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Revealing the switching mechanisms of an
off-on—off fluorescent logic gate systems
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Xiaogang Liu (=) *@

A deep understanding of fluorescence on-off and off-on switching mechanisms is the foundation for
rationally designing highly effective molecular logic gate components and systems. These mechanisms,
however, are often subtle to perceive and interpret, as multiple effects may contribute to the change of
fluorescence signals. Herein, we systematically investigated the ‘off—on-off" switching mechanisms of
a fluorescent logic gate molecule M1 using density functional theory (DFT) and time-dependent DFT
(TD-DFT). Based on photoexcitation and photoemission calculations, and potential energy surface scans
in the excited state, we have shown that as the pH of the medium continuously decreases and the
sequential protonation of the molecule takes place, the prevention of twisted intramolecular charge
transfer (TICT) followed by the activation of photo-induced electron transfer (PET) was responsible for
the off—on-off switching mechanism of M1. Our results provided new insights for understanding the
‘off-on—off’ phenomenon in M1. The good agreement between theoretical calculations and experi-
mental observations also suggests that computational chemistry is a powerful tool to aid the molecular
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1 Introduction

Fluorescent molecular logic gates have attracted considerable
research interest, because of their important applications in
chemical computing, bioimaging, biosensing and therapeutic
technologies."® Since the seminal work of de Silva and
co-workers,® many logic gates, ie., AND, OR, INHIBIT, NOR,
and XOR, have been developed based on various molecules.>>”
These molecular logic gates are usually based on fluorescent
probes that change fluorescence intensities and/or colors in
response to various chemical inputs.’

Among these chemical inputs, pH represents one key input
to modulate fluorescence output in many molecular logic gates.
For example, the first molecular logic operation reported by
de Silva in 1993 employs pH to change the emission intensities
of an anthracene fluorophore.® In recently years, due to the
advantages of facile synthesis, ease of derivations, and good
optical properties, naphthalimide and its derivatives have been
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design and engineering of fluorescent logic gate compounds.

widely employed in the construction of multi-stimuli molecular
logic gates with significant responses to protons, metal ions,
and organic molecules.’®* Notably, Georgiev and coworkers
designed and synthesized 1,8-naphthalimide bichromophore
as a four-input Disabled-Enabled-OR logic gate.'® This system
supports reversible operations in both Disable and Enable
modes. Shen et al. developed a dyad, consisting of naphthali-
mide and spiropyran units.'® This dyad employs protonation,
deprotonation, UV irradiation and Fe** as inputs and emission
intensity as an output. Recently, Magri et al. reported many
fluorescent AND logic gate systems based on various inputs.'”>*
To date, simple ‘turn-on’ and ‘turn-off’ fluorescence switches as
a result of pH modulations have been reported abundantly in the
literature."®

However, the design of more complex signal responses, such
as ‘on-off-on’ or ‘off-on-off’ switches, remains a challenging
task.’®>® A common design strategy to realize such complex
responses is to combine two antagonistic proton receptors,
typically by turning on/off the photo-induced electron transfer
(PET) mechanism. Classical PET (Scheme 1a), including both
accepter-PET (a-PET) and donor-PET (d-PET) processes, can be
described as an electron transfer, caused by the absorption of
light, from an electron-rich fragment (the donor, D) to an
electron deficient fragment (the acceptor, A) under the condi-
tion of proper matching of energy levels. Recently, Pischel and
coworkers reported an ‘off-on-off’ T-latch fluorescence switch-
ing M1 (Scheme 1b) based on a naphthalimide fluorophore.**
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Scheme 1 (a) Transition molecular orbitals in the PET process, with
transitions in the excited states, (b) molecular structures of M1, M2, and,
M3, (c) previously proposed switching mechanism of M1 by Pischel and
co-workers, and (d) newly proposed switching mechanism of M1 in this
work.

