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Abstract. The host–guest binding characteristics of cyclopentanocucurbit[6]uril (CyP6Q[6]) and cyanine
dye trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide (t-DSMI) have been studied. The results
show that CyP6Q[6] and t-DSMI form a 1:1 inclusion system, generating strong ﬂuorescence. On this basis,
the ﬂuorescent probe t-DSMI@CyP6Q[6] has been constructed, and its anion recognition ability has been
investigated. In a neutral environment, BF4-, H2PO4-, and I- elicit obvious speciﬁc responses from the
probe, since they have stronger binding forces. This probe shows greater sensitivity than the previously
reported probe t-DSMI@HMeQ[6].
Keywords. t-DMSI; CyP6Q[6]; inclusion; ﬂuorescent probe; anion recognition.

1. Introduction
Anions are ubiquitous chemical components of living
systems and the natural environment.1–3 The presence
of these anions, to a certain extent, brings many
advantages and disadvantages to biological and environmental systems. For example, DNA carrying
genetic information is itself a polyanion;4 F- plays an
important role in the treatment of osteoporosis and
dental care, but excessive intake can cause dental
ﬂuorosis, skeletal ﬂuorosis, and even death.5 NO2induces cancer, and phosphate produced by excessive
use of phosphorus-containing fertilizers can cause
environmental pollution.6 Therefore, anion recognition
and sensing have attracted extensive attention from
scholars in various countries.7–11 Among the existing
analytical methods, photochemical sensing systems
have the advantages of good selectivity, high sensitivity, and facile colorimetry and online analysis, and
have become the ﬁrst choice for anion
recognition.12–15

In recent years, the development and design of
photochemical molecular sensors for anion recognition
and detection have aroused great interest among scientists.16–20 Most methods for designing anion receptors are based on a limited number of strategies,
including anion-induced chemical reactions,21 Lewis
acid-base reaction,22 electrostatic interaction,23
hydrogen bonding,24 hydrophobic effects,25 and
supramolecular coordination and recognition.26 For
the latter, the design of cyclic anion receptors based on
supramolecular chemistry has become the mainstream,27–30 as exempliﬁed by crown ethers,31
cyclodextrins,32 calix[n]arenes,33 Schiff bases,34 and
derivatives thereof. Such cyclic compounds can provide an anion with a suitable binding site in terms of
shape and size. More importantly, a photosensitive
group can be appended, such that a speciﬁc optical
effect is elicited upon the formation of the corresponding receptor–anion complex, allowing the rapid
detection of anions. As a new class of stereocyclic
compounds, cucurbit[n]urils (Q[n]s) have attracted
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broad attention from researchers.35 However, their
good chemical stability makes it difﬁcult to introduce
photosensitive groups, which poses a huge challenge
in the context of ion recognition based on Q[n]s.
Structurally, since a Q[n] has both a negatively
charged carbonyl portal and a near electrically neutral
hydrophobic cavity, it can not only completely or
partially enclose different guest molecules, but can
also coordinate to different metal ions to form distinct
frameworks, dominated by host-guest chemistry and
supplemented by coordination chemistry.36–41 It seems
that it is a good choice to design ion acceptors based
on the host-guest chemistry of Q[n]s. Analyte ions
may exert two effects on their host-guest chemistry,
competing with, and hence, weakening or synergizing
with, and hence promoting, the interaction between the
host and the guest, changing the nature of the hostguest interaction of the original Q[n]. Also, dynamic
host-guest interactions based on supramolecular
chemistry are extremely active in photochemistry, and
Das and his collaborators have done a lot of work in
this area.42–45 For example, in 2013, Das report a
trichromophoric pseudorotaxane that demonstrates a
two-step FRET-based relay comprising of primary
donor–primary acceptor/secondary donor–secondary
acceptor pairs.46 The same year the group reported
Molecular Interactions, Proton Exchange, and Photoinduced Processes Prompted by an Inclusion Process
and a Pseudorotaxane Formation.47 Especially in the
past 40 years, the host-guest chemistry based on
cucurbituril
chemistry
has
been
gradually
improved.48–50 In terms of optical research, our
research group designed ﬂuorescent luminescent
materials in 2016 by using the pKa drift property of
the host-guest of Q[8].37 All these reports created
conditions for the study on a dynamic host-guest
inclusion process – induced by appropriate anion. To
date, there have been some reports on the detection of
cations by such systems,51–53 but the identiﬁcation and
sensing of anions is still in its infancy.54,55
Interactions of biological dyes with Q[n]s usually
lead to obvious changes in optical properties, such as
UV/Vis absorption and ﬂuorescence intensity,56,57
which makes Q[n]-based host-guest probes the ﬁrst
choice for ion recognition and sensing. A suitable dye is
trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide (t-DSMI). In 2012, Peng’s research group
reported the interaction between Q[6] and t-DSMI.58
This study showed that the intensity of ﬂuorescence
emission was greatly enhanced after the interaction of tDSMI with Q[6]. However, Q[6] has poor water solubility, which limits its application in this context. Tao’s
group used probes formed by the interactions of dyes
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with two types of methyl-substituted Q[n]s, having
better water solubility, to identify cations and anions,
respectively.59,60 Studies have shown that these ﬂuorescent probes display certain selective recognition
effects in response to anions and cations. The superior
water solubility of CyP6Q[6] and the super-conjugation
effect of the cyclopentyl group have facilitated its further study as a ﬂuorescent probe. However, to the best of
our knowledge, there have been no reports on the
application of CyP6Q[6] for host-guest recognition. In
this context, a ﬂuorescent probe based on the host-guest
interaction of t-DSMI with CyP6Q[6] has been constructed (Scheme 1), with which the speciﬁc recognition of anions has been successfully achieved.
2. Experimental
2.1 Materials and methods
All raw materials for this study were purchased from
Aladdin Industrial Corporation (AR, Shanghai, China),
except for CyP6Q[6], which was synthesized according to a
procedure developed previously in our laboratory.61

