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The effect of the cyclodextrins inclusion on the Stokes shifts and emission quantum yield of three 3-styryl
aza-coumarin dyes (SACs) was experimentally and theoretically studied. Preliminary results show a rela-
tionship between the emission quantum yield and the calculated binding constants. Supramolecular
inclusion was supported by changes in the fluorescence spectra, high-resolution mass spectrometry
and molecular dynamics studies. 2,6-di-O-methyl-B-cyclodextrin (DM-B-CD) presented higher binding
constants than B-cyclodextrin (B-CD), along with up to a 6-fold increase in emission quantum yield for
the SACs. Additionally, a linear negative correlation was obtained between the Stokes shift and the emis-
sion quantum yield. This linear and empirical relationship was explained by the action of a unique
intramolecular rotation and charge transfer phenomenon in the dyes, which was modulated by cyclodex-
trins, and supported by calculations based on density functional theory.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

The understanding of photophysical properties of fluorescent
dyes, such as the Stokes shift and the quantum yield, is key in
the design of new molecules with enhanced properties for specific
applications in optical microscopy, sensing, photodynamic therapy,
among others [1-3]. Generally, fluorescent dyes with large Stokes
shifts contain a coumarin fragment as a fluorophore and their flu-
orescence quantum yields are relatively low in polar solvents [4].
The same occurs with dyes containing 4-aza-coumarin (analogous
to coumarin). Nevertheless, substituting a C-H group for a nitrogen
atom enables the observation of absorptions and emissions at
longer wavelengths, which is ideal for imaging biological samples
[5]. For this reason, aza-coumarins have been recently used in
the detection of various analytes in biological systems [6-10].

In most cases, aza-coumarins have been designed by incorpo-
rating a styryl moiety as a binding and recognition unit in position
3 and a dialkylamino group in position 7 of the azacoumarin scaf-
fold. These 3-styryl derivatives 7-(dialkylamino)-aza-coumarin
(SACs) have presented interesting solvatochromic effects in rela-
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tion to the nature of the solvent in which they have been dissolved
[11]. SACs dissolved in polar solvents present large Stokes shifts
which have been attributed to the stabilization of an excited state
with a higher dipole moment than the ground state. The higher
dipole moment of the excited state is a consequence of intramolec-
ular charge transfer (ICT) or twisted intramolecular charge transfer
(TICT) phenomena [12].

Both ICT and TICT mechanisms are responsible for Stokes shifts
when the excited state lives long enough to be stabilized by the
solvent or medium that surrounds it. Furthermore, these mecha-
nisms are also responsible for the emission quantum yield. In SACs,
ICT originates through a “push-pull” mechanism between the
dialkylamino group as electron donor and the aza-lactone moiety
as electron acceptor (especially heterocyclic nitrogen) [11,13].
When this mechanism does not take place in aza-coumarins or
coumarins|14], the compounds are mostly nonfluorescent. In addi-
tion, the formation of a non-emissive TICT state in polar solvents
has been associated with decreased fluorescence quantum yields
[15-17]. This implies that emission increases in SACs could take
place in environments where ICT is favored and / or the formation
of a non-emissive TICT state is restricted. Although there is no the-
oretical relationship between the Stokes shift (SS) and the emission
quantum yield (®g), in SACs these parameters present a non-
random behavior adjusting to a cubic polynomial curve in organic
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solvents [11]. This has suggested that the effect of the solvent on
the excited state (ICT state and / or TICT state) is affecting the SS
and ®¢ in intrinsic proportions according to the nature of the
solvent.

The relationship between SS and ®¢ could be consequence of
the styryl group present in SACs. The styryl group confers two sim-
ple bonds to aza-coumarins that could rotate in the excited state
forming a TICT state, causing a breakdown of the m-conjugation
and an increase in the dipole moment. The same could happen to
the single bond that binds the dialkylamino electron donating
group. Thus, supramolecular confinement (host-guest) could affect
these rotations and charge transfer along the structure of the SACs,
affecting both SS and ®; and empirically relating them to each
other. In this context, this work aims to study SAC1-3 spectroscop-
ically in the absence and presence of macrocycles B-cyclodextrin
(B-CD) and 2,6-di-O-methyl-B-CD (DM-B-CD) (Fig. 1), which have
the particularity of granting a confined and hydrophobic environ-
ment with different bonding abilities [18,37].

