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Abstract

Zn-salophen complexes are a promising class of fluorescent chemosensors for nucleotides and nucleic acids. We have inves-
tigated, by means of steady state UV-Vis, ultrafast transient absorption, fluorescence emission and time dependent density
functional theory (TD-DFT) the behavior of the excited states of a salicylidene tetradentate Schiff base (Sal), its Zn(II)
coordination compound (Zn—Sal) and the effect of the interaction between Zn—Sal and adenosine diphosphate (ADP). TD-
DFT shows that the deactivation of the excited state of Sal occurs through torsional motion, due to its rotatable bonds and
twistable angles. Complexation with Zn(II) causes rigidity so that the geometry changes in the excited states with respect to
the ground state structure are minimal. By addition of ADP to a freshly prepared Zn—Sal ethanol solution, a longer relaxa-
tion constant, in comparison to Zn—Sal, was measured, indicative of the interaction between Zn—Sal and ADP. After a few
days, the Zn—Sal-ADP solution displayed the same static and dynamic behavior of a solution containing only the Sal ligand,
demonstrating that the coordination of the ADP anion to Zn(II)leads to the demetallation of the Sal ligand. Fluorescence
measurements also revealed an enhanced fluorescence at 375 nm following the addition of ADP to the solution, caused by the
presence of 2,3-diamino naphthalene that is formed by demetallation and partial decomposition of the Sal ligand. The efficient
fluorescence of this species at 375 nm could be selectively detected and used as a probe for the detection of ADP in solution.
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1 Introduction

Salophens (N,N-bis(salicylidene)phenylenediamine)
are tetradentate ligands, an example of which is shown
in Fig. 1a, and are extensively used in coordination
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Fig. 1 Chemical formulae of the a salophen (Sal) and b Zn—salophen
(Zn—-Sal) compounds discussed in the text

chemistry [1, 2]. The salophen compound has two phe-
nolic hydroxyl groups, which, following deprotonation,
can form complexes with many transition and main group
metals, with different oxidation states, coordination num-
bers and geometries that have shown interesting applica-
tions, and have been widely reported in recent literature
[3—6].The catalytic, optical, electrical and biological prop-
erties of the salophen and their metal complexes can be
tuned by structural modifications of the salophen unit or
by changing the coordination of the metal. This versatility
has encouraged extensive research in the last decade on
their synthesis and characterization [7, 8].

In particular, Zn—salophen complexes often display inter-
esting photochemical and photophysical properties [8—10].
Their ability to function as luminescent materials also makes
them promising candidates for the realization of supramo-
lecular sensors, switches, and memory devices. Due to the
strong preference of Zn(II) for pentacoordination, tetracoor-
dinated Zn—salophen complexes can easily add a monoden-
tate ligand such as a solvent molecule or analyte. Either in
solution or in the solid state they can also form aggregates
where the pentacoordination of Zn(II) results from an addi-
tional bond with an oxygen atom of a second salophen unit
[8,9, 11, 12].

In previous studies [13, 14], we have initiated a structural
characterization of host—guest complexes formed by spe-
cific Zn—salophen complexes, which are known to be good
receptors for anions [15, 16], and often show optical sensing
properties for anion recognition [17, 18]. Among them, the
Zn-salophen compound shown in Fig. 1b, which we denote
as Zn-Sal in the following, can efficiently bind to inorganic
phosphate, and adenosine monophosphate (AMP) nucleo-
tide anions [13]. We also reported, in a less recent study
[17], that the interaction with AMP, adenosine di- or triphos-
phate nucleotides in solution produces significant changes in
the spectral properties of this fluorophore. Specifically, the
addition of nucleotides caused a 90-95% quenching of the
green—yellow fluorescence of Zn—Sal, so that the latter is
an on—off sensor for specific detection of these nucleotides.
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We tentatively attributed this effect to the existence of
stacking interactions between the aromatic rings of the
Zn-salophen sensor and the aromatic nucleotide bases, and
this was confirmed in the case of the gas phase structure
of the Zn-Sal-AMP anionic complex [13]. However, for
similar Zn—salophen or Zn-salen adducts in solution it was
reported [19, 20] that the interaction with diphosphate or
ATP causes the demetallation of the metal complex with the
formation of the free salophen ligand.

In light of all of these partially contrasting observations,
we decided to perform a more in-depth investigation of the
dynamics of the tetradentate Schiff base shown in Fig. la
(Sal), its Zn(II) coordination compound (Zn-Sal, Fig. 1b)
and the spectroscopic changes following the interaction
between Zn-Sal and ADP in ethanol solutions, since the
most relevant change in the luminescence properties were
observed when Zn-Sal is associated with the ADP anion as
a guest [17].

Furthermore, to gain information on the possible spa-
tial and electronic structure of the Sal ligand, Zn—Sal and
Zn—Sal-ADP, the complex system has been investigated
by means of Density Functional Theory (DFT) and Time
Dependent DFT (TD-DFT).

