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Water-soluble deep cavitands with cationic functions at the lower 
rim can selectively bind iodide anions in purely aqueous solution. 
By pairing this lower rim recognition with an indicator dye that is 
bound in the host cavity, optical sensing of anions is possible. The 
selectivity for iodide is high enough that micromolar concentrations 
of iodide can be detected in the presence of molar chloride. Iodide 
binding at the “remote” lower rim causes a conformational change 
in the host, displacing the bound dye from the cavity and effecting 
a fluorescence response. The sensing is sensitive, selective, and 
works in complex environments, so will be important for optical 
anion detection in biorelevant media.

Macrocyclic cavity-containing hosts have been exploited for a 
variety of applications in molecular recognition and sensing.1 
Examples of these hosts include calixarenes, cucurbit[n]urils, 
cyclophanes, and self-folding cavitands,2 and their defined 
cavities allow the selective recognition of small molecule 
targets.3 This recognition can often be paired with an optical 
reporter in an indicator displacement assay,4 allowing sensing. 
This recognition is well-suited for function in aqueous solution, 
and can even be extended to more complex environments such 
as high salt buffer, urine, saliva, serum, lipid membranes and 
living cells.5 Anions are less commonly recognized by this type 
of cavity-containing host, however. The cavities of macrocyclic 
aromatic hosts are generally electron-rich, and favour the 
recognition of cations or hydrophobic molecules.3 Gibb has 
shown that anion recognition in aromatic cavity-containing 
molecules is driven by favourable water expulsion from the 
cavity, modulated by Hofmeister effects.6 Other anion-binding 
macrocycles7 exploit directed hydrogen bonding groups8 such 
as ureas9 or electron poor C-H bonds10 to bind anions. The 
greatest affinity and selectivity is seen with rigid macrocyclic 
species that provide optimal cavities, decorated with perfectly 
positioned coordinating groups.10 Flexible receptors are far less 

effective, especially in water, where anion desolvation penalties 
must be overcome. Function in pure water and high-salt buffer 
is complicated by the need to confer water-solubility on the 
receptor and achieve selectivity in the presence of competitors. 

Figure 1. a) Cationic cavitands tested for anion recognition and minimized structures of 
the favored conformations of CHI (with a THF molecule in the cavity, side view) and AMI 
(top view) in solution (lower rim groups truncated for clarity, SPARTAN, AM1 forcefield), 
and b) dyes used for indicator displacement sensing. 
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We have recently shown that cationic, flexible, self-folding 
deep cavitands such as AMI, CHI, CHP or AMD (Figure 1) have 
affinity for complex polyanions such as DNA G-quadruplexes.11 
These hosts are quite unusual anion receptors, in that they are 
flexible and display electron-rich cavities. Gibb has shown that 
smaller, rigid cavitands can bind anions in water at the lower 
rim “crown”, in close proximity with cationic R-NMe3

+ ions.12 
This recognition mechanism introduces another possibility: 
using the bowl-shaped cavity to bind an indicator molecule, 
then exploiting lower rim anion binding to cause a change in 
fluorescence response and allowing optical detection of anions. 
Here we show that cationic, flexible self-folding deep cavitands 
can selectively bind anions in water and high-salt buffer, and 
can be used for selective optical anion sensing. 

Four different cationic hosts were tested (Figure 1a). The two 
benzimidazole cavitands CHP and CHI are kinetically stable in 
water, held in the “vase” conformation by intercalated water, 
whereas cavitands AMI and AMD exist as the open “kite” form13 
in the absence of a cavity-filling guest. These cavitands were 
paired with a series of styrylpyridinium dyes, DSMI, PSMI, DTMI 
and SMIQ (Figure 1b). These cationic dyes bind in the host 
cavities, causing a reorganization of the flexible amide cavitands 
into the vase conformation, and show an increase in emission 
once bound.11 

Figure 2. Fluorescence responses obtained by the titration of different anions into a 
solution of AMI host (5 µM) and DSMI dye (5 µM) in 20 mM Tris buffer, pH 7.4. F0 = 
emission of host•dye complex in the absence of anion.

