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Water dispersed fluorescent organic aggregates for detection of 

picomolar ClO4
-
 in water, soil and blood serum and atto g by 

contact mode   

Rahul Kumar, Sana Sandhu, Prabhpreet Singh* and Subodh Kumar* 

Fluorescent organic aggregates (FOAs) of CS-1 have been used for the fluorescence based selective estimation of ClO4
- 

ions. CS-1 undergoes self-aggregation to form FOAs (φ = 0.35) with diameter 140 ± 50 nm in aqueous medium. Dynamic 

light scattering and field emission scanning electron microscopic studies reveal that FOAs of CS-1 undergo further 

aggregation to form larger particles on addition of ClO4
- (10 pM – 1 nM concentration) but at higher concentrations of 

ClO4
- ions, these FOAs undergo dis-aggregation to give finally molecularly dissolved complex of CS-1 and ClO4

-. This ClO4
- 

induced aggregation – dis-aggregation process of FOAs of CS-1 is associated with super-amplified fluorescence quenching 

following two domains of non-linear complexation with Ksv values 2.42 x 108 M-1 and 3.59 x 105 M-1 and variation in Life 

time measurements of FOAs of CS-1 at different concentrations of ClO4
-. The lowest limit of detection is 10 pM in solution 

and 6 x 10-18 g/cm2 by contact mode method with selectivity of ~10000 over other inorganic anions and allows quantitative 

measurement of ClO4
- ions using front surface steady state fluorescence of paper strips coated with CS-1. FOAs of CS-1 find 

applications in determination of ClO4
- from tap water, soil and also in the presence of blood serum. Probe CS-2, which 

differs from CS-1 in lack of three methyl groups on the m-phenylene spacer, shows poor sensitivity (LOD 1.6 μM) towards 

ClO4
-. DFT studies of CS-1 and CS-2 and their complexes with ClO4

- reveal the effect of methyl substituents on their 

geometries. 

Introduction 

         The development of fluorescent probes based on single 

molecular interaction with a stimulant has attracted 

considerable research interest over the past few decades1-17. 

Due to strong interactions of anions with water molecules, the 

design of anion recognition probes active in water with high 

sensitivity and selectivity towards an anion is still a challenge. 

Compared with these optical probes which remain dissolved at 

molecular level, the fluorescent organic aggregates (FOAs) 

which remain dispersed in water have received increasing 

attention18-25 owing to their higher selectivity and sensitivity 

through combination of stimulant induced changes in their 

aggregate state and molecular interactions and thus result in 

change in their optical properties at significantly lower 

concentrations of the stimulant. 

     Fluorescent organic aggregates (FOAs) can be generated 

through molecular self-assembly via a range of interactions, 

such as electrostatic interactions, hydrogen bonding, 

hydrophobic interactions, and covalent coupling etc. Even, the 

mixing of a charged organic nano particles with oppositely 

charged stimulant can induce aggregation – disaggregation 

process26,27 resulting in aggregation / disaggregation induced 

emission enhancement or quenching. Also, the interaction of a 

FOA with single stimulant molecule can result in exciton 

transfer28-31 to large number of probe molecules in FOA 

resulting in amplification of the signal.  

      Amongst anions, ClO4
- disrupts thyroid iodine uptake in 

human beings due to its ability to substitute iodide ion and has 

increased concerns to its effects on human health32,33. 

However, due to its weak coordination behavior, the efforts to 

design molecules for its qualitative encapsulation34-37 and 

quantitative detection have met with a limited success38-43. In 

none of these cases ClO4
- ions could be determined below 

nano molar concentration and could be used for detection of 

ClO4
- ions in the presence of blood serum. Recently, our group 

has shown that N-aryl benzimidazolium moieties linked 

through an appropriate spacer can be used for fluorescence 

based selective detection of ClO4
- ions from tap water, 

fireworks, live cell imaging etc.39,40 Amongst other reports, Gao 

et al have also reported an imidazolium based chemosensor 

which undergoes ClO4
- ions mediated aggregation induced 

fluorescence enhancement42. However, in none of these cases 

the detection limit for ClO4
- ions could be attained in pico to 

nano molar concentration range and also probably due to 

strong interactions of the probe with blood serum, these could 
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not be used for detection of ClO4
- ions in the presence of blood 

serum. 

       Herein, we report new chemosensors CS-1 and CS-2, which 

differ only in substituents on the spacer between two 

benzimidazolium moieties but CS-1 owing to its unique ClO4
- 

induced aggregation - disaggregation behaviour in water 

[HEPES buffer (2% DMSO)] exhibits highly selective and 

sensitive fluorescence quenching. Conspicuously, 

chemsosensor CS-2, like earlier reported chemosensors40, does 

not form aggregates and shows poor sensitivity (poorer by > 

104 times) towards ClO4
- ions and highlights the significance of 

methyl groups present on the m-phenylene spacer in CS-1 in 

achieving high sensitivity and selectivity. 

