1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Photochem Photobiol A Chem. Author manuscript; available in PMC 2016 October 01.

-, HHS Public Access
«

Published in final edited form as:
J Photochem Photobiol A Chem. 2015 October 1; 311: 1-15. doi:10.1016/j.jphotochem.2015.05.008.

5-Arylvinyl-2,2’-bipyridyls: Bright “push—pull” dyes as
components in fluorescent indicators for zinc ions

Lei Zhu", Ali H. Younes!, Zhao Yuan, and Ronald J. Clark
Department of Chemistry and Biochemistry, Florida State University, 95 Chieftan Way,
Tallahassee, FL 32306-4390, USA

Abstract

This article reviews the zinc(l11)-dependent photophysical properties of arylvinylbipyridines
(AVBs), a class of fluoroionophores in which 2,2’-bipyridyl and an aryl moiety are electronically
conjugated. Zinc(I1) binding of an AVB may lead to an emission bathochromic shift of the
fluoroionophore without diminishing its fluorescence quantum yield. This observation can be
explained using the excited state model of electron donor—m bridge—electron acceptor “push—pull”
fluorophores, in which the bipy moiety acts as an electron acceptor, and zinc(l1)-coordination
strengthens its electron affinity. The spectral sensitivity of bipy-containing fluoroionophores, such
as AVBs, to zinc(l1) can be exploited to prepare fluorescent indicators for this ion. In several
cases, AVB moieties are incorporated in fluorescent heteroditopic ligands, so that the variation of
zinc(11) concentration over a relatively large range can be correlated to fluorescence changes in
either intensity or color. AVB fluoroionophores are also used to introduce an intramolecular
Fdérster resonance energy transfer (FRET) strategy for creating zinc(l1) indicators with high
photostability and a narrow emission band, two desired characteristics of dyes used in
fluorescence microscopy.
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1. Brief background on 2,2’ -bipyridine/metal complexes

2-2'-Bipyridine (bipy) is a bidentate metal coordination ligand for both early and late
transition metal ions [1,2]. The metal/bipy complex formation solubilizes the metal ions in
organic phases, which leads to methods of (a) metal extraction from aqueous media [3,4],
and (b) homogenous catalysis (e.g., [Cu(bipy),Cl] in Fig. 1, left) in organic phases [5-9].
Metal complexes of bipy and its analogs often bear intense colors (e.g., [Fe(bipy)3]SO;, in
Fig. 1, middle), which has been applied in colorimetric analysis of metal ions [10,11], and as
sun light-absorbing dyes (e.g., N3 dye in Fig. 1, right) in sensitized solar cells [12-14]. The
colors of these complexes are attributed to metal-to-ligand-charge-transfer (MLCT, or d—n*)
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absorption transition [15-17], which means that in the lowest excited state of the complex,
the metal center is oxidized by the bipy ligand. In order for this to happen, the bipy ligand
has to have a low-lying lowest-unoccupied molecular orbital (LUMO) to receive an electron
from the photo-excited metal center. By installing electron-withdrawing groups such as
carboxylate on bipy further lowers its LUMO energy [18], thus enhancing the MLCT
transition.

In addition to an oxidizable metal center such as ruthenium(ll) or iron(I1), an excited organic
fluorophore could also offer an electron to the LUMO of bipy, when permitted by the
frontier molecular orbital (FMO) energetics and molecular geometries. Similar to the
strategy of facilitating MLCT transitions in ruthenium (I1) dyes in sensitized solar cells, in
which the LUMO of bipy is lowered by the electron-withdrawing carboxyl substituents, the
electron transfer from an excited organic fluorophore to bipy can also be favored by
lowering the LUMO of bipy. This can be done either via covalent bipy functionalization
with electron-withdrawing groups, or, more relevant to the topic of this article, via metal
coordination.

In this article, the photophysical properties of selected fluorescent compounds that
incorporate bipy as the receptor for zinc(ll) ions are reviewed. The utilities of certain
compounds as fluorescent indicators for illuminating zinc(ll) ions in living mammalian cells
using fluorescence microscopy are described. The purpose of this article is to summarize a
few lessons on both fundamental photophysics and fluorescence microscopy fronts that we
have learned by studying bipy-containing fluorophores. Hopefully these lessons may guide
the future studies of fluorescent compounds and their possible utilities as indicators for
interesting and important analyte molecules. In addition to the references cited earlier,
several other research and review articles are listed here for the readers to explore the
broader bipy chemistry that is beyond the scope of this article [19-39]. 2,2":6/,2”-
Terpyridine (terpy) and phenanthroline (phen) have similar metal coordination properties
and electron-withdrawing effects to those of bipy. Therefore, a few examples containing
terpy or phen are also mentioned.

2. Zinc(ll)-dependent emission of bipy-appended fluorophores—early

reports

In this section, a few studies on bipy-containing fluorescent compounds that inspired our
own work are described. Compound 1 (Fig. 2a), which was reported by de Silva et al. in the
metal-free form exhibits anthracene fluorescence [40]. When zinc(ll) coordinates the bipy
moiety, the LUMO level of bipy drops to the extent that electron transfer from the excited
anthryl group to bipy is feasible and rapid. This electron transfer process, sometimes called
donor-excited photoinduced electron transfer (d-PeT) because the excited fluorophore is the
electron donor [43], quenches the anthryl emission in the solvents that were applied in this
study [40]. Sohna et al. reported bipy-containing compounds 2 [41] and 3 [42] (Fig. 2b); the
pyrene emission of both compounds is similarly diminished upon zinc(l1) binding.