They ascribed the first-stage off-on response of this switching
to the prevention of PET upon the addition of the first proton to
the piperazine-naphthalimide moiety, and assigned the follow-
ing on-off response to enhanced hydrogen bond effects after
the addition of the second proton (Scheme 1c). In contrast,
A. P. de Silva’s group proposed that the formation of a non-
emissive twisted internal charge transfer (TICT) excited state
might be the fluorescence quenching mechanism of piperazine-
naphthalimide derivatives.> Unfortunately, they did not provide
direct experimental data to support their viewpoints. The mole-
cular origin of pH-dependent responses in T-latch M1 thus
remains obscure.

With the rapid development of computational chemistry
and computer technologies, exploring molecular properties in
the excited states has become possible. These calculations
could provide important insights in understanding the fluores-
cence turn-on/off mechanisms and shed light on the rational
design of molecular logic gates with complex operations/
responses.”’ In this work, we have investigated the photo-
physical properties of M1 along with reference compounds
M2 and M3, using density functional theory (DFT) and time-
dependent DFT (TD-DFT), in order to reveal the ‘off-on-off”
switching mechanisms of M1. Our results showed that the TICT
mechanism, as proposed by A. P. de Silva, is responsible for the
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off-on switching of M1 upon the addition of the first proton
(Scheme 1d). We also found that PET results in the on-off
switching of the protonated M1 upon the addition of the
second proton (Scheme 1d). This newly proposed mechanism
leads to a deep understanding of the working principle of M1,
and demonstrates that multiple fluorescence mechanisms can
be collectively employed to construct molecular logic gates with
complex operations.

2 Experimental and
computation methods

Geometry optimizations were carried out at the M062X/Def2svp
level.>**” Solvation effects were taken into account using the
SMD model.>® We used acetonitrile (to be consistent with the
experimental conditions of Pischel and coworkers) as well as
water as solvents. Frequency calculations were performed to
confirm that we obtained stable structures without imaginary
vibration frequencies. The excitation energies and emission
energies of all molecules were calculated using state-specific
equilibrium solvation, unless stated otherwise.”® The potential
energy surface (PES) in the first excited state (S;) was calculated
at the same level using relaxed scans around the bond con-
necting the amino group to the naphthalimide moiety. All DFT
and TD-DFT calculations were carried out using Gaussian
16A.%° The molecular excitation properties were also investi-
gated by the hole-electron analysis using Multiwfn 3.6.*
Previous studies showed that the MO062X functional was
suitable for calculating the excited-state PES where significant
variations in charge transfer were involved, although it consis-
tently over-estimated photo-excitation/-deexcitation energy.**
MO062X has also been frequently used to explain the lumines-
cence mechanisms of organic dyes with satisfying results.**

To experimentally validate the newly proposed quenching
mechanism in logic gate molecules, we synthesized and char-
acterized molecule M3. 75 mg (0.75 mmol, 5 eq.) of N-methyl
piperazine was added dropwise to a solution of 50 mg
(0.15 mmol) of N-butyl-4-bromo-1,8-naphthalimide in 5 mL of
2-methoxyethanol. The mixture was heated at 120 °C for 5 h,
while being monitored via thin layer chromatography. After the
reaction was completed, the solution was removed under
reduced pressure and the crude product was then purified via
column chromatography to give M3 as a yellow solid in 66%
yield (35 mg). "H-NMR (400 MHz, CDCl;) J 8.58 (dd, J = 7.3, 0.9
Hz, 1H), 8.51 (d, J = 8.0 Hz, 1H), 8.40 (dd, J = 8.4, 0.9 Hz, 1H),
7.72-7.64 (m, 1H), 7.22 (d, J = 8.1 Hz, 1H), 4.20-4.14 (m, 2H),
3.38-3.25 (m, 4H), 2.75 (s, 4H), 2.44 (s, 3H), 1.71 (ddd, J = 12.5,
8.5, 6.6 Hz, 2H), 1.44 (dq, J = 14.7, 7.4 Hz, 2H), 1.01-0.93 (m, 3H)
(Fig. S1, ESIY).

