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Abstract

The spectral properties of the copper—4-anisidine—cyclodextrin (Cu: 4AS: CD) nanomaterial were examined using absorption,
fluorescence, time-resolved fluorescence, SEM, DSC, FTIR, XRD, H NMR, and molecular modeling techniques. The distinct
spectral variations observed for 4AS upon adding a-CD and B-CD at different pH values indicate that the resulting inclusion
complexes adopt different structural geometries. While 4AS exhibits a single emission maximum in all solvents and in a-CD
solutions, dual emission bands are observed in $-CD. The confined geometry of the a-CD cavity likely restricts the free rotation
of the amino or methoxy substituents of 4AS, suppressing the formation of the intramolecular charge-transfer (ICT) state and
thereby enhancing the normal emission. 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 4AS,
a-CD and B-CD molecules, and both the vertical and horizontal bond lengths between the amino and methoxy groups are smaller
than the B-CD cavity size confirming the formation of an inclusion complex. SEM images and EDX analysis of the Cu: 4AS: -
CD nanomaterial reveal the presence of copper. In the FTIR spectra, several characteristic peaks disappear in the Cu: 4AS: CD
nanoparticles, indicating strong interactions between 4AS and copper nanoparticles. The H NMR spectra show both upfield and
downfield shifts of 4AS proton signals support strong coordination of 4AS with copper in the CD-based nanomaterials.
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1. Introduction

Cyclodextrins (CDs) readily form inclusion complexes by a hydrophobic inner cavity and a hydrophilic exterior. Ow-
with a wide range of guest molecules whose polarity and di- ing to this structural versatility, CDs have found extensive ap-
mensions complement their unique architecture, characterized plications in the pharmaceutical industry [1-20]. They are also

widely used as model systems for proteins and enzymes, as
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their interactions with various substrates often resemble those
observed in biological systems. In pharmaceutical formula-
tions, the inclusion of drug molecules within CD cavities can
significantly modify drug properties. The increasing interest
in CDs arises from their ability to enhance the solubility,
chemical stability, and bioavailability of poorly soluble drugs,
reduce toxicity, and regulate drug-release rates, among other
benefits [1-20]. Hence, understanding the inclusion behavior
of diverse molecular systems is of considerable importance.

In this context, we report: (i) the absorption and fluores-
cence spectral shifts, as well as the first excited singlet-state
lifetimes of 4-anisidine (4AS) in a-CD, B-CD, and in solvents
of varying polarity and pH; (ii) the proton-transfer behavior of
4AS in aqueous, o-CD, and -CD media; (iii) the structural
features and geometries of the inclusion complexes based on
PM3 molecular modeling; and (iv) the influence of 4AS: CD
doping on copper nanomaterials, examined using DSC, FTIR,
H NMR, and SEM techniques [21-25].

2. Materials and Methods

2.1. Preparation of CD Solution

A 2 %10~ =AM stock solution of 4-anisidine (4AS) was pre-
pared. Aliquots of 0.1 or 0.2 mL of this stock solution were
transferred into separate 10-mL volumetric flasks, followed
by the addition of a-CD or B-CD solutions at varying concen-
trations (0.2, 0.4, 0.6, 0.8, and 1.0 <10~ 2M). Each mixture
was then diluted to 10 mL with triply distilled water and thor-
oughly shaken. The final concentration of 4AS in all samples
was maintained at 4 <10~ * M. All measurements were per-
formed at room temperature (298 K).

2.2. Preparation of Cu: 4AS: CD Nanomaterials

A1 x10°M CuSO, solution (100 mL) in a round-bottom
flask was reduced by the dropwise addition of 1% sodium bo-
rohydride while stirring vigorously on a magnetic stirrer—hot
plate. As reduction progressed, the solution color changed
from pale blue to reddish brown. Subsequently, 5 mL of 1%
trisodium citrate was added dropwise as a stabilizing agent.