2.2 Measurement of absorption and ﬂuorescence
spectra
All UV/Vis spectra were recorded on a UV-2700 doublebeam UV/Vis spectrophotometer at room temperature.
Fluorescence emission spectra were recorded on a Varian
Cary Eclipse spectroﬂuorimeter. Fluorescence spectra were
obtained by excitation at 458 nm with 5 nm emission and
excitation bandwidths. Stock solutions of CyP6Q[6]
(3 mM), t-DSMI (1 mM), and An- (0.20 M) were prepared
in doubly-distilled water. Working solutions were prepared
by diluting stock solutions to the required concentrations.
Aqueous solutions of t-DSMI (20 lM) were prepared by
diluting the stock solution. To obtain absorption and ﬂuorescence spectra, increasing concentrations (0–40 lM) of
CyP6Q[6] solution were added to free t-DSMI. The excitation and maximum emission wavelengths (kex/kem) were

Scheme 1. Structures of t-DSMI and CyP6Q[6].
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458 nm and 582 nm for the t-DSMI@CyP6Q[6] complex,
with 5 nm emission and excitation bandwidths.
Aqueous solutions of the t-DSMI@CyP6Q[6] complex
(t-DSMI: 10 lM) were prepared for characterization by
ﬂuorescence emission spectroscopy. To obtain ﬂuorescence
spectra, known quantities of anion solutions (tetrabutylammonium salt with the requisite anion) were added to the
solution of the t-DSMI@CyP6Q[6] inclusion complex.
Fluorescence spectra were obtained by excitation at 458 nm
with 5 nm emission and excitation bandwidths, and the
emission intensity was monitored at 500–750 nm at room
temperature. The maximum emission wavelength for the
t-DSMI@CyP6Q[6] complex was kem = 582 nm.

2.3

1

H NMR spectra

1

H NMR spectra were recorded sequentially on a JEOL
JNM-ECZ400s spectrometer at 25 °C. D2O was used as a
ﬁeld-frequency lock and the observed chemical shifts are
reported in parts per million (ppm) relative to tetramethylsilane (TMS) as an internal standard (d = 0.0 ppm).

2.4 Gaussian calculations
In our work, the density functional theory has been
employed to describe the CyP6Q[6] and t-DSMI structures.
We ﬁrst performed the geometry optimization of both the
CyP6Q[6] and t-DSMI of these compounds using the
B3LYP/6-311G(d,p) level. And the vibrational analysis was
performed to conﬁrm the stable minimum structures.
Finally, the Formation energy (EF) has been calculated by
the equation: EF = Etotal-Ea-Eb, where the Etotal is the
energy of t-DSMI with CyP6Q[6] adsorbed, Ea and Eb is
the energy of t-DSMI and CyP6Q[6].

