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Abstract

Copper(l)-responsive fluorescent probes based on photoinduced electron transfer (PET) switching
consistently display incomplete recovery of emission upon Cu(l) binding compared to the
corresponding isolated fluorophores, raising the question of whether Cu(l) might engage in
adverse quenching pathways. To address this question, we performed detailed photophysical
studies on a series of Cu(l)-responsive fluorescent probes that are based on a 16-membered
thiazacrown receptor ([16]aneNS3) tethered to 1,3,5-triarylpyrazoline-fluorophores. The
fluorescence enhancement upon Cu(l) binding, which is mainly governed by changes in the
photoinduced electron transfer (PET) driving force between the ligand and fluorophore, was
systematically optimized by increasing the electron withdrawing character of the 1-aryl-ring,
yielding a maximum 29-fold fluorescence enhancement upon saturation with Cu(l) in methanol
and a greater than 500-fold enhancement upon protonation with trifluoroacetic acid. Time-
resolved fluorescence decay data for the Cu(l)-saturated probe indicated the presence of three
distinct emissive species in methanol. Contrary to the notion that Cu(l) might engage in reductive
electron transfer quenching, femtosecond time-resolved pump-probe experiments provided no
evidence for formation of a transient Cu(l1) species upon photoexcitation. Variable temperature 1H
NMR experiments revealed a dynamic equilibrium between the tetradentate NS3-coordinated
Cu(l) complex and a ternary complex involving coordination of a solvent molecule, an observation
that was further supported by quantum chemical calculations. The combined photophysical,
electrochemical, and solution chemistry experiments demonstrate that electron transfer from Cu(l)
does not compete with radiative deactivation of the excited fluorophore, and hence, that the Cu(l)-
induced fluorescence switching is kinetically controlled.
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Introduction

The development of synthetic fluorescent probes for the detection of transition metal cations
represents a very active and steadily growing research field.1 An important class of cation-
responsive probes is based on a photoinduced electron transfer (PET) switching mechanism,
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which translates the metal-binding event into a fluorescence emission increase.2 While
numerous PET probes have been reported for the detection of closed-shell metal cations,
including Zn(11),3 Cd(11),% and Hg(11),>6 the detection of redox-active transition metals such
as Cu(1/11)8-8 and Fe(11/111)? has received less attention. The fluorescence-based detection of
these cations is particularly challenging due to interfering metal-mediated quenching
pathways, for example through enhanced spin-orbit coupling or competing energy and
electron transfer processes. While these undesired quenching pathways can be reduced or in
some cases even eliminated through the use of electronically decoupled metal receptor
moieties, 19 reports on Cu(l)-responsive PET probes consistently showed incomplete
recoveries of the fluorescence quantum yields compared to the corresponding isolated
fluorophores, thus raising the question of whether Cu(l) might be directly involved in
adverse quenching pathways. Here we report on detailed photophysical studies that were
aimed at clarifying the role of Cu(l) in mediating fluorescence quenching in PET probes.

The molecular architecture of PET probes is based on a donor-spacer-acceptor (D-A)
framework that combines a cation receptor with a suitable fluorophore. In the absence of the
analyte, the fluorescence emission is strongly quenched due to a fast intramolecular
photoinduced electron transfer reaction from the electron-rich cation receptor (D) to the
excited fluorophore (A*) acting as the electron acceptor (Scheme 1, left). The formed radical
ion pair (D*-A") undergoes non-radiative charge recombination back to the initial ground
state. Binding of the metal cation to the receptor moiety results in a less favorable donor
potential, which slows down the kinetics for PET quenching and thus increases the emission
quantum yield. Because redox-active cations such as Cu(l) may also act as electron donors,
two additional non-radiative deactivation pathways A and B must be considered (Scheme 1,
right). In pathway A, an analogous radical ion pair (D*-A") is formed first, albeit with a
slower rate due to an increase in donor potential in the presence of Cu(l), followed by an
electron transfer from Cu(l) to the radical cation (D**). Back-electron transfer to the
intermediately formed Cu(ll) species then regenerates the initial ground state. Because
electron donation from Cu(l) is preceded by formation of the radical ion pair, only the rate
constant ke of the first ET reaction will affect the emission response. Hence, Cu(l) would
appear to act as a Lewis acid, and in principle, it should be possible to fully recover the
fluorescence emission of the unquenched fluorophore. In contrast, pathway B directly
competes with radiative deactivation to form the same Cu(ll)-intermediate (Scheme 1,
right). Depending on the rate constant ke, this pathway might severely compromise the
fluorescence recovery, even if ket is much slower than k; in the presence of Cu(l).

While any Cu(l)-responsive PET probe with D—A architecture would be suitable to explore
the importance of these pathways, we decided to take advantage of the synthetic
accessibility and photophysical tunability of 1,3,5-triarylpyrazoline-based probes (Chart
1a).11-13 |n these fluorophores, two of the key PET parameters, the excited state equilibrium
energy AEqq and the acceptor potential E(A/A™), can be rationally tuned to adjust the change
in free energy of the PET reaction (AGy) for a given donor potential E(D*/D) as expressed
by the Rehm-Weller equation (1).14

AGe=E (D"/D) - E (AJA™) — AEgo+w, 1)
The term wj, refers to the Coulombic stabilization energy of the radical ion pair formed upon

PET. In polar solvents, this value is typically small due to dielectric screening.