3 Results and discussion
3.1 Off-on mechanism of M1

The fluorescence quantum yields of M1-M3 are 0.017, 0.560,
and 0.018 in acetonitrile solution, respectively. Pischel et al.
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inferred that the low quantum yields of M1 and M3 before
protonation were due to the presence of PET. During the PET
process, an electron transferred from the methyl-substituted
piperazinyl group to the naphthalimide unit upon photoexcita-
tion, thus quenching the fluorescence of M1 and M3. Sub-
sequent additions of one proton to M1/M3 could block PET and
turn on the fluorescence. For M2, Pischel speculated that
protonation leads to the transformation of the quinolinyl
residue into a quinolinium cation, and the fluorescence is
quenched by strong hydrogen-bonding interactions between
NH" and the imide carbonyl C=0 moiety. The hydrogen bond
quenching (HBQ) mechanism can also be found in M1 upon
the addition of the second proton. While Pischel developed one
excellent molecular logic gate, they did not provide compelling
experimental proof to support the proposed mechanisms.

We decided to explore the working mechanism of M1-M3
with the help of theoretical chemistry. Because M1 contains
two receptors (a piperazinyl and a quinolinyl group), it can be
considered as a ‘structural combination’ of M2 and M3. In
other words, the two-step off-on-off responses of M1 represent
the sensing mechanism of M2 and M3, respectively.

We first determined the relative energy preference of various
protonation sites in M1. Fig. 1a shows five possible positions
and the relative Gibbs free energies of the corresponding
protonated products. Clearly, the N atom at Site I has the
highest reactively towards protonation, due to the lowest Gibbs
free energy. The next energetically favorable protonation site
resides at Site II (Fig. S2, ESI{). Therefore, M1-1H (Fig. 1b) is
regarded as the product formed upon the addition of the first
proton and M1-2H (Fig. 1b) is that for the addition of the
second proton in this work.

We continued to explore the ‘off-on’ mechanism from M1 to
M1-1H. TD-DFT calculations based on the ground-state struc-
ture (Fig. 1c) show that 97% of the orbital transition contribu-
tion comes from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO)
in M1 upon photoexcitation to the S; state. Moreover, both the
HOMO and the LUMO are located in the naphthalimide moiety.
Subsequent hole-electron analysis also shows that both the
hole and the electron of M1 are distributed in the naphthali-
mide unit. The moderate overlap between hole and electron
and the short distance of the electron/hole centroid*** demon-
strate a weak intramolecular charge transfer feature in M1
(Fig. S3, ESIt). We also noted that HOMO—1 is distributed in
the methyl-substituted piperazinyl group. The energy difference
between the HOMO and HOMO—1 is 0.53 eV. As there exist no
quenching orbitals in the naphthalimide fluorophore, our
results suggest that PET seems absent in M1. Indeed, TD-DFT
calculations based on excited-state optimized structures
suggest that the locally excited state (LE;)min iS a stable struc-
ture, before the methyl-substituted piperazinyl group rotates
towards the TICT state (Fig. 1d). This (LE;)min State is highly
emissive with a large oscillator strength of 0.343.

After the protonation of M1 to M1-1H, the main orbital
transition during S; excitation is still from HOMO to LUMO
(Fig. 1e), which is similar to that in M1. We also noted that
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Fig. 1 (a) Five possible protonated positions and relative Gibbs free
energy of protonated products, (b) molecular structures of protonated
products, (c) molecular frontier orbitals and electronic transitions of M1,
(d) illustration of the relative electronic energy between S; and S, of M1,
(e) molecular frontier orbitals and electronic transitions of M1-1H, and
(f) illustration of the relative electronic energy between S; and S, of M1-1H.
For clarity, all energy levels are not drawn in scale. The vertical excitation
energy was calculated using a linear solvation model, while de-excitation
energy was computed using state-specific equilibrium solvation, all in
acetonitrile.

