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Multiple molecular logic functions and molecular calculations facilitated

by surfactant’s versatility
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Two isomeric compounds 1 and 2, combining intramolecular
charge transfer (ICT) and photoinduced electron transfer (PET)
mechanisms together, were designed and used as logic gates with
configurable multiple outputs; ten different logic functions
(AND, NAND, OR, NOR, XNOR, INHIBIT, YES, NO,
PASS 1 and PASS 0) were achieved by varying the inputs
threshold or by altering the inputs; furthermore, half addition
and half subtraction were performed within 2 (or 1); the concept
demonstrated here may provide a strategy for constructing more
integrated molecular level devices with multiple functions.

Design and synthesis of molecular devices for molecular-scale
information processing has attracted much attention since the
creation of the first molecular AND logic gate.” The realization
of XOR and INHIBIT (or AND) functions within one two-input
system makes molecular calculation possible.> However, restricted
by fewer types of configurable logic functions, the researches of
incorporating a half-adder (full-adder) and half-subtractor (full-
subtractor) in a single fluorescent molecule are limited.* So,
construction of molecular systems with multiple logic functions
is of particular interest.>®

Surfactants, with versatility related to their concentrations,
have been used in many scientific researches. Some logic func-
tions are realized in surfactant systems facilitated by the amplify-
ing effect on the local ion concentration or the low polarity
within the small nanospace of micelles and de Silva and co-
workers demonstrated for the first time that a molecular logic
gate can operate in micelles.” Pina and co-workers constructed a
logic gate assisted by anionic surfactant sodium dodecyl sulfate
(SDS) due to the higher concentration of protons around it.®
Moreover, organic fluorescent molecules (OFMs) can associate
with surfactant by electrostatic and hydrophobic interactions,
and may form OFM-surfactant mixed aggregates or be solubi-
lized in surfactant micelles depending on the surfactant concen-
tration.” Different photophysical properties will be produced
according to the aggregation state of the OFM. As a conse-
quence, logic functions may be realized with OFMs by altering
the threshold of surfactant.

Herein, compounds 1 and 2 bearing a new fluorophore,
dihydrogen imidazo[2,1-o]benz[d,elisoquinolin-7-one, were de-
signed, synthesized and used as logic gates with multiply config-
urable multiple outputs. Ten logic functions, AND, NAND, OR,
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Scheme 1 Molecular structures of the isomers and protonation
processes for 2.

NOR, XNOR, INHIBIT, YES, NO, PASS 1 and PASS 0 can be
achieved with 2 by altering the input or by varying the input
threshold. Based on these functions, half addition and half
subtraction can also be performed. Remarkably, several logic
functions and calculations are performed with different concen-
trations of surfactant as inputs, which benefit from the formation
of SDS-2 (or 1) complex and the amplifying effect on the local ion
concentration of the SDS micelle. This is the first time so
complicated a molecular calculation has been accomplished,
assisted by surfactant, and 2 might be the first molecule to perform
ten logic gates at the same time.

1 and 2, combining intramolecular charge transfer (ICT) and
photoinduced electron transfer (PET) mechanisms together,'® '3
both have three H" receptors: the imine (C=N), the appended
tertiary amine and the aminonaphthalene nitrogen (Scheme 1),
but the latter can not be protonated at pH > 3. Protonation of
the second site will restrain PET from the tertiary amine to the
fluorophore and so switch on the fluorescence. Further addition
of acid protonates the imine, which enhances the “push—pull”
character of the ICT process and results in a considerable red-
shift (+39 nm) in absorption, that is, its maximum shifts from
386 to 425 nm (Table 1). However, the protonation of the imine
leads to fluorescence quenching caused by the non-radiative
deexcitation pathway, such as solvation by water. In addition,
the equilibrium between the hydrophobicity from the aromatic
ring together with alkyl side chain and hydrophilicity from the
protonated imine or/and tertiary amine, will lead to versatile
properties for 1 and 2 with polar/apolar solvents.

