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Synthesis and Charactarisation of Copper-2,4-diaminotoluene:Cyclodextrin Nanomaterials 

Abstract 

The absorption and emission spectral maxima of 2,4-diaminotoluene (24DAT) in different concentrations of α-cyclodextrin (α-CD) and β-cyclodextrin (β-CD) at pH~3, pH ~7, and solvents, were analyzed using UV–visible absorption, fluorescence, time-resolved fluorescence measurements, and molecular modeling methods. Cu:24DAT:CD nanomaterials were prepared and characterized by SEM, DSC, FTIR, XRD, and ¹H NMR techniques. Under both pH conditions, 24DAT exhibited distinct absorption and emission shifts upon complexation with α-CD and β-CD. In all solvents, 24DAT showed a single broad emission band, whereas dual emission observed in CD solutions indicates the presence of an intramolecular charge transfer (ICT) process in this molecule. The fluorescence lifetimes of the inclusion complexes were greater than that of free 24DAT. SEM–EDX analysis confirmed the presence of 36.04% copper in the nanomaterials.
Key words : 2,4-diaminotoluene (24DAT), cyclodextrin, copper nano, pH effects, excimer.
1.  Introduction

The ability of cyclodextrins (CDs) to accommodate guest molecules of suitable size within their cavities has been widely utilized to control the photophysical and photochemical properties of various molecules, such as fluorescence enhancement and intramolecular excimer/exciplex formation [1–10]. Over the past two decades, we have investigated the solvent, pH, and CD dependences of the photophysical properties of various molecules [1-10] in both the ground and excited states. Since different organic molecules exhibit remarkable behavior depending on pH and microenvironmental conditions, it is worthwhile to study some substituted phenols under diverse conditions. In this work, we investigated the behavior of 2,4-diaminotoluene (24DAT) in the presence of α-CD and β-CD, which are widely used as model systems for studying cyclodextrin inclusion complexation. Owing to challenges in accurately modeling solvation effects, only gas-phase host–guest interactions were considered computationally. The interactions between 24DAT and the CDs were examined, and the experimental findings were compared with theoretical predictions. The present work focuses on: (i) analyzing the absorption and fluorescence spectral shifts of 24DAT in α-CD, β-CD, and solvents of different polarities; (ii) investigating the proton-transfer behaviour of 24DAT in aqueous, α-CD, and β-CD media; (iii) elucidating the structures and geometries of the inclusion complexes using PM3 molecular modeling; and (iv) examining the effect of doping 24DAT:CD complexes into copper nanomaterials, analyzed through DSC, FTIR, XRD, ¹H NMR, and SEM techniques [1-10].
2. Materials and Methods

2.1 Preparation of CD Solution

The stock solution of 2,4-diaminotoluene (24DAT) was prepared at a concentration of 2 × 10⁻² mol dm⁻³. Aliquots of 0.1 or 0.2 mL of this stock solution were transferred into 10 mL volumetric flasks. To each flask, varying concentrations of α-cyclodextrin (α-CD) or β-cyclodextrin (β-CD) (0.2–1.0 × 10⁻² mol dm⁻³) were added. The mixtures were then diluted to 10 mL with triply distilled water and thoroughly shaken. The final concentration of 24DAT in all solutions was maintained at 4 × 10⁻⁴ mol dm⁻³. All experiments were carried out at room temperature (298 K).
2.2 Synthesis of 2.2 Copper Nano and Cu:24DAT:CD nanomaterials

A 100 mL aqueous solution of CuSO₄ (1 × 10⁻³ mol dm⁻³) was taken in a round-bottom flask and reduced by the dropwise addition of 1% sodium borohydride under vigorous magnetic stirring on a hot plate. During the reduction process, the solution color changed from pale blue to reddish brown, indicating the formation of copper nanoparticles. Subsequently, 5 mL of 1% trisodium citrate was added dropwise as a stabilizing agent.
Separately, α-CD or β-CD (1 mmol) was dissolved in 40 mL of distilled water, and 24DAT (1 mmol) dissolved in 10 mL of ethanol was slowly added to the cyclodextrin solution. The mixture was stirred at 50 °C for 2 h. The freshly prepared copper nanoparticle solution was then added to this mixture, followed by additional stirring for 2 h at 40–50 °C. The resulting solution was freeze-dried using a mini-lyophilizer at −80 °C to obtain a powdered product.