      CS-1 in water undergoes aggregation to form FOAs with a 

mixture of spherical and rod-like morphology (80-170 nm). DLS 

and FE-SEM studies reveal that aggregation of these FOAs is 

further enhanced in the presence of 10 pM to 1 nM 

perchlorate ions, as evident by increase in their size to 200 – 

500 ± 50 nm. Subsequently, at higher concentrations of ClO4
-  

ions (5 µM), these FOAs undergo dis-aggregation to form 

molecularly dissolved 1:1 complex of CS-1 and ClO4
-. This 

process of ClO4
- ions induced aggregation – disaggregation 

(Scheme 1) is associated with continuous decrease in 

fluorescence of the solution of CS-1 and allows determination 

of 10 pM concentration of ClO4
- ions in solution phase and 6 x 

10-18 g/cm2 by contact mode method using paper strips coated 

with CS-1 and quantitatively measuring front surface steady 

state fluorescence. Significantly, other anions viz. F-, Cl-, Br-, I-, 

CN-, OH-, H2PO4
-, NO3

-, AcO-, HSO4
-, SO4

2-, SCN- etc  show 

insignificant change in the fluorescence of CS-1 and do not 

interfere in the estimation of  ClO4
-. CS-1 could be used for 

estimation of ClO4
- in drinking water, soil samples and in the 

presence of blood serum. 

2. Results and Discussion 

     CS-1 was synthesized in 94% yield by heating a 2:1 mixture 

of compounds 1 and 2 in DMF at 90 oC under N2 with 

subsequent anion exchange with PF6
- (Scheme 2). The 

presence of NCH2 singlet at δ 5.84 and benzimidazolium C2-H 

protons at δ 9.46 in its 1H NMR spectrum and appearance of 

parent ion peak at 831.3148 in its HRMS spectrum confirm the 

formation of CS-1. Similar reaction of 1 with dibromide 3 gave 

chemosensor CS-2. The structures of chemosensors CS-1 and 

CS-2 have been confirmed by 1H NMR, 13C NMR, and HRMS  

  

 

Scheme 2: Synthesis of chemosensors CS-1 and CS-2 

spectral data (Fig. S1-4, ESI†). 

 Before examining anion interaction studies of CS-1 and CS-

2, the optical properties of CS-1 and CS-2 were recorded in 

DMSO and binary mixtures of DMSO : H2O (v/v) to rationalize 

the effect of aqueous medium. We have observed that with 

the increase in volume fraction of water from 0% to 98% in 

DMSO, the absorption intensity of CS-1 continuously decreases 

and for the solutions containing > 60% water, the absorption 

spectrum becomes broadened (Fig. S5A, ESI†). In case of 

fluorescence spectra, we observed that as the volume fraction 

of water increased from 0-40%, the emission intensity of CS-1 

also increases with concomitant red-shift of the emission 

maxima by 10 nm from 430 nm to 440 nm. This could be 

assigned to the change in environment around the molecularly 

dissolved CS-1 molecules (Fig. 1).  

 

Fig 1. Change in fluorescence intensity of CS-1 with increasing volume fractions of 

water.

Scheme 1: Schematic presentation of mechanism of ClO4
- interaction with CS-1 
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Interestingly, further increase in water fraction from 40 to 98% 

in DMSO, the emission intensity decreases to a small extent 

along with red-shift of the emission maxima to 460 nm (Fig. SI 

5B). These results indicate aggregation of CS-1 to form 

fluorescent organic aggregates (FOAs) in aqueous media18-25. In 

case of CS-2 on increasing volume fraction of water to 50%, 

the emission maxima underwent gradual red-shift from 438 

nm to 450 nm due to change in the environment around 

molecules and further increase in volume fractions of water 

did not affect the emission maxima or fluorescence intensity 

and points to non-aggregation of CS-2 in water. Therefore, in 

case of CS-1, the increased hydrophobicity due to the presence 

of three methyl substituents on the m-phenylene spacer 

directs its aggregation in water. 

 The aggregation of CS-1 to form FOAs in water and their 

interaction with different concentrations of ClO4
- ions have 

been confirmed by DLS experiments which have been truly 

supported by FE-SEM studies of the thin films prepared from 

these solutions and fluorescence techniques (solution phase 

and solid state). From DLS experiments we have observed that 

the solution of CS-1 in water (2% DMSO) shows the formation 

of FOAs with size 140 ± 50 nm (Fig. 2C). FE-SEM images of the 

thin films of CS-1 also reveal the formation of FOAs (a mixture 

of spherical and rod-like) with diameter 160 ± 50 nm (Fig. 2A-

B).  

