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Abstract 

The inclusion behavior of 4-methoxybenzoic acid (4MBA) with α-cyclodextrin and β-cyclodextrin in buffer solutions of pH ~3, 

~7, and ~11 was examined using UV-visible, steady-state and time-resolved fluorescence spectroscopy, along with PM3 

computational analysis. Ag: 4MBA: CD nanomaterials were synthesized and characterized by SEM, DSC, FTIR, XRD, and ¹H 

NMR techniques. Because 4MBA predominantly exists as a carboxylate anion in pH ~7 medium, the spectra of its neutral and 

monoanion forms were also recorded at pH ~3 and pH ~11, respectively. In both cyclodextrin solutions, smooth emission profiles 

were obtained at pH ~3, while structured emission bands appeared at pH ~7 and pH ~11, with greater band structure observed 

in alkaline medium. The CD-induced spectral changes at different pH values indicate that the geometries of the resulting 

inclusion complexes vary across media. Since the carboxylate group is ionized, ground-state dimer is not formed, however, 

excimer formed in the excited state. Lifetime measurements reveal that the β-CD: 4MBA complex is more stable than the α-CD 

counterpart. The calculated HOMO-LUMO energy gap, total energy, free energy, enthalpy, entropy, dipole moment, and zero-

point vibrational energy of the CD: 2AP complex differed significantly from those of the isolated 4MBA, α-CD and β-CD 

molecules, and both the vertical and horizontal bond lengths between the amino and hydroxy groups are smaller than the β-CD 

cavity size confirming the formation of an inclusion complex. SEM-EDX analysis confirms the presence of silver in the 

composite. FTIR, XRD, and NMR results collectively suggest strong interactions between 4MBA and the silver nanoparticles. 
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1. Introduction 

Cyclodextrins (CDs) readily form inclusion complexes 

with a wide range of guest molecules [1-14]. Their chemistry 

has attracted considerable interest not only because of appli-

cations in pharmaceutical formulations and separation tech-

nologies, but also because CD inclusion serves as an excellent 

model for enzyme-substrate interactions. These complexes are 

valuable for probing non-covalent intermolecular forces [1-

25]. In this context, we investigated the complexation behav-

ior of 4-methoxybenzoic acid (4MBA) with α- and β-cy-

clodextrins, which are well-established systems for modeling 

CD-guest interactions. Because of challenges associated with 

accurately treating solvation effects, only gas-phase host-

guest interactions were considered in the theoretical calcula-

tions. The interactions between 4MBA and CDs were ana-

lyzed and the experimental findings were compared with the-

oretical predictions. The present work examines: (i) absorp-

tion and fluorescence spectral shifts, as well as the first excited 

singlet-state lifetimes of 4MBA in α-CD, β-CD, solvents of 

varying polarity, and at different pH values; (ii) the proton-

transfer behavior of 4MBA in aqueous, α-CD, and β-CD me-

dia; (iii) the structures and geometries of the inclusion com-

plexes using PM3 molecular modeling; and (iv) the doping ef-

fect of 4MBA: CD systems on Ag nanomaterials characterized 

by DSC, FTIR, ¹H NMR, and SEM. 

2. Materials and Methods 

2.1. Preparation of CD Solution 

A stock solution of 4MBA (2 × 10-2 mol dm-3) was prepared, 

and aliquots of 0.1 or 0.2 mL were transferred into 10 mL vol-

umetric flasks. Varying concentrations of α-CD or β-CD (0.2, 

0.4, 0.6, 0.8, and 1.0 × 10-2 mol dm-3) were added, and the 

mixtures were diluted to the mark with triply distilled water 

and thoroughly shaken. The final concentration of 4MBA in 

all solutions was maintained at 4 × 10-4 mol dm-3. All meas-

urements were performed at room temperature (298 K). 

2.2. Synthesis of Ag: 4MBA: CD Nanomaterials 

A 0.01 M AgNO₃ solution was prepared in 50 mL of deion-

ized water and heated to 50-60°C for 30 minutes. Subse-

quently, 1-2 mL of 1% trisodium citrate (1 g in 100 mL deion-

ized water) was added with vigorous stirring. The appearance 

of a pale-yellow color indicated the formation of silver nano-

particles [26-30]. 