Leroy et al. also reported compounds 4 and 5 (Fig. 3), in which the bipy moieties are
conjugated with pyrene fluorophore via m bridges [45]. The emission of both compounds
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exhibits bathochromic shifts, but undiminished emission quantum yields upon binding
ZnCl, in THF and toluene. Similar observations were made in selective organic solvents by
Wasielewski, Schmehl, and their coworkers, on bipy-included conjugate polymer [46] and
arylvinylterpy ligands [47], respectively. Ajayaghosh et al. reported compound 6 (Fig. 3),
the fluorescence of which turns from green/ yellow to orange/red upon zinc(ll) complex
formation in acetonitrile [44]. Highly fluorescent analogs of 6 have since been reported to
also have zinc(I1)-sensitive fluorescence properties [48-52]. Similar to 4, the bipy moiety in
6 is in conjugation with N-methylpyrrole caps via vinyl bridges. The free ligand has a
fluorescence quantum yield (@) of ~0.4 in acetonitrile. The ¢ value of the zinc(Il) complex
was not reported. Nonetheless, the striking zinc(I1)-effected color change of emission drew
us to investigate the photophysical mechanism of the zinc(l1)-dependent emission of similar
compounds, and to find ways to incorporate arylvinylbipy (AVB) moiety in fluorescent
indicators for zinc(l1) ions that do not undergo fluorescence quenching upon zinc(11)
binding.

3. Arylvinylbipyridines (AVBs)—solvent effect on spectral shape and
frequency

A series of 5-arylvinyl-substituted bipy ligands (7-15) were prepared in our laboratory [53].
Most of these compounds have intermediate to large fluorescence quantum yields (¢ > 0.2)
and short lifetimes (7 <2 ns) in the vast majority of the tested organic solvents. Depending
on the aryl group and the solvent, the emission color of these compounds spans from purple
(e.g., 14 in hexanes) to green/yellow (e.g., 7 in acetonitrile). A positive correlation between
the electron donor strength of the aryl ring and emission wavelength as well as the Stokes
shift in acetonitrile is apparent (Fig. 4). This trend is expected for edonor—rbridge—eacceptor
(D-m—A, interchangeable with “push—pull”) type dyes, in which enhancing either the donor
(arylvinyl) or the acceptor (bipy) strength increases the charge transfer character of the
excited state (as measured by the excited state dipole moment). The enlarged excited state
dipole leads to substantial stabilization in a polar solvent such as acetonitrile, hence a large
Stokes shift [54].

Solvent effect on emission often reveals important aspects of structure and dynamics of
excited fluorophores [54-57]. The normalized emission spectra of 7 and 14 are shown in
Fig. 5. Compound 7 contains an electron-rich N,N-dimethylamino substituent, which leads
to a sensitive positive solvatochromic emission shift. The emission of the electron-poor
cyano-bearing compound 14, on the other hand, experiences a small solvent effect. Vestiges
of vibronic structure are apparent in the spectra of 14 in all five solvents, while the emission
of 7 in relatively polar solvents is broad and structureless. The latter is a result of significant
inhomogeneous spectral broadening, which is usually caused by the thermal disorder of
solvent molecules that strongly interact with a large excited state dipole [55,58].

The emission of compound 14 may be considered as from a “locally excited” (LE) state of a
small dipole moment, because it carries a vibronic structure and little solvent dependence.
The structured emission of compound 7 in methylcyclohexane can also be referred as the LE
emission by analogy. The structureless, low energy emission of 7 in highly polar solvents,
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therefore, can be regarded as from a “charge transfer” (CT) excited state. In order to explain
the solvent polarity-dependent transition of LE to CT emission of 7, we shall first clarify the
physical meanings of the terms “LE” and “CT” in the context of excited state solvation.

As opposed to “charge transfer” (CT), “locally excited” (LE) shall literally refer to the
excited state resulting directly from the excitation of either the e-donor or the e-acceptor
ground state. Therefore, “LE” carries a clear physical meaning in the model of exciplex
formation, in which either donor or acceptor is excited to their respective excited states
before the exciplex (i.e., the CT excited) state forms. Over time, the use of “LE” (sometimes
also referred as the m—n* state) and “CT” (also known as internal charge transfer (ICT) or
intraligand charge transfer (ILCT)) has been extended to describe electronically excited
species under many different circumstances, including cases in which donor and acceptor
are electronically conjugated in the ground state, and their physical meanings have become
ambiguous [59-63]. Herein, we make an attempt to define the LE and CT emission
(assuming that we will continue to use these terms in the future) of D—m—A fluorophores
similar to AVB compounds in Fig. 4.

As shown in Fig. 6, a D—m—A (or “push—pull’”) molecule, such as 7, is vertically excited to
the Franck-Condon S state [D-m—A]FC, or a higher electronic state S,, which could be a
true “LE” state if the electronic perturbation is localized in the donor portion. The relaxation
follows rapidly via vibrational relaxation (VR), or initially via internal conversion (IC) if
from S, (n > 1), to the ground vibrational state of the first excited state—S;(0) [64]. The VR
step of a molecular fluorophore takes place regardless of solvation, which results in the
Stokes shift between emission and excitation [65]. The magnitude of Stokes shift increases
as the vibrational quantum number difference between ground and the Franck—Condon state
(a function of nuclear displacement between the excited and ground states) grows. In the
absence of strong solvation, if the ground and excited states share similar spacing of
vibrational energy levels as most small organic fluorophores do, a mirror-image relationship
between the S;(0) emission and excitation spectra is expected. That should be the case for
compound 7 in methylcyclohexane (Fig. 5a, purple) and compound 14 in all solvents (Fig.
5b), of which the structured low-wavelength band is referred in this article as the LE
emission. Hence, the so-called LE emission originates from the S;(0) state without
significant solvation, regardless whether the relevant FMOs are restricted within the donor
(i.e., the true “local”) portion of the molecule, or extended beyond it.