The initial sensing tests were performed in Tris buffer to avoid 
any competition with anions in other buffered solutions. The 
host:dye complexes (5 μM each) were dissolved in 20 mM Tris, 
pH 7.4, titrated with increasing concentrations of a variety of 
anions (0-200 mM), and the change in emission was measured. 
The fluorescence (F/F0) plots are shown in Figure 2 (for the 
AMI/DSMI pair) and ESI Figures S1 – S7 (all other combinations). 
Despite the similarity in structure of the hosts and dyes, the 
fluorescence changes in the presence of anion were quite 
variable. By far the greatest changes in emission were seen with 
AMI/DSMI (Figure 2). Anions such as F-, Cl-, SO4

2- or CO3
2- caused 

minimal change in emission, even at 200 mM, but I- and HPO4
2- 

effected a significant drop in emission and Br- caused an 
increase in emission. 

Changing the dye to either DTMI or SMIQ (5 μM again) 
resulted in a much smaller change in F/F0, and only I- caused any 
significant change (Figure S4). Notably, none of the dyes 
showed appreciable loss of fluorescence in the presence of 
anions by themselves. When the benzimidazole cavitands CHI 
and CHP were used, the broad trends were similar to those 
shown by amide cavitand AMI (Figures S5, S6): iodide causes the 
greatest drop in fluorescence, but the magnitude of the 
decrease was lower than with AMI. More specifically, CHI/DSMI 
only showed appreciable fluorescence decrease with iodide, 
and then only 18% lowering after 200 mM anion addition. 
CHP/DSMI showed identical behavior with iodide, but was also 
mildly sensitive to carbonate and bromide. This suggests that 
the flexible amide cavitand scaffold is more responsive to 
anions than the kinetically stable benzimidazole scaffold. 

We investigated the halide binding properties of AMI in more 
detail, using ITC and NMR analysis (Figure 3 and S15-S17, S20). 
Isothermal calorimetry was performed by adding solutions of 
NaCl, NaBr and NaI into a 1 mM solution of AMI in ultrapure 
water. These measurements corroborated those seen with 
fluorescence displacement, in that I- bound strongly to the 
cavitand (Ka = 4.5 x 103 M-1), whereas Br- bound with a much 
lower affinity (Ka = 381 M-1) and Cl- showed no measurable 
affinity. 1H NMR analysis provided clues as to where the guests 
bound, as can be seen in Figure 3a. Again, titration of both NaI 
and NaBr to 1 mM AMI caused changes in some peaks in the 
NMR spectrum. Anion exchange was fast on the NMR timescale, 
and peak shifts reached saturation with NaI after addition of 5 
mM guest. Saturation was not observed with NaBr, and no 
binding could be seen with NaCl. The shifted peaks correspond 
to protons on the lower rim “crown” of the cavitand, and the 
folding state of the host is unchanged. 

The lower rim binding mode was indirectly corroborated by 
the DMAP-footed AMD cavitand. When AMD was exposed to I- 
(and to a lesser extent, Br-) in an NMR sample in D2O (see Figure 
S18), precipitation of the host was observed, and the only 
signals present in the solution were those of DMAP. AMD binds 
iodide in water in a similar manner to AMI, accelerating the 
nucleophilic substitution of the cationic DMAP+ groups by 
iodide, forming the insoluble iodo-cavitand and DMAP. When 
this reaction was repeated with n-butyl-dimethylamino-
pyridinium iodide and NaI in D2O (see Figure S19), no reaction 
was observed: molecular recognition is required for reaction.

