Published on 31 October 2016. Downloaded on 30/11/2016 18:56:36.

PCCP

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Phys. Chem. Chem. Phys.,
2016, 18, 32132

Received 8th October 2016,
Accepted 28th October 2016

DOI: 10.1039/c6cp06899e

www.rsc.org/pccp

Molecular logic gates based on benzo-18-crown-6
ether of styrylquinoline: a theoretical studyf

Demeter Tzeli,* loannis D. Petsalakis* and Giannoula Theodorakopoulos

In the present work, we examine the possibility of a benzo-18-crown-6 ether of styrylquinoline molecule
(1) in acetonitrile solvent to act as a sensor for the Ca** cation and as a molecular logical gate. DFT and
TDDFT calculations are carried out using the M06-2X and the PBEO functionals. The quinoline moiety is
an electron donor and an H* receptor, while the crown ether is a Ca** receptor forming host—guest
complexes with Ca**. The calculations show that there are 8 thermally stable forms, i.e., trans and cis
isomers of neutral (1), protonated (1H*), complexed with Ca** (1Ca**), and both protonated and Ca**
complexed (LH*Ca™), with different absorption and emission spectra, and which can be interconverted
from one form to another. The addition of H* and/or Ca** to 1 results in variation of the oscillator
strength of the major absorption and emission peaks as well as in significant shifts of the major absorption
and emission peaks including shifting from the vis spectral area to UV and vice versa. Consequently, 1
is a candidate for a sensor for the Ca** cation. Furthermore it is shown that 1 can act as a molecular
optical switch owing to its ability to be reversibly protonated and/or Ca** complexed with substantial
accompanying differences in the spectral properties. Similarly, 1 can be used as a sensor molecular logic
gate, in which using H* and Ca** and irradiation as input, the emission output at 500, 470, 430, and
407 nm can be utilized as output to build AND, NOR, XOR, XNOR, INHIBIT, and IMPLICATION logic gates.

1 Introduction

Silicon-based computers carry out mathematical operations
using Boolean logic elements. The ability of molecules to process
information similar to electronic systems was first demonstrated
in 1993 by de Silva' and eventually this idea opened up a rapidly
growing multidisciplinary research area.’” Molecular systems
that exhibit sequential advanced logic functions such as those
utilized for the construction of memory devices, delay and
storage elements, and finite-state machines have great potential
for applications®” and their design is a significant challenge in
the field of molecular information technology.>™**

In general, the molecular systems are designed according to
the principles of modular PET (photo electron transfer)** in a
‘fluorophore-spacer-receptor’ or ‘fluorophore-spacer-receptor1-
spacer-receptor2’ format where the fluorophore and receptor
sites are purposely separated.'® Namely, there is a fragment
that is capable of serving as an “antenna’ for the absorption of
photons and of using the photon energy to transform the
molecular structure, as well as a fragment whose reactivity
changes as a result of the structural transformation. This is

Theoretical and Physical Chemistry Institute, National Hellenic Research
Foundation, 48 Vassileos Constantinou Ave., Athens 116 35, Greece.

E-mail: dtzeli@eie.gr, idpet@eie.gr

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c6cp06899e

32132 | Phys. Chem. Chem. Phys., 2016, 18, 32132-32145

the principle of operation that is embodied in natural photo-
sensitive systems. The absorption and emission properties of
the designed molecules are modulated by different combina-
tions of external input, such as light, metal ions, anions,
solution pH, and solvent polarity."'® However, relatively few
molecular systems are capable of performing multiple logic
functions based on the modulation of both absorption and
emission properties.**°

Diarylethylenes exist as two thermally stable isomer forms,
the trans (E) and cis (Z) isomers. The isomers are transformed
into each other under light illumination as a result of the
reversible photoisomerization reaction. Owing to these proper-
ties, diarylethylenes are convenient models of photochromic
molecular switches. Stilbene is the simplest diarylethylene.>*
Stilbene is a prototypical molecule that undergoes a reversible
trans—cis isomerization and exhibits photosensitive properties.
Its photoisomerization has been extensively studied due to its
important role in many areas of chemistry’® and photophysics™ by
both experimental**?° and theoretical®*>” approaches, see ref. 36
and 37 and references therein. It has been generally accepted that
the relaxation of both cis and trans isomers involves the central C—=C
bond twisting motion toward the perpendicular conformation.**”

In the case of styrylquinoline, photoisomerization and fluores-
cence are two competitive processes,”> see Scheme 1. After the
absorbance of the trans (E) or cis (Z) molecule, the E — Z photo-
isomerization occurs generally by the well known diabatic
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Scheme 1 Absorption (dashed lines), photoisomerization (solid lines) and
emission (dotted lines).

mechanism where there is a twist around the ethylenic bond
towards an energy minimum at the perpendicular configu-
ration (pc), at about 90°.>® Thus, there exists a S; — S, internal
conversion (or T; — S, intersystem crossing) followed by a
relaxation to the ground state trans and cis isomers in roughly a
1:1 branching ratio, ie., "*E* — “*pc* — 'pc — o'Z + (1 — a)'E,
where the factor « is assumed to be ~0.5 in most cases. In some
cases, specific structures may stabilize the S; state of the E geometry
and increase the energy barrier to twisting®® thus leading to
fluorescence. Generally, the photoisomerization-fluorescence com-
petition is affected by some factors, ie., the size and shape of
molecules, the existence of heteroatoms, the temperature, the
solvent etc.*°*° Fluorescence dominates in conditions such as
low temperature,*®*' rigid media in dyes,*’ viscous solvents,**
freezing the solutions to a rigid glass,** the presence of fitting
ions in rings of adjacent groups,*® and strong intramolecular
interactions in inert solvents.*®

