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Quercetin protects against many diseases due to its radical scavenging and anti-inflammatory properties.
However, due to its poor bioavailability numerous types of nanocarriers have been evolved to increase quercetin
solubility and to design tissue-specific delivery systems. Here, we study the entrapment of quercetin(QUE) in two
dimeric assemblies formed by 2HP-B-CD and 2,6Me-p-CD, employing DFT calculations, NMR and fluorescent
spectroscopy. Via NMR and fluorescent spectroscopy, it was revealed that the QUE:CDs stoichiometry for optimal
complex formation follows a 1:2 pattern. DFT indicated that although both dimeric assemblies of 2HP-B-CD and
2,6Me-f-CD, as well as their encapsulation quercetin complexes are stable, the former dimer and the QUE@2HP-
B-CD;y complex demonstrate the highest level of stability. The absorption spectrum of QUE in CD and CD; was
calculated. Encapsulation influences it, resulting in red and blue shifts, and in differences in the intensities. Only,
the dimeric assemblies affect the electron density of QUE resulting in major peaks at about 250 nm, which are
charge transfer (CT) or partially CT excitations. Finally, for the encapsulated QUE in CDs, the calculated T;—>Sg
vertical de-excitation is about 570 nm in the single CDs and about 800 nm in the dimeric complexes, making

these complexes potential candidates for PDT.

1. Introduction

Cancer is a growing health problem, currently being the second most
common cause of death worldwide, after heart attacks [1]. The forma-
tion of a malignant neoplasmis guided by uncontrollable growth of
abnormal cells, which divide and spread to organs or tissues of the body.
The main reason that hinders a complete therapy of cancer is that the
various cancerous tumors progress heterogeneously and behave differ-
ently at the molecular, morphological and genetic level [2]. Also,
common chemotherapeutics are often unable to achieve the expected
therapeutic outcomes, as a consequence of their limited solubility, rapid
metabolism, and a lack of targeting efficiency [3].

Recently, natural products have gained significant attention in the
rational anti-cancer drug development, due to their antitumor effec-
tiveness and abundance of potential candidates. It has been observed
that natural drugs are generally safe, and present diminished side effects
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compared with the synthetic compounds, thus resulting in enhanced
immunity and optimized chemotherapy sensitivity. Flavonoids are nat-
ural nutritional compounds, which exert anti-oxidant, anti-fungal, anti-
inflammatory, and anti-bacterial actions [4]. Flavonoids and their me-
tabolites regulate carcinogenesis by multiple signal transduction path-
ways [5]. Various subfamilies of flavonoids include flavanones,
flavones, isoflavones, and flavonols. Quercetin (QUE) (3,3,4',5,7-pen-
tahydroxy flavone, Scheme 1) is a flavone-type flavonoid, which is
found in vegetables, tea, fruits, and wine in its glycoside form. QUE is
metabolized in the human body to sugar conjugates, including querci-
trin, isoquercitrin, and rutin. Metabolism of QUE occurs in the intestine
and liver.

After multiple research efforts, QUE has been established as both
anti-oxidant and pro-oxidant agent, depending on the redox state of cells
and QUE concentration [6]. It is known that QUE suppresses the pro-
liferation of multiple cell lines related to human breast cancer [7].

Received 1 April 2023; Received in revised form 11 August 2023; Accepted 14 August 2023

Available online 15 August 2023
0022-2860/© 2023 Published by Elsevier B.V.


mailto:tzeli@chem.uoa.gr
www.sciencedirect.com/science/journal/00222860
https://www.elsevier.com/locate/molstr
https://doi.org/10.1016/j.molstruc.2023.136430
https://doi.org/10.1016/j.molstruc.2023.136430
https://doi.org/10.1016/j.molstruc.2023.136430
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2023.136430&domain=pdf

G. Leonis et al.

Journal of Molecular Structure 1294 (2023) 136430

OMe O——

(b) 2,6Me-B-CD

9%
CHj3

= —CH,CHOH
7% (8%)

(c) 2HP-B-CD

Scheme 1. Chemical structures of (a) quercetin (QUE); (b) 2,6-methylated cyclodextrin (2,6Me-p-CD) and (c) 2-hydroxyl-propyl-B-cyclodextrin (2HP-p-CD), n = 7.

Attributable to its pro-oxidant ability, QUE assists the obstruction of
tumor growth. In addition, QUE urges the induction of apoptosis and
leads to cell cycle arrest [8]. Furthermore, QUE shows anti-cancer
properties by growth inhibition and pro-apoptosis effects [9]. A recent
study revealed that QUE restricts the Janus kinase-signal transducer and
activator of transcription (JAK-STAT) and NF-kB activation, while it also
prevents inducible nitric oxide synthase (iNOS) expression and NO
production [10]. Importantly, QUE has been associated with beneficial
effects in cancer treatment [9,11].

Despite the potential beneficial actions of QUE, this compound dis-
plays chemical instability, poor water solubility, and low bioavailability.
These features result in reduced pharmaceutical efficacy for QUE. To
overcome problems of this kind, proper delivery systems have been
developed, aiming at the effective encapsulation of functional small
molecules to protect them against degradation and to effectively carry
them by also increasing their bioavailability. For this purpose, several
molecular transporters have been used as efficient drug carriers,
including microparticles, microemulsions, nanoemulsions, and nano-
particles [12].

For the past few years, cyclodextrins (CDs) are recognized as effec-
tive excipients to facilitate drug delivery for various drug formulations.
CDs are a group of cyclic oligosaccharides composed of glucopyranose
units, linked by 1,4-glycosidic bonds. According to the number of
glucose units, one can distinguish a-, p- and y-CD, which contain 6, 7,
and 8 units, respectively. Apart from these widely known CDs, many
derivatives have been synthesized, such as 2-hydroxy-propyl-p-cyclo-
dextrin (2HP-B-CD), and 2,6-methylated cyclodextrin (2,6Me-3-CD)
(Scheme 1). CD structures have a conical-type shape and comprise a
hydrophilic exterior, which surrounds a lipophilic inner cavity [13].
Such a structure enables the entrapment of hydrophobic molecules and
favors the formation of stable host-guest complexes. Consequently, the
water solubility and in turn, the bioavailability of the entrapped mole-
cules may be increased for broad pharmacological applications [14-16].