 

Fig 2. (A-C) SEM image and DLS graph of  CS-1 (5 µM); (D-F) SEM image and DLS graph of CS-1 in the presence of ClO4
-
 ( 5 x 10

-11
 M); (G-I) SEM image and DLS graph of CS-1 in the 

presence of ClO4
-
 (10

-6
 M); (J-L) SEM image and DLS graph CS-1 in the presence of ClO4

- 
(1 x 10

-5
 M). 
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 In FE-SEM the increasing concentration of CS-1 in the 

solution during drying of the films may be responsible for small 

increase in size of the FOAs as compared to those observed in 

case of DLS experiments. 

 Interestingly, FE-SEM of FOAs of thin film of the solution of 

CS-1 containing 5x10-11 M ClO4
- shows the aggregation of FOAs 

to larger size particles (280 - 500 nm) and these are in 

consonance with DLS experiments pointing the formation of 

200 – 500 ± 50 nm size aggregates (Fig. 2D-F). However, as we 

further increased the concentration of ClO4
- ions to 1 x 10-6 M 

in the solution of CS-1 (5 µM), the size of the FOAs decreased 

to 150 ± 40 nm, in consonance with 120 ± 40 nm size of FOAs 

as observed from DLS experiments (Fig. 2G-I). On further 

increasing the concentration of ClO4
- ions to 10-5 M, the 

particles were well dispersed and their size was reduced to 30 

– 60 nm as observed under both FE-SEM images and DLS 

experiments (Fig. 2J-L). Thus, CS-1 in 98% aqueous medium 

undergo self-assembly to form FOAs which on addition of ClO4
- 

(5 x 10-11 M) undergo further aggregation and between 10-9 to 

10-5 M ClO4
- undergo disaggregation to molecularly dissolved 

state. Conspicuously, DLS results in HEPES buffer, reveal that 

the aggregates of only CS-1 has size 165+40 nm and on 

addition of 5x10-11 M ClO4
- the size of aggregates is increased 

to 250-800 nm and in presence of 10-6 M ClO4
-, the size of 

aggregates is reduced to 200 + 100 nm and finally at 10-5 M 

ClO4
- size of aggregates is further reduced to 60 + 30 nm. Also, 

the average size of the aggregates of CS-1 and CS-1 + 10-5 M 

ClO4
- ions remained stable even on recording DLS after 24h. 

(Fig. S6 ESI†). 

 The UV-Vis spectrum of FOAs of CS-1 (2 µM) in HEPES 

buffer (0.05 M pH 7.4, 2% DMSO) showed an absorption 

maxima at 270 nm typical of aromatic moieties. The titration 

of solution of CS-1 (2 µM) with NaClO4 showed gradual 

decrease in absorbance at 270 nm associated with increase in  
absorbance between 320-650 nm with an isosbestic point at 
290 nm (Fig. 3A). The plot of log[ClO4

-] concentration vs Ao/A

 

Fig 3. (A) Effect of gradual addition of ClO4
-
 ions on the absorption spectrum of CS-1 (2 µM HEPES buffer – 2% DMSO, pH 7.4); (B) plot of Ao/A vs log [ClO4

-
]; (C) Effect of gradual 

addition of ClO4
-
 ions on the emission spectrum (λex = 290 nm) of CS-1 (2 µM, HEPES buffer – 2% DMSO, pH 7.4); (D) plot of FI at 460 nm vs [ClO4

-
] and inset shows decrease in FI of 

CS-1 at 1, 10 and 100 nM concentration (error bars show ~ 2.6% error). 
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     Table 1 Comparison of LOD of ClO4
- by CS-1 with literature reports 

S. 

No. 

Journal Name Phenomena Solution 

(Detection limit) 

Contact mode 

(detection limit) 

1 Present work Aggregation-

disaggregation 

10 pM 

(0.01 nM) 

6x10-18 g cm-2 

2 Chem. Commun., 2014, 50, 5623-5625 aggregation NR No 

3 Chem.Commun., 2014, 50, 13994-13997 Dis-aggregation 60 nM 8x10-10 g cm-2 

4 RSC Adv., 2013, 3, 14044-14047 Cavity based 100 nM No 

5 Analyst, 2012, 137, 4913 Cavity based 100 nM No 

6 Chem. Commun., 2010, 46, 1070–1072 --- NR Yes, (NR) 

at 330 nm (the point of largest change in absorbance) shows 

linear increase (R2 = 0.9886) in absorbance between 10-9 - 10-6 

M ClO4
- (Fig. 3B). The appearance of absorption tail from 320 

to 650 nm indicates that on gradual addition of ClO4
-, the 

relative amount of free molecules decreases and more 

aggregates are formed. The minimum detection limit for ClO4
- 

was 1 nM. 