HOMO-1 is distributed in the quinolinyl moiety in M1-1H, and
the energy gap between HOMO and HOMO-1 increases to
0.67 eV. Compared with M1, molecule M1-1H exhibits a shorter
distance between hole and electron centroids, and a larger
overlap between hole and electron (Fig. S3, ESIt). This differ-
ence indicates that there is a smaller degree of intramolecular
charge transfer in M1-1H than in M1. Moreover, highly emis-
sive (LE;)min remains the most stable S; structure in M1-1H
(Fig. 1f). Similar electronic transition behaviors are also noted
in M3 in both the neutral and protonated states (Fig. S4, ESIf).
According to these findings, the frontier orbitals in the methyl-
substituted piperazinyl group are not involved in the photo-
excitation of both M1 and M1-1H. The calculated results are
inconsistent with the previously proposed PET mechanism.

This journal is © the Owner Societies 2019
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Fig. 2 (a) S; potential energy surface (pink) of M1 and the corresponding oscillator strength (blue), as a function of the rotation of the methyl-substituted
piperazinyl group in acetonitrile; the relative S; PES was calculated by setting (S1)min as the reference (0); (b) distance of charge transfer as a function of
the rotation of the methyl-substituted piperazinyl group; (c) fluorescence spectra of M3 in the glycerol/methanol mixture with different volume fractions

of glycerol ([M3] = 10 uM).

To investigate the true molecular origins of weak emissions
in M1, we calculated the geometric and electronic properties of
the first excited states (S;)min after relaxation. In consideration
of the strong electron-donating strength of the methyl-substituted
piperazinyl group attached to the naphthalimide scaffold, we
speculated that the strong push-pull effect may induce a struc-
tural twisting between the donor and accepter moieties in the
excited state, resulting in the formation of the TICT state in M1.
We have thus constructed the PES of M1 along the rotation of the
piperazinyl group in the excited state (Fig. 2a). Moreover, we
calculated the distance of charge transfer for every geometry along
the twisting coordinate. Our results showed that the rotation of
the piperazinyl group indeed leads to a (S;)min geometry and the
distance of charge transfer consistently increases as the dihedral
angle rises from 0 to 90° on the S; PES (Fig. 2b). At the most stable
geometry, the methyl-substituted piperazinyl group is almost
perpendicular to the naphthalimide unit. At this conformation,
the LUMO is located on the naphthalimide unit, while the HOMO
moves to the methyl-substituted piperazinyl group. This complete
hole-electron separation leads to negligible oscillator strength
(f= 0), indicating that this state is non-emissive.*” Similarly, M3
also exhibits a stable TICT configuration (Fig. S5, ESIT). These
features are fully consistent with the TICT mechanism.

To further confirm TICT formation,*®**° the S; PES of M1
was calculated using two range-separated hybrid functionals,
CAM-B3LYP and ©®B97XD, in acetonitrile (Fig. S6, ESIT). These
results are in good agreement with the data derived from the
MO062X functional. Similar S; PESs favoring the formation of
the TICT states were also obtained for M1 and M3 in water
(Fig. S7, ESIt). In contrast, upon the protonation of the methyl-
substituted piperazinyl group, our results show that TICT
becomes energetically unfavorable in M1-1H (Fig. S8, ESIY).

We experimentally verified the TICT quenching mechanism
by synthesizing and characterizing reference compound Ma3.
Compound M3 shows strong UV-vis absorption bands that
maximize at 397 nm and 390 nm in methanol and glycerol,
respectively (Fig. S9, ESIt). The corresponding fluorescence
spectral peaks are located at 546 and 528 nm, respectively.
Given that methanol and glycerol have similar solvent polari-
ties, it is not surprising to observe these close UV-vis absorption

This journal is © the Owner Societies 2019

and fluorescence peaks. Notably, M3 exhibited weak fluores-
cence (quantum yield = 0.007) in methanol. In stark contrast,
strong emissions were observed in glycerol (quantum yield =
0.62). Accordingly, as we increased solvent viscosity by introdu-
cing more glycerol in the methanol/glycerol (Gly) mixtures
(Fig. 2c), we noticed significant enhancements of fluorescence
intensities by up to ~90 times in M3. This enhancement is
ascribed to the blocked TICT rotations of the methyl-piperazine
moiety in high viscosity solvents. These observations are fully
consistent with our theoretical calculations.