1 mmol of CD was dissolved in 40 mL of distilled water, 

and 1 mmol of 4MBA dissolved in 10 mL ethanol was added 

slowly to the CD solution. The mixture was stirred at 50°C for 

2 hours. The silver nanoparticle solution was then added and 

the resulting mixture was stirred for an additional 2 hours. The 

solution was gently concentrated by warming at 40-50°C until 

its volume was reduced by approximately 50%, followed by 

refrigeration overnight at 5°C. The resulting Ag-4MBA-CD 

nanomaterial precipitate was collected by filtration, washed 

with small amounts of ethanol and water to remove uncom-

plexed 4MBA, Ag, and CD, and dried under vacuum at room 

temperature. The final powdered samples were stored in air-

tight containers for further characterization [26-30]. 

3. Result and Discussion 

3.1. Effect of α-CD and β-CD on 4-

methoxybenzoic Acid at Different pH 

To investigate the inclusion behavior of the neutral and car-

boxylate forms of 4-methoxybenzoic acid (4MBA), also 

known as p-anisic or draconic acid, we examined its complex-

ation with α- and β-cyclodextrins in buffer solutions of pH ~3, 

~7, and ~11 (Table 1, Figure 1 and Figure 2). Since 4MBA 

predominantly exists as a carboxylate anion at pH ~7, spectra 

in pH ~3 and pH ~11 solutions were also recorded to confirm 

the absorption and emission maxima of the neutral and 

monoanionic species. In the absence of CD, the spectral char-

acteristics of 4MBA are as follows: (pH~3: λabs~256 nm, 

λflu~319 nm; pH~7: λabs~248 nm, λflu~270, 318, nm; pH~11: 

λabs~247 nm, λflu~302, 365, 430 nm). These results indicate 

that the neutral form predominates at pH ~3, while the carbox-

ylate anion is present at pH ~11. The emission band at 319 nm 

in pH ~2 resembles that observed in non-aqueous solvents (cy-

clohexane: λabs~252 nm, λflu~318 nm; acetonitrile: λabs ~257, 

218 nm, λflu~328 nm; methanol: λabs ~256 nm, λflu ~336 nm; 

water: λabs~256 nm, λflu~340 nm) confirming its assignment to 

the molecular (neutral) species. The absorption band of 

4MBA in water at pH ~7 exhibits a marked blue shift (247 nm) 

relative to acidic solution, where only a small red shift is ob-

served (256 nm at pH ~3). This behavior is consistent with 

ionization of the carboxyl group at pH ~7, as deprotonation 

generally produces a blue shift, while protonation of phenolic 

OH groups tends to produce red shifts [15-19]. 

In the ground and excited states, with an increasing the α-

CD and β-CD concentrations the following results were no-

ticed in 4MBA: 

a) pH ~3: The absorbance decreases in both α- and β-CD, 

though the absorption maximum remains essentially un-

changed (λabs ≈ 256 nm). The emission exhibits a blue shift (α-

CD: 319 → 308 nm; β-CD: 319 → 313 nm). Emission inten-

sity increases in α-CD but decreases in β-CD. Additionally, a 

weak band around 400 nm becomes slightly more intense with 

increasing CD concentration. 

b) pH ~7: In α-CD, absorbance increases without any ap-

preciable shift (λabs ≈ 248 nm). In β-CD, absorbance decreases 

and the band red-shifts (248 → 256 nm). The main emission 

band blue-shifts in both CDs (α-CD: 319 → 309 nm; β-CD: 
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319 → 315 nm), with intensity increasing in α-CD and de-

creasing in β-CD. The short-wavelength emission seen in wa-

ter (λflu ≈ 270 nm) disappears upon CD addition. 

c) pH ~11: In both CDs, absorbance slightly increases with 

no shift (λabs ≈ 247 nm). Distinct structured emission bands 

appear, and their intensities increase at corresponding wave-

lengths (α-CD: 270, 302, 365, 430 nm; β-CD: 270, 318, 365, 

430 nm). As observed at pH ~7, the short-wavelength emis-

sion at 270 nm present in aqueous solution is lost in CD media. 