3. Results and Discussion
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small changes in pH will affect the mode of the hostguest interaction, causing signiﬁcant changes in its
optical properties. Both Peng and Tao have demonstrated that t-DSMI@Q[n]s displays a ﬂuorescent
effect in the basic region of its protonated amine in
this host-guest system.58,59 Therefore, before studying
the interaction of CyP6Q[6] with t-DSMI in a hostguest system, the pKa drift curve was ﬁrst investigated.
Under different pH conditions (pH 1–10), UV/Vis
spectra were recorded of an aqueous solution of
t-DSMI at 2.00 9 10-5 mol/L and an aqueous solution of the same concentration of t-DSMI@CyP6Q[6]
(1:1 ratio). The absorbance at 485 nm was selected for
analysis. The pKa shift curve of the t-DSMI guest in
the absence and presence of CyP6Q[6] is shown in
Figure 1. It can be seen that pH \ 2 is the acidic
equilibrium region while pH [ 4.6 is the basic equilibrium region. Between these two regions, there is an
acid-base equilibrium region of free amine and protonated ammonium of t-DSMI.
To avoid any inﬂuence of the acid-base balance
effect, in this study we investigated the host-guest
interaction of CyP6Q[6] with t-DSMI at pH % 5.
Figure 2 shows the change in the titration 1H NMR
spectra with the gradual addition of t-DSMI in the
presence of CyP6Q[6] (2 mM, D2O) and the speculative mode of the host-guest interaction. Compared
with the free guest t-DSMI, the presence of CyP6Q[6]
changed the chemical shifts of the protons of t-DSMI.
It can be seen from the titration 1H NMR spectra that
except for the signal of proton 1 shifting downﬁeld, the
signals of the remaining protons shifted upﬁeld
(H2 = 0.11, H3 = 0.23, H4 = 0.4, H5 = 0.45,
H6 = 0.06, H7 = 0.18, H8 = 0.16 ppm), indicating
that proton 1 resides outside of the portal of the Q[n],

3.1 Study of the host-guest interaction
between CyP6Q[6] and t-DSMI
In the host-guest chemistry of CyP6Q[6] and t-DSMI,
the amine-bearing t-DSMI undergoes a protonation
process in aqueous solution, showing the characteristics of a base. Therefore, in a certain pH range,
t-DSMI is subject to an acid-base equilibrium process
between free amine and protonated ammonium. When
a guest species bearing a protonated ammonium group
interacts with a Q[n], the protonated ammonium group
and the portal carbonyl oxygen atoms of the Q[n] engage in an ion-dipole interaction, while the ammonium
protons form hydrogen bonds with the portal carbonyl
oxygen atoms. Both of these effects can reduce the
ability of the protonated ammonium group of t-DSMI
to ionize protons, causing a shift in its pKa. Related
studies have shown that in the pKa drift region,57–59

Figure 1. pKa shift curves of CyP6Q[6] and t-DSMI.
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Figure 2. Titration 1H NMR spectra (400 MHz, D2O) of
CyP6Q[6] (2 mM) in the presence of (a) 0.00, (b) 0.37,
(c) 0.94, and (d) 1.21 equiv. of t-DSMI, (e) pure t-DSMI.