Table 1 reveals that isomers 1 and 2 show distinct differences in
their photophysical properties: (1) the fluorescence quantum yield
of 1 (0.218) is much higher than that of 2 (0.055) in neutral water;
(2) the molar absorption coefficient of 1 was smaller in acid
solution than in basic solution, while that of 2 was larger in acid
solution; (3) the maxima of both emission and absorption spectra
of 1 were red-shifted in response to H", whereas the addition of
protons resulted in a red-shift in absorption and a blue-shift in
emission of 2, and an unusual large Stokes shifts (about 180 nm)
of 2 in basic solution was observed. The above differences were
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Table 1 Photophysical data for 1 and 2 under different conditions

Aabs/0M log ¢ Aem/NM [
Compound Acid Neutral Base Acid Neutral Base Acid Neutral Base Acid Neutral Base
1 426 388 394 4.15 4.20 4.26 578 508 513 0.060 0.218 0.010
2 425 386 388 4.24 4.08 4.06 509 545 572 0.008 0.055 0.013

“ The fluorescence quantum yields (@) were estimated with quinine sulfate (@ = 0.55 in 50 mM H,SO, solution) as standard.

caused by the geometry distinctions, which lead to different
distributions of electron density.'*

However, when 1 and 2 were used as molecular logic devices,
they can implement similar logic functions and calculations.

We can demonstrate the half subtraction logic operation with
H™" and OH ™ as inputs, and A5 and fluorescence quantum yield
as outputs, respectively. Fig. 1 shows the fluorescence character-
istics of 2 in aqueous solution under four different conditions. As
shown in Fig. 1, a strong fluorescent signal is observed when both
two inputs are kept high or low. In contrast, the fluorescence is
weak in the other cases. The fluorescence quantum yield (®g) in
the former case is over three times higher than in the latter case.
The absorbance at 425 nm is high only when H™ is added to the
solution. In contrast, it is very low in the other three cases. So, the
INHIBIT and XNOR functions are realized with 44,5 and & as
outputs, respectively. A half-subtractor can be implemented with
a combinatorial logic circuit composed of a XOR gate and an
INHIBIT gate. The XOR gate is obtained by using @g with
negative logic convention as output.>? Therefore, half subtraction
is achieved as shown in Fig. 1.

When we respectively use SDS [0 (low), 8.4 mM (high)] and
OH™ [1077 M (low), 107* M (high)] as inputs, A4»s and
fluorescence quantum yield with negative logic convention as
outputs, half subtraction can also be executed (Fig. 2). Here,
the effect of SDS is the same as that of H" due to the “proton
sponge effect” of SDS micelles.®

Scheme 1 demonstrates the protonation process of 2. As
shown in Scheme 1, 2 exists as monocationic species in neutral
water. When negatively charged surfactant SDS (4.2 mM) was
added to the solution of 2, SDS—2 complex formed due to the
electrostatic and hydrophobic interactions between SDS and 2.
The red-shift in absorption maximum (+ 11 nm) and the reduced
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Fig. 1 Emission spectra and the truth table of 2 in water in the presence
of chemical inputs, with excitation at the isosbestic point of 395 nm.

Fig. S5, ESI) indicated the formation of 2-SDS complexes.’*
Some of SDS—2 complexes were insoluble in water because of
their decreased overall charge density, which led to a lower
concentration of 2 in bulk solution, as a result, the absorption
intensities at the maxima in the original spectra decreased.’*

Further addition of SDS to 8.4 mM, led to disassociation of
SDS-2 complexes to form SDS micelles.'> The hydrophobic
and the electrostatic interactions between SDS and 2 caused
the latter to be located in SDS micelles. The molecules of 2
associated with SDS were re-solubilized in SDS micellar
solution, so, the absorbance was enhanced. It is of note that
in the presence of 84 mM SDS (pH = 7.0), 2 has an
absorption band centered at 425 nm whereas its absorption
peak is centered at 386 nm at pH 7.0 without SDS (Fig. 3). As
we know that anionic surfactant SDS can adsorb counter ion
H™, so the H" concentration is much higher at the micelle
surface than in bulk solution, which makes the imine in 2
located in SDS micelles more easily protonated and causes
a considerable red shift in absorption wavelength in SDS
micelles.