Table 1. Absorption and fluorescence maxima and lifetime of 4MBA with different α-CD and β-CD concentrations. 

Concentration of 

α-CD x10-3 M 

pH -3 pH - 7 pH - 11 

abs log  flu τ abs log  flu τ abs log  flu τ 

4MBA only 

(without CD) 
256 3.27 319 0.26 248 3.15 

318 

270 
0.18 247 3.11 

365 

302 

270 

0.15 

0.2 M α-CD 257 3.27 311 0.38 248 3.19 312 0.31 247 3.12 

430 

365 

318 

0.19 

1.0 M α-CD 257 3.20 308 
0.65

0.13 
248 3.23 308 

0.57 

0.27 
247 3.16 

418 

365 

318 

0.24 

0.25 

0.2 M β-CD 257 3.25 314 0.56 254 3.27 313 0.60 247 3.14 
430 

361 
0.34 

1.0 M β-CD 257 3.20 313 
0.81

0.13 
256 3.18 313 

0.84 

0.22 
247 3.19 

440 

360 

0.44 

0.49 

K (1: 1) x105 M-1 

α-CD 
29.5  168.8  43.1  217.4  55.6  195.2  

G (kcalmol-1) α-

CD 
-8.5  -12.9  -9.5  -13.6  10.1  -13.3  

K (1: 1) x105 M-1 

β-CD 
99.5  247.2  65.6  166.0  25.2  201.3  

G (kcalmol-1) β-

CD 
-17.3  -13.9  -10.5  -12.9  -8.1  -13.4  

Excitation wave-

length (nm) 
  260    260    260  
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Figure 1. Absorbance spectra of 4MBA in different α-CD and β-CD concentrations (M): (1) 0, (2) 0.002, (3) 0.004, (4) 0.006, (5) 0.008 and 

(6) 0.01. 
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Figure 2. Fluorescence spectra of 4MBA in different α-CD and β-CD concentrations (M): (1) 0, (2) 0.002, (3) 0.004, (4) 0.006, (5) 0.008 and 

(6) 0.01. 

At pH ≈ 3 and pH ≈ 7, the absorption maxima remain nearly 

unchanged at higher β-CD concentrations. The fluorescence 

intensities follow the order pH ≈ 3 > pH ≈ 7 > pH ≈ 11, and 

the progressive decrease with increasing pH arises because the 

carboxylate anion exhibits weaker fluorescence than the neu-

tral species. In both CD solutions, smooth and featureless 

emission spectra are observed at pH ≈ 3, whereas structured 

emission bands appear at pH ≈ 7 and pH ≈ 11, with the most 

pronounced spectral structure evident in alkaline medium. 

The variations in absorbance, emission intensity, and spec-

tral maxima are attributed to the encapsulation of 4MBA 

within the α-CD and β-CD cavities. No significant changes are 

observed in the absorption spectra even after 12 h, indicating 

stable inclusion. The influence of α-CD and β-CD on the ex-

cited state of 4MBA is more significant than their effect on the 

ground state. Fluorescence enhancement is stronger at pH ≈ 3 

and pH ≈ 7 than at pH ≈ 11. In α-CD, fluorescence intensity 

increases at both pH ≈ 3 and pH ≈ 7, whereas in β-CD it de-

creases relative to the CD-free solution. The distinct spectral 

shifts in absorption and fluorescence across different pH val-

ues clearly indicate the formation of different types of inclu-

sion complexes. 

At all three pH values, the absence of an isosbestic point 

and the presence of red or blue shifts in the absorption spectra 

confirm the formation of multiple inclusion complexes be-

tween 4MBA and CDs [15-25]. Moreover, at pH ≈ 3, the ab-

sorption and emission profiles differ markedly from those at 

pH ≈ 7 and pH ≈ 11, implying the existence of at least two 

distinct inclusion species. The binding constants for the 

4MBA-CD complexes were obtained from Benesi-Hildebrand 

plots. The negative ΔG values indicate that complex formation 

is spontaneous and exothermic at 303 K (Table 1). 