The fluorophore n-system in 1,3,5-triarylpyrazolines is comprised of the central pyrazoline
core and the two aryl rings in the 1- and 3-positions, which are coupled through the sp2-
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hybridized nitrogen and carbon atoms of the heterocycle. Electron withdrawing substituents
RZ on the aryl ring in the 1-position of the pyrazoline system yield a large increase of AEqq
but only a small change of E(A/A™). Conversely, substituents R1 on the 3-aryl ring influence
E(A/A™) more strongly than AEgg. This property can be exploited to gradually adjust the
PET driving force for any given receptor unit and thus to optimize fluorescence
enhancement upon analyte binding.12 The aryl ring in the 5-position is electronically
decoupled from the fluorophore n-system, thus offering an opportunity to attach a metal-
receptor R3 for PET switching.” To bind Cu(l) with high affinity and sufficient redox
stability,1° we chose a 16-membered trithiazacyclohexadecane ([16]aneNS3) macrocycle as
the receptor moiety (Chart 1b). Furthermore, previous studies showed that the donor
potential of N,N-dialkylanilines is well matched with the acceptor potential of pyrazolines
carrying a p-cyano substituent on the 3-aryl ring.12 Based on these considerations, we
synthesized a series of pyrazoline derivatives 1a-e with varying PET driving forces and
evaluated their photophysical properties. To gauge the degree of fluorescence recovery upon
saturation with Cu(l), we also characterized each derivative in acidic solution. Because the
protonated anilinium cation is electrochemically inactive, acidic conditions should lead to a
full recovery of the fluorescence emission.12 Finally, to elucidate the role of the proposed
excited state pathways, we performed detailed time-resolved fluorescence and transient
absorption experiments.

Experimental Section

Synthesis

Procedures for the synthesis of derivatives 1la-e and all intermediates are provided in the
Supporting Information.

Steady-State Absorption and Fluorescence Spectroscopy

All sample solutions were filtered through 0.2 um Teflon membrane filters to remove
interfering dust particles or fibers. UV-vis absorption spectra were recorded at 25 °C using a
Varian Cary Bio50 UV-vis spectrometer with constant-temperature accessory. Steady-state
emission and excitation spectra were recorded with a PTI fluorimeter. For all measurements
the path length was 1 cm with a cell volume of 3.0 mL. The fluorescence spectra have been
corrected for the spectral response of the detection system (emission correction file provided
by instrument manufacturer) and for the spectral irradiance of the excitation channel (via a
calibrated photodiode). Fluorescence titrations with Cu(l) were carried out at a fluorophore
concentration of 2.3 uM in MeOH by adding 0.1 molar equivalents from a 1 mM stock
solution of [Cu(I)(CH3CN)4]PFg in MeOH containing 10% CH3CN (v/v). Because the pK,
of trifluoroacetic acid (TFA) is approximately 5 pKj units higher in methanol compared to
aqueous solution, 16 a large excess of TFA (180 mM) was required to ensure quantitative
protonation of the aniline nitrogen as determined by saturation experiments. Quantum yields
were determined using quinine sulfate dihydrate in 1.0 N H,SOy as the fluorescence
standard (@ = 0.54 % 0.05).17

Picosecond Fluorescence Spectroscopy

Time-resolved fluorescence decay data were acquired at an emission wavelength of 480 nm
with a sample concentration of 0.8 uM using a single photon counting spectrometer
(Edinburgh Instruments, LifeSpec Series) equipped with a pulsed laser diode as the
excitation source (372 nm, FWHM = 80 ps, 10 MHz repetition rate, 1024 channel
resolution). Sample solutions of the fluorophore saturated with excess Cu(l) were prepared
based on steady-state fluorescence titrations as described above. For measurements under
acidic conditions, trifluoroacetic acid was directly added to the sample solution in MeOH
(final concentration 180 mM). The time decay data were analyzed by non-linear least
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squares fitting with deconvolution of the instrumental response function using the FluoFit
software package.18

Femtosecond Transient Absorption Spectroscopy

Spectra were acquired using a commercial transient absorption spectroscopy system
(Newport, Helios). This system accepts two input laser beams, one of variable wavelength
used as the pump beam and one of a fixed wavelength (800 nm) used to generate the probe
beam in a proprietary nonlinear optical crystal. For the experimental pump beam, the light
source was an ultrafast optical parametric amplifier (Newport, TOPAS) running at a
repetition rate of 1 kHz, pumped by a Ti:Sapphire regenerative amplifier (Newport,
Spitfire). All experiments were performed using the TOPAS output at 350 nm with a pulse
width of approximately 120 fs. Approximately 5% of the Spitfire fundamental at 800 nm
was used for white light generation (420 — 800 nm) in the Helios crystal to provide the
experimental probe beam. At these specifications, the instrument response function is
approximately 200 fs. The time window that can be studied is 3200 picoseconds; the
transient spectra were acquired starting at a delay of —1 ps and continued to a delay of 3000
ps. At each time point, data were averaged for 1.5 seconds. The Helios pump beam was
chopped at 500 Hz to obtain pumped (signal) and non-pumped (reference) absorption
spectra of the sample. A correction factor for chirp in the probe beam was generated using
the ultrafast response of CS,, and was applied to all data sets. The data were stored as 3-D
Wavelength-Time-Absorbance matrices that were exported for use with the fitting software.
The solutions studied had an OD35q in 2 mm path-length cuvettes of 0.07-0.45, and were
stirred continually throughout the data acquisition.

Cyclic Voltammetry

The cyclic voltammograms were acquired in methanol or acetonitrile containing 0.1 M
Bu4NPFg as the electrolyte using a CH-Instruments potentiostat (Model 600A). The samples
were measured under inert gas at concentrations ranging from 50 uM to 3 mM in a single
compartment cell with a glassy carbon working electrode and a Pt counter electrode. An
aqueous Ag/AgCI reference electrode (3 M KCI) was used in methanol, and a non-aqueous
Ag/AgNO3 (10 mM in 0.1 M BuyNPFg/CH3CN) reference electrode in acetonitrile. The
half-wave potentials were referenced to ferrocene as the internal or external standard as
recommended by ITUPAC.1® Measurements were typically performed with a scan rate of 100
mVs~1 or as indicated in the text.