Styrylquinoline, like most of the diarylethylenes, isomerizes
reversibly by the diabatic mechanism.*® Budyka et al.*” found that
upon irradiating 2-styrylquinoline at 365 nm the photostationary
state contains 64% of the Z-isomer, and further irradiation
at 313 nm results in a new photostationary state with 33% of the
Z-isomer. Thus, Budyka et al*’ treated the first photostationary
state with irradiation at 313 nm as “input 1” and protonation
(treatment with HCI) as “input 2” with gaseous HCI or they treated
the second photostationary state with irradiation at 365 nm
as “input 1” and protonation as “input 2”. On embedding
2-styrylquinoline in a polymer film, it can act as “AND”, “OR”,
“NAND”, “INHIBIT”, “NOR” and “IMPLICATION” logic gates
using absorbance as an output readout at 301, 342, 356, and
390 nm. It is also found that the photoexcitation of styrylquinoline
results in changes in styrylquinoline basicity.*®

Crown ethers are good complex-forming compounds capable
of selectively capturing cations into their cavities. This makes it
possible to use crown ethers for separation of different-type
cations and the stabilization of metal cations in organic media.
The ability of crown ether to bind metal cations depends on the
cavity size and the nature of heteroatoms.**® A combination of
styrylquinoline and crown ethers would facilitate additional
functions towards their function as molecular logic gates. It
might be noted that sensors have been synthesized that have
lumophores other than styrylquinoline, conjugated through a
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Fig. 1 Photoinduced trans—cis isomerism in the presence of H* and Ca**
cations in acetonitrile solvent.

double bond to crown ethers.”® However, the combination
of styrylquinoline with benzo-18-crown-6 ether has not been
previously investigated, either theoretically or experimentally,
to the best knowledge of the authors.

The field of study of molecular logical gates (MLGS) is a very
interesting subject and currently its real applications using working
models are limited. The present study aims to provide experimen-
talists with data regarding a potential MLG candidate. Here, we
study the benzo-18-crown-6 ether of the styrylquinoline molecule, 1,
see Fig. 1. The target of the present work is to examine the possibility
of 1 being a Ca™ sensor and/or a molecular logical gate (MLG), given
that it meets the demands of both: quinoline is an electron donor
and a proton acceptor, the crown ether is a Ca'" receptor that can
form host-guest complexes with the cation and, at the same time,
the molecule exhibits photosensitive properties due to the presence
of an ethylene fragment in the chromophore. The switching between
trans and cis isomers can be controlled viag irradiation and
protonation of the quinoline nitrogen atom.”” As will be
discussed below, the present results confirmed that 1 may
perform as a molecular device. Due to reversibility between
eight different forms any of these different photostationary
states can be used as an initial state of MLG. It should be noted
that application of fluorescence for the output readout has
sometimes advantage over absorbance.’>”” Here, both absor-
bance and emission output have been used.

2 Computational details

The neutral and protonated forms of benzo-18-crown-6 ether
of styrylquinoline and the neutral and protonated benzo-18-
crown-6 ether of styrylquinoline complexes with the Ca divalent
cation were calculated using DFT calculations using the
M06-2X°*>° and PBE0® functionals in conjunction with the
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Table1 Vertical excitation energies, AE (eV), Amax (nmM), and f-values for Sg — S; absorption and S; — Sp emission maxima, adiabatic excitation energies
AE,q4 (eV), and energy difference between trans and cis isomers, and AE. (eV) of the free stilbene and in acetonitrile solvent at the M06-2X or PBEO/6-

31G(d,p) level of theory

So — Sy S; = So
AE Amax fvalue AE.q4 AE Amax fvalue AE
trans MO06-2X* 4.39 282.48 0.997 3.98 3.64 340.52 0.993 0.115
MO06-2X? 4.27 290.30 1.121 3.62 3.18 390.13 1.299 0.149
PBE0® 4.02 308.41 1.108 3.66 3.29 376.77 1.143 0.230
PBE0? 3.97 311.96 1.124 3.41 3.07 , 404.39 1.335 0.223
3.98,°4.22.° 4.0 3.81% 3.85" ~3.50° 3.71/ 0.121%
cis MO06-2X* 4.66 265.92 0.385 3.68 2.84 436.57 0.190
M06-2X” 4.60 269.35 0.462 3.55 2.70 459.40 0.501
PBEO® 4.30 288.43 0.413 3.49 2.73 454.26 0.367
PBE0? 4.16 298.38 0.482 3.23 2.32 534.43 0.491
4.48' 3.57™ ~2.85"

“ Free stilbene. ? In acetonitrile. © In acetonitrile, PBE0/6-31G(d,p)//M06-2X/6-31G(d,p). ¢ In acetonitrile, PBE0/6-31G(d,p). ° Expt, ref. 24./ Expt, ref. 26a.
¢ In 3MP, ref. 26¢. " In n-hexane, ref. 28b. ° Expt, in n-hexane ref. 28a.” Expt, in n-hexane, ref. 28b. k Ab initio data in the gas phase, extrapolated at the
CCSD(T)/cc-pVooZ level of theory, ref. 35. ! Expt, ref. 29. ™ From a fitting of the experimental spectrum, ref. 62. " Expt, in n-hexane, ref. 28c.

6-31G(d,p)*" basis set in the gas phase and in acetonitrile solvent.
Both the trans and the cis isomers were fully optimized. The
potential energy curves with respect to the torsion C—C angle
which connected the two isomers for all four species were
calculated. The absorption and the emission spectra of the
studied structures were calculated via the TDDFT methodology.

The applicability of the methods employed here was tested by
carrying out calculations on the absorption and emission spectra of
stilbene (1,2-diphenylethylene) where experimental results exist, see
Table 1. Our results are in good agreement with the experimental
values®*??82%2 and high level ab initio methods.*® Thus, both
MO06-2X/6-31G(d,p) and PBE0/6-31G(d,p)//M06-2X/6-31G(d,p) meth-
ods are considered as a very good choice for the present study where
the calculation of the absorption and emission spectra is crucial in
order to characterize a molecular system as an appropriate one
for the molecular logic gate. The spectra involving transitions to
30-40 singlet-spin excited electronic states of the calculated species
were calculated both in the gas phase and in acetonitrile solvent.

