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Abstract: Fluorescence-switch-based logic devices are
very sensitive compared with most of the reported devi-
ces based on UV/Vis absorption systems. Herein, we dem-
onstrate that a simple molecule, 5,10,15,20-tetra-(4-amino-
phenyl)porphyrin (TAPP), shows protonation-induced mul-
tiple emission switches through intramolecular charge
transfer and/or aggregation-caused quenching. Highly
sensitive INHIBIT and XOR logic gates can be achieved by
combining the intermolecular assembly with the intramo-
lecular photoswitching of diprotonated TAPP (TAPPH,*™).
In addition, molecular simulations have been performed
by DFT for a better understanding of the emission-switch-

ing processes. )

Molecular logic has experienced a boost in popularity since
the introduction of the first AND gate in solution by de Silva
et al. in 1993." From then on, most of the common logic oper-
ations have been derived from switchable molecular systems,”
such as OR" XOR™ NOR" NAND,” and INHIBIT”' Among
them, the XOR gate is a digital logic gate with two or more
inputs and one output that performs exclusive disjunction,
whereas the INHIBIT gate produces a certain or fixed output
whatever the inputs might be or even when the input
changes. In fact, the outputs typically rely on photonic pro-
cesses of UV/Vis absorption and emission.® Especially, fluores-
cent output has attracted much attention due to its high sensi-
tivity. “On” and “off” fluorescence are referred to as the binary
digitals “1” and “0", respectively. In general, the fluorescent
sensitivity highly depends on the “on"/“off” ratio, for which the
optimal result is absolute quenching.””’ Therefore, the search
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for pathways that weaken the emission is extremely necessary
and crucial.

It is possible to control emission by designing a versatile
molecule with at least one fluorophore-spacer-receptor seg-
ment, which sustains the emission-switching processes,"® such
as photoinduced electron transfer (PET)," intramolecular
charge transfer (ICT),"? twisted intramolecular charge transfer
(TICT),"™ and resonance energy transfer (FRET)." A molecule
with two or more switching processes is supposed to be bene-
ficial for increasing the signal diversity. For example, Akkaya
and co-workers reported effective PET and ICT emission switch-
ing for a molecular half-subtractor in 2005." Later, they wid-
ened the applications of styryl-boron-dipyrromethene (bodipy)
derivatives in molecular logic and fluorescence sensing by se-
lective manipulation of ICT and PET processes."® Chemosen-
sors, which combine those two or more processes, have at-
tracted much attention as well."”? However, the molecular
complexity increases with the introduction of more intermolec-
ular quenching processes, that is, an increasing number of
spacers and receptors. Extended mt systems with strong emis-
sion, except in aggregated states, carry out quenching process
through aggregation-caused quenching (ACQ).'® As Xu et al.
reported, molecular flattening can be an efficient quenching
pathway for m—m cooperative interactions between 2D gra-
phene layers and the large & system of porphyrin molecules.™
Accordingly, designing a simple molecule through intermolec-
ular assembly can perhaps produce diversiform signals through
only one intramolecular process. Nonetheless, little attention
has been paid to this type of combinational work.

Porphyrins, which are perfect emissive molecules, quench
fluorescence by forming assemblies through m—m interactions
and hydrophobic effects. Emission is observed when the as-
sembled structures disperse. Therefore, porphyrins are actually
appropriate candidates for combining ACQ with an intramolec-
ular process.” The core N atoms of 5,10,15,20-tetra(4-amino-
phenyl)porphyrin (TAPP, Scheme S1 and Figure S1 in the Sup-
porting Information) can be primarily protonated,® and thus
TAPP changes into TAPPH,?", which is regarded as an ampho-
philic molecule for both trapping and releasing H*.?"! Herein,
we report the fluorescent switch of INHIBIT and XOR logic
gates based on TAPPH,?" by ICT and ACQ processes by using
H* and OH™ as inputs (Scheme 1). Fluorescence quenching re-
sults from the first conjoined use of intramolecular interaction
and intermolecular assembly. In addition, it is also the first
report on a “turn-on” fluorescence approach for TAPP under
strong acidic, aqueous conditions, and hence TAPP may be
used as an emission sensor at low pH values.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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TAPPH,*", and TAPP. The elec-
tron clouds of both the HOMO
and LOMO are mainly located on
the central porphyrin core of
TAPP. This result suggests that
the optical transition from the
LUMO to the HOMO is direct,
and there is no ICT from the pe-
ripheral amines to the porphyrin
core.? It can be used to explain

