes.
Complexes

gx

gy

gz

A//(10-4cm-1)

Cu(h)2

2.051

2.064

2.256

185

cis

2.043

2.113

2.258

165

trans

2.073

2.088

2.205

155

outside Cu

2.050

2.050

2.268

183

central Cu

2.060

2.060

2.268

183

Cu(b)22+

Cu3(tripeptide)2 a

a

tripeptide = hhh, hbh, bhb.
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Based on the EPR data discussed above, molecular models of Cu3(hhh)2, [Cu3(hbh)2]2+ and
[Cu3(bhb)2]4+ (Figure 4-3) were built using Gaussian and HyperChem. The Cu(hq)2 and
[Cu(bpy)2]2+ small molecules were geometry-optimized using DFT calculations. Cu(hq)2 has a
square-planar geometry with two water molecules on the axial positions, and [Cu(bpy)2]2+ is in a
tetragonal pyramidal fashion with coordinating anions (OAc-, NO3-, or Cl-) or solvent molecules.
The molecular models of tri-Cu(II) duplexes were optimized in the molecular mechanics
approach using the optimized Cu(hq)2 and [Cu(bpy)2]2+ small molecules. The flexibility of the
backbones and the linkers connecting each ligand to the backbone allows the formation of
geometric isomers. In all three models, the Cu-Cu distances are around 5 Å, in good agreement
with the values obtained from EPR experiments.

4.4.3 Photophysical Behavior
Absorption spectra were obtained to understand the photophysical behavior of Cu(II)
complexes, and the data for Cu(h)2, [Cu(b)2]2+, Cu3(hhh)2, [Cu3(hbh)2]2+, and [Cu3(bhb)2]4+ are
summarized in Table 4-2. The extinction coefficients determined for trimetallic compounds are
consistent with numbers of ligands per molecule. For example, [Cu3(hbh)2]2+ gives an extinction
coefficient of 10.0×103 M-1cm-1 at 391 nm for two [Cu(hq)2] centers, which is about 2 times
larger than the value of 6.26×103 M-1cm-1 for Cu(h)2 monomer duplex at 400 nm. The extinction
coefficient of 19.1×103 M-1cm-1 for one [Cu(bpy)2]2+ center at 306 nm compares favorably with
the measured value of 21.3×103 M-1cm-1 for [Cu(b)2]2+ monomer duplex at 307 nm. Figure 4-4
shows the measured extinction spectra of Cu3(hhh)2, [Cu3(hbh)2]2+ and [Cu3(bhb)2]4+ in methanol
solutions. All the Cu(II)-tripeptide are equivalent to a linear combination of the copper(II)monomers, confirming the formation of duplex structures containing exclusively [Cu(hq)2] and/or
[Cu(bpy)2]2+ units while no mismatched hetero-ligand centers like [Cu(hq)(bpy)]+. It is noted that
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A

B

C
Figure 4-3. Molecular models of [Cu3(hhh)2], [Cu3(hbh)2]2+ and [Cu3(bhb)2]4+, where the
Cu(hq)2 center has a square-planar geometry with two water molecules on the axial positions, and
the [Cu(bpy)2]2+ center has a tetragonal pyramidal geometry with coordinating anions OAc-, NO3-,
or Cl-.
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Table 4-2. Photophysical Data of Cu(II) Complexes
Cu(h)2

[Cu(b)2]2+

Cu3(hhh)2

[Cu3(hbh)2]2+

[Cu3(bhb)2]4+

λabs (nm)a

400

307

405

391

400

(ε, M-1cm-1

(6.26)

(21.3)

(14.4)

(10.0)

(5.62)

306

310

(19.1)

(40.6)

× 10-3)

a

Absorbance wavelength and extinction coefficient for the π-π* transition band in methanol.

cm-1) x 10-3

50
40
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20
10
0
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400
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Wavelength (nm)

Figure 4-4. Extinction spectra of Cu3(hhh)2 (black solid line), [Cu3(hbh)2]2+ (blue solid line),
[Cu3(bhb)2]4+ (red solid line), linear combination of 3Cu(h)2 (black dashed line), 2Cu(h)2 +
[Cu(b)2]2+ (blue dashed line) and Cu(h)2 + 2[Cu(b)2]2+ (red dashed line) in methanol.
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the presence of a high-energy peak around 310 nm in Cu3(hhh)2 suggests interactions between
pendant hq ligands on the backbone, perhaps by the π stacking of neighboring pyridyl rings.7f, 12
Excitons are not observed in the UV-vis spectra of Cu(II)-tripeptides.

4.4.4 Spectrophotometric Titrations
UV-visible absorption titrations were employed to determine the stoichiometry of the
coordination of Cu(II) with the tripeptides hhh, hbh, and bhb. Upon addition of Cu(II)OAc2 into
tripeptides during the UV-vis titrations, the absorbance peaks assigned for hq (~325 nm) and/or
bpy (~282 nm) ligands decrease as new peaks assigned to [Cu(hq)2] (~400 nm) and/or
[Cu(bpy)2]2+ (~310 nm) increase in the tripeptides hhh (Figure 4-5A), hbh (Figure 4-5C), and
bhb (Figure 4-5E). The plots of absorbance versus the concentration of Cu(II) for hhh, as shown
in Figure 4-5B, exhibit stoichiometric points at a mole ratio (Cu(II) : hhh) of 1.5, indicating that
two hhh strands form three [Cu(hq)2] subunits. For mixed-ligand tripeptides hbh and bhb,
because the metal-binding affinity of hq ligands is larger than that of bpy ligands,13 hq ligands are
saturated with Cu(II) ions first compared to bpy ligands. Therefore in the titration plots (Figure 45D and 4-5F), the stoichiometric point measured at absorbance wavelengths characteristic of hq
(circles) is at a mole ratio (Cu(II) : tripeptide) of ~1.0 for hbh and ~0.5 for bhb, respectively. In
both hbh and bhb, bpy and its Cu(II) complex (triangles) give stoichiometric points around a
ratio of 1.5. The extinction coefficients of the formed species during titration of Cu(II) into
tripeptides are consistent with the corresponding values of the bulk prepared Cu(II) complexes,
confirming the structures of tri-metallic duplex. It is noted that the intensity and position of the
peak at ~380 nm in hbh, which is hypothesized to be the charge transfer signal between the bpy
ligands, are strongly affected by the pH value.7g, 14
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Figure 4-5. (A) UV-vis absorbance spectra acquired during the addition of 15 mM Cu(OAc) 2 in
3.3-10 μL increments to 0.1 mM hhh in methanol. Peak annotation: hq, blue down-arrow;
Cu(hq)2, blue up-arrow. (B) Plot of absorbances at 405 nm () and 326 nm () vs. concentration
of Cu(II) during the UV-vis titration of 15 mM Cu(OAc)2 into 0.1 mM hhh in methanol. (C) UVvis absorbance spectra acquired during the addition of 15 mM Cu(OAc) 2 in 3.3-10 μL increments
to 0.12 mM hbh in methanol. Peak annotation: bpy, red down-arrow; [Cu(bpy)2]2+, red up-arrow;
hq, blue down-arrow; Cu(hq)2, blue up-arrow. (D) Plot of absorbances at 391 nm (), 325 nm
(), 306 nm (▼) and 284 nm (△) vs. concentration of Cu(II) during the UV-vis titration of 15
mM Cu(OAc)2 into 0.12 mM hbh in methanol.
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Figure 4-5 (Continued). (E) UV-vis absorbance spectra acquired during the addition of 15 mM
Cu(OAc)2 in 3.3 μL increments into 0.06 mM bhb in methanol. Peak annotation is the same with
(C). (F) Plot of absorbances at 400 nm (), 325 nm (), 306 nm (▼) and 282 nm (△) vs.
concentration of Cu(II) during the UV-vis titration of 15 mM Cu(OAc)2 into 0.06 mM bhb in
methanol.
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4.4.5 Binding Cooperativity
In oligomers and polymers, multi-site binding can lead to changes to the binding equilibria as a
result of positive or negative cooperativity.15 We have observed positive cooperativity during the
coordination process of tripeptide hhh with Zn(II),7f and we expect to see similarly cooperative
behavior during the binding of hhh with Cu(II). For hbh and bhb, Cu(II) ions tend to saturate the
hq sites first because of the higher Cu(II)-binding affinity of hq ligands,13 and most hq ligands are
occupied when Cu(II) starts to coordinate with the bpy ligands. The remaining bpy ligands are
fixed by the cross-linked Cu(hq)2 in a manner favorable to binding, leading to a positive
cooperative behavior during the binding of bpy with Cu(II). The cooperative behaviors of these
tripeptides were analyzed using the following Hill equation:16

log


1

 n log[ Cu 2 ] - log K d

Eq (4-1)

Where Kd is the apparent dissociation constant, n is the Hill coefficient, and

 2

[Cu (hq) 2 ]
[Cu (bpy ) 2 ]
2
[hq]0
[bpy ]0
for hhh, and
for hbh and bhb Eq (4-2)

