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ABSTRACT There is a recognized need in the area of explosives detection for fluorescence-based sensing systems that are capable 
of not only producing a turn-on response but also generating a distinctive spectral signature for a given analyte. Here, we report 
several supramolecular ensembles displaying efficient fluorophore-displacement that give rise to an increase in fluorescence inten-
sity upon exposure to various nitroaromatic compounds. The synthetic supramolecular constructs in question consist of a tetrathia-
fulvalene (TTF)-based pyrrolic macrocycle, benzo-TTF-calix[4]pyrrole (Bz-TTF-C4P), and fluorescent dyes, namely monomeric or 
dimeric naphthalenediimide (NDI) and perylenediimide (PDI) derivatives, as well as  chloride or hexafluorophosphate (PF6

–) salts 
of rhodamine 6G (Rh-6G). In chloroform solution, these assemblies exist in the form of discrete supramolecular complexes or oli-
gomeric aggregates depending on the specific dye combinations in question. Each ensemble was tested as a potential explosive-
responsive fluorescence indicator displacement assay (FIDA) by challenging it with a series of di- and tri-nitroaromatic compounds 
and examining the change in fluorescence spectral characteristics. Upon addition of nitroaromatic compounds (NACs), either a 
“turn-on” or a “turn-off” fluorescent response was observed depending on the nature of the constituent fluorophore and, where ap-
plicable, the counter anion. The FIDAs based on the PDI derivatives were found to display not only a ratiometric fluorescence en-
hancement but also analyte-dependent spectral changes when treated with NACs. The NAC-induced fluorescence spectral response 
of each ensemble was rationalized on the basis of various solution-phase spectroscopic studies, as well as single crystal X-ray dif-
fraction analyses. 

INTRODUCTION 
Since the beginning of the 21st century, a large number of 

molecular- and supramolecular-based sensing materials have 
been developed to detect trace amounts of explosives with a 
view towards addressing critical issues in military operations, 
homeland security, and environmental and personal health risk 
assessments.1-3 Among various types of detection methods,4-6 
optical emission-based molecular sensors hold considerable 
promise due to their potential for high sensitivity, selectivity, 
portability, cost-effectiveness and ease of use.7-9 To date, a 
wide range of emissive materials, including many small organ-
ic/inorganic fluorophores, conjugated polymers, supramolecu-
lar systems, bio-inspired materials, and aggregation induced 
emission sensors, have been employed for the detection of 
common chemical explosives, such as nitroalkanes, nitroaro-
matics, nitramines, and peroxide derivatives.7-18 

Although so-called “turn-on” emission-based sensing is 
highly desirable due to its higher intrinsic sensitivity and bet-
ter chemical selectivity,18-20 it is a truism that nearly all report-
ed small molecule fluorescence sensing systems for the ni-
troaromatic explosives, such as 2,4,6-trinitrotoluene (TNT) 
and 2,4-dinitrotoluene (DNT), rely on quenching of the emis-
sion intensity of one or more fluorophores.7-15,21 An important 
exception is a turn-on system that responds to 2,4,6-
trinitrophenol (TNP), a highly acidic analyte.22-24 The lack of 

small molecule turn-on sensors for most nitroaromatic com-
pounds (NACs) likely reflects the favorable nature of photo-
induced electron/energy/charge transfer between various puta-
tive emitters and the electron-deficient NACs, leading to 
strong quenching. The majority of these quenching-based sen-
sors display a simple, monotonic decrease in the emission 
intensity. As noted by others, there is thus a need for “turn-on” 
fluorescence systems that could provide higher sensitivity, 
better selectivity, easier readout, and more accurate measure-
ments of targeted explosive concentrations.7-9 Even more de-
sirable would be fluorescence “turn-on” systems that are able 
not only to detect, but also differentiate between various ni-
trated-explosives. To our knowledge, such NAC detection 
systems have yet to be realized. 



 

 
Figure 1. Supramolecular explosive responsive fluorophore displacement ensembles. (a) Molecular structures of the consti-

tuting macrocyclic receptor, fluorophores, and nitro-aromatic compounds for the fluorophore displacement assays. (b) Schematic 
representation of fluorophore displacement ensembles for the detection of nitro-aromatic compounds. Note that the equilibrium 
between 1 and the chloride anion relevant to the interaction with Rh-6G is shown in (a).  

Here we report several supramolecular fluorophore-
displacement ensembles that produce not only an increase in 
fluorescence intensity, but also an analyte-dependent and read-
ily distinguishable spectral response upon exposure to various 
test NACs. As detailed below, depending on the system in 
question, the choice of counter anion can be used to convert a 
turn-off sensor system into one producing a NAC-dependent 
turn-on fluorescence response. Ratiometric turn-on sensing is 
achieved in several of the systems reported here. 