2 Experimental and theoretical procedures
2.1 Experimental section

The absorption spectra were recorded using an UV-Vis
spectrophotometer (Jasco V-630) in the wavelength range
from 250 to 600 nm. The spectra were recorded at room tem-
perature from a solution of ethanol in fused silica cuvettes
with an optical path length of 1 mm.

Sal and Zn—-Sal was synthesized as described in previous
investigations [17, 21]. ADP disodium salt was purchased
from Sigma—Aldrich. Spectrophotometric grade ethanol was
used as a solvent. To produce the Zn—-Sal-ADP complex a
saturated solution of ADP disodium salt in ethanol was used
for the dilution of solid Zn-Sal.

The pump—probe experiments were performed using a
laser system consisting of a 1 kHz, 4 mJ, 35 fs chirped pulse
amplifier seeded by a Ti:Sa oscillator and the pump pulse
was generated by an optical parametric amplifier. The exper-
imental results reported in this work have been obtained with
the pump wavelength set to 400 nm or to 330 nm. The probe
was generated by focusing a small quantity of 800 nm light
(1-3 pJ) into a rotating CaF, crystal and then collimating the
white light supercontinuum generated. The optical layout of
the commercial transient absorption spectrometer (Femto-
Frame II, IB Photonics) consists of a split beam configura-
tion in which 50% of the white light (350-800 nm) passes
through the sample contained in a 1 mm static cell while the
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remainder is used as a reference to account for pulse to pulse
fluctuations in the white light generation. The pump pulse is
focused (circular spot diameter =400 pm) onto the sample
with a power density of 150 pJ/cm?. The probe pulse is much
smaller (approximately 150 um) and is delayed in time with
respect to the pump by varying the length of its optical path.
All experiments were performed with linear polarisation for
both pump and probe pulses and the angle between the elec-
tric field vectors of the two was set to the magic angle to
eliminate effects due to rotational dynamics. The instrument
response function was measured to be approximately 70 fs.
The set-up used for the transient absorption measurements
has been described in detail elsewhere [22].

The fluorescence measurements were performed by excit-
ing the samples using femtosecond pulsed radiation at 330
and 400 nm (1 kHz of repetition rate) focused to a diameter
of approximately 50 pm, with an excitation density of about
50 mW/cm?. The fluorescence spectra were collected using
a monochromator (600 grooves/mm grating) coupled with
a photomultiplier. The time-resolved measurements were
performed with a time-correlated single photon counting
(TCSPC) system with a photomultiplier as the detector with
an instrumental response function (IRF) of 0.5 ns.

2.2 Theoretical section

The structures of Sal, Zn—-Sal-EtOH have been optimized
using the B3LYP/def2-TZVP method with BJ3 dispersion
correction with the Orca package [23]. Given the large con-
formational flexibility of Zn—Sal-ADP, the possible geom-
etries were explored by means of molecular dynamics (MD).
In particular, a 25 ps MD trajectory was recorded using the
DFTB + package [24] with SCC charges [25], dispersion
interactions [26] and the 3ob parameter set. From the trajec-
tory, a set of 200 structures were extracted. These structures
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Fig.2 a Steady state absorption spectra of 3.5x10™> M ethanol
solutions of Sal (grey line), Zn—Sal (blue line) and Zn—Sal saturated
with ADP recorded 30 min after (red line) and 1 day after (olive-
green line) the preparation of the sample. b Comparison between the
absorption spectrum of an ethanol solution of salophen (grey line)
and the difference spectra obtained by subtracting rescaled spectra

= Zn Sal + ADP after 30"
——2Zn Sal +ADP after 1 day

were then optimized at the same DFTB level and we selected
the seven with the lowest energy. These, in turn were opti-
mized using B3LYP/def2-TZVP with BJ3 dispersion cor-
rection with the Orca package. Of these seven structures,
we have selected four which turned out to be substantially
different in conformation. The UV absorption spectra of
the four Zn—-Sal-ADP compounds, of Zn—Sal and of Sal,
at their equilibrium geometries, have been computed using
the g16 package [27] and the TD-DFT method with the
B3LYP/6-311 + G(d,p) functional. The M06-2X functional
has also been tested on the Zn—Sal system, but the agreement
with the experimental absorption data deteriorates signifi-
cantly with respect to B3ALYP. The TD-DFT results reported
here are based on requesting the first 15 singlet excited states
and, to account for solvent effects, have been performed in
ethanol using the PCM model. Interestingly, we did not find
any extreme variation of the resulting UV absorption spec-
tra between the four conformers of Zn-Sal-ADP, hence we
shall use in the paper only two representants of it.

The optimizations of the geometries of the excited states
have been computed with the TD-DFT gradient, calculated
with the relaxed excited state density in ethanol (PCM
model) as emerging from the B3LYP functional, but using
a less computationally demanding double zeta basis set, the
6-31G(d).

