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For an equilibrium reaction, the forward rate of reaction (kf) should be equal 

to the backward rate of reaction (Kb) provided the equation of reaction is balanced. 

Therefore, K𝑓 = [4𝐵𝑍𝑃𝐶][𝐶𝐵7] =  K𝑏[4𝐵𝑍𝑃𝐶/𝐶𝐵7]    (2) 

Binding constant, K =  
K𝑓

K𝑏
  =   

[4𝐵𝑍𝑃𝐶/𝐶𝐵7]

[4𝐵𝑍𝑃𝐶][𝐶𝐵7]
       (3) 

The average concentration of 4PBZC (C4PBZC) and CB7 (CCB7) in the new solution can 

be estimated with the equation below. 

𝐾 =
[4𝑃𝐵𝑍𝐶/𝐶𝐵7]

[4𝑃𝐵𝑍𝐶][𝐶𝐵7]   
,         (2) 

C4PBZC = [4PBZC] + [CB7], and       (3) 

CCB7= [CB7] + [4PBZC/CB7],       (4) 

Wherein C4PBZC and CCB7 are the total concentrations of 4PBZC and CB7, respectively. 

It very well may be composed as: 

Y (Reading at certain λ) = constant 1 * [4PBZC] + constant 2 * [4PBZC/CB7].  (5) 

Subtracting equation (5) from (3), equation (6) was obtain:  

∆Y =
Δ(constant)𝐶𝐶𝐵7

2

𝐾𝐶4𝑃𝐵𝑍𝐶−1−𝐾𝐶𝐶𝐵7+√(1−𝐾𝐶4𝑃𝐵𝑍𝐶+𝐾𝐶CB7)2+4𝐾𝐶4𝑃𝐵𝑍𝐶

+1
,    (6) 

The titration by using a UV-Visible spectrophotometer of 4PBZC with CB7 

was conducted to obtain the binding constant (K′) between two CB7 macrocycles and 

one 4PBZC molecule. The expression for the changes of absorbance signals (Y) as a 

function of the total concentrations of CB7 ([CB7]0) can be derived by considering the 

two equilibria below and the subsequent mass balance equations:    

CB7 + 4PBZC  4PBZC/CB7 

K =  [4PBZC/CB7]

[CB7][4PBZC]
                                                                (7) 
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4PBZC/CB7 +CB7  (CB7)24PBZC 

K′ =  [(CB7)24PBZC]

[4PBZC/CB7][CB7]
                                                        (8) 

The absorbance of the free 4PBZC (Y4PBZC) is: 

Y4PBZC =  ∈4PBZC [4PBZC]0                                                 (9) 

[4PBZC]0  is the total concentration of 4PBZC. Upon the addition of CB7 at a 

concentration of [CB7]0, the absorbance (Y) becomes: 

Y = ∈4PBZC [4PBZC] + ∈4PBZC/CB7 [4PBZC/CB7] + ∈(CB7)24PBZC [(CB7)24PBZC] 

(10) 

∈4PBZC, ∈4PBZC/CB7 , and ∈(CB7)24PBZC  are the molar absorptivity of 4PBZC, 

4PBZC/CB7, and (CB7)24PBZC respectively.  

When the signal reaches a steady value, it is assumed that only (CB7)24PBZC is 

present. The absorbance becomes:   

Y(CB7)24PBZC = ∈(CB7)24PBZC [4PBZC]0                                 (11) 

Mass balance equations for CB7 and 4PBZC are: 

[4PBZC]0 = [4PBZC] + [4PBZC/CB7] + [(CB7)24PBZC]                            (12) 

[CB7]0 = [CB7] + [4PBZC/CB7] + 2[(CB7)24PBZC]                                    (13) 

From Equation. 7−12: 

Y =
Y4PBZC + [CB7]0

2 ∈4PBZC/CB7 K + Y(CB7)24PBZC𝐾a𝐾a   
′ [CB7]0

2

1 +  K[CB7]0 + KK′[CB7]0
2  
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For the titration try, the all-out focus ([4PBZC]0) was kept steady and that of the 

host ([CB7]0) was bit by bit expanded. Thus, the estimation ([CB7]0 = [CB7]) is 

expected to be legitimate. The coupling consistent (K′) was then controlled by utilizing 

the nonlinear least-squares recipe (Equation 13) for the plot of Y versus [CB7]0. All 

boundaries (K,  Y(CB7)24PBZC , and ∈4PBZC/CB7 except Y4PBZC aside from Y_4PBZC 

were left unconstrained. The examination by Levenberg-Marquardt calculation was 

given by SigmaPlot's product adaptation 6.1, USA). 