The supramolecular ensembles of this study are shown in 
Figure 1. They consist of a macrocyclic host, benzo-
tetrathiafulvalene-calix[4]pyrrole (Bz-TTF-C4P) 1 and fluoro-
phores 2-6. Three different types of fluorophores, specifically 
naphthalene-diimide (NDI) 2-3 and perylene-diimide (PDI) 4-
5 derivatives, as well as the rhodamine-6G (Rh-6G, 6+) salts 6-
Cl or 6-PF6, were utilized with the expectation that they would 
favor formation of either discrete supramolecular ensembles, 
or oligomeric aggregates with Bz-TTF-C4P 1, depending on 
their geometrical and electronic features (Figure 1b). While 
both NDIs 2 and 3, as well as PDIs 4 and 5, can be character-
ized as neutral, planar, and electron deficient chromophores, 
the rhodamine 6G derivatives 6-Cl or 6-PF6 consist of a posi-
tively charged bulky fluorophore and a counter anion. Bz-
TTF-C4P 1, like other octamethyl-calix[4]pyrroles can adopt 
two limiting conformations in organic media: A cone-like 
conformation in the presence of a strongly bound anion, such 
as chloride, and a 1,3-alternate conformation in its absence.25-

30 Based on previous studies of 1, the NDI and PDI derivatives 
2-5 were expected to “slip into” the sandwich-like cavities 
created by the two TTF walls in the 1,3-alternate confor-
mations of 1. It should also be noted that the monomeric sub-
strates 2 and 4 form discrete supramolecular 2:1 complexes 
with 1 while the dimeric substrate 3 and 5 are expected to pro-
duce a supramolecular polymeric or oligomeric arrays depend-
ing on the concentration and governing association constants. 
In contrast, in the case of 6-Cl, Bz-TTF-C4P 1 is expected to 
adopt a chloride-bound cone conformation 1 and encapsulate 
the mono-cationic rhodamine 6G guest within the resulting 
concave cavity defined by the four fused TTF subunits. The 
corresponding hexafluorophosphate salt, 6-PF6, lacking a 
strongly basic anion and existing predominantly in the 1,3-
alternate conformation, was not expected to form a complex 
with TTF-C4P 1. 

Each assembly was then tested by exposure to a series of 
test di- and tri-nitroaromatic compounds and examining the 
changes in fluorescence intensity and spectral characteristics. 
It was initially assumed that the fluorescence intensity of the 
indicator from the supramolecular assembly would be gov-
erned by the difference in binding affinity (to 1) of the two 
competitors, namely the initially bound fluorophore and the 
added NAC. While this is in large measure correct, important 
subtleties and exceptions were seen. This was particularly true 
in the case of the systems based on the combination of 1 and 



 

6+, where the nature of the counter anion was found to play a 
decisive role.  

RESULTS AND DISCUSSION 
X-ray Crystallographic Analyses of Bz-TTF-
C4P/Fluorophores Ensembles.  

 
Figure 2. X-ray structural analyses of the Bz-TTF-

C4P/Fluorophore assemblies. (a) The charge-transfer complex 
([1⊃NDI2]) (2). (b) ([1⊃PDI2]). (c) [(1⊃Rh-6G)·Cl–]2. Both 
the NDI and PDI guests were N-substituted with 4-heptyl 
groups. They thus differ slightly from the guest 2 and 4 used 
in the solution phase studies. 

As shown in Figure 2a-b, support for the 1:2 stoichiometry 
and sandwich-like binding mode between 1 and the monotopic 
NDI or PDI fluorophores came from single crystal X-ray dif-
fraction analyses of single crystals of complexes formed be-
tween 1 and di-4-heptyl N-substituted NDI and PDI deriva-
tives. The crystals were obtained by allowing pentane to dif-
fuse into a chloroform solution consisting of an 1:2 mixture of 
the TTF-C4P 1, and the corresponding NDI or PDI deriva-
tives. The resulting structures provide support for the notion 
that 1 binds the NDI and PDI guests used in the present study, 

2 and 4, through a combination of hydrogen bonding and CT 
interactions. The carbonyl oxygen atom of the sandwiched 
NDI and PDI guests participate in hydrogen bonding interac-
tions with the pyrrolic N-H protons (N-H···O: 2.95-3.21 Å). 
Face-to-face charge transfer interactions were also evidenced 
by the relatively short distances between the centroids of 1,3-
dithiolylidene rings in 1 and the planes of the bound NDI or 
PDI rings, with the values ranging from 2.71 to 3.64 Å. 