The emission of 4MBA is strongly pH-dependent, with the 

Stokes shift reaching its maximum at pH ≈ 3. Such broad 

Stokes-shifted emission in acidic media is typical for aromatic 

molecules bearing electron-withdrawing substituents such as 

COOH [15-30]. These observations may arise from several 

processes, including ground-state dimer formation, excimer 

formation, or excited-state charge-transfer interactions. The 

appearance of a broad band at pH ≈ 3 suggests the predomi-

nance of the monomeric form at this pH. Although the long-

wavelength emission (≈ 400 nm) is weak at pH ≈ 3, dual flu-

orescence is observed in both CD solutions. In β-CD, the 

emission intensity decreases at 315 nm but increases near 400 

nm. In α-CD, the well-defined emission structure at pH ≈ 7 

and pH ≈ 11 indicates possible excimer formation in the ex-

cited state, likely facilitated by hydrogen bonding. Ground-

state dimerization is unlikely due to ionization of the carboxyl 

group. The gradual increase in emission intensity around 400 

nm with rising CD concentration further supports excimer for-

mation at pH ~ 3. 

In the excited state, the emission intensity of 4MBA is very 

weak in aqueous CD-free solutions at pH ≈ 7 and pH ≈ 11. 

However, upon increasing the concentration of CDs, the fluo-

rescence intensity increases markedly and distinct vibronic 

bands become evident. In this molecule, the methoxy group 

serves as the electron donor, while the -COOH group acts as 

the electron acceptor. Under acidic conditions and in the pres-

ence of CDs, the carboxyl group becomes more effectively 

conjugated with the aromatic π-system, leading to enhanced 

charge separation within the molecule. The large Stokes shift 

observed in water indicates the involvement of dipolar reso-

nance structures (Scheme 1). 

 
Scheme 1. Neutral and ionic form for 4MBA. 

http://www.sciencepg.com/journal/am


Advances in Materials http://www.sciencepg.com/journal/am 

 

55 

CDs preferentially encapsulate the neutral form of benzoic 

acid derivatives over their anionic counterparts, due to the 

more favorable fit of the neutral species within the hydropho-

bic cavity [15-20]. The higher binding constant at pH ≈ 3 sup-

ports this view, suggesting that the COOH group is more ef-

fectively included inside the CD cavity than the deprotonated 

carboxylate form. 

As noted earlier, increasing the concentration of α-CD or β-

CD at pH ≈ 7 and pH ≈ 11 results in a significant enhancement 

of fluorescence intensity, whereas at pH ≈ 3 the emission in-

tensity decreases. In β-CD, the red shift observed in the 

ground state at pH ≈ 7 suggests partial deprotonation of the 

carboxylate anion. These findings indicate that, in aqueous so-

lution, structure II is predominant, while in CD solutions 

structure I become more favored. This shift in electronic struc-

ture accounts for the differing emission behavior observed at 

pH ≈ 3, pH ≈ 7, and pH ≈ 11. 

The distinct spectral responses of 4MBA upon CD addition 

at different pH values also imply that the geometry and orien-

tation of the guest molecule inside the CD cavity vary with pH. 

As is well established, hydrophobic interactions drive the en-

capsulation process, with the hydrophobic moiety such as the 

methoxy group preferentially entering the deeper nonpolar re-

gion of the cavity, while the COOH/COO⁻ group resides near 

the rim of the CD cavity [15-30]. 

3.2. Excimer Emission 

The increase in long-wavelength (LW) emission intensity 

observed in CD solutions can be explained as follows. The 

appearance of a broad emission band in aqueous CD media 

suggests that 4MBA may form a 1: 2 inclusion complex with 

CDs, in which two guest molecules occupy a single CD cavity 

[31-33]. As the CD concentration increases, the intensity of 

the LW band shows a slight enhancement accompanied by no-

ticeable band broadening, while the position of the short-

wavelength (SW) fluorescence maximum remains essentially 

unchanged. This broad LW emission is attributed to excimer 

fluorescence. The excimer may form either through a 1: 2 CD: 

(4MBA)₂ complex or through a 2: 2 (CD: 4MBA)₂ assembly 

generated via self-association of the 1: 1 CD-4MBA complex 

[31-33]. The mechanism of excimer formation has been elab-

orated in our earlier publications [15, 16]. 