2.10 DFT Calculations 

All calculations were performed with the Gaussian 09. The ground-state 

geometries were optimized using density-functional theory, DFT, in the gas phase. The 

M06-2X method was used for the full optimization with a 6-31G* basis set. Minima 

of the calculated structures were characterized by the absence of imaginary 

frequencies. The calculations for the HOMO and LUMO frontier orbital energies were 

obtained using Time-Dependent-DFT (TD-DFT) at the M06-2X/6-311++G** level of 

theory. 
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Chapter 3: Results and Discussion 

 

3.1 Preparation of Tert-butyl 4-(1H-benzo[d]imidazol-2-yl)piperazine-1-

carboxylate (T-BZPC)  

19.6 mmol (3.0 g) of compound 2CBZ (startup material A) was mixed with 20 

mmol (3.7 g) of N-TBPC (startup material B) in 40 mL of 1-butanol and warmed to 

reflux over the night (Figure 11). 

 

Figure 11: Reaction scheme for the preparation of T-BZPZ 

 

The precipitate formed was observed and compared to the startup material A 

and B (2CBZ and N-TBPC respectively) to affirm the completion of the said reaction 

with the aid of the thin layer chromatography (TLC) technique. The precipitate was 

then purified and concentrated with ether as the solvent and dried to obtain 5.603 g 

white powder of T-BZPC with a 94.5% percentage yield, a melting point of 317-

319oC, and retention factor (Rf) of 0.8 (1:1 Ethyl acetic acid derivation/Hexane) [47]. 

The IR spectrum (KBr, cm-1) confirms the functional groups present (carbonyl at 1650 

and amines at 3407), while the 1H NMR (400 MHz) signifies the present protons and 

location in deuterated chloroform' δ 7.49 (dd, J = 5.9, 3.2 Hz, 2H), 7.15 (dd, J = 5.9, 

3.2 Hz, 2H), 4.04 – 3.83 (m, 4H), 3.74 – 3.53 (m, 4H), 1.45 (s, 9H); and 13C-NMR 

(101 MHz, chloroform).   
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3.2 Preparation of 2-(piperazin-1-yl)-1H-benzo[d]imidazole (2PBZ) 

2PBZ was synthesized from a blend of 1.0 eq (5.3 g) of N-Boc protected 

amine in 10 mL dioxane, which was treated with 106 mL (4 M) of HCl in dioxane 

and stirred continuously for 3hrs at 25oC (Figure 12). 

 

Figure 12: Reaction scheme for the preparation of 2PBZ. 

 

With the completion of the reaction, which was confirmed using the TLC 

techniques, the precipitate obtained was purified and concentrated to yield a clear 

powder of 2PBZ compound with a total mass of 4.82 g corresponding to 96% yield 

[47, 48]. The melting point was estimated to range between 317-319°C, Ethyl acetate 

Rf = 0.25, IR spectroscopy was carried out in KBr with wavenumber unit cm-1 and 

NH peaks appeared at 3380 cm-1, while 1H NMR in deuterated chloroform solvent 

indicates chemical shift as follow:  7.50 – 7.41 (m, 2H), 7.38 – 7.32 (m, 2H), 4.01 – 

3.91 (m, 4H, 4x Pip-H), 3.55 – 3.46 (m, 4H, 4x Pip-H), and finally 13C NMR in CD3OD 

signifies chemical shifts as follows: 149.91, 129.72, 124.11, 111.38, 43.25, 41.92. 