whereas the remaining groups of t-DSMI enter the
cavity of CyP6Q[6]. In other words, the guest enters
the interior of the cavity of Q[n], starting at the pyridyl
group bearing proton 2 and ending at the dimethylamino group bearing proton 1. Moreover, when the
guest is present at more than one equivalent to CyP6Q[6], two sets of proton resonances due to bound and
free guest occur simultaneously, indicating that the
ratio of the host-guest interaction is 1:1, and the rate of
binding and release of the guest from the CyP6Q[6] is
slower on the 1H NMR time scale. Considering that
the cavity size of CyP6Q[6] is insufﬁcient to accommodate groups of this length, CyP6Q[6] shuttles back
and forth in this region along the axial direction of the
t-DSMI molecular chain, and the shuttling frequency
is signiﬁcantly faster than the NMR working frequency. Comparing the chemical shifts of the protons
entering the Q[n] section, it can be seen that those of
H3 and H5 are signiﬁcantly larger than those of H7
and H8, and that of H4 is larger than that of H6,
indicating that CyP6Q[6] is more inclined to act on the
benzene ring than to include the pyridyl group when
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encapsulating t-DSMI. That is to say, the type A mode
of interaction shown in Figure 2 is more likely. This is
because the pyridyl group is hydrophilic and an electron acceptor with respect to CyP6Q[6], whereas the
benzene ring is a hydrophobic group and more easily
enters the hydrophobic cavity than the pyridyl group.
The mode of interaction is determined by hydrophobic
and ion-dipole effects.
To further demonstrate the interaction mode of
CyP6Q[6] with t-DSMI, UV/Vis absorption spectroscopy and ﬂuorescence emission spectroscopy were
applied. Based on the t-DSMI concentration of
2.00 9 10-5 mol/L, corresponding equivalents of
CyP6Q[6] were gradually added dropwise (equivalent
ratio 0–2, interval 0.2 equivalent). The resultant
changes in the intensity of the UV/Vis absorption and
in the ﬂuorescence spectral emissions are shown in
Figures 3 and 4, respectively. It can be seen from
Figure 3 that the maximum UV/Vis absorbance of
t-DSMI was seen at 450 nm and that its intensity
gradually decreased with the addition of CyP6Q[6]. It
can also be seen that when CyP6Q[6] was added
beyond a 1:1 stoichiometry, the corresponding UV
absorbance did not change signiﬁcantly, indicating
that CyP6Q[6] and t-DSMI formed only a 1:1 inclusion
complex. The ﬂuorescence titration spectra showed the
same binding behavior. t-DSMI itself shows no ﬂuorescence. With the addition of CyP6Q[6], the system
produces strong ﬂuorescence, showing a maximum at
583 nm, and does not change when the ratio exceeds
1:1 (Figure 4A). Figures 3B/4B show ﬁtted curves for
obtaining binding constants, from which the binding
constant obtained from ﬁtting of the UV maximum
absorption curve is 3.08 9 107 L mol-1 (Figure 3B),
and the binding constant obtained from ﬁtting the
ﬂuorescence is 1.01 9 107 L mol-1 (Figure 4B). For
two previously reported types of methyl-substituted
Q[n]s and t-DSMI, the binding constants were only
ﬁve orders of magnitude, whereas that of the CyP6Q[6] complex with the dye is two orders of magnitude
higher, showing a more stable binding ability.59,60
To better obtain the binding behavior of the complex formed by CyP6Q[6] and t-DSMI, we optimize
the geometry of the host-guest complex by Gaussian
calculations, and the calculation results are shown in
Figure 5(a)–(d) in Figure 4 (A) are the conﬁgurations
of CyP6Q[6] included at four different sites of t-DSMI.
As shown in Figure 4 (A), the entire part of t-DSMI is
covered, that is, all possible structures are considered,
and Figure 4 (B) shows the formation energies of these
possible structures. It can be seen from the formation
energy that the formation energy in the (d) conﬁguration is high, and the object cannot form a good
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Figure 3. (A): Absorption spectra (H2O) of t-DSMI (20 lM) with increasing amounts of CyP6Q[6]: 0, 4, 8, 12, 16, 20, 24,
28, 32, 36, and 40 lM; inset: plot of absorbance of NCyP6Q[6]/Nt-DSMI at 450 nm; (B): nonlinear ﬁtting curve for changes in
the absorbance of t-DSMI (20 lM) in the presence of different concentrations of CyP6Q[6].

Figure 4. (A): Fluorescence spectra (H2O) of t-DSMI (20 lM) with increasing amounts of CyP6Q[6]: 0, 4, 8, 12, 16, 20,
24, 28, 32, 36 and 40 lM; inset: plot of ﬂuorescence intensity of NCyP6Q[6]/Nt-DSMI at 583 nm; (B): nonlinear ﬁtting curve
for changes in the ﬂuorescence intensity of t-DSMI (20 lM) in the presence of different concentrations of CyP6Q[6].

structure with the host at this site, that is, the
dimethylamino group in the guest t-DSMI cannot be
included. It is worth noting that the formation energies
of the three conﬁgurations (a)–(c) are all negative
values, which means that CyP6Q[6] can form inclusions at these sites of t-DSMI, and the previous NMR,
UV, and ﬂuorescence spectra have conﬁrmed that they
are in a 1:1 binding mode. Therefore, CyP6Q[6] may
shuttle back and forth on t-DSMI, but cannot pass
through dimethylamino in t-DSMI. Comparing the
formation energies of several conﬁgurations, it was
found that the formation energy of (c) conﬁguration is

the lowest, which means that the complex formed here
is the most stable, that is, CyP6Q[6] is most likely to
act on the benzene ring. These conclusions are consistent with the results of NMR extrapolation.