When a D—n—A molecule such as 7 is excited in a polar solvent, solvent relaxation (SR, Fig.
6), which would involve the reorientation of solvent dipoles around the large excited state
dipole of the solute, will occur to make things complicated. First, the emission band of the
solvent-relaxed state is often broad with no vibronic structure (Fig. 5a, except purple). This
“inhomogeneous spectral broadening” is the result of the thermal disorder of the reoriented
polar solvent molecules around polar excited solute molecules. Often times the broad band
of a D—n—A fluorophore observed in a polar solvent is referred as the charge transfer (CT)
emission from a CT excited state, even if the excited state dipole moment is not necessarily
much larger than the excited state formed in the low polarity solvent that displays a
structured “LE” emission.
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The second complication is in the kinetic profiles from the Franck—Condon to the solvated
states. If SR is slower than VR (k, < kq, Fig. 6), $;(0) could be populated. The other
possibility is that SR is on the same time scale with or faster than VR (k, = k;), especially
when the vibrational energy of the Franck—Condon state is so high due to the large nuclear
displacement between excited and ground states, that the large amount of dissipated energy
drives (i.e., accelerates) solvent reorientation. In that case, SR might bypass $;(0) so that the
Franck—Condon excited state relaxes directly to a solvated state [D-n—A]s0vated with rate
ko’. The solvent relaxation process of compound 10 (Fig. 4) in acetonitrile was captured by
femtosecond time-resolved transient absorption spectroscopy with a time constant of 53 ps
[66], which is shortened as the solvent polarity grows. Regardless how the solvated state is
reached from the Franck—Condon state, as long as the excited dipole moment remains
unchanged during solvation (i.e., solute polarizability can be neglected) and no specific
solvent—solute interaction (e.g., hydrogen bonding) is involved, the Lippert—-Mataga
equation based on a thermodynamic model could predict the change of Stokes shift as a
function of solvent polarity to a moderate accuracy [54,56,67-69]. The slope of this linear
equation is the change of molecular dipole of the fluorophore upon photo-excitation. In the
former case (ky < kq) in which $;(0) is a local minimum on the excited state potential energy
surface, dual emission from the LE and CT states might be observed (more on this later).

If a specific solvent—solute interaction (e.g., solvent forms hydrogen-bonds with the excited
state dipole) influences the energy of the excited state, and/or the excited state dipole
changes as the solvent relaxation proceeds, a poor fit to the Lippert—Mataga equation is to be
expected [70]. This is the case for compound 7 [48], because its emission energy is at the
lowest in methanol, which has the largest hydrogen bond acidity, not DMSO, which has the
largest dielectric constant. In many cases, solvation might lead to an increase of the excited
state dipole and even conformational changes if the lifetime of the excited state is long
enough. The extreme scenario would be the formation of the “twisted intramolecular charge
transfer” (TICT) state [59,71], which has been extensively studied as a model of dual
emission (“LE” vs “CT”).

Based on the above discussions, we hereby define the LE and CT states of AVB
fluorophores. An LE state is the vibrationally relaxed first excited state (S;(0)) without
significant solvation, regardless of the magnitude of the excited state dipole moment. The
LE emission band shall exhibit a vibronic structure and mirror-image relationship with its
excitation spectrum. A CT state is the solvated excited state with a large dipole moment in a
polar solvent, which affords a broad, structureless emission band of a lower energy than its
S (0) state. Based on this definition, an LE state could be achieved by any fluorophore,
regardless of the size of its excited state dipole, in an environment lacking a strong solvent—
solute interaction (i.e., either solvent or solute dipole is small, or both). A CT state requires
both a large excited state dipole and a polar solvent. Compound 14 therefore exhibits LE
emission in all solvents, because its excited state dipole moment is not large enough to drive
significant solvent reorientation. For compound 7, an LE state is assigned to the emission in
methylcyclohexane, while in more polar solvents the emission is assigned to a CT state.
Many reported push—pull dyes exhibit similar “LE” —”CT” emission spectral evolution in
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shape and frequency as the solvent polarity increases. Examples 16-22 are shown in Fig. 7
that are grouped based on the structures of r-bridges.

4. Zinc(ll)-dependent emission of AVB in the context of fluorescence

imaging

Compound 8 carries an electron-rich N-methylpyrrole group (Fig. 8) [53]. Upon photo-
excitation, an increase in molecular dipole moment is expected regardless of solvent, during
which the electron density shifts from the N-methylpyrrole side to the bipy moiety. In the
non-polar solvent hexanes, an emission band of the LE character was observed, while in
polar solvents (e.g., acetonitrile) a broad, structureless, and solvent-sensitive CT band
appeared. When zinc(I1) coordinates at the bipy position, the cationic zinc(ll) interacts with
the negative end of the excited state dipole to strongly stabilize the excited state. Therefore,
a large zinc (I1)-enabled spectral shift results (4277 cm™1 in acetonitrile), which is somewhat
insensitive to solvent polarity, because the strong interaction between the cationic zinc(Il)
and the dipolar excited state largely overrides the solvent effect.

