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a b s t r a c t

Regioisomers 6a and 6b display different spectral properties towards pH and surfactant concentration. For
compound 6a, an obvious color change from yellow to red and significant fluorescence quenching were
observed upon addition of acid, whereas large enhancements in emission and absorption intensities of
ccepted 3 July 2009
vailable online 3 August 2009

eywords:
olecular logic gate

somer

6b were found with decreasing pH value. CTAB and Triton X-100 enhanced the fluorescence intensity of
both dyes. Small amount of SDS (less than its cmc) quenched, while large amount of SDS ([SDS] > cmc)
recovered the fluorescence of 6a and 6b. 6a and 6b can execute different Boolean operations: much more
logic functions can be implemented with 6a in SDS system, while half addition can be realized with 6b
when both inputs are SDS.
urfactant
H

. Introduction

The molecular logic gates emerged with the development of
uorescent molecular sensors, which set up a bridge between infor-
ation technology and chemistry [1–8]. Molecular computation is
long-term goal, but the progress in molecular-scale information
rocessing will simulate the advances of this goal. Many researchers
ave paid much attention to the design of molecular devices for
erforming Boolean operation during the past two decades [9–24].
owever, restricted by fewer types of configurable logic functions,
olecular calculations are relatively limited. So, construction of
olecular systems with multiple logic functions is of particular

nterest [25–30].
Surfactants, with versatility related to their concentrations, have

een used in many scientific researches. For instance, surfactant
ggregates have been cleverly used for the self-assembled nanore-
ctors [31] or for the template synthesis of novel mesoporous
aterials [32] because of their container properties; surfactant
icelles can modulate the sensitivity of ion determination due to

he amplifying effect on the local ion concentration [33–37]; they
an also be exploited for mimicking biological membrane based on
he membrane-similar microenvironment properties provided by

ifferent surfactant assembles [38–40], etc. If a tailor-made small
uorescent sensor molecule could share the virtues that surfac-
ant provides, and then large-amplitude performance elevation

ay be realized, which may open a possible way to construct
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supramolecular systems for behaving as molecular logic gates
[41–43]. As a consequence, more logic functions as well as logic
calculations might be performed at molecular level in surfactant
systems [44,45]. We have systemically studied the effects of differ-
ent kinds of surfactants on the photophysical properties of the two
regio-isomeric compounds 6a and 6b as well as different molecu-
lar logic functions executed by them in SDS aqueous solution. The
results showed that: (1) 6a and 6b are “off–on–off” and “on–off” flu-
orescent pH sensors, respectively; (2) both 6a and 6b are sensitive
to the microenvironmental polarity; (3) in CTAB and Triton X-100
micellar systems, the fluorescence intensities of 6a and 6b were
enhanced, while those of the compounds shown in our previous
work had no obvious change [44,45]; (4) different from the results
reported in our previous work [44], regioisomers 6a and 6b imple-
ment different logic functions with the assistance of SDS: 6a can
execute more logic functions, while 6b can realize logic calculation.

2. Experimental

2.1. Reagents

All the solvents and reagents were of analytic grade and used as
received, sodium dodecylsulfate (SDS, Sigma, 99%), cetyltrimethy-
lammonium bromide (CTAB, Sigma), Triton X-100 (Sigma), water
used was twice distilled.
2.2. Absorbance and fluorescence titration

In pH titration experiments, the pH values were adjusted with
5 M NaOH and HCl aqueous solution. The pH was determined with a

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:xhqian@ecust.edu.cn
dx.doi.org/10.1016/j.jphotochem.2009.07.006


182 J. Qian et al. / Journal of Photochemistry and Phot

S
D

p
w
m
(
V
c
u
p
c
s

2

d
d
o
S

2

o
d
t
u
9
ı
1

2

0
t
w
m
t

cheme 1. Preparation of 6a and 6b. Reagents: (a) 37% NH(CH3)2 aqueous solution,
MF, CuSO4 (b) NH2C2H4NH2, CH3OC2H4OH.