Figure 4-6 contains the Hill plots of tripeptides hhh, hbh and bhb. The Hill coefficients of all
three tripeptides are higher than 1, indicating positive cooperativities. It is noted that Hill
coefficient of hbh (n = 2.8) is higher than that of bhb (n = 1.8); the two hq ligands in each hbh
further restrict flexibility of the central bpy position when the two outsiders are fixed, resulting in
greater cooperativity.
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Figure 4-6. Hill plot of the binding of Cu(II) with hq ligands in hhh (), and the binding of Cu(II)
with the bpy ligand in hbh () and bhb (▼). The binding process shows a positive cooperativity
with a Hill coefficient of 1.7 for hhh, 2.8 for hbh, and 1.8 for bhb, respectively (dashed line is a
control curve with a slope of 1).
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4.4.6 Electrochemistry
Electrochemistry is a powerful tool for evaluating the interaction between two redox-active
centers. Figure 4-7 shows the voltammograms of Cu(h)2, [Cu(b)2]2+, Cu3(hhh)2, [Cu3(hbh)2]2+
and [Cu3(bhb)2]4+ complexes. The voltammogram of [Cu(b)2]2+ (Figure 4-7A, red line) shows a
reductive peak potential at ~ -0.49 V, and a difference between peak potentials (ΔEp) ~220 mV.
[Cu(bpy)2]2+/1+ reduction involves a geometry change from trigonal bipyramidal Cu(II) to
tetrahedral Cu(I),17 and the geometry difference between the two oxidation states increases the
potential barrier to electron transfer, resulting in quasi-reversible voltammetric behavior. In the
case of Cu(h)2 (Figure 4-7A, blue line), the one-electron reduction of [Cu(hq)2]2+/1+ appears at a
more negative potential of ~ -0.83 V in comparison with [Cu(bpy)2]2+/1+. The reduction is
followed by a dissociation reaction [CuI(hq)2]-  Cu+ + 2[hq]-, and the dissociated Cu(I) is
oxidized to Cu(II) at the stripping peak around -0.1 V. The dissociation of the Cu(I) complex of
hq may be caused by the relative rigidity of the CuIIN2O2 planar conformation, which prevents the
reorganization to the typical tetrahedral geometry of Cu(I) complexes.18
The voltammogram of Cu3(hhh)2 (Figure 4-7B) is similar to that of Cu(h)2, with a reduction
peak at ~ -0.83 V, and a stripping peak at ~ -0.1 V. Compound [Cu3(hbh)2]2+ (Figure 4-7C) has
two reductive peaks at ~ – 0.67 and -0.87 V, respectively. Differential pulse voltammetric
analysis shows that anodic stripping peaks are associated with the second reductive peak,
revealing that -0.67 V is one [Cu(bpy)2]2+/1+ and -0.87 V are two [Cu(hq)2]0/1- electron transfer
processes. Similar redox behaviors were observed for [Cu3(bhb)2]4+ complex, [Cu(bpy)2]2+
reduction is at ~ -0.63 V, and [Cu(hq)2] reduction is between -0.8 and -1 V and invisible because
of the overlap with [Cu(bpy)2]2+ reduction (Figure 4-7D).
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Figure 4-7. Cyclic voltammograms of (A) 3 mM [Cu(b)2]2+ (red) and 3 mM Cu(h)2 (blue), (B)
1mM Cu3(hhh)2, (C) 1mM [Cu3(hbh)2]2+, and (D) 0.7mM [Cu3(bhb)2]4+ using a 0.063 cm2 glassy
carbon electrode and potential scan rate of 50 mV/s in DMSO containing 0.1 M TBABF4. Insets
contain differential pulse voltammograms of 1 mM [Cu3(hbh)2]2+ and 0.7 mM [Cu3(bhb)2]4+
using a 0.063 cm2 glassy carbon electrode in DMSO containing 0.1 M TBABF4.
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The reductive peak potentials of the Cu(II) complexes are listed in Table 4-3. It is noted that
the reductive peak potential of [Cu(bpy)2]2+ in [Cu3(hbh)2]2+ and [Cu3(bhb)2]4+ is more negative
compared with [Cu(b)2]2+. We hypothesize that this shift is caused by the geometry change of the
CuIbpy species in the reduction of [Cu3(hbh)2]2+ and [Cu3(bhb)2]4+ complexes, which is further
studied using spectroelectrochemistry experiments and DFT calculations.
The diffusion coefficient of each compound was calculated by use of the following Cottrell
equation19 and listed in Table 4-3.

i

nFAD 1 / 2 C
 1/ 2t 1/ 2

Eq (4-3)

where i is the current (A); n is the number of electrons (n = 1 for CuII/I reduction); A is the surface
area of the working electrode (cm2); C is the concentration of the reactant (mol/cm3); D is the
diffusion coefficient (cm2/s); and t is the time (s). The measured diffusion coefficients of Cu(h)2
(1.8 × 10-6 cm2/s in DMSO) and [Cu(b)2]2+ (2.1 × 10-6 cm2/s in DMSO) are close, and ~ 3 times
larger than the value of tri-metallic Cu3(hhh)2 (7.6 × 10-7 cm2/s in DMSO). This observation is
predicted by the Stokes-Einstein equation as the mass transport of molecules is inversely
proportional to their size.20 Considering the solvent viscosity effect,21 the diffusion coefficients of
mono-Cu(II) duplexes were calculated to be ~ 1 × 10-5 cm2/s and tri-Cu(II) duplex ~ 3.8 × 10-6
cm2/s in ACN, compared favorably with those for [Pt(tpy)] and [Co(py)(tpy)] oligopeptides
(mono-metallic analog ~ 1 × 10-5 cm2/s and tri-metallic analog ~ 3.5 × 10-6 cm2/s in ACN).6b,7a
The diffusion coefficients of [Cu3(hbh)2]2+ and [Cu3(bhb)2]4+ complexes cannot be accurately
measured because of the overlap of [Cu(hq)2] and [Cu(bpy)2]2+ reductive peaks in the
voltammograms.
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Table 4-3. Electrochemical Data for Cu(II) complexes
Ep (V)a

Ep (V)a

[Cu(hq)]2+/1+

[Cu(bpy)]2+/1+

Cu(h)2

-0.83

--

1.8

[Cu(b)2]2+

--

-0.49

2.1

Cu3(hhh)2

-0.83

--

0.76

[Cu3(hbh)2]2+

-0.87

-0.67

--

[Cu3(bhb)2]4+

-0.8 ~ -1

-0.63

--

Complex

a

D x 106 (cm2/s)b

Peak potential for the reaction in V vs. SCE, measured using a potential scan rate of 50 mV/s in

DMSO at room temperature.

b

Calculated from the slopes of the Cottrell plots from

chronoamperometry and analyzed using the Cottrell equation.
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4.4.7 Spectroelectrochemistry and Theoretical Calculations
To further understand the redox behavior of the Cu(II) complexes, we conducted UV-vis
spectroelectrochemistry experiments. The absorbance of the Cu(II) complexes was measured at
the visible region as a function of time while the potential was anodically cycled.
Spectroelectrochemical data for [Cu(b)2]2+ are shown in Figure 4-8A. Upon application of a
potential step of -0.6 V, an increase in the absorbance at ~ 500 nm, which is the characteristic
wavelength of [CuI(bpy)2]+ MLCT band, is observed. This reveals the reduction from [CuII(b)2]2+
to [CuI(b)2]+. The decrease of Cu(II) d-d transition ~ 680 nm is invisible because of the spectral
overlap with the intense increase of MLCT band. Upon reversal of the potential to +0.2 V, the
MLCT absorbance returns to its initial value, a process that is reproducible for many cycles
(Figure 4-8B). The shape of the time-dependent absorbance curve indicates that the redox process
is diffusion-controlled. Spectroelectrochemical data for Cu(h)2 are shown in Figure 4-8C. Upon
application of a potential step of -0.9 V, an increase in the absorbance at ~ 600 nm is observed,
which is consistent with the reduction of CuII(h)2 to [CuI(h)2]-, as in the extinction spectra (Figure
4-9). Upon reversal of the potential to +0.2 V, the absorbance returns to its initial value, a process
that is reproducible for many cycles (Figure 4-8D). In contrast to [Cu(b)2]2+, the redox
reversibility of Cu(h)2 is controlled by diffusion as well as the rates of [CuI(h)2] dissociation and
CuII(h)2 re-association reactions. It is noted that some redox species were absorbed on the ITO
electrode surface, resulting in the increasing baseline and the decreasing absorbance change after
each redox cycle.
Spectroelectrochemical data of trimetallic duplex Cu3(hhh)2 is similar to that of Cu(h)2: the
absorbance at ~ 600 nm increases upon a potential step of -0.9 V (Figure 4-10A). For
[Cu3(hbh)2]2+ and [Cu3(bhb)2]4+, the change of the absorption spectra upon reduction is not a
linear combination of the changes observed in the monomer duplexes (Figure 4-10B and C).
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Figure 4-8. (A) Differential UV-vis spectroelectrochemical response during the reduction of
3mM [CuII(b)2]2+ upon a potential step of -0.6 V on ITO-coated glass in DMSO containing 0.1 M
TBABF4. (B) Absorbance change of [CuII(b)2]2+ monitored at 500 nm as the potential is switched
between -0.6 and 0.2 V. (C) Differential UV-vis spectroelectrochemical response during the
reduction of 3 mM CuII(h)2 upon a potential step of -0.9 V on ITO-coated glass in DMSO
containing 0.1 M TBABF4. (D) Absorbance change of CuII(h)2 monitored at 600 nm as the
potential is switched between -0.9 and 0.2 V.
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Figure 4-10. Differential UV-vis spectroelectrochemical response during the reduction of (A) 1
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V.
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A 1:1 (molar ratio) mixture of unlinked Cu(h)2 and [Cu(b)2]2+ shows increases at both ~ 500 nm
and 600 nm upon a potential step of -0.9 V(Figure 4-11). However, in the spectra of
[Cu3(hbh)2]2+ and [Cu3(bhb)2]4+, there is no significant increase ~ 500 nm, which is the
[CuIbpy2]+ MLCT band, under identical conditions. To study this unexpected phenomenon, we
prepared CuI hbh and bhb complexes by mixing 1.5 equivalent ratio of CuIOAc with the
tripeptides, and measured their visible extinction spectra. Comparing with the extinction spectra
of Cu(II) tripeptide complexes, differential spectra were obtained, indicating the theoretical
absorption change during the reduction process Cu(II) to Cu(I) (Figure 4-12). The differential
spectra of the bulk prepared Cu(II/I) tripeptides are not identical to the linear combination of the
monomers [Cu(II/I)(b)2] and [Cu(II/I)(h)2], and extinction coefficients at the [CuIbpy2]+ MLCT
band ~ 500 nm for both trimetallic compounds are significantly lower than their monometallic
analogue.
It is hypothesized that the close packing of aromatic rings (or π-π stacking) flattens the
tetrahedral geometry of [CuIbpy2]+ in the trimetallic structures, and the change of geometry leads
to no MLCT absorptions.22 The flattened [CuIbpy2]+ geometry could be similar to the pyramidal
geometry of a 4-coordinated [CuII(bpy)2]2+. The pyramidal geometry, with an interplanar angle
between the CuIIN2 planes 40-50o, occupies less axial spaces in comparison with typical
tetrahedral CuIN2 planes with an interplanar angle 70-90o.23 Further TDDFT calculation shows
that [CuIbpy2]+ with a pyramid geometry has low oscillator strength at the MLCT band ~500 nm
compared with tetrahedral [CuIbpy2]+ (Figure 4-13A). Also in contrast to tetrahedral [CuIbpy2]+,
the HOMO of pyramidal [CuIbpy2]+ has higher energy level (Figure 4-13B), meaning that more
energy will be needed to fill an electron in the SOMO of [Cu IIbpy2]2+ during the reduction. This
explains the negative shift of reductive potential of [CuII(bpy)2]2+ observed in the voltammograms
of [Cu3(hbh)2]2+ and [Cu3(bhb)2]4+.
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4.5 Conclusions
We have revisited the Cu(II) cross-linked artificial peptide system using a series of artificial
peptides with pendant mixed ligands, and obtained quantitative information on the geometry of
Cu(II) centers and the Cu-Cu distance in tri-metallic assemblies. Our study indicated that in the
tri-metallic structures, the close packing of Cu-ligand layers flatten the tetrahedral geometry of
[CuI(bpy)2]+ during a reduction process. The constructed structures serve as motifs for the control
of geometry and spacing of functional units in a specific manner, and provide fundamental
understanding about the structural and energetic change induced by metal-metal interactions. Our
ongoing efforts seek to control the arrangement of different types of metallic centers to form
heterometallic assemblings that have potential applications in molecular matrix and artificial
enzymes.