Separately, CD (1 mmol) was dissolved in 40 mL of dis-
tilled water, and 4AS (1 mmol) dissolved in 10 mL of ethanol
was slowly added to the CD solution. The mixture was stirred
at 50<C for 2 hours. The freshly prepared copper nanoparticle
solution was then added and the combined mixture was stirred
for an additional 2 hours. The resulting dilute solution was
gently heated to 40-50 T until its volume was reduced by ap-
proximately 50%. The solution was then refrigerated over-
night at 5<C. The precipitated Cu—4AS—CD nanomaterial was
collected by filtration, washed with small amounts of ethanol
and water to remove uncomplexed 4AS, copper, and CD, and
then dried under vacuum at room temperature. The purified
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powder was stored in an airtight container and used for subse-
guent analyses [26-35].

3. Results and Discussion

3.1. Absorption and Fluorescence Spectral
Results

The absorption and fluorescence maxima of 4-anisidine
(4AS) in pH ~3, pH ~7 and pH ~11 phosphate buffer solutions
containing various concentrations of a-CD and -CD are sum-
marized in Table 1 and depicted in Figs. 1 and 2. These data
were used to examine the inclusion behavior of the neutral and
monocationic forms of 4AS across the three pH conditions. In
CD-free solutions, 4AS exhibits the following spectral char-
acteristics: pH ~3: haps = 280, 222 nm; Aqy = 368 nm, pH ~7:
Aabs = 295, 232 nm; Aay = 369 nm, pH ~11: Aaps = 295, 231 nm;
Asiy = 368 nm. These results confirm that 4AS exists predomi-
nantly as the monocation at pH ~3 and in the neutral molecular
format pH ~7 and pH ~11. At pH ~7, the absorption (295, 232
nm) and emission (369 nm) maxima correspond closely to
those observed in non-aqueous solvents, supporting assign-
ment to the molecular (neutral) species.

Upon increasing a-CD and B-CD concentrations, the fol-
lowing trends were observed in the ground-state.

a) pH ~3: Absorbance increases in both CDs, accompanied
by a blue shift (from 280, 222 nm to 272, 220 nm).

b) pH ~7: In a-CD, absorbance increases without signifi-
cant spectral shifts (295, 231 nm).

In B-CD, absorbance decreases at 295 nm while a new band
appears at 272 nm, indicating a hypsochromic shift resem-
bling the spectrum in acidic (pH ~2) medium.

c) pH ~11: Both a-CD and B-CD show a slight increase in
absorbance at unchanged wavelengths (295, 231 nm). The
overall spectral pattern resembles that of CD-free pH ~7 solu-
tion.

With increasing a-CD and p-CD concentrations the follow-
ing trends were observed in the excited state.

a) pH ~3: In a-CD, emission intensity increases with a small
blue shift (369 — 363 nm). In B-CD, emission at 369 nm de-
creases, while a weak band grows around 440 nm.

b) pH ~7: In a-CD, emission intensity increases at 368 nm.
In B-CD, emission at 368 nm decreases, whereas new emis-
sion enhancements appear at 325 nm and 440 nm.

c) pH ~11: Emission intensity increases in a-CD and de-
creases in B-CD at 368 nm. Overall fluorescence is much
weaker at pH ~11.

At high B-CD concentrations, the absorption maxima at pH
~2 and pH ~7 become nearly identical. Similarly, at pH ~11,
the absorption maxima in high B-CD levels match those of
CD-free pH ~7 solution. The very weak fluorescence intensi-
ties at pH ~11 are attributed to the monoanion, which is con-
siderably less fluorescent than the neutral species.
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Table 1. Absorption and fluorescence maxima of 4-Anisidine (4AS) with different a-CD and -CD concentrations.