Computational Methods

All calculations were carried out with the Q-Chem electronic structure calculation suite of
programs.2% Ground state geometries were energy minimized by DFT with the B3LYP
hybrid functional?! and Pople’s 6-31G(d) split valence basis set with added polarization
functions. The starting geometry for the Cu(l)-complex of ligand 3 (N-phenyl-1,5,9-
trithia-13-azacyclohexadecane) was constructed from the crystal structure coordinates of
[1,5-dithia-9,13-diazacyclohexadecane-copper(l)]tetrafluoroborate (Cambridge
crystallographic database, code VEMWAL).22 To ensure a stationary point on the ground
state potential surface, all geometry optimized structures were verified by a vibrational
frequency analysis. For the calculation of gas phase reaction enthalpies, single point
energies were calculated at the B3LYP/6-31+G(d,p) level of theory and corrected with the
respective scaled harmonic zero-point vibrational energies (ZPVE) obtained from the
frequency analysis at the B3LYP/6-31G(d) level (scaling factor 0.9806).23 Molecular
orbitals were visualized with the software VMD?24 using the Q-Chem plot output data.
Details of the computational results including the coordinates of the geometry-optimized
structures are provided in the Supporting Information.
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Results and Discussion

Contrast Optimization

Following the previously delineated strategy,11:12 we optimized the contrast ratio upon
Cu(l)-binding by progressively increasing the electron withdrawing ability of the 1-aryl ring
through fluoro-substitution. All pertinent photophysical data including estimations of the
PET driving force for each derivative are provided in Table 1. With increasing number of
fluoro substituents, the absorption and emission spectra shift to higher energies while
maintaining a uniform band shape across all derivatives (Figure 1). The resulting increase of
the corresponding zero-zero transition energies AEqq, estimated as the average between the
absorption and emission maxima, directly parallels the increase in the PET driving force (-
AGqg), which in turn is responsible for the progressively decreasing quantum yields in
neutral MeOH (Table 1). For derivative 1e the emission intensities and the associated signal/
noise ratios were too low for accurate quantum yield determinations. Upon addition of
excess [Cu(l)(CH3CN)4]PFg, all derivatives exhibited substantial fluorescence emission
increases. Following the trend of the previous model study,!? the emission enhancement
factors f,, defined as the ratio of the quantum yields in the presence and absence of Cu(l),
first increased before decreasing with increasing PET driving force, reaching a maximum of
29-fold enhancement for the difluoro-substituted derivative 1b. In contrast, protonation of
the aniline nitrogen under acidic conditions resulted in substantially greater enhancement
factors across all derivatives (Table 1), raising the question of whether Cu(l) might be
involved in mediating fluorescence quenching. To address this issue, we systematically
investigated both the solution chemistry as well as the excited state dynamics of this system.

Solution Equilibrium with [Cu(I)(CH3CN)4]PFg

The presence of multiple coordination equilibria could complicate the fluorescence response
of the probes upon addition of Cu(l). Of particular concern was the possibility of Cu(l)-
mediated formation of dimers or higher oligomers, which might undergo self-quenching and
thus lower the quantum yield and contrast ratio compared with the acidic solution. To
investigate the ligand-Cu(l) binding stoichiometry in methanol, we first performed a molar-
ratio titration with fluorophore 1a and [Cu(1)(CH3CN)]4PFg. As illustrated in Figure 2, the
fluorescence emission of 1a increased linearly and was saturated at 1 molar equivalent.
Excess Cu(l) did not lead to further changes of the emission intensity. In agreement with this
observation, a lH NMR titration of the isolated ligand N-phenyl-1,5,9-trithia-13-
azacyclohexadecane 3 with [Cu(1)(CH3CN)4]PFg also indicated saturation at 1 molar
equivalent of Cu(l) (Figure S1, Supporting Information). At substoichiometric
concentrations of Cu(l), only single resonances for each set of equivalent protons were
observed, indicating rapid metal exchange kinetics exceeding the fast exchange limit on the
NMR time scale. The solution chemistry studies thus confirmed the presence of a defined
1:1 ligand-Cu(l) equilibrium and provided no evidence for formation of aggregates or
oligomeric coordination species that might compromise the quantum yield and lower the
fluorescence enhancement factors compared to the acidic solution.