3.3 Preparation of 4-((4-(1H-benzo[d]imidazol-2-yl)piperazin-1-yl)methyl)-7-

methoxy-2H-chromen-2-one (4PBZC) 

4B7MC was prepared by reacting 7M4MC with N-bromosuccinimide (NBS) 

and (PhCOO)2 (benzoic anhydride) in the presence of carbon tetrachloride at a 

temperature of 353.16 K. NBS was used to introduce bromine which is a good leaving 

group through electrophilic addition reaction, while benzoic anhydride is known for 
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its ability to form a radical at high temperature (80oC) by cleaving the O-O bond and 

this radical will act as an activator which will activate the entire reaction (Figure 13). 

 

Figure 13: Synthesis mechanism of indicator dye 4PBZC. 

 

Furthermore, 4PBZC (indicator dye) was synthesized by stirring 1.1 mmol 

each of both 4B7MC and 2PBZ in the presence of dry acetonitrile and 4 mmol of TEA 

together over the night at 25oC. The product concentrated and the utilized solvent was 

recovered using the rotary evaporator. The extract was further purified by washing 

with both ethyl acetate and water, while the mixture was separated based on the organic 

and aqueous layers using the separating funnel. The organic layer was dried over 

anhydrous sodium phosphate and hexane was added upon the concentration of the 
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solvent. 4PBZC was obtained from the precipitate formed, which was subsequently 

filtered and dried with a 70% yield calculated. The structure was confirmed by running 

the 1H NMR spectroscopy of the sample in Deuterium Oxide and the chemical shifts 

of the proton is as follows: 7.67 (d, J = 9.2 Hz, 1H), 7.28 (dd, J = 6.4, 6 Hz, 2H), 7.18 

(dd, J = 6.4, 6 Hz, 2H), 6.92 (dd, J = 11.2, 11.2 Hz, 1H), 6.44 (s, 1H), 6.0 (s, 1H) 3.79 

– 3.77 (m, 4H), 3.76 (s, 3H), 3.41 – 3.38 (m, 4H).  

 

Figure 14: 1H NMR spectra of 4PBZC in D2O. 

 

3.4 Interaction of the Indicator Dye with CB7 and pKa Determination 

The impact of pH on UV-Visible spectral of probe 4PBZC (35 µM) and its 

complex with CB7 (500 µM) was studied as a function of H+ inputs in an aqueous 

medium. 
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Figure 15: Evolution of the UV−visible absorption spectra of 4PBZC (35 µM) and 

4PBZC/CB7 (35 µM 4PBZC + 500 µM CB7) upon changing the pH in the range 3−9 

in an aqueous solution at 298 K. 

 

The formation of host−guest inclusion complexes between 4PBZC and 4PBZH+C 

and CB7 was confirmed by UV−visible and NMR titration at pH (pD) 3 and 9, 

respectively. The appearance of isosbestic points at 305 nm (Figure 14a) and the 

sigmoidal fitting confirm the 2:1 binding stoichiometry for the 4PBZH+C/CB7 

complex. The protonated dye enters the CB7 cavity through its BZ and coumarin rings 

(Figure 18). Inclusion was also confirmed because two proton resonances, H-1, and 

H-2, shifted upfield by approximately 0.4−0.9 ppm with the addition of 1 equivalent 

of CB7, while other proton resonances H-8, H-9, H-5, and H-3 slightly shifted to 

higher ppm upon addition of one equivalent of CB7 whereas H-6, H-7, H-4, and the 

methyl protons exhibited no shifts. Furthermore, consequently to the addition of 2.0 

molar equivalents of CB7, two resonance proton H-6, H7, and the methyl proton 

shifted upfield, indicating the encapsulation of the coumarin unit into the cavity of the 

CB7. 
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Figure 16: Variations in the UV−visible absorption spectra of 5 μM of 4PBZH+C (a) 

and 4PBZC (b) with the addition of up to 300 μM of CB7. 

 

 

Figure 17: 1H NMR spectra of 1 mM 4PBZH+C with CB7 (0−4 molar equivalents) in 

D2O of pD 2.5 (400 MHz) with CB7 peaks indicated. 

