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About 270 times fluorescence enhancement was observed when the hemicyanine dye, trans-4-[4-
(dimethylamino)styryl]-1-methylpyridinium iodide (DSMI), was included by cucurbit[6]uril (CB[6]). The
1:1 stoichiometry of DSMI/CB[6] complex was determined through optical spectra and 'H NMR
measurement. The large fluorescence enhancement was achieved by prohibiting the twisted intra-
molecular charge transfer (TICT) process of DSMI inside the distorted cavity of CB[6], together with the
ion-dipole interaction between DSMI and CB[6]. The distortion of the CB[6] cavity, being as the major
reason for the great fluorescence enhancement, was further confirmed in the calculation results. A
Hemicyanine resettable and reconfigurable logic gate was also constructed with DSMI and CB[6] under different pH
Fluorescence enhancement situations. This study lays a solid foundation for the design of molecular logic gates by a supramolecular
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1. Introduction

Recently, cucurbit[n]urils (CB[n]), [1,2] as rigid host compounds
comprised of n glycoluril units linked by pairs of methylene
bridges, have been shown to have numerous applications ranging
from dye encapsulation, [3] drug delivery, [4] supramolecular
catalysis, [5] and enzyme assays [6] to self-assembled molecular
devices [7,8]. Because of the negative charge density on the ureido
carbonyl groups and the inner surface of the hydrophobic cavity of
CB[n]s, small guest molecules may be included through hydro-
phobic interaction, [9] and binding is possible with metal cations
[10,11] and cationic organic molecules via ion-dipole interaction
[12—14]. The effect of the supramolecular interaction between CB
[n]s and organic dyes such as rhodamine 6G [15,16], neutral red [17]
and berberine [18] have been studied [19]. The fluorescence
intensity of dyes may be enhanced greatly by binding with CB[n]s,
providing the possibility for the designation of molecular logic
gates using fluorescence. Thus far, fluorescent logic gates have been
constructed by using fluorescent molecular switches based on
photoinduced electron transfer (PET), internal charge transfer (ICT),
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electronic energy transfer (EET), and proton transfer (PT) [20—22].
For most reported studies, however, complicated synthetic
processes are required. To replace complicated synthesis, it would
be interesting to find a common fluorescent dye which can
construct logic gates by host-guest chemistry with CB[n]s. Very
recently, Nau [23]illustrated a resettable logic gate using a modular
fluorophore-spacer-anchor architecture and CB [7] based on a PET
mechanism, where a fluorescence enhancement by a factor of 6—50
was observed. However, it is still a challenge to develop new
systems which exhibit much higher signal response to improve
switching capability.

To extend our general interest on the supermolecular chemistry
of CB[n] [24—28], herein we report the chemically tunable inter-
action between CB[6] and trans-4-[4-(dimethylamino)styryl]-1-
methylpyridinium iodide (DSMI, Fig. 1), a common cationic hemi-
cyanine dye much used as a fluorescence probe for DNA analysis
[29], reverse micelles’ interface [30] etc. Although the supramo-
lecular interaction between some hemicyanine homologs and CB
[7] has been investigated [31,32], the fluorescence of DSMI was
found to be increased by as much as 270 times upon binding with
CB[6], due to the prohibition of the twisted intramolecular charge
transfer (TICT) of the dye in the cavity of CB[6]. Moreover, the
fluorescence of DSMI could be modulated by adjusting pH of the
solution. All these provided the possibility of producing a logic gate
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Fig. 1. Structures for DSMI and CB[6] and 1,6-hexanediamine.

with a high fluorescence signal response. In this study, the supra-
molecular interaction between DSMI and CB[6] was investigated
through absorption and fluorescence spectroscopy, 'H NMR, ESI-
MS and a computational method, and a resettable and reconfig-
urable logic gate based on TICT mechanism was constructed by
modulating the pH of the solution and adding CB[6] or 1,6-
hexanediamine as input signals.