Copper Redox Chemistry

To study the electrochemical properties of the Cu(l1/1) couple coordinated to the
thiazacrown receptor without interference from the pyrazoline fluorophore, we utilized the
truncated ligand 3 as a model compound. The formal potential of the Cu(ll/1) couple
coordinated to the ligand can be readily measured by cyclic voltammetry of the Cu(ll)-
complex.?® To determine the amount of Cu(I1) needed to saturate ligand 3, we first
performed a mol-ratio titration with Cu(OTf), in methanol. Only at a large excess of Cu(ll)
were we able to discern changes in the UV-vis absorption spectrum, indicating a very low
affinity of 3 towards Cu(ll). In the presence of 10 mM Cu(OTf),, we observed formation of
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a new band with a maximum at 478 nm (Figure S3a, Supporting Information). Unlike the
broad shape expected for a charge-transfer band, the absorption trace showed distinct
vibronic structure that resembled the spectrum of the N,N,N’,N’-tetramethylbenzidine
radical cation,2® apparently indicating oxidative dimerization of the ligand. Treatment of the
isolated dimer (6, see Supporting Information) with Cu(OTf), yielded the same spectral
signature at 478 nm, thus independently confirming the formation of the dimer radical cation
(Figure S3b, Supporting Information). In contrast, no changes in the UV-vis spectrum were
observed for compound 1a under the same conditions (data not shown), indicating that the
pyrazoline substituent in the para position of the aniline ligand inhibited dimerization. While
Cu(Il)-mediated oxidative coupling of N,N-dialkylanilines has been reported in the
literature,27+28 the reaction required acetonitrile, a solvent that greatly favors the Cu(l)
state.29 A formal potential of 0.40 V vs. SHE has been reported for the Cu(I1/1) couple
solvated in methanol.2? To compare this value with the donor potential of ligand 3 measured
against Fc*/0 as the reference, the following conversion can be applied. According to the
manufacturer, the potential of the aqueous Ag/AgCl (3 M KCI) reference electrode used in
our measurements is 0.21 V vs. SHE. Given the half-wave potential of 0.38 V of the Fc*/0
couple under the experimental conditions, we calculated a corrected potential of —0.19 V vs.
Fc*/O for the solvated Cu(l1/1) couple in methanol. While there remains some uncertainty in
the above conversion due to the exclusion of junction potentials, the solvated Cu(l1/1) couple
is clearly a much weaker oxidant by approximately 0.58 V compared to the radical cation of
ligand 3 (E(D*/D) = 0.39 vs Fc*/0). Because formation of the latter species is a prerequisite
for the observed oxidative coupling reaction, we can conclude that the Cu(ll) complex of 3
must act as an oxidant. This in turn implies that the reduction potential of this complex is
similar or greater than the estimated donor potential of 0.39 V (vs. Fc*/) of the free ligand
3. Concluding from the electrochemical properties of the Cu(l1/1) couple coordinated to the
thiazacrown receptor, a competing PET quenching pathway mediated by Cu(l) is
thermodynamically feasible.

Fluorescence Decay Kinetics

To gain information about the excited state dynamics and possibly the role of Cu(l) in
fluorescence deactivation, we performed time-resolved fluorescence decay measurements
with derivative 1a as a representative compound. The compound was excited at 372 nm with
a short laser pulse (80 ps FWHM), and the emission decay signal was collected by single
photon counting at 480 nm. As illustrated with Figure 3, in neutral methanol the
fluorescence emission decayed rapidly involving complex kinetics. The data fit best with a
triexponential decay involving two short components with 34 ps and 232 ps lifetimes, and a
component with 3.53 ns lifetime (Table 2). Repeated HPLC purification of 1a resulted in a
decrease of the long-lifetime component, indicating the presence of a difficult to remove
impurity (<0.1%). Despite the small fractional contribution of the long-lifetime component,
the tri-exponential fit yielded greatly improved residuals compared to a bi-exponential decay
model (y* = 2.56).

Upon addition of trifluoroacetic acid (TFA), mono-exponential decay kinetics with a
lifetime of 3.76 ns were observed. For comparison, we also measured the decay kinetics of
compound 2, which contains the same pyrazoline fluorophore but lacks the thiazacrown
moiety. In neutral methanol, 2 displayed mono-exponential decay kinetics with a lifetime of
3.76 ns. Consistent with effective inhibition of the PET quenching process, under acidic
conditions compound 1a yielded indistinguishable decay kinetics compared with 2 in neutral
methanol.

Saturation of 1a with Cu(l) in methanol resulted in surprisingly complex decay kinetics.
Non-linear least squares fitting revealed three distinct decay components with similar
fractional amplitudes but distinctly different lifetimes of 84 ps, 0.77 ns, and 3.23 ns (Table
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2), suggesting the presence of three distinct emissive species emitting with different decay
kinetics. It is noteworthy that the long-lifetime component decays with kinetics comparable
to the acidic conditions. The species responsible for this component must therefore invoke
similar reduction in the PET quenching kinetics compared to the protonated form. In
agreement with weak Cu(ll)-binding, addition of 10 uM Cu(I1)(OTf), to a solution of 1a in
methanol had no effect on the fluorescence decay kinetics.

Steady-state Fluorescence Emission Profiles

To investigate whether divergent non-equilibrating excited state pathways might be
responsible for the complex decay kinetics, we acquired the fluorescence emission spectrum
of 1a saturated with Cu(l) and also under acidic conditions over a broad excitation energy
range of 22000-33000 cm™1 (Figure 4). Contour plots of the emission spectra revealed
symmetrical profiles with a single emission maximum centered at 487 nm (20,530 cm™1) for
both conditions. Given the nearly indistinguishable 2D profiles of the protonated vs. Cu(l)-
saturated probe, we can conclude that the nature of the emissive state is very similar for both
conditions. Excited state processes involving multiple non-equilibrated deactivation
pathways can therefore be ruled out in explaining the observed triexponential decay kinetics
in the presence of Cu(l).

Transient Absorption Spectroscopy

While picosecond fluorescence decay measurements can provide insights into the excited
state dynamics, the method is not suitable to identify the transient reaction products. To gain
further information regarding the excited state intermediates formed in the presence of Cu(l)
compared to neutral or acidic conditions, we performed a series of ultrafast pump-probe
experiments with derivative 1a. Of particular interest was the detection of the charge
separated radical ion pair formed through the PET reaction. Transient absorption spectra
were recorded at different delay times after photoexcitation at 350 nm with a femtosecond
laser pulse (120 fs FWHM). To visualize the evolution of the difference spectra over the
entire time course, we constructed a set of color-coded contour plots (Figure 5). Non-linear
least squares fitting of the time-dependent absorption traces over the entire spectral range
yielded deconvoluted spectra for each transient species (Figure 6). All pertinent numerical
data including fitting results are compiled in Table 3.