Fig. 3 shows the absorption spectra and the truth table of 2 in
different conditions, in which SDS concentration is 0 (low) or
4.2 mM (high). The absorbance at 425 nm is high only in the case
of both inputs kept high. The absorbance at 400 nm is high when
two inputs are kept the same. So, AND gate and XNOR gate are
obtained when the outputs are 445 and Ayg, respectively. With
the transmittance at 400 nm used as output, the XOR gate is also
achieved. Therefore, half addition is carried out when both
inputs are SDS. It should be mentioned that SDS concentrations
used in both inputs are the same,*> which is different from many
known gates and makes the design of logic circuit simpler. The
same logic calculations can also be performed with compound 1
(Fig. S2-4, ESI¥).
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Fig. 2 Emission spectra and the truth table of 2 in the presence of
chemical inputs, with excitation at the isosbestic point of 395 nm.
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Fig. 3 Absorption spectra and the truth table of 2 in different conditions.

Similarly, different logic functions can be realized by varying the
input threshold of SDS concentration. When 4.2 mM SDS and
H™ were used as inputs, YES logic gate is obtained with A4 as
output whereas OR logic gate is achieved with the same output
simply by increasing the threshold of SDS concentration to
8.4 mM (Fig. S6, ESIY).

Three-input systems with simple logic functions are rela-
tively few.'® However, three inputs provide much more in-
formation and can show interesting behavior, such as the
consequence of chemical congregations.!” Based on the above
two-input systems, we have also developed three-input NOR
and INHIBIT gates with 1, which arise from the distinct
spectral changes induced by SDS at different concentrations
(Table S3 and S4, ESI¥).

In conclusion, a new fluorophore with the assistance of sur-
factant affords multiple molecular logic functions and molecu-
lar calculations by altering the inputs or by varying the input
threshold. Although there are some questions needing to be
solved (for example, logic operation to be reset by removal of
surfactant from solution), surfactant, with its versatile proper-
ties, has provided a new platform for operating molecular
calculations and molecular logic gates. This investigation might
be able to extend solution phase events to semi-solid (micelle)
ones and pave the way for one to use this and similar tech-
nologies as a strategy of advancing the field of molecular logic.

This work was financially supported by the National Nat-
ural Science Foundation of China (20536010), the National
Key Project for Basic Research (2003CB 114400) and the
Science and Technology Foundation of Shanghai.

Notes and references

1 (a) A. P. de Silva, H. Q. N. Gunaratne and C. P. McCoy, Nature,
1993, 364, 42; (b) A. P. de Silva and N. D. Mcclenaghan, Chem.—Eur.
J., 2002, 8, 4935; (¢) A. P. de Silva and N. D. Mcclenaghan,
Chem—Eur. J., 2004, 10, 574; (d) A. P. de Silva, S. Uchiyama, T. P.
Vance and B. Wannalerse, Coord. Chem. Rev., 2007, 251, 1623; (¢) D.
C. Magri, T. P. Vance and A. P. de Silva, Inorg. Chim. Acta, 2007,
360, 751; (f) Z. Zhao, Y. Xing, Z. Wang and P. Lu, Org. Lett., 2007,
9, 547; (g) Z. Wang, G. Zheng and P. Lu, Org. Lett., 2005, 7, 3669.
(a) A. P. de Silva, H. Q. N. Gunaratne and C. McCoy, J. Am.
Chem. Soc., 1997, 119, 7891; (b) A. Credi, V. Balzani, S. J.
Langford and J. F. Stoddart, J. Am. Chem. Soc., 1997, 119,
2679; (¢) D. C. Magri, G. D. Coen, R. L. Boyd and A. P. de Silva,
Anal. Chim. Acta, 2006, 568, 156; (d) J. Matsui, M. Mitsuishi, A.