Currently, CDs are widely used for improvements in solubility, sta-
bility, loading and release capacity of hydrophobic compounds (e.g.,
natural products as potential drug candidates),while in the same time
retaining their bioactivity and abolishing potential toxicity [17-19].
Numerous cases of stable natural product-CD complexes have been re-
ported, such as for silibinin, QUE, isoquercitrin, taxifolin, losartan, and
cholesterol [20-22]. The outcomes verify the favorable complexation

between natural products and different forms of CD; in particular, for
QUE complexed with p-CD and 2HP-B-CD, previous molecular docking
and natural bond orbital (NBO) calculations suggested a significant
degree of stability for the corresponding inclusion complexes in 1:1
stoichiometry [23]. Additionally, in most cases, it was observed that
complexation was accompanied by a significant optimization of the
pharmacological properties. Also, various research studies revealed that
nanocarriers containing cyclodextrin favor the encapsulation of
anti-cancer agents, including flavonoids, for effective cancer therapy
[12,24].

Recently, we studied the interaction of QUE with 2HP-$-CD and
2,6Me-$-CD via NMR spectroscopy, DFT calculations, molecular dy-
namics (MD) simulations, and fluorescent spectroscopy [25]. Energetic,
structural, and dynamic properties of complex formation were explored
and combined into a comprehensive scheme that showed adequate
binding of QUE to both CD formulations (i.e., 2HP-p-CD and 2,
6Me-p-CD). Furthermore, phase solubility studies in a mixture of QUE
with 2HP-B-CD or 2,6Me-B-CD [20] show a positive deviation from the
linearity, observed mainly in 2HP-B-CD at pH 6.8, which could be
attributed to the further formation of a 1:2 (QUE/CD) complex. Thus, in
the present work, we attempt to deepen our understanding on the
binding modes of QUE with the aforementioned CDs by investigating the
requisite QUE:CDs stoichiometry that gives rise to favorable complex-
ation. Specifically, we study the entrapment of QUE in two capsules, i.e.,
dimeric assemblies, formed by 2HP-B-CD and 2,6Me-p-CD, employing
NMR and fluorescent spectroscopy, and DFT calculations. In the CD
cage, QUE is isolated from the solvent through mechanical barriers, so
that its lipophilicity may be relieved and thus it can effectively be car-
ried in water solutions. In fact, the CD capsule functions as the solvent,
surrounding the solute. Furthermore, the absorption spectra of free and
encapsulated QUE in cavitands and in their dimeric assemblies is
calculated via TD-FFT methodology. Intriguingly, it was revealed that
the QUE:CDs stoichiometry for optimal complex formation follows a 1:2
pattern, where one QUE molecule is associated with two different CD
molecules (namely, 2HP-B-CD and 2,6Me-f-CD).
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Fig. 1. Calculated minimum energy structures: (a) 2HP-B-CD, dimeric assembly, (b) 2,6Me-p-CD; dimeric assembly, (c) QUE@2HP--CD, (d) QUE@2,6Me-$-CD, (e)

QUE@2HP-B-CD,, and (f) QUE@2,6Me-B-CD,.
2. Material and methods
2.1. DFT calculations

The interactions between the two cyclodextrins and the QUE were
calculated using the semi-empirical PM6 methodology [26], the ONIOM
(B3LYP/6-31G(d,p):PM6) and ONIOM(B3LYP/6-311+G(d,p):PM6)
methods [27-29] in water solvent. In the ONIOM methodology, the
QUE@CD;, systems are defined as two regions (layers). The high layer is
the QUE molecule calculated at the B3LYP/6-31G(d,p) or
B3LYP/6-311+G(d,p) level of theory and the low layer is the CD, dimer
calculated at the PM6 level of theory. The calculated encapsulated sys-
tems have 410 and 466 atoms, making the use of the DFT methodology
for the whole system very time consuming. The use of ONIOM meth-
odology is regarding as appropriate giving good results in agreement
with the full DFT calculations [27,30-32] and the use of the B3LYP
functional is sufficient for the present calculations [25,30,33].

At first, the dimer CDs, i.e., 2HP-B-CD; and 2,6Me-$-CD,, and the
encapsulation complexes, i.e., QUE@2HP-B-CD, and QUE@2,6Me-
-CD were optimized using PM6 methodology. Note that as initial guess
geometry for each CD cavitand was used its energy optimized B3LYP/6-
31G(d,p) geometry of 25. Conformational analysis for the dimers i.e.,
2HP-p-CD, and 2,6Me-p-CD,, and their encapsulation complexes was
carried out to find the lowest in energy minima. Then for both
QUE@2HP-B-CD; and QUE@2,6Me-3-CD,ONIOM(B3LYP/6-31G(d,p):
PMB6) calculations were carried out for the lowest in energy singlet state,
So, and the lowest in energy triplet state.

Via the TD-DFT methodology, the absorption spectra of the encap-
sulated QUE were calculated in a single CD and in dimeric assemblies
CD;,. Note, that ONIOM methodology assists to separate the spectra of
the QUE from the spectra of CD dimers [30]. Thus, for these optimized
geometries, both absorption spectra have been calculated at ONIOM

(B3LYP/6-311+G(d,p):PM6) for the 2HP-B-CD5 and QUE@2,6Me-3-CD4
complexes and at B3LYP/6-311+G(d,p) for the QUE at its encapsulated
geometry employing a dielectric constant and PCM model [34]. It is
known that the dielectric constants in CD cavities is estimated at about
48-55 in CDs [35], while in aqueous alkaline solutions where QUE is
solved, is estimated at 71 [36]. Calculations were carried out employing
dielectric constants of 48, 71 and 78 and the absorption peaks differ-
ences are very small, i.e., they range from 0.1 to 1.4 nm. Finally, the
NMR spectrum of the QUE molecule free and encapsulated in one CD
and in dimeric assemblies were computed. All calculations were per-
formed in aqueous solution employing the polarizable continuum model
(PCM) [36]. All calculations and the visualization of the results was
carried out via Gaussian 16 [37].