Diffraction grade single-crystals of the rhodamine complex 
of 1 were obtained by allowing diethyl ether to diffuse into a 
chloroform solution consisting of an equimolar mixture of the 
TTF-C4P 1, and rhodamine 6G-Cl. As expected from the well-
known anion binding properties of calix[4]pyrrole deriva-
tives,24 receptor 1 adopts a cone-like conformation wherein the 
four pyrrolic protons participate in concerted hydrogen bond-
ing interactions with the chloride anion (N-H···Cl: 3.22-3.24 
Å). The resulting structure, shown in Figure 2c, revealed that 
in addition to the bound chloride anion, a cationic rhodamine 
6G dye is encapsulated within the bowl-like cavity of 1. Two 
of the resulting complexes interact with one another to form a 
dimeric supramolecular ensemble. Overall, a 1:1 stoichiometry 
between 1 and rhodamine 6G-Cl is seen in the solid state. 
Binding isotherm analyses of Bz-TTF-C4P with fluoro-
phores 2-6 and nitroaromatic compounds. 

It has previously been reported that  benzo-TTF-C4P 1 is 
capable of binding a variety of guest molecules in organic 
media, including anions, small ammonium cations, fullerene 
derivatives, and other flat electron-deficient substrates.25-30 It 
was also found that the tweezers-like 1,3-alternative confor-
mation of TTF-C4P 1 and its analogues exhibit positive homo-
tropic cooperative binding when treated with three test tri-
nitroaromatic explosives, namely 1,3,5-trinitrobenzene (TNB), 
2,4,6-trinitrotoluene (TNT), and 2,4,6-trinitrophenol (TNP), 
forming complexes with net 1:2 receptor:substrate stoichiome-
try.28 However, to assess the viability of using 1 and its com-
plexes as possible fluorescence-based indicator displacement 
assays for nitroaromatic compounds, more detailed analyses 
were deemed necessary. Such an appreciation led to the pre-
sent study. 

The interactions between 1 and fluorophores 2-6, as well as 
the test nitroaromatic compounds, were monitored in chloro-
form solution by means of UV-Vis spectroscopic titrations. In 
all cases, complexation with 1 resulted in the appearance of 
new absorption bands in the longer-wavelength regions that do 
not overlap with the absorption bands of either the host (1) or 
the guest (Figure S10-27). These concentration-dependent 
spectral changes, considered indicative of a charge transfer 
interaction, were then fitted to a 1:2 binding isotherm for 2 and 
4 and a 1:1 binding for Rh-6G-Cl (6-Cl). The stoichiometries 
were based on X-ray crystallographic and Job plot analyses 
(Figure S7-9). The overall results are summarized in Table 1.  

 
Table 1. Summary of binding isotherm analyses (Ka, M− 1) 
corresponding to the interaction between Bz-TTF-C4P 1  
and various fluorophores or NACs in the ab-
sencea/presenceb of tetrahexylammonium chloride.  

Compound Ka (M-1)a Compound Ka (M-1)a Ka (M-1)b 

2 7.5 × 103 

4.9 ×105 

TNB 4.1 × 103 

5.6 ×103 
1.6 × 103 

 

3 1.1 ×105 TNP 2.3 × 103 9.4 × 102 



 

 1.3 ×104  

4 3.3 × 103 

2.9 × 103 

TNT 1.3 × 103 

4.7 ×102 
1.2 × 102 

 

5 1.5 × 103 DNB 2.8 × 102 

9.4 ×10 
8.0 × 10 

 

6-Cl 6.7 × 104 DNP 5.0 × 102 

1.2 ×102 
9.0 × 10 

 

6-PF6 n.d. (due to 
weak bind-

ing 

DNT 1.9 × 102 

8.2 × 10 
5.0 × 10 

 

aAll Ka values (K1 and K2 where two values are listed) were ob-
tained from UV-Vis spectrophotometric titrations carried out in 
chloroform solution wherein 1 was treated with incremental quan-
tities of the listed analytes at 296 K. bTitration experiments where-
in 1 was treated with increasing quantities of various nitroaro-
matic compounds in the presence of tetrahexylammonium chlo-
ride in chloroform solution. The binding stoichiometry was as-
signed as a 1:2 or 1:1 on the basis of curve fits and continuous 
variation (Job) plots. Further details are given in the text and the 
Electronic Supplementary Information. The estimated errors are 
≤20%. DNB = 1,3-dinitrobenzene, DNP = 2,4-dinitrophenol, and 
DNT = 2,4-dinitrotoluene. 