 

The extracted 2:1 host−guest stability constants from the UV−visible absorption 

data were 5.5 × 106 M−2 (Figure 14a) at approximately pH 3 (pD 3). In contrast, a very 
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low binding affinity of the neutral form with CB7 was noticed from the corresponding 

binding UV-titration data at pH 9 (Figure 16).  

 

Figure 18: Binding curve resulted from the measurements the UV−visible absorption 

spectra of 4PBZH+C (5 µM) with different concentrations of CB7 at pH (pD) 3 in 

aqueous solution at 298 K with the nonlinear fit to a 2:1 host−guest binding model. 

 

The NMR titration data (Figure 17), however, allowed us to extract a 1:1 

host−guest stability constants (Figure 19) of 2.4 × 104 M−1 at approximately pH 3 (pD 

3) by monitoring the shifts in the NMR peak position of H-1 proton. However, low 

binding affinity was demonstrated in the NMR data at pD 7 (Figure 25) from the shifts 

observed upon the addition of CB7.  Figure 19 represent the binding curve resulted 

from the 1H NMR spectral measurements of 4PBZH+C (1 mM) with different 

concentrations of CB7 at pH 3 in aqueous solution with the nonlinear fit to a 1:1 

host−guest binding model (solid line and Experimental Section). The peak at ~7.18 

ppm (H-1) was monitored to construct the binding titration plot. Δδ represents the 

difference between the NMR peak for H-1 in the absence and presence of CB7. 
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Figure 19: Binding curve resulted from the 1H NMR spectral measurements of 

4PBZH+C (1 mM) with different concentrations of CB7 at pH 3 in aqueous solution 

with the nonlinear fit to a 1:1 host−guest binding model (peak at ~7.18 ppm (H-1) 

was monitored). 

 

3.5 Supramolecular Effects on Fluorescence and Apparent Host-Induced pKa* 

Shifts 

 

Figure 20: Fluorescence spectra recorded at different pH values for 35 µM of the free 

and CB7-complexed dye (500 µM for CB7) at different pH values in aqueous 

solution, and at room temperature upon the excitation of coumarin group at 375 nm. 

 

The spectra in Figure 18 reveal a significant fluorescence enhancement upon 

the addition of HCl in the absence or presence of CB7 with less amount of acid needed 
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in the latter case. The protonated and neutral forms emit a fluorescence signal in an 

aqueous medium at 410 nm and 460 nm, respectively, in the absence (Figure 21a) and 

the presence of CB7 (Figure 21b). The changes which give the plot in Figure 4 agree 

with the host-induced pKa shift in Figure 2, that, both the free or CB7-complexed BZ 

unit are either protonated at pH< 4 or neutral at pH> 9. The addition of CB7 (Figure 

19) slightly enhanced the emission from the neutral form, possibly because of some 

restriction imposed by the cavity of the host to their free rotation (confinement effects). 

 

Figure 21: Variations in the fluorescence spectra of 5 μM of 4PBZH+C (a) and 

4PBZC (b) with the addition of up to 300 μM of CB7. 

 

The extracted excited-state 2:1 host−guest binding constant (Figure 22) from 

photoluminescence data was 3.6 ± 0.3 × 106 M−2 at approximately pH 3. Figure 22 

represent the binding curve resulted from the measurements of the fluorescence spectra 

of 5 μM 4PBZH+C with different concentrations of CB7 at pH 3 in aqueous solution 

at 298 K with the nonlinear fit to a 2:1 host−guest binding model (solid line and 

Experimental Section). The change in fluorescence intensity (Relative Int.) is the 

difference between the emission in the absence and presence of CB7. 
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Figure 22: Binding curve resulted from the measurements of the fluorescence spectra 

of 5 μM 4PBZH+C with different concentrations of CB7 at pH 3 in aqueous solution 

at 298 K with the nonlinear fit to a 2:1 host−guest binding model. 

 

The DFT calculated binding energy (theoretical results) agrees with both the 

binding results from the NMR spectroscopy (1:1 binding) and the UV-visible 

spectrophotometry data (2:1 binding) depending on the concentration of the CB7 

(Figures 17, 18, and 19).  