To substantiate the excimer fluorescence in the presence of 

α-CD and β-CD, solvent-induced changes in the absorption 

and fluorescence spectra of 4MBA were examined. The spec-

tral maxima in various solvents are listed in Table 2. The re-

sults show that the absorption and emission maxima of 4MBA 

in different solvents closely resemble those reported for 4-hy-

droxybenzoic acid (4HBA) [34, 35] (cyclohexane: λabs~251 

nm, λflu~318 nm; acetonitrile: λabs ~258, 218 nm, λflu~328 nm; 

methanol: λabs ~255 nm, λflu ~338 nm; water: λabs~283, 254 nm, 

λflu~338 nm). In all solvents, 4MBA exhibits a single broad 

fluorescence band. Compared to cyclohexane, the fluores-

cence maxima in acetonitrile and methanol show slight red 

shifts. The absence of any LW emission band indicates that 

neither ICT nor exciplex formation occurs in these solvents. 

Relative to 4-hydroxy-3-methoxy benzoic acid (HMBA) (cy-

clohexane: λabs ~287, 260, 216 nm, λflu~320 nm; acetonitrile: 

λabs~290, 258, 218 nm, λflu~330 nm; methanol: λabs ~294, 264, 

220 nm, λflu ~ 340 nm; water: λabs ~283, 254, 216 nm, λflu ~340 

nm) [34, 35], the absorption maxima of 4MBA are blue-shifted 

in all solvents. This blue shift arises because HMBA undergoes 

intramolecular hydrogen bonding, which is not possible in 

4MBA or 4HBA. Furthermore, when compared with phenol 

[15-19], the absorption maxima of 4MBA and 4HBA are blue-

shifted in all solvents (water: λabs ≈ 272-278 nm, λflu ≈ 330 nm), 

indicating that conjugation between the carboxyl group and the 

hydroxyl/methoxy substituent is minimal. 

3.3. Excited Singlet State Lifetimes 

To investigate the CD-induced changes in the fluorescence 

behavior of 4MBA, time-resolved emission decays were rec-

orded in water and in 0.01 M CD solutions (α-CD and β-CD) 

(Table 1). The fluorescence lifetime of 4MBA is strongly in-

fluenced by the presence of CDs, with the lifetimes of the in-

clusion complexes being markedly longer than that of the free 

molecule. The τ values depend on the type of CD and on the 

characteristics of short-lived emissive species. The lifetimes 

follow the order: water < α-CD < β-CD, indicating that the β-

CD: 4MBA complex is more stable than the α-CD: 4MBA 

complex. The progressive increase in τ with increasing CD 

concentration reflects the encapsulation of 4MBA within the 

CD cavity. Longer lifetimes correspond to deeper, more rigid 

inclusion of the guest, whereas shorter lifetimes indicate a 

more weakly associated complex. The excimer decay time 

also increases significantly from water to CD solutions. 

In CD media, the decay profile monitored at the long-wave-

length (LW) emission (~400 nm) differs distinctly from that 

observed at the short-wavelength (SW) emission (~319 nm). 

This behavior can be attributed to excimer formation within 

the CD cavity, consistent with the LW emission band and with 

the steady-state fluorescence results discussed earlier. The 

monomer emission lifetime is very short in water and remains 

sensitive to CD addition. Notably, the rise time of the excimer 

emission which is distinct from the fast decay component of 

the monomer emission—increases with CD concentration, 

while no rise time is detected in water. These observations 

demonstrate that the excimer formed in the CD: 4MBA inclu-

sion complex differs fundamentally from any excimer-like 

species in solution without CDs. Overall, the results confirm 

that excimer formation is significantly more favorable in CD 

media than in ordinary solvents. 