4.6 Acknowledgements
We acknowledge the contributions of co-author Dr. Alexey Silakov and Prof. Michael Green
for their assistance with EPR analysis. We gratefully acknowledge financial support from
Chemical Sciences, Geosciences and Biosciences Division of the Office of Basic Energy
Sciences of the U.S. Department of Energy (DE-FG02-08ER15986).

4.7 References

1. (a) Levi, S.A.; Guatteri, P.; van Veggel, F.C.J.M.; Vancso, G..J.; Dalcanale, E.; Reinhoudt,
D.N. Angew. Chem. Int. Ed. 2001, 40, 1892-1896. (b) Leininger, S.; Olenyuk, B.; Stang, P. J.

147
Chem. Rev. 2000, 100, 853-908. (c) Conn, M. M.; Rebek, J. Jr. Chem. Rev. 1997, 97, 16471668.
2. Whitesides, G. M.; Grzybowski, B. Science, 2002, 295, 2418-2421.
3. Tanaka, K.; Tengeiji, A.; Kato, T.; Toyama, N.; Shionoya, M. Science, 2003, 299, 1212-1213.
4. Clever, G. H.; Carell, T. Angew. Chem. Int. Ed. 2007, 46, 250-253.
5. (a) Bergstrom, D. E. in Current Protocols in Nucleic Acid Chemistry, Beaucage, S. L.;
Bergstrom, D. E.; Glick, G. D.; Jones, R. A. Eds. Wiley, New York, 2001, Unit 14. (b) Kool,
E. T. Acc. Chem. Res. 2002, 35, 936-943.
6. (a) Gilmartin, B. P.; Ohr, K.; McLaughlin, R. L.; Koerner, R.; Williams, M. E. J. Am. Chem.
Soc. 2005, 127, 9546-9555. (b) Ohr, K.; Gilmartin, B. P.; Williams, M. B. Inorg. Chem. 2005,
44, 7876-7885.(c) Levine, L. A.; Youm, H. W.; Yennawar, H. P.; Williams, M. E. Eur. J.
Inorg. Chem. 2008, 4083-4091.
7. (a) Ohr, K.; McLaughlin, R. L.; Williams, M. E. Inorg. Chem. 2007, 46, 965-974. (b) Gilmartin,
B. P.; McLaughlin, R. L.; Williams, M. E. Chem. Mater. 2005, 17, 5446-5454. (c) Coppock,
M. B.; Kapelewski, M. T.; Youm, H. W.; Levine, L. A.; Miller, J. R.; Myers, C. P.; Williams,
M. E.Inorg. Chem. 2010, 49, 5126-5133.(d) Coppock, M. B.; Williams, M. E. Inorg. Chem.
2011, 50, 949 – 955. (e) Gallagher, J. A.; Levine, L. A.; Williams, M. E. Eur. J. Inorg. Chem.
2011, 27, 4168 – 4174. (f) Zhang, M.; Gallagher, J. A.; Coppock, M. B.; Pantzar, L. M.;
Williams, M. E. Inorg. Chem. 2012, 51, 11315-11323. (g) Zhang, M.; Gallagher, J. A.;
Coppock, M. B.; Williams, M. E. Submitted (Chapter 3 in this dissertation).
8. (a) Levine, L. A.; Kirin, S. I.; Myers, C. P.; Showalter, S. A.; Williams, M. E. Eur. J. Inorg.
Chem. 2009, 613-621. (b) Myers, C. P.; Gilmartin, B. P.; Williams, M. E. Inorg. Chem. 2008,
47, 6738-6747. (c) Myers, C. P.; Miller, J. R.; Williams, M. E.J. Am. Chem. Soc. 2009, 131,
15291-15300.
9. (a) Hoy, R. C.; Morriss, R. H. Acta Cryst. 1967, 22, 476-482. (b) Okabe, N.; Saishu, H. Acta
Cryst. 2001, E57, m251-m252.

148
10 . (a) Stebler, M.; Bürgi, H. B. J. Am. Chem. Soc. 1987, 109, 1395-1401. (b) Foley, J.;
Kennefick, D.; Phelan, D.; Tyagi, S.; Hathaway, B. J. J. Chem. Soc., Dalton Trans. 1983,
2333-2338.
11. (a) Walker, F. A.; Sigel, H. Inorg. Chem. 1972, 11, 1162-1164. (b) Walker, F. A.; Sigel, H.;
McCormick, D. B. Inorg. Chem. 1972, 11, 2756-2763. (c) Garribba, E.; Micera, G.; Sanna,
D.; Erre, L. S-. Inorg. Chim. Acta. 2000, 299, 253-261.
12. (a) Brinkmann, M.; Gadret, G.; Muccini, M.; Taliani, C.; Masciocchi, N.; Sironi, A. J. Am.
Chem. Soc. 2000, 122, 5147−5157. (b) Khaorapapong, N.; Ogawa, M. Appl. Clay Sci. 2007,
35, 31−38.
13 . (a) Ramenskaya, L. M.; Kraeva, O. V. Russ. J. Phys. Chem. 2006, 80, 90-94. (b)
Ramenskaya, L. M. Russ. J. Phys. Chem. 2008, 82, 2074-2078. (c) Holyer, R. H.; Hubbard,
C. D.; Kettle, S. F. A.; Wilkins, R. G. Inorg. Chem. 1965, 4, 929–935.
14. Subramanian, P. S.; Suresh, E.; Dastidar, P.; Waghmode, S.; Srinivas, D. Inorg. Chem. 2001,
40, 4291-4301.
15. (a) Fuller, A. A.; Seidl, F. J.; Bruno, P. A.; Plescia, M. A.; Palla, K. S. Pept. Sci. 2011, 96,
627−638. (b) Eftink, M. R.; Ghiron, C. A. Biochemistry 1976, 15, 672−680. (c)
Wojtuszewski, K.; Hawkins, M. E.; Cole, J. L.; Mukerji, I. Biochemistry 2001, 40,
2588−2598.
16. (a) Hill, A. V. Biochem. J. 1913, 7, 471-480. (b) Byers, L. D. J. Chem. Educ. 1977, 54, 352354.
17. (a) Augustin, M. A.; Yandell, J. K. Inorg. Chem. 1979, 18, 577-583. (b) Lee, C. N.; Anson, F.
C. J. Phys. Chem. 1983, 87, 3360-3362.
18. (a) Zanello, P.; Cinquantini, A. Transition Met. Chem. 1985, 10, 370-374. (b) Monzon, L. M.
A.; Burke, F.; Coey, J. M. D. J. Phys. Chem. C 2011, 115, 9182-9192.
19. Bard, A. J.; Faulkner, L. R. Electrochemical Methods, Fundamentals and Applications, 2nd
ed.; John Wiley and Sons: New York, 2001.

149
20. Atkins, P.; de Paula, J. Physical Chemistry, 7th Ed.; W. H. Freeman and Company: New
York, 2002.
21. Viscosity at 25 oC (298.15 K) DMSO = 1.99, ACN = 0.37: Lide, D. R. CRC Handbook of
Chemistry and Physics, 85th ed.; CRC Press, Boca Raton, FL, 2004.
22. Riesgo, E. C.; Hu, Y, -Z.; Thummel, R. P. Inorg. Chem. 2003, 42, 6648-6654.
23. Milani, B.; Anzilutti, A.; Vicentini, L.; o Santi, A. S.; Zangrando, E.; Geremia, S.; Mestroni,
G. Organometallics 1997, 16, 5064-5075.

Chapter 5
PH-dependent Stability of Zn/Cu Cross-linked Artificial Peptides with
Heterofunctional Ligands

5.1 Introduction
Non-covalently bonded supramolecular assemblies have attracted increasing scientific interests
because of their potential applications in light harvesting and organic photovoltaics.1 Compared
to the conventional synthetic methods that rely on covalent bonds to link functional units together,
the supramolecular chemistry constructs large and complicated structures from small molecules
using non-covalent interactions such as metal-ligand coordinate bonds, hydrogen bonding, π-π
stacking, hydrophobic interactions and so on. In non-covalently bonded supramolecules, the
assembly of components is reversible and can be broken upon addition of destabilizing agents or
change in environment (e.g., temperature, solvent, pH and so on). Therefore it is important to
assess the stability of non-covalently bonded assemblies before focusing on other functional tests.
Insertion of metal ions or metal-ligand pairs into DNA or PNA duplexes leads to noncovalently bonded architectures combining the coordination chemistry with the programmable
biopolymers. The metal cross-linked DNA and PNA duplexes usually have increased melting
temperatures (Tm) compared to natural DNA and PNA because of the higher stability of metalbase or metal-ligand pairs over hydrogen bonding.2 The metal coordination can be reversed by
removal of the metal ions with anions2c or chelating agents,2d leading to the regeneration of the
melting behavior corresponding to the metal-free complexes. The dissociation constant of this
process can be calculated or estimated to reveal the stability of metal-corporated duplexes.
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Multimetallic complexes (single-stranded,3duplex,4and hairpin5) have been constructed in our
group using artificial oligopeptides with pendant ligands which self-assemble upon addition of
transition metal ions. The self-assembly of metal-ligand structures is highly influenced by various
exogenous factors such as solvent, temperature, pH, counter anions as well as intrinsic parameters
such as geometric requirements, number of binding sites, charges, and rigidity/flexibility of the
organic backbones.6 8-Hydroxyquinoline (hq) and 2,2’-bipyridine (bpy) are two main ligands we
employed in constructing multisite structures. The binding capabilities of hq and bpy ligands with
metal ions are pH-sensitive. For example, metal-hq complexes are more stable at higher pH
values due to the deprotonation of the hydroxyl group on the hq ligand, while the bpy ligand
tends to form more stable complex with metal ions under acidic conditions.7 It is important to
determine the pH-dependent stability of a system containing both hq and bpy ligands to further
control the binding selectivity under different pH values.
In this chapter, the stabilities of peptides h, b, hhh, hbh, bhb, and their Zn(II) and Cu (II)
duplexes (Scheme 2-1, 2-2, 3-1, 4-1) were investigated using pH and sulfide spectrophotometric
titrations, and equilibrium constants were determined. In the case of the Zn(II) complexes of hbh
and bhb, the data suggest that the protonation-induced dissociation is less favored because of the
repulsion between protons and positive-charged metal-bpy centers. It is noted that stability for the
tri-metallic complexes is higher compared to the monometallic analogues, confirming that the
cooperative formation of multiple metal-ligand linkages results in a higher binding affinity.
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5.2 Experimental Section
Chemicals and Reagents. Zinc (II) acetate (anhydrous, 99.9%), copper (II) acetate
(monohydrate, 99+%) and sodium sulfide (anhydrous, 99.9%) were purchased from Alfa Aesar.
Sodium hydroxide was purchased from VWR International. Sulfuric acid (96%) was purchased
from EMD Millipore. All solvents were used as received without further purification unless
otherwise noted. The syntheses of monomers h and b, tripeptides hhh, hbh and bhb were
performed and the products characterized as previously reported.4f,g