2.2. NMR spectroscopy

QUE (MW: 302.24 g/mol), 2,6Me--CD (MW: 1310 g/mol) and 2HP-
B-CD (MW: 1460 g/mol) were purchased from Sigma-Aldrich (St. Louis,
MO, USA), Fluka Chemika (Mexico City, Mexico US & Canada) and
Ashland (Covington, KY, USA), respectively. The NMR experiments
were performed, using the core facility AVANCE NEO 500 MHz spec-
trometer - Bruker Biospin. For the preparation of samples was needed 15
mg of QUE, 2,6Me-p-CD, 2HP-B-CD as control samples, and a quantity of
ca 15 mg mixture and complex of QUE:2HP-B-CD and QUE:2,6Me-}-CD
using the stoichiometry ratio 2:1. All samples were diluted in 750 pL of
D,0 and DMSO-d6 and prepared for NMR experiments. The structural
elucidation was achieved by analysis of standard 1D experiment ('H) at
25 °C (room temperature) and 40 °C. Parameters of the 1D experiments
were extracted from the regular library installed in the NMR spec-
trometer. Spectra were received, analyzed and processed using standard
Bruker NMR software (Topspin 3.5) and MestreNovasoftware. The ex-
periments were performed three times and the RMSD values for the
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in 2,6 Me-B-CD

Fig. 2. Formation of hydrogen bonds (dashed lines) in: (I) Conformations of (a) QUE local minima, (b) QUE global minima, (c) QUE in the complex of 2HP-$-CD, (d)
QUE in 2HP-B-CD dimeric assembly (e) QUE in 2,6Me-p-CD (f) QUE in 2,6Me-f-CD dimeric assembly calculated at the B3LYP/6-311+G(d,p) level of theory; (II)

Minimum structures of (g) QUE@2HP-B-CD, and (h) QUE@2,6Me-p-CD5.

average differed by +0.001. The degree of substation of the 2HP-B-CD
host molecule varied by 2 up to 9 groups [38].

2.3. Fluorescence spectroscopy

Fluorescence spectroscopy experiments were conducted to deter-
mine the stoichiometry of QUE complexes with 2HP-3-CD and 2,6Me-
-CD, respectively. The experiments were performed in an Edinburg FS5
spectrofluorometer (Edinburgh Instruments Ltd., Livingston, UK). The
excitation and emission slits were set at 5 nm and the emission spectra
were recorded using a quartz (1 cm cuvette), at room temperature. A
stock solution of QUE (3 mM) was prepared in DMSO followed by the
preparation of the CD stock solutions (3 mM) in dd water. Then, into a
small vial containing 2924 pL of the solvent 2 pL of QUE were added
followed by the addition of 74 pL dd H20. The vial was well mixed, and
the fluorescence spectrum was recorded. This experiment was repeated
one more time, however 38 pL of the dd H,0 was replaced by 38 puL of
the cyclodextrin stock solution and the fluorescence spectrum was
further recorded. The maxima values of the A, spectra were noticed and
the AF value was extracted. The same procedure was repeated for each
one different molecular fraction of QUE. The stoichiometry of the
formed complexes was determined using Job’s plot method by plotting
the alternation of the fluorescent signal at 550 nm against the molar
fraction.

3. Results and discussion
3.1. DFT calculations

3.1.1. Geometry and energetics

The calculated geometries of the complexes are shown in Figs. 1 and
2 and in Figs. 1S-3S of SI. The hydrogen bonds are formed between the
two CDs and between CDs with QUE. Specifically, ten hydrogen bonds
are formed that range from 1.8 to 2.5 A in the case of 2HP-p-CD dimeric

assembly, and two hydrogen bonds are formed in the case of 2,6Me-p-CD
dimeric assembly with bond distances up to 2.8 A and additional two
bonds up to 3 A, see Fig. 2 and 15-3S of SI. Thus, we conclude that the
2HP-B-CD, dimeric assembly is more stable than 2,6Me-$-CD,. In the
case of QUE@2HP-$-CD, and QUE@2,6Me-B-CD5, six hydrogen bonds
are formed between 2HP-$-CD dimeric assembly complex with QUE and
five hydrogen bonds in the case of 2,6Me-$-CD, dimeric assembly
complex with QUE with bond distances less than 2.8 108, see Figs. 2 and
S1-S3 of SI. Note that the QUE molecule in 2HP-B-CD5, is better encap-
sulated than in 2,6Me-3-CDy, c.f. Fig. 1e and f. In the second assembly,
QUE prefers to form H-bonds with the 2,6Me-p-CD cavitands and further
stabilizes the dimeric assembly, see Figs. 1, 2 and S2-S3 if SI. This occurs
because the 2HP-B-CD has terminal -OH groups that form bonds with the
second 2HP-B-CD cavitand, resulting in a stabilization of the 2HP-B-CD4
dimeric assembly. On the contrary, the 2,6Me-f-CD cavitand has -OMe
terminal groups and thus the dimeric assembly is stabilized with the
weak van der Waals bonds between the oxygen of -OMe and the
hydrogen atoms of the -OMe group. Thus, the role of QUE is important in
the stabilization of the QUE@2,6Me-p-CD2 because the QUE’s -OH
groups form H-bonds with the O of the CD’s -OMe group.

On the contrary, regarding the encapsulation of QUE in a single CD,
the encapsulation in both CDs is similar, compare Fig. 1c and d, and QUE
binds favorably to both 2,6Me-f-CD and 2HP-B-CD [25]. Regarding the
encapsulation of QUE, in both single CDs (2HP-$-CD or 2,6Me-$-CD) and
in 2HP-B-CD; dimeric assembly, is stabilized in a local minimum struc-
ture (Fig. 2) so as to form additional bonding the CDs. On the contrary,
in 2,6Me-B-CD, dimeric assembly, QUE adopts the conformation of its
global minimum, resulting in the formation of less additional bonging
with the dimeric assembly than in 2HP-B-CD; and the encapsulation
binding is less strong, (see Fig. 1). Note that 2HP-B-CD is generally more
reactive towards substitution reactions compared to their secondary side
due to the primary hydroxyl groups being more exposed and accessible
for reactions [39].

Energetically, the encapsulated QUE are higher in energy than the
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Table 1
Relative energies of the QUE conformations, RE (kcal/mol), Binding Energies of
the QUE with CD cavitands, BE (kcal/mol).

RE* BE®
QUE (global minimum) 0.00
QUE (local minimum) 3.98
QUE@2HP-p-CD 7.47 —32.95° (—31.73 + 3.21)%¢
QUE@2,6Me-p-CD 4.38 —24.21¢ (—26.77 + 2.37)%4
QUE@2HP-$-CD, 18.54 —49.52
QUE@2,6Me-f-CDy 5.84 —27.70

2 B3LYP/6-311+G(d,p).
> H3LYP/6-31G(d,p).

¢ Ref [25].

4 MM/GBSA.

Table 2

B3LYP/6-311+G(d,p) values in ppm of QUE alone, QUE with 2,6Me-p-CD
(stoichiometry ratio 1:2) and QUE with 2,6Me-p-CD in D50 at 25 °C (stoichi-
ometry ratio 1:2) in comparison with present experimental data.