   The addition of other anions (100 µM) viz  F-, Cl-, Br-, I-, CN-, 

OH-, H2PO4
-, NO3

-, AcO-, HSO4
-, SO4

2- etc. caused insignificant 

change in the absorption spectrum of CS-1 (Fig. S6, ESI†). The 

solution of CS-1 (2 µM, HEPES buffer – 2% DMSO, pH 7.4) on 

excitation at λex 290 nm exhibited emission maxima at 460 nm 

(quantum Yield, Φ = 0.35)44,45. On addition of aliquots of 

NaClO4, the fluorescence intensity at 460 nm was gradually 

quenched (Fig. 3C) and was associated with blue-shift of the 

emission maxima to 440 nm. The addition of  all other anions 

(100 µM)  viz  F-, Cl-, Br-, I-, CN-, OH-, H2PO4
-, NO3

-, AcO-, HSO4
-, 

SO4
2- or the addition of aromatics viz. benzene, toluene, 

phenol, benzoic acid, naphthalene and anthracene (50 µM 

each) etc. (Fig. S8, ESI†) caused an insignificant change in the 

fluorescence of CS-1. The insignificant change in the 

absorption intensity of CS-1 at 290 nm i.e. at excitation 

wavelength clearly points that quenching of fluorescence 

intensity on addition of ClO4
- ions to the solution of CS-1 is not 

due to the decrease in the absorbance.  

     The plot of FI vs [ClO4
-] revealed that ~ 56% of the FI was 

quenched on addition of only 10 nM (0.005 equiv.) of ClO4
- 

ions, thereby indicating a super-amplified quenching effect 

(Fig. 3D, inset). Therefore, when a ClO4
- anion interacts with 

FOAs of CS-1, it may quench the emission of multiple 

fluorophores in its vicinity. The lowest detection limit46 for the 

analysis of ClO4
- was 10 pM. This is significantly lower than the 

permissible ClO4
- concentration of 150 nM in drinking water.  

 The comparison of detection limits both in solution and 

solid state of CS-1 with those of literature reports (Table 1) 

shows that CS-1 is > 6000 times more sensitive than earlier 

reported probes for ClO4
-. The Stern–Volmer plot for the 

quenching of fluorescence of FOAs of CS-1 by ClO4
- did not 

follow linear equation Io/I = 1 + Ksv[Q]. It gave non-linear 

Stern-Volmer curve which was well fitted to the exponential 

equation (I/Io =   Aek[Q] + B)28,29, thereby confirming the super-

amplified quenching at low concentrations of ClO4
-. The Ksv 

values are found to be 2.42 x 108 M-1 and 3.59 x 105 M-1, 

respectively between 10-10 to 10-7 M and 10-7 to 10-5 M ClO4
- 

concentration.           

 The semi-log plot of log [ClO4
-] vs Io/I shows linear increase 

between 10-10 - 10-7 M (R2 = 0.9929) and 10-7-10-5 M (R2 = 

0.9944) ClO4
- concentration. The minimum detection limit for 

ClO4
- was 10 pM (Fig. 4). The titration of solution of CS-1 with 

ClO4
- in molecularly dissolved state i.e. in HEPES buffer – 

DMSO (80: 20) shows poor sensitivity towards ClO4
- (LOD 2 

µM) and highlights the role of aggregation of CS-1 in enhanced 

sensitivity towards ClO4
- in 98% HEPES buffer (Fig. S9, ESI†). 

The addition of 10 pM to 1000 nM ClO4
- ions to the solution of 

CS-1 (2 µM, HEPES buffer – 2% DMSO, pH 7.4) in steps with ten 

time increase in concentration shows change in fluorescence 

color of the solution from bluish green to blue (Fig. 4, inset). 

The analysis of Job’s plot obtained by both absorbance and 

fluorescence as output channels shows the inflexion point near 

to 0.5 indicative of formation of 1:1 stoichiometric complex by 

CS-1 with ClO4
- (Fig. S10, ESI†).  

 
Fig 4. Plot of log [ClO4

-] vs Io/I showing change in Io/I with increase in concentration of 

ClO4
- from 10-11 to 10-5 M; inset shows visual changes in the emission intensity and 

color of the solution of CS-1 (under illumination of 365 nm) in blank solution and upon 

addition of increasing concentration of ClO4
- ions. 
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 The selectivity of FOAs of CS-1 towards ClO4
- was further 

ascertained by the competition experiments where competing 

anions viz F-, Cl-, Br-, I-, CN-, OH-, H2PO4
-, NO3

-, AcO-, HSO4
-, and 

SO4
2- (100 µM each) were added to the solution of FOAs of CS-

1 before addition of ClO4
-. As observed from the results, the 

fluorescence quenching efficiency of ClO4
- remained by and 

large unaffected in the presence of several interfering anions 

(Fig. S11, ESI†). This indicates that CS-1 is selective for 

recognition of ClO4
- even in the presence of other anions. The 

FI of aggregates of CS-1 remains constant between pH 4.7-8.7 

and therefore permits the determination of ClO4
- over this 

broad pH range (Fig. S12, ESI†). 