Concentration of
CD x103M

4AS only
(in water)

0.2M o-CD

1.0 M o-CD

0.2 M B-CD

1.0 M B-CD

K (1: 1) x10°Mtin 0-CD
AG (kcal mol?) in a-CD
K (1: 1) x10°Min B-CD
AG (kcal mol?) in B-CD

Excitation wavelength (nm)

pH - 3.0
Aabs loge A T
280 369 0.47
222 3.7 323 0.23
273 364 0.51
220 3.28 324 0.20
272

332 363 0.64
220 324 0.14
273

3.00 368 0.53
220
272 0.71
220 3.33 367 0.18
98 127
-11.55 -17.0
227 877
-13.6 -17.0

280

Absorbance

0.0

25

225 250 275
Wavelength (nm)

pH -7 pH- 11
Aabs loge  Afu T Aabs loge Amu T
295 0.59 295
231 3.35 368 231 330 368 024
296 295
233 3.37 367 0.62 932 333 368 0.26
296 295
3.43 367 0.72 338 369 0.29
232 232
295
295
275 3.18 365 0.62 231 332 368 0.27
221
272 0.81 294
2.70 363 334 368 0.32
220 0.22 232
81 220 173 326
-11.0 -13.5 -129 -145
256 253 216 382
-13.9 -13.9 -135 -14.9
290 290
2.0 4
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Figure 1. Absorbance spectra of 44S in different a-CD and p-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 44S in different a-CD and concentration(M): (1)-0, (2) 0.002, (3) 0.004, (4) 0.006, (5) 0.008 and (6) 0.01.
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Compared to other solvents (cyclohexane: Aaps~305, 236 nm,
Aiy~337 nm; acetonitrile: Aas ~308, 240 nm, Aqy~357 nm;
methanol: Aaps ~300, 236 nm, Any ~362 nm) the absorption
maxima of the 4AS in water (pH~7) is blue shifted (295, 232
nm) and emission spectrum is red shifted (365 nm) [36]. On
comparison to aniline (cyclohexane: Aaps ~283, 235 nm,
Au~320 nm; acetonitrile: Aaps~286, 238 nm, Anu~329; metha-
nol: Aans ~284, 232 nm, Any ~ 334; water: Aaps ~278, 230 nm,
v ~335 nm) [37] the absorption maxima of 4AS are red
shifted in all the solvents. Further, when compared to phenol
(cyclohexane: Aaps ~277-271 nm, Aqy,~300 nm; acetonitrile:
Aabs~278-272 nm, Any~302; methanol: Aaps ~275-272 nm, Agy ~
305; water: haps~272-278 nm, Aq,~305) [38] the absorption
maxima of 4AS exhibit red shifts in all solvents, indicating
effective electronic delocalization between the amino and hy-
droxy groups. In acidic medium (pH ~3), the spectral pattern
remains essentially unchanged except for a blue shift (280,
222 nm), whereas the basic medium (pH ~11) shows absorp-
tion maxima identical to those of the neutral species. The ob-
served blue shift at pH ~3 reflects protonation at the amino
group, leading to formation of the monocation. These obser-
vations are consistent with the known electronic characteris-
tics of the amino and hydroxy! substituents [26-29].

The observed variations in absorbance, emission intensities,
and spectral maxima arise from the encapsulation of 4AS
within the a-CD and -CD cavities. In all three pH conditions,
the presence of clear isosbestic points in the absorption spectra
confirms the formation of a 1: 1 inclusion complex. Fluores-
cence enhancement is most pronounced at pH ~3 and pH ~7,
whereas only weak emission is observed in CD-free pH ~11
solutions. Upon increasing a-CD concentration, the emission
intensity increases markedly, while in B-CD it decreases. At
pH ~7, the hypsochromic shift observed in f-CD suggests pro-
tonation at the amino group [26-35].