Ajayaghosh et al. postulated that zinc(ll) coordination planarizes the bipy-containing ligand
6 (Fig. 3), which results in a larger aromatic system with a lower HOMO-LUMO gap, and
consequently leads to a bathochromic shift in emission [44]. However, considering the fact
that unlike biphenyl, the transoid co-planar conformation of 2,2’-bipyridine [77] is the most
stable in the ground state [78], the stabilization of the polarized excited state via metal
coordination could be a more dominant factor in contributing to the emission bathochromic
shift than forcing coplanarity. To gauge the relative contributions of fluorophore
planarization and excited state dipole stabilization to the zinc(ll) coordination-effected
emission bathochromic shifts in AVBs, the emission data of compounds 11, 23, and 24 are
compared (Fig. 9).

Zinc(11) binding results in an emission shift of 3855 cm=1 for 11 in acetonitrile [53]. If
fluorophore planarization is the dominant factor leading to the bathochromic shift,
compound 23, which would have provided a bigger planar conjugated system upon zinc (1)
complexation, should have given a larger zinc(ll)-induced shift under the same conditions.
To the contrary, zinc(l1)-coordination of 23 affords a smaller shift of 2859 cm~1. When both
thienylvinyl groups locate on the same side of bipy, as in 24, the largest shift of 4044 cm™1
upon zinc(I1) binding was observed [79]. The comparison of zinc(l1)-effected emission
shifts of these three compounds points to the stabilization of the excited state dipoles (or the
CT excited states) as the major factor in determining the magnitude of the shifts. Phen-
containing fluorophores, which have rigid planar conformations to begin with, also undergo
substantial emission bathochromic shifts when binding zinc(l1) in organic solvents [80],
attributable to the stabilization of CT excited states.
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Zinc(I1) complexation increases the fluorescence lifetimes (z) of compounds 8-15in
acetonitrile (zinc(11) completely quenches the emission of 7) [48]. The fluorescence
quantum yields (¢) of the zinc (I1)-bound 8-15 are also larger than those of the metal-free
forms, although to lesser extents comparing to the changes in z Similar zinc(I1)-dependent
effect on zand ¢ of bipy-containing conjugate polymers was also observed by Chen et al.
[46]. The rates of radiative (k) and nonradiative (k,,) decays were calculated from Egs. (1)
and (2). Both rates for 8-15 decrease upon zinc(ll) coordination. Because zinc(Il)
coordination of the ligands enhances the CT character of the excited state, the diminishing
orbital overlap between the excited and ground states shall reduce the rate of radiative decay
(k;). This argument has been used to explain the low fluorescence quantum yields of
exciplexes [81] and TICT [71] excited states, two limiting cases with complete excited state
charge transfer. The rate of non-radiative decay (k,r) of an AVB also decreases upon zinc(ll)
coordination [53]. This observation is not wholly expected because it runs counter to the
energy gap law [82,83], which predicts an increase in k., when the emission frequency drops
upon zinc(I1) binding. Likely the restriction of the single bond rotation in the zinc(I1)-bound
bipy moiety reduces the probability of non-radiative decay. Therefore, the zvalue increases
because both k; and ki, decrease upon zinc(I1) binding (Eq. (1)), while the ¢ value of the
ligand (Eq. (2)) is spared from the quenching effect of a substantially CT excited state of the
zinc(I)-bound complex by a lowered Ky.

Compound 10 is an example of AVBs that could be used in fluorescence imaging of
intracellular zinc(I1) ions [84]. Zinc(Il) complex formation raises the ¢ of 10 in an neutral
aqueous solution from 0.05 to 0.31 with an emission maximum at 513 nm. The dissociation
constant of [Zn(10)]%* was estimated at ~1 pM using a 1:1 binding model. Bipy-derived
compounds selectively bind transition metal ions of intermediate hardness over alkali and
alkaline earth metal ions such as sodium(l) or magnesium(ll). The selectivity of 10 for
transition metal ions follows the Irving—Williams order and hard/soft acids and bases
(HSAB) theory, which means that bipy does not show a particular affinity to zinc(Il) over
other transition metal ions. Nonetheless, the bipy moiety is considered to have adequate
selectivity in biological settings, in which the major interference would have come from
sodium(l), potassium(l), magnesium(ll), and calcium(ll). Compound 10 was taken up by
mammalian cells readily upon incubation at a low concentration (~2 pM). It did not exhibit
any sign of cytotoxicity over the course of the experiment [85]. Therefore, the brightness,
zinc(I1) sensitivity, selectivity, and uptake/toxicity of 10 are all suitable as an indicator for
biological zinc(Il) in a matching concentration range. One major weakness of bipy as a
receptor for zinc(ll) is the uncertainty in binding stoichiometry in differently buffered
environments. Bipy is known to form ZnL, ZnL,, and ZnL 3 complexes [86], depending on
counter ion and solvent. The variability of the binding stoichiometry complicates
quantitative analysis of zinc(l1).