3.2 Anion recognition by the t-DSMI@CyP6Q[6]
host-guest ﬂuorescent probe
Cations can coordinate with the negatively charged
carbonyl oxygen atoms at both ends of Q[n]s through
electrostatic interactions, which affects the mode of
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Figure 5. (A): Conﬁgurations of CyP6Q[6] included at four different sites in t-DSMI (a)–(d), (B): corresponding
formation energy of conﬁgurations (a)–(d).

interaction of the Q[n] with organic guests. Anions are
unable to coordinate with the portal carbonyl oxygen
atoms of Q[n]s, and it seems that they also have no
ability to compete with organic species for the cavities
of Q[n]s. This poses a great challenge for the recognition and sensing of anions by Q[n]-based host-guest
probes. Therefore, for anion recognition, one can only
consider the competition or synergy of Q[n]s and
anions towards organic guests. A cationic organic dye
guest should be a good choice, because the electrostatic effect of an anion on a cationic guest dye and the
inclusion coordination of a Q[n] towards a cationic
guest dye are obviously among the main competition
modes, even if the presence of the anion does not
affect the mode of interaction of Q[n]s and organic
guests. However, some anions may interact with a
cationic guest to change the physical properties of an
organic guest, which would also affect the host-guest
interaction mode. Therefore, it is possible to recognize
and sense anions by a host-guest probe based on Q[n]s,
and t-DSMI is a suitable cationic guest dye. In addition, Peng’s group has found that the optical effect of
ﬂuorescence enhancement will appear after the interaction of t-DSMI and Q[6],58 but due to the poor water
solubility of Q[6], its further study as a ﬂuorescence
probe to recognise ions and some organic molecules,
especially the mechanism research will be limited. The
solubility of CyP6Q[6] in water is two orders of
magnitude higher than that of Q[6], and it has such a
good water solubility, which facilitates its research on
the identiﬁcation of anions as a ﬂuorescent probe.
Hence, a ﬂuorescent probe of t-DSMI@CyP6Q[6] was
selected for anion sensing.

The speciﬁc recognition of anions in aqueous
solution by a ﬂuorescent probe based on 1:1 tDSMI@CyP6Q[6] is shown in Figure 6. Based on a
neutral solution of 1.00 9 10-5 mol/L 1:1 tDSMI@CyP6Q[6] complex, 50 equivalents of tetrabutylammonium salts with various anions were added
dropwise: F-, Cl-, Br-, SO42-, H2PO4-, HSO4-,
NO3-, CO32-, OAc-, HSO3-, BF4-, I-, PF6-, ClO4-,
and ClO2-. The results show that the tetrabutylammonium salts with H2PO4-, HSO4-, BF4-, and Iinduced obvious ﬂuorescence quenching. Figure 6
shows the corresponding ﬂuorescence spectra and
photographs taken in ultraviolet light at 365 nm.
Detailed ﬂuorescence titration spectra of tDSMI@CyP6Q[6] with H2PO4-, HSO4-, BF4-, and
I- anions obtained by excitation at 458 nm are shown
in Figure S1 in the Supplementary Information (SI).
The results indicate that the t-DSMI@CyP6Q[6] ﬂuorescent probe showed more pronounced responses to
these anions. The detection limit (DL) of the complex
t-DSMI@CyP6Q[6] indicates its sensitivity to these
anions. DL was calculated as three times the standard
deviation of ten measurements of the complex system
without anions, divided by the slope of the linear
calibration curve over a low concentration range of 0
to 1.20 9 10-4 mol/L. The DLs of the four anions
H2PO4-, HSO4-, BF4-, and I- were 1.87 9 10-6
mol/L, 2.60 9 10-7 mol/L, 5.72 9 10-7 mol/L, and
1.41 9 10-6 mol/L, respectively. Compared with the
probe t-DSMI@HMeQ[6] reported by Tao’s research
group,59 the range of detected anions is wider,
although the recognized anions are the same, the
detection limit concentrations are considerably lower,
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Figure 6. (Top) The effect of An- anions (50 equiv. with respect to the host–guest complex) on the relative ﬂuorescence
response (kmaxem = 583 nm) of t-DSMI@CyP6Q[6] (10 lM, 1:1, H2O); (bottom) photographs of t-DSMI@CyP6Q[6]
systems containing various An- under UV light (365 nm).

that is, the t-DSMI@CyP6Q[6] ﬂuorescent probe is
more sensitive. Considering that the change in ﬂuorescence intensity may be due that the excitation OD
itself is getting decreased at 458 nm, we continue to
study the change of ﬂuorescence intensity excited at
isoabsorptive point of 380 nm (Figure S2, Supplementary Information). The change in ﬂuorescence
intensity caused by the two excitation wavelengths is
the same, but the ﬂuorescence intensity is slightly
different due to the different excitation wavelengths.