2. Experimental
2.1. Materials and methods

All solvents were of analytical grade and the water used in the
test was distilled water. CB[6] and the hemicyanine dye DSMI were
synthesized according to the literature [33,34], the purity of CB[6]
and DSMI was certified by NMR spectra (DSMI 'H NMR(CDCl3,
400 M) 6 (ppm): 3.09 (s, 6H), 4.46 (s, 3H), 6.71(d, J = 8.8 HZ, 2H),
6.84(d, J = 16.0 HZ, 1H), 7.53(d, J = 8.8 HZ, 2H), 7.60(d, J = 15.6 HZ,
1H), 7.79(d, ] = 7.2 HZ, 2H), 8.78(d, ] = 6.8 HZ, 2H); CB[6] 'H
NMR(D,0, 400 M) 6 (ppm): 5.73 (d, ] = 15.4,12H), 5.55 (s, 12H), 4.28
(d,J = 16.0,12H).). 1,6-Hexanediamine of analytic grade was bought
from Sinopharm Chemical Reagent Co., Ltd. China and used as
received.

NMR data were recorded in D,0 on a Varian Inova-400 spec-
trometer. Mass spectrometric data were obtained on a Q-TOF mass
spectrometer (Micromass, Manchester, England). Absorption
spectra were measured on a Perkin—Elmer Lambda 35 UV—Vis
spectrophotometer. Fluorescence measurements were performed
on a Varian Cary Eclipse Fluorescence Spectrophotometer. The pH
titration measurements were made with a Model PHS-3C meter.

The absorption and fluorescence spectra of DSMI with CB[n]s
were measured in water. The fluorescence titration experiments
were performed as follows: 25 pl of 1.0 x 10~3 mol/I stock solution
of DSMI and various amount of 2.0 x 10~ mol/L of CB[6] aqueous
solution were transferred into a 5 ml volumetric flask, then the
volumetric flask was filled to the final volume with distilled water.
Fluorescence and absorption spectra were measured after 3 min of
ultrasonic agitation. The NMR spectra were obtained in D,0 with
DSS (3-(trimethyl-silyl)-1-propanesulfonic acid sodium salt) as
internal standard; the protonation form of DSMI was determined
by the color of the solution changing from yellow to colorless, and
then the pH of the solution was checked by pH test paper.

2.2. Quantum chemistry computational methods

The X-ray structure of CB[6] was used as initial geometry for the
calculation [35]. The ONIOM optimization and SP (single-point)
Energy were all computed using the Gaussian 09 package [36]. The
ONIOM-type approach (oniom(b3lyp/6-31+g:uff)) was adopted
according to reference [37], in which the supramolecular complex
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Fig. 2. Fluorescence enhancement with increasing concentration of CB[6], from (1) to
(10): 0,1, 2,3,4,5,7,9,15, 20 pmol. Inset figure is the absorption spectrum decreased
with the addition of CB[6]. From (1) to (11): 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0
equiv of CB[6] was added accordingly, the concentration of dye is 5.0 x 10~ mol/L.

was divided into two layers: (1) the host, being set as the lower
layer, described by a simple molecular mechanics field (UFF), and
(2) the guest (DSMI), treated with DFT methodology (B3LYP/6-
31G+) as the higher layer. The positions of the host and DSMI were
manually set to form at least five different conformations, typically
with DSMI partially or fully included by the host cavity. After the
host-guest system was optimized to achieve the local energy
minimum state, a single-point energy calculation for the inclusion
complex was carried out by B3LYP/6-31G+ methods.

3. Results and discussion
3.1. UV-Vis and fluorescence spectra study

DSMI has an absorption maximum centered at 450 nm and
a fluorescence peak at 607 nm in aqueous solution. The absorption
maximum peak was observed to be decreased from 0.30 to 0.28
with the addition of 1 equiv. of CB[6] (inset figure of Fig. 2). The
significant hypochromicity indicates that the dye is included in CB
[6] [18].