9]

w2

W

~

=]

10

11

12

13

14
15

16

Aoki and T. Miyashita, Angew. Chem., Int. Ed., 2003, 42, 2272; (¢)
H. T. Baytekin and E. U. Akkaya, Org. Lett., 2000, 2, 1725.

(a) A. P. de Silva and N. D. Mcclenaghan, J. Am. Chem. Soc., 2000,
122, 3965; (b) S. J. Langford and T. Yann, J. Am. Chem. Soc., 2003,
125, 11198; (¢) R. Baron, O. Lioubashevski, E. Katz, T. Niazov and
1. Willner, Angew. Chem., Int. Ed., 2006, 45, 1572; (d) A. Coskun, E.
Deniz and E. U. Akkaya, Org. Lett., 2005, 7, 5187; (e) M. N.
Stojanovic and D. Stefanovic, J. Am. Chem. Soc., 2003, 125, 6673;
() D. Qu, Q. Wang and H. Tian, Angew. Chem., Int. Ed., 2005, 44,
5296; (g) X. Guo, D. Zhang, G. Zhang and D. Zhu, J. Phys. Chem.
B, 2004, 108, 11942; (h) A. Okamoto, K. Tanaka and I. Saiti, J. Am.
Chem. Soc., 2004, 126, 9458; (i) M. Suresh, D. A. Jose and A. Das,
Org. Lett., 2007, 9, 441.

(a) D. Margulies, G. Melman, C. E. Felder, R. Arad-Yellin and A.
Shanzer, J. Am. Chem. Soc., 2004, 126, 15400; (b) D. Margulies, G.
Melman and A. Shanzer, Nat. Mater., 2005, 4, 768; (¢) D. Margulies,
G. Melman and A. Shanzer, J. Am. Chem. Soc., 2006, 128, 4865.

(a) A. Saghatelian, N. H. Volcker, K. M. Guckian, V. S.-Y. Lin
and M. R. Ghadiri, J. Am. Chem. Soc., 2003, 125, 346; (b) K.
Szacilowski, W. Macyk and G. Stochel, J. Am. Chem. Soc., 2006,
128, 4550; (¢) B. M. Frezza, S. L. Cockroft and M. R. Ghadiri
J. Am. Chem. Soc., 2007, 129, 14875.

(a) H.-F. Ji, R. Dabestani and G. M. Brown, J. Am. Chem. Soc.,
2000, 122, 9306; (b) Y. Shiraishi, Y. Tokitoh and T. Hirai, Chem.
Commun., 2005, 5316; (¢) K. Rurack, C. Trieflinger, A. Koval’-
chuck and J. Daub, Chem.—Eur. J., 2007, 13, 8998.

S. Uchiyama, G. D. McClean, K. Iwai and A. P. de Silva, J. Am.
Chem. Soc., 2005, 127, 8920.

A. Roque, F. Pina, S. Alves, R. Ballardini, M. Maestri and V.
Balzani, J. Mater. Chem., 1999, 9, 2265.

(a) P. Mukerjee and K. Mysels, J. Am. Chem. Soc., 1955, 77, 2937,
(b) A. Yamagishi and F. Watanabe, J. Phys. Chem., 1981, 85, 2129;
(¢) P. Bilski, R. N. Holt and C. F. Chignell, J. Photochem.
Photobiol., A, 1997, 110, 67; (d) R. V. Pereira and M. H. Gehlen,
Spectrochim. Acta, Part A, 2005, 61, 2926; (¢) T. A. Fayed, S. E.-D.
H. Etaiw and N. Z. Saleh, J. Lumin., 2006, 121, 431.