H6' H2' H3' H8 Hé6a Hé6b

QUE alone DFT 8.03 8.40 7.24 6.66 6.71 6.71
Expt 7.703 7.600 7.028 6.693 5.865 5.892
Complex (QUE DFT 8.32 9.04 7.28 6.93 6.46 6.46
& 2,6Me
-B-CD):
QUE@2,6Me-
$-CD>
Expt  8.403 7.608 7.544 6.921 6.634 6.291
Complex (QUE DFT 7.42 7.38 7.42 6.91 6.46 6.46
&2HP-B-CD):
QUE &2HP-
-CD>
Expt  8.397 7.575 7.431 6.913 6.565 6.218

Table 3

Absorption Sy—Sx and Sp—T; excitations, A (nm), energy differences AE (eV), f-
values, and the corresponding main excitations of free QUE (global minimum)
and QUE (local minima) and encapsulated QUE in 2HP-$-CD, in 2,6Me-$-CD and
in their dimeric assembly calculated at the B3LYP/6-311+G(d,p) and ONIOM
(B3LYP/6-311+G(d,p):PM6) level of theory.

State A AE f main A AE f main
Conf Conf
QUE (global) in aqueous solution QUE (local) in aqueous solution
T 513.9 241 H-L 489.0 2.54 H-L
Sy 3725 333 0511 H-L 3493 355 0.438 H-L
Sa 269.0 4.61 0.189 H-L 268.7 4.61 0.158 H-L
+1 +1
Sp 212.1 5.84 0.112 H-2-L 210.5 5.89 0.333 H-3-L
+2 +2
Sec 202.2 6.16 0.330 H-6 L 200.0 6.20 0.324 H-3-L
+3
QUE in 2HP-B-CD QUE in 2,6Me-$-CD
T 487.4  2.54 H-L 491.4  2.52 H-L
Sy 350.3 3.54 0.428 H-L 350.3 354 0.454 H-L
Sa 263.9 470 0.173 H-L 268.7 461 0179 H-L
+2 +1
Sp 204.3 6.07 0.241 H-3-L 210.0 590 0.279 H-5
+3 -L+2
Sc 201.9 6.14 0.262 H-3-L 200.0 6.20 0.406 H-3
+3 -L+3
QUE in 2HP-B-CD, QUE in 2,6Me-$-CD,
T, 453.8 2.73 H-L 533.8 2.32 H-L
Sy 331.6 374 0.228 H-L 379.4 327 0.554 H-L
Sa 250.5 495 0454 H-L 269.0 461 0182 H-L
+2 +1
Sb 203.3 6.10 0.186 H-2 210.1 5.91 0.274 H-2
-L+6 ->L+2
Sec 200.2 6.19 0.287 H-4 201.6 6.2 0.4 H-2
-L+1 -L+3

Journal of Molecular Structure 1294 (2023) 136430

70000 = T v T v T v y . . . . .
4 = QUE (global minimum) ]
60000 4 — QUE (local minimum) )

——— QUE in 2HP-B-CD
1 ——QUE in2HP--CD,

50000 4 —— QUE in 2,6Me-p-CD J

| — QUE in 2,6Me-B-CD, i

40000 4 4
©@ 30000 4 .
20000 - 4
10000 - .

0 ¥ T T T T T k v
450 400 350 300 250 200
A (nm)

Fig. 3. Absorption Spectra of QUE free in aqueous solution and encapsulated in
2HP-B-CD, 2HP-B-CD,, 2,6Me-B-CD, and 2,6Me-f-CD, assemblies at the B3LYP/
6-311+G(d,p) method.

global minimum; their relative energies with respect to the global
minimum ranges from 4.4 to 18.5 kcal/mol, see Table 1. The highest in
energy conformation is observed in QUE@2HP-B-CD5 dimeric assembly,
since the phenyl group is rotated with respect to the benzopyran, see
Fig. 1, so as to be encapsulated efficiently in the 2HP-B-CD2. Regarding
the binding energy of QUE with CD or CD,, we found that QUE binds
favorably in both single CDs with a BE of —33.0 kcal/mol and —24.2
kcal/mol for 2HP-$-CD and 2,6Me-B-CD, respectively [25]. However, in
the dimeric assembly, the BE of QUE is almost double in 2HP-B-CDo, i.e.,
—49.5 kcal/mol, while in 2,6Me-$-CD; is —27.7 kcal/mol, i.e., a similar
BE with that when it is encapsulated in a single 2,6Me-f-CD, see Table 1.
This shows that the encapsulation is not so favorable as in the case of
2HP-B-CDs.

3.1.2. NMR spectra

The 'H NMR chemical shifts calculated via the B3LYP/6-311+G(d,p)
method and the corresponding experimental chemical shifts are in
agreement, see Table 2. With the exception of chemical shift of the H6’
for the QUE@2HP-3-CD;, and of the H2’ of the QUE@2,6Me-3-CD», in all
other cases the differences between experimental and theoretical values
are small and the differences range from 0 to 0.8 ppm. The experimental
NMR spectra and chemical shifts are given in details below in Section
3.2.

3.1.3. Absorption spectra and molecular orbitals

The A values, energy differences and oscillator strength values of the
main peaks of the vis-UV absorption spectra of the QUE in aqueous so-
lution and of the encapsulated QUE in a single CD and in CDs dimeric
assembly are given in Table 3, while their absorption spectra are plotted
in Fig. 3. The first main peak of the QUE in solution is calculated at
372.5 nm, in very good agreement with the experimental values that
range from 365 to 387 nm [40-42], with respect to different pH values
(6.03 to 7.88) [41]. This peak is blue shifted about 27 nm in the local
minimum, see Table 3. Note that the encapsulated QUE in a single
2HP-B-CD or in a single 2,6Me-B-CD that corresponds to the local min-
imum, also presents the same value for the absorption peak, So—S;. For
the encapsulation in the dimeric assemblies, in the 2,6Me-f$-CD,, the
lowest in energy encapsulated complex includes the global minimum of
QUE and as a result, the main peaks and the absorption spectra of free
and encapsulated QUE are very similar, see Fig. 3. On the contrary, in
the 2HP-B-CD;, cage, the encapsulated QUE is reformed, see above and
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Fig. 4. Frontier Molecular Orbitals of free QUE, encapsulated QUE in a single CD, and encapsulated QUE in dimeric assemblies.

thus the first and the second peaks are blue shifted at 332 and 251 nm,
while their intensity has been inversed with respect to remaining five
structures, i.e., QUE in aqueous solvent and encapsulated QUE see Fig. 3.
It should be noted that experimentally, the second absorption peak is
found at 255 nm [42], in good agreement with our data. Finally, similar
trends are found for the energetically shifts of the Sy—Tjexcitation for
the six calculated species. The corresponding energy difference ranges
from 2.32 to 2.73 eV, i.e., 453.8 nm (QUE in 2HP-$-CD3) to 533.8 nm
(QUE in 2,6Me-p-CD53).