The fluorescence response of DSMI increased significantly upon
the addition of CB[6] (Fig. 2 and Table 1), and a great enhancement
of about 270 times was achieved when 4 equiv. of CB[6] was added
into the system. In addition, the fluorescence emission exhibited
a blue shift from 607 nm to 582 nm, resulting in a reduced stokes
shift (from 141 nm to 109 nm). Previous study [38] has shown that
the TICT state dominates the evolution of the excited state of
hemicyanine, and the decay is nonradiative [39]. This TICT state is
not formed by twisting the dimethylamino group (C—N single
bond), but by twisting the entire aniline ring and pyridinium ring
(along the C—C single bond of DSMI) [40]. In other words, the

Table 1
Truth table of the AND logic gate based on the emission response of DSMIH™ (5 uM,
pH = 2.5) with OH™ and CB[6] as inputs.

1,2 CB[6] L* OH™ Output (normalized)® If (1 = 582 nm)
0 0 0 (0.003)
1 0 0(0.025)
0 1 0(0.017)
1 1 1(1.000)

2 OH™ was added until pH 7 is reached, [CB6] = 20 uM.
b In parentheses the relative fluorescence intensities are given. The threshold
value was settled at 0.1.
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formation of the TICT of the hemicyanine is the main pathway for
nonradiative decay of DSMI. After the dye was confined in the
nonpolar and narrow cavity of CB[6], the rigid environment
restricted the rotation of DSMI in the excited state, thereby pre-
venting the formation of TICT and leading to significant fluores-
cence enhancement. To confirm this speculation, the effects of
viscosity and CB[6] on the fluorescence change of DSMI were
investigated. Along with the increasing viscosity of the solution,
a 91-fold enhancement of the fluorescence intensity and a bath-
ochromic shift on the maximum absorption wavelength from
450 nm to 480 nm were observed concurrently (Figures S1 and S2).
This can be ascribed to the increased viscosity causing inhibition of
the internal motion around the double bond in the excited state
[41]. By contrast, the effect of CB[6] was much larger than that of
increased viscosity. In addition, the maximum absorption and
emission wavelength of CB[6]/DSMI complex exhibited a hyp-
sochromic shift compared with that under high viscosity condition.
When the electron-withdrawing pyridinium group was replaced by
a pyridine ring, DSMI, being a typical fluorophore with D-m-A
structure, exhibited ca. 100 nm hypsochromic shift of the maximum
absorption and emission wavelength, and a 3-fold increase in the
fluorescence quantum yield [42]. After the dye was included in the
distorted CB[6] cavity [43], the electron-withdrawing ability of the
pyridinium ring on DSMI was reduced by the negative charge
density on the ureido carbonyl groups of CB[6] through ion-dipole
interaction. As a consequence, the absorption and emission peaks
exhibited a hypsochromic effect, and the fluorescence intensity was
increased significantly. That is to say, the large fluorescence
enhancement was achieved by the combination of the confinement
on DSMI by the cavity of CB[6] and the ion-dipole interaction
between DSMI and CB[6]. The former makes a major contribution
to the fluorescence enhancement by prohibiting the TICT process of
DSMI.

For the complexation of DSMI and CB[6], the stoichiometry was
determined by continuous variation technique (Job-plot) [44] on
the basis of the fluorescence intensity of guest DSMI in the presence
of CB[6]. The maximum fluorescence was observed at x = 0.5
(Figure S3), indicating that the DSMI/CB[6] complex was formed
with 1:1 stoichiometry in aqueous solution. Meanwhile, the mass
spectrum gave a positively charged peak at m/z 618.2651 (calcu-
lated for [CB[6]/DSMI + H*]**, 618.2286), providing conclusive
evidence for the formation of the inclusion complex in 1:1 ratio
(Figure S4).