5.3 Methods
UV-visible absorbance spectra were obtained with a double-beam spectrophotometer (Varian,
Cary 500). Potentiometric pH titrations were carried out by injecting 1M H2SO4 aqueous solution
into known concentration of peptides or metal complexes in deionized water, pH values were
measured using a Fisher Scientific accumet AB15 pH meter after stirring the solution for 5 min,
and UV-vis spectra were recorded simultaneously using the same equipment described above.
During the sodium sulfide titration, absorbance spectra were obtained after stirring the solution
with each known volume of sodium sulfide (Na2S) solutions in methanol for 10 min.
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5.4 Results and Discussion

5.4.1 Study of Properties of Tripeptides by Potentiometric Titrations
The protonation constants (Ka) of monomers h, and b, tripeptides hhh, hbh, and bhb have been
determined by potentiometric pH titrations of 1M H2SO4 into an aqueous solution of each
molecule. The titration spectra and plots of monomers h and b, tripeptides hhh, hbh, and bhb are
shown in Figure 5-1. By adding acid into the monomer solution, the protonation of Nhydroxyquinoline (N-hq) induces a significant shift of the π-π* absorption band from ~323 nm to
~370 nm (Figure 5-1A and B), which is consistent with prior reports.8 The protonation of N,N’bipyridine (N,N’-bpy) results in an increase of the n-π* absorption band ~ 374 nm at first, and
then a decrease in absorbance when pH is below 3 (Figure 5-1C and D).9 The titration spectra of
tripeptide hhh are similar to that of monomer h (Figure 5-1E). For mixed-ligand tripeptides hbh
and bhb, their titration spectra reflect the protonation of both hq and bpy ligands (Figure 5-1G
and I). The titration data were analyzed for the acid-base equilibria in the following equation, and
from which the Ka value is determined:

L  H   HL , L  hq or bpy ligand
[ HL ]
Ka  
[ H ][ L]

Eq (5-1)

The calculated log Ka values are listed in Table 5-1, from which we can see that log Ka values
for the protonation of N-hq change very slightly from monomer to tripeptide. This observation
indicates that the number, specie and sequence of ligands have no significant influence on the
environment of an individual hq ligand in a peptide.
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Figure 5-1. (A) UV-vis absorbance spectra acquired during the titration of 1 M H2SO4 in 2-10 μL
increments into 0.05 mM monomer h. (B) The pH titration curves for monomer h, monitored at
absorption bands 367 nm () and 323 nm (). (C) UV-vis absorbance spectra acquired during
the titration of 1 M H2SO4 in 2-10 μL increments into 0.05 mM monomer b. (D) The pH titration
curves for monomer b, monitored at absorption bands 374 nm () and 330 nm ().
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Figure 5-1 (Cont’d). (E) UV-vis absorbance spectra acquired during the titration of 1 M H2SO4
in 2-10 μL increments into 0.02 mM tripeptide hhh. (F) The pH titration curves for tripeptide
hhh, monitored at absorption bands 374 nm () and 324 nm (). (G) UV-vis absorbance spectra
acquired during the titration of 1 M H2SO4 in 2-10 μL increments into 0.05 mM tripeptide hbh.
(H) The pH titration curves for tripeptide hbh, monitored at absorption bands 376 nm () and
323 nm (). (I) UV-vis absorbance spectra acquired during the titration of 1 M H2SO4 in 2-10 μL
increments into 0.04 mM tripeptide bhb. (J) The pH titration curves for tripeptide bhb, monitored
at absorption bands 375 nm () and 323 nm ().
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Table 5-1. Protonation Constants (Ka) of Peptides, and Equilibrium Constants (Keq-Zn) for
Protonation of Zn Complexes
h
a

hhh

hbh

bhb

a

a

a

log Ka

4.0

3.9

3.6

log Ka’

9.6c

9.3c

9.2c

Keq-Zn
a

18

d

d

16

0.43

3.7

b
5.5b

9.2c
d

0.11

Protonation constants of hq ligand (≥NH+/≥N).

-d
b

-Protonation constant of bpy ligand (first

≥NH+/≥N). c Protonation constants of hq ligand (-OH/-O-). d Apparent equilibrium constants for
the reaction [Zn(hq)2] + 2H+ ≒ 2hq + Zn2+.
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The ligand hq is in the deprotonated quinolinate form at high pH values. Upon treat with 1 M
NaOH, the π-π* absorption band shifts from ~323 nm to ~375 nm, which is in good agreement
with reported values.8 The protonation constants (Ka’) of deprotonated h, hhh, hbh and bhb were
determined again by potentiometric pH titrations of 1M H2SO4 into an aqueous solution of each
molecule. With the addition of acid, the deprotonated hq obtain a proton and the π-π* absorption
band shifts back to ~323 nm around pH 7. The Ka’ value is calculated using the following
equation:

L  H   L, L  hq ligand
Ka '

[ L]
[ H  ][ L ]

Eq (5-2)

Again, there is little difference between the log Ka’ values of monomer and tripeptides (Table 5-1),
indicating identical environments for the hq ligand in different peptides. Both the calculated log
Ka and log Ka’ compare favorably with the reported pKa values of 8-hydroxyquinoline (5.13 for
≥NH+/≥N, and 9.89 for –OH/-O-).10
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5.4.2 Study of Stability of Zn Complexes by Potentiometric Titrations
The pH-dependent stability of Zn(II)-peptide complexes was studied by potentiometric pH
titrations of 1 M H2SO4 into a stoichiometric mixture of oligopeptide and zinc acetate. The
protonation constant of deprotonated quinolinate is log Ka = 9.6 (Table 5-1), larger than the
formation constant of Zn(hq)2 ( log Kf = 8), 11 meaning that the dissociation of Zn(hq)2 upon
addition of acid (Scheme 5-1A) is thermodynamically possible. The titration spectra and plots of
Zn(h)2, Zn3(hhh)2, [Zn3(hbh)2]2+, and [Zn3(bhb)2]4+ are shown in Figure 5-2. A typical pHdependent speciation diagram for Zn(h)2 (Figure 5-2B) indicated nearly quantitative coordination
of monomer h with Zn(II) beyond pH 7. Upon addition of acid, the Zn(h)2 complex (peak at ~
380 nm) dissociates, and only unbound hq ligands (peak at ~ 323 nm) are observed. Further
lowering of the pH leads to the formation of protonated hq (peak at ~ 370 nm), and a decrease in
the absorbance of hq is observed. Similar phenomena are observed in the pH titration of
Zn3(hhh)2 (Figure 5-2C and D). For the [Zn(b)2]2+ complex, the protonation constant of bpy is log
Ka = 5.5 (Table 5-1), which is smaller than the formation constant of [Zn(bpy)2]2+ (log Kf = 6.5),11
meaning that the dissociation of [Zn(bpy)2]2+ upon addition of acid is thermodynamically
unfavorable; and no dissociation phenomenon was observed during the titration of acid into
[Zn(b)2]2+ under the same condition. In the titration spectra of [Zn3(hbh)2]2+ and [Zn3(bhb)2]4+,
the dissociation of Zn(hq)2 leads to a decreased absorbance ~ 375 nm (Figure 5-2E and G), and no
dissociation of [Zn(bpy)2]2+ was observed. To calculate the equilibrium constant (Keq-Zn) for
reaction [Zn(hq)2] + 2 H+ ↔ 2hq + Zn2+, data was collected in the range of pH 5~6, and Eq (5-3)
was used:

K eq  Zn 

[hq]2 [ Zn 2 ]
[ H  ]2 [ Zn(hq) 2 ]

Eq (5-3)
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Scheme 5-1. (A) The dissociation reaction of Zn(hq)2 upon addition of acid. (B) The dissociation
reaction of Cu(hq)2 upon addition of Na2S. (C) The dissociation reaction of [Cu(bpy)2]2+ upon
addition of Na2S.
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Figure 5-2. (A) UV-vis absorbance spectra acquired during the titration of 1 M H2SO4 in 2-10 μL
increments into 0.025 mM Zn(h)2. (B) pH titration curves for Zn(h)2, monitored at absorption
bands 367 nm () and 323 nm (). The fitting curves show the relative concentration of species
Zn(h)2 (blue line), h (black line), and protonated [h+H]+ (red line). (C) UV-vis absorbance
spectra acquired during the titration of 1 M H2SO4 in 2-10 μL increments into 0.01 mM
Zn3(hhh)2. (D) pH titration curves for Zn3(hhh)2, monitored at absorption bands 367 nm () and
324 nm ().
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Figure 5-2 (Cont’d). (E) UV-vis absorbance spectra acquired during the titration of 1 M H2SO4
in 2-10 μL increments into 0.025 mM [Zn3(hbh)2]2+. (F) The pH titration curves for [Zn3(hbh)2]2+,
monitored at absorption bands 375 nm () and 325 nm (). (G) UV-vis absorbance spectra
acquired during the titration of 1 M H2SO4 in 2-10 μL increments into 0.025 mM [Zn3(bhb)2]4+.
(H) The pH titration curves for [Zn3(bhb)2]4+, monitored at absorption bands 373 nm ().
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The Keq values (Table 5-1) of bpy-containing complexes [Zn3(hbh)2]2+ and [Zn3(bhb)2]4+ are
significantly lower compared with Zn(h)2 and [Zn3(hhh)2], suggesting that the protonation of
bpy-containing Zn complexes is less favored. This is likely because of the repulsion between
protons and positively charged [Zn(bpy)2]2+ centers. It is noted that Keq-Zn for Zn3(hhh)2 is slightly
smaller than the value for Zn(h)2. This indicates that the tri-metallic compound has higher
stability than the mono-metallic analog because of the cooperative interaction between metalligand centers, which is supported by previous studies about the cooperative dissociation of
porphyrin ladders and sandwiches.12

5.4.3 Study of Stability of Cu(II) Complexes by Sulfide Titrations
The dissociation of Cu(II)-peptide complexes was not observed during potentiometric pH
titrations because of the high binding affinity of Cu with both hq (log Kf = 13) and bpy (log Kf = 8)
ligands.11 Instead, titrations of sodium sulfide into the Cu(II) complexes were conducted to study
the stability of duplex structure because Cu(II) centers react with sulfide anions, as shown in
Scheme 5-1B and C. The titration spectra and plots of Cu(h)2, [Cu(b)2]2+, Cu3(hhh)2,
[Cu3(hbh)2]2+, and [Cu3(bhb)2]4+ are shown in Figure 5-3. Upon addition of Na2S into the Cu(II)
complexes, the Cu(hq)2 (peak at ~ 400 nm) in Cu(h)2 and Cu3(hhh)2 dissociates, and unbound hq
(peak at ~ 323 nm) is observed (Figure 5-3A and E). No precipitate was observed during the
titration. Upon titration of Na2S into [Cu(b)2]2+, [Cu3(hbh)2]2+ and [Cu3(bhb)2]4+, the absorbance
of [Cu(bpy)2]2+ (peak at ~307 nm) decreases, and unbound bpy (peak at ~283 nm) is observed
(Figure 5-3C, G and I). For [Cu3(hbh)2]2+ and [Cu3(bhb)2]4+, the dissociation of Cu(hq)2 and
recovery of hq follow the dissociation of [Cu(bpy)2]2+, because the binding affinity of Cu with hq
(log Kf = 13) is higher than that with bpy (log Kf = 8).