The minimized structures of the AMI•I- and AMI•Cl- complexes 
were determined by DFT analysis (r2SCAN-D3(BJ)/def2-SVP,14 
Figure 3c,d). Aqueous solvent effects were accounted for with 
the polarizable continuum model CPCM. The structures show 
the halide ions binding at the cavitand crown with two 
imidazolium ions surrounding the anion: in solution, rapid 
exchange between the coordinating imidazolium ions would 
occur. The optimized structures provide some explanation for 
the iodide selectivity over chloride, in that the bound iodide 
more fully fills the “cavity” has closer contacts with the lower 
rim imidazolium groups than a bound chloride. It is most likely 
that the selectivity is driven by anion dehydration: chloride has 
a much larger desolvation energy in water than iodide,15 so 
binding the smaller anion has a greater desolvation penalty.12a 
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Figure 3. a) Downfield region of the 1H NMR spectra of AMI (1 mM) in the presence of 
increasing amounts of added NaI (D2O, 600 MHz, 298 K); b) ITC isotherm obtained from 
the addition of NaI to a 1 mM solution of AMI in ultrapure water. DFT-optimized 
structures of c) AMI•I-; d) AMI•Cl- (r2SCAN-D3(BJ)/def2-SVP) viewed from the top. 

We next tested the host:dye combinations for indicator 
displacement sensing in different media, namely in ultrapure 
water and 10X PBS buffer (which contains 1.4 M chloride, 80 
mM NaH2PO4 and 20 mM KH2PO4). The scope was narrowed to 
the imidazolium hosts AMI and CHI, DSMI and PSMI dyes, and 
the anion scope was narrowed to the targets that effected the 
largest fluorescence changes in the initial screen, namely NaI, 
NaBr and NaH2PO4. The most relevant fluorescence plots are 
shown in Figure 4; for full plots, see Figures S8-S13. 

Changing the solvent conditions from Tris buffer to ultrapure 
water had minimal effect on the sensing (Figure 4a). The 
magnitude of the changes varied slightly (iodide sensing was 
more effective in Tris, for example), but the overall trend was 
only minimally affected. In contrast, using 10X PBS buffer 
caused significant differences, notably a far more rapid 
fluorescence decrease of the AMI-DSMI combination in the 
presence of iodide, and no change in the presence of bromide 
(Figure 4b). The changes are notable: increasing the I- 
concentration from 0 mM to 200 mM in water or 20 mM Tris 
caused a slow, linear reduction in fluorescence with no 
observed saturation (Figure 2). In contrast, when the titration 
was repeated in 10X PBS buffer, a rapid drop in fluorescence 
from 0 to 25 mM I- was observed, followed by minimal change 
with increased anion concentration (Figure 4b). This suggests 
that the presence of phosphate and chloride in the solution 

enhances the sensing capabilities for iodide. To this end, the 
limit of detection was calculated (see Figure S-21), and LOD (I-) 
= 21 μM in 10X PBS buffer was observed. The conformational 
preferences of the cavitand influence the fluorescence 
response: when CHI was used, which has identical lower rim 
groups but favors a folded vase conformation in solution, the 
fluorescence was similar to that observed in water (Figure 4c).

Figure 4. Fluorescence responses obtained by the titration of different anions into 
cavitand:dye solutions: a) AMI (5 µM), DSMI (5 µM) in ultrapure water; b) AMI (5 µM), 
DSMI (5 µM) in 10X PBS buffer (1.37 M NaCl, 27 mM KCl, 80 mM NaH2PO4 and 20 mM 
KH2PO4); c) CHI (5 µM), DSMI (5 µM) in 10X PBS buffer; d) titration of NaI into a solution 
of AMI (5 µM) and either DSMI (5 µM) or PSMI (5 µM) in 10X PBS buffer. pH = 7.4. e) 
Mechanism of iodide sensing with the AMI cavitand: a conformational switch occurs 
upon iodide binding, opening the host and disfavoring DSMI binding. 

These observations introduce mechanistic questions: Why 
does I- binding at the cavitand base cause a decrease in 
observed fluorescence, and why is the sensing performance of 
AMI so much greater than CHI, when the recognition unit at the 
lower rim of the host is unchanged? Also, why does Br- binding 
cause an increase in emission, but only with the AMI cavitand 
and only in water or Tris buffer?  