Geometry optimization calculations in acetonitrile (¢ = 35.688)
solvent were carried out employing the polarizable continuum
model (PCM).** This model is divided into a solute part lying
inside a cavity, surrounded by the solvent part represented as a
structureless material characterized by its macroscopic properties,
ie., dielectric constants and solvent radius. This method repro-
duces solvent effects as well.**

The protonation energy and the interaction energy of the Ca*™"
cation with the crown ether were calculated and corrected with
respect to the basis set superposition error (BSSE) via the
counterpoise procedure.®® All calculations were performed using
the Gaussian 09 program package.®® The coordinates of all the
optimum structures are included in the accompanying ESL.{

3 Results and discussion
3.1 Geometry

The calculated structures of the lowest minima trans and cis
isomers of neutral (1), protonated (1H"), complexed with Ca""

32134 | Phys. Chem. Chem. Phys., 2016, 18, 32132-32145

(1Ca™), and both protonated and Ca"" complexed (1H*Ca*") are
shown in Fig. 2 and Fig. S1 of the ESL.f The lowest in energy
trans or cis isomer is labeled as trans-n or cis-n, respectively,
while the local minima isomers are labeled as trans-n_b or
cis-n_b, cis-n_c, and cis-n_d. The various trans and cis isomers
differ in the rotation of the C;-C; axis.

Selected geometries are given in Table 2 and Table S1 of the
ESL T while the Cartesian coordinates are given in Table S7 of
the ESL{ Protonation of quinoline for both cis and trans forms
and complexation of Ca to the crown ether in the trans form
does not alter the geometry of the ethylene group of quinoline
of 1 in the ground and excited states, ¢f. Table 2. In contrast,
complexation of Ca™" with the crown ether affects the dihedral
angles about the double bond, i.e., dxicicamz, dcacicacs, and
dncacice, in the lowest cis minimum in both the S, and S,
states, while the subsequent protonation of quinoline reverses
the effect.

In the calculated structures of the 1Ca"™ and 1H'Ca™
molecules, the O-Ca bond distance ranges from 2.516 to
2.745 A, see Table S1 of the ESIL.{ The largest O-Ca values are
observed in the S; minima. The Ca"" cation is in the cavity of
the crown ether, see Fig. S1 of the ESL{ The bond angles
®o1caoa and ¢ozcaos range from 172 to 180 degrees and the
do2caos angles range from 156 to 161 degrees, for the lowest
minima, see Table S1 of the ESLt{ In the cis-1Ca*™ and
cis-1Ca*"_b species a hydrogen van der Waals bond H: - N is
formed of about 2.1 A between the N atom and the phenyl H
atom, see Fig. 2 and Table 2 and Table S1 of the ESIL.{ Note that
the intramolecular interactions are particularly strong in inert
solvents making the torsional process practically forbidden*®
and the excited cis-1Ca™" isomer decays by fluorescence.

The Mulliken charges of atoms are almost the same in the
first excited (S;) state as in the ground (S,) state, see Table S2 of
the ESI.{ The N atom of quinoline has a charge of about —0.6 ¢~
which is increased by —0.1 e~ in the protonated molecules.
Charge is transferred to the proton and it has +0.4 e~. The O
atoms of the uncomplexed crown ether have charges of about
—0.55 ¢~. The Ca"" complexed species has a charge of +1.53 ¢,
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,and 1H*Ca*™* trans and cis isomers in acetonitrile solvent at the M06-2X level of

theory (H atoms = white, C = grey, O = red, N = blue and Ca = yellow spheres). Energy differences in eV are given.

thus, about half of the electron is shared with the O atoms and
their charges are increased to ~—0.63 e™.

3.2 Energetics

The vertical excitation energies, AE, for the S, — S; absorption
and AE. for the S; — S, emission maxima, and adiabatic
excitation energies, AE,q for the trans and cis isomers of the
1, 1H", 1Ca"", and 1H'Ca"™ molecules, as well as the energy

This journal is © the Owner Societies 2016

difference between the isomers AE;; in the ground (S,) and the
first excited states (S;) in acetonitrile solvent are collected in
Table 3 and Tables S4, S5 of the ESL ¥

The variation of the vertical excitation energies, AE, and
AE., and adiabatic excitation energies, AE,q, with respect to
protonation and Ca'" complexation of 1 is depicted in Fig. 3.
The Ca"™" complexation leads to an increase of the AE,, AE.,
and AE,q values for both trans and cis isomers, protonation
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Table 2 Selected geometries, distances R in A, angles ¢ and dihedral angles  in degrees of the ground states S (first line) and the first excited state S,

(second line in italics) of the eight stable lowest energy structures

N a
Rcicz Omicicanz dcscicaca Oncacicz Scicacscs Raon Roi-ca Roz-ca Ros-ca Ros-ca Ros-ca Ros-ca $01ca0s P02ca05 Poscaos Ru.. N

trans-1 1.342 179.1 179.6 2.2 175.8
1.411 179.4 179.6 0.6 1789

cis-1 1.343 5.2 6.8 144.9  148.2
1.428 35.9 44.7 172.5  175.1

trans-1H' 1.351 179.3 179.9 178.3  178.3 1.017
1.399 179.8 179.7 179.7  179.7 1.013

cis-1H* 1.348 5.9 10.6 152.7  150.3 1.017
1.406 22.4 30.6 166.8  168.4 1.013

trans-1Ca™  1.341 179.4 179.3 0.0 176.0 2.593
1.417 179.5 179.2 0.6 1785 2.621

cis-1Ca*™* 1.345 1.1 1.3 49.6  150.3 2.597
1.422 10.2 15.4 11.3  174.1 2.609

trans-1H'Ca™ 1.347 177.9 179.8 1744  175.2 1.017 2.638
1.406 179.4 179.6 179.1  179.0 1.013 2.702

cis-1H'Ca™ 1.344 5.0 8.2 147.6 33.9 1.018 2.622
1.416 28.2 36.6 168.4 11.5 1.014 2.705

2.522 2.601 2.578 2.552 2.613 173.5 157.5 179.5
2.549 2.601 2.574 2.525 2.603 176.6 155.5 178.9
2.518 2.583 2.593 2.533 2.600 172.3 160.6 1729 2.115
2.527 2.588 2.588 2.545 2.619 172.8 160.6 173.4 2.040
2.531 2.592 2.576 2.534 2.622 172.2 161.3 174.8
2.533 2.572 2.550 2.526 2.647 172.7 160.8 174.8
2.532 2.587 2.613 2.531 2.603 177.5 159.0 173.4
2.539 2.570 2.600 2.516 2.638 177.9 159.6 173.5

% van der Waals distance between N and H atoms of the phenyl group, see Fig. 2.