163
1.0

0.9

A

0.8

B

0.8
0.7
0.6

Abs

Abs

0.6

0.4

0.5
0.4
0.3

0.2
0.2

0.0
250

0.1

300

350

400

450

0.00

500

0.05

0.10

0.15

0.20

0.06

0.08

[Na2S]add (mM)

Wavelength (nm)
1.0

C

1.0

0.9
0.8

Abs

0.8

Abs

D

0.6

0.7
0.6

0.4
0.5

0.2
0.0
250

0.4
0.3

300

350

400

Wavelength (nm)

450

500

0.00

0.02

0.04
[Na2S]add (mM)

Figure 5-3. (A) UV-vis absorbance spectra acquired during the titration of 14.5 M Na2S in 5 μL
increments into 0.092 mM Cu(h)2. (B) Titration curves for the addition of Na2S into Cu(h)2,
monitored at 400 nm () and 325 nm (). (C) UV-vis absorbance spectra acquired during the
titration of 17.2 M Na2S in 1.7 μL increments into 0.025 mM [Cu(b)2]2+. (D) Titration curves for
the addition of Na2S into [Cu(b)2]2+, monitored at 310 nm () and 282 nm ().
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Figure 5-3 (Cont’d). (E) UV-vis absorbance spectra acquired during the titration of 17.2 M Na2S
in 4 μL increments into 0.030 mM Cu3(hhh)2. (F) Titration curves for the addition of Na2S into
Cu3(hhh)2, monitored at 403 nm () and 326 nm (). (G) UV-vis absorbance spectra acquired
during the titration of 15.4 M Na2S in 3 μL increments into 0.031 mM [Cu3(hbh)2]2+. (H)
Titration curves for the addition of Na2S into [Cu3(hbh)2]2+, monitored at 400 nm (), 326 nm
(), and 283nm (▼). (I) UV-vis absorbance spectra acquired during the titration of 15.0 M Na2S
in 1.7-3.0 μL increments into 0.016 mM [Cu3(bhb)2]4+. (H) Titration curves for the addition of
Na2S into [Cu3(bhb)2]4+, monitored at 309 nm () and 283 ().

165
Figure 5-3B and D contain the titration plots while monitoring the absorption of the Cu(II)
monomer duplex and the ligand, as a function of the concentration of added Na2S. Both plots
exhibit a linear trend as Na2S is added until the equivalence point is reached, at which point the
absorbance remains constant. The equivalence points occur at mole ratio (Na2S : CuII peptide) ~
1.0 as predicted. The plots of absorbance versus the concentration of Na2S for Cu3(hhh)2, as
shown in Figure 5-3F, exhibit stoichiometric points at a mole ratio (Na2S : CuII tripeptide) of ~3.0,
indicating that sulfide anions react with three [Cu(hq)2] centers. For [Cu3(hbh)2]2+ and
[Cu3(bhb)2]4+, [Cu(bpy)2]2+ react with Na2S first, and in the titration plots (Figure 5-3H and J), the
stoichiometric point measured at absorbance wavelengths characteristic of bpy is at a mole ratio
(Na2S : CuII tripeptide) of ~1.0 for [Cu3(hbh)2]2+ and ~2.0 for [Cu3(bhb)2]4+, respectively, which
is in consistence with the number of [Cu(bpy)2]2+ in each molecule.
The equilibrium constants (Keq-Cu) for reaction Cu(hq)2 + S2-  CuS + 2hq- and [Cu(bpy)2]2+ +
S2-  CuS + 2bpy were calculated using Eq (5-4):

K eq Cu

[hq]2
[bpy]2
 2
or
[ S ][Cu (hq) 2 ]
[ S 2 ][Cu (bpy) 22 ]

Eq (5-4)

In Table 5-2, considering the dissociation of Cu(hq)2, the Keq-Cu value of tri-metallic duplexes
Cu3(hhh)2 and [Cu3(hbh)2]2+ are significantly lower compared with monomer duplex Cu(h)2.
Quantitative analysis of the dissociation of Cu(hq)2 for [Cu3(bhb)2]4+ is impossible because the
absorption peak characteristic of hq ~320 nm are buried in the peak of bpy ~290 nm (Figure 5-3I).
In the case of dissociation of [Cu(bpy)2]2+, Keq-Cu values of [Cu3(hbh)2]2+ and [Cu3(bhb)2]4+ are
smaller than that of [Cu(b)2]2+. The results indicate that tri-metallic compounds have higher
stability than their mono-metallic analogues. It is also noted that the Keq-Cu value of Cu(h)2 is
smaller than that of [Cu(b)2]2+ because of the larger binding affinity between Cu and hq ligand.
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Table 5-2. Equilibrium Constants (Keq-Cu) for Dissociation of Cu(II) Complexes
h

hhh

hbh

bhb

b

Keq-Cua

47

0.77

1.3

--

--

Keq-Cub

--

--

1.5

1.4

51

a

Apparent equilibrium constants for the reaction [Cu(hq)2] + S2-  CuS + 2hq-.

equilibrium constants for the reaction [Cu(bpy)2] + S  CuS + 2bpy.
2+

2-

b

Apparent
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5.5 Conclusions

In this chapter, the stabilities of Zn(II) and Cu (II) cross-linked tri-metallic duplexes were
investigated using pH-dependent and sulfide spectrophotometric titrations. The stability of trimetallic complexes is higher comparing with the monometallic analogues, because the
cooperative formation of multiple metal-ligand linkages results in a higher binding affinity. For
the Zn(II) complexes of hbh and bhb, the protonation-induced dissociation is less favored
because of the repulsion between protons and positive-charged metal-bpy centers. Our results
suggest that the binding affinity of hq and bpy is tunable under different pH values, and our
ongoing efforts seek to prepare heterometallic complexes utilizing this pH-dependent metalligand binding selectivity.
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Chapter 6
Cu(II) Zn(II) Cross-linked Artificial Heterometallic Self-Assemblies as
Potential Molecular Rulers and Future Directions

6.1 Introduction
Electron paramagnetic resonance (EPR) and double electron electron resonance (DEER)
spectroscopies are powerful techniques for the determination of long-range distances in biological
and chemical systems using the dipolar coupling between unpaired electrons. 1 They provide
structural information for systems that cannot be crystallized nor characterized using traditional
tools such as NMR spectroscopy and Förster resonance energy transfer (FRET). 1a Instead of the
widely applied spin labels that have been attached to biological molecules, 2 we are more
interested in the use of the EPR and DEER methods to paramagnetic transition metal ions (e.g.
CuII) that are endogenous probes,1c,d because transition metal centers often occur in biological
systems and supramolecular assemblies.
We have previously reported the synthesis of a series of Cu(II) cross-linked ligand-substituted
oligopeptides based on an aminoethylglycine (aeg) backbone. 3 EPR technique was used to
determine the geometry and Cu-Cu distance in tri-Cu complexes, and the data indicated that Cu(II)
centers were evenly distributed along the peptide backbone with a space ~ 5 Å. Inspired by this,
we have designed two heterometallic complexes CuZnCu and CuZnZnZnCu (Scheme 6-1). In
these complexes, Cu(II) recognition centers are separated by spacers Zn(II) of different length,
functioning as an endogenous “molecular ruler” that measures the distance between binding sites.
This design enables precise determination and control of the spatial arrangement in our metal
cross-linked oligopeptide self-assemblies, allowing programmed constructions of architectures
for artificial enzyme and photonics.
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In this chapter, following synthesis of the pentapeptide hbbbh (two outside hq ligands and
three central bpy ligands), the binding selectivity of peptides hbh and hbbbh with Cu(II) was
determined using pH-dependent absorption spectroscopy. The reaction of Cu(II)-saturated
compounds with Zn(II) was quantitatively analyzed with absorption titration, and the formed
Cu(II)Zn(II) cross-linked duplex structures were confirmed by analysis with absorption
spectroscopy and mass spectroscopy. EPR and DEER data indicated coupling interactions
between Cu(II) centers, and the Cu-Cu distance was calculated to be ~ 9 Å in CuZnCu, and ~ 22
Å in CuZnZnZnCu.

6.2 Experimental Section

6.2.1 Chemicals and Reagents
Zinc(II) acetate (anhydrous, 99.9%), copper(II) acetate (monohydrate, 99+%) and ammonium
tetrafluoroborohydrate (99.5%) were purchased from Alfa Aesar. All solvents were used as
received without further purification unless otherwise noted. The syntheses of tert-butyl{N-[2Aminoethyl]-N-[5-(8-hydroxyquinoline)-acetyl]amino}acetate (NH2-aeg(hq)-OtBu),4a tripeptides
hbh4b, and bbb3d were performed and the products characterized as previously reported.

6.2.2 Syntheses

6.2.2.1 Copper(II) -Zinc-hbh duplex [CuZnCu(hbh)2](BF4)2 (CuZnCu)
Tripeptide hbh (10 mg, 0.01 mmol) was dissolved in 2 mL of methanol, and 1M sodium
hydroxide (8 mg, 0.2 mmol) was added. Copper(II) acetate monohydrate (1 mg, 0.006 mmol) in
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0.39 mL methanol was added dropwise. The dark yellow solution was stirred at room temperature
overnight. The solvent was removed under vacuum, and the remaining dark yellow solid was redissolved in a 1:4 mixture of methanol/water. Several drops of 1M acetic acid were added. The
precipitate was collected via centrifugation, washed with diethyl ether, and dried under vacuum.
The product Cu2(hbh)2 appeared to be greenish yellow powder (3 mg, 47%). 1H NMR (360 MHz,
CD3CN): δ = 1.13-1.82 (m, 36H), 2.62-3.96 (m, 40H). Extinction coefficient (× 103 M-1cm-1): 392
nm, 12.4; 310 nm, 12.6.
Compound Cu2(hbh)2 (3 mg, 1.5×10-3 mmol) was dissolved in 2 mL of methanol. Zinc acetate
solution (15 mM, 100 μL) was added. The yellow solution was stirred at room temperature
overnight. The solvent was removed under vacuum, and the greenish-yellow solid was redissolved in a 1:4 mixture of methanol/water. A saturated aqueous solution of ammonium
tetrafluoroborohydrate was slowly added. The precipitate was collected via centrifugation,
washed with diethyl ether, and dried under vacuum. The product [CuZnCu(hbh)2](BF4)2
(CuZnCu) appeared to be greenish yellow powder (3 mg, 90%). HR MS (ESI+) calculated: [M4H]2+ = 1119.3422; Found [M-4H]2+ =1119.3972. 1H NMR (360 MHz, CD3CN): δ = 1.08-1.75
(m, 36H), 2.11-4.60 (m, 40H). Elemental Anal [CuZnCu(hbh)2(BF4)2 • 5 H2O] Calcd: 52.75 C;
5.31 H; 10.07 N. Found: 52.68 C; 6.06 H; 9.76 N.