3 Results and discussion

3.1 Steady state absorption spectra

In Fig. 2a, the absorption spectra of 3.5x 10~ M etha-
nol solutions of Sal (grey line), Zn—Sal (blue line) and

Zn—Sal saturated with ADP (red and olive-green lines) in
the 250-600 nm region are shown. The absorption spectrum
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of Zn-Sal from the spectra recorded for Zn-Sal ethanol solutions
saturated with ADP. The red dotted line corresponds to the difference
between the red spectrum in a minus the blue spectrum in a rescaled
to 80% of its intensity. The olive-green dotted line corresponds to
the difference between the olive-green spectrum in a minus the blue
spectrum in a rescaled to 47% of its intensity. See text for details
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of Zn—Sal in ethanol (blue line) displays bands centered at
314 and 420 nm while the ethanol solution of the Sal ligand
(grey line) exhibits absorption bands centered at 274 and
330 nm. The spectrum of the freshly prepared Zn—Sal etha-
nol solution saturated with ADP, namely recorded 30 min
after the preparation of the sample (Fig. 2a red line), showed
negligible changes in shape of the absorption spectrum
when compared to the spectrum of Zn—Sal (Fig. 2a blue
line) in the 250-600 nm range. A decrease of about 20%
of the absorption band at 420 nm (less pronounced for the
other bands) with respect to the ethanol solution of Zn-Sal is
ascertained. In Fig. 2a, the spectrum recorded one day after
the preparation of the sample is also reported (olive-green
line). In the latter case, we observe a decrease of about 53%
of the absorption band at 420 nm with respect to the ethanol
solution of Zn—Sal.

Assuming that the Zn—Sal solution saturated with ADP
contains 80% (after 30 min) or 47% (after 1 day) of Zn—Sal
not complexed with ADP, we rescaled the spectra of Zn—Sal
to 80% or to 47% of their intensity and the rescaled spectra
have been subtracted from the two spectra of the Zn—Sal
solution saturated with ADP measured after 30 min and after
1 day accordingly. The result of the subtractions is reported
in Fig. 2b as dotted lines, where the red dotted line is the
outcome from the spectra measured after 30 min, while the
olive-green dotted line is the outcome from the spectra meas-
ured after one day. The difference spectra strongly resemble
the spectrum of the Sal ligand (shown for comparison in
the same Fig. 2b, grey line), although the relative intensity
of the absorption bands is not reproduced and a slight shift
towards the blue of the band at 273 nm can be recognized.
We, therefore, have the first indication that a demetallation
process leading to the formation of the Sal ligand cannot be
neglected. From the comparison of the absorption spectra we
estimated that after 30 min about 7% of Sal is present in the
solution and the percentage of Sal increases to 40% after one
day. Therefore, the presence of a complex between Zn—Sal
and ADP cannot be clearly inferred from the steady state
absorption spectra, since the spectral modifications due to
the addition of ADP to the Zn—Sal solution are only evident
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Fig.3 TD-B3LYP/6-311+G(d,p) calculated oscillator strengths
(bars) of selected singlet—singlet transitions from S, compared with
their respective experimental spectra in ethanol (lines) rescaled to
assist comparison a Sal, b Zn-Sal-EtOH and ¢ Zn-Sal-ADP (no
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after the solution has been standing for some time and the
observed differences in the absorption spectra can be attrib-
uted mostly to a demetallation process.

In Fig. 3a,b, the calculated oscillator strengths for selected
vertical singlet—singlet transitions from the ground state
(reported in Table S1 of the SI) for Sal and Zn—-Sal-EtOH
are shown and compared with their respective measured
spectra in ethanol. Reasonable agreement is found between
the experimental spectra and the computed transition for Sal
and Zn—-Sal-EtOH. In Fig. 3c, only the calculated oscillator
strengths for two of the most stable predicted conformers
of Zn—Sal-ADP are reported. The conformer « is a folded
conformer, which is stabilized by n—r interactions between
one salicylidene unit and adenine (see the structures in Fig.
S1c of SI), while the conformer b has a T shaped confor-
mation of adenine with respect to the aromatic ring of the
salicylidene unit.

For both conformers strong absorption bands are pre-
dicted to be in the 315-360 and 400-450 nm range, as
also found for Zn-Sal. In contrast, the lowest energy elec-
tronic transitions for the Sal ligand are centered well below
400 nm. From an inspection of the molecular orbitals, for all
the species, the lowest energy excitations can be described
as zzr* transitions, as shown in Fig. S1 of SI.

3.2 Time-resolved absorption and fluorescence

Transient absorption spectra were recorded at pump—probe
time delays between — 1 ps and 1 ns over the 400-750 nm
spectral region following excitation either at 330 or at
400 nm. At 330 nm the absorption coefficient for the Sal is
about 70% that of the absorption coefficient of Zn—Sal while
at 400 nm the absorption coefficient for Sal is much lower
(about 20% that of the absorption coefficient of Zn—Sal). We
used solutions at a concentration in the range of 1-6 10> M
for Zn—Sal in ethanol as well as for ethanol solutions satu-
rated with ADP, to achieve adequate signal-to-noise ratios
while preventing the formation of dimers. The concentration
for the Sal ethanol solutions was 1.8 10~ M due to the
lower absorption coefficient of this species.
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comparison with experimental data). Oscillator strengths calculated
for the two most stable conformers are reported as black lines for con-
former a and red lines for conformer b (see Table S1 in SI)
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Fig.4 Transient spectra at dif-
ferent time delays follow-

ing laser excitation at 330 nm
or 400 nm of ethanol solutions
of Sal, Zn—Sal and freshly
prepared Zn—Sal ethanol solu-
tion saturated with ADP. Probe
wavelengths are 350-700 nm
for excitation at 330 nm and