 The solution of molecular probe CS-2 (2 μM, HEPES buffer 

0.05 M – 2% DMSO, pH 7.4) did not undergo any change in its 

fluorescence intensity on addition of various anions  viz F-, Cl-, 

Br-, I-, CN-, OH-, H2PO4
-, NO3

-, AcO-, HSO4
-, SO4

2- (100 µM) 

but the addition of ClO4
- caused fluorescence quenching. On  

gradual addition of ClO4
-  ions to the solution of CS-2, the 

fluorescence intensity of CS-2 remained unaltered even up to 

addition of 500 nM ClO4
- and showed gradual decrease in 

fluorescence intensity only between 2-100 μM concentration 

of ClO4
- ions. This is also associated with blue-shift of the 

emission maxima by 20 nm. The lowest limit of detection for 

ClO4
- by CS-2 is found to be 1.6 µM (Fig. 5). The analysis of 

Job’s plot of CS-2 and ClO4
- obtained by fluorescence as 

output channel shows the inflexion point close to 0.5 

equivalent and points to the formation of 1:1 complex (Fig. 

S13, ESI†). Therefore, probe CS-2 though selectively binds with 

ClO4
- but exhibits drastically decreased sensitivity in 

comparison to that observed for the probe CS-1.  

    Therefore, probe CS-1 is nearly 105 times more sensitive 

towards ClO4
- in comparison to probe CS-2 and shows that the 

methyl substituents which though may not be directly 

interacting with ClO4
- but drastically affect sensing properties 

of the CS-1. 

Mechanism of interaction of CS-1 with ClO4
-
 

     In order to provide an insight to the mechanism of 

interaction of FOAs of CS-1 with ClO4
- anion, the effect of 

concentration of ClO4
- on the life time of CS-1 was 

determined.     

 

Fig 5. (A) Effect of gradual addition of ClO4
-
 ions on the emission spectrum (λex = 290 

nm) of CS-2 (2 µM, HEPES buffer – 2% DMSO, pH 7.4).); (B) Plot of Io/I at 450 nm vs 

[ClO4
-
] (Error bars show < 2.5% error). 

The life time values were used to determine Kf (fluorescence 

decay constant) and Knr (non-radiative decay constant) values 

at each concentration of ClO4
-. The life time of CS-1 remained 

constant at ~ 8.9 ns between ClO4
- concentration 10-11 to 10-9 

M but at higher concentrations of ClO4
-, it gradually increased 

to 13.6 ns. The Kf values decreased gradually with the increase 

in concentration of ClO4
-. The rate for non-radiative decay 

(Knr) of the excited state of CS-1 increased when concentration 

of ClO4
- was raised from 10-11 to 10-9 M but at higher 

concentrations, Knr also decreased gradually. In consonance 

with DLS and FE-SEM results, the FOAs of CS-1 underwent 

further aggregation on addition of 10-11 to 10-9 M ClO4
-. This 

ClO4
- mediated further aggregation of free CS-1 aggregates is 

associated with fluorescence quenching – a process commonly 

observed in literature47. But at higher concentrations of ClO4
-, 

the aggregates of CS-1 underwent dissolution and the 

interactions of CS-1 with ClO4
- were gradually shifted to that 

at molecular level (Fig. 6). At molecular level, the cavity of CS-1 

formed by two 1-(biphenyl)benzimidazolium moieties 

undergoes coordination with  ClO4
- ion. It restricts the rotation 

of biphenyl rings and results in increased fluorescence life time 

from 8.9 to 13.6 ns. However, photo-induced electron 

transfer48,49 from biphenyl moiety to ClO4
- ion results in 

formation of non-emissive excited state (Fig. S17) and results 

in efficient fluorescence quenching.  

    Therefore, probe CS-1 follows static fluorescence quenching 

mechanism in the presence of 10-11 to 10-9 M ClO4
-, but at 

higher concentrations i.e. at > 10-9 M ClO4
- concentration, the 

interaction of CS-1 with ClO4
- is shifted to dynamic process. 1H 

NMR spectrum of CS-1 and CS-2 (DMSO-d6-H2O, 7:3) on 

addition of one equivalent of ClO4
- show < 0.05 ppm up-field 

shift of Bim C2-H and ArH doublet and point to the weak 

interactions of CS-1 and CS-2 with ClO4
- in molecularly 

dissolved state (Fig. S14-15, ESI†).  

 In order to evaluate the effect of methyl substituents on m-

phenylene spacer on the conformations of the probes CS-1 

and CS-2, the U-conformational structures of the two 

molecules were optimized. 