6.2.2.2 HO-aeg(bpy)(bpy)aeg(bpy)-OH
The tert-butyl-protected tripeptide bbb (310 mg, 0.288 mmol) was dissolved in a solution of
25% trifluoroacetic acid (TFA) in dichloromethane (10 mL). The solution was stirred for 2h, and
then precipitated from 200 mL of cold diethyl ether, giving the product as yellow powder (270
mg, 97 %). MS (ESI-) calculated: [M – H]- = 962.4; found [M – H]- = 962.5. 1H NMR (360 MHz,
CD3OD): δ = 2.55-2.70 (m, 9H), 3.35-4.61(m, 22H), 7.30-8.97 (m, 18H) ppm.

174
6.2.2.3 Tert-butyl-aeg(hq)aeg(bpy)(bpy)aeg(bpy)aeg(hq)-tert-butyl (hbbbh)
In an ice bath under nitrogen, HO-aeg(bpy)(bpy)aeg(bpy)-OH (270 mg, 0.280 mmol), EDC
(275 mg, 1.43 mmol), HOBT (194 mg, 1.43 mmol) were added to 100 mL of dry
dichloromethane. The suspension was stirred for 15 min, DIPEA (1 mL, 5.72 mmol) was added,
and the yellow solution was stirred for another 45 min. Compound NH2-aeg(hq)-OtBu (1.20 g,
3.34 mmol) in 50 mL of dry dichloromethane was added, and the solution was allowed to stir for
5 d at room temperature. The solvent was removed under vacuum. The crude product was
purified using silica column chromatography with a gradient mobile phase (0% to 20% methanol
in dichloromethane); like fractions were combined, and the solvent was removed to yield yellow
oil (7 mg, 2.0 %). MS (ESI+) calculated: [M – t-Butyl]+ = 1588.6; found [M – t-Butyl]+ = 1588.1.
1

H NMR (300 MHz, CDCl3): δ = 1.33-1.53 (m, 18H), 2.47 (m, 9H), 3.03-4.48 (m, 38H), 7.01-

7.88 (m, 14H), 7.91-8.91 (m, 14H) ppm. See Table 6-1 for 2D NMR assignments.

6.2.2.4 Copper(II)-Zinc-hbbbh duplex [CuZn3Cu(hbbbh)](BF4)6 (CuZnZnZnCu)
Tripeptide hbbbh (7 mg, 0.0045 mmol) was dissolved in 2 mL of methanol, and 1M sodium
hydroxide solution (220 μL, 0.22 mmol) was added. Copper(II) acetate monohydrate solution (12
mM, 0.0022 mmol) was added dropwise. The yellow solution was stirred at room temperature
overnight. The solvent was removed under vacuum, and the remaining yellow solid was redissolved in a 1:4 mixture of methanol/water. Several drops of 1M acetic acid were added. The
precipitate was collected via centrifugation, washed with diethyl ether, and dried under vacuum.
The product Cu2(hbbbh)2 appeared to be a yellow powder (1 mg, 24%). Extinction coefficient (×
103 M-1cm-1): 388 nm, 24.0; 307 nm, 40.5.
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Compound Cu2(hbbbh)2 (1 mg, 2.5×10-4 mmol) was dissolved in 2 mL of methanol. Zinc
acetate solution (6 mM, 140 μL) was added. The yellow solution was stirred at room temperature
overnight. The solvent was removed under vacuum, and the greenish-yellow solid was redissolved in a 1:4 mixture of methanol/water. A saturated aqueous solution of ammonium
tetrafluoroborohydrate was slowly added. The precipitate was collected via centrifugation,
washed with diethyl ether, and dried under vacuum. The product appeared to be greenish yellow
powder (1 mg, 90%). Extinction coefficient (× 103 M-1cm-1): 378 nm, 28.5; 305 nm, 70.2.

6.3 Methods
UV-visible absorbance spectra were obtained with a double-beam spectrophotometer (Varian,
Cary 500). NMR spectra were collected using either a 300 or 400MHz spectrometers (Bruker) in
the Lloyd Jackman Nuclear Magnetic Resonance Facility. Mass spectrometric analysis was
performed on a Waters LCT Premier time-of-flight (TOF) mass spectrometer at the Penn State
Mass Spectrometry Facility. Samples were introduced into the mass spectrometer using direct
infusion via a syringe pump. The mass spectrometer was scanned from 200-2500 m/z in positive
ion mode using electrospray ionization (ESI). Elemental analyses were performed by Galbraith
Industries.
All of the EPR measurements were acquired in the Green lab by Dr. Alexey Silakov on a
Bruker Elexsys E580 X-band spectrometer equipped with a SuperX-FT microwave bridge.
Continuous-wave EPR measurements were performed using an ER 4122 SHQE SuperX highsensitivity cavity in combination with an ER 4112-HV Oxford Instruments variable temperature
helium flow cryostat. All experiments were performed around 30 K. Cu(II) samples were
prepared in methanol.
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Q-band spectra were acquired using a home built intermediate frequency (IF) extension of the
SuperX-FT X-band bridge as a part of the Bruker X-band ELEXSYS 580 system. In these
experiments, we have used a home built TE011 open resonator based on the design of Annino et
al,5 and constructed similarly to the one presented by Reijerse et al6 in concert with an Oxford
CF935 helium flow cryostat. Using Millitech 5W pulsed power amplifier and such a resonator, a
16 ns MW /2 pulse can be achieved at 15K. Acquisition and experimental control was
performed using standard Bruker XEPR software.
DEER measurements were performed in the Green lab by Dr. Alexey Silakov using predefined
4-pulse sequence available in Bruker XEPR software with following settings shown in Figure 61:  = 1000 ns, 1 = 1300 ns, obs = 34.208 GHz, pump = 34.248 GHz (obs + 40 MHz), t(obs/2) =
16 ns, t(obs) = 32 ns, t(pump) = 32 ns, magnetic field 1187 mT (maximum absorption),
temperature 15 K.

Figure 6-1. DEER pulse sequence

The frequency that reflects the dipolar interaction between Cu(II) centers is given by Equation
(6-1).7

vdip 

 0  B2 g1 g 2 1
(3 cos 2   1)
3
4h
r

Eq (6-1)

where r is the distance between two paramagnetic Cu(II) centers, g1 and g2 are the g values of the
two spins, θ is the angle between r vector and the external magnetic field (0 – 30 degrees in
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discussed experiments), h is the Planck constant, μB is the Bohr magneton, and μ0 is the vacuum
permeability.
DFT calculations were performed with Gaussian 09 and visualized with GaussianView 03. The
Cu(hq)2 and [Zn(bpy)2]2+ small molecules were geometry-optimized at the B3LYP level with a
LanL2DZ basis set. In order to shorten the calculation time, molecular models of the Cu(II)Zn(II)
oligopeptides were generated using HyperChem (Version 6, HyperCube Inc) with the MM+ force
field using the optimized Cu(hq)2 and [Zn(bpy)2]2+ small molecules. The steepest descent
algorithm and a termination condition with a rms gradient of 0.1 kcal mol -1 Å-1 were employed
during the optimization.
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6.4 Results and Discussion

6.4.1 Synthesis of Pentapeptide hbbbh
Pentapeptide hbbbh was synthesized using the adapted method reported previously (Scheme 62).3d,4 Acid deprotection of tripeptide bbb, and subsequent reaction with amine-terminated
hydroxyquinoline monomer, gives pentapeptide hbbbh. It is noted that the yield of final coupling
reaction was relatively low (~ 2%) compared to our previous syntheses of tripeptides (yields 10 –
20%), which could be caused by the incompletion of reaction and the product loss during
repetitive column purifications. The composition of the compound was confirmed via NMR. The
integration ratio of methyl protons on the bipyridyl rings to t-butyl protons is 9:18 (3 methyl : 2 tbutyl) (Figure 6-2). Detailed analysis of 1H-1H COSY spectra of hbbbh (Figure 6-3) shows
correlations between neighboring protons on aromatic rings that enables assignment of the proton
peaks. The pentapeptide was also identified by mass spectrometry by comparison of the
molecular ion peak with the theoretical mass/charge ratio ([hbh - tBu]+ m/z: calculated 1588.6,
found 1588.1). The elemental analysis of hbbbh was not obtained because of the little amount of
product after purifications and its texture of oil, but it is expected that water or NaCl molecules
could loosely associated with the ligands or aeg backbone, as we observed in similar compounds.4
The above data, together with the 13C-1H HMQC and HMBC spectra (Figure 6-4 and 5), confirm
the identity of hbbbh. The presence of trace amount of impurities is possible but negligible,
indicated by further photospectroscopic analyses.

179
N

N

N

N

N

O

O
N

O

O

O

N

N

N
H

O

O
N
H

bbb

O
N

O

i
N

N

N

N

N

OH

N

N

2
O

O
HO

N

O

O

O

O
N

O
N

N
N
H
H
bbb central acid

O

+

OH

O

N
O
NH2
hq outside monomer

ii
OH

N

N

N

O

O
O

N

N

O

O
N
H

N

O
N
H

HO

N

N

O

N

N

O

O
N

N
H

N

O

O
N
H

O
N

O

hbbbh

Scheme 6-2. Synthesis of pentapeptide hbbbh: (i) TFA, CH2Cl2, 2h; (ii) EDC, HOBt, DIPEA,
CH2Cl2, 5d.

180

Figure 6-2. 300 MHz 1H NMR spectra of hbbbh in CDCl3.
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Figure 6-3. 400 MHz COSY spectrum (expansion of the aromatic region) of hbbbh in CDCl3.
The one-dimensional 1H spectrum is shown at the top and on the left.
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Figure 6-4. Two-dimensional C, H-correlated spectrum of hbbbh in CDCl3, recorded by the 400
MHz HMQC method. The one-dimensional 1H spectrum is shown at the top and the 13C spectrum
is on the left.