The Cu:24DAT:CD nanomaterial was washed with small portions of ethanol and distilled water to remove unreacted 24DAT, excess copper, and free cyclodextrin. The purified precipitate was dried under vacuum at room temperature and stored in an airtight container. The resulting Cu:24DAT:CD powder samples were used for further characterization [11-16].
3. Results and Discussion
3.1. Effect of α-CD and β-CD on 2,4-diaminotoluene (24DAT)
The absorption and fluorescence maxima of 24DAT in pH~3 and pH ~7 phosphate buffer solutions containing varying concentrations of α-CD and β-CD are summarized in Table 1. These results demonstrate the changes in absorbance and fluorescence intensity of 24DAT upon the addition of α-CD and β-CD. The inclusion behavior of neutral and monocation form of 24DAT at pH~7 and pH ~3 was investigated.

In the absence of CDs, the absorption and emission maxima of 24DAT appear at the following wavelengths: pH ~3, λabs ≈ 278, 235 nm, λflu ≈ 330, 460 nm; pH ~7, λabs ≈ 290, 242 nm, λflu ≈ 340, 470 nm. At pH ~7, the absorption maximum at 290 nm and the emission maximum at 470 nm closely resemble those observed in non-aqueous solvents (cyclohexane (λabs ≈ 285, 235 nm, λflu ≈ 300, 460 nm), acetonitrile (λabs ≈ 289, 240 nm, λflu ≈ 320, 465 nm), methanol (λabs ≈ 290, 236 nm, λflu ≈ 330, 470 nm), and water (λabs ≈ 288, 235 nm, λflu ≈ 340, 470 nm), and therefore can be assigned to the neutral form of 24DAT. The above values reveals that the absorption and emission spectra of 24DAT in aqueous solution (pH ~7) are red shifted (278 → 290 nm and 460 → 470 nm, respectively) compared to those in other solvents.

	Concentration of 

CD x 10-3 M
	pH - 3.0
	pH – 7

	
	(abs
	log (
	(flu
	τ
	(abs
	log (
	(flu
	τ

	24DAT only

(without CD)
	278 235
	3.45 4.55
	330

462
	0.42
	285 240
	3.46 4.47
	340

470
	0.42

	0.2 M α-CD
	278 235
	3.38 4.26
	330

462
	0.46
	285 240
	3.50 4.62
	340

470
	0.48

	1.0 M α-CD
	278 235
	3.25 4.42
	330

462
	0.52
	285 240
	3.60 4.51
	340

470
	0.56

	0.2 M β-CD
	278 235
	3.36 4.54
	330

462
	0.51
	285 240
	3.44 4.65
	340

470
	0.52

	1.0 M β-CD
	278 235
	3.28 4.41
	330

462
	0.58
	285 240
	3.39 4.51
	340

470
	0.65

	Excitation wavelength (nm)
	
	
	270
	
	
	
	270
	

	K (1:1) x105 M-1  α-CD
	248
	
	428
	
	355
	
	552
	

	(G (kcalmol-1)   α-CD
	-13.90
	
	-15.26
	
	-14.80
	
	-15.91
	

	K (1:1) x105 M-1  β-CD
	235
	
	650
	
	265
	
	680
	

	(G (kcalmol-1)  β-CD
	-13.76
	
	-16.32
	
	-14.06
	
	-16.44
	


Table 1 Absorption and fluorescence maxima of 2,4-diaminotoluene (24DAT) with different α-CD and β-CD concentrations.