 The most plausible theory for the iodide sensing selectivity is 
illustrated in Figure 4e: in the absence of guest, AMI exists in 
the unfolded “kite” conformation, which deforms the cavitand 
and the lower rim functional groups. When a dye is bound in the 
cavity, it adopts a folded “vase” conformation, which should 
have less flexibility for the lower rim groups to bind anions. 
Therefore, binding iodide at the base should favor a 
reorganization of the cavitand, disfavouring dye binding and 
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causing a drop in emission. To support this theory, we 
established the relative affinity of the dye for AMI in ultrapure 
water, as well in the presence of 50 mM NaBr or 50 mM NaI via 
fluorescence emission titrations. Hill 1 plot analysis of the 
titration curves shows that the affinity of DSMI for AMI in 
ultrapure water is (Kd = 17 μM), whereas in the presence of 50 
mM NaI, the affinity drops to Kd = 60 μM. This corroborates the 
proposed sensing mechanism: in the presence of coordinating 
iodide salts, the reorganization at the cavitand base disfavors 
guest binding, expunging the dye and lowering the emission. 

Further evidence can be seen by varying the bound dye.  The 
DSMI dye binds in the cavity of AMI, but it shows a rapid in/out 
exchange with no discrete Michaelis complex, just averaged 
peak shifts between the two observed populations in the 1H 
NMR spectrum.16 In contrast, the larger PSMI dye shows slow 
exchange and clear free/bound host peaks, (Figure S-19). As can 
be seen in Figure 4d, the AMI/PSMI complex shows a larger 
decrease in fluorescence upon iodide addition than AMI/DSMI: 
in this case, the conformational switch is more pronounced, 
causing a greater difference in dye affinity.

The Hill plot analysis also provides some insight into why the 
emission of AMI/DSMI increases upon addition with NaBr 
(Figure 2), a property not seen with other combinations of anion, 
host and dye. In the presence of bromide (and only bromide), 
the Hill plot of AMI/DSMI fluorescence response is sigmoidal 
(Figure S-22), indicating that multiple binding modes of DSMI 
are present. The binding affinity of DSMI in the presence of 50 
mM NaBr (Kd = 31 μM) is lower than that in pure water, but 
higher than with 50 mM NaI, and while the Hill Plot fitting was 
not perfect, evidence for n>1 binding is seen. Water-soluble 
self-folding cavitands are well-precedented to undergo 
aggregation in salt solution,16 so it is likely that hydrophobic 
aggregates of AMI and DSMI are present in solution, and the 
presence of salts (especially bromide) cause formation of 
aggregates that increase DSMI fluorescence. This observation is 
speculative, but is also likely linked to the fact that that the 
sensing of iodide is more effective in the presence of high salt 
concentrations. Gibb has elegantly shown that the affinities of 
halide ions to rigid cationic hosts are attenuated in the presence 
of phosphate due to competitive buffer complexation.15a In our 
case, the low LOD of iodide ions in 10X PBS buffer is not due to 
enhanced affinity for iodide in high salt, but a greater change in 
fluorescence response from the AMI/DSMI host:guest complex. 
By pairing multiple recognition motifs for sensing anions, 
multiple mechanisms can be exploited to enhance the response 
that are not solely dependent on binding affinity.

In conclusion, we have shown that flexible, water-soluble deep 
cavitands with cationic imidazolium functions at the lower rim 
can bind anions in purely aqueous solution. By pairing this lower 
rim recognition with an indicator dye bound in the host cavity, 
the molecular recognition process can be converted to an 
optical sensing platform, whereby micromolar concentrations 
of iodide (LOD = 21 µM) can be detected in 10X PBS buffer. The 
sensing is most effective when a flexible cavitand is used, as 
iodide binding at the remote lower rim causes a conformational 
change in the host, displacing the bound dye from the cavity and 
effecting the greatest fluorescence response.
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