2. Experimental section
2.1. Materials and equipment

The fluorescein and solvents were purchased from Sigma-
Aldrich. The B-CD and DM-B-CD macrocycles were supplied by
Cyclolab R&D. All organic solvents and reagents were used as
received. The compound 3-styryl derivatives of 7-(dialkylamino)-
aza-coumarins (SAC1-3) were synthesized as previously described
[13]. The absorption spectra were recorded on a Varian Cary
50 Scan UV Visible Spectrophotometer and the fluorescence spec-
tra were taken using a Cary Eclipse fluorescence spectrometer.
HR-MS experiments were carried out using a compact QqTOF
instrument (Bruker).

2.2. Determination of binding constants of SAC1-3 in presence of
cyclodextrins

The Binding constant values were determined by the non-linear
regression method to fit the emission intensity at a fixed wave-
length in the prepared solutions. The experimental data obtained
were adjusted to the binding model of 1:1 stoichiometry
(Scheme 1), making use of Eq. (1) [19].
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Scheme 1. Host-guest binding mechanism for a 1:1 stoichiometric ratio.

where [H], and [G], are the initial molar concentrations of the host
and guest, and ¢&; and &yc the constants of proportionality of the
guest and complex at the measurement wavelength, respectively.

2.3. Determination of change in Stokes shift (ASS)

For each of the above solutions their emission spectra were
evaluated using their respective absorption maximum wave-
lengths as excitation wavelengths. The maximum emission wave-
length of both the substrate, /%, and the inclusion complex, 5,
expressed in nanometers, were used in the following equations:

SSe(em™') =10 (1 7 /Aﬁ) 2)

SSwg(cm™1) =107 (1/1@6 - 1/255) (3)

were SS¢ and SSyc are the Stokes shifts at cm~1. The effect of the
macrocycles on the Stokes shifts of the SACs (ASS) was obtained
from the difference between SSyc and SSg:

ASS = SSic — SS¢ (4)

2.4. Emission quantum yield (®g)

A series of solutions was prepared in fluorometric cells with a
10-mm optical path. Each of the cells was prepared with different
concentrations of substrate (SAC1-3) in methanol/water (3:7 v/v)
with absorptions between 0 and 0.1 absorbance units at 25.0 °C.
Emission spectra were then measured using the length of the
absorption maximum as the excitation wavelength. Subsequently,
for each emission spectrum obtained, the area under the curve was
integrated to obtain the integrated emission intensity.

The same procedure was performed for SAC1-3 in the presence
of 1.5 mM B-CD and then 4.5 mM DM-B-CD, and for the fluorescein
in 0.1 M of sodium hydroxide used as standard compound
(mr = 1.333, & =0.925) [20].

Finally, the quantum yield of the samples (®; ) were deter-
mined using the Demas and Crosby equation (Eq. (5)) [21]:

2
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Fig. 1. Representation of: a) Homologues of 3-styryl derivatives of 7-(dialkylamino)-aza-coumarins (SAC1-3) with their respective rotations about single bonds (R, Rg and

Ry), b) B-cyclodextrin (8-CD) y 2,6-di-O-methyl-p-CD (DM-B-CD).
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where @ is the quantum yield, S is the gradient of the line (inte-
grated emission intensity versus absorbance), n the refractive index
of the solvent (3:7 v/v Methanol/water, 1y = 1.338) [22] and the
subscripts R and x denote standard compound and sample,
respectively.

It is important to mention that for complexes with B-CD, the ®g
was obtained excluding the contribution of the free substrate in
integrated emission intensity (see Supplementary material).

2.5. Computational methods

2.5.1. Molecular modeling calculations

SAC1-3 compounds were built using Spartan18 software while
B-CD was obtained from protein data bank (PDBid 1BFN) [23]. The
DM-B-CD was obtained from methylation of 1BFN. Geometrical
optimization, charges calculation, docking studies and molecular
dynamic simulations were carried out as previously described by
us [13]. Each complex of B-CD@SACs and DM-B-CD@SACs was sim-
ulated during 200 ns in an isothermic-isobaric system.

2.5.2. DFT calculations

The optimization of the electronic structure, and the absorption
and fluorescence properties of SAC1-3 were performed at the B97-
3c theoretical level [24,25]. For optimization routine, the default
parameters for convergence under the protocol TightSCF were
used. The calculations of excited-state were run using Time-
Dependent Density Functional Theory (TDDFT). The exploration
of the potential energy surface over the single-bond rotations (Rg
and R,) was performed by relaxed surface scanning. The simulate
the aqueous environment, water was