In acidic pH ~3, the spectral features remain largely unchanged, except for a blue shift in the absorption maximum relative to pH ~7. This hypsochromic shift indicates protonation of the amino group, resulting in the formation of the monocation species. These observations confirm that 24DAT exists predominantly in the monocation form at pH ~3 and in the neutral form at pH ~7 (Table 1). The results are consistent with the characteristic behavior of amino and hydroxyl functional groups [16-30]. In both the ground and excited states, the following effects were observed for 24DAT upon increasing α-CD and β-CD concentrations:

pH ~3: The absorbance slightly decreases at the same wavelengths in both α-CD and β-CD (λabs ≈ 270 and 235 nm). The fluorescence intensity decreases in the presence of α-CD, whereas it increases with β-CD at identical emission wavelengths (330 and 460 nm).

pH ~7: In α-CD, the absorbance increases without any significant spectral shift (λabs ≈ 290 nm). In contrast, in β-CD, the absorbance decreases at 290 and 242 nm, accompanied by hypsochromic shifts similar to those observed in the pH~3 medium. In both α-CD and β-CD, an enhancement in fluorescence intensity is observed at 340 and 470 nm.

The observed variations in absorbance, emission intensity, and spectral positions are attributed to the encapsulation of the 24DAT molecule within the α-CD and β-CD cavities. No significant changes in absorbance were detected even after 12 h, indicating the stability of the inclusion complexes. The presence of isosbestic points in the absorption spectra at all pH conditions, along with distinct spectral shifts, suggests the formation of different inclusion complexes between 24DAT and the cyclodextrins [16–20]. In general, the appearance of an isosbestic point is indicative of the formation of a well-defined 1:1 host–guest complex.

The binding constants (K) were determined from the slopes and intercepts of the Benesi–Hildebrand plots. Linear relationships were obtained from plots of 1/(A − A₀) versus 1/[CD] and 1/(I − I₀) versus 1/[CD] for both absorption and fluorescence data. In contrast, plots of 1/(A − A₀) or 1/(I − I₀) versus 1/[CD]² exhibited upward curvature, confirming the formation of a 1:1 inclusion complex between 24DAT and cyclodextrins. The thermodynamic parameter ΔG for the inclusion process is listed in Table 1. The negative ΔG values indicate that the inclusion process is spontaneous at 303 K and that the interaction between 24DAT and cyclodextrins is exothermic.

To confirm the inclusion of 24DAT within α-CD and β-CD cavities, solvent-induced changes in the absorption and fluorescence spectra were examined in selected solvents (values already given). The absorption maximum of 24DAT is red shifted from cyclohexane to acetonitrile, while a blue shift is observed in alcohol and water. The emission maxima exhibit a progressive red shift from cyclohexane to water. The appearance of longer-wavelength emission in polar solvents indicates the presence of intramolecular charge transfer (ICT) in all solvents. Further, compared with phenol and aniline, the absorption maxima of 24DAT are red shifted in all solvents (phenol in water: λabs ≈ 272–278 nm, λflu ≈ 330 nm; aniline in water: λabs ≈ 278 nm, λflu ≈ 335 nm), indicating enhanced electronic delocalization between the amino and methyl groups in 24DAT.

3.2 Excited Singlet State Lifetimes
To investigate CD induced changes in the fluorescence behavior of 24DAT, the emission decay profiles of the normal emission (340 nm) and long-wavelength (LW) emission (470 nm) were recorded in aqueous solution and in the presence of 0.01 M α-CD and β-CD (Table 1). In pure water, the monomer emission exhibited a very short decay time, which was significantly affected upon the addition of CDs. The fluorescence lifetimes of the guest–host inclusion complexes were notably longer than those of the free guest molecules. The lifetime of 24DAT increased in the order: water < α-CD < β-CD, indicating that the β-CD:24DAT inclusion complex is more stable than the corresponding α-CD complex.
The decay time of the LW emission increased markedly upon transitioning from aqueous to CD solutions. The observed increase in fluorescence lifetime with increasing CD concentration can be attributed to the encapsulation of 24DAT within the CD cavity. The lifetime values are dependent on the type of CD as well as the nature of the short-lived excited-state species, which may arise from vibrational restrictions imposed on 24DAT in the excited state. Longer lifetimes are associated with deep encapsulation of the guest molecule within the CD cavity, whereas shorter lifetimes correspond to loosely bound complexes. Compared to α-CD, β-CD is expected to provide deeper encapsulation, resulting in a greater enhancement of fluorescence intensity.