Selected bipy- or bipy analog-containing, zinc(ll) sensitive-fluorophores 25-33 are shown in
Fig. 10. Considering bipy as an electron acceptor, the zinc(l1)-dependent fluorescence
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bathochromic shifts of 25-27 can also be explained using the D—m—A model [95] that is
applied to compound 8 (Fig. 8). Similar to that of 25, the zinc(Il)-sensitive emission of 4-
methoxy-2,6-dimethylphenyl-substituted bipy ligands was reported by Loren and Siegel
[96]. Four bulky mesityl groups are included in compound 27, which biases toward a 1:1
binding stoichiometry with zinc(I1) [89]. Although compound 28 lacks a D-A type structure,
zinc(I1) binding nonetheless leads to an emission red shift [90]. More experimental data is
needed to establish a photophysical model of 28 to account for this observation. The
zinc(I1)-dependent spectral change of phen- (29) and terpy- (30-33) included fluorophores
can also be explained using the D-m—A model. However, for terpy-functionalized
fluorophores, fluorescence quenching usually accompanies the bathochromic shift upon
zinc(I1) coordination. In these cases, a terpy/zinc(l1) complex acts as an excellent electron
acceptor to possibly lead to the formation of fully charge separated excited states, which
tend to decay predominantly via non-radiative processes.

5. AVBs in fluorescent heteroditopic ligands

5.1. PET/ICT

A fluorescent heterotopic ligand has two different metal coordination sites (Fig. 11) [97].
When a metal ion encounters the ligand, it associates with the high-affinity binding site (the
rectangle in Fig. 11) to afford a mononuclear complex. Further increase of the metal ion
concentration shall lead to the formation of the dinuclear complex. If these three species —
metal-free ligand, mononuclear, and dinuclear complexes — have distinct fluorescence
properties as characterized by their emission wavelengths (\) and fluorescence quantum
yields (@), the fluorescence changes could be correlated to the metal ion fluctuation over a
large concentration range. These compounds could be particularly useful as fluorescent
indicators for zinc(l1), a biologically significant ion that has a broad physiological
concentration range [98,99] in its strictly regulated “free” forms [100]. Moreover, studies on
the interplay between ligand-centered photophysics and zinc(Il) coordination chemistry in a
heteroditopic architecture are challenging, but on the other hand are rewarded with new
insights on the fundamental knowledge on both fronts. In this section, we describe four
fluorescent heteroditopic ligands that contain the AVB components. The subsections are
titled by the photophysical switches [101] that are turned either “on” or “off” by sequential
binding of zinc(Il). A brief tutorial on how these switches work and how they are
characterized is included in a recent review from our group [102].

Compound 34 contains a di(2-picolyl) amino (DPA) group and a phenylvinylbipy
fluorophore (Fig. 12a) [103]. In its metal-free form in acetonitrile, 34 is weakly fluorescent
because the excited state fluorophore is quenched via photoinduced electron transfer (PET)
from the tertiary amino group on DPA. In this medium, DPA has a higher affinity for
zinc(Il) than bipy. Therefore, DPA first captures a zinc(l1) ion to form the mononuclear
[Zn(34)Cl,]. The coordinative bond between the tertiary amino and zinc(Il) renders the PET
less likely to occur, which results in the increase of fluorescence quantum yield. The
fluorescence enhancement via turning off a “PET switch” is a widely applied strategy in
developing turn-on fluorescent indicators [101,104-106]. The binding of the second zinc(l1)
ion necessarily occurs at the bipy site, which stabilizes the CT excited state to lead to a
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bathochromic shift of emission. Therefore, the sequential zinc(Il) binding of 34 leads to two
distinct segments of fluorescence changes—fluorescence enhancement (¢q/¢yp) followed by
emission bathochromic shift (AA =\, —A1). The extents of these two changes are the
benchmarks for evaluating the effectiveness of heteroditopic ligands of the PET/ ICT type.

In order for a heteroditopic ligand to be useful as a fluorescent indicator for illuminating
biological zinc(ll) ions, the zinc(l1) coordination-modulated fluorescence changes need to be
replicated under physiological conditions. It is not the case for compound 34 because the
affinities of DPA and bipy are too close at neutral pH in water for a discrete mononuclear
complex to populate. To rectify this situation, the tridentate DPA is replaced by a
pentadentate ligand that contains two fluorinated pyridyl groups in compound 35 (Fig. 12b)
[107]. A clear-cut two-segment fluorescence change of 35 was observed in an aqueous
solution buffered at neutrality. The monozinc(ll) complexation leads to a 5.4-fold
amplification of ¢, while the secondary binding at bipy results in an emission shift of 28 nm.

The 28-nm zinc(I1)-dependent emission band separation of 35 jeopardizes the potential
utility of fluorescent heteroditopic ligands in fluorescence microscopy [108], while the two
emission bands need to be resolved using different filter sets. It is noted that in acetonitrile,
the zinc(I)-induced shift of compound 34 reaches 60 nm [103]. The dependence of zinc(l1)-
induced emission shift on solvent is a consequence of the differing solvatochromic effects of
the metal-free and zinc(l1)-bound forms. A metal-free push—pull AVB has a much larger
degree of positive emission solvatochromism than its zinc(Il) complex (e.g., see compound
8 in Fig. 8). Therefore, as the solvent polarity increases when going from acetonitrile to
water, the free ligand emission moves to the red while that of the zinc(ll) complex barely
changes. Consequently, the emission gap between zinc(I1)-free and zinc-bound forms is
shrinking.

The small emission band separation between zinc(l1)-free and zinc-bound forms in water (or
highly polar solvents) of an AVB ligand is the manifestation of the inherent property of a
push—pull fluoroionophore. To improve the emission shift (A)), which is a benchmark for
evaluating fluorescent heteroditopic ligands, a molecular design that utilizes entirely
different zinc(l1)-modulated photophysical processes is called upon, which is represented in
36 (Fig. 13).