The distinct absorption and fluorescence spectral shifts pro-
duced by a-CD and B-CD across different pH values indicate
the formation of structurally different inclusion complexes of
4AS [26-35]. Binding constants were determined by monitor-
ing the changes in absorption and fluorescence intensities as a
function of CD concentration. The stoichiometry of the com-
plexes was confirmed using the Benesi—Hildebrand method,
and the binding constant (K) values were obtained from the
slope and intercept of the linear plots. These analyses reveal
that 4AS forms a 1: 1 complex with both CDs. The negative
AG values (Table 1) demonstrate that the inclusion process is
spontaneous at 303 K and that the interaction between 4AS
and CD is exothermic.

The strong dependence of binding constants on pH supports
selective encapsulation of the neutral and monocationic forms
of 4AS. Higher binding constants and the observed blue shifts
at pH ~7 and pH ~11 indicate that the neutral 4AS molecule
is more completely embedded within the CD cavities. Moreo-
ver, 4AS appears to be more deeply lodged in the hydrophaobic
region of B-CD than in a-CD, owing to differences in cavity
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dimensions. The bond length and width between the —~NH,

and —OCHs substituents in 4AS (7.99 and 4.32 A) exceed the
a-CD cavity dimensions, whereas the remaining bond lengths
are shorter. The progressive enhancement of fluorescence
with a-CD and the corresponding quenching with B-CD sup-
port this structural interpretation. Thus, the distinct spectral
changes induced by CD addition at different pH values sug-
gest that the orientation and geometry of 4AS within the CD
cavities vary with pH.

To further evaluate inclusion behavior, absorption and flu-
orescence spectra of 4AS were recorded in selected solvents.
The absorption maxima shift to longer wavelengths from cy-
clohexane to acetonitrile but show blue shifts in alcohols and
water, while the emission maxima consistently red shift from
cyclohexane to water (cyclohexane: Aans~305, 236 nm,
Mii~337 nm; acetonitrile: Aaps ~308, 240 nm, An,~350 nm;
methanol: Aaps~300, 236 nm, Aqy~362 NM; water: Aaps~295, 232
nm, Aq,~365 nm). In all solvents, 4AS exhibits a single broad
fluorescence band, and the absence of long-wavelength emis-
sion in polar solvents indicates that neither ICT nor exciplex
formation occurs. Compared to phenol [38] and aniline, the
absorption maxima of 4AS are red shifted in all solvents (phe-
nol in water: Aaps = 272-278 nm, Any = 330 nm; aniline in water:
Aabs = 278 nm, Aay = 335 nm), reflecting stronger electronic
delocalization between the amino and methoxy groups.

3.2. Excited Singlet State Lifetimes

To evaluate CD-induced effects on the fluorescence behav-
ior of 4AS, the emission decay profiles corresponding to the
normal monomer emission (369 nm) and the excimer emission
(440 nm) were recorded in water and in 0.01 M a-CD and f-
CD solutions (Table 1). A marked increase in the excimer life-
time was observed on going from water to CD solutions. Alt-
hough the relative intensity of the excimer band increased
upon CD addition, such behavior was not seen in ordinary sol-
vents. In aqueous and a-CD media, the decays were biexpo-
nential, whereas triexponential profiles were obtained in 3-CD
solutions. In contrast, monomer emission in water and other
solvents decayed very rapidly and no excimer emission was
detected. These observations clearly indicate excimer for-
mation in the presence of CDs.

The lifetimes of the 4AS: CD inclusion complexes were
longer than those of free 4AS, following the order: water < a-
CD < B-CD. This trend suggests that B-CD forms a more sta-
ble and more strongly confining inclusion complex with 4AS
than a-CD. The increase in lifetime with CD concentration re-
flects the progressive encapsulation of the dye within the CD
cavity. The observed lifetimes are influenced both by the type
of CD and by the nature of short-lived excited species, likely
due to restricted vibrational relaxation of 4AS inside the cav-
ities.