The molecular orbitals (MO) that are involved in the main absorption
peaks are given in Table 3 and they are plotted in Figs. 4 and S4 of SI. It
should be noted that the MO of the encapsulated QUE in the single CDs
are similar to the local minimum of QUE, see Fig. 2. It is found that in the
highest occupied molecular orbital (H) and in the lowest unoccupied
molecular orbital (L), the electron density is localized in the whole QUE
molecule, see Figs. 4 and S1 of SI, for all cases except QUE in 2HP-f$-CDy
dimeric assembly, where the electron density of both H and L MO is
localized in the benzo group, due to the most intent bond interaction of
the QUE’s -OH group with the cage.

Furthermore, it is of interest that most of the remaining intense ex-
citations S,, Sp, and S, correspond to partially charge transfer (CT) ex-
citations or to a full CT one with large oscillator strengths. Specifically,
the Sp—S, excitation corresponds to a partially CT state from the whole
QUE molecule to its phenyl group in the cases of the QUE in aqueous
solution, of the encapsulated QUE in the single CDs and in dimeric
2,6Me-B-CD; assembly. On the contrary, for the QUE in the dimeric 2HP-
B-CD5 assembly, the Sp—S, excitation is CT excitation from benzopyran
to phenyl group, see Fig. 4. It is observed at 251 nm with a significant
oscillator strength value of 0.454. Furthermore, the Sy—S;, excitation
corresponds to an electron density transfer from the benzopyran to the
whole QUE in the cases of QUE in 2,6Me-p-CD5 and QUE in 2HP-$-CD5.
On the contrary, in the corresponding Sp—S. excitation the electron
density is mainly located at the phenyl group of QUE in the QUE@2HP-
B-CD,, while, it is located mainly at benzopyran of QUE in the
QUE@2,6Me-B-CDy. Finally, the So—Sp, and the Sp— S, excitations in free
QUE and in single CDs, the electron density is mainly delocalized in the
whole molecules with a very small CT character, see Fig. 4.

Finally, the triplet states of the QUE molecule encapsulated in single
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Fig. 5. Spectra of (a) QUE, (b) 2HP-B-CD, (c) mixing of (a) and (b) with a stoichiometry ratio 1:2 and (d) dissolution of the complex of QUE with 2HP-B-CD (ratio 1:2)

in DMSO-d6 at 25 °C using a 400 MHz spectrometer.

CDs and dimeric assemblies were calculated, since they are involved in
PDT. The photosensitizers that are activated by absorption of visible
light to initially form the excited singlet followed by transition to the
long-lived excited triplet state. This triplet state can undergo photo-
chemical reactions in the presence of oxygen to form reactive oxygen
species (including singlet oxygen) that can destroy cancer cells and
pathogenic microbes. For the encapsulated QUE in CDs, the TS ver-
tical de-excitation were calculated at 541 nm and 576 nm for the single
2HP-B-CD and 2,6Me-p-CD, respectively, while in the dimeric assem-
blies, the vertical de-excitation is found at 824 and 794 nm respectively,
making them a good candidate for PDT [43,44].

3.2. NMR spectroscopy

Fig. 5 shows'H NMR spectra of QUE and 2HP--CD alone and their
mixture using the stoichiometry ratio QUE/2HP-p-CD 2:1 in DMSO-d6
and their complex (stoichiometry ratio QUE/2HP-p-CD 2:1) dissolved
in DMSO at 25 °C.

In Table 4, it is shown that the chemical shifts of QUE are shifted
downfield. This is indicative that QUE is inducing complexing with 2HP-
B-CD in accordance with fluorescence experiments, see Section 3.3
below. In addition, this downfield shift designates that the interactions
are of hydrophobic nature. These interactions affect the magnetic
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Table 4
Values in ppm of QUE alone, mixing of QUE with 2HP-B-CD (stoichiometry ratio 1:2) and dissolution of complex of QUE with 2HP-B-CD (stoichiometry ratio 1:2) in
DMSO-d6 and in D50 at 25 °C and 40 °C.

H6' H2 H3 H8 H6a H6b OH (7) OH (5) OH (3) OH (3)
DMSO-d6
QUE alone (25 °C) 8.352 7.675 7.557 6.888 6.412 6.187 10.844 12.487 9.638 9.364
QUE alone (40 °C) 8.036 7.664 7.540 6.885 6.414 6.186 10.750 12.455 9.500 9.243
Mix of QUE & 2HP-B-CD (25 °C) 8.029 7.647 7.540 6.880 6.403 6.179 - 12.485 - 9.359
Mix of QUE & 2HP-$-CD (40 °C) 7.756 7.660 7.538 6.882 6.402 6.184 - 12.451 - 9.243
Complex of QUE & 2HP--CD (25 °C) 8.048 7.685 7.540 6.884 6.413 6.184 10.730 12.483 - 9.330
A(QUE-Mix) (25 °C) ~0.323 —0.028 ~0.017 —0.008 ~0.009 ~0.008 - ~0.002 - —0.005
A(QUE-Mix) (40 °C) —0.28 —0.004 —0.002 —0.003 —0.012 —-0.012 - —0.004 - 0
A(QUE-Complex) (25 °C) ~0.304 0.01 ~0.017 ~0.004 0.001 ~0.003 - ~0.004 - ~0.034
A(mix-complex) (25 °C) 0.019 0.038 0 0.004 0.01 0.005 - ~0.002 - ~0.029
D,0