H meter (Shanghai Rex Instrument Factory, China; model PHS-3C),
hich was standardized with Aldrich buffers. Absorption measure-
ents were performed with a Varian Cary 500 spectrophotometer

1 cm quartz cell) and fluorescence spectra were recorded on a
arian Cary Eclipse fluorescence spectrophotometer (1 cm quartz
ell). Mass spectra (MS) were recorded on an MA1212 instrument
sing standard conditions (ESI, 70 eV). All the experiments were
erformed at 25.0 ± 0.1 ◦C. In surfactant titration experiments, no
ontrol was made on the pH, which was the natural value for each
olution (pH = 6.50 ± 0.10 in micellar systems).

.3. Synthesis

The synthesis of isomers dihydroimidazo [2,1-a] [6′-(N,N-
imethyl)-amino] benz [de] isoquinolin-7-one (6a) and 3-(N,N-
imethyl)-amino dihydroimidazo [2,1-a] benz [de] isoquinolin-7-
ne (6b) from commercially available compounds is illustrated in
cheme 1.

.3.1. 4-N,N-(dimethyl) aminonaphthalene-1,8-dicarboximide (1)
2.0 mL of dimethylamine aqueous solution and catalytic amount

f CuSO4 were added to a suspension of 4-bromonaphthalene-1,8-
icarboximide (5.54 g, 2 mmol) in DMF (50 mL). The mixture was
hen refluxed for 1.5 h, after which the solvent was evaporated
nder vacuum. The product 1 was crystallized from ethanol. Yield:
0%. M.p. 134.8 ◦C; MS: m/z (%) 241 (1%); 1H NMR (500 MHz, CDCl3):
8.57 (dd, 1H), 8.55 (dd, 1H), 8.47 (d, J = 8.3 Hz, 1H), 7.66 (t, J = 7.6 Hz,
H), 7.11 (d, J = 8.3 Hz, 1H), 3.13 (s, 6H).

.3.2. 6a and 6b
To a solution of 5 mL of ethylene glycol monomethyl ether added
.2 g (6.3 mmol) of 1 and excess ethylenediamine (1 mL). The mix-
ure was refluxed for 5 h under N2 atmosphere and then the solvent
as evaporated under vacuum. The product was purified by chro-
atography using methanol/dichloromethane (1:50, v/v) as eluant

o give 40 mg (20%) of 6a as orange red solid: 1H NMR (CDCl3): ı 8.50

Scheme 2. The protonation and decyc
obiology A: Chemistry 207 (2009) 181–189

(d, J = 7.5 Hz, 1H), 8.36 (d, J = 8.2 Hz, 2H), 7.62 (t, J = 7.5 Hz, 1H), 7.11
(d, J = 7.9 Hz, 1H), 4.23 (t, 2H), 4.18 (t, 2H), 3.05 (s, 6H). HR-MS (ES+)
Calcd. for ([M+H])+, 266.1293; Found: 266.1289. 6b was obtained by
the same procedure as orange solid (yield 45%): 1H NMR (CDCl3):
ı 8.65 (s, 1H), 8.51–8.32 (d, 2H), 7.65 (s, 1H), 7.16 (s, 1H), 4.22 (s,
4H), 3.12 (s, 6H). HR-MS (ES+) Calcd. for ([M+H])+, 266.1293; Found:
266.1286.

3. Principles

Regioisomers 6a and 6b were designed as fluorescent ICT pH
sensors. In 6a and 6b, the fluorophore is a strong “push–pull” �-
electron system, with the N,N-dimethylamino group as the electron
donor, and two electron-deficient groups, carbonyl and H+ recep-
tor imine (C N) in dihydroimidazole heterocycle, as the electron
acceptors. When the imine nitrogen catches a H+ ion, �-electron
conjugation within the fluorophore will be significantly perturbed
and the spectral properties will be affected to a large extent
(such as wavelength shifts, changes in fluorescence intensity and
absorbance) [46–48]. In addition, the 4 (or 5)-substituting N,N-
dimethylamino group induces another excited state, namely TICT
(twisted intramolecular charge transfer) state, which is affected by
the polarity of solvent. So, the photophysical properties of 6a and
6b vary with solvents.