Table 3 Vertical excitation energies, AE, (eV), for Sg — S; absorption and AE, (eV) for S; — Sg emission maxima, Amax (M), and f-values of absorption
and emission, adiabatic excitation energies AE,q (eV), energy difference AE;s (eV) between the isomers in the Sg and S; states, and the energy gap for the
conversion of the trans to cis molecule AE (eV) of the 1, 1H*, 1Ca*™*, and 1H*Ca™* species in acetonitrile solvent at the M06-2X/6-31G(d,p) and PBEQ/6-

31G(d,p)//M06-2X/6-31G(d,p) (in italics) levels of theory

So = Sy S; = Sp
AEa Zmax f AEe ;Lmax f AEad AEis(SO) AEis(Sl) AEts
trans-1 3.58 346.38 1.3978 2.84 436.19 1.5315 3.21 0.00 0.00 1.66
3.31 374.18 0.9915 2.84 436.46 1.3200 3.12 0.00 0.00 1.61
cis-1 3.98 311.87 0.9532 2.36 524.47 0.9693 3.24 0.19 0.22
3.54 350.58 0.4013 2.46 503.01 0.7945 3.19 0.29 0.36
trans-1H" 2.98 415.37 1.6309 2.55 486.79 1.8079 2.75 0.00 0.00 1.65
2.79 444.99 1.0207 2.63 471.98 1.3633 2.76 0.00 0.00 1.69
cis-1H* 3.04 407.23 0.7534 2.37 523.47 1.0829 2.69 0.20 0.14
2.60 477.13 0.2800 2.48 499.94 0.7170 2.70 0.29 0.23
trans-1Ca*™ 3.83 324.10 1.8194 2.99 414.25 1.8765 3.40 0.00 0.00 1.73
3.69 335.87 1.5651 3.05 406.90 1.7292 3.37 0.00 0.00 1.81
cis-1Ca** 4.18 296.65 0.6983 2.90 428.27 0.9909 3.41 0.18 0.19
3.81 325.07 0.3698 2.89 429.35 0.7377 3.24 0.26 0.13
trans-1H'Ca™ 3.26 379.86 1.6641 2.70 458.70 1.8228 2.97 0.00 0.00 1.70
3.10 399.56 1.2435 2.81 441.59 1.6073 2.99 0.00 0.00 1.71
cis-1H"Ca™ 3.38 366.92 0.7952 2.33 532.08 0.9177 2.88 0.20 0.11
3.02 409.90 0.4915 2.45 506.67 0.7995 2.88 0.28 0.17

of 1 leads to a reduction of the values, while both complexation
and protonation lead to a smaller increase of the values
compared to 1Ca™. Thus, the 1Ca*™" complex presents the
largest AE,, AE., and AE,q values and 1H" has the lowest values
(with the exception of AE, for the cis isomer).

The dissociation energies DE of the calculated minima
with respect to trans-1(or cis-1 for the cis isomers) + H' (DE4,
i.e., protonation energy), trans-1(cis-1) + Ca™" (DE,, ie., inter-
action energy of the Ca™" cation with the crown ether), and
trans-1(cis-1) + H" + Ca" (DE3) for the ground S, and the first
excited states S, in acetonitrile solvent at the M06-2X/6-31G(d,p)
level of theory with and without BSSE correction are given in
Table 4 and Table S3 of the ESL.f We observe that the BSSE
correction is less than 20% of the uncorrected value for the
interaction energy of the Ca™ cation with the crown ether,
while for the protonation energy it is less than 0.5%. The
protonation energy is 7.81 eV for the trans-1H" isomer in the

32136 | Phys. Chem. Chem. Phys., 2016, 18, 32132-32145

S, state and it is increased to 8.26 eV in the S, state. In the trans-
1H'Ca'" isomer the values are smaller by 0.13 eV than the
values of trans-1H'. The interaction energy of the Ca"" cation
with the crown ether is 1.28 eV in the S, state and 1.09 eV in the
S, state for the trans-1Ca™" isomer. In the trans-1H"Ca™ isomer
the corresponding values are 1.15 and 0.93 eV, respectively. The
total dissociation energies of trans-1H'Ca*" with respect to
trans-1 + H' + Ca'" are 8.95 (S,) and 9.30 eV (S;). Similarly DE
values as for the trans isomers are also calculated for the
corresponding cis systems, c¢f. Table 4.

3.3 Absorption and emission spectra

The PBEO and M06-2X absorption (in Sy; in the geometry of the
ground state) and emission (in S;; in the geometry of the first
singlet excited state) spectra of the lowest in energy 1, 1H",
1Ca**, and 1H"Ca'" trans and cis isomers in acetonitrile solvent
are recorded and depicted in Fig. 4 and Fig. S2-S4 of the ESL¥

This journal is © the Owner Societies 2016
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Fig. 3 Variation of the vertical excitation energies, AE, for absorption and
AE, for emission, adiabatic excitation energies, AE,q, and energy gap AE
for the switching between trans and cis isomers with respect to the
protonation and the Ca™ complexation of 1 in acetonitrile solvent at the
M06-2X/6-31G(d,p) level of theory.