425-775 nm for excitation at
400 nm. a 1.8x 10 M Sal

in ethanol, .., =330 nm; b
1.8x 10 M Sal in ethanol,
Aexe =400 nm, pump energy

2.5 ¢2.3%10™ M Zn-Sal

in ethanol, 4., =330 nm; d
5.6% 107> M Zn-Sal in ethanol,

AA (mOD)

(Qow) wv

Jexe =400 nm; e 1.4x 105 M
Zn-Sal in ethanol saturated
with ADP, 4., =330 nm;
f1.4x10™° M Zn-Sal in
ethanol saturated with ADP,
Aexe =400 nm. Pump energy

1 uJ, except for Sal excited at

400 nm (b), where the pump 01

Zn-Sal + ADP ()1

energy was 2.5 pJ. Delay times 350 400

are indicated in the legends

3.2.1 The uncoordinated salophen compound

Figure 4a, b shows the transient spectra at selected time
delays for solutions of Sal in ethanol excited at 330 nm or
at 400 nm. It can be seen that either by excitation at 330 nm
(Fig. 4a) or at 400 nm (Fig. 4b) positive absorbance differ-
ence (AA) signals are measured in the 350-550 nm range,
demonstrating a dominant contribution of excited state
absorption bands, while negative AA signals are meas-
ured around 650 nm, which can be ascribed to stimulated
emission. Ground state bleaching can be neglected around

450 500 550 600 650 700
A (nm)

450 500 550 600 650 700 750
A (nm)

650 nm, since salophen only absorbs at wavelengths below
450 nm (Fig. 2 grey line).

The temporal cuts for specific probe wavelengths intervals
can be fit by a sum of exponential decays convolved with the
instrumental function. The time constants with their rela-
tive amplitudes obtained from the best fits for selected and
representative probe intervals are summarized in Table 1.

For the Sal ligand excited at 330 nm, the temporal behav-
ior of the positive excited state absorption band centered
around 460 nm can be fit with a mono exponential decay
(r,=14+1 ps in Table 1) plus a long-lived transient absorp-
tion contribution of the order of 9% that can be assigned to

Table 1 Time constants (z,) and relative amplitudes (A, obtained from the fits of the experimental temporal cuts for selected and representative

probe wavelengths (4;,ope)
M (mol/l) Aexe (NM) Aprobe (NII) 7, (ps) A (%) 7, (ps) A, (%) 75 (pS) Ay (%)
Sal 1.8x107™ 330 460+3 14+1 91 >1000 9
640+3 14+1 - 100
400 455410 5+3 31 27+8 61 >1000 8
655+ 10 26+4 - 100
Zn-Sal 23%107 330 385+5 0.4+0.1 29 14+1.6 28 >1000 43
50545 03+003 62 12+0.7 29 > 1000
5.6x107 400 500+ 10 20+3 24 203+£17 70 > 1000
745 420 206+18 90 >1000 10
Zn-Sal saturated with 14X 107 330 42545 0.4 44 51+15 50 >1000 6
ADP (fresh solution)  35105M 400 500+ 10 +0.6 32 180+18 55 >1000 13

Pump wavelength (4

€xc

) and solution concentrations (M) are specified

@ Springer
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a very long decay process (> 1000 ps). Around 640 nm, the
negative stimulated emission signal can be fit by a mono
exponential recovery curve, characterized by a time constant
7,=14+1 ps. Thus, temporal evolution of both absorption
and stimulated emission bands can be described by a time
constant of ~ 14 ps. This strongly indicates that the same
excited state is responsible for both signals, i.e. the positive
signal is due to absorption from the excited state to higher
lying states while the negative signal is due to stimulated
emission from the same state. The measured time constant
is comparable to the longest time constant obtained by fluo-
rescence up-conversion measurements (z=14.8 ps) [28] for
an analogous salicylidene tetradentate Schiff base, excited
at 385 nm in acetonitrile.

Similar results are found for excitation at 400 nm apart
from an additional short decay time observed for the excited
state absorption band. The small differences in the dynam-
ics may be due to the fact that the first absorption maximum
of Sal in solution is at 330 nm and, therefore, an excitation
wavelength of 400 nm excites only the rising edge of the
absorption maximum leading to a slightly different distri-
bution of initially excited states. For excitation at 400 nm,
the excited state absorption band centered around 460 nm
(Fig. 4b) can be fit with a bi-exponential decay (z; =5 +3 ps,
7,=27+8 ps, Table 1) plus a residual transient absorption
with a long lifetime. In the 600-800 nm range (Fig. 4b), the
negative stimulated emission signal can be fit by a mono
exponential recovery curve with a time constant 7, =26 +4,
as reported in Table 1.