 
As might be inferred from the solid state analyses, the NDI 

derivatives 2-3 were found to interact more strongly with 1 
than the corresponding PDI derivatives 4-5. As expected based 
on prior studies involving trinitroaromatic compounds, posi-
tive homotropic cooperative binding behavior was seen with 2 
and 4 as reflected in the K1/K2 ratios (K1 < 4K2).28 We ascribe 
the significantly stronger cooperative binding of 2 (K2/K1 ≈ 
65) than 4 (K2/K1 ≈ 0.88) to the formation of a more stable 
D/A charge transfer complex in the case of 2 compared to 4, 
as well as the ability of 2 to support stronger hydrogen bond-
ing interactions as reflected in the X-ray structural parameters 
and the corresponding 1H NMR spectral changes (Figure 
S76).28 

In the case of the ditopic guests 3 and 5, the cross-
aggregation constants were calculated by fitting the variable 
concentration UV-Vis data using an isodesmic, equal K model 
in accord with the methods we have described previously 
(Figure S23 and S25).30 Further support for the formation of 
supramolecular aggregates for [1 + 3] and [1 + 5] came from 
DLS analyses (Figure S86). The average size of the aggregates 
of equimolar mixtures of 1 and 3 or 5 were inferred from DLS 
studies carried out at two limiting total monomer concentra-
tions, namely 1 mM and 0.2 mM, respectively. In the case of 
[1 + 3], a substantial increase in the hydrodynamic diameter of 
the aggregates from 14 nm (0.2 mM) to 166 nm (1 mM) was 
seen on moving to the higher concentration. An analogous but 
less dramatic change in the hydrodynamic diameter for [1 + 5], 
from 4 nm (0.2 mM) to 14 nm (1 mM), was also observed. 
This result is consistent with the formation of larger self-
assembled aggregates at higher total monomer concentrations 
and differences in the Ka values for the two systems. 

In the case of the cationic guest 6+, the nature of the counter 
anion plays a crucial role in regulating the interactions with 1. 
As reflected in the corresponding Ka value (6.7 × 104 M−1), 
Bz-TTF-C4P 1 can effectively bind the cationic rhodamine 6G 
core 6+ in the presence of chloride. In contrast, negligi-
ble/weak binding was observed when 6+ was studied in the 
form of its non-coordinating PF6

– anion salt. This weakly 

bound substrate (i.e., the PF6
– anion) fails to induce conversion 

of the calix[4]pyrrole framework from is substrate-free 1,3-
alternate conformation to the corresponding cone form. Thus 
6-Cl and 6-PF6 differ in that they comprise different confor-
mations of receptor 1. 

Evidence that the mono-cationic rhodamine guest 6+ was 
encapsulated within the concave cavity of the chloride bound 
cone form of 1 came from 1H NMR spectroscopic studies as 
well as from the solid state structural analyses discussed above 
(Figure S80). It is thus concluded that the cone-conformer of 1 
is capable of binding the relatively bulky cationic fluorophore, 
Rh-6G, but that the corresponding 1,3-alternate form of 1 
would prove unsuitable (Figure S81).  

The binding affinities corresponding to the direct interaction 
between the test nitroaromatic analytes and 1 were also ana-
lyzed by means of UV-Vis spectrophotometric titrations. Par-
allel titrations were carried out in the absence or presence of 
tetrahexylammonium chloride. In the absence of the chloride 
anion, where the 1,3-alternate form of 1 dominates, a 1:2 bind-
ing stoichiometry pertains. Positive cooperative allosteric 
binding behavior is also seen, as would be expected based on 
prior studies.28 As summarized in Table 1, the highest binding 
affinity was seen for TNP, followed by TNB, TNT, DNP (2,4-
dinitrophenol), DNB (1,3-dinitrobenzene), and DNT (2,4-
dinitrotoluene). In marked contrast, in the presence of THACl, 
a 1:1 binding stoichiometry between the cone form of 1 and 
TNB was determined on the basis of curve fits and a corre-
sponding Job plot analysis (Figure S9). Although the binding 
affinities of NACs recorded in the presence of THACl are 
lower than those seen for the 1,3-alternate conformer of 1, we 
infer that TTF-C4Ps are capable of encapsulating flat electron-
deficient NACs within their concave cavities, albeit not 
strongly. In the specific case of 1 support for this conclusion 
came from 1H NMR spectral studies carried out in CDCl3 (cf. 
Figure S75).  