Scheme 2 shows that the imine in 6a and 6b can be protonated at
higher H+ concentrations, which makes the ICT process more effi-
cient and will cause a considerable bathochromic shift in absorption
band. But it opens up non-radiative deexcitation pathways, such
as the solvation of water [49], and quenches the fluorescence.
At higher OH− concentrations, the naphthalene-1,8-dicarboximide
cycle will be decyclized, and the fluorescence quenching is caused
by the molecular vibration.

4. Results and discussions

4.1. pH effect on the spectral properties of isomers 6a and 6b

The absorption and emission spectra of 6a and 6b are strongly
dependent on the pH, but they display remarkably different spec-
tral response towards pH. Addition of hydrochloric acid to 6a in
alkaline aqueous solution showed a color change which was per-

ceptible to the naked eye, from yellow to red. The decrease of pH
led to ∼102 nm red-shift in the absorption maximum: a significant
decrease in 398 nm and increase in a new longer absorption band
(500 nm, Fig. 1a), and an isosbestic point at 445 nm was clearly
observed.

lization processes of 6a and 6b.
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Fig. 1. pH effect on the UV–vis spectra of 6a (a, [6a] = 6.5 �M) and 6b (b, [6b] = 6.2 �M).
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ig. 2. pH effects on the emission spectra of 6a (a and b); plots of fluorescence inte
f fluorescence intensity; black and red lines represent the changes of absorbance
For interpretation of the references to color in the figure legend, the reader is refer

For another isomer 6b, when pH changes from 2.0 to 12.0,
he absorbance at 478 nm was decreased significantly with an
85 nm blue-shift in absorption maximum and an isosbestic point
t 424 nm was clearly seen (Fig. 1b).

Although 6a and 6b are weak fluorescent in aqueous solution
ue to their TICT state, pH also affects their emission spectra sig-
ificantly. As shown in Fig. 2, the fluorescence intensity of 6a in
queous solution is significantly quenched in 526 nm upon addi-

ion of aqueous hydrochloric acid (from pH 8.53 to 2.56, Fig. 2a),
nd a very weak red-shift emission (�max = 543 nm) is observed.
he addition of NaOH (from pH 8.53 to 12.86, Fig. 2b) also led to a
ecrease in fluorescence intensity, and an “off–on–off” fluorescence
esponse towards pH is achieved (Fig. 2c, blue line).

ig. 3. pH effects on the emission spectra of 6b (a); plots of fluorescence intensity (red li
btained according to Eqs. (1) and (2). (For interpretation of the references to color in the
nd absorbance of 6a vs. pH (c, excited at 445 nm) (blue line represents the change
and 500 nm, respectively. pKa values were obtained according to Eqs. (1) and (2).

the web version of the article.)

pH affects the fluorescence spectrum of 6b in another way. The
emission spectra of 6b had no obvious change with the addition
of HCl aqueous solution. While, the titration of NaOH induced large
decrease in fluorescence intensity until the fluorescence was almost
fully quenched (Fig. 3a). The �em value of 6b shifted about 55 nm
to red region in basic solution, which may be caused by the dimer-
ization of 6b [44,45].

From Figs. 2c and 3b, it can be seen that regioisomers 6a and

6b show very different pH dependent fluorescence properties.
For 6a, the emission is switched “off” at pH < 4 and pH > 13, and
the fluorescence intensity is almost unchanged in pH range of
8–11. The dynamic detection windows are 4.5–7.0 and 10.5–13.0
in acidic/neutral and neutral/alkaline pH ranges, respectively; the

ne) and absorbance (black line) vs. pH of 6b (b, excited at 424 nm; pKa values were
figure legend, the reader is referred to the web version of the article.)
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Table 1
Spectra data and pKa values of sensors.