3.2.2 The Zn-salophen complex

In Fig. 4c, d, the transient spectra at selected time delays
for Zn—Sal ethanol solutions are shown. Figure 4c shows
the transient spectra following excitation at 330 nm while
Fig. 4d shows the transient spectra following excitation at
400 nm. The time constants obtained from the fits of the
temporal cuts for selected probe wavelengths are summa-
rized in Table 1.

For Zn-Sal ethanol solutions excited at 330 nm, Fig. 4c,
positive AA signals are measured in the 375-550 nm range,
which can be fit with two time constants of 0.3-0.4 ps and
12—15 ps plus a residual long-lived transient absorption con-
tribution with a considerable amplitude only in the lower
wavelength range (Table 1).

For excitation at 400 nm of Zn-Sal ethanol solutions,
two excited state absorption bands are distinguishable in
the transient spectra, centered around 500 nm and 745 nm.
The temporal evolution of the bands can be fitted with time
constants of 20 + 3 ps and ~ 200 ps plus a residual long-lived
transient absorption contribution as reported in Table 1. The
residual long-lived contributions, found by excitation either
at 330 nm or at 400 nm, can be associated with radiative
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relaxation. Indeed, we measured time-resolved fluorescence
of a Zn—Sal ethanol solution excited at 400 nm or at 330 nm.
For excitation at 400 nm the fluorescence emission is cen-
tered around 505 nm and presents a decay time constant
of 2.3 ns (Fig. S2 of the SI). This result is in agreement
with previous fluorescence measurements performed on
Zn-Sal excited at 350 nm [17]. For excitation at 330 nm
we observed two emission bands at 375 nm and at 490 nm,
both with a shoulder (vibronic band) at 420 nm and 525 nm,
respectively, as reported in Fig. S3 of the SI. The fluores-
cence decay is mono exponential for both bands with a life-
time of 5.3 ns for the emission band at 375 nm and of 1.8 ns
for the emission band at 490 nm.

We assign the emission band at 375 nm to a highly fluo-
rescent impurity and a probable candidate is 2,3-diaminon-
aphthalene [29] which was used for the synthesis of Sal.
2,3-diaminonaphthalene has an absorption coefficient at
330 nm, which is roughly a fifth of the absorption coef-
ficient of Zn—Sal [21], and does not absorb for wavelengths
higher than 380 nm. Therefore, while this impurity does not
considerably influence the absorption and transient absorp-
tion measurements, it is clearly observed in the photolumi-
nescence measurements due to its high fluorescence quan-
tum yield (0.54) [30]. The reported fluorescence lifetime
of 2,3-diaminonaphthalene of 5.7 ns, further supports our
hypothesis [30].

3.2.3 Zn-Sal ethanol solution saturated with ADP

Figure 4 e,f shows the transient spectra at selected time
delays for freshly prepared 1.4 x 107 Zn-Sal ethanol solu-
tions saturated with ADP excited at 330 nm (Fig. 4e) or at
400 nm (Fig. 4f).

For excitation at 330 nm (Fig. 4e), clear differences can
be noted in the 470-550 nm probe range from the tran-
sient spectra of the Zn—Sal ethanol solution (Fig. 4c). For
instance, the transient spectrum taken at a 3 ps time delay
of the ethanol solution of Zn—Sal (Fig. 4c) displays posi-
tive AA signals extending from 350 to 600 nm while the
transient spectrum for the freshly prepared ethanol solution
of Zn—Sal saturated with ADP (Fig. 4e) displays a narrower
positive AA band centered around 425 nm. The temporal
evolution of the latter mentioned band was fit with a bi-
exponential decay (7, =0.7+0.4 ps, 7,=51+15 ps, Table 1)
plus a residual long-lived transient absorption contribution
of the order of 6%. 7, (~51 ps) is substantially longer than
the time constant measured for Zn—Sal (~ 13 ps, Table 1)
and also longer than the time constant measured for the Sal
ligand (~ 14 ps, Table 1) by excitation at 330 nm. These find-
ings indicate the presence in the freshly prepared solution of
a compound different from Sal or Zn—Sal that we assign to a
complex between Zn—Sal and ADP.



Photochemical & Photobiological Sciences

The transient spectra for a freshly prepared 1.4 x 10~ M
Zn-Sal ethanol solution saturated with ADP and excited at
400 nm, Fig. 4f, showed negligible differences with respect
to the transient spectrum of the 5.6x 10> M Zn—Sal solution
(Fig. 4d) in terms of the spectral response and time depend-
ence (Table 1). We confirmed this result by measuring the
transient spectra following excitation at 400 nm for solu-
tions of Zn—Sal and Zn—Sal saturated with ADP at the same
analytical concentration of Zn—Sal, as shown in Fig. S5a,
b of SI. This finding indicates that the dynamics of Zn—Sal
excited to its first absorption maxima at 400 nm is not sig-
nificantly affected by the interaction with ADP.