 
Fig 6. The life time, rate constants for radiative (kf) and non-radiative (Knr) decay of 

excited state of CS-1 in the presence of different concentrations of ClO4
-. 
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   The super-imposition of energy minimized structures of CS-1 

and CS-2 (Fig. 7A) shows that CS-1 is optimized as a more 

compact structure with distance of 6.026 Å between C-2 

carbons of benzimidazolium moieties. In case of CS-2, the 

distance between C-2 of two benzimidazolium moieties is 

increased to 6.713 Å. This difference in conformations of CS-1 

and CS-2 could be assigned to the presence of three methyl 

substituents on m-phenylene ring which create enough steric 

bulk on CH2 groups to decrease the cavity size of CS-1. Further, 

the energy minimized structures of 1:1 complexes of CS-1 and 

CS-2 reveal that CS-1 has to undergo minimal change in its 

conformation during complex formation with ClO4
- anion. CS-2 

undergoes significant conformational change during complex 

formation with ClO4
-. The ClO4

- anion goes deep into the 

cavity of CS-1 and three of its oxygen atoms form short 

contacts with BIM C2-H (2.13 – 2.38 Å) and ClO4
- oxygen 

atoms form anion-π interactions with π-cloud of the biphenyl 

and mesitylene rings. In CS-2 - ClO4
- (1:1) complex, the π 

clouds of aryl rings do not participate in interaction with ClO4
-. 

Therefore, CS-1 is better pre-organized to complex with ClO4
- 

than CS-2 (Fig. S16-17, ESI†). Also, in addition to electrostatic 

interactions between ClO4
- and the benzimidazolium moieties 

of the CS-1, the efficiency of electron transfer from HOMO of 

CS-1 to LUMO of ClO4
- may at least partly contribute to the 

selectivity of CS-1 towards ClO4
-. The analysis of HOMO and 

LUMO of CS-1 and its complex with ClO4
- shows that in case of 

free probe CS-1, the electron from biphenyl unit (HOMO) is 

excited to benzimidazolium ring (LUMO) but in its complex 

with ClO4
-, the electron from biphenyl (HOMO) is transferred 

to ClO4
- (LUMO). This results in non-radiative excited state and 

is so responsible for fluorescence quenching in CS-1–ClO4
- 

complex.                                        

 
Fig 7. (A) The energy optimized structures of CS-1 (blue) and CS-2 (red) overlapped on 

each other;  (B) The energy minimized structures of 1:1 complexes of CS-1 and CS-2 

with ClO4
- (The structure were optimized using B3LYP with basis set 6-311G*). 

      Thus combination of factors viz the aggregation of CS-1 in 

water due to enhanced hydrophobicity and the better pre-

organization of cavity in CS-1 due to hydrophobicity and steric 

bulk of methyl substituents on linker between two 

benzimidazolium moieties in comparison to that in probe CS-2 

result in increased sensitivity and selectivity of CS-1 towards 

ClO4
-.  

ClO4
- 
ions determination in tap water, soil samples and blood 

serum 

     In order to find the applications of CS-1 for the 

determination of ClO4
- in tap water and in soil samples, a 

fixed amount of NaClO4 was added to the tap water and soil 

samples. The soil samples were suspended in water. The 

water was filtered and was used for determination of ClO4
- 

using probe CS-1. Both categories of samples were analysed 

for 0.1 nM – 1000 nM concentrations of ClO4
- ions. The 

table 2 shows that in tap water samples maximum relative 

standard deviation was < 2.3% and pooled relative SD 

(PRSD) = 1.8%; the maximum relative error was < 1.6% and 

pooled relative error (PRE)  was 1.3%. In case of soil 

samples maximum relative standard deviation was < 3.54% 

and pooled relative SD (PRSD) was 2.54%. The maximum 

relative error was < 2.9% and pooled relative error (PRE) 

was 1.96%. The results clearly show that CS-1 can be used 

for determination of ClO4
- from both tap water and soil 

samples, though the errors and deviations are higher in 

case of soil samples than determined for tap water. 

Obviously, the soil contains more number of components 

than tap water, which leads to higher deviations.  

 Further to investigate the biological application, the 

fluorescence titration of CS-1 (2 µM) was carried out in the 

presence of blood serum. It was found that in the presence of 

blood serum the maxima of CS-1 was only marginally shifted 

from 460 nm to 450 nm. The presence of a new band at 330 

nm could be attributed to the aromatic amino acids in the 

blood serum (Fig. S18, ESI†). On gradual addition of ClO4
- to 

the solution of CS-1 containing blood serum, the gradual 

decrease in the fluorescence intensity was observed (Fig. 8).   

 

Table 2 Application of CS-1 in determination of ClO4
- in tap 

water and soil samples 

Sr. 

No. 

Conc. ClO4
- 

(nM) 

Conc. determined ± 

SDa (µM) 

Relative 

error (%) 

Tap water 

1 0.1 0.11 ± 0.002 1.4 

2 1 1.28 ± 0.021 1.5 

3 10 10.5 ± 0.15 1.1 

4 100 102.3 ± 2.1 1.6 

5 1000 1001 ± 10.6 0.9 

Soil samples 

1 0.1 0.12 ± 0.002 1.4 

2 1 1.14 ± 0.04 2.9 

3 10 10.3 ± 0.3 2.0 

4 100 105.6 ± 3.6 2.4 

5 1000 1011.7 ± 13.2 1.01 
aAverage ± standard deviation of three determinations 
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Fig 8. Effect of gradual addition of ClO4
- ions on the emission spectrum (λex = 290 nm) of 

CS-1 (2 µM) in blood serum and  plot of log [ClO4
-
] vs Io/I shows linear change with 

increase in concentration of ClO4
-
 from 10

-11
 to 10

-4
 M (Error bars show < 3% error).     