It should also be noted that the estimated binding constants 
for the NACs listed in Table 1 are likely underestimated due to 
the effect of competing cations binding within the concave 
cavity of 1.27 For instance, the TNB binding constant calculat-
ed drops from 1600 M-1 to 1100 M-1 upon moving from 
THACl to tetrabutylammonium chloride (TBACl) (Figure 
S16). However, even in the presence of THACl some competi-
tion is expected. For instance, based on a competitive UV-Vis 
spectral titration, the binding constant corresponding to the 
interaction of [1 + 6-Cl] with TNB was estimated to be Ka = 
1.6 × 104 M-1. This is approximately one order magnitude 
higher than that determined in the presence of THACl (Ka =1.6 
× 103 M-1) (Figure S31). Nevertheless, the use of THACl is 
likely to allow the relative affinities of the various systems 
considered in this study to be compared in semi-quantitative 
fashion (since the cation is held constant). To the extent that 
this assumption is correct, the highest binding affinity towards 
1 is seen for TNB, followed by TNP, TNT, DNP, DNB, and 
DNT with all values being determined in the presence of 
THACl.  
Fluorescence quenching studies of the fluorophores 2-6 by 
1 or TNB. 



 

 
Figure 3. Plots of quenching efficiency as a function of 1 or 
TNB concentration for (a) NDI derivative 2-3 (excitation at 
350 nm), (b) PDI derivative 4-5 (excitation at 458 nm), and (c) 
rhodamine derivatives 6-Cl and 6-PF6 (excitation at 480 nm). 

In an effort to determine their relative fluorescence quench-
ing efficiencies, changes in the fluorescence intensity and 
spectral characteristics of fluorophores 2-6 were evaluated in 
the presence of increasing concentrations of 1 or TNB in chlo-
roform. Based on these measurements, plots of the quenching 
efficiency (%) = [1−(F/F0)]×100, where F0 and F are the fluo-
rescence intensities in the absence and presence of 1 or TNB, 
were constructed (Figure 3). These analyses helped clarify that 
both 1 and TNB act as quenchers for all tested fluorophores; 
however, TTF-C4P 1 is significantly more effective in this 
regard than TNB (Figure 3a-c). In the case of 2-5 and 6-Cl 
hyperbolic quenching efficiency curves were seen with 1. The 
classical Stern-Volmer plots (F0/F vs. concentration) of these 
fluorophores by 1 were likewise characterized by severe de-
viations from linearity (Figures S33-37), except in the case of 
6-PF6 where near-linear behavior was seen (Figure S38). Tak-
en in concert with the binding isotherm data for 1, these find-
ings were considered consistent with binding-induced quench-
ing.31 

At any given concentration, the most effective quenching 
was observed for NDIs 2-3, followed by rhodamine 6G-Cl 6-
Cl, and the PDI derivatives 4-5. This order mirrors their re-
spective binding affinities for host 1 (cf. Table 1). The highest 
quenching efficiency achieved by 1 was observed in the case 
of 5, followed by 4, 6-Cl, 2, and 3. In the specific case of the 
cationic fluorophore 6+, the counter anion plays a critical role 
in mediating the extent of quenching induced by 1; in fact, the 
values for the chloride salt form are nearly twice those for the 
PF6

– derivative at any given concentration of 1. This reflects 
the different conformations for calix[4]pyrrole 1 that pertain in 
the presence (cone form) and absence (1,3-alternate) of Cl–. 

In contrast to what was seen for 1, in the case of the quench-
ing experiments involving TNB, a near-linear correlation be-
tween the quenching efficiency and the TNB concentration 
was observed for all test fluorophores 2-6 (Figures S39-44). 
Similarly, the shapes of the Stern-Volmer plots for the TNB-
induced quenching proved linear in the case of 2-6. 
Fluorescence Enhancement Study of Fluorophore Dis-
placement Ensembles by NACs.  

As shown in Figure 1b, our design expectation was that one 
or more of the ensembles consisting of 1 and the fluorophores 
2-6 would be broken up in a competitive manner upon treating 
with a NAC and that this would serve to release the bound and 
quenched fluorophore leading to a restoration of its original 
fluorescence. In this regard, it was expected that the extent to 
which any given fluorophore would be released from the su-
pramolecular complex formed with 1 would depend on the 
relative differences in the binding affinities for the two com-
peting guests as well as the NAC concentration added to the 
calix[4]pyrrole-fluorophore ensemble. This simplified analysis 
does not, however, take into account mutual interactions be-
tween the released fluorophore and the NAC and absorp-
tion/emission spectral overlap between the released fluoro-
phores and the putative newly formed charge-transfer com-
plexes between 1 and NACs. Nor does it account for differ-
ences in the calix[4]pyrrole conformation and their possible 
effect on the relevant binding affinities. These ancillary inter-
actions could affect the actual NAC-induced changes in the 
fluorescence intensity and spectral characteristics of the sys-
tem as a whole.  