The transient spectra were measured also after a few
days for the ethanol solution of Zn-Sal saturated with
ADP. For excitation at 330 nm, an excited state absorption
band centered around 430 nm decays with time constants
7,=0.4+0.1, 7,=15+2 plus a long-lived transient absorp-
tion, values that are comparable to the decay time of Zn—Sal
and Sal, though stimulated emission bands of Sal around
650 nm are not observed in these conditions. Similarly, for
excitation at 400 nm of a solution that was standing a few
days at room temperature, an excited state absorption band
centered around 450 nm and a strong induced emission sig-
nal around 650 nm were observed (Fig. S5d in SI) greatly
resembling the excited state absorption and stimulated emis-
sion bands of the Sal ligand solution (Fig. S5c in SI), in
terms of the spectral response and time dependence.

These findings confirm that a slow demetallation of the
complex takes place. In particular, the steady state absorp-
tion spectra and the transient absorption spectra of the
Zn—-Sal-ADP and Sal ethanol solutions confirm that after
a few days the Zn>* ion is almost fully displaced from the
metal-ligand complex in the presence of ADP.

The fluorescence spectrum for excitation at 330 nm of
a freshly prepared ethanol solution of Zn-Sal saturated
with ADP is reported in Fig. S4 of the SI. Double fluores-
cence emission was observed also in this case. The spec-
trum resembles the spectrum of the Zn—Sal ethanol solu-
tion (Fig. S3 of the SI), although the blue shifted band, the
band centered at 375 nm, is almost three times more intense
with respect to the Zn—Sal ethanol solution at the same ana-
lytical concentration of Zn—Sal. The temporal evolution on
the nanosecond time scale of both emission bands (Fig. S4
of the SI) is comparable to the temporal evolution observed
for Zn—Sal ethanol solutions (Fig. S3 of the SI). Considering
that this band can be attributed to the emission of 2,3-diami-
nonaphthalene, the latter finding indicates that the interac-
tion with ADP leads not only to a displacement of Zn** from
Zn-Sal, generating Sal, but also to a partial decomposition
of Sal, into its molecular constituents, 2,3-diaminonaphtha-
lene and 3-isopropylsalicylaldehyde.

The generation of 2,3-diaminonaphtalene and the detec-
tion of its fluorescence at 375 nm could be used as a probe

for the detection of ADP. A similar strategy based on disas-
sembly has been already proposed for zinc—salen complexes
interacting with biologically relevant di- and tri-phosphates
[19]. The approach was based on the turn on detection of the
fluorescence around 500 nm of the salicylaldehyde produced
from the disassembly of the complex. The advantage of
using a Zn—-salophen compound bearing a polycyclic naph-
thyl group is due to the fact that salicylaldehyde emission,
besides having a lower quantum yield, is also partly super-
imposed on the Zn coordinated compounds fluorescence.

The ability of mono-, di- and tri-phosphates to selectively
displace Zn>* from Zn—salophen complexes analogues to
Zn-Sal generating the free tetradentate Schiff base has been
also previously reported [20, 31] and it was further shown
that the demetallation process of a Zn—Sal complex into
liposomes follows first order kinetics with time constants of
the order of 1-3 days.

The process is presumably initiated by coordination of the
diphosphates to the Zn atom, in line with previous experi-
mental evidence [17, 19, 31]. Moreover, it is conceivable
that the Zn ion is coordinated by the phosphate groups of
ADP and ethanol molecules, since in water a stability con-
stant of 5x 10* is reported [32].

In agreement with a previous interpretation [20], we
deduce that the multicharged phosphate anion of ADP favors
the coordination of two Zn—Sal complexes to the nucleotide
and this promotes the protonation of the phenolic positions
initially coordinated to the Zn center leading to the forma-
tion of the demetallated Sal ligand which partially decom-
poses into its molecular constituents, one of which is highly
fluorescent (2,3-diaminonaphthalene).

3.3 Interpretation of the observed electronic
properties of Sal and Zn-Sal

The first absorption maximum of Sal in solution is at 330 nm
and, therefore, 400 nm photons excite only the rising edge of
the absorption. For the excitation of Sal at 330 and 400 nm
we obtained substantially consistent results. The fact that
ultrafast stimulated emission is observed in the 610-750 nm
range for the Sal ligand points to a substantial drop of the
energy gap between the lower-lying singlet excited state and
the ground state, presumably caused by structural reorgani-
zation of the Sal ligand in its excited state. Relaxation occurs
with a time constant which is longer at 400 nm (z, ~ 26 ps,
Table 1) with respect to the constant obtained exciting at
330 nm (7, ~ 14 ps, Table 1). The absorption spectrum of
Zn-Sal complex has two maxima at 314 and 420 nm, respec-
tively. By excitation at 330 nm the Zn—Sal complex relaxes
through fluorescence emission on a timescale of a few nano-
seconds, as confirmed by time-resolved fluorescence meas-
urements. In fact, the time constant of the residual long-lived
transient absorption contribution, attributed to radiative

@ Springer



Photochemical & Photobiological Sciences

relaxation, is in agreement with the fluorescence measure-
ments, while the shorter time constants (7, =0.3-0.4 ps,
7,=12-15 ps, Table 1) can be related to internal conversion,
vibrational relaxation, solvation processes and conforma-
tional motion. Solvation processes and vibrational relaxation
are on the timescale of hundreds of femtoseconds to few
picoseconds while conformational motion occurs on longer
timescale [33]. Internal conversion can occur up to the
nanosecond scale in these systems. Clearly these processes
contribute in a different way to the overall relaxation which
is difficult to disentangle. Furthermore, different excitation
wavelengths can also result in different contributions of the
four processes. By excitation at 400 nm, together with a time
constant of a few picoseconds, we measured a time constant
of ~200 ps and a residual long-lived transient contribution
that fluorescence emission measurements confirmed to be a
radiative relaxation on a nanosecond timescale.