The enhanced fluorescence from the guest (DSMI), upon addi-
tion of a non-fluorescent host (CB[6]), is thus attributed to the
formation of 1:1 host-guest inclusion complex, and the following
equation (1) was utilized to determine the binding constant (Keq)
[45].

Keq[CBI6]]q

fi/lo = 1+ flo = V=i TeBe] g

(1)
where [ [Ip is the fluorescence enhancement when 100% of the dye
has been included. Iy is the fluorescence intensity of DSMI in the
absence of CB[6], while Iris the observed fluorescence intensity at
each host molecule concentration tested. Keq is the equilibrium
binding constant for the complexation.

The plot in Fig. 3 shows the linear double reciprocal plot of 1/(If/
Ip — 1) vs. 1/[CB[6]]o (r = 0.994), which confirms the 1:1 stoichi-
ometry of the complex (the applicability of equation (1), which will
be not linear for higher-order complexes). The binding constant Keq
was determined to be 1.02 x 10° L/mol.

The pK, values of DSMI and DSMI/CB[6] were measured by pH
titration based on fluorescence signals. The pK, of DSMI is 3.1, and
a small pK, shift of 0.8 was found for the inclusion complex (Fig. 4)
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Fig. 3. The double reciprocal plot of the fluorescence titration experiment. The binding
constant was determined to be 1.02 x 10° L/mol.

[46]. When the pH of the free and complexed dye solution
increased up to the pKj, the fluorescence of complexed DSMI would
switch on while that of free dye still remained off (Fig. 7), providing
the possibility of constructing logic gates.

3.2. NMR and computational study

The binding interaction of DSMI and CB[6] was also investigated
using 'H NMR, the chemical shift of each proton being ascertained
by 'H gCOSY measurement (Figure S5). Firstly, the binding stoi-
chiometric ratio between the host and the dye was checked by NMR
titration technology. Proportional dyes dissolved in D,O were
added into the saturated solution of CB[6] in D,O to get the
different NMR spectra as shown in Figures S6 and S7. When the CB
[6]/dye ratio was larger than 1, the proton signals did not shift
further. Moreover, the proton signals for the methine group of CB[6]
shifted upfield with the addition of dyes until the dye/CB[6] ratio
was larger than 1. All these results implied the formation of 1:1 dye/
CB[6] complexes. Then, the binding position of the CB[6] and the
dyes was investigated by comparison of the proton signals. As
shown in Fig. 5, when 1.0 equiv. CB[6] was added into the aqueous
solution of DSMI, complexation with CB[6] shifted the H2, H4, H6,
H7 and H8 signals significantly upfield, while H3 and H5 signals
were almost unchanged. In sharp contrast, H1 signals were shifted
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Fig. 4. pKa shift of DSMI upon complexation by CB[6] monitored through the fluo-
rescence change upon pH variation for the free dye DSMI and the DSMI/CB[6] complex
(Aex = 450 nm, Aepy, = 582 nm).
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downfield. These signal changes, in conjunction with relevant
reports [47—49], led us to the conclusion that the double bonds,
pyridine ring and the N-methyl on the pyridine ring were included
in the cavity of CB[6] as illustrated in Fig. 6. To determine the
binding mode of the protonated form of DSMI (DSMIH*), the 'H
NMR spectrum of DSMIH™ was obtained by adding deuterium HCI
to the dye solution until the solution colour changed from yellow to
colorless (Fig. 5(d)). Then 1 equiv. CB[6] was added to get Fig. 5(c).
The chemical shift of H2, H4, H5, H6, H7 and H8 moved upfield
dramatically, while that of H1 shifted negligibly and H3 moved
downfield. The upfield-shifted signals indicated that the proton on
the left of H3 were all shielded by CB[6]. Comparing with the NMR
spectra of DSM], it is easy to get the conclusion that the CB[6] cavity
shift to the aniline ring to shield H5 when the dye is protonated.