In methanol alone, two distinct regions at 480 and 630 nm (dashed circles) appeared in the
difference spectra after a delay time of approximately 30 ps. The corresponding changes
were less pronounced in the presence of Cu(l) and entirely absent under acidic conditions.
Given the absorption maximum of 470 nm of the structurally related N,N-dimethylaniline
radical cation,28:30 the 480 nm band can be assigned to the thiazacrown substituted 5-aryl
radical cation formed during the course of the PET process. The transient absorption
progression at 480 nm highlights the differences in evolution of the radical cation in neutral
methanol compared to the other two conditions (Figure 5, bottom). The difference spectra fit
well with a model composed of a series of four distinct species linked by three consecutive
first order rate constants:

ki ko k3
FC — 'LE — 'ET — GS (2)

The initially formed Franck-Condon (FC) state decayed with a time constant of 0.6 psto a
local excited state ({LE), which was converted to the electron transfer state (:ET) with a
time constant of 24 ps. The characteristic 480 and 630 nm bands of the 1ET state rapidly
decayed with a 77 ps time constant back to the initial ground state (GS).

J Am Chem Soc. Author manuscript; available in PMC 2011 October 24.
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Consistent with efficient inhibition of PET, the transient absorption traces of 1a in acidic
methanol did not exhibit bands at 480 and 630 nm characteristic of the L1ET state (Figure 5b).
The absorption traces were fit again with a model that included five species and four
consecutive first order rate constants:

ko N P ks
FC — 'LE - CT" — 'CT — GS )

The deconvoluted difference spectra of the first two intermediates strongly resemble the
spectra of the Franck-Condon and local excited states under neutral conditions, which
indicates formation of qualitatively similar species (Figure 6a and 6b). Vibrational cooling
from FC to 1LE again occurred with a fast time constant of 1.1 ps. Interestingly, 1LE did not
immediately decay to the ground state Sp, but was rapidly converted to two additional
intermediate species with qualitatively similar difference absorption spectra (Figure 6b).
Using a simplified model composed of a single intermediate species, an average time
constant of 90 ps was obtained; however, the fit significantly improved with the expanded
model to give two closely spaced time constants of 71 and 110 ps. The latter agreed well
with the slightly delayed fluorescence emission already observed in the picosecond lifetime
measurements. Given the similarity between the deconvoluted difference spectra, the two
intermediate species must have a closely related electronic structure. To explore the
potential role of TFA in the delayed fluorescence emission, we also conducted pump probe
experiments in neutral methanol with pyrazoline 2 which lacks the thiazacrown receptor.
The deconvoluted transient absorption traces agreed well qualitatively with the
deconvoluted spectra of 1a under acidic conditions (Figure 6c¢); however, the data better
matched the simpler four species model lacking the second intermediate. While the pump
probe experiments indicate that strong acidic conditions impose some effect on the excited
state dynamics, there is no substantive evidence for the formation of a structurally different
intermediate. Earlier reports on the excited state dynamics of pyrazolines concluded that the
emissive state is not identical with the initial photoexcited singlet state.3! Gas phase
quantum chemical calculations on a broad range of pyrazoline fluorophores uniformly
identified a strongly allowed lowest excited state S; with m—m* character,13 making the
involvement of higher lying excited states along with slow internal conversion processes
quite unlikely. Consistent with the broad unstructured emission of 1a reminiscent of a
polarized charge-transfer state 1CT, vertical excitation into Sy is presumably followed by
substantial structural reorganization combined with solvent relaxation, both of which may
contribute to the delayed radiative deactivation.32 The polarized nature of the emissive states
is also in agreement with previous solvatochromic studies employing the Lippert-Mataga
formalism, which revealed a substantially increased excited state dipole moment compared
to the ground state with Apge ranging between 8-13 D for a broad range of substituted 1,3,5-
triarylpyrazolines.13:3% The charge transfer state (\CT ) decayed with a time constant of 3.7
ns, a value that is consistent with the fluorescence lifetime measurements.

At first glance, transient difference spectra in the presence of Cu(l) revealed a similar picture
compared to that in methanol alone; however, the bands at 480 and 630 nm characteristic of
the 1ET state appeared with substantially reduced intensity (Figure 5¢). As illustrated with
the transient absorption trace at 480 nm, the 1ET state seems to evolve with similarly rapid
kinetics compared to the probe in methanol alone, an observation that contradicts the strong
fluorescence enhancement upon Cu(l) coordination. Given the triexponential decay kinetics
of the fluorescence emission, it was not surprising that the transient absorption data did not
fit to a model solely based on consecutive first order reactions. To account for the
multiexponential decay, we assumed a model that involves three coordination species A, B,
and C with distinct PET dynamics:
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ki ka k3a
FC, — 'LEy — 'ET5 — GS,
k ko k3
FC, — 'LEg — 'ETp — GS,
k ke k
FC. — 'LEc = 'CTc — GS. 4)