These observations suggest that in the case of the Sal
ligand both 330 and 400 nm radiation excite the same excited
state possibly in different parts of the excited state surface
leading to only minor differences in the dynamics. On the
other hand, the dynamics of the Zn—Sal complex appears
to vary quite significantly as a function of the excitation
wavelength indicating the involvement of different excited
states. These points are further discussed below in light of
the theory results.

3.3.1 Excited state features of Sal, Zn-Sal-EtOH and Zn-
Sal-ADP by TD-DFT calculations

The optimizations of the geometries of the most populated
excited states have been computed with the TD-DFT gra-
dient, at the less computationally demanding (B3LYP/6-
31G(d) in ethanol) level of theory (Table S2 of the SI). Sev-
eral bright states have been selected for Sal, Zn-Sal-EtOH
and for two of the most stable calculated conformers of the
1:1 complex between Zn—Sal and ADP.

For Sal, the optimization of the excited state geometries
of all the selected bright electronic states, produces always
highly distorted geometries. A possible proton transfer from
the oxygen to the nitrogen atom does not take place. The
three bright states (S;, S; and S,) all originate from 7 — 7*

Fig.5 a Ground and S, excited
states optimized structures of
Sal; b S, excited state optimiza-
tion (red line) with the other
lowest singlet electronic excited
states (black lines). The energy
is referred to the equilibrium
geometry of the electronic
ground state

@ Springer

Fig.6 S, (yellow), S, (red) and S,, (blue) minimum energy struc-
tures of Zn—Sal-EtOH in ethanol obtained at the TD-DFT-B3LYP/6-
31G(d) level

transitions. The S, state arises from two dominant 1-electron
excitations: 120— 121 and 119 — 122 (where the HOMO is
120). The S; and S, states are two almost degenerate excited
states arising from the 1-electron excitations: 119 — 121,
120— 122 for S; and 119 — 122, 120 — 121 for S,. By mon-
itoring the electronic excitations, we have seen that during
optimization, the 120 — 121 (HOMO-

LUMO) excitation quickly becomes the only dominant
one. The same appear to happen for the S, state that is seen
to cross the lower-lying state in few steps (Fig. 6, left) and
become S,. The S; state follows the same path as S,. The
relaxation of the S; and S, excited states due to the mixing
and crossing quickly transforms them into the first excited
state of the system (S,). Figure 5a reports the optimized
geometry for the S, ground state of Sal and, as an exam-
ple, the S, optimized structure. It can be seen in Fig. 5b
that the energy of the S, optimized geometry falls to only
0.67 eV above the S, energy of the ground state geometry
set as the zero-point of the energy scale, with an energy loss
of 2.9 eV. Similar results have been found for S; and S; opti-
mizations (Table S2 of the SI). Therefore, we infer that the
relaxation of Sal is mainly associated with torsional motion,
as previously pointed out [28, 34, 35]. The experimental
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results suggest that the system relaxes by conformational
adjustment on a timescale of ~ 15-30 ps, depending on the
excess energy furnished by the photon. The observed posi-
tive residual long living (> 1 ns, Table 1) transient absorp-
tion signal can be associated with induced absorption from
a non-radiative state, although we cannot exclude that, in the
case of Sal ligand, it could be associated with an impurity,
as found for an analogous salicylidene tetradentate Schiff
base [28].

Figure 6 shows the comparison between the S, ground
state geometry of Zn—Sal-EtOH and the structures obtained
by optimization of the geometry of the bright electronic
states around 409 nm (state S, Table S2 of the SI) and
329 nm (state S, Table S2 of the SI). The structure obtained
by geometry optimization of the Sy bright state is almost
equivalent to that obtained by optimization of S . It can be
noticed that, in contrast to what is found in the case of the
Sal ligand, the geometry changes with respect to the mini-
mum energy structure of S, are minimal.