The doublets of CB[6] at 4.06 and 5.49 ppm split into two
doublets respectively (Fig. 5(e)) in the case of DSMIH™ and CB[6],
suggesting that the two portals are no longer in equivalent envi-
ronments after inclusion.

3.3. Quantum chemistry calculation

Computational methods were used to gain further insight into
the geometry and the nature of interaction of DSMI with the host
CBJ[6]. As the host/DSMI complex is too large for ab initio calcula-
tion, therefore, an ONIOM-type approach (oniom(b3lyp/6-
31+g:uff)) was adopted. The calculation result showed significant
energy differences for movement of CB[6] along the DSMI molecule
(Figure S8). The complex energy reached a minimum when CB[6]
rested over the pyridinium ring as shown in Fig. 6a and b, which is
in good agreement with the NMR results. The distortion of CB[6]
cavity could be clearly observed under this condition, which coin-
cides well with the X-ray single crystal structure of distorted CB[6]
caused by the 4-methylpyridinium cation [43]. The energy of the
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complex is shown in Table S1, and the largest binding energy (BE)
was calculated to be —84.2 kcal/mol.

A similar method was used to calculate the geometry optimi-
zation and binding energy of the DSMIH*/CB[6] complex. As shown
in Table S2, the binding energy is —87.4 kcal/mol, which is larger
than that of the DSMI/CB[6] complex. The stable conformation is
illustrated in Fig. 6¢c and d, where CB[6] remained over the pyr-
idinium ring. However, the binding energy was decreased to
—82.03 kcal/mol when CB[6] resided on the aniline ring part of the
molecule (Figure S9). The energy difference between the two
conformations is only 5.3 kcal/mol, while, in the case of DSMI/CB
[6], the energy difference for the two conformations is 33.9 kcal/
mol. The small energy difference between the two conformations
of DSMIH"/CBJ[6] illustrates the possibility that CB[6] can move
from the pyridinium ring to the aniline ring after protonation.
However, the two methyl groups were no longer coplanar with the
benzene ring. This steric hindrance somehow prohibited the
complete inclusion of the aniline ring inside CB[6], leading to only
aniline H5 being shielded as demonstrated in the NMR results.

3.4. Logic gates construction

The favorable fluorescence characteristics of DSMI in its
uncomplexed and CB[6]-complexed forms at different pH values
allow the construction of a binary off-on hemicyanine fluorescence
switching for molecular logic, i.e., assignment of 0 and 1 for off and
on fluorescence output, respectively (Fig. 7).

The relevant situation for fluorescence switching at pH = 2.5
and 7 is illustrated in Scheme 1. Considering 5 uM DSMI at pH = 2.5
in the absence of CB[6] as initial state (left), addition of CB[6] can be
taken as input 1 (I), while addition of base (OH™) as input 2 (I).
The initial state (left), composed of the protonated form of DSMI,
has a low fluorescence and characterizes the output as off (binary
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Fig. 5. "H NMR titration of CB[6] to DSMI and DSMIH* (D,0, 400 MHz), (a) 0 and (b) 1 equiv. of CB[6] was added to DSMI, (c) 1 and (d) 0 equiv. of CB[6] was added to DSMIH*. (e) the
enlarged curve of CB[6] part in curve c. the concentration of DSMI and DSMIH is 2.7 mM (0.5 mg of dye was added to 0.5 ml D,0).
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Fig. 6. Minimized structure of the CB[6] complex with DSMI (a, b) and DSMIH"(c, d) viewed from front (a, c) and side (b, d). The binding energy obtained using B3LYP/

6—31G + method is —84.2 and —87.4 kcal/mol respectively.

0). For an addition of a single input, either CB[6] (20 uM) or OH™,
the fluorescence output remains off (binary 0). The fluorescence of
DSMI itself is also very low, corresponding with the binary O.
Addition of CB[6] alone does not result in any strong fluorescence
emission, due to the protonated conformation of DSMI/CB[6]
complex exhibiting low fluorescence. It is the combination of
deprotonation and complexation that switches the fluorescence
output on (right state), and this can only be achieved by the
simultaneous presence of both inputs. Hence, the system can be
used to mimic the function of an AND logic gate with supramo-
lecular input (Table 1).