Table 4 BSSE corrected dissociation energies DE (eV) of the calculated
minima with respect to trans-1(cis-1) + H* (DE,), trans-1(cis-1) + Ca*™*
(DE,), and trans-1(cis-1) + H* + Ca** (DEs) of the ground states So and
the first excited states Sy in acetonitrile solvent at the M06-2X/6-31G(d,p)
level of theory

So S

DE, DE, DE, DE, DE, DE,
trans-1H" 7.81 8.26
cis-1H* 7.79 8.34
trans-1Ca*™" 1.28 1.09
cis-1Ca*™" 1.29 1.11
trans-1H'Ca™ 7.68 1.15 8.95 8.11 0.93 9.19
cis-1H'Ca™ 7.66 1.15 8.94 8.19 0.96 9.30

It should be noted that the calculated emission spectra display
bands whose energies are higher than those of the S; to S,
transition and which are experimentally invisible in most cases
owing to Kasha-Vavilov’s rule. These bands obtained from
the TDDFT calculations indicate the location of higher-lying
electronic states at the geometry of S;.

Both functionals predict similar absorption and emission
spectra. In addition to the excitation energies, for S, — S;
absorption and emission, the corresponding values of Apax
(nm) and fvalues for absorption and emission are also given
in Table 3 and Tables S4 and S5 of the ESI{ in acetonitrile
solvent and in Table S6 of the ESIf in the gas phase. It may be
noted that the PBEO functional predicts generally larger A,y for
absorption and smaller A, for emission compared to M06-2X
and larger fvalues than M06-2X in all cases.

A comparison between the spectra in the gas phase and in
acetonitrile solvent shows generally a shift to lower energies in
the presence of solvent. The largest shift for absorption A, is
calculated for trans-1H'Ca™ at 61 nm, while for emission,
the largest shift is found for Ay, of cis-1H'Ca™ at 129 nm.
The main peaks of the absorption and emission spectra of the
solvent acetonitrile itself is calculated at 110 and 133 nm,
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respectively, and do not influence the main peaks of the
studied molecules. In what follows, the results of the calcula-
tions including the solvent will be discussed.

The major excitation peak in the absorption and emission
spectra corresponds to HOMO — LUMO (H — L) excitation for
all 1, 1Ca**, and 1H*Ca** for both trans and cis isomers, while it
corresponds to H—1 — L excitation for 1H". For 1, the major
absorption peak is calculated in UV, at 346(374) nm and
312(351) nm for the trans and cis isomer, while the major
emission peak is calculated in vis, at 436(436) nm and 524(503)
nm, respectively at the M06-2X(PBEO) level of theory, see Table 3.
Protonation results in red shifts of the major peaks with the
exception of the emission peak of cis-1H". All peaks are in the vis
spectra, i.e., major absorption peaks: 415(445) and 407(477) nm,
major emission peaks: 487(472) and 523(500) nm for the trans-1H"
and cis-1H' isomers, respectively. In contrast, complexation of
Ca'" with the crown ether of 1 results in blue shifts of both major
absorption and emission peaks of 1, ie., absorption peaks:
324(336) and 297(325) nm and emission peaks: 414(407) and
428(429) nm for the trans-1Ca*" and cis-1Ca™ isomers, respec-
tively. Finally, both protonation and Ca"" complexation result in
red shifts of all major absorption and emission peaks of 1, and the
values are 380(400) and 367(410) nm [absorption peaks in UV] and
459(442) and 532(506) nm [emission peaks] for the trans-1H Ca*™
and cis-1H'Ca™ isomers, respectively, see Table 3.

The oscillator strengths of the major peaks are large. The trans
isomers present larger oscillator strengths than cis isomers for all
four 1, 1H", 1Ca*™, and 1H'Ca"™" species for both major absorp-
tion and emission peaks. The oscillator strength of the trans-1
isomer is 1.40[1.53](0.99[1.32]) for the absorption[emission]
major peak using MO06-2X(PBEO) and it increased with the
addition of H" and/or Ca"". The largest value is observed for
the 1Ca™ complex at 1.82[1.88](1.57[1.72]). The smallest oscil-
lator strengths are observed for the cis-1H' and cis-1Ca™
species, see Table 3. With respect to the change in the f
values with the addition of H" and/or Ca**, both functionals
predict the same trends. Addition of H" and/or Ca'" increases
the oscillator strength of the major absorption and emission
peaks of the trans isomer. For the cis isomer, the addition of H"
or Ca'™" decreases the oscillator strength of the major absorp-
tion, while the addition of both H" and Ca** does not affect the
fvalue. Finally, the addition of H" and/or Ca'" does not affect
significantly the oscillator strength of the major emission peak
of the cis isomer, see Table 3. Thus, the addition of H" and/or
Ca'" results in variation of the oscillator strength of the major
absorption and emission peaks and mainly it results in shifts of
the major absorption and emission peaks in the vis spectral
area and mainly from UV to vis and back to UV. Consequently,
1 is a candidate for a sensor for the Ca"" cation and as a
molecular optical switch owing to its ability to be reversibly
transformed and the substantial difference in the spectral and
complex-forming properties of both trans and cis dye isomers.

3.4 Molecular orbitals

The electron density plots of the HOMO (H), HOMO—1 (H-1)
and LUMO (L) involved in the s; or s, excitation of the
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Fig. 4 Absorption (under Sp) and emission (under S;) spectra of the lowest in energy 1, 1H*, 1Ca**, and 1H*Ca** trans and cis isomers in acetonitrile

solvent at the PBEO level of theory.

absorption (S,) and emission (S,) spectra of the 1, 1H", 1Ca*™,
and 1H'Ca™ molecules are depicted in Fig. 5 and 6. The relative
energies of MOs are given in parentheses. For all species the
H-1, H, and L are the same in the S, and S, states with the
exception of the cis-1H'Ca** complex, where the H—1 and H
are interchanged. The energy difference H — L is larger in
the absorption (S,) spectrum than that in the emission (S;)
spectrum for all species, while the energy difference between

32138 | Phys. Chem. Chem. Phys., 2016, 18, 32132-32145

H—1 and H is smaller in the absorption (S,) spectrum than that
in the emission (S;) spectrum with the exception of the 1H"
species. The energy difference between H—1 and H in the absorp-
tion ranges from 0.02 (cis-1H'Ca"™) to 0.81 (trans-1Ca™) eV and in the
emission ranges from 0.08 (trans-1H') to 1.19 (trans-1Ca’™) eV.
In 1H" (both S, and S,), cis-1 (S, only), and 1H'Ca™ (S, only)
the H and H—1 are energetically degenerate with an energy
difference of up to 0.2 eV.
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Fig. 5 Electron density plots of the HOMO (H), HOMO-1 (H—1) and LUMO (L) involved in the s; or s, excitations of the absorption (So) and emission (S;)
spectra of 1 and 1H* molecules. The relative energies of MOs are given in parentheses; f-values and Amax in NM of the s; or s, excitations are also given.