3.3 Effects of interfering ions
Since anions are always accompanied by cations,
metal ions are common cations in living systems and
environmental systems. Therefore, in the current work,
in addition to examining the effects of interfering
anions, the effects of various interfering metal cations
on the determination of the above four anions eliciting
a response from the t-DSMI@CyP6Q[6] probe were
also examined. Before this, we ﬁrst examined the
response of the t-DSMI@CyP6Q[6] probe to cations
(Figure S3, Supplementary Information). The results
reveal that the probe showed different degrees of
response to rare-earth elements, a greater response to
cesium ions among alkali metals, strontium and barium ions among alkaline-earth metals, and some heavy
metals of the transition series, but among common

metal ions, except for iron and aluminum, the
responsiveness to other ions was relatively small.
Nevertheless, special attention is required when recognizing anions.
In the ion interference experiments, the concentration of the added interfering substance was such that
the relative error was less than ±5% as the tolerance
limit, to investigate the tolerances to various types of
interfering ions. In the sample, a ﬁxed amount of tDSMI@CyP6Q[6] (10.0 lM, 1:1, H2O) and the anion
to be recognized (500 lM, H2O) were combined, and
the amounts of different interfering metal cations and
anions were increased. The results are shown in
Tables 1 and S1 (Supplementary Information),
respectively (the ﬁrst column for each ion in the
table is the concentration tolerated, and the second
column is the relative error at this concentration. For
speciﬁc experimental conditions, see Tables S2 and S3
in the Supplementary Information).
It can be seen from Tables 1 and S1 that in
the ion coexistence experiments, ions eliciting a
greater response from the probe were less tolerant
of the recognition system. Conversely, ions eliciting a weaker response from the probe showed
good tolerance to the recognition system. Therefore, when using the probe to recognize ions, it
is preferable to have a general understanding of
the recognition system to eliminate the effects of
interfering ions.
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Table 1. Effect of interfering anions.
Tolerance (mol/L)/Relative error (%)
Interfering ions
AcBF4BrClClO2ClO4CO32FINO3PF6SO42H2PO4HSO4-

BF4
3.0
–
3.0
8.0
1.0
1.0
1.0
1.0
2.0
1.0
4.0
1.0
3.0
6.0

9 10-5
9
9
9
9
9
9
9
9
9
9
9
9

10-3
10-5
10-2
10-3
10-2
10-2
10-5
10-2
10-3
10-2
10-5
10-6

-

H2PO4-3.08
–
-3.82
-4.80
-2.21
-4.92
1.23
1.03
-5.00
-0.55
4.86
-3.48
-3.99
-3.78

5.0
8.0
1.0
6.0
2.0
2.5
4.0
1.0
1.0
2.0
1.0
1.0
–
6.0

9
9
9
9
9
9
9
9
9
9
9
9

10-4
10-6
10-4
10-5
10-3
10-3
10-5
10-2
10-5
10-3
10-2
10-2

9 10-6

I-

HSO4-4.49
-4.46
-4.21
-3.81
-4.37
-4.45
3.78
1.28
-3.76
-3.81
-1.17
0.73
–
-5.00

3.4 Preliminary study of the response mechanism
of the t-DSMI@CyP6Q[6] ﬂuorescent probe
to selected anions
To understand the principle of the response of the tDSMI@CyP6Q[6] complex to anions, we investigated
the effects of various anions on this host–guest probe
and on t-DSMI in D2O solution. Interestingly, 1H
NMR clearly showed that addition of the three anions