3.4. Molecular Modeling 

To gain deeper insight into the mode of guest encapsulation 

within the CD cavity, molecular docking simulations were 

performed for 4MBA with α-CD and β-CD using molecular 
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modeling techniques, with the objective of constructing relia-

ble structures of the inclusion complexes. The geometries of 

4MBA and the CD ring structures were optimized using the 

PM3 method (Figure 3), and the corresponding energy param-

eters are listed in Table 2. The HOMO, LUMO, dipole mo-

ment, total energy, free energy, enthalpy, entropy, and zero-

point vibrational energy values of 4MBA, α-CD, and β-CD 

differ markedly from those of their inclusion complexes. Mul-

liken charge analysis shows nearly zero charge transfer be-

tween the host and guest, confirming the absence of signifi-

cant charge-transfer interactions. The thermodynamic param-

eters (ΔE, ΔG, and ΔH) indicate that the formation of the 

4MBA-CD complexes is predominantly enthalpy-driven and 

energetically favorable. 

The interior cavity diameters of α-CD and β-CD are approxi-

mately 4.7-5.3 Å and 6.0-6.5 Å, respectively, while their exterior 

diameters are 8.8 Å (α-CD) and 10.8 Å (β-CD); both CDs have 

an identical height of about 7.8 Å. The vertical and horizontal 

distances between the COOH and OCH₃ groups in 4MBA are 

8.33 Å and 4.33 Å, respectively (Figure 3). The vertical dimen-

sion of 4MBA exceeds the interior cavity size of both α-CD and 

β-CD, whereas the horizontal dimension is smaller. Molecular 

docking of the inclusion complexes shows that part of the OCH₃ 

group protrudes outside the hydrophobic CD cavity, while the 

COOH group forms hydrogen bonds with the CD-OH groups. 

These non-bonded interactions between the carboxyl group of 

4MBA and CD hydroxyl groups likely contribute to differences 

in structural stability among the complexes. To further validate 

the host-guest interactions, solid-state inclusion complexes were 

prepared and characterized using SEM, DSC, FT-IR, and ¹H 

NMR techniques. The results confirm successful encapsulation 

of 4MBA within the CD cavity. 

Table 2. Thermodynamic parameters and HOMO-LUMO energy calculations for 4MBA and its inclusion complexes by PM3 method. 

Properties 4MBA α-CD β-CD 4MBA: α-CD 4MBA: β-CD 

EHOMO (eV) -9.63 -10.37 -10.35 -9.12 -9.20 

ELUMO (eV) -0.74 1.26 1.23 0.54 0.58 

EHOMO -ELUMO (eV) -8.89 -11.63 -11.58 -9.66 -9.78 

Dipole moment (D) 6.21 11.34 12.29 10.81 10.93 

E* -100.53 -1247.62 -1457.63 -1356.43 -1519.27 

E*    -8.28 -171.12 

G* 60.52 -676.37 -789.52 -649.18 -727.34 

ΔG*    -33.6 -111.45 

H* 91.40 -570.84 -667.55 -612.23 -685.94 

ΔH    -132.79 -109.75 

S** 0.103 0.353 0.409 0.462 0.495 

ΔS**    0.006 -0.017 

ZPE* 64.28 635.09 740.56 715.75 822.36 

Mullikan charge 0.00 0.00 0.00 0.00 0.00 

*kcal/mol; **kcal/mol-Kelvin; ZPE = Zero point vibration energy 

   
                                                              HOMO                 LUMO 

Figure 3. PM3 optimized structures of 4MBA, HOMO, LUMO of 4MBA. 

http://www.sciencepg.com/journal/am


Advances in Materials http://www.sciencepg.com/journal/am 

 

57 

 

3.5. Inclusion Complex Nanomaterials Studies 

3.5.1. Scanning Electron Microscopy (SEM) 

The powdered samples of Ag nanoparticles, 4MBA, and the 

nanomaterials Ag: 4MBA: α-CD and Ag: 4MBA: β-CD were 

examined by SEM (Figure 4). Ag nanoparticles exhibited ir-

regularly shaped particles, while 4MBA appeared in crystal-

line or marble-like structures. The Ag: 4MBA: α-CD sample 

also showed irregular particle morphology, whereas Ag: 