The electron densities of H and H—1 are located on styryl- exception of the 1H" cation (for both S, and S; and both trans
quinoline and benzo-crown ether, respectively, with the and cis isomers) and the cis-1H'Ca"™ species (for S,), where the
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Fig. 6 Electron density plots of the HOMO (H), HOMO-1 (H—1) and LUMO (L) involved in the s; or s, excitations of the absorption (Sg) and emission (S;)
spectra of the 1Ca** and 1H*Ca** molecules. The relative energies of MOs are given in parentheses; f-values and Anax in NmM of the s; or s, excitations are

also given.

electron densities of H and H—1 are interchanged. In all cases,
the electron density of the L is detected in styrylquinoline. The
s, excitation corresponds to charge transfer from crown ether to
styrylquinoline in trans-1H" (both absorption and emission
spectra), in cis-1H" (for S;), and in cis-1H'Ca™ species (for So).
In all other cases the s, excitation corresponds to charge transfer.

32140 | Phys. Chem. Chem. Phys., 2016, 18, 32132-32145

The charge transfer excitation in 1, 1Ca™, and 1H'Ca™ has
significant smaller oscillator strength than the other excitations,
however in 1H" even though the oscillator strength of the charge
transfer excitation is smaller than the other one, it is not
negligible and it is about 100 times larger than the corresponding
values of 1, 1Ca*", and 1H'Ca"" species, see Fig. 5 and 6.
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3.5 Logic gates trans to cis isomer and vice versa) and protonation as input, it
can act as “INHIBIT” at 351 nm. Thus, the addition of the
crown ether on 2-styrylquinoline changes significantly the
utility of 2-styrylquinoline.

The truth tables resulting from 1 enriched in the trans isomer

With appropriate selection of the irradiation wavelength, molecule
1 could be enriched with the trans or cis isomer. The photoiso-
merization input of 746(770) nm corresponds to the energy gap for
the isomerization of 1 from trans to cis and 843(939) nm from cis to

trans at the MO6-2X(PBEO) level of theory, see Table 3. When using two ionic input, namely, H" and Ca"" and photoisomeriza-
tion input and emission modes as output in the visible area at

500, 470, 430, and 407 nm are given in Table 7. As mentioned in
the Introduction, there is a photoisomerization-fluorescence com-

namely, H' and Ca** and photoisomerization input and absorp- petition which is affected by some factors such as temperature,

tion modes as output in the UV/visible area at 336, 351, 374, 400 viscous solvents, use of rigid media in dyes, etc.; for instance,

and 445 nm are given in Table 5. The PBEO Ay and their freezing the solution makes fluorescence the primary process. The
. max

PBEO A0 and their oscillator strength are provided in Table 7 for

convenience as well as the oscillator strength at the emission
output. It should be noted that the same truth tables result using
both the M06-2X and PBEO emission spectra. A threshold fvalue
of 0.5 is used for the discrimination between the “on” states, ie.,
output = 1 and “off” states, i.e., output = 0, see Table 7 and Fig. 4.
Thus, from the truth tables of Table 7, we observe that 1, using

irradiation is used as a second input for the 1H', 1Ca"™, and
1H'Ca™ species the output changes accordingly, see Table 3.
The truth tables resulting from 1 using two ionic input,

oscillator strength are provided in Table 5 for convenience as
well as the oscillator strength at the absorption output. A
threshold fvalue can be used for the discrimination between
the “on” states, ie., output = 1 and “off”’ states.”'* Here, a
threshold f-value of 0.4 is used, see Table 5 and Fig. 4. Thus,
from the truth tables of Table 6, we observe that 1, using two
ionic and photoisomerization input, can be used as a molecular

logic gate for AND, NOR, NOT, and INHIBIT logic operations at two lonic anfi photoisomerization input, can be used as a

the five selected A absorption output values of 336, 351, 374, molecular logic gaFe for ANP’ NOR, XOR, XNOR, INHIBIT, and

400 and 445 nm. see Table 6 IMPLICATION logic operations at the four selected A output
, .

Budyka et al*’ embedded 2-styrylquinoline in a polymer values of 590’ 470, 430, and 407 nm, see Table 8.

film and they found that using absorbance as an output readout Finally, it migllqt be noted tha.t it is possible f01.r 1to be.used asa
and irradiation (for the conversion of trans to cis isomer and vice MLG embedded in a polymer film as 2-styrylquinoline is used.

versa) and protonation as input, it can act as “INHIBIT” and
“NOR” logic gates at 342 nm, “OR” and “IMPLICATION” logic
gates at 356 nm and an “AND” logic gate. In the present study, The calculated structures of the transition state (ts-) for the
for the benzo-18-crown-6 ether of styrylquinoline using absorbance — isomerization of the trans to cis isomer of the 1, 1H*, 1Ca*", and
as an output readout and irradiation (for the conversion of 1H'Ca’™ trans and cis isomers are shown in Fig. 7. With the

3.6 Transition states

Table 5 Truth tables resulting from 1 using two ionic input and photoisomerization (irradiation) input and absorption mode as output (the oscillator
strength is provided)

Inputl: (irradiation Input2: Input3: Amax (RM) Outputi: Output2: Output3: Output4: Output4:
by light)* (H) (ca™) (fvalue) (336 nm) (351 nm) (374 nm) (400 nm) (445 nm)
0 0 0 374 (0.99) 0 0 1 0 0
1 0 0 351 (0.40) 0 1 0 0 0
0 1 0 445 (1.02) 0 0 (0.29) 0 0 1
1 1 0 477 (0.28) 0 0 0 0 0
0 0 1 336 (1.56) 1 0 (0.30) 0 0 0
1 0 1 325 (0.37) 0 0 0 0 0
0 1 1 400 (1.24) 0 0 0 1 0
1 1 1 410 (0.49) 0 0 0 1 (0.40) 0

%770 nm results in enrichment of the cis isomer of 1 and 939 nm results in enrichment of the trans isomer.