3.3. Molecular Modeling

The ground-state geometries of 24DAT, α-CD, and β-CD were optimized using the PM3 method, and the optimized structures are shown in Fig. 1. The calculated HOMO–LUMO energies, thermodynamic parameters (energy, enthalpy, entropy, and free energy), dipole moments, zero-point vibrational energies, and Mulliken charges of 24DAT, α-CD, β-CD, and their corresponding inclusion complexes are summarized in Table 2.
CDs have identical heights of approximately 7.8 Å. The interior cavity diameter of α-CD ranges from 4.7 to 5.3 Å, whereas that of β-CD ranges from 6.0 to 6.5 Å. The exterior cavity diameters of α-CD and β-CD are approximately 8.8 Å and 10.8 Å, respectively. Thus, both the interior and exterior cavity dimensions of α-CD are smaller than those of β-CD. In 24DAT, the vertical and horizontal distances between the CH₃ and NH₂ groups are 6.82 Å and 5.44 Å, respectively (Fig. 1). The vertical dimension of 24DAT exceeds the cavity size of both α-CD and β-CD, whereas the horizontal dimension is smaller than the corresponding cavity diameters. Based on the molecular dimensions and shape of 24DAT, encapsulation within both α-CD and β-CD cavities is feasible. Further, the optimized geometries of the inclusion complexes confirm that the guest molecule is successfully accommodated within the CD cavity.
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Fig. 1 PM3 optimized structures of (a, b) 24DAT (c, d) HOMO, LUMO of 24DAT
Table 2. Thermodynamic parameters and HOMO-LUMO energy calculations for 24DAT and its inclusion complexes by PM3 method.

	Properties
	24DAT
	α-CD
	β-CD
	24DAT-α-CD A
	24DAT-α-CD B
	24DAT-β-CD A
	24DAT-β-CD B

	EHOMO (eV)
	-7.98
	-10.05
	-9.99
	-8.07
	-8.01
	-7.77
	-8.09

	ELUMO (eV)
	0.65
	0.14
	0.12
	0.14
	0.12
	0.31
	0.02

	EHOMO – ELUMO (eV)
	-8.63
	-10.19
	-10.11
	-8.22
	-8.13
	-8.09
	-8.12

	µ (eV)
	-3.66
	-4.95
	-4.93
	-3.96
	-3.94
	-3.73
	-4.03

	χ (eV)
	3.66
	4.95
	4.93
	3.96
	3.94
	3.73
	4.03

	η (eV)
	4.31
	5.09
	5.05
	4.10
	4.06
	4.04
	4.05

	S (eV)
	2.15
	2.54
	2.52
	2.05
	2.03
	2.02
	2.02

	ω (eV)
	3.10
	4.81
	4.81
	3.82
	3.81
	3.44
	4.00

	Dipole (D)
	2.71
	9.92
	10.52
	6.80
	8.97
	6.60
	13.66

	E*
	10.92
	-1353.95
	-1577.74
	-1352.94
	-1357.02
	-1579.88
	-1579.99

	ΔE*
	
	
	
	-9.25
	-13.33
	-12.41
	-12.51

	G*
	70.96
	510.13
	606.37
	602.32
	601.18
	696.00
	693.99

	ΔG*
	
	
	
	21.21
	20.08
	18.66
	16.65

	H*
	99.80
	599.76
	704.03
	696.36
	696.40
	801.39
	801.99

	ΔH*
	
	
	
	-3.20
	-3.15
	-2.44
	-1.85

	S**
	96.73
	300.59
	327.58
	315.41
	319.37
	353.49
	362.24

	ΔS**
	
	
	
	-81.91
	-77.95
	-70.82
	-62.07


* kcal mol-1   ** kcal/mol-Kelvin
It is well established that van der Waals forces, including dipole–induced dipole interactions, depend on the distance between the guest molecule and the cyclodextrin (CD) cavity wall, as well as on the polarizability of the 24DAT compound. The interaction between the phenyl ring of 24DAT and the CD cavity plays a crucial role, as the phenyl moiety can achieve maximum contact with the internal surface of the CD cavity. These observations suggest that the inclusion of 24DAT within the CD cavity is governed by both hydrophobic and electronic interactions. The stability of the complex arising from hydrophobic interactions is partly attributable to van der Waals forces, but is predominantly driven by entropy effects associated with the release of structured water molecules.