*NHs IiD NH, why high fluorescence can be

O T monitored even in highly polar

solvents. In sharp contrast, the

. . 4w 20H HOMO and LUMO of TAPPH,**
Hn-_) ’ P ot ) W N“ZE,;'“” O are mainly distributed along the
X ACQ terminal phenyl. units and the

O central porphyrin core, respec-

NH; NH, NH, tively. Therefore, an obvious ICT

TAPPH;* TAPPH,™ TAPP is anticipated for TAPPH,?*. This

Scheme 1. Schematic illustration of the emission change with protonation of TAPP in a) DMSO/H,0 (1:1) or

b) H,0.

Figure 1a shows the UV/Vis absorption spectra of TAPP in
DMSO/H,0 (1:1) at different pH values (for different concentra-
tions of TAPP, see Figure S2, and for solvent ratios, Figure S3 in
the Supporting Information). TAPPH,>" can be generated in
acidic media. Further protonation of peripheral amino groups
is more difficult, and a strong acidification is needed to allow
spectroscopic observation of TAPPH,®". The electronic absorp-
tion spectra of TAPP exhibit two transformations. Redshift of
the Soret band (1,,.,,=432 nm) is observed by 36 nm by lower-
ing the pH value from 6 to 3, followed by a blueshift with the
pH change from 2.8 to 0 (1,,.,,=439 nm; Figure 1a). The UV/Vis
spectra are in accordance with previous work reported by
Weinkauf et al.”? Compared with an “on” fluorescence in di-
chloromethane and quenched fluorescence in DMSO, the fluo-
rescence of TAPP quenches step by step along with the in-
creasing concentration of H* in DMSO/H,O (Figure 1b). Inner
N atoms as electronrich units transform to electronpoor atoms
when TAPP is protonated under acidic conditions; this contrib-
utes to the formation of the D-m-A structure. In this regard,
the TAPPH,?>" emission should be quenched in polar solvents,
such as our aqueous system. Surprisingly, the emission of our
system turns on when the pH is low enough (pH<1; Fig-
ure 1b), which has never been reported before. From the
point view of the molecular structure, the D-mt—A structure can
be destroyed by the protonation of periphery amino groups.
Thus TAPPHS' represents “on” fluorescence even in highly
polar solvents. The three protonation states result in an “on-
off-on” emission process in DMSO/H,0.

Theoretical calculations were performed with DFT at the
B3LYP/6-31G basis level in the Gaussian 03 B.02 package to
better understand the emissive properties of TAPP at different
levels of protonation.”® The simulation results are shown in
Figure 2, including the optimized molecular configuration and
electron distributions of the HOMO and LOMO of TAPPH ™,

Chem. Eur. J. 2014, 20, 1-5 www.chemeurj.org

has been confirmed by the fluo-
rescent behavior in solutions
with different polarities, for ex-
ample, in aqueous and in DMSO
systems. The orbital distribution also agrees with our explana-
tion for TAPPH,S™ with a weak ICT. We also investigated the
fluorescence of other species with different extents of protona-
tion by theoretical calculations (Figure S4 and S5 in the Sup-
porting Information). Surprisingly, the results show that the
fluorescence of TAPPH,’", without ICT, can also be “on” in
aqueous solutions. In short, the theoretical results coincide
with the “on-off-on” emission process in DMSO/H,0.