H2 PO
4 ; HSO4 , and BF4 , leading to ﬂuorescence
quenching of t-DSMI@CyP6Q[6], also caused the
signals of all protons of t-DSMI to shift downﬁeld. In
contrast, the addition of an anion that has no effect on
the ﬂuorescence properties of the t-DSMI@CyP6Q[6]
complex has no effect on the chemical shifts of the
included t-DSMI. This indicates that there is some
interaction between these three anions eliciting a
response and the included t-DSMI guest, which may
be electrostatic in origin or based on natural synergy.
In addition, the experimental results obtained for
various anions with free t-DSMI show similar prop

erties; that is, the addition of H2 PO
4 ; HSO4 , or BF4
causes the proton resonances of pure t-DSMI to shift
downﬁeld, whereas anions eliciting no response do not
cause this change. This phenomenon indicates that
these three anions eliciting a response may interact
with the t-DSMI guest, quenching the ﬂuorescence by
changing its physical properties. Nevertheless, these
interactions do not seem to signiﬁcantly affect the
inclusion mode of t-DSMI in the cavity of CyP6Q[6].
Figures 7 and 8 show titration 1H NMR spectra of
changes in the proton resonances of included t-DSMI
(left) and free t-DSMI (right) with the addition of
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-4.04
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-3.75
-4.12
1.63
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–
-2.41
-2.97
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-4.67
-4.07

HSO4- and SO42- in the presence of tDSMI@CyP6Q[6] (left) and t-DSMI (right), respectively. See Figures S4–S12 in the Supplementary
Information for related titration 1H NMR spectra of
the other anions.
It is worth noting that all pertinent literature report
show that the acidic region and the acid-base equilibrium region of pKa drift in t-DSMI@Q[n] systems
will cause different degrees of ﬂuorescence quenching.58,59 CyP6Q[6] is a member of the Q[n] family, and
of course, it is no exception. Dropping aqueous
HSO4- into a solution of the system affects its pH. If it
is restricted to the neutral zone and the alkaline zone,
HSO4- will be converted into SO42-, which will elicit
no response from t-DSMI@CyP6Q[6]. Therefore, the
response of the system to HSO4- may be caused by
the effects of pH. If the pH is strictly limited to 5 or
above, and the concentration of HSO4- added is
controlled to be [ 10 lM, which corresponds to one
equivalent with respect to the probe, then the response
shown by detailed ﬂuorescence titration spectra should
not be signiﬁcant (Figure S1, Supplementary Information). This provides a good explanation as to why in
1
H NMR, very few equivalents of HSO4- result in
large changes in the proton resonances (the reference
concentration of t-DSMI@CyP6Q[6] in titration 1H
NMR was 1 mM).
In the above discussion, the anions that elicit a
response from the t-DSMI@CyP6Q[6] probe are stated
to cause the proton resonances of t-DSMI to shift
downﬁeld, both for included t-DSMI and for free tDSMI. However, I- is an exception, as it can quench
the ﬂuorescence of the probe. Unfortunately, NMR
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Figure 7. (Left): Titration 1H NMR spectra (400 MHz, D2O) of t-DSMI@CyP6Q[6] (1:1, 1 mM) in the presence of
(a) 0.00, (b) 0.78, (c) 4.53, and (d) 27.29 equiv. of HSO4-, (right): titration 1H NMR spectra (400 MHz, D2O) of t-DSMI
(1 mM) in the presence of (a) 0.00, (b) 0.54, (c) 10.09, and (d) 23.46 equiv. of HSO4-.

Figure 8. (Left): Titration 1H NMR spectra (400 MHz, D2O) of t-DSMI@CyP6Q[6] (1:1, 1 mM) in the presence of
(a) 0.00, (b) 7.13, (c) 19.85, and (d) 40.39 equiv. of SO42- (400 MHz, D2O); (right): titration 1H NMR spectra (400 MHz,
D2O) of t-DSMI (1 mM) in the presence of (a) 0.00, (b) 8.35, (c) 18.94, and (d) 38.31 equiv. of SO42-.

does not provide insight into this quenching. Titration
1
H NMR spectra showed no signiﬁcant proton resonance shifts for either free t-DSMI or included t-DSMI
(Figure 9). Therefore, it is necessary to continue to
investigate the recognition mechanism of anions by
other means.
To further understand the anion response mechanism, UV/Vis absorption titration spectroscopy was
used to examine the effect of various anions on the tDSMI@CyP6Q[6] host–guest probe and pure t-DSMI
in aqueous solutions. Figure 10 shows the changes in
the UV/Vis spectra of t-DSMI@CyP6Q[6] (left) and tDSMI (right) with gradually increasing H2PO4- concentration. It can clearly be seen that, upon the addition of the anion, the UV/Vis absorbance of tDSMI@CyP6Q[6] and t-DSMI at 450 nm both gradually decrease, although the presence of CyP6Q[6]
increases the magnitude of this change. The reason for