The enhanced lifetimes in CD solutions arise from confine-
ment of 4AS within the host cavities. Deeper encapsulation in


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

American Journal of Applied Chemistry

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

B-CD results in stronger host—guest interactions compared to
a-CD. In CD-free water, the fluorescence decay fits a single-
exponential function, but becomes multiexponential upon CD
addition. This behavior is attributed to differences in the ori-
entation and depth of penetration of 4AS within the two CD
cavities. Longer lifetimes correspond to deeper encapsulation,
whereas shorter lifetimes arise from loosely associated forms;
hence, B-CD, with its larger cavity, yields greater fluorescence
enhancement than a-CD. The monomer emission lifetime is
extremely short in water but becomes altered upon CD addi-
tion. Introduction of CD leads to triexponential decay profiles
for the excimer emission, accompanied by significant lifetime
enhancement. The appearance of multiple excimer decay
components further supports the formation of distinct inclu-
sion complexes. Additionally, the rise time of the excimer
emission—absent in water and different from the rapid mon-
omer decay—Iengthens with increasing CD concentration.
This behavior demonstrates that excimer formation is substan-
tially more favorable in CD solutions than in water.

3.3. Molecular Modeling

The formation of the inclusion complex was further vali-
dated through PM3 calculations. The ground-state geometries

of 4AS, a-CD, B-CD, and their corresponding inclusion com-
plexes were optimized using the PM3 method (Figure 3). The
thermodynamic parameters for these species are listed in Ta-
ble 2. For 4AS, the vertical and horizontal distances between
the NH, and OCH; groups were found to be 7.99 Aand 4.32
A respectively (Figure 3). The vertical length of 4AS exceeds
the cavity dimensions of a-CD and B-CD, whereas the hori-
zontal length is smaller, suggesting that 4AS can be accom-
modated within the CD cavities. The optimized geometries of
the complexes further confirm that the guest molecule is in-
serted into the CD cavity.

Upon encapsulation, the geometry of 4AS undergoes slight
modifications, particularly in the dihedral angles, indicating
that the guest adopts a specific conformation to achieve a sta-
ble complex. Significant changes in HOMO-LUMO energies,
total energy, free energy, enthalpy, entropy, dipole moment,
and zero-point vibrational energy of the CD: 4AS complexes
compared to the isolated guest support the formation of the
inclusion complex. The polarity of the cyclodextrin cavity
also changes upon guest insertion. Negative values of energy,
enthalpy, and Gibbs free energy demonstrate that the inclusion
process is both energetically favorable and enthalpy-driven.
The small negative AS value reflects a slight increase in sys-
tem disorder associated with complex formation.

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

Properties 4AS a-CD
Enomo (eV) -8.03 -10.37
ELumo (eV) 0.21 1.26
Enomo —ErLumo (eV) -8.24 -11.63
Dipole moment (D) 211 11.34
E* -16.77 -1247.62
AE* . -

G* 64.73 -676.37
AG* . -

H* 92.07 -570.84
AH - -

S** 0.091 0.353
AS** - -

ZPE* 635.09
Mullikan charge 0.00 0.00

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

B-CD 4AS: 0-CD 4AS: B-CD
-10.35 -7.67 -7.72
1.23 0.34 0.42
-11.58 -8.01 -8.14
12.29 11.74 11.92
-1457.63 -1292.26 -1516.32
- -27.87 -41.92
-789.52 -617.61 -703.52
- -5.36 -6.73
-667.55 -520.57 -596.92
- -41.8 -21.44
0.409 0.463 0.469

- 0.019 -0.031
740.56 772.95 855.86
0.00 0.00 0.00


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

American Journal of Applied Chemistry

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

7.99 A°
>

>

432 A°

HOMO

f)

f)

LUMO

Figure 3. PM3 optimized structures of (a, b) 4AS (c, d) HOMO, LUMO of 2AS.