Similar to that measured in DMSO/H,0, the UV/Vis absorp-
tion spectra in H,O exhibit a redshift, followed by a blueshift,
with different absorption densities (Figure 1c). There is still
a “turn-on” emission at extremely low pH values. Moreover, the
fluorescence intensity that results from strong acidification of
the H,O solution exceeds that in DMSO/H,O (1:1). Figure 1b
and d show “turn-on” fluorescence at pH 1.0 and pH 2.8, re-
spectively, proving the formation of TAPPHS". Nevertheless,
the emission is absolutely quenched in near neutral H,O (Fig-
ure 1d). The TAPP molecules aggregate because of m-m inter-
actions and hydrophobic effects, similarly to tetraarylporphyrin
in H,0.%°! At lower pH values, TAPP shows an “off-on” emission
process (Scheme 1b). Therefore, in contrast to the process in
DMSO/H,0, the “off-on” emission process in H,0 can be ex-
plained by adding ACQ.

Interestingly, the fluorescence responses of TAPPH,*" to dif-
ferent combinations of H™ and OH™ constitute an INHIBIT gate
in H,0 and an XOR gate in DMSO/H,0 (Figure 3). It is difficult
to implement an XOR gate in a chemical system, because the
responses to two different stimuli are complex.”® Figure 3a
signifies the “turn-on” fluorescence at pH 0 and 14, but also
the “off” state at pH 3.0 (for UV/Vis adsorption spectra and
fluorescence spectra at pHO to 14, see Figure S6-S7 in the
Supporting Information). By contrast, the INHIBIT gate is a two-
input AND gate with a one-input NOT gate (Figure 3b). This is
realized through the “turn-on” emission process of TAPP in

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) UV/Vis absorption spectra and b) fluorescence spectra of TAPP
(1 pm) in DMSO/H,0 (1:1) at different pH values (4., =439 nm). c) UV/Vis
absorption spectra and d) fluorescence spectra of TAPP (1 um) in H,0 at dif-
ferent pH values (4,,, =432 nm).

H,O at different pH values. Importantly, the high sensitivity of
INHIBIT and XOR logic gates are achieved through fluorescent
switch processes. Also by virtue of emission switches, TAPP can
be used as a fluorescent sensor at pH 0-6 (Figure S8 in the
Supporting Information).
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Directly optical transition <--|ndirect optical transition

Figure 2. LUMO and HOMO of TAPP, TAPPH,?* and TAPPH,®" in optimized
structures obtained by Gaussian 03, B3LYP/6-31G basis set.
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Figure 3. Output and the corresponding truth tables for the a) XOR
(Aex=439 nm) and b) INHIBIT gates (1., =432 nm) of TAPPH,?" using H™
(Input 1) and OH~ (Input 2). The solid line indicates the detection limit.

In summary, we mainly focus on the combination of intra-
and intermolecular interactions to achieve logic-based devices,
by first demonstrating the continuous fluorescent conversion
of TAPP in different aqueous systems. As fluorescent switch-
type logic gates, the revealed INHIBIT and XOR gates are in-
stinctively highly sensitive. Furthermore, TAPP can be used as
an alert sensor in very acidic conditions as a consequence of
the “turn-on” fluorescence of TAPP in aqueous systems with
low pH values. Additionally, coupling the intramolecular switch
to intermolecular assembly simplifies the design of logic mole-
cules, and is a promising method to be extended to other
types of emission systems, such as multiple chemical pass-
words,”? dual-analytic Luciferin Imaging,””’ and the detection
by emission color change.?®
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Molecular logic: 5,10,15,20-Tetra-(4-ami- XOR 3 I Logic Gates
nophenyl)porphyrin with intermolecular i o ake 201

iliti i i e Rois X.-L. Xu, E-W. Lin, W. Xu, J. Wu,* Z-K. Xu*
assembly abilities shows multiple emis- BT Lo Au, F-W Ling WL Ku, J. Wu,™ £-K.

=y

sion switches and produces diversiform — EE-EE

logic signals of high sensitivity by com- e son {%Dﬂ
bining intermolecular assembly with in- = 6 O o "o Highly Sensitive INHIBIT and XOR
tramolecular photoswitching (see é = Logic Gates Based on ICT and ACQ

figure). In addition, DFT helps to further Emission Switching of a Porphyrin
understand of the emission switching Derivative

processes. (ICT =intramolecular charge “’éﬂ

transfer; ACQ=aggregation-caused
quenching.)
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