QUE alone (25 °C) 7.703 7.600 7.028 6.693 5.865 5.892
QUE alone (40 °C) 7.601 7.600 7.020 6.678 5.777 5.789
Mix of QUE & 2HP-B-CD (25 °C) 7.550 7.460 6.861 6.508 5.774 5.773
Mix of QUE & 2HP-$-CD(40 °C) 7.756 7.750 7.671 7.052 6.751 6.432
Complex (QUE &2HP-B-CD) (25 °C) 8.397 7.575 7.431 6.913 6.565 6.218
A(QUE-Mix) (25 °C) ~0.153 ~0.160 ~0.167 ~0.185 ~0.09 ~0.119
A(QUE-Mix) (40 °C) 0.155 0.15 0.651 0.374 0.974 0.643
A (QUE-Complex) (25 °C) 0.694 ~0.025 0.403 0.220 0.700 0.326
A(mix-complex) (25 °C) 0.847 0.115 0.57 0.405 0.7 0.326
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Fig. 6. Spectra of (a) 2HP-B-CD, (b) mixing of (a) and (b) with a stoichiometry ratio 1:2 and (c) dissolution of complex of QUE with 2HP-8-CD in D,O (stoichiometry
ratio 1:2) at 25 °C using a 400 MHz spectrometer.

anisotropy system of QUE created by the aromatic n-electrons. Same literature [45] a chemical shift at 12.25 ppm is observed for QUE in
results are obtained also at 40 °C (not shown) depicting that its incor- CD3OH solvent attributed to the intramolecular hydrogen bonding be-
poration properties do not depend on the temperature. According to the tween C5 (OH) and C4 (C = O). It is also of interest to observe that this
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Values in ppm of 2HP-$-CD alone, mixing of QUE with 2HP-$-CD (stoichiometry ratio 1:2) and dissolution of complex of QUE with 2HP-B-CD in DMSO-d6 and in D,0O at

25 °C and 40 °C (stoichiometry ratio 1:2).

H1 H1 H8* H3* H6* H2*-H4*-H5* H7* H9*
DMSO-d6
2HP-B-CD alone (25 °C) 5.029 4.836 3.744 3.615 3.564 3.306 3.216 1.019
2HP-$-CD alone (40 °C) 5.021 4.839 3.774 3.629 3.575 3.336 3.287 1.032
Mix of QUE & 2HP-$-CD (25 °C) 5.012 4.833 3.750 3.612 3.554 3.304 3.228 1.020
Mix of QUE & 2HP-$-CD (40 °C) 5.030 4.848 3.771 3.643 3.581 3.315 3.298 1.037
Complex of QUE & 2HP-$-CD (25 °C) 5.022 4.843 3.758 3.630 3.560 3.312 3.332 1.020
A(2HP-B-CD- mix) (25 °C) —0.017 —0.003 0.006 —0.003 —0.01 0.009 0.012 0.001
A(2HP-B-CD- mix) (40 °C) 0.009 0.009 —0.027 0.014 0.006 —0.021 0.011 0.005
A(2HP-B-CD - Complex (25 °C) —0.007 0.007 0.014 0.015 —0.004 0.006 0.116 0.001
A(mix-complex) (25 °C) 0.01 0.01 0.008 0.018 0.076 0.008 0.104 0
D,0
2HP-B-CD alone (25 °C) 5.031 4.921 3.873 3.752 3.587 3.476 3.372 1.019
2HP-$-CD alone (40 °C) 5.030 4.912 3.880 3.756 3.590 3.430 3.361 1.017
Mix of QUE & 2HP-B-CD (25 °C) 5.033 4.921 3.876 3.754 3.543 3.436 3.366 1.019
Mix of QUE & 2HP-$-CD (40 °C) 5.022 4.903 3.865 3.751 3.580 3.422 3.328 1.017
Complex of QUE & 2HP-$-CD (25 °C) 5.030 4.922 3.867 3.752 3.544 3.433 3.363 1.019
A(2HP-B-CD - mix) (25 °C) 0.002 0 0.003 0.002 —0.044 —0.04 0.006 0
A(2HP-B-CD - mix) (40 °C) —0.008 —0.009 —-0.015 —0.005 —0.010 —0.008 —0.033 0
A(2HP-B-CD - Complex (25 °C) —0.001 0.001 —0.006 0.115 —0.043 —-0.043 —0.009 0
A(mix-complex) (25 °C) —0.003 0.001 —0.009 —0.002 0.001 —0.003 —0.003 0

hydrogen bonding between C5 (OH) and C4 (C = O) is conserved when
QUE is engulfed in 2HP-B-CD in DMSO-d6 solvent designing that is in-
dependent of the environment. The chemical shifts at 10.7, 9.6 and 9.3
ppm attributed to OH(7), OH(3) and OH(3") correspondingly of QUE
show significant changes in the complexing form with 2HP-B-CD. Thus,
the peak at 10.7 ppm disappears and the peaks at 9.6 ppm and 9.3 ppm
match and form a significantly broad peak.

Fig. 6 shows 'H NMR spectra results of 2HP-B-CD, mixture of 2HP-
B-CD with QUE and their complex dissolved in D2O. QUE was not dis-
solved in D0 both at 25 °C and 40 °C. As a result, peaks of QUE are not
eminent, and especially peaks of OH(7), OH(5),0H(3) and OH(3") are
not depicted. As it can be depicted from spectra, the peak both in the
stoichiometric mixture and complex of QUE with 2HP-p-CD (1:2) are
well resolved. This means that QUE solubility is increased considerably
when it is in the complex form. Chemical shifts of 2HP-$-CD alone and in
the complex form are shown in Table 4. A§ values in Table 4, indicated a
reduction in chemical shifts when QUE and 2HP-B-CD are in mixing
sample in D20 at 25 °C and an increase at 40 °C and in the mostly in the
complex form. This is indicative that there are deshielding and shielding
areas when QUE is mixing or complexing with 2HP-p-CD as with the
solvent DMSO-d6.

In Table 5 are shown the chemical shifts changes of 2HP-B-CD in
absence and presence of QUE in DMSO-d6 and D50 at 25 °C and 40 °C.
The chemical shifts of 2HP-B-CD did not modify significantly during
complexing. AS values were both negative and positive after complexing
relatively to 2HP-B-CD alone indicating the different upfield and
downfield effects that QUE exerts on the different regions of 2HP-f-CD.
It is of interest that at 40 °C in D50 the differences were only downfield.
However, these differences were very small generally.

Fig. 7 shows 'H NMR spectra of QUE and 2,6Me-p-CD alone, their
mixture using the stoichiometry ratio QUE:2,6Me-$-CD 2:1 in DMSO-d6
and their complex (stoichiometry ratio QUE:2,6Me-p-CD 1:2) dissolved
in DMSO at 25 °C. In Table 6, it is observed that the chemical shifts of
QUE are shifted downfield, when it is mixed at a stoichiometry ratio 1:2
with 2,6Me-B-CD in DMSO-d6 at 25 °C and 40 °C. Similar reduction is
noted in case of complex of QUE with 2,6Me-p-CD. Similar changes were
observed in QUE at the peaks OH(7), OH(3) and OH(3") when was mixed
or complexed with 2,6Me-B-CD to those of 2HP-3-CD. No significant
change was observed in the intramolecular hydrogen bonding between
C5 (OH) and C4 (C = O) as was observed also with 2HP-$-CD.