5.2. PET/ICT/FRET

Compound 36 contains two fluorophores [109]. The higher energy fluorophore anthryl is not
solvatochromic. It is connected to a PET-switching DPA unit, which quenches the anthryl
emission in the metal-free form. Thienylvinylbipy is the second fluorophore that also
contains the secondary (lower-affinity) binding site bipy. The photo-excitation of the anthryl
group only leads to a weak emission of the metal-free 36 because the excited anthryl non-
radiatively relaxes via the PET pathway. Zinc(ll) acts on the PET switch in the mononuclear
complex to restore the anthryl emission. The following bipy/zinc(Il) complexation leads to
an absorption bathochromic shift of the thienylvinylbipy fluorophore, which increases the
spectral overlap with the anthryl emission. Consequently, Férster resonance energy transfer
(FRET) occurs to result in the emission of the zinc(I1)-bound thienylvinylbipy. Both anthryl
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and zinc(11)-bound thienylvinylbipy are weakly solvatochromic. Therefore, comparing to 34
and 35 that contain single D-mr-A type fluorophores, the solvent effect on the emission of 36
is reduced. The two emission bands of 36 and its dizinc(Il) complex, as characterized in
acetonitrile [109], are 100 nm apart and are not expected to be solvent sensitive. Therefore,
in principle, the two segments of emission changes could be monitored using blue and green
emission filter sets.

5.3. ICT/spiro-rhod/FRET

In addition to fluorescence enhancement (¢/¢y) followed by emission band shift (A, — X1)
as the two segments of changes of a heteroditopic ligand, zinc(I1)-dependent sequential
emission band shifts (A\q = A1 — Ag; &\ = Ay — Lq) over a significant portion of the visible
spectrum would also be a useful outcome. Compound 37 (Fig. 14) includes an AVB moiety
and a spirolactam precursor of rhodamine [110]. The emission color of the
alkoxyphenylvinylbipy fluorophore is blue, which turns to green when zinc(ll) binds. After
saturating the bipy site, zinc(Il) would then occupy the tridentate pocket consisting the
carbonyl, pyridyl nitrogen, and triazolyl N3, which leads to the cleavage of the spiro C-N
bond and the formation of the fluorescent rhodamine (hence “spiro-rhod” in the section
title) [111-114]. FRET from the zinc(l1)-bound AVB to rhodamine switches the emission
from green to orange.

5.4.ICT1/ICT2

Compound 38 consists of an iminocoumarin moiety and a bipy substituent [115]. The
excitation of 38 may lead to the formation of two different CT excited states depending on
the applied excitation energy. The high-energy excited state primarily involves the
iminocoumarin moiety (COUM state in Fig. 15), in which the imino nitrogen acts as an
electron acceptor while the methoxy is the electron donor. At a lower energy the charge
transfer from the methoxy to the bipy moiety could instead become dominant (BIPY state).
This hypothesis is based on the calculations on the frontier molecular orbital arrangements
of 38, which is consistent with the experimental observations [115]. Either the COUM or the
BIPY transitions might be favored in two populations of ground state conformers that differ
in the dihedral angle between the coumarin and bipy moieties. After the fluorescence
properties of compound 38 was reported [115], we acquired the single crystal structure of
the analogous compound 39 (Fig. 16a), which has a dihedral angle (C1-C2-C3-C4) of 457,
close to the 40~ of the most stable conformer predicted from the conformational analysis
[115].

Both bipy and imino nitrogen in 38 are able to bind zinc(l1), as supported in a crystal
structure of the zinc(l1) complex of 40 (Figure 16b), the N-(2-picolyl) analog of 38 [116].
Without the N-(2-picolyl) group in 40, it is assumed that the bidentate bipy has a higher
affinity than the monodentate imino group, as in 38. Increasing the concentration of zinc(l1)
perchlorate in the acetonitrile solution of 38 first elicits an emission band in green color,
followed by a hypsochromic shift to blue as zinc(l11) concentration continues to rise (Fig. 15)
[115]. It was concluded that the bipy moiety initially captures a zinc(I1) ion to stabilize the
lower energy BIPY excited state, which affords the green emission. Further addition of
zinc(11) results in the imino/zinc(l11) coordination, which stabilizes the higher energy, blue-
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emitting COUM state. This work opens the door to investigating fluorescent compounds that
may exhibit dual emission from two orthogonal charge-transfer states, between which either
the internal conversion is slow (a violation of Kasha’s Rule), or the ground state
conformations differ.

We have reported four different types of fluorescent heteroditopic ligands thus far (34, 36—
38); the emission wavelengths and quantum yields of their zinc(l1)-free and bound forms are
listed in Table 1. These compounds undergo sequential zinc(Il) coordination, which alters
the relaxation pathways of their fluorophores in different manners. Unraveling the metal-
coordination modulated photophysical processes in these exquisitely designed molecules is
intellectually satisfying. On the application side, the goal is to offer an indicator that is able
to cover the zinc(Il) concentration from nanomolar to millimolar range via fluorescence
correlation using two emission bandpass filters on a fluorescence microscope. The structural
framework embodied by compounds 36 and 37 are, in our opinion, mostly likely to achieve
this objective. Both compounds are two-fluorophore systems, which provide large enough
spectral separations to be analyzed by two bandpass filters. The challenge in molecular
design is the selection of right pairs of zinc(ll) ligands and fluorophores to maximize the
dynamic ranges of the zinc(I1)-sensitive emission in two channels within the desired (i.e.,
biologically relevant) concentration ranges.