Table 6 Molecular logic operation for 1 starting from 1 enriched in the trans isomer using two ionic input and photoisomerization input and absorption
modes as output

Conditions Outputl: 336 nm  Output2: 351 nm  Output3: 374 nm  Output4: 400 nm  Output4: 445 nm
Irradiation® + H' in the absence of Ca**  — INHIBIT? NOR — INHIBIT®
Irradiation” + H' in the presence of Ca™  NOR — — NoT? —

H' + Ca"" (no irradiation®) INHIBIT? — NOR AND INHIBIT®

H' + Ca"" (after irradiation®) — NOT’ — AND —

Irradiation® + Ca'" in the absence of H'  INHIBIT INHIBIT® NOR — —

Irradiation® + Ca'" in the presence of HY  — — — NoT? NOR

4 Depending on the initial structure of the MLG, i.e., 770 (for trans-1), 734 (trans-1H"), and 685 nm (trans-1Ca*"). * The second input is H'. © The
first input is H'. ¢ For irradiation. ¢ For both./ The first input is Ca**. € The second input is Ca*".
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Table 7 Truth tables resulting from 1 using two ionic input and photoisomerization input and emission modes as output (the oscillator strength is

provided)

Inputl: (irradiation Input2 Input3: Amax (NM) Output1: Output2: Output3: Output4:
by light)* (HY) (ca™) (fvalue) 500 nm 470 nm 430 nm 407 nm
0 0 0 436 (1.32) 0 0 1 0

1 0 0 503 (0.79) 1(0.74) 0 0 0

0 1 0 472 (1.36) 0 (0.30) 1 0 0

1 1 0 500 (0.72) 1 (0.72) 0 (low, 0.14) 0 0

0 0 1 407 (1.73) 0 0 0 1

1 0 1 429 (0.74) 0 0 1 (high, 0.74) 0 (low, 0.16)
0 1 1 441 (1.61) 0 0 (low, 0.30) 1 (high, 1.30) 0

1 1 1 507 (0.80) 1 (0.70) 0 (low, 0.10) 0 0

%770 nm results in enrichment of the cis isomer of 1 and 939 nm results in enrichment of the trans isomer.

Table 8 Molecular logic operation for 1 starting from 1 enriched in the trans isomer using two ionic input and photoisomerization input and emission

modes as output

Conditions Outputl: 500 nm

Output2: 470 nm Output3: 430 nm Output4: 407 nm

Irradiation® + H' in the absence of Ca'" —

Irradiation® + H' in the presence of Ca*™ AND

H' + Ca"" (no irradiation?) —

H'+ Ca'" (after irradiation?) IMPLICATION?
Irradiation” + Ca’™" in the absence of H INHIBIT®
Irradiation® + Ca'" in the presence of H" —

Dependmg on the initial structure of the MLG, i.e., 770 (for trans-1), 734 (trans-1H"), and 685 nm (trans-1Ca™).
4 IMPLICATION with first input sz+ ¢ The first input is irradiation.

input is Ca""
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Fig. 7 Calculated structures of the ts-1, ts-1H*, ts-1Ca**, and ts-1H*Ca**
transition states in acetonitrile solvent in the Sg state and pc minimum in
the S; state (see Scheme 1). (H atoms = white, C = grey, O = red, N = blue
and Ca = yellow spheres).
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INHIBIT? NOR —

— XOR NOR
INHIBIT? XNOR INHIBIT®
— INHIBIT® —

— XNOR INHIBIT®
NOR INHIBIT —

b The first input is H*. ¢ The first

exception of 1Ca*", there are some small differences in geo-
metry of the calculated transition states in the S, state and pc
minimum in the S; state (see Scheme 1). This is reasonable
because the potential surface around the pc minimum in the S,
state is floppy and there is a conical intersection between the S,
and S; states. The HCCH dihedral angle (or torsion C—=C angle)
o(degrees) is about 90 degrees, see Table 9.

The potential energy curves for the isomerization with
respect to the reaction coordinate (HCCH dihedral angle or
torsion C—C angle) in acetonitrile solvent is shown in Fig. 8.
The energy gaps AE of the four molecules are similar and they
range from 1.65 to 1.73 eV at the M06-2X/6-31G(d,p) level of
theory, see Table 3. The largest value is observed for the 1Ca**
species for both M06-2X and PBEO functionals. The same trend
as for the AE,, AE., and AE,q values is observed, either the Ca*™
complexation is followed by the protonation or the protonation

Table 9 Vertical excitation energies between two electronic states Sg and
S1, AE; (eV, in the transition state) and AE. (eV, in the pc minimum of S,),
the HCCH dihedral angle (or torsion C—C angle) ¢ (degrees) and adiabatic
excitation energies AE,q4 (eV) of the transition state ts-1, ts-1H*, ts-1Ca™™,
and ts-1H*Ca** in acetonitrile solvent at the M06-2X/6-31G(d.p) and
PBEOQ/6-31G(d,p)//M06-2X/6-31G(d.p) (in italics) levels of theory

Sp = 54 81 = So

AE, 0 AE, 5 AEq.q
ts-1 2.87 (2.68) 87.5 0.16(0.37) 83.0  1.50 (1.54)
ts-1H" 1.55(0.60) 86.6  0.19 (0.01) 86.6  0.56 (0. 33)
ts-1Ca*™" 2.85(2.73) 90.2  1.10(1.04) 90.2  1.93 (1.87)
ts-1H'Ca™  2.51(2.43) 91.5 0.07 (0.11) 93.6  0.77 (0.86)
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Fig. 8 Potential energy curve for isomerization with respect to the reac-
tion coordinate (HCCH dihedral angle or torsion C—C angle) in acetoni-
trile solvent at the M06-2X level of theory.

first occurs followed by the Ca'" complexation (with the excep-
tion of AE, for the cis isomer), see Fig. 3.