Fig. 8 shows 'H NMR spectra results of 2,6Me-p-CD, mixture (stoi-
chiometry ratio 2:1) of 2,6Me-f-CD with QUE and their complex

(stoichiometry ratio 2:1) dissolved in D,0. QUE was not dissolved in
D,0 both at 25 °C and 40 °C as it is already mentioned above. As it can
be depicted from spectra, the peaks both in the mixture and complex of
QUE are well resolved. This means that QUE solubility is increased
considerably when it is in the complex form. Chemical shifts of 2,6Me-
B-CD alone and in the complex form are shown in Table 6. Protons of
QUE mixing with 2,6Me-p-CD at a stoichiometry ratio in D20 at 25 °C,
were noticed to have shifted upfield and downfield, while at 40 °C and in
the complex form have shifted only downfield. Finally, in Table 7 are
shown the chemical shifts changes of 2,6Me-$-CD in absence and pres-
ence of QUE in DMSO-d6 and D,0 at 25 °C and 40 °C. Both downfield
and upfield changes were observed as in the 2HP-p-CD. The chemical
shifts of 2,6Me-p-CD did not modify significantly during complexing.

NMR spectra show that QUE is inducing complexing with 2HP-$-CD
and 2,6Me-B-CD (1:2 stoichiometry ratio) in accordance with fluores-
cence experiments (Section 3.3) and DFT calculations (Section 3.1)
resulting in an increased QUE solubility. Finally, the phase solubility
studies in a mixture of QUE with 2HP-p-CD or 2,6Me-p-CD?° show a
positive deviation from the linearity, observed mainly in 2HP-$-CD at
pH 6.8, which can be probably attributed to the further formation of a
1:2 (QUE/CD) complex. This deviation, observed mainly in 2HP--CD is
in accordance with the present calculations, where the QUE is binding
stronger in the 2HP-B-CD; dimeric assembly. It should be noted that the
ONIOM(DFT:PM6) and DFT calculations have been performed on
minimum-energy snapshots of the systems, and despite that these
snapshots were not obtained over a simulation trajectory, they can be
considered highly representative and accurate.

3.3. Fluorescence spectroscopy

The stoichiometry of the formed complexes was determined using
Job’s plot method by plotting the alternation of the fluorescent signal at
550 nm against the molar fraction of QUE (Fig. 9). The maximum
alternation of the fluorescent signal in both cases was observed at a mole
fraction of 0.35 indicating the formation of 1:2 complexation between
QUE and the CDs, in excellent agreement with our DFT calculations that
predict the existence the CD’s dimeric assemblies and the encapsulation
of QUE in them, in accordance with the present NMR spectra and the
phase solubility studies [20].
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Fig. 7. Spectra of (a) QUE, (b) 2,6Me-p-CD, (c) mixing of (a) and (b) with stoichiometry ratio 1:2 and (d) dissolution of complex of QUE with 2,6Me-p-CD in

DMSO-d6 at 25 °C (stoichiometry ratio 1:2) using a 400 MHz spectrometer.

4. Summary and conclusions

In the present work, we attempt to deepen our understanding on the
binding modes of QUE with the aforementioned CDs by investigating the
requisite QUE:CDs stoichiometry that gives rise to favorable complex-
ation. Specifically, we study the entrapment of QUE in two capsules
formed by 2HP-$-CD and 2,6Me-p-CD, employing NMR spectroscopy,
fluorescent spectroscopy, and DFT calculations. In the CD cage, QUE is
separated from solvent molecules by mechanical barriers, and it can
consequently be carried in water solutions. In fact, the CD capsule
functions as the solvent surrounding the solute.

Here, it was revealed via theoretical and experimental methodolo-
gies, i.e., DFT calculations, NMR spectroscopy and Fluorescence Spec-
troscopy, that the QUE:CDs stoichiometry for optimal complex
formation follows a 1:2 pattern, where one QUE molecule is associated
with two different CD molecules (namely, 2HP-3-CD and 2,6Me-$-CD.

DFT calculations have shown that both dimeric assemblies and the
encapsulated complexes of QUE with them are stable. However, the
2HP-B-CD; dimeric assembly is more stable than 2,6Me-3-CD5, while the

10

QUE molecule in 2HP-B-CDy, is better encapsulated than in 2,6Me-3-CD.
NMR spectroscopy has shown that the NMR 'H chemical shifts of QUE
are shifted downfield, indicating that QUE is complexed via hydropho-
bic interactions with the two CDs. QUE solubility is increased consid-
erably when it is encapsulated in the dimeric assemblies. It is interesting
that similar results are obtained at 25 °C and 40 °C depicting that its
incorporation properties do not depend on the temperature. Finally,
fluorescence spectroscopy shows that the stoichiometry of the formed
complexes, determined via the Job’s plot method,is 1:2.

Finally, the positive deviation from the linearity phase solubility
studies found in mixtures of QUE with 2HP-B-CD or 2,6Me-f-CD which
was observed mainly in 2HP-$-CD at pH 6.8 and it was attributed to the
further formation of a 1:2 (QUE:CD) complex, [20] is in accordance with
the present calculations, where the QUE binds stronger in the 2HP-f-CD,
dimeric assembly. It should be noted that DFT calculations have been
performed on minimum-energy snapshots of the systems, and even
though these snapshots were not obtained over a simulation trajectory,
they can be considered highly representative and accurate.

Furthermore, it is found that the encapsulation influences the
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Values in ppm of QUE alone, mixing of QUE with 2,6Me-p-CD (stoichiometry ratio 1:2) and dissolution of complex of QUE with 2,6Me-p-CD in DMSO-d6 and in D50 at

25 °C and 40 °C (stoichiometry ratio 1:2).