3.4. Cu: 4AS: CD Nanomaterials Studies

3.4.1. Scanning Electron Microscopy

The powdered samples of copper nanoparticles, 4AS, and
the Cu: 4AS: o-CD and Cu: 4AS: B-CD nanomaterials were
examined using SEM (Figure 4). The micrographs clearly re-
veal distinct morphological differences among copper nano-
particles, free 4AS, and the Cu: 4AS: CD nanomaterials.

c) Cu -4AS-a-CD
Figure 4. SEM images for a) Cu nano, b) 4AS, c) Cu: 4AS: «-CD and d) Cu: 4AS: p-CD.

3.4.2. Differential Scanning Colorimeter

DSC profiles of a-CD, B-CD, 4AS, and the Cu: 4AS: CD

SEM-EDX analysis further confirmed the elemental compo-
sition of the complexes, showing 46.8% carbon, 49.0% oxy-
gen, and 2.9% copper. The observed morphological modifica-
tions provide strong evidence for the successful formation of
the Cu: 4AS: CD nanomaterials. The structural differences be-
tween pure Cu nanoparticles, free 4AS, and the Cu—4AS-CD
inclusion complexes support the formation of the hybrid na-
nomaterials.

\ LN
AT o
AN 4 .
L v
o7
. % i .
o€ % -

d) Cu-4AS-B-CD

complexes were also recorded. a-CD exhibited three endo-
thermic peaks at 79.2<C, 109.1<C, and 137.5°C, while B-CD
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showed a broad endothermic event at 128.6 <C, all correspond-
ing to the loss of crystalline water [39-48]. Pure 4AS dis-
played sharp thermal events at 57<C (melting point) and
243<C (boiling point). In contrast, the DSC thermograms of
the Cu—4AS-CD complexes did not show the characteristic
peaks of either free 4AS or the CDs. Instead, new peaks were
observed at 195°C for Cu: 4AS: a-CD and 214 <C for Cu: 4AS:
B-CD. Additionally, a broadened endothermic region was
noted for a-CD, B-CD, and their inclusion complexes, at-
tributed to the release of bound water from the cyclodextrins.

3.4.3. Infrared Spectral Studies

For the isolated 4AS molecule (4AS), the N-H, —-OCH3; ,
and C-H stretching vibrations appeared at 3447, 2837, and

LoD

3063 cmt, respectively. The NH, deformation band and aro-
matic C=C stretching were observed at 1603 and 1521 cm™.
The aromatic C-C, C-OH, and C-O stretching modes ap-
peared at 1472, 1173, and 1319 cm, while the C-O-C and
C—N stretching bands were recorded at 1293 and 1306 cm™.
Ring deformation and CH; antisymmetric vibrations were
found at 582 and 1440 cm™. In the Cu: 4AS: CD nanomateri-
als, the NH, and —-OCH; stretching bands shifted to 3287
cmL, while the aromatic C=C and C—O stretches appeared at
1615 and 1343 cm™. The aromatic ring deformation was ob-
served at 564 cm, and the C-O-C and C-N stretching fre-
quencies appeared at 1021 cm™. The significant decrease in
band intensity in the Cu: 4AS: CD complexes indicates strong
interactions between 4AS and the copper nanoparticles.

50 o

TERMSHITTANCE! 1

T T
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T T
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Figure 5. FTIR spectra of 4AS.

3.4.4. X RD Spectral Studies

The crystallinity of the nanoparticles was evaluated using
XRD analysis [39-48]. Pure copper nanoparticles exhibited
prominent diffraction peaks at 43.31< 50.44< and 74.20<
which correspond to reflections of the face-centered cubic
structure of metallic copper. The XRD patterns of a-CD
showed characteristic crystalline peaks at approximately
11.94°, 14.11°, and 21.77°, while B-CD displayed peaks at
11.49<=and 17.58< although the intensity and appearance of
these peaks may vary depending on sample conditions and
preparation methods. Pure crystalline 4AS exhibited distinct
diffraction peaks at 12.91< 13.14< 18.56< 18.49< 22.10%
25.71< 26.17< 26.64< 28.04< and 28.45< The XRD pattern
of the Cu/4AS: B-CD nanomaterials displayed a new set of
diffraction peaks at 14.91< 15.14< 26.56< 33.10< 46.71%
47.64<59.04< and 70.45< The changes in peak positions and
intensities compared with the pure components confirm the
formation of new nanomaterials.