Upon encapsulation within the CD cavity, the geometry of the 24DAT molecule undergoes slight modifications, with notable changes in dihedral angles, indicating that the guest adopts a specific conformation to achieve a stable inclusion complex. Significant variations found in the thermodynamic parameters of the CD:24DAT compared to the isolated guest molecule further confirm the formation of the inclusion complex. The polarity of the CD cavity is also altered upon guest inclusion. The negative values of energy, enthalpy, and Gibbs free energy indicate that the inclusion process is energetically and enthalpically favourable. Moreover, the negative ΔH values confirm that the complexation of 24DAT with CD is exothermic and enthalpy-driven, while the small negative ΔS value is attributed to changes in molecular ordering during complex formation.

3.4 Cu:24DAT:CD Nanomaterials Studies

3.4.1 Field Emission Scanning Electron Microscopy
The SEM images (Fig.2) illustrate the distinct structural transitions that occur during the formation of the nanocomposites: Nano Copper (a): The image reveals the presence of copper nanoparticles, which typically appear as clustered or granular structures with a high surface-area-to-volume ratio. 24DAT (b): The pure organic ligand exhibits a more uniform, possibly crystalline or smooth surface morphology compared to the metallic particles. Cu:24DAT:α-CD (c) and Cu:24DAT:β-CD (d): the nanocomposites show a significant change in topography. The integration of CDs leads to a more complex, structured matrix. The particles appear more aggregated and encapsulated, suggesting that the cyclodextrin molecules have successfully formed a host-guest framework around the copper and 24DAT components. The difference between image (c) and (d) highlights how the different cavity sizes of the alpha and beta cyclodextrins influence the final "packing" and grain size of the resulting nanocomposite. 
The SEM results confirm that the synthesis process effectively transformed the individual precursors into a heterogeneous nanocomposite. The change from the distinct shapes of nano copper and 24DAT to the more integrated structures in (c) and (d) proves the formation of the nanomaterials. SEM–EDX analysis confirms the presence of 63.96% carbon and 24.92% copper in the nanomaterials. The distinct structures observed for pure Cu nanoparticles, 24DAT, and support the formation of Cu–24DAT–CD nanomaterials.
3.4.2 Differential Scanning Colorimeter 
The DSC curve of α-CD shows three endothermic peaks at 79.2 °C, 109.1 °C, and 137.5 °C, while β-CD exhibits a broad endothermic peak at 128.6 °C. These endothermic peaks are attributed to the loss of crystal water from the CDs. The melting and boiling points of 24DAT show sharp peaks at 57 °C and 243 °C, respectively. A broader endothermic effect was observed for α-CD, β-CD, and their respective inclusion complexes as a consequence of water loss from the CDs. The DSC thermograms of the Cu–24DAT–CD complexes did not show peaks corresponding to pure 24DAT or CD; instead, new peaks appeared at 195 °C and 214 °C for Cu:24DAT:α-CD and Cu:24DAT:β-CD, respectively.
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c)  Cu -24DAT-α-CD



d)  Cu-24DAT-β-CD

Fig. 2 SEM images for a) Cu nano, b) 24DAT, c) Cu:24DAT:α-CD and d) Cu:24DAT:β-CD.
3.4.3 Powder X-Ray Diﬀractograms

Using JCPDS data, the mineral phase (3C) and the formation of a face-centered cubic (FCC) structure were confirmed. The corresponding hkl planes were indexed to (111), (200), (220), and (311). The Cu nano shows three distinct diffraction peaks at 2θ = 43.58°, 51.64°, and 74.75°. In contrast, the Cu:24DAT:CD nanomaterial exhibits diffraction peaks at 2θ = 36.05°, 46.21°, 79.54°, 116.36°, and 116.61°. Compared with isolated 24DAT, the XRD patterns of the Cu:24DAT:CD nanomaterials display different diffraction profiles and peak intensities, indicating the formation of inclusion complex nanomaterials. Further, several prominent diffraction peaks observed in the 20–80° range further support the formation of the nanomaterials.