(a) R. A. Bissell, A. P. de Silva, H. Q. N. Gunaratne, P. L. M.
Lynch, G. E. M. Maguire and K. R. A. S. Sandanayake, Chem.
Soc. Rev., 1992, 21, 187; (b) S. Uchiyama, Y. Matsumura, A. P. de
Silva and K. Iwai, Anal. Chem., 2004, 76, 1793; (c) M. Licchelli, A.
O. Biroli and A. Poggi, Org. Lett., 2006, 8, 915; (d) N. A. O.
Connor, S. T. Sakata, H. Zhu and K. J. Shea, Org. Lett., 2006, 8,
1581; (¢) O. V. D. Berg, W. F. Jager and S. J. Picken, J. Org.
Chem., 2006, 71, 2666.

(a) T. A. Fayed, J. Photochem. Photobiol., A, 1999, 121, 17; (b) T.
Yoshihara, S. I. Druzhinin and K. A. Zachariasse, J. Am. Chem. Soc.,
2004, 126, 8535; (¢) J. Seo, S. Kim and S. Y. Park, J. Am. Chem. Soc.,
2004, 126, 11154; (d) Z. Xu, X. Qian and J. Cui, Org. Lett., 2005, 7,
3029; (e) J. Wang, X. Qian and J. Cui, J. Org. Chem., 2006, 71, 4308.
(a) A. P. de Silva, H. Q. N. Gunaratne and T. E. Rice, Angew.
Chem., Int. Ed. Engl., 1996, 35, 2116; (b) S. A. de Silva, B. Amorelli,
D. C. Isidor, K. C. Loo, K. E. Crooker and Y. E. Pena, Chem.
Commun., 2002, 1360; (¢) H. He, M. A. Mortellaro, M. J. P. Leiner,
S. T. Young, R. J. Fraatz and J. K. Tusa, 4Anal. Chem., 2003, 75,
549; (d) T.J. Dale and J. R. Jr, J. Am. Chem. Soc., 2006, 128, 4500.
(a)J. F. Callan, A. P. de Silva, J. Ferguson, A. J. M. Huxley and A.
M. O’Brien, Tetrahedron, 2004, 60, 11125; (b) V. Thiagarajan, P.
Ramamurthy, D. Thirumalai and V. T. Ramakrishnan, Org. Lett.,
2005, 7, 657; (c¢) J. Orbulescu, P. Kele, A. Kotschy and R. M.
Leblanc, J. Mater. Chem., 2005, 15, 3084.

Y. Zhou, Y. Xiao, S. Chi and X. Qian, Org. Lett., 2008, 10, 633.
The critical micelle concentration of SDS is about 8.2 mM: S. K.
Ghosh, A. Pal, S. Kundu, M. Mandal, S. Nath and T. Pal,
Langmuir, 2004, 20, 5209.

(a) D. C. Magri, G. J. Brown, G. D. McClean and A. P. de Silva, J.
Am. Chem. Soc., 2006, 128, 4950; (b) F. M. Raymo and S. Giordani,
J. Am. Chem. Soc., 2002, 124, 2004; (c) J.-M. Montenegro, E. Perez-
Inestrosa, D. Collado, Y. Vida and R. Suau, Org. Lett., 2004, 6,
2353; (d) A. P. de Silva, I. M. Dixon, H. Q. N. Gunaratne, T.
Gunnlaugsson, P. R. S. Maxwell and T. E. Rice, J. Am. Chem. Soc.,
1999, 121, 1393.

(a) D. Margulies, C. E. Felder, G. Melman and A. Shanzer, J. Am.
Chem. Soc., 2007, 129, 347; (b) Z. Guo, W. Zhu, L. Shen and H.
Tian, Angew. Chem., Int. Ed., 2007, 46, 5549; (¢) G. Strack, M.
Ornatska, M. Pita and E. Katz, J. Am. Chem. Soc., 2008, 130, 4234.

This journal is © The Royal Society of Chemistry 2008

Chem. Commun., 2008, 4141-4143 | 4143