This decrease in intensity was also associated with blue-shift of 

the emission maxima by ~20 nm as observed in case of 

titration of CS-1 in HEPES buffer.  The titration results showed  

that ratio of Io/I increases linearly with the increase in log 

[ClO4
-] between 10 pM - 10 μM with R2 = 0.9860. The lowest 

detection limit for the analysis of ClO4
- was determined as 10 

pM. 

Contact mode detection of traces of ClO4
- 

     Finally we investigated the applicability of CS-1 in both 

qualitative and quantitative detection of ClO4
- using contact 

mode method. For this we carried out experiments on paper 

strips coated with CS-1. The paper strips were then visualized 

under 365 nm UV light. We observed that the addition of 6 μl 

of 10-15 M ClO4
- caused visible quenching of the fluorescence 

intensity on the paper strip [Fig. 9A(ii)] and colour of the drop 

casted area turned green, which is in consonance with solution 

phase studies. Complete quenching of fluorescence intensity 

was observed with 10-11 M ClO4
- [Fig. 9A(vi)] and addition of 

higher concentrations of ClO4
- results in dark colored area 

developed on paper strip. Fig. 9A(i) shows no quenching of 

fluorescence with water.   

Fig 9. (A) Photographs of fluorescence quenching (under 365 nm UV light) of paper strips coated with CS-1 and different amounts of ClO4
-; (i) Paper strip with a drop of water; (ii) 

10-15 M; (iii) 10-14 M; (iv) 10-13 M; (v) 10-12 M; (vi) 10-11 M ClO4
- solution (6 μL). (B) Paper strips with addition of 10-11 M solutions (6 μL) of ClO4

-, F-, Cl-, Br-, I-, SCN-, OH-, NO3
-, AcO-

, CN-, H2PO4
-, HSO4

- and SO4
2- anions [The size of each paper strip is 1.0 cm2].  (C) Front surface steady-state fluorescence quenching of CS-1 with ClO4

-. PS = fluorescence 

spectrum of  CS-1 coated paper strip; PS + water = spectrum after addition of 200 μL of water to PS. 10−14 to10−8 corresponds to molar concentrations of ClO4
- added to PS; (D) Plot 

of fluorescence intensity of CS-1 vs log [ClO4
-] (M) (error < 2.8%). 
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Therefore, the minimum amount of ClO4
- detectable is 6 x 10-

19 g/cm2 under 365 nm light illumination. For 6 μL of 10-15 M 

solution, amounts to ~3600 molecules of ClO4
-. Further to 

analyse the selectivity of CS-1 towards ClO4
- in comparison to 

other anions, 10-11 M solution (6 μL) of each of the following 

anions F-, Cl-, Br-, I-, CN-, OH-, H2PO4
-, NO3

-, AcO-, HSO4
-, 

and SO4
2- was added on the CS-1 coated paper strip and 

change in their fluorescence was observed. The results clealry 

reveal (Fig. 9B) that even on addition of 10000 times higher 

amounts of each of these anions than LOD of ClO4
- (10-15 M), 

only a small change in fluorescence was observed only with 

iodide ions, which is well known to be the most interfering 

species with ClO4
- due to similar size and basicity. The other 

anions did not cause any observable change in fluorescence of 

CS-1 coated paper strip. Therefore, CS-1 coated paper strips 

are 10000 times or more selective towards ClO4
- over the 

other anions studied. 

 In order for quantification of ClO4
- using CS-1 coated paper 

strips, the  fluorescence spectra of the above paper strips 

treated with different concentrations of ClO4
- were recorded. 

The fluorescence spectrum of the paper strip coated with CS-1 

exhibits broad spectrum between 370 – 500 nm with two 

maxima at 430 and 470 nm which is in contrast to a sharp 

maxima at 460 nm in aggregate state of CS-1 in solution phase. 

Therefore, in solid state, the aggregation behaviour of CS-1 is 

different from that in the solution phase. The intensity of the 

fluorescence spectrum gradually decreases with the gradual 

increase in concentration of solution of ClO4
- (Fig. 9C). The 

plot of fluorescence intensity vs log [ClO4
-] shows linear 

change and is in agreement with exponential decrease in 

fluorescence intensity (Fig. 9D) with addition of ClO4- as 

observed in the solution phase. The Ksv value as determined 

by exponential equation I/Io = AeKsv[Q] + B is found to be 1.49 × 

108 M and is in close agreement with Ksv (2.42 × 108 M-1) that 

observed in solution phase for the [ClO4
-] below 10-9 M. The 

addition of water (200 μL) caused only a small quenching of 

fluorescence intensity of the paper strip. Therefore, paper 

strips coated with CS-1 were highly sensitive towards ClO4
- and 

could be used for quantification of 10-14 M - 10-8 M ClO4
- 

solutions. 