Sensor �abs (nm) log ε �em (nm) ˚F pKa (abs) pKa (fl)

6 /543b

6 /523b
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a 398a/500b 4.16a/4.25b 526a

b 393a/478b 3.96a/4.32b 581a

ote: the data obtained from basica and acidicb solutions, respectively.

ormer is in the physiological range. Importantly, taking advantage
f the solution’s color change, we can distinguish the two distinct
H ranges of 6a: the acidic solution of 6a is red, while its alkaline
olution is yellow. In the case of 6b, the emission is switched off
t pH > 9.0 and switched on at pH < 6 and the fluorescent detection
indow is 6.0–8.5.

The different fluorescence responses of 6a and 6b towards pH
ay be related to different excited state forms of protonated 6a/6b.

t can be seen in Scheme 2 that there are two forms (A and B)
f protonated 6a/6b. In the case of form A, the protonated imine
nhanced the stability of excited state by reducing the electron
ensity and then the solvation of water. But for form B, the pro-
onated compound induced another TICT excited state, i.e. rotation
f amino group in five-membered ring, which further quenched
he fluorescence. The change in the distribution of the electronic
ensity before and after protonation of 6a/6b (after protonation,
he electron density of imide N in 6a increased whereas that in 6b
ecreased, which was obtained by Gauss 3.0 software, Aptech Sys-
ems, Inc.) suggested that protonated 6a mainly existed as form B,
hile protonated 6b mainly present as form A. As a result, the pro-

onation of 6a quenched the fluorescence while that of 6b enhanced
he fluorescence.

The pH dependence of absorbance and fluorescence intensity
Figs. 2c and 3b) can be analyzed with Eqs. ((1) and (2)) [50] to give
Ka values listed in Table 1.

og
[

(Amax − A)
(A − Amin)

]
= pH − pKa (1)

og
[

(IF max − IF )
(IF − IF min)

]
= pH − pKa (2)

Table 1 reveals that isomers 6a and 6b show distinct differences
n their photophysical properties: (1) the molar absorption coeffi-
ient of 6a is a little bit higher in acidic solution than in basic one,
hile that of 6b is much larger in acidic solution; (2) the maxima of

oth emission and absorption spectra of 6a shifts to the blue-edge
n response to OH−, but the addition of alkali to 6b aqueous solu-
ion results in a blue-shift in absorption and a red-shift in emission,
nd an unusual large stokes shift (about 190 nm) of 6b in basic solu-
ion is observed; (3) the pKa of 6a is about 1.5 pH units lower than
hat of 6b, which shows that 6a is more difficult to be protonated;
hese discrepancies may be caused by the geometry distinctions,
hich leads to different distribution of electron density [51]. Table 1
lso shows that the pKa values obtained by fluorescence are obvi-
usly higher than those obtained by UV spectra method. As twist

ntramolecular charge transfer (TICT) sensors, the charge separation
s more complete in the lowest excited singlet state, which leads to
arger dipole moments in excited state than in ground state, so, 6a

able 2
pectral data of 6a and 6b in different solvents.

olvent 6a

Dielectric constants �A (nm) log ε �F (nm)

H2Cl2 9.1 403 4.20 498
cOEt 4.3 392 4.20 496
H3CN 36.6 399 4.22 511
eOH 32.7 408 4.24 519

2O 78.5 398 4.16 526
0.009 a / 0.001 b 5.4 5.8
0.001a/0.015b 6.9 7.6

and 6b are easier to be protonated in the excited state [52,53]. As a
result, the pKa values obtained by fluorescence are larger.