We also performed the titration of M3 with CF;COOH to
form protonated M3-H in methanol (Fig. S10, ESIT). Our results
showed that M3-H exhibited bright emission and a blue shift of
~21 nm in the UV-vis absorption spectra as compared to that
of M3 (Fig. S10, ESIt). This pH-dependent large blue-shift in the
UV-vis absorption spectra corresponds to the ICT mechanism,
while no significant shift should be observed in the PET mecha-
nism (as the quencher is isolated from the fluorophore).”® This
experimental evidence thus further disproves the PET mechanism
and supports the TICT model.

In sum, both our computational and experimental results
show that the fluorescence quenching of M1 and M3 derives from
the formation of the TICT state instead of the PET mechanism.

3.2 On-off mechanism from M1-1H to M1-2H

Next, we studied the ‘on-off’ mechanism of M1-H upon the
addition of the second proton (from M1-1H to M1-2H). We
optimized the geometries of M1-2H both in the ground and
excited state (Fig. 3a). In the ground state, the distances
between the proton and two carbonyl oxygen atoms are
2.99 and 3.65 A, respectively. These distances increase to 3.07
and 3.90 A in the excited state. Clearly, these distances are longer
than the van der Waals radius of hydrogen and oxygen atoms
(2.6 A), indicating the absence of hydrogen bond interactions.
These results contradict the mechanism of hydrogen bond
interactions (N-H'- - -0) as speculated by Pischel and co-workers
in rationalizing the on-off switching from M1-1H to M1-2H.
Our results also alert that one must take caution when inter-
preting specific intramolecular interactions based on the “two-
dimensional” canonical structures of a compound.

Phys. Chem. Chem. Phys., 2019, 21, 16798-16803 | 16801
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Based on the ground-state structure of M1-2H, we continued
to calculate the excitation properties of M1-2H and rationalize
the resulting fluorescence quenching. Our analysis showed that
photoexcitation to the S; state is dominated by the transition
from HOMO to LUMO+1 (Fig. 3c). We also observed a quench-
ing orbital, LUMO, distributed in the quinolinyl moiety, and
the gap between the LUMO and LUMO+1 is 0.30 eV. Clearly,
the energy levels of these frontier molecular orbitals meet the
requirement of d-PET. In addition, we have analyzed the
TD-DFT results (S; and S,) to study the fluorescence turn-off
mechanism in M1-2H. Our results show that a state crossing
between the LE and CT states exists in M1-2H, and the most
stable S; structure corresponds to a CT state. This (CT)mi, has a
negligible oscillator strength (f = 0.001), thus explaining the
complete quenching of fluorescence in M1-2H.

In sum, our results suggest that the ‘on-off’ switching from
M1-1H to M1-2H should be attributed to the activation of the
d-PET effect. After photoexcitation of M1-2H, the excited electron
in LUMO+1 could quickly transfer to the LUMO (from the
naphthalimide fragment to the protonated quinolinyl fragment),
thus quenching the fluorescence and leading to a low quantum
yield (0.017 in acetonitrile). The same quenching mechanism
(d-PET) is also found in protonated M2 (Fig. S11, ESIf).

4 Conclusions

We have performed detailed theoretical calculations to under-
stand the pH-dependent fluorescence ‘off-on-off’ switching
mechanism of a fluorescent molecular logic gate molecule
M1 (as well as reference compounds M2 and M3). Our results
did not support a previously proposed mechanism (PET followed
by hydrogen bond interactions as pH continuously decreases).
Instead, our computational and experimental studies showed
that M1 is prone to TICT formation, resulting in weak emission.
Upon protonation of M1 to form M1-1H, TICT is effectively
suppressed, thus turning on bright fluorescence. However,
further protonation activates d-PET in the resulting M1-2H,
leading to another off state. Our results offer new insights into

16802 | Phys. Chem. Chem. Phys., 2019, 21, 16798-16803

the working mechanism of M1 and suggest that multiple
fluorescence on/off mechanisms can be combined to enable
complex molecular logic gate operations in a single compound.
The close agreement between experimental data and theoretical
calculations also endorses the possibility of employing theore-
tical calculations to guide the rational design of fluorescent
molecular logic gates in future work.
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