6. Intramolecular FRET strategy

Zinc(I1)-sensitive fluorophores are being reported in growing numbers, and have been
covered by numerous recent (since 2009) review articles [102,106,117-124]. A relatively
small fraction of these compounds have been applied in fluorescence microscopy to
illuminate zinc(11) ions in cellular or tissue specimens. It points to the fact that in addition to
high brightness and zinc(l1) sensitivity, other benchmarks have to be met in order for a
zinc(I1)-responding fluorescent ligand to be optimally useful in fluorescence microscopic
experiments.

A fluorescent indicator needs to be photostable to endure the video time-lapse experiments
for acquiring the dynamic information of an analyte during a biological event. A narrow
emission band is preferred to allow multicolor imaging capacity. If an indicator could be
used in the ratiometric mode that reduces the readout dependence on instrumental
parameters and indicator loading concentration, that would also be a plus. The
intramolecular FRET strategy described in this section may improve the performance of a
zinc(l1) indicator on these three fronts.

6.1. green, lysosome-targeting FRET-based zinc(ll) indicator

In compound 41 (Fig. 17), the FRET donor AVB component (blue) is sensitive to zinc(I1)
coordination [125]. However, it suffers from low photostability, due in part to its propensity
for photo-isomerization. Also, the CT emission band of the bipy-containing donor alone is
inhomogeneously broadened (FWHM = 3870 cm™2) as a result of strong solvation, which
could make it problematic in multicolor imaging. The intramolecular FRET from the donor
to the acceptor BODIPY in 41 transfers the zinc(l1) sensitivity of the AVB donor to the
BODIPY fluorophore, in addition to reducing the bandwidth of the donor to that of BODIPY
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(FWHM = 1082 cm~1). Moreover, the extent of trans-cis photoisomerization is significantly
reduced, which can be attributed to a fast FRET that competes with donor isomerization in
the excited state (Fig. 17b) [125]. With a morpholino group that targets lysosomes in
mammalian cells, the emission of 41 is shown to correlate with the zinc(ll) increase in
lysosomes using confocal fluorescence microscopy (Fig. 18, a and b). Using two-color
structured illumination microscopy (SIM) [127,128], it is shown that 41 localizes in the
interior of lysosomes of live HelL a cells, rather than anchoring on the lysosomal membranes,
which are labeled by a red fluorescent protein fused with lysosome associated membrane
protein (Fig. 19).

The rigorous characterization of the intramolecular FRET in 41 (using a methoxy analog) is
carried out using femtosecond time-resolved transient absorption spectroscopy [66]. The
decay time constant of FRET is 41 ps in acetonitrile. This value increases as the medium
becomes more polar, which is consistent with the Forster-type resonance energy transfer that
is based on excited state dipole/dipole interactions and is consequently attenuated by solvent
dipoles. The solvent-relaxation of the donor CT excited state occurs on the same time scale
as FRET, but can be distinguished by the opposite solvent polarity dependency [66].

6.2. red, mitochondria-targeting FRET-based zinc(ll) indicator

Another example of the FRET strategy is compound 42 (Fig. 17d), in which the diamino-
substituted naphthalenediimide (NDI) is the acceptor fluorophore [126]. Therefore, this
compound exhibits zinc(I1)-dependent red fluorescence. The triphenylphosphonium (TPP)
moiety directs the compound to mitochondria of mammalian cells so that the organellar-
specific zinc(I1) signals could be recorded (Fig. 18, ¢ and d). One may envision that the co-
administration of 41 and 42, which have identical zinc(I1)-responding fluoroionophores but
FRET acceptors of different colors and localization tags for different subcellular targets,
may reveal the correlated changes of zinc(ll) ions in different organelles.

7. Summary and outlook

When bipy and a fluorophore are non-conjugatively connected, the bipy/zinc(ll) complex
often acts as an electron acceptor from an excited fluorophore, by which the emission is
quenched. If bipy is conjugated with another 7 system, e.g., an arylvinyl moiety as described
in this work, the coordination with zinc(Il) often elicits a bathochromic shift of emission
because in the zinc(I1) complex the excited state polarizing toward the bipy end is being
stabilized. The restriction of single bond rotation upon zinc(ll) coordination might have
contributed to the uncompromised fluorescence quantum yields of the zinc(Il) complexes of
these fluorophores. The sensitivity of AVB ligands to zinc(ll) has been utilized to develop
fluorescent indicators for this ion. However, AVBs are prone to photoisomerization, and the
emission of AVBs is broad due to the strong solvent—solute interactions that a large excited
state dipole enjoys. The zinc(I1) sensitivity of AVBs can be preserved, their emission width
be reduced, and their photostability be increased, by employing an intramolecular FRET
strategy. Our group has also incorporated AVBs in heteroditopic ligand structures to afford
fluorescent compounds that are responsive to zinc(ll) concentration changes over broad
ranges. The lessons learned from the zinc (11)-sensitive AVBs and the efforts to transform
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them into indicators useful in fluorescence imaging of intracellular zinc(l1) ions could
conceivably be applied in indicator designs targeting other analytes.
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Fig. 1.
Left: a copper(l)/bipy complex [5] used as an early catalyst in atom transfer radical

polymerization (ATRP); middle: an iron(l1)/bipy complex that is intensely red; right: a
ruthenium(I1) complex [14] with a bipy derivative, which is an effective dye in dye-
sensitized solar cells. Of the octahedral complexes only one sterecisomer is shown.
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1, high ¢ [Zn(1)Cl], low ¢

Fig. 2.