Figure 6-5. Two-dimensional C, H-correlated spectrum of hbbbh in CDCl3, recorded by the 400
MHz HMBC method. The one-dimensional 1H spectrum is shown at the top and the 13C spectrum
is on the left.
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Table 6-1. 1H and 13C shifts for hbbbh
1

13

H/ppm
8.75
7.48
8.29

H-a
H-b
H-c
A3
A4
H-d
H-e
A1
A2
H-a’
H-a’’
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H-c’’
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6.4.2 Study of pH Effects on Binding Selectivity
Since the affinity to metal ions of hq is larger than that of bpy,8 Cu(II) ions saturate the hq
ligands first in mixed-ligand peptides hbh and hbbbh during Cu(II) coordination process. Under
basic condition, hq ligands are deprotonated and have even higher Cu(II)-binding affinity than
bpy ligands.9 The pH effects on binding affinity were investigated using UV-vis spectroscopic
titrations. Cu(II) ions were titrated into mixed-ligand oligopeptides hbh and hbbbh, and the
[Cu(bpy)2]2+ π-π* absorption at ~ 305 nm was monitored to determine the start point of Cu-bpy
binding. 3D plots were generated to compare the Cu-bpy binding affinity with different amounts
of added NaOH, as shown in Figure 6-6. For hbh, bpy ligands begin to bind with Cu at mole ratio
Cu(II) : hbh ~ 0.3 under neutral condition. However, after addition of 10 mole equivalent NaOH
(1M, aq) to the initial hbh solution, the start-to-bind ratio is pushed to ~ 0.6 (Figure 6-6A), and
this ratio does not increase with further addition of NaOH. For hbbbh, the start-to-bind ratio of
bpy ligands is ~ 0.2 under neutral condition and increases to ~ 0.5 when 50 equiv NaOH is added
(Figure 6-6B). The results reveal that upon addition of base, Cu(II) ions bind to the hq ligands in
a higher selective manner, allowing the syntheses of Cu2(hbh)2 and Cu2(hbbbh)2 which are
Cu(hq)2 cross-linked complexes with free bpy binding sites.

6.4.3 Synthesis of Cu(II)Zn(II) Complexes
Using the results we obtained from the study of pH-dependent binding selectivity, the partially
saturated Cu(II) compounds Cu2(hbh)2 and Cu2(hbbbh)2 were prepared by mixing a 0.6 mole
equivalent of cupric acetate salt with 1 equivalent of the hbh tripeptide, or a 0.5 mole equivalence
with 1 equivalent of the hbbbh pentapeptide, respectively. The peptides are pre-treated with 1M
NaOH solution to get hq ligands deprotonated. The resulting greenish yellow products were
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Figure 6-6. (A) 3D-Plot of the saturated fraction of bpy ligand vs. mole ratio of NaOH to hbh
during the UV-vis titration of 15 mM Cu(OAc)2 into 0.12 mM hbh in methanol. (B) 3D-Plot of
the saturated fraction of bpy ligand vs. mole ratio of NaOH to hbbbh during the UV-vis titration
of 15 mM Cu(OAc)2 into 0.02 mM hbbbh in methanol.
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precipitated in methanol/water solution upon addition of 1M acetic acid, washed copiously with
diethyl ether, and dried under vacuum. The partially saturated complexes Cu2(hbh)2 and
Cu2(hbbbh)2 were characterized using absorption spectroscopy to confirm no formation of
[Cu(bpy)2]2+, and then reacted with 1 or 3 equivalence of Zn(OAc)2 to synthesize heterometallic
complexes CuZnCu or CuZnZnZnCu, respectively. The resulting complexes were precipitated
in methanol/water solution with NH4BF4 salts, washed copiously with diethyl ether, and dried
under vacuum. The complex CuZnCu was characterized using NMR spectroscopy, mass
spectrometry, and elemental analyses. In NMR spectra, bound Cu(II) induce a paramagnetic shift
of the ligand proton resonances, the integration ratios of amide protons to t-butyl protons are
consistent with those observed in tripeptides without metals. CuZnCu was also identified using
mass spectrometry by comparison of the molecular ion peak with the theoretical mass/charge
ratio (Figure 6-7). The elemental analysis reveals the presence of counter anions and water
molecules that are bound in the duplex structures, which is consistent with our previous
observations. For CuZnZnZnCu, NMR spectra and elemental analysis were not obtained
because of the little amount of sample. In mass spectra, only fractions of the large molecule were
observed. To confirm the identity of CuZnZnZnCu, absorption spectroscopy and DEER
experiments were conducted as described in the following discussion.
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Figure 6-7. Molecular ion peaks observed by positive ion electrospray (ESI+) mass spectrometry,
plotted together with the calculated mass and isotope splitting patterns for [CuZnCu – 4H]2+.

188
6.4.4 Photophysical Behavior and Spectrophotometric Titrations
Absorption spectra were obtained to study the properties of the peptide-linked structure, and
the data for peptides and their metal-linked duplexes are summarized in Table 6-2. The measured
extinction spectra of the hq and bpy monomer with the pentapeptides hbbbh in methanol are
compared in Figure 6-8. The spectrum of pentapeptide is equivalent to a linear combination of the
monomers, indicating that there are two hq and three bpy ligands, and no formation of excitons in
the hbbbh. It is noted that the intensity and position of the peak at ~390 nm, which is
hypothesized to be the charge transfer signal between the bpy ligands,10 are strongly affected by
the pH value, and this peak could be eliminated under basic conditions. The extinction
coefficients of metal cross-linked complexes determined by the UV-vis spectra are also listed in
Table 6-2. Figure 6-9 shows the measured extinction spectra of Cu2(hbh)2, CuZnCu,
Cu2(hbbbh)2 and CuZnZnZnCu in methanol solutions, which are in good agreement with linear
combinations of monomers, confirming the formation of duplex structures with desired numbers
and species of metal-ligand cross-links. No formation of excitons is observed in the UV-vis
spectra of these metal complexes.
UV-visible absorption titrations were employed to determine the stoichiometry of the
coordination of a second kind of metal Zn(II) with Cu2(hbh)2 and Cu2(hbbbh)2. Upon addition of
zinc(II) acetate into Cu2(hbh)2 and Cu2(hbbbh)2 during the UV-vis titrations, the absorbance
peaks assigned to the π-π* of the [Zn(bpy)2]2+ (~305 nm) increase (Figure 6-10A and C). The plot
of absorbance versus the concentration of Zn(II), as shown in Figure 6-10B, exhibits the
stoichiometric point at a mole ratio (Zn : duplex) of 1.0 for Cu2(hbh)2, indicating that the formed
CuZnCu complex has one Zn center per duplex. For Cu2(hbbbh)2, titration of Zn(II) gives the
stoichiometric point at a mole ratio (Zn : duplex) of ~3 (Figure 6-10D), suggesting each formed
duplex has three Zn centers. The extinction coefficients of the formed Cu(II)Zn(II) complexes
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Table 6-2. Photophysical Data of Peptides and their Cu(II)Zn(II) Complexes
Complex
hbh4b
Cu2(hbh)2
CuZnCu

a

λabs (nm)a

326 (5.84)

392 (12.4)

390 (13.4)

(ε, M-1cm-1 × 103)

284 (12.9)

310 (12.6)

306 (24.3)

Complex

hbbbh

Cu2(hbbbh)2

CuZnZnZnCu

λabs (nm)a

326 (8.80)

388 (24.0)

378 (28.5)

(ε, M-1cm-1 × 103)

283 (36.7)

307 (40.5)

305 (70.2)

Absorbance wavelength and extinction coefficient for the π-π* transition band.
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Figure 6-8. Extinction spectra of hbbbh (black solid line), hq monomer h (blue solid line), bpy
monomer b (red solid line) and linear combination of 2 h + 3 b (black dotted line) in methanol.
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Figure 6-9. (A) Extinction spectra of Cu2(hbh)2 (black solid line), CuZnCu (red solid line),
linear combination of 2Cu(h)2 + 2b (black dashed line) and 2Cu(h)2 + [Zn(b)2]2+ (red dashed line)
in methanol. (B) Extinction spectra of Cu2(hbbbh)2 (black solid line), CuZnZnZnCu (red solid
line), linear combination of 2Cu(h)2 + 6b (black dashed line) and 2Cu(h)2 + 3[Zn(b)2]2+ (red
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1.5 μL increments to 0.023 mM Cu2(hbh)2 in methanol. (B) Titration curves during this titration,
monitored at 306 nm in methanol solutions. (C) UV-vis absorbance spectra acquired during the
addition of 5 mM Zn(OAc)2 in 1.0 – 2.0 μL increments to 0.007 mM Cu2(hbbbh)2 in methanol.
(D) Titration curves during this titration, monitored at 305 nm in methanol solutions.
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during titrations of Zn(II) into Cu(II) duplexes are consistent with the corresponding values of the
bulk prepared CuZnCu and CuZnZnZnCu, confirming the structures of hetero-metallic
duplexes.

6.4.5 EPR and DEER Analyses
EPR spectroscopy was employed to understand the interaction between Cu(II) centers, and the
measured spectra are shown in Figure 6-11. Compared to the monomer duplex Cu(h)2, the EPR
spectrum of tri-Cu(II) complex Cu3(hhh)2 exhibits significant line broadening and the appearance
of an additional peak ~3470 Hz, indicating the extensive coupling between Cu(II) centers and a
calculated Cu-Cu distance of ~5 Å.3e In the EPR spectrum of CuZnCu, there is no presence of
coupling peaks, but the spectrum is more broadened compared to Cu(h)2, suggesting weak Cu-Cu
interactions. The EPR spectrum of CuZnZnZnCu is almost identical to that of Cu(h)2. The
results show that with the increase of distance between Cu(II) centers, the Cu-Cu interaction
weakens, and each Cu(II) center behaves more like a single Cu(hq)2 in an isolated environment.
EPR data also suggest that the geometry of Cu(hq)2 centers in heterometallic complexes is square
planar.
DEER experiments were performed on both CuZnCu and CuZnZnZnCu complexes to
quantitatively determine the Cu-Cu distance. The Cu-Cu distance was estimated to be 9 ± 1 Å in
CuZnCu using equation 6-1. However, the DEER spectrum of CuZnCu is quite noisy because
the Cu-Cu distance in this compound is around the minimum detection limit (~15 Å) of the
DEER technique.11 For CuZnZnZnCu, the electron spin echo intensity plotted as a function of
the time T shows distinct modulations (Figure 6-12A). The weak modulation depth may be due to
the free rotation around the acetyl bonds that link each Cu(hq)2 to the backbone (Figure 6-12B).2a
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Figure 6-11. The experimental 30 K EPR spectra of 2 mM CuZnCu and 1 mM CuZnZnZnCu,
in comparison with 3 mM monomer duplex Cu(h)2 and 3 mM tri-Cu(II) duplex Cu3(hhh)2 in
methanol.
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Figure 6-12. (A) Result of the 15 K DEER experiment on 1 mM CuZnZnZnCu, showing the
electron spin echo (ESE) intensity as a function of the time (blue line), and the baseline (red line).
(B) Time domain spectrum after subtracting the baseline (blue line) and simulation (red line). (C)
Fourier transform of the experimental data (curve from A) (blue line) and simulation (red line).