The vertical excitation energies between two electronic states
in the transition state of Sy and the pc minimum of the S; state,
and adiabatic excitation energies of ts-1, ts-1H", ts-1Ca*™, and
ts-1H'Ca™ in acetonitrile solvent at the M06-2X/6-31G(d,p) and
PBE0/6-31G(d,p)//M06-2X/6-31G(d,p) (in italics) levels of theory
are given in Table 9. The smallest values are calculated for
ts-1H", with 0.33 eV for the AE,4 energy, while the largest values
are observed for ts-1Ca*" with 1.87 eV for the AE,q energy. For
stilbene the corresponding value at SA-CAS/6-31G was calcu-
lated at 1.92 eV,*” very close to our value for 1.

The absorption spectra of the ts-1 ts-1H', ts-1Ca*" and
ts-1H'Ca™" structures and spectra of the pc minimum of the
S; state in acetonitrile solvent at the PBEO level of theory are
depicted in Fig. S5 of the ESL{ The fvalues and /;ax in nm of
the s, or s, excitations are given in Fig. S6 of the ESI.{ For the
four molecules, the first s; excitation in the absorption spectra
is red-shifted compared to s; excitation of both ¢rans and cis
isomers, see Table 3 and Fig. S6 of the ESL¥

Electron density plots of H, H—1, and L involved in the s,
or s, excitation of the absorption (S,) spectrum of ts-1 ts-1H",
ts-1Ca™" and ts-1H'Ca™ structures and that of the spectrum of
pc minimum of the S; electronic state of 1, 1H', 1Ca*", and
1H'Ca"" are shown in Fig. S6 of the ESL{ The relative energies
of the MOs are given in parentheses. The s, excitation corre-
sponds to charge transfer from crown ether to styrylquinoline,
with the exception of ts-1Ca™* where the charge transfer excita-
tion is the s; excitation. The oscillator strengths of charge
transfer excitation are very small. The s; excitation of the pc
spectrum of S; of 1, 1H", 1Ca™", and 1H'Ca"" corresponds to a
H — L excitation with a large coefficient and to a H < L with a
small coefficient which is an indication that the minimum is on
conical intersection. Comparing the MOs in trans and cis
isomers with the transition states, we observe that there are
differences between the H, H—1, and L of trans and the
transition state in the case of 1H', while for the remaining
three species, 1, 1Ca™", and 1H'Ca"" they are similar. The MO
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relative energy differences in H—1 — H are large, while the
H — L is smaller in the transition states than those values of trans
and cis isomers, compare Fig. 5 and 6 with Fig. S6 of the ESL}

4 Summary and conclusions

In the present work, we study the benzo-18-crown-6 ether of
styrylquinoline molecule (1) in acetonitrile via DFT and TDDFT
calculations using the MO06-2X and the PBEO functionals.
Quinoline is an electron donor and an H" receptor. The crown
ether is a Ca"" receptor forming host-guest complexes with
the cation. There are 8 thermally stable forms, i.e., trans and
cis isomers of neutral (1), protonated (1H'), complexed with
Ca'™ (1Ca™), and both protonated and Ca™ complexed
(1H'Ca™), which have different properties (absorption and
emission spectra) and which can be converted from one to
the other by protonation/deprotonation and/or Ca™ complexa-
tion/decomplexation. Their geometries, energetics, chemical
bonding, and absorption and emission spectra were calculated.

Both PBEO and MO06-2X predict similar absorption and
emission spectra for all studied species. Ca"* complexation
leads to an increase of the vertical excitation energies of
absorption (AE,), emission (AE.), and adiabatic excitation
energies (AE,q) for both trans and cis isomers resulting in blue
shifts of both major absorption and emission peaks of 1.
Protonation of 1 leads to a reduction of the AE values, corres-
ponding to red-shifts of the major peaks which are all found in
the region of vis spectra. Both complexation and protonation
lead to a reduction of the AE values to smaller values than the
corresponding values of 1, i.e., red shifts of all major absorption
and emission peaks of 1.

The trans isomers present larger oscillator strengths than
cis isomers for all four 1, 1H", 1Ca*™*, and 1H'Ca"™" species for
both major absorption and emission peaks. The addition of H"
and/or Ca"" results in variation of the oscillator strength of the
major absorption and emission peaks and in shifting of the
major absorption and emission peaks in the vis spectral area
and mainly from UV to vis and back to UV. Consequently, 1 is a
candidate for a sensor for the Ca"" cation and as a molecular
optical switch owing to its ability to be reversibly transformed
and the substantial difference in the spectral and complex-
forming properties of both trans and cis dye isomers.

The s; (H — L) excitation corresponds to the charge transfer
from crown ether to styrylquinoline in trans-1H" (both absorp-
tion (Sp) and emission spectra (S;)), cis-1H" (for S;), and cis-
1H'Ca"" species (for Sy); in all other cases the s, (H-1 — L)
excitation corresponds to the charge transfer from crown ether
to styrylquinoline. The charge transfer excitation in 1, 1Ca™,
and 1H'Ca"™ has significantly smaller oscillator strength than
the other excitation, however in 1H" even though the oscillator
strength is still smaller than the other one, it is not negligible
and is about 100 times larger than the corresponding values of
those of 1, 1Ca*", and 1H'Ca"™ species.

We found that 1 can be used as a sensor molecular logic
gate. Using H" and Ca' and irradiation as input, the
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absorption output at 336, 351, 374, 400 and 445 nm can be
utilized as output to build AND, NOR, NOT, and INHIBIT logic
operations, while the emission output at 500, 470, 430, and
407 nm can be utilized as output to build AND, NOR, XOR,
XNOR, INHIBIT, and IMPLICATION logic gates.

It should be noted that it is possible for 1 to be used as a
MLG embedded in a polymer film as the 2-styrylquinoline is
used. Given that the field of study of MLG is a very interesting
topic and currently its real applications using working models
are limited, the present paper can provide the experimentalists
with data to develop a working device using the proposed
system as a MLG.
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