(a?Zinc(II) coordination quenches the emission of compound 1 through photoinduced
electron transfer (PET) from the excited anthryl to zinc(I1)-bound bipy [40]. ¢: fluorescence
quantum yield. (b) Similarly, zinc(11) coordination also decreases the fluorescence quantum
yields of compounds 2 and 3 [41,42].
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Fig. 3.
Structures of compounds 4-6, and the emission color change of 6 upon zinc(l1) binding in
acetonitrile [44].
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Fig. 4.

The Stokes shift (listed below the structures in cm™1) of AVB measured in acetonitrile

5,976
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15

Cl

—

decreases (from left to right) as the aryl group becomes more electron-withdrawing [53].
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Fig. 5.

Normalized fluorescence spectra of 7 (upper) and 14 (lower) in different solvents.
Methylcyclohexane (7)/hexanes (14): purple; benzene: blue; dioxane: cyan; chloroform:
green; acetonitrile: dark green; DMF: yellow; DMSO: orange; methanol: red. The samples
were excited at the maxima of their respective absorption spectra. Adapted with permission
from Ref. [53]. Copyright (2009) American Chemical Society. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6.
A solvation model for “edonor—mbridge—eacceptor” (D-m—A) fluorophores. ex = excitation;

IC = internal conversion; VR = vibrational relaxation; SR = solvent relaxation; LE = locally
excited; CT = charge transfer; TICT = twisted intramolecular charge transfer; kq, ko, and ky’
are the rates of respective processes.
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Examples of D-m—A (push—pull) dyes similar to AVBs. Different colors represent different
7 bridges: blue—(poly) vinyl bridges in compounds 16 [54], 17 [72], and 18 [73]; yellow:
fused aromatics in 20 [74] and 21 [62]; yellow and blue: both fused aromatic and vinyl in 19
[75]; red: single ring aromatics in 22 [76]. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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The dependency of the emission of 8 on solvent and zinc(I1) binding. X: a monodentate
counter ion.
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(@) The structures of compounds 11, 23, and 24, and (b) the emission maxima of the
compounds and their zinc(I1) complexes, and the zinc(I1)-effected emission shifts.
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Fig. 10.
Selected fluorescent ligands containing bipy or its analogs: 25 [87], 26 [88], 27 [89], 28

[90], 29 [80], 30 [91], 31 [92], 32 [93], and 33 [94].

J Photochem Photobiol A Chem. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhu et al.

M (Kq1)

(Mo o) (A1, ¢4)

Fig. 11.

Page 30

M (Kq2)

M

(A2, ¢2)

An illustration of a sequential metal coordination process of a fluorescent heteroditopic
ligand. Rectangle: high-affinity binding site; circle: low-affinity binding site. Kg:

dissociation constant (Kg1 < Kgo).
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Fig. 12.

(a) The sequential binding of zinc(I1) of compound 34. ¢1/¢p = 18, AL =60 nm in
acetonitrile; (b) the dinuclear zinc(Il) complex of compound 35. ¢1/¢g = 5.4, AL =28 nm in
an aqueous solution at neutral pH.
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Fig. 13.

[Zn(36)Cl,]

Sequential zinc(I1) binding of compound 36, and corresponding fluorescence change. ¢q/¢g

=7.5; AL =100 nm in acetonitrile.
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(b)

Fig. 14.
(a) Fluorescence changes of compound 37 upon sequential binding of zinc(l1) in acetonitrile;

(b) the change of color of a solution of 37 as the concentration of zinc(Il) perchlorate
increases from left to right; (c) corresponding changes in the color of emission.
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BIPY STATE COUM STATE

The zinc(l1)-dependent dual-emitting iminocoumarin 38. X = monodentate anion.

Fig. 15.
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Fig. 16.
X-ray single crystal structures of compound 39 and complex [Zn,(40),]**. Carbon and

hydrogen: black; oxygen: red; nitrogen: blue; zinc: brown. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 17.
(a) The design of an intramolecularly FRETting zinc(l1) indicator. The zinc(l1)-bound AVB

is the FRET donor. (b) Jablonski diagram to show how FRET (from D to A) protects a
donor fluorophore from photobleaching. (c) Green FRET dye 41 [125]; and (d) red dye 42
[126]. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 18.
The overlay of differential interference contrast (DIC) and fluorescence images of HeLa

cells that contain (a) compound 41 with no supplemental ZnCly, (b) 41 in the presence of 50
UM of ZnCls, (c) compound 42 with no supplemental ZnCls,, and (d) 42 in the presence of
50 uM of ZnCls,. The excitation source is a 405-nm diode laser. Emission window: 500-530
nm for panels (a) and (b); 580-680 nm for panels (c) and (d). Scale bar: 10 um. Panels (a)
and (b) are reproduced from Ref. [125] with permission from John Wiley and Sons; panels
(c) and (d) are reproduced from Ref. [126] with permission from The Royal Society of
Chemistry.
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Fig. 19.
Localization of compound 41 (green) compared to that of a lysosome-associated membrane

protein fused to the fluorescent protein FusionRed (red). Green: 495-550 nm; red: 570-620
nm. Reproduced from Ref. [125] with permission from John Wiley and Sons. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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