3.4.4 Infrared spectral studies

FTIR results illustrate the successful formation of a Cu:24DAT: [image: image7.png]


β-CD nanocomposite by comparing its vibrational signature with that of the pure precursor (DAT). N-H Stretching: Primary amine groups exhibit characteristic doublet or broad peaks in the 3200–3500 cm-1 region. C=C Aromatic Stretching: Strong absorption bands around 1500–1600 cm [image: image8.png]


correspond to the skeletal vibrations of the benzene ring. C-N Stretching: Vibrations typically appearing between 1200–1350 cm-1. Out-of-Plane Bending: Peaks below 900 cm-1 are indicative of the substitution pattern on the toluene ring.
In Cu:24DAT:CD Nanocomposite, several key changes indicate the integration of copper ions and [image: image9.png]


CD. Interaction with Copper: The appearance of new bands in the fingerprint region (often between 400–650 cm-1[image: image10.png]


) is attributed to Cu-O or Cu-N bond vibrations, confirming metal coordination. Cyclodextrin Influence: The broad hydroxyl (O-H) band from CD (around 3300–3400 cm-1) often overlaps with the amine peaks of DAT. A noticeable "narrowing" or shift in this region typically confirms the formation of a host-guest inclusion complex. Peak Shifts: Significant shifts or decreases in the intensity of DAT's original functional group peaks suggest that the DAT molecules are encapsulated within the CD cavity or coordinated to the copper center, restricting their free vibration.
3.4.5 1H NMR Spectral Studies
The 1H NMR spectra of 24DAT and its inclusion complexes were recorded at 25 °C in DMSO-d₆ (Table 3). The information obtained from NMR analysis is based on proton chemical shifts, interaction sites between the guest and host (CD), and changes such as loss of resolution and broadening of signals observed for both host and guest protons. The 24DAT values are given below: 

Table 3. 1H-NMR chemical shift values for the 24DAT and Cu:24DAT:CD nanomaterials.

	
	Protons
	24DAT (δ)
	Cu:24DAT:α-CD 
	Cu:24DAT:β-CD 

	
	A - Ha
B- Hb
C - Hc
NH2 - Hd

CH3 – He
	6.79

6.03

5.99

3.45

2.03
	6.70

5.95

5.88

3.38

1.95
	6.73

5.98

5.91

3.40

1.98


The resonance assignments of the CD protons are well established and consist of six types of protons. The H-3 and H-5 protons are located in the interior of the CD cavity, and due to the interaction of the guest with the CD cavity, the chemical shifts of the H-3 and H-5 protons are affected in the inclusion complex. Only minor shifts are observed for the resonances of H-1, H-2, and H-4, which are located on the exterior of the CD.
Generally, the chemical shift values of guest protons show appreciable changes when guest molecules are included within the CD cavities. In the nano copper–CD nanomaterials, the chemical shift values of the 24DAT protons are shifted upfield. These results indicate that all the protons of 24DAT interact with the copper nanoparticles as well as with the CD cavity protons.
4. Conclusion
The absorption and emission spectral maxima of 24DAT in different concentrations of α-CD and β-CD at pH~3, pH~7, and in various solvents were analyzed. Under both pH conditions, 24DAT exhibited distinct absorption and emission spectral shifts upon complexation with α-CD and β-CD. 24DAT showed a single broad emission band in all solvents, whereas dual emission observed in CD solutions indicates the presence of an intramolecular charge transfer (ICT) process in this molecule. The fluorescence lifetimes of the inclusion complexes were greater than that of free 24DAT. SEM–EDX analysis confirmed the presence of 24.92% copper in the nanomaterials. The 24DAT molecule is more deeply entrapped in the nonpolar cavity of β-CD than in α-CD. The longer fluorescence lifetime of the 24DAT:β-CD complex compared to that of 24DAT:α-CD indicates that the former inclusion complex is more stable than the latter.
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