4.2. Solvent effects on the photophysical properties of 6a and 6b

Table 2 illustrates the spectral data of dyes 6a and 6b in differ-
ent solvents. It can be seen that in CH2Cl2, ethyl acetate (AcOEt) and
CH3CN, 6a and 6b have moderate fluorescence quantum yields (˚F),
but in MeOH and water, the ˚F values are very small. The stokes
shift increases with the increasing polarity of solvent except for 6b
in water. The TICT state is stabilized by the polar solvents [52,53], as
a consequence, the conjugation is lost, the absorption bands shift
to shorter wavelengths and the fluorescence is quenched by the
internal rotation [54]. It is notable that the molar absorption coeffi-
cient of 6a is a litter lower in water than in other solvents, but that
of 6b is a bit higher in water, the latter may be attributed to part
protonation of 6b in water (its pKa = 6.9, while the pH of water is
∼6.5).

4.3. Surfactant effects on the absorption and emission spectra of
6a and 6b

4.3.1. CTAB
Fig. 4 shows the CTAB effect on the absorption and emission

spectra of 6a. It can be seen that with increasing CTAB concentra-
tion, the absorption band centered at 400 nm increased with ∼5 nm
red-shift at the expense of the shoulder band at 485 nm, yielding
an isosbestic point at 445 nm (Fig. 4a). At the same time, the flu-
orescence intensity was enhanced significantly with about 15 nm
blue-shift.

In the case of 6b, when CTAB concentration was increased from
0 to 3.6 mM, the original absorption band centered at 478 nm
decreased monotonically without remarkable wavelength shift,
while the fluorescence intensity increased slightly with ∼5 nm red-
shift (Fig. 5).

4.3.2. Triton X-100
Triton X-100 induced similar changes in the absorption and

emission spectra of 6a and 6b (data shown in supporting informa-
tion, Figs. S2–3).

4.3.3. SDS

In addition to the significant intensity changes in the

absorbance, the titration of SDS to 6a aqueous solution also induced
remarkable wavelength shift in absorption (∼90 nm red-shift)
(Fig. 6). When SDS was increased from 0 to 5.15 mM, the original
absorption band centered at 398 nm was decreased monotonically.

6b

˚F �A (nm) log ε �F (nm) ˚F

0.291 400 4.05 518 0.343
0.263 390 4.10 515 0.233
0.120 395 4.21 535 0.237
0.008 410 4.15 556 0.051
0.002 478 4.20 523 0.006
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Fig. 4. CTAB effects on the absorption (a) and emission (b) spectra of 6a (excited at 445 nm).
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Fig. 5. CTAB effects on the absorption (a) an

eyond this, a new band centered at 485 nm was formed and devel-
ped, and the solution’s color changed from yellow to orange red.

Fig. 7 presents the fluorescence spectral response towards SDS.
hen SDS concentration was increased from 0 to 5.15 mM, the

mission band centered at 525 nm was slightly quenched without
oticeable wavelength shift. Further addition of SDS (>6.06 mM)
esulted in the recover of fluorescence with ∼15 nm blue-shift in
mission band.

For 6b, when SDS concentration increased from 0 to

.15 mM, the absorbance at 479 nm decreased monotonously from
= 1.57 × 104 to 0.73 × 104 M−1 cm−1 without notable wavelength
hift. Above this, it increased steadily (ε = 2.33 × 104 M−1 cm−1 at
DS = 12.72 mM, Fig. 8).

Fig. 6. SDS effects on the abs
ission (b) spectra of 6b (excited at 424 nm).

Similar trends in the emission spectra are also observed. The flu-
orescence intensity decreases with increasing [SDS] until it reaches
the minimum at [SDS] = 6.06 mM, this change occurs in almost the
same surfactant concentration region as the absorbance decreases.
At [SDS] beyond 6.06 mM, the emission intensity increases with
about 12 nm blue-shift of emission band compared to that in water
(Fig. 9).