25

3.4.5. Proton Magnetic Resonance Spectral Studies

'H-NMR spectra of 4AS (Figure 6) and the Cu: 4AS: CD
complexes were recorded at 25<C in DMSO-dg (Table 3).
NMR provides insights into proton chemical shifts, interaction
sites between the guest and host (CD), and signal broadening
or loss of resolution resulting from complex formation. Cy-
clodextrins exhibit six types of protons with well-defined res-
onance assignments; among them, H-3 and H-5 are located
inside the CD cavity. These inner protons typically show
chemical shift changes when a guest molecule is included
within the cavity, while only minor variations are expected for
the exterior protons (H-1, H-2, and H-4).

In the Cu: 4AS: CD nanomaterials, the proton signals of
4AS displayed noticeable upfield shifts, indicating changes in
their electronic environment. This shift, together with the per-
turbations observed for the CD cavity protons, demonstrates
that the 4AS molecules interact strongly with both the copper
nanoparticles and the cyclodextrin cavity. These NMR results
confirm the successful formation of the inclusion-type nano-
materials.
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Figure 6. *H-NMR spectra of 4AS.

Table 3. IH-NMR chemical shift values for the 4AS and Cu: 4AS: CD nanomaterials.

Protons 4AS (0) Cu: 4AS: o-CD Cu: 4AS: B-CD
Ha - Ortho to methoxy 6.71 5.68 5.73
Hb - Meta to methoxy 6.63 4.79 4.82
Hc - OCHs 3.72 4.46 4.49
Ha- NH2 3.40 2.48 2.51
1.23 1.24

4. Conclusion

The spectral characteristics of the Cu: 4AS: CD nano-
materials were examined using UV-visible spectroscopy, flu-
orescence and time-resolved fluorescence measurements, mo-
lecular modeling, SEM, DSC, FTIR, and ~1H NMR analyses.
The absorption and fluorescence shifts observed in a-CD and
B-CD at different pH values confirm that 4AS forms various
types of inclusion complexes with the CDs. Fluorescence life-
time measurements further reveal that the -CD: 4AS complex
is more stable than the corresponding a-CD complex. SEM
images clearly show distinct morphological differences
among copper nanoparticles, free 4AS, and the Cu: 4AS: CD
nanomaterials. SEM—-EDX analysis confirmed the elemental
composition of the nanomaterials, containing 46.8% carbon,

49.0% oxygen, and 2.9% copper. FTIR spectra of the Cu: 4AS:

CD complexes showed the disappearance of several charac-
teristic bands and a marked decrease in intensity, indicating
strong interactions between 4AS and copper nanoparticles.
Additionally, the chemical shift changes of 4AS in the ~"1H
NMR spectra demonstrate that all proton environments of
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4AS are influenced by interactions with both the copper nano-
particles and the cyclodextrin cavity, supporting the success-
ful formation of the Cu: 4AS: CD nanomaterials.

Abbreviations

FTIR Fourier Transform Infrared Spectroscopy
DTA Differential Thermal Analysis

XRD X-ray Diffraction

SEM Scanning Electron Microscopy
HOMO  Highest Occupied Molecular Orbital
LUMO  Lowest Unoccupied Molecular Orbital
4AS 4-anisidine

Ag NPs  Silver Nanoparticles

a-CD Alpha Cyclodextrin

B-CD Beta Cyclodextrin

PM3 Parametric Method 3

AE linternal Energy Change

AH Enthalpy Change

AG Free Energy Change

AS Entropy Change
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