3. Experimental Section 

General details of instruments, sample preparation are given 

in supporting information. 

Synthesis of CS-1  

The solution of 1-(4-biphenyl)benzimidazole (1) (270 mg, 1 

mmol) and 2,4- bis(bromomethyl)-1,3,5-trimethylbenzene (2) 

(153 mg, 0.5 mmol) was heated in DMF (3 ml) at 100 oC under 

N2 atm for 24 h. After completion of the reaction, the solvent 

was removed under vacuum. The crude residue was dissolved 

in methanol and was filtered to remove suspended impurities. 

To this filtrate, aqueous solution of NH4PF6 (163 mg, 1 mmol) 

was added drop wise with continuous stirring and stirring was 

continued for 7-8 h. The white solid separated was filtered to 

get CS-1 as white  solid (460 mg); yield 94 %; m.p. 247 oC; 1H 

NMR (500MHz, DMSO-d6): δ 2.34 (s, 3H, CH3), 2.47 (s, 6H, 2 x 

CH3), 5.84 (s, 4H, 2 x CH2), 7.34 (s, 1H, ArH), 7.38 – 7.44 (m, 6H, 

ArH), 7.58 (d, 4H, J = 7.5 Hz), 7.79 – 7.90 (m, 14H, ArH), 8.38 (d, 

2H, J = 8.5 Hz, ArH), 9.46 (s, 2H, BimC2H); 13C (125 MHz, 

DMSO-d6):  δ  15.9, 20.1, 46.2, 127.0, 127.2, 127.3, 127.5, 

128.3, 128.4, 128.8, 129.7, 132.0, 132.6, 132.7, 138.7, 140.6, 

141.3, 141.4, 142.5; HRMS m/z (TOF MS ES+) calculated for 

C49H42F12N4P2 [CS-1 – PF6] 831.3046, found 831.3148 [CS-1 – 

PF6] (40%), m/z calculated for [CS-1 – 2PF6]2+ 343.1699, found 

343.1758 [CS-1 – 2PF6]2+ (100%). 

Synthesis of CS-2 

The reaction of 1-(4-biphenyl)benzimidazole (1) (270 mg, 1 

mmol) and 1,3-bis(bromomethyl)benzene (3) (132 mg, 0.5 

mmol) as described above gave chemosensor CS-2, white solid 

(460 mg); yield 95.3 %; m.p. 232 oC; 1H NMR (500 MHz, DMSO-

d6): δ 5.89 (s, 4H, 2 x CH2), 7.48 (d, 2H, J = 7.0 Hz, ArH), 7.54 (t, 

5H, J = 7.5 Hz, ArH), 7.66 – 7.74 (m, 6H, ArH), 7.79 (d, 4H, J = 

7.5 Hz, ArH), 7.85 (s, 1H, ArH), 7.93 (t, 6H, J = 9.0 Hz, ArH), 7.98 

(d, 2H, J = 8.5 Hz, ArH), 8.05 (d, 4H, J = 8.5 Hz, ArH), 10.33 (s, 

2H, BimC2H); 13C (125 MHz, DMSO-d6):  δ 50.6, 114.3, 114.6, 

126.2, 127.4, 127.6, 128.1, 128.9, 129.5, 129.7, 130.2, 131.3, 

131.7, 132.7, 134.8, 138.9, 142.7, 143.3; HRMS m/z (TOF MS 

ES+) calculated for C46H36F12N4P2 [CS-2 – PF6
-]+ 789.2576, found 

789.2882 [CS-2 – PF6]+ (40%), m/z calculated for [2 – PF6]2+ 

322.1465, found 322.1618 [CS-2 – 2PF6]2+ (100%). 

Conclusions 

 Thus, probe CS-1 undergoes self-assembly to form 

fluorescent organic aggregates (FOAs) which further 

undergo aggregation in the presence of 10-11 - 10-9 M ClO4
- 

and dis-aggregation with ClO4
- at concentration > 10-9 M, as 

revealed by both DLS and FE-SEM studies. This is associated 

with super-amplified fluorescence quenching in the 

presence of ClO4
- ions following two domains of non-linear 

complexation with Ksv values 2.42 x 108 M-1 and 3.59 x 105 

M-1. The lowest limit of detection of ClO4
- is 10 pM in 

solution phase and 6 x 10-18 g/cm2 by contact mode method 

and quantitatively measuring front surface steady state 

fluorescence using paper strips coated with CS-1. FOAs of 
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CS-1 find applications in determination of ClO4
- from tap 

water, soil and also in the presence of blood serum. The 

life-time measurement studies, Kf and Knr results highlight 

the participation of both dynamic and static mechanisms 

depending on the concentration of ClO4
-. Therefore, the 

present study provides a new insight into the design of self-

assembled molecular probes for the detection of ClO4
- ions. 
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