It is highly desirable to design reconfigurable and resettable
logic gates by chemical manipulations. For instance, chemically-
driven logic gates, acid—base neutralization [50] or metal-ion
decomplexation by chelators [51] have been demonstrated as
resetting. Similarly, host-guest complexes provide another possi-
bility through the addition of a competitive guest to reset the
molecular logic gates [52]. To prove this, 20 puM of 1,6-
hexanediamine (Ka = (4.49 + 0.84) x 108 M~! at pH = 4.5) [53],
which is known to bind very strongly with CB[6], was employed at
pH = 7 to displace DSMI from its CB[6] complex (Reset 2 in Scheme
1). The OH™ input, as used in the AND logic gate discussed, was
reset by the conventional proton neutralization (Reset 1 in Scheme
1). That is to say, simultaneous decomplexation and protonation
restores the initial status (left state in Scheme 1). Therefore, this
system is a naturally reconfigurable logic gate as the reset processes
are precisely NOT and NOR logic gates. The binding interaction of
DSMI with CB[6] led to the fluorescent DSMI/CB[6] complex at
pH = 7 in solution, forming the initial logical molecule device. We
can then add either protons or 1,6-hexanediamine as input (binary
1). When the pH of the solution was modulated to 2.5, the non-
fluorescent DSMIH*/CB[6] complex was formed to produce the

output 0. When the 1,6-hexanediamine was added, the fluorescent
DSMI/CB[6] complex would be replaced by the non-fluorescent 1,6-
hexanediamine/CB[6] complex and uncomplexed DSMI, which
then gave the output 0 as well. The fluorescence curves of different
states are shown in Fig. 7. Consequently, these translate into NOT
logic gates. Combination of the two logic gates yielded a NOR logic
gate. On the other hand, when the free DSMI was set as initial state,
protonation of DSMI quenched the weak fluorescence. Binding of

—— DSMI+CBI6;
800 —— DsSMI fe
700 4 —— DSMIH"
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600 — DSMI+CB[6]+Hexanediamine
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Fig. 7. The fluorescence curves at different states of the logic gate: a) DSMI at pH = 2.5
without CB[6] (blue), b) DSMI at pH = 2.5 with CB[6] (cyan), c) DSMI at pH = 7.0
without CB[6] (red), d) DSMI at pH = 2.5 with CB[6] (black), e) the solution of CB[6]
and DSMI with the addition of 1,6-hexanediamine at pH = 7.0. The concentration of
DSMI, CB[6] and 1,6-hexanediamine is 5 pM, 20 uM and 20 pM respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Scheme 1. The schematic operating process of the resettable AND logic gate.

CBJ[6], in turn, increased the fluorescence quantum yield. Combi-
national effect of binding with CB[6] and protonation resulted in
fluorescence quenching. This behavior is equivalent to the INHIBIT
logic gate. The truth table of these reconfigurable logic gates is
shown in Table S3.

4. Conclusion

In summary, a large fluorescence enhancement of DSMI was
realized by the formation of an inclusion complex with CB[6], and
the distorted cavity of CB[6] was observed in computational results.
The distorted cavity of CB[6], which exhibited inhibition of the TICT
process by restricting the rotation of the aniline ring and pyr-
idinium ring of DSMI, seems to be the main reason for the large
increase in fluorescence. Meanwhile, the ion-dipole interaction
between DSMI and CB[6] may make a minor contribution to the
fluorescence enhancement. A reconfigurable and resettable
molecular logic gate system was constructed by modulating the pH
of the solution and adding CB[6] to or removing it from the hem-
icyanine dye. This study laid a solid foundation for the design of
molecular logic gates by a supramolecular interaction mode.
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