H6' H2 H3 H8 H6a H6b OH (7) OH (5) OH (3) OH (3)
DMSO
QUE alone (25 °C) 8.352 7.675 7.557 6.888 6.412 6.187 10.844 12.487 9.638 9.364
QUE alone (40 °C) 8.036 7.664 7.540 6.885 6.414 6.186 10.750 12.455 9.500 9.243
Mix of QUE & 2,6Me-$-CD (25 °C) 8.038 7.656 7.531 6.876 6.401 6.181 - 12.480 - 9.348
Mix of QUE & 2,6Me-$-CD (40 °C) 8.020 7.632 7.520 6.880 6.388 6.150 - 12.415 - 9.244
Complex of QUE & 2,6Me-B-CD (25 °C) 8.033 7.668 7.533 6.879 6.396 6.182 10.775 12.500 9.334
A(QUE-Mix) (25 °C) ~0.332 ~0.019 ~0.026 ~0.012 ~0.011 ~0.006 ~0.007 ~0.016
A(QUE-Mix) (40 °C) —0.016 —0.032 —0.02 —0.005 —0.026 —0.036 —0.04 0.001
A(QUE-Complex(25 °C) ~0.319 ~0.007 ~0.024 ~0.009 -0.016 ~0.005 ~0.069 0.013 -0.03
A(mix-Complex) (25 °C) ~0.005 0.012 0.013 0.003 ~0.005 ~0.001 0.02 0.014
D,0
QUE alone (25 °C) 7.703 7.600 7.028 6.693 5.865 5.892
QUE alone (40 °C) 7.601 7.600 7.020 6.678 5.777 5.789
Mix of QUE & 2,6Me-B-CD (25 °C) 7.55 7.473 6.924 6.478 5.910 5.940
Mix of QUE & 2,6Me-$-CD (40 °C) 7.698 7.632 7.520 6.880 6.388 6.150
Complex of QUE & 2,6Me-B-CD (25 °C) 8.403 7.608 7.544 6.921 6.634 6.291
A(QUE-Mix) (25 °C) ~0.153 ~0.127 ~0.104 ~0.215 0.045 0.048
A(QUE-Mix) (40 °C) 0.097 0.032 0.500 0.202 0.611 0.361
A(QUE-Complex(25 °C) 0.700 0.008 0.516 0.228 0.769 0.399
A(mix-Complex) (25 °C) 0.853 0.135 0.62 0.443 0.724 0.351
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Fig. 8. Spectra of (a) QUE, (b) 2,6Me-p-CD, (c) mixing of (a) and (b) (stoichiometry ratio 1:2) and (d) dissolution of complex of QUE with 2,6Me-p-CD in D50 at 25 °C
(stoichiometry ratio 1:2) using a 400 MHz spectrometer.
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Values in ppm 2,6Me-B-CD alone, mixing of QUE with 2,6Me-$-CD (stoichiometry ratio 1:2) and dissolution of complex of QUE with 2,6Me-B-CD (1:2 stoichiometry

ratio) in DMSO-d6 and in D,0 at 25 °C and 40 °C.

Hla™" H1b™" H3"" H5"" H6" H2" H4™" H6-0-Me H2"”" H2-O-Me
DMSO
2,6Me-f-CD alone (25 °C) 5.069 4.980 3.703 3.554 3.533 3.520 3.520 3.503 3.387 3.241
2,6Me-f-CD alone (40 °C) 5.055 4.980 3.668 3.543 3.513 3.503 3.503 3.480 3.380 3.220
Mixture of QUE &2,6Me-$-CD (25 °C) 5.032 4.878 3.656 3.500 3.512 3.497 3.486 3.500 3.332 3.240
Mixture of QUE &2,6Me-$-CD(40 °C) 5.023 4.866 3.632 3.500 3.514 3.490 3.459 3.502 3.323 3.221
Complex of QUE &2,6Me-$-CD (25 °C) 5.091 5.000 3.712 3.560 3.501 3.916 3.912 3.920 3.342 3.250
A(2,6Me-B-CD- mix) (25 °C) —0.037 —0.102 —0.047 —0.054 —0.021 —0.023 -0.017 —0.003 —0.055 —0.001
A(2,6Me-B-CD - mix) (40 °C) —0.023 —-0.114 —0.036 —0.043 0.001 —0.013 —0.044 0.022 0.057 0.001
A(2,6Me-B-CD - Complex) (25 °C) 0.022 0.02 0.009 0.006 —0.032 0.396 0.392 0.417 —0.045 0.009
A (mix-Complex) (25 °C) 0.059 0.122 0.056 0.06 —0.011 0.449 0.426 0.420 0.01 0.010
D>,0

2,6Me-f-CD alone (25 °C) 5.391 5.091 4.012 3.940 3.914 3.702 3.686 3.591 3.497 3.413
2,6Me-f-CD alone (40 °C) 5.387 5.081 4.004 3.922 3.918 3.689 3.675 3.567 3.457 3.321
Mixture of QUE &2,6Me-$-CD (25 °C) 5.291 5.034 4.003 3.907 3.888 3.683 3.677 3.593 3.442 3.420
Mixture of QUE &2,6Me-3-CD (40 °C) 5.219 5.059 4.182 4.003 3.866 3.643 3.632 3.509 3.408 3.399
Complex of QUE &2,6Me-$-CD (25 °C) 5.290 5.031 4.001 3.900 3.888 3.679 3.667 3.589 3.439 3.417
A(2,6Me-B-CD-mix (25 °C) —0.100 —0.057 —0.009 —0.033 —0.026 —-0.019 —0.009 0.002 —0.055 0.007
A(2,6Me-B-CD /mix) (40 °C) —0.168 —0.022 0.178 0.081 —0.052 —0.046 —0.043 —0.049 —0.049 0.078
A(2,6Me-p-CD/ Complex (25 °C) -0.101 -0.06 —-0.011 -0.04 —0.026 —0.023 -0.019 —0.002 —0.058 0.004
A(mix-complex) (25 °C) —0.001 —0.003 —0.002 —0.007 0 —0.01 -0.01 0.084 —0.003 —0.003
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Fig. 9. Job plot for the determination of the binding stoichiometry of QUE and CDs; (a)2HP-$-CD and (b) 2,6Me-f-CD.

absorption spectra of QUE, i.e., red and blue shifts are observed as well
as differences in the intensity of the peaks. Finally, the cage affects the
electron density of the QUE. It is of interest that the major peaks of the
QUE, in the dimeric assemblies, at about 250 nm and 200 nm, corre-
spond to partially charge transfer (CT) excitations or to a full CT. This
fact is not common, and it has not been observed in the QUE in solution.
Finally, for the encapsulated QUE in CDs, the calculated T;—S vertical
de-excitation is about 570 nm in the single CDs and about 800 nm in the
dimeric complexes, showing that these complexes have the potential to
be used as candidates for PDT.
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