In Fig. 7, the excited state energy profiles of
Zn-Sal-EtOH, obtained for the S, (a), Sy (b) and S} (c)
excited states optimization, are shown. The three bright
states S4, Sg and S, essentially originate from 7z — #* tran-
sitions (see Fig. S1 of the SI) in an analogous fashion to
what we have seen for Sal. The S, state is dominated by
146 — 148 and 147 — 149 1-electron transitions (where 147
is the HOMO). The other two present a larger number of
1-electron contributions, the largest being 144 — 149 for
Sy and 143 — 149 for S,,. During optimization, S, quickly
crosses with the low-lying states, becomes S; and evolves
accordingly (Fig. 7, left). Sq and S are strongly mixed with
each other, but while the former quickly becomes dominated
by a 144 — 148 excitation and does not lower its energy,
the latter crosses several states, lowers significantly its
energy and becomes a low-lying excited state (147 — 149).
For S, optimization, the energy of the optimized geometry
falls from 3.1 to 2.2 eV above the S, energy of the ground
state geometry set as the zero-point of the energy scale. The
resulting oscillator strength for the S, excited state relaxed
geometry is, however, very low (f=0.02, Table S2 of the

SI). Although nanosecond lasting emission from similar
salicylidene compounds has been questioned [28, 35, 36],
we observed fluorescence emission centered at 505 nm by
excitation at 400 nm of the Zn—-Sal—ethanol solution, and we
associate the residual transient absorption signal observed
on a timescale longer than 1 ns to the radiative relaxation
from a low-lying singlet excited state to the ground state. A
possible impurity contribution was excluded because it does
not absorb significantly at wavelengths longer than 380 nm.

For excitation at 330 nm two bright states, Sy and Sy
with similar energy, are populated. For Sq and S, optimiza-
tion (Fig. 7b and c), the energy of the optimized geometry
falls, respectively, from 3.8 to 3.3 eV and from 3.8 eV to
2.7 eV above the S, energy of the ground state geometry
set as the zero-point of the energy scale. In both cases, the
resulting oscillator strengths are appreciable (f=0.6-0.9,
Table S2 of SI).

For the Zn—Sal-ADP complex, we carried out only a pre-
liminary theoretical investigation assuming the presence, in
a freshly prepared solution of a 1:1 adduct between Zn—Sal
and ADP, since a theoretical investigation of complexes con-
taining two Zn—Sal units is computationally too demanding
at the present time. The TG-B3LYP/6-31G(d) optimiza-
tion of the bright states around 400 nm (S, S,) or at higher
energy (S;5—S;s) of the Zn-Sal-ADP complex, as reported
in Table S2 of the SI, leads to different results for the two
investigated conformers. For conformer b, the theoretical
outcome is analogous to what is found for Zn—Sal, and in
fact the resulting oscillator strengths following excitation
around 320-350 nm are not negligible. On the other hand,
the oscillator strength predicted for conformer a is very low
for excitation around 320-350 nm, suggesting the absence
of fluorescence emission.

2,
20 25 30 0 5

Optimization step

Optimization step

\ 2 . T —
10 15 20 25 30 35 40 0 5 10 15 20 25 30

Optimization step

Fig.7 S, (a), Sy (b) and S, (c) excited states optimization of Zn—Sal-EtOH (red lines). The other singlet electronic excited states are shown in
black. The energy is referred to the equilibrium geometry of the electronic ground state
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4 Conclusions

The dynamics of the Sal ligand, its Zn—Sal metal complex
and the spectroscopic changes following the interaction
between Zn—Sal and ADP in ethanol solution were inves-
tigated by steady state UV—Vis, ultrafast transient absorp-
tion and fluorescence emission spectroscopies. DFT and
TD-DFT calculations assisted in the interpretation of the
experimental results.

The deactivation of the excited state of Sal occurs through
torsional motion, thanks to its rotatable bonds and twistable
angles with a time constant for the relaxation of the order of
a few tens of picoseconds. Complexation with Zn(II) causes
rigidification of Sal structure, causing minimal geometry
changes between the excited and ground states. Following
conformational reorganization, the system relaxes radia-
tively on a timescale of a few nanoseconds.

By addition of ADP to a freshly prepared Zn—Sal etha-
nol solution, the static absorption properties of Zn—Sal are
not distinctly altered, and the transient absorption spectra
measured at 400 nm shows negligible differences. On the
other hand, we measured a longer relaxation constant in the
transient absorption spectra by excitation at 330 nm, in com-
parison with Sal and Zn—Sal and assign it to the presence,
in a freshly prepared solution, of an unstable complex of
Zn-Sal and ADP.

After a few days, however, the solution displayed the
same static and kinetic behavior of a solution containing
only the Sal ligand, indicating that the coordination of the
diphosphate anion with the Zn atom leads to the demetalla-
tion of the Zn—Sal complex. This process is, therefore, the
principal reason for the significant variations in the static
absorption spectra and fluorescence emission around 500 nm
observed following the addition of ADP to the Zn—Sal solu-
tion, in contrast with previously reported results.

Moreover, the ADP-Zn-Sal ethanol solution displayed an
enhanced fluorescence at 375 nm, which we attribute to the
2,3-diaminonaphthalene formed by the decomposition of the
Sal ligand and already present as an impurity in the Zn—Sal
solution. Even if 2,3-diaminonaphthalene is formed in exig-
uous quantities, it is highly fluorescent and could function
as a probe for the detection of ADP, since the interaction
between Zn—Sal and ADP leads to the decomposition of the
complex and to the formation of 2,3-diaminonaphtalene,
whose fluorescence can be selectively detected at 375 nm.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-021-00165-0.
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