If equilibration of the three species is slow with regard to the nanosecond time scale of the
experiment, each deactivation pathway can be modeled with an independent set of
differential equations (see Supporting Information). Species A and B undergo PET
quenching with rates ko, and kyp, corresponding to the two fast decay components of the
fluorescence emission. Both species are assumed to form the vibrationally relaxed excited
state 1LE from the Franck Condon state FC with the same rate constant kj. Furthermore, the
two charge recombination rate constants ks, and ksp, are also assumed to be identical.
Species C corresponds to the slow component that involves formation of the radiative charge
transfer state 1CT. The vibrational cooling rate constant k; is again assumed to be identical
with the other two species. The rate constant ky. was obtained from the delayed fluorescence
emission rate, and k4 from the slow component of the fluorescence decay. Because neither
the thiazacrown nor its Cu(l) complex absorb within the wavelength range of the acquired
transients, we can assume that the extinction coefficients for the corresponding
intermediates for each species remain identical. Furthermore, the triexponential decay
profile implies that the three species equilibrate substantially slower than the time scale of
radiative deactivation. Therefore, the concentration of the three species at time zero
corresponds to the fractional amplitudes obtained from the fluorescence lifetime analysis
(Table 2). Because the rate constants Ko, Kop, Koc, and kg are given by the corresponding
inverse lifetimes of the individual components, only k1, k3, and the four molar extinction
coefficients were used as variables for non-linear least squares fitting. Despite the
considerable constraints imposed by the fixed rate constants, the model fit very well with the
data as illustrated with the single time trace at 480 nm (Figure 5c¢). The inverse rate constant
for conversion of FC to LE was found to be 0.7 ps and compared well with the data in
neutral and acidic methanol. Similarly, the charge recombination time constant of 56 ps
agreed well with the previous fits. The deconvoluted transient absorption traces at 480 nm
for each of the three species are shown as dotted lines in Figure 5c. In agreement with the
fluorescence lifetime data, the pump probe experiments indicate the presence of three
species with distinct PET quenching kinetics. Most importantly, in the presence of Cu(l) we
found no evidence for the formation of an additional transient reaction product that was not
also formed in methanol alone and under acidic conditions. Consistent with the steady-state
fluorescence emission profiles, the nature of all involved transient species remains
qualitatively unchanged; only the kinetics of their interconversion differs as a function of
Cu(l) or proton concentration.

Variable Temperature 1H NMR Spectra

Although the fluorescence molar-ratio titrations firmly established a 1:1 stoichiometry for
the interaction of Cu(l) with 1a or ligand 3, the fluorescence lifetime and pump probe data
unequivocally support the presence of three distinct species. Furthermore, given the uniform
nature of the observed transient reaction products, we concluded that these three species
must somehow differ with regard to their coordination mode only, for example through
binding of a counter ion or solvent molecule in the first coordination sphere. To find
supporting evidence for this hypothesis, we conducted variable temperature 1H NMR
experiments. The initial molar-ratio titration of 3 with Cu(l) at room temperature indicated a
fast exchange equilibrium with regard to the NMR time scale. If there are multiple equilibria
present involving several distinct coordination species, changes in temperature should give
rise to non-uniform chemical shift changes. Figure 7 shows representative traces of the
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aromatic and aliphatic region of ligand 3 in the presence of 1 molar equivalent Cu(l)
(CH3CN)4PFg in CD30D at three temperatures. Compared to the uncoordinated ligand,
which is shown at the bottom, all resonances are shifted downfield. When decreasing the
temperature from 20°C to —20°C, the aromatic resonances of the H&/H?’, HP/HP’, and HC
protons gradually drift back towards the respective positions of the free ligand (Figure 7a,
left). While the chemical shift itself, even in the absence of a dynamic equilibrium, is
sensitive to temperature variations, the observed changes are larger than expected. This is in
fact directly confirmed by the insignificant shift of the thioether methylene resonances in the
aliphatic region (Figure 7a, right). A plot of the chemical shift changes as a function of
temperature best illustrates the dramatically different behavior of the two sets of proton
resonances (Figure 7b). While the binding affinity of chelate complexes is expected to
decrease with decreasing temperature, we would anticipate a gradual shift of all resonances
upon decomplexation. The temperature insensitivity of the chemical shift for the thioether
methylene protons therefore suggests that Cu(l) remains coordinated. At the same time,
weakening of the nitrogen-Cu(l) interaction at lower temperatures is expected to enhance the
n-donation ability of the aniline nitrogen due to an increasingly flattened geometry with
enhanced sp? character. As a consequence, the proton resonances are expected to undergo an
upfield shift, as was indeed observed. Even at the lowest accessible temperature in CD30D,
the equilibrium system did not approach the slow exchange regime or coalescence point,
which indicates a fast dynamic exchange between these species. It is important to note that
the time scale of NMR is vastly different compared to fluorescence spectroscopy; therefore,
the fast exchange dynamics does not contradict the triexponential decay profile observed in
the lifetime measurements. The observed temperature dependence of the chemical shift
changes is consistent with an equilibrium that involves at least two types of Cu(l)
coordination species. Besides the expected 4-coordinate complex with the thiazamacrocycle,
an additional species containing an auxiliary ligand, either a solvent molecule or possibly
the counter ion, must be present. As the temperature is lowered, the equilibrium is shifted in
favor of the latter species due to the decreasing contribution of the entropy term. This in turn
implies that the mixed coordination species is enthalpically more favorable compared to the
tetradentate macrocyclic complex.