4MBA: β-CD displayed nanorod-like structures. SEM-EDX 

analysis confirmed the presence of 42.3% carbon, 48.4% ox-

ygen, and 9.3% silver in the nanomaterials. The distinct mor-

phological features observed for Ag nanoparticles, pure 

4MBA, and the inclusion-complex nanomaterials support the 

successful formation of Ag: 4MBA: CD assemblies. 

  
a) Ag nano                               b) 4MBA 

  
c) Ag-4MBA-α-CD                           d) Ag-4MBA-β-CD 

Figure 4. SEM images for a) Ag nano, b) 4MBA, c) Ag: 4MBA: α-CD and d) Ag: MBA: β-CD. 

3.5.2. Differential Scanning Colorimeter 

DSC thermograms of 4MBA, α-CD, β-CD, and their corre-

sponding nanomaterials were analyzed. β-CD exhibited a 

broad endothermic peak at 128.6°C, while α-CD showed three 

endothermic transitions at 79.2°C, 109.1°C, and 137.5°C, all 

attributed to the release of crystal water [36-45]. The DSC 

curve of 4MBA presented a sharp endothermic peak at 184°C, 

corresponding to its melting point. The broader endothermic 

features in α-CD, β-CD, and the nanomaterials are associated 

with water loss from the CDs. Notably, the nanomaterials dis-

played new endothermic peaks at 226°C (Ag: 4MBA: α-CD) 

and 249°C (Ag: 4MBA: β-CD), confirming the formation of 

new solid-state structures. 

3.5.3. Infrared Spectral Studies 

FTIR spectra of the nanomaterials were compared with 

those of pure 4MBA, α-CD, and β-CD. In 4MBA, the -OH 

stretching band appears at 3029-2984 cm⁻¹, while the COOH 

bending vibration occurs at 1429 cm⁻¹. Aromatic C-H and 

C=C stretching bands are observed at 2956 cm⁻¹ and 1518 cm-

1, respectively. The O-CH₃ stretching band appears at 2845-

2729 cm-1, and the C=O and COO⁻ bands occur at 1688 cm-1 

and 1608 cm-1, respectively. The Ar-OCH₃ stretching band ap-

pears at 1267 cm-1, with out-of-plane ring deformation at 617-

598 cm-1. 
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In the Ag: 4MBA: CD nanomaterials, many of these char-

acteristic peaks either diminish in intensity or disappear. The 

C=O band shifts to 1605 cm-1, the aromatic ring stretching 

band appears at 1346 cm-1, and the Ar-OCH₃ deformation 

band shifts to 561 cm-1. These spectral changes indicate that 

4MBA and CD surround and stabilize the Ag nanoparticles, 

confirming the formation of Ag: 4MBA: CD nanomaterials. 

3.5.4. X RD Spectral Studies 

The crystallinity of the nanoparticles was examined using 

their XRD patterns [36-45]. Pure Ag nanoparticles exhibited 

distinct diffraction peaks at 38.11°, 44.30°, 64.45°, and 77.40°, 

characteristic of the face-centered cubic lattice of metallic sil-

ver. The XRD profile of α-CD showed crystalline reflections 

at approximately 11.94°, 14.11°, and 21.77°, while β-CD dis-

played peaks near 11.49° and 17.58°. The intensity and ap-

pearance of these peaks may vary depending on the sample 

preparation conditions. Several crystal structures have been 

reported for this compound, most of which feature O-H···O 

hydrogen-bonded inversion dimers. For 4MBA, characteristic 

peaks were observed at 13.13°, 17.26°, 19.23°, 22.74°, 25.61°, 

28.82°, and 33.21°. The XRD pattern of the Ag/4MBA: β-CD 

nanomaterials displayed distinct reflections at 11.13°, 13.43°, 

18.26°, 29.25°, 36.76°, 44.63°, 55.86°, 66.04°, and 72.75°. 