In light of the above considerations, a series of fluorescence 
titrations of the mixture [1 + fluorophore 2-6] with the test 
NACs in chloroform solution were performed. As detailed 
below, the results were then analyzed in detail in terms of the 
nature of the fluorescent signal change (enhancement or 
quenching), the analyte-concentration dependent signal satura-
tion behavior, the overall degree of signal enhancement, and 
the specific analyte-dependent emission spectral features. 



 

 
Figure 4. (a) Changes in the fluorescence spectral features of [1 (0.1 mM) + 2 (0.2 mM)] in chloroform solution seen upon the in-
cremental addition of TNB. (b) Fluorescence spectral changes seen for [1 (0.5 mM) + 4 (1.0 mM)] (black) upon the addition of 10 
equiv of TNB (red) and 100 equiv of DNB (blue). (c) Fluorescence spectral changes seen for [1 (0.5 mM) + 5 (0.5 mM)] (black) 
upon the addition of 10 equiv of TNB (red) and 100 equiv of DNB (blue). Note the larger emission enhancement than seen for [1 + 
4]. (d) Changes in the fluorescence intensity at 534 nm seen as the indicated NACs are added into a chloroform solution of [1 (0.5 
mM) + 4 (1.0 mM)]. (e)  Plots of F/F0 vs concentration corresponding to the fluorescence titrations of [1 (0.5 mM) + 5 (0.5 mM)] 
with TNB or DNB, showing the different emission enhancement patterns observed at three wavelengths, namely 534, 576, and 618 
nm. (f)  Ratiometric plots of the fluorescence intensity of [1 (0.5 mM) + 5 (0.5 mM)] as a function of added TNB or DNB. The 
excitation wavelengths for the studies involving ensembles based on 2-3 and 4-5 were 360 nm and 458 nm, respectively. 

When the 1:2 complex generated by mixing 1 (0.1 mM) and 
2 (0.2 mM) in chloroform was treated with either TNB or 
DNB, fluorescence quenching, instead of the anticipated in-
crease in intensity, was observed (Figure 4a and Figure S45). 
We ascribe this quenching to a large spectral overlap in the 
380-480 nm region between the absorption spectrum of the 
charge-transfer complex [1+TNB] and the emission spectrum 
of 2 (Figure S74). Qualitatively similar quenching behavior 
was also seen at lower initial concentrations of [1 +  2] (Figure 
S46). In the case of [1 (0.1 mM) + 3 (0.1 mM)], an ensemble 
giving rise to essentially no fluorescence, a negligible change 
in the emissive features was observed upon adding TNB (Fig-
ure S48). Thus, again, no increase in the fluorescence intensity 
was seen as might be anticipated in light of our original indi-
cator displacement assay design expectations. 

Very different behavior was seen in the case of the systems 
based on 4 and 5 (and 1). Here, a “turn-on” in the fluorescence 
intensity was seen for all test NACs (Figure 4b-c and Figure 
S49-60). However, different degrees of fluorescence en-
hancement were observed, depending on the specific choice of 
NAC and fluorophore (4 vs 5). In each case, the change in the 
intensity of the three characteristic emission peaks at 534, 576, 
and 618 nm of 4 and 5 was monitored as a function of added 
NAC concentration. The initial emission intensities at all three 
wavelengths gradually increased, reached maxima, and then 
either leveled off or decreased as the NAC concentration was 
further increased (Figure 4d-e). The point of initial saturation 
in the emission intensity was found to correlate directly with 
the binding affinity of the added NAC to the 1,3-alternate 