Quantum chemical calculations

Due to the rapid exchange dynamics, the variable temperature NMR experiments prevented
us from identifying the individual components of the equilibrium system. To gain further
insights into the nature of possible coordination species containing an auxiliary ligand, we
therefore performed a series of quantum chemical calculations. To assess the stability of the
Cu(l)-complex with ligand 3 coordinated to an additional solvent ligand, we used density
functional theory to calculate the gas phase enthalpy AH,,x of the following equilibrium (5):

[3=Cu()]"+solv = [3—Cu(l) (solv)]" A Hyu (5)

Table 4 shows all pertinent data obtained from these calculations. The lowest energy
structure of complex [3-Cu(1)]* assumes an all-trans t,t,t configuration,2234 in which all of
the 6-membered chelate rings adopt a chair conformation (Figure 8, left; see also Supporting
Information for more detailed structural data). Replacement of the aniline nitrogen donor
with methanol yielded the ternary complex t,t-[3-Cu(l)(MeOH)]*, which revealed a
hydrogen bonding interaction between the OH group of methanol and the aniline nitrogen
(Figure 8, middle; Supporting Information). The gas phase enthalpy for formation of t,t-[3-
Cu(l)(MeOH)]* as defined by equilibrium (5) is exothermic with AHyeon = —12 kcal/mol
(Table 4), a result that is consistent with the proposed coordination of methanol at low
temperature in the NMR study. If the configuration of the complex is switched from
trans,trans to trans,cis the aniline nitrogen is pushed further away from the copper center and
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is no longer accessible for H-bonding (Figure 8, right). The geometry optimized structure of
this complex c,t-[3-Cu(l)(MeOH)]* was found to be slightly higher in energy than the H-
bonded structure; however, the gas phase association enthalpy remained exothermic with
AHpmeon = —10 kcal/mol.

Coordination of methanol to [3-Cu(1)]* imposes significant structural changes that directly
affect the PET thermodynamics. Judging from the sum of the bond angles at the aniline
nitrogen (X, Table 4), solvent coordination results in flattening of the macrocycle geometry
at this position. In the parent complex [3-Cu(I)]*, the aniline nitrogen is sp3 hybridized and
adopts a near ideal trigonal pyramidal geometry with £ = 331°. While in the H-bonded
complex t,t-[3-Cu(l)(MeOH)]* the aniline nitrogen is still somewhat pyramidalized, the
increased X of 337° implies some flattening and therefore increased p-character of the
nitrogen lone pair. In the cis,trans isomer c,t-[3-Cu(1)(MeOH)]™* the aniline nitrogen is
engaged in neither metal coordination nor H-bonding, and assumes a near trigonal planar
geometry with £ = 351°. With the change from a trigonal pyramidal to a trigonal planar
geometry, the aniline nitrogen is transformed from a strong c-acceptor into a n-donor.
Previous quantum chemical calculations showed that the aniline molecular orbital with B,
symmetry serves as the electron donor in the PET process.13 As illustrated in Figure 8, the
energy of this orbital is strongly affected by the structural changes imposed on the aniline
nitrogen. As the aniline nitrogen approaches a more flattened geometry, its n-donor strength
increases, which in turn results in an increased MO energy and therefore a more favorable
electron transfer thermodynamics. At the same time, the energy of the highest occupied
metal-centered d-orbital remains largely unchanged, a result that strongly contrasts the
widely different deactivation rates extracted from the fluorescence lifetime data of 1a in the
presence of Cu(l) (Table 2). The experimental data are therefore best reconciled with a
model that entails three distinct coordination species with varying ability to promote PET
from the aniline By MO as the electron donor. To further support this hypothesis, we
repeated the above time resolved fluorescence decay measurements in dichloromethane, a
non-coordinating solvent in which no solvent-associated species should form. The decay
profile of 1a saturated with Cu(l) indeed fit best a monoexponential rate law with a long
lifetime of T = 4.03 ns (Figure S4d, Supporting Information), thus confirming the absence of
a Cu(l)-promoted quenching channel.

In summary, Figure 9 illustrates the relevant excited state processes and the associated
dynamics found for the various solution conditions. In neutral methanol, the initially formed
Franck-Condon state (FC) undergoes vibrational cooling to a local excited singlet state 1LE,
which is rapidly converted to the electron transfer state 1ET followed by charge
recombination back to the initial ground state GS (Figure 9, center). Under strongly acidic
conditions, the aniline nitrogen is protonated which effectively inhibits the PET process
(Figure 9, left). The initially formed local excited state 1LE is now converted to a more
polarized (pyrazoline centered) charge-transfer state, which undergoes radiative deactivation
back to the ground state. Finally, saturation of 1a with Cu(l) in neutral methanol leads to the
formation of three coordination species with distinct deactivation pathways (Figure 9, right).

While according to the derived model all species form a similar local excited state 1LE, the
subsequent deactivation pathways differ depending on the energy level of the ligand-
centered MO acting as the electron donor in PET. In the NS3-coordinated, all-trans
configured complex t,t,t-[1a-Cu(l)]* (A), the energetics for PET are unfavorable and the
initially formed 1LE state decays through 1CT with fluorescence emission back to the
ground state. This complex is in equilibrium with two additional solvent coordinated
species, assigned as t,t-[1a-Cu(l)(MeOH)]* (B) and c,t-[1a-Cu(l)(MeOH)]* (C), which
based on the gas phase quantum chemical calculations are expected to have a more
favorable PET driving force. Although all three complexes are engaged in a dynamic
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exchange equilibrium that exceeds the NMR timescale, the fluorescence decay and pump
probe data can be modeled as a superimposition of the individual non-equilibrating decay
pathways.

Contrary to the notion that Cu(l) might engage in reductive electron transfer quenching, we
found no evidence for formation of a transient Cu(ll) species upon photoexcitation of Cu(l)-
saturated 1a. Such a quenching pathway would require electron transfer kinetics comparable
to the observed excited state deactivation rate of kg = 2.6 x 108 s™1. While many efforts have
been made to generate Cu(ll/I) complexes with large self-exchange electron transfer rate
constants, only a few systems were described that exceeded 105 M~1s71.35 The structurally
related copper complex of 1,5,9,13-tetrathiacyclohexadecane ([16]aneS,), which has the
same ring size as ligand 3, exhibited a comparatively slow self-exchange rate with ky1 = 3.7
x 103 M~1s71,3536 The reorganizational energy barriers for Cu(l1/1) systems are typically
high due to large changes brought about the inner-coordination sphere of copper, often
involving bond breakage or formation. Furthermore, the large distance between the Cu(l)
center and the fluorophore also renders PET from Cu(l) less favorable. As a result, PET
quenching is kinetically controlled and determined by the energetics of the aniline donor but
not the Cu(l) center. Most importantly, the redox stability of the Cu(l1/1) couple is not an
impediment for the design of Cu(l)-selective turn-on sensors. If the solution equilibria were
devoid of ternary solvent adducts and included only the binary complex t,t,t-[1a-Cu()]* (A),
the fluorescence enhancement of 1a would increase from 21 to 90-fold as judged by the ratio
of the excited state deactivation rate constants of the free ligand and the slowest component
in the presence of Cu(l).