Variations in peak intensity and the presence of new peaks 

relative to the pure components confirm the formation of new 

nanomaterials. 

3.5.5. Proton Magnetic Resonance Spectral Studies 

Typically, appreciable chemical-shift changes in the guest 

proton signals are observed when guest molecules are encap-

sulated within CD cavities. The proton assignments of CDs 

are well established and consist of six types of protons, with 

H-3 and H-5 located inside the cavity. Inclusion-induced in-

teractions with the CD interior generally influence the chemi-

cal shifts of these H-3 and H-5 protons, whereas only minor 

changes occur for the exterior protons (H-1, H-2, and H-4). 1H 

NMR spectra of isolated 4MBA and its inclusion complexes 

were recorded at 25°C in DMSO-d6, and the data are summa-

rized in Table 4. Notable differences in the chemical-shift val-

ues of the nanomaterials compared with free 4MBA were ob-

served. The aromatic protons of 4MBA exhibited upfield 

shifts upon complexation, indicating interactions between 

these aromatic protons and the CD cavity environment. The 

higher chemical-shift value observed for the hydroxy proton 

suggests hydrogen bonding between this proton and the hy-

droxyl groups of the CD. Additionally, the aromatic ring pro-

tons displayed a larger upfield shift than the methyl protons, 

implying that the aromatic ring is strongly shielded within the 

nanomaterial matrix and penetrates deeply into the nano-Ag-

CD cavity. 

Table 3. 1H-NMR chemical shift values for the 4MBA and Ag: 4MBA: CD nanomaterials. 

Protons 4MBAP (δ) Ag: 4MBA: α-CD Ag: 4MBA: β-CD 

Ha - COOH 12.70 5.71 5.74 

Hb -Ortho to COOH 7.93 4.80 4.83 

Hc -Meta to COOH 7.04 4.48 4.51 

Hd - OCH3 3.84 2.49 2.51 

 

4. Conclusion 

The effects of α-CD and β-CD on 4-methoxybenzoic acid 

(4MBA) were examined at pH ~3, pH ~7, and pH ~11. Ag: 

4MBA: CD nanomaterials were characterized using UV-visible 

and fluorescence spectroscopy, SEM-EDX, DSC, FTIR, XRD, 

and ^1H NMR techniques. In pH ~7 buffer, 4MBA predomi-

nantly exists as the carboxylate anion. In the ground state, no 

significant spectral changes were observed in α-CD or β-CD at 

pH ~3; however, at pH ~7, a red shift in the absorption maxi-

mum occurred in β-CD. In the excited state, blue shifts in the 

emission maxima were observed in both CDs at pH ~3 and pH 

~7, while at pH ~11, structured multi-band emission appeared 

in both systems. The differing spectral responses of 4MBA 

upon addition of CDs at the three pH values indicate that the 

geometries of the inclusion complexes vary with pH. The struc-

tured emission observed at pH ~7 and pH ~11 further suggests 

excimer formation in the excited state. The lifetime values in-

creased in the order: free 4MBA < α-CD < β-CD, demonstrating 

that the β-CD: 4MBA inclusion complex is more stable than the 

corresponding α-CD complex. SEM-EDX analysis confirmed 

the presence of silver in the nanomaterials. Results from DSC, 

FTIR, XRD, and NMR collectively indicate that 4MBA inter-

acts effectively with the Ag nanoparticles. 

Abbreviations 

FTIR Fourier Transform Infrared Spectroscopy 
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DTA Differential Thermal Analysis 

XRD X-ray Diffraction 

SEM Scanning Electron Microscopy 

HOMO Highest Occupied Molecular Orbital 

LUMO Lowest Unoccupied Molecular Orbital 

4MBA 4-methoxybenzoic Acid 

Ag NPs Silver Nanoparticles 

α-CD Alpha Cyclodextrin 

β-CD Beta Cyclodextrin 

PM3 Parametric Method 3 

ΔE Iinternal Energy Change 

ΔH Enthalpy Change 

ΔG Free Energy Change 

ΔS Entropy Change 
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