form of 1. In this regard, saturation in the emission intensity 
for both the [1 (0.5 mM) +4 (1.0 mM)] and [1 (0.5 mM) + 5 
(0.5 mM)] ensembles was reached first in the case of TNP, 
followed by TNB, TNT, DNP, DNB, and DNT (Figure 4d). 
As can been seen from an inspection of Figure 4b-d, although 
less TNB is required to achieve signal saturation, substantially 
greater enhancement in the emission intensity relative to the 
initial state ([1 + 4]) was seen for DNB compared to TNB. 
Similar effects were seen for other like comparisons, namely 
TNP vs DNP and TNT vs DNT. The same trend was recapitu-
lated in the case of the ensemble produced from a mixture of 1 
(0.5 mM) and 5 (0.5 mM). However, it is noteworthy that the 
supramolecular oligomeric ensemble [1 + 5] gave rise to sub-
stantially larger fluorescence enhancement factors for all test-
ed NACs than the corresponding discrete supramolecular sys-
tem [1 + 4]. We rationalize this latter finding in terms of both 
an initial state that is more effectively quenched (Figure 3b) 
and the fact that any given concentration of NAC serves to 
release more fluorophore in the case of [1 + 5] than [1 + 4]. As 
the concentrations of the supramolecular assembly [1 + 4] or 
[1 + 5] are increased, higher enhancement factors (F/F0) are 
observed upon adding the same number of molar equivalents 
of TNB (Figure S63-64). We rationalize this finding in terms 
of the more concentrated solutions allowing greater absolute 
quanties of the displaceable bound fluorophores to be released, 
which in turn gives rise to a more easily visualized signal.  

While enhancements in the intensity were seen at all three 
emission maxima, a clear wavelength dependence was also 
apparent. Plots of F/F0 vs added NAC concentration (i.e., in-



 

verse Stern-Volmer plots) shown in Figure 4e and constructed 
using the 534, 576, and 618 nm bands reveal distinct differ-
ences in the enhancement patterns for the different emission 
bands. The extent of this difference was also found to be NAC 
dependent. For instance, in the case of the dinitroaromatic 
compounds, significantly larger enhancement factors (F/F0) for 
the bands at 576 and 618 nm were seen relative to those at 534 
nm, and this disparity was also greater than what was seen in 
the case of the corresponding trinitroaromatic compounds. 
These findings are rationalized in terms of the gradual for-
mation of charge-transfer complexes between 1 and the vari-
ous test NACs, each of which is characterized by its own dis-
tinctive charge-transfer absorption band. The larger signal 
enhancement for the dinitroaromatic derivatives than the cor-
responding trinitro-aromatic species can thus be understood in 
terms a lower degree of spectral overlap for the newly formed 
charge transfer products relative to that of the emission for the 
free fluorophore over the region of interest (500-800 nm). 
Gratifyingly, plots of F576nm/F534nm as a function of NAC con-
centration proved linear thus providing a ratiometric fluores-
cence response (Figure 4f and Figures S61-62). 

Mixtures [1 + 6-Cl] and [1 + 6-PF6] in chloroform differ 
from one another in that the former consists of a 1:1 complex 
involving the cone form of the TTF calix[4]pyrrole and the 
fluorophore, whereas in the latter the calix[4]pyrrole exists in 
the 1,3-alternate conformation with the guest 6+ being but 
poorly bound, if at all. Solutions consisting of [1 + 6-Cl] and 
[1 + 6-PF6] were found to give rise to distinctly different 
changes in the fluorescence intensity when exposed to the test 
NACs. For instance, the stepwise incremental addition of ei-
ther TNB or DNB into chloroform solutions of [1 (0.5 mM) + 
6-PF6 (0.5 mM)] resulted in a monotonous decrease in the 
initial emission intensity centered at 565 nm (Figure 5a and 
Figures S72-73). The corresponding F/F0 vs concentration 
plots proved linear until saturation was reached. We ascribe 
these findings to direct quenching of the cationic rhodamine 
6G 6+ fluorescence by TNB or DNB, as well as the formation 
of NAC-based charge transfer complexes with 1, as evidenced 
by 1H NMR spectroscopic studies (Figure S85). 

In marked contrast to what was seen for the mixture [1 (0.5 
mM) + 6-PF6 (0.5 mM)], chloroform solutions of 1 (0.5 mM) 
and 6-Cl (0.5 mM) produced a turn-on fluorescence response 
at 565 nm when treated with increasing quantities of all the 
test NACs considered in the present study. As shown in Figure 
5b, as the concentration of TNB increased, the initial emission 
intensity was likewise found to increase, reaching first a peak 
value and then decreasing upon the addition of excess TNB. 
Similar saturation behavior was seen for the other test NACs 
(Figures S66-70). Similar to the  fluorescence indicator dis-
placement assay (FIDA) behavior seen for [1 + 4 or 5] dis-
cussed above, higher fluorescence enhancement factors (F/F0) 
were also found when 5 equiv of TNB were added to more 
concentrated solutions of 1 and 6-Cl (Figure S71). Again, this 
is rationalized in terms of greater absolute quantities of fluor-
ophore being released from the initial ensemble.  