the response of the probe may be interactions between
H2PO4- and t-DSMI. The presence of CyP6Q[6]
changes only the optical nature of t-DSMI. H2PO4does not affect the host-guest inclusion properties of
CyP6Q[6] and t-DSMI. HSO4- and BF4- induce
similar changes, whereas for unresponsive anions the
titration UV absorption spectra show no signiﬁcant
changes upon their addition (Table S4 in Supplementary Information). This is consistent with the 1H NMR
results.
Figure 11 shows the changes in the UV/Vis spectra
of t-DSMI@CyP6Q[6] (left) and t-DSMI (right) as the
I- concentration was gradually increased. The titration
UV absorption spectra show that when aqueous Isolution was gradually dropped into the free t-DSMI
solution, no signiﬁcant change was observed at the
maximum absorbance of 450 nm, but when it was
dropped into t-DSMI@CyP6Q[6] solution, and with
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Figure 9. (Left): Titration 1H NMR spectra (400 MHz, D2O) of t-DSMI@CyP6Q[6] (1:1, 1 mM) in the presence of
(a) 0.00, (b) 6.25, (c) 18.73, and (d) 31.35 equiv. of I-; (right): titration 1H NMR spectra (400 MHz, D2O) of t-DSMI
(1 mM) in the presence of (a) 0.00, (b) 3.36, (c) 8.89, and (d) 20.09 equiv. of I-.

Figure 10. Titration UV/Vis absorption spectra of t-DSMI@CyP6Q[6] (20 lM, 1:1, H2O) (left) and t-DSMI (20 lM,
H2O)(right) with increasing amounts of H2PO4-.

the concentration of I- increasing, the UV absorbance
at the maximum showed a signiﬁcant increase. When
t-DSMI and CyP6Q[6] interact, the UV absorbance of
the guest decreases as the amount of CyP6Q[6] is
increased. This phenomenon suggests that I- and
CyP6Q[6] appear to show some competing effects
towards the guest t-DSMI, resulting in its ﬂuorescence
quenching. This is completely different from the other
three mechanisms for recognizing anions.
Although we have initially discussed the reasons for
the response of the t-DSMI@CyP6Q[6] inclusion
complex to certain anions, and the relevant mode of
interaction is depicted in Scheme 2, how the anions
2
H2PO2
4 and BF4 speciﬁcally interact with t-DSMI
remains unclear. Indeed, t-DSMI is itself an iodized
salt, and after an increase in I2 concentration, how it

competes with CyP6Q[6] for the guest molecule is also
unclear. It is hoped that further research will reveal the
nature of the synergy and competition between tDSMI@CyP6Q[6] and these anions.

4. Conclusions
A t-DSMI@CyP6Q[6] ﬂuorescent probe has been
designed and constructed, which relies primarily on
changes in its optical properties caused by the interaction of the biological dye with CyP6Q[6]. The hostguest interaction mode of the probe has been investigated, revealing that CyP6Q[6] and the guest form a
1:1 inclusion complex. CyP6Q[6] ﬁrst accommodates
the pyridyl group of t-DSMI, followed by its other
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Figure 11. Titration UV/Vis absorption spectra of t-DSMI@CyP6Q[6] (20 lM, 1:1, H2O) (left) and t-DSMI (20 lM,
H2O)(right) with increasing amounts of I-.

Scheme 2. Response mechanism of the t-DSMI@CyP6Q[6] inclusion complex towards the selected anions.

groups, along the axial direction of the molecular
chain of the guest, ending at the dimethylamino group.
The CyP6Q[6] then shuttles back and forth over this
section of the guest. Experiments on the effects of

anions on t-DSMI@CyP6Q[6] as a ﬂuorescent probe


induced
showed that H2 PO
4 ; HSO4 ; BF4 , and I
more pronounced ﬂuorescence quenching. Preliminary
results from mechanistic studies showed that
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ﬂuorescence quenching of the inclusion complex was

mainly caused by interactions of H2 PO
4 or BF4 with
the guest, with no effect on the inclusion mode of the
probe, or by pH change in the case of HSO
4 . The
response principle of I is completely different, as it
competes with t-DSMI in the complex, leading to
ﬂuorescence quenching. To the best of our knowledge,
this is the ﬁrst study on the applied properties of
CyP6Q[6]. Because the recognition and sensing of
anions by Q[n]-based host-guest interaction systems
remains at an early stage, more research is currently
being carried out in our laboratory.
Supplementary Information (SI)
Corresponding titration UV/Vis absorption spectra, ﬂuorescence titration spectra and titration 1H NMR spectra are
available at www.ias.ac.in/chemsci
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