6a (pKa = 5.4) is a nonionic compound, while 6b (pKa = 6.9) is
tinily positively charged in neutral aqueous solution. So, no strong

electrostatic interaction between 6a/6b and surfactant was present.
But 6a and 6b prefer hydrophobic environment due to two methyl
groups with them, and the hydrophobic interaction between 6a/6b
and surfactants makes 6a/6b be located in surfactant micelles. On

orption spectra of 6a.
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Fig. 7. SDS effects on the emission spectra of 6a (excited at 445 nm).
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Fig. 8. SDS effects on t

ne hand, micelles provide a less polar and more viscous microenvi-
onment for dyes, which restricts the TICT state. As a consequence,
he fluorescence intensity is enhanced accompanied with blue-shift
n emission band. On the other hand, the amplifying effect on the
ocal counterion concentration makes the change tendency of pH
alue vary with the surfactants’ charge character. Therefore, the
hotophysical properties of 6a/6b alter with the charge characters
f surfactants. pH influences the spectral properties of 6a and 6b in
ifferent ways. In the case of 6a, the absorbance at 500 nm decreases
hile that at 398 nm and the fluorescence intensity increase with
ncreasing pH value. But for 6b, when pH value is raised, both the
bsorbance and fluorescence intensity decrease.

Cationic surfactant CTAB can adsorb counterion OH−, so the
H− concentration is much higher around CTAB micelle than in
ulk solution. The less polar and more viscous microenvironment

Fig. 9. SDS effects on the emission sp
orption spectra of 6b.

along with higher OH− concentration provided by CTAB micelle
make the fluorescence intensity and absorbance at 398 nm of 6a
increase. The less polar CTAB micelles also cause the emission band
shift to shorter wavelength (Fig. 4). The less polar microenviron-
ment increases while the larger pH value decreases the fluorescence
intensity of 6b, but its absorbance at 478 nm decreases in both situ-
ations. As a result, the fluorescence intensity of 6b increases slightly,
but the absorbance decreases with the addition of CTAB. The slight
red-shift in emission band (Fig. 5) is caused by the larger pH value
around CTAB micelle.
The property of nonionic surfactant Triton X-100 is somewhat
similar to that of cationic surfactant [55], so, Triton X-100 induces
similar variation of the photophysical properties of 6a and 6b.

SDS affects the photophysical properties of 6a and 6b in a way
different from that of CTAB. Both the absorbance and fluorescence

ectra of 6b (excited at 424 nm).
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Table 3
Truth table of 6a in different conditions.

Input 1 Input 2 Output 1 Output 2 Output 3
H+ (0.1 mM) OH− (0.1 mM) A398 A500 IF

0 0 0.112 (1) 0.040 (0) 9 (0)
0
1
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Fig. 10. Absorption and emission spectra and truth table of 6a in water in the pres-
ence of chemical inputs.

Table 4
Truth table of 6a in different conditions.

Input 1 Input 2 Output 1 Output 2
SDS (10.4 mM) H+ (10−4 M) A398 A500

0 0 0.105 (1) 0.040 (0)
0 1 0.003 (0) 0.140 (1)
1 0.136 (1) 0.012 (0) 45 (1)
0 0.003 (0) 0.145 (1) 4 (0)
1 0.124 (1) 0.035 (0) 12 (0)

IMPLY INH INH

ntensity decrease at SDS concentrations smaller than 6 mM (close
o its cmc), and they increase above this concentration. The main
ifference between SDS and CTAB/Triton X-100 lies on their charge
haracter of polar group.

Although the positive charge densities of 6a/6b are relatively
eak, 6a/6b may form mixed aggregates with SDS (at [SDS] < cmc)

ike many cationic dyes [56–62] driven by the hydrophobic and
oulomb interactions between them, which lead to the decreases of
bsorption and emission intensities at the maxima in the original
pectra.

When SDS concentration is higher than 6 mM, SDS molecules
egin to self-aggregate and form micelles. All dye molecules
re incorporated into normal micelles in monomeric form. As a
onsequence, the microenvironmental polarity surrounding dye
olecules is depressed, which leads to an enhancement in fluo-

escence intensity and a blue-shift of emission band. In addition,
ounter ion H+ is adsorbed on the surface of SDS micelles, and the
+ concentration is much higher at SDS micellar surface than in bulk

olution, therefore, dye molecules are easier to be protonated with
ssociated enhancement in the “push–pull” character of the ICT
ransition resulting in a red-shift (90 nm for 6a and 3 nm for 6b) in
bsorption spectrum accompanied with an increase in absorbance.