Conclusions

Following the previously reported approach for tuning of the PET thermodynamics in
triarylpyrazoline-based probes,12 we successfully optimized the contrast ratio of a Cu(l)-
responsive fluorescent probe. While we achieved a strong 29-fold fluorescence enhancement
upon saturation with Cu(l) in methanol, the contrast ratio remained significantly lower
compared to acidic conditions. Detailed time-resolved spectroscopic studies revealed that
the contrast ratio for Cu(l)-binding is not compromised by reductive electron transfer from
Cu(l) but by the formation of several ternary coordination species with varying PET driving
forces. Most importantly, the combined photophysical, electrochemical, and solution
chemistry experiments suggest that electron transfer from Cu(l) does not compete with
radiative deactivation of the excited fluorophore, and hence, that the Cu(l)-induced
fluorescence switching is kinetically controlled. The results of this study highlight the
challenges associated with designing high-contrast ratio probes for Cu(l), which not only
require careful tuning of the PET thermodynamics but also careful control of the Cu(l)
solution chemistry. The conclusions derived from this study are not limited to pyrazoline
based probes but generally applicable to the design of Cu(l)-selective probes composed of a
rigid, electronically decoupled receptor unit attached to any other fluorophore platform.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Normalized absorption and emission spectra of pyrazoline derivatives 1a-e in methanol (298

K). Absorption traces are depicted with dotted lines (left) and emission spectra with solid
lines (right). The shaded area indicates the tunable range of the excited-state energy AEqg
within each compound series.
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Figure 2.

Fluorescence titration of pyrazoline 1a (2.3 uM) with [Cu(I)(CH3CN)4]PFg in MeOH (298
K, excitation at 345 nm). Inset: Molar-ratio plot for the fluorescence intensity change at 490
nm.
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Figure 3.

Time-dependent fluorescence decay profile of 1a in methanol, and in the presence of 10 uM
[Cu(1)(CH3CN)4]PFg, or 180 mM trifluoroacetic acid (TFA). A 1 uM solution of 1a was
excited at 372 nm (80 ps FWHM) and the emission signal was detected by single photon
counting at 480 nm. Non-linear least squares fitted profiles are shown as solid lines (see
Table 2 for fitting data; IRF = instrument response function).
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Figure 4.
Two-dimensional fluorescence excitation-emission contour plots for 1a in methanol

containing 10 uM [Cu(l)(CH3CN)4]PFg (2) or 180 mM trifluoroacetic acid (b).
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Transient absorption spectra of pyrazoline 1a in a) methanol, b) 180 mM TFA in MeOH,
and ¢) 10 uM [Cu(l)(CH3CN)4]PFg in MeOH. Top row: Color-coded contour plots of the
transient difference absorption traces on a logarithmic time scale. Each plot is represented
on the absorption scale shown to the right. Bottom row: Transient absorption progression at

480 nm.
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Figure 6.

Deconvoluted difference absorption spectra for the transient excited state species of 1a in a)
methanol and b) in methanol containing 180 mM TFA. c) Difference absorption spectra for
the transient excited state species of 2 lacking the PET donor. Legend: FC = Franck-Condon
state (dashed red), 1LE (vibrationally cooled, local excited state (solid yellow, 1ET = non-
emissive singlet electron transfer state (solid green), 1CT = emissive singlet charge transfer
state (blue).
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Figure 7.
Variable temperature 1H NMR experiment of ligand 3 in the presence of 1 molar equivalent
[CU(|)(CH3CN)4]PF6 in CD30D.
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Figure 8.
Effect of solvent coordination on the orbital energy levels of Cu(l) complexes with ligand 3.
The depicted orbital diagrams refer to the corresponding energy levels marked in blue.
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Figure 9.

Jablonski diagram for the excited state deactivation pathways of probe 1a in neutral
methanol (center), under acidic conditions (left), and in the presence of [Cu(l)
(CH3CN)4]PFg (right). The indicated lifetime data are based on the pump probe experiments
(GS = ground state, FC = Franck-Condon excited state, ILE = local excited state, 1ET =
electron transfer state, LCT = emissive charge transfer excited state.
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Table 4

Computational Data for the Geometry Optimized Cu(l) Complexes of Ligand 3 Methanol as an Auxiliary
Ligand.2

speies 20 ey o ey o)
ttt-[3-Cu(l)]* 3267 0 -8.239 ~9.746
tt-[3-Cu(l)(MeOH)]* 3367 —12.4 —8.306 -9.001
¢,t-[3-Cu()(MeOH)]*  351.0 —10.2 ~7.824 —7.824

aB3LYP/6-31+G(d,p)//B3LYP/6-3lG(d) level of theory.
bSum of bond angles at aniline nitrogen N1 (C7-N1-C8, C8-N1-C11, C7-N1-C11, atom numbering scheme provided in Supporting Information).
cAssociation enthalpy as defined by equation 5.

dhomologous to aniline HOMO with B2 symmetry.
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