195
The Fourier transformation of the signal provides a frequency spectrum (Figure 6-12C) in which
the maximum intensity is observed at the dipolar frequency vdip = 4.3 MHz, and the Cu-Cu
distance was calculated to be 23 ± 1 Å in CuZnZnZnCu. The experimental curves are good Pake
patterns, implying our assumption of minimal orientation.
As mentioned above, the Cu-Cu distance in Cu3(hhh)2 is 5 Å. Considering the similarity of
structures, we hypothesized that the Cu-Zn and Zn-Zn distances are also around 5 Å in
Cu(II)Zn(II) heterometallic complexes. Therefore, the Cu-Cu distance in CuZnCu is expected to
be 2 × 5 Å = 10 Å, and the distance in CuZnZnZnCu is 4 × 5 Å = 20 Å. The good agreement
between theoretical and measured distances indicates the successful insertion of Zn(II) spacers
between Cu(II) recognition centers, and the rigidity of duplex structures that holds metal centers
in a well arranged manner.

6.4.6 Molecular Models
The molecular models of CuZnCu and CuZnZnZnCu were constructed using Gaussian and
HyperChem, as shown in Figure 6-13. The models suggest that the low energy conformation
holds the Cu(II) centers ~10 Å apart in CuZnCu, and ~22 Å apart in CuZnZnZnCu, in
consistent with the distance values obtained from DEER experiments. The Cu(hq)2 center has a
geometry of square planar with two water molecules in the axial positions, and the [Zn(bpy) 2]2+
tend to have a tetragonal pyramidal coordination geometry with solvent molecules or counter
anions. The flexibility of the backbones and the acetyl bonds connecting each ligand to the
backbone allows rotations of metal-ligand layers that could lead to the ± 1 Å error in Cu-Cu
distance measurements.
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A

B
Figure 6-13. Molecular models of Cu3(hhh)2, CuZnCu and CuZnZnZnCu, where the Cu(hq)2
center has a square-planar geometry with two water molecules on the axial positions, and the
[Zn(bpy)2]2+ center has a tetragonal pyramidal geometry with coordinating anions (OAc-, NO3-, or
Cl-) or solvent molecules.
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6.5 Conclusions
We have designed and synthesized two Cu(II)Zn(II) cross-linked oligopeptides CuZnCu and
CuZnZnZnCu using a pH-controlled method. EPR and DEER techniques were used to
determine the geometry and Cu-Cu distance between Cu(II) recognition centers, and the data
indicated a quantitative increase in Cu-Cu distance with the addition of Zn(II) spacers. The Cu(II)
centers function as endogenous “molecular rulers”, and the system has potential applications in
precise determination and control of the spatial arrangement in self-assemblies, allowing
programmed constructions of architectures for artificial enzyme and photonics. Our ongoing
efforts involve incorporating redox active metals (e.g., iron and cobalt) using the pH-controlled
method to form heterometallic complexes that are capable of undergoing catalytic reactions.

6.6 Future Directions - Catalytic Metallated Oligopeptide: Cu(II)Fe(II) and Cu(II)Co(II)
Cross-linked Artificial Tripeptides with Pendant Heterofunctional Ligands
We have expanded the choice of metal species and incorporated redox active Fe(II) and Co(II)
ions into partially Cu(II)-saturated tripeptide Cu2(hbh)2 to form heterometallic complexes
CuFeCu and CuCoCu (Scheme 6-3). Spectrophotometric titrations suggested the formation of
[Fe(bpy)2]2+ and [Co(bpy)2]2+ in the middle of two Cu(hq)2 centers, instead of the
thermodynamically favored [Fe(bpy)3]2+ and [Co(bpy)2]2+ complexes. It is well documented that
[Fe(bpy)2]2+ complexes catalyze the thermal water oxidation to dioxygen,12 alkene oxidation with
dioxygen,13 and alkane oxidation with hydroperoxide,14 but with restricted turnover numbers that
are possibly caused by the decoordination of a bpy and its subsequent reaction with unstable
[Fe(bpy)2]2+ to form inactive [Fe(bpy)3]2+.13 In our system, the [Fe(bpy)2]2+ center is placed in the
relatively rigid structure of duplex with surrounding Cu(hq)2 centers, avoiding the binding of
another bpy ligand to form [Fe(bpy)3]2+. Future studies move to investigate the catalytic
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Scheme 6-3. Structures of heterometallic tripeptide duplexes CuFeCu and CuCoCu

199
properties of [Fe(bpy)2]2+ and [Co(bpy)2]2+ centers in the duplexes using electrochemistry and gas
chromatography.

6.6.1 Syntheses

6.6.1.1 Copper(II)-Iron(II)-hbh duplex [CuIIFeIICuII(hbh)2](BF4)2 (CuFeCu)
Compound Cu2(hbh)2 (3 mg, 1.5×10-3 mmol) was dissolved in 5 mL of methanol. Iron(II)
perchlorate (0.5 mg, 1.5×10-3 mmol) in 1 mL of methanol was added. The dark green solution
was stirred at room temperature overnight. The solvent was removed under vacuum, and the
greenish-yellow solid was re-dissolved in a 1:4 mixture of methanol/water. A saturated aqueous
solution of ammonium tetrafluoroborohydrate was slowly added. The precipitate was collected
via centrifugation, washed with diethyl ether, and dried under vacuum. The product
[CuFeCu(hbh)2](ClO4)2 (CuFeCu) appeared to be dark green powder (3 mg, 90%).

6.6.1.2 Copper(II)-Cobalt(II)-hbh duplex [CuIICoIICuII(hbh)2](BF4)2 (CuCoCu)
Compound Cu2(hbh)2 (3 mg, 1.5×10-3 mmol) was dissolved in 3 mL of methanol. Cobalt(II)
perchlorate (0.5 mg, 1.5×10-3 mmol) in 1 mL of methanol was added. The dark yellow solution
was stirred at room temperature overnight. The solvent was removed under vacuum, and the
greenish-yellow solid was re-dissolved in a 1:4 mixture of methanol/water. A saturated aqueous
solution of ammonium tetrafluoroborohydrate was slowly added. The precipitate was collected
via centrifugation, washed with diethyl ether, and dried under vacuum. The product
[CuCoCu(hbh)2](ClO4)2 (CuCoCu) appeared to be dark yellow powder (3 mg, 90%). HR MS
(ESI+) calculated: [(CuCoCu]Cl2+Na]+ = 2329.6367; Found [(CuCoCu]Cl2+Na]+ = 2329.7305.
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6.6.2 Preliminary Results and Discussion

6.6.2.1 Synthesis of Heterometallic Complexes
The partially saturated complex Cu2(hbh)2 was reacted with 1 equivalence of Fe(ClO4)2 or
Co(ClO4)2 to synthesize heterometallic complexes CuFeCu or CuCoCu, respectively. The
resulting complexes were precipitated in methanol/water solution with NH4BF4 salts, washed
copiously with diethyl ether, and dried under vacuum. The complex CuCoCu was characterized
using mass spectrometry, and the +1 molecular ion peak was found at m/z = ~ 2329.7. For
CuFeCu, only fractions of the large molecule were observed in mass spectra. To confirm the
identity of CuFeCu and CuCoCu, absorption spectroscopy experiments were conducted as
described in the following discussion.

6.6.2.2 Photophysical Behavior and Spectrophotometric Titrations
Absorption spectroscopy was used to study the structure and properties (e.g., oxidation state) of
heterometallic complexes CuFeCu and CuCoCu. The measured extinction coefficients are listed
in Table 6-3. Typical [Fe(bpy)3]2+ has an MLCT band at ~ 523 nm with an extinction coefficient
of 8.6 × 103 M-1cm-1.15 For CuFeCu, the measured extinction coefficient at 528 nm is only 3.7 ×
103 M-1cm-1, suggesting no formation of [Fe(bpy)3]2+. No oxidized Fe(III) and Co(III) species
were observed in the UV-vis spectra of these metal complexes.
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Table 6-3. Photophysical Data of Cu(II)Fe(II) and Cu(II)Co(II) Complexes
Complex
Cu2(hbh)2
CuFeCu
CuCoCu
λabs (nm)a

310 (12.6)

302 (37.4)

306 (34.9)

(ε, M-1cm-1 × 103)

392 (12.4)

396 (15.8)

403 (19.1)

582 (3.70)
a

Absorbance wavelength and extinction coefficient for the π-π* transition band.
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UV-visible absorption titrations were employed to determine the stoichiometry of the
coordination of a second kind of metal Fe(II) or Co(II) with free bpy sites in Cu2(hbh)2,
respectively. Upon addition of iron(II) or cobalt(II) perchlorate into Cu2(hbh)2, the absorbance
peak assigned to the π-π* of the [Fe(bpy)2]2+ (~ 302 nm) or [Co(bpy)2]2+ (~ 306 nm) increases,
respectively (Figure 6-14). The plots of absorbance versus the concentration of M(II) (M = Fe
and Co) exhibit stoichiometric points at a mole ratio (M : duplex) of 1.0, indicating that the
formed CuMCu complex has one [M(bpy)2]2+ center per duplex. The extinction coefficients of
the formed CuFeCu and CuCoCu complexes during titrations are consistent with the
corresponding values in Table 6-3.

6.6.2.3 Future Catalytic Experiments
We have confirmed the formation of heterometallic complexes CuFeCu and CuCoCu and
their stable [Fe(bpy)2]2+ and [Co(bpy)2]2+ centers. Our ongoing efforts involve using
electrochemical techniques to determine redox potentials and the interaction between metalligand centers during redox processes. The catalytic properties of these heterometallic complexes
will be tested in reactions such as the alkene oxidation with dioxygen and alkane oxidation with
hydroperoxide. The reaction rate and product yield will be analyzed using gas chromatography.
The results of these experiments will deepen our understanding of this system, and allow future
design of metallated oligopeptides capable of conducting catalysis and photosynthesis.
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Figure 6-14. (A) UV-vis absorbance spectra acquired during the addition of 6.8 mM Fe(ClO4)2 in
1.6 μL increments to 0.018 mM Cu2(hbh)2 in methanol. (Inset) Titration curves during this
titration, monitored at 302 nm in methanol solutions. (B) UV-vis absorbance spectra acquired
during the addition of 6.8 mM Co(ClO4)2 in 1.7 μL increments to 0.020 mM Cu2(hbh)2 in
methanol. (Inset) Titration curves during this titration, monitored at 306 nm in methanol solutions.
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