Significantly lower concentrations of the NACs were re-
quired to reach saturation in the fluorescence intensity in the 
case of the trinitroaromatic compounds than the corresponding 
dinitroaromatic species (Figure 5c). This trend is similar to 
what was found for the PDI containing assemblies [1 + 4] and 
[1 + 5] discussed above. 

  

 
Figure 5. (a) Fluorescence spectral changes of [1 (0.5 mM) 

+ 6-PF6 (0.5mM)] seen upon the incremental addition of TNB, 
showing quenching of the emission feature ascribed to 6. (b) 
Fluorescence spectral changes of a mixture of [1 (0.5 mM) + 
6-Cl (0.5 mM)] seen upon the incremental addition of TNB, 
showing an enhancement in the fluorescence signature as-
cribed to the rhodamine 6G core. (c) Inverse Stern-Volmer 
plots corresponding to the fluorescence enhancement seen for 
the ensemble [1 (0.5 mM) + 6-Cl (0.5 mM)] produced by TNB 
and DNB. All studies were carried out in chloroform.  

 
The order of fluorescence enhancement saturation was 

found to correlate directly with the NAC binding affinities 
towards 1 in its cone conformation (i.e., TNB > TNP > TNT > 
DNP > DNB > DNT) as determined from UV-Vis spectropho-
tometric titrations of 1 carried out in the presence of THACl. 
In contrast to what was seen for the ensembles containing 1 
and the PDI derivatives discussed above, in the case of cation-
ic rhodamine 6G chloride anion salt 6-Cl, greater enhancement 
factors were found for TNB and TNP than for the correspond-
ing dinitro species, DNP and DNB. 



 

Based on 1H NMR spectroscopic studies of CDCl3 solutions 
comprising [1 + 6-Cl] and the spectral change seen upon add-
ing TNB, we conclude that the cationic rhodamine core is 
encapsulated within the bowl-shape cavity of 1 in its chloride 
bound conformation. The addition of TNB then results in a 
direct displacement of 6+ from this complex (where it is 
quenched) liberating the highly fluorescent free rhodamine-6G 
dye (Figures 1b and S84). The significant difference in the 
initial states between [1 + 6-Cl] and [1 + 6-PF6] (i.e., bound vs. 
unbound), as well as the spectral signatures produced upon 
adding NACs, gives rise to the distinct turn-on vs turn-off 
analyte-induced emission response. The key point is that the 
ensemble consisting of [1 + 6-Cl] acts as a highly efficient 
indicator displacement assay system for the test NACs consid-
ered in the present study. Based on comparisons between the 
turn-off systems containing 2-3 (NDIs) and the turn-on 
systems containing 4-5 (PDIs) or 6-Cl, it can be concluded 
that several balancing parameters, including the fluoro-
phore emission efficiency, the emission wavelength, and 
quenching effects resulting from charge-transfer complex 
formation between the various bound and unbound species, 
must be optimized to obtain effective IDA turn-on sensors 
based on 1 that allow for the detection of NACs. However, 
in favorable cases, good specificity and signal enhancement 
can be achieved.  

 
CONCLUSION 
In summary, we report a series of dynamic, NAC-

responsive fluorophore displacement ensembles that act as 
turn-on fluorescence sensors for various aromatic explosives. 
The supramolecular ensembles in question consist of a macro-
cyclic benzo-tetrathiafulvalene-calix[4]pyrrole host (1) and 
various fluorophores 2-6. Depending on the specifics of the 
fluorophore, the nature of the resulting ensembles, and the 
choice of counter anion, either a turn-on or turn-off emission 
response is produced upon exposure to various test nitroaro-
matic analytes. In many cases, distinct fluorescence signal 
changes were observed upon adding different test NACs. The 
ensembles constructed using PDI derivatives were found to 
exhibit both a turn-on fluorescence change and analyte-
dependent ratiometric spectral changes that could be correlat-
ed with the specific NAC used as a test substrate. To the best 
of our knowledge, the present ensembles provide the first set 
of small molecule probes that produce readily distinguishable 
spectral responses for different nitroaromatic explosives via a 
fluorescence turn-on mechanism. We believe that the competi-
tive approaches detailed here, wherein the receptor structure, 
binding mode, and secondary interactions between competing 
guests are balanced to provide an effective turn-on fluores-
cence indicator displacement assays (IDAs) for the detection 
and discrimination of nitroaromatic explosives, could be gen-
eralized to provide new ensembles capable of acting as sensors 
for both broad classes of molecular targets and specific indi-
vidual analytes.   
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