.4. Molecular logic gates of two-input systems

When 6a and 6b were used as logic gates, they accomplished
ifferent logic functions due to their remarkably difference in pho-
ophysical properties. Compound 6a has three output signals, when
t is used to perform Boolean logic, more than one logic function

ill be achieved [11]. Table 3 shows that INHIBIT and IMPLICATION
unctions can be realized within 6a with H+ and OH− as inputs along

ith A398, A500 and IF as outputs, respectively.
After understanding the properties of surfactants (e.g. form var-

ous aggregates related to their concentrations, local concentrated
ounter-ion, nanospace of micelles, etc.) and their effects on the

pectral properties of 6a and 6b, we speculated that surfactants
ould provide a new strategy of advancing the field of molecular
ogic. So, we exploited surfactants for the design of supramolec-
lar systems to realize molecular logic. The experimental results
howed that surfactant not only increased the number of simple

Fig. 11. Absorption and emission spectra and truth table
1 0 0.019 (0) 0.132 (1)
1 1 0.005 (0) 0.145 (1)

NOR OR

logic functions but also enabled complicated logic calculations to
be performed at molecular level.

Herein, we demonstrate the logic functions completed within 6a
in SDS system. Fig. 10 shows the absorption spectra and the truth
table of 6a in different conditions, in which both two inputs are SDS
with concentration being 0 (low) or 5.2 mM (high). The absorbance
at 487 nm is high only in the case of both inputs kept high, so AND
logic function is achieved in 6a aqueous solution with output being
the absorbance at 487 nm. The NOR logic function is realized in the
same system with A400nm as output.

When 10.4 mM SDS and 10−4 M OH− are used as inputs, the
IMPLICATION, INHIBIT and YES logic functions can be implemented
with A400, A478 and fluorescence intensity as outputs, respectively
(Fig. 11). Whereas NOR and OR logic functions are achieved with
the same outputs simply by using H+ instead of OH− (Table 4).

Compared with 6a, 6b can execute very different but much
less logic functions (Tables S1–3). However, half addition can be

accomplished with 6b. Fig. 12 displays the absorption and emis-
sion spectra as well as the truth table of 6b in different conditions,
in which SDS concentration is 0 (low) or 5.2 mM (high). The fluores-
cence intensity (IF) is high only in the case of both inputs kept high.
The absorbance at 480 nm is high when two inputs are kept the

of 6a in water in the presence of chemical inputs.



188 J. Qian et al. / Journal of Photochemistry and Photobiology A: Chemistry 207 (2009) 181–189

uth ta

s
I
o
o

5

s
f
w
w
o
w
o
X
l
i
a
c
c

A

e
B
F

A

t

R

[

[

[

[

[

[

[

[

[

[

Fig. 12. Absorption and emission spectra as well as tr

ame. So, AND and XNOR gates are obtained when the outputs are
F and A478, respectively. With the transmittance at 478 nm used as
utput, the XOR gate is achieved. Therefore, half addition is carried
ut when both inputs are SDS.

. Conclusions

Isomeric compounds 6a and 6b are environment sensitive. Their
pectral responses towards pH and environmental polarity are dif-
erent. In addition to altering the properties of microenvironment

here dyes located, anionic surfactant SDS can also form complexes
ith 6a (or 6b), which endows 6a (or 6b) with multiple spectral

utput signals and makes much more logic functions be completed
ith 6a (or 6b). Different from the results obtained in our previ-

us work, cationic surfactant CTAB and nonionic surfactant Triton
-100 enhance the fluorescence intensities of 6a and 6b due to the

ess polarity, more viscosity and higher pH value of micelles. Result-
ng from the different distribution of electron density, isomers 6a
nd 6b perform different logic functions with the same inputs: 6a
an execute more logic functions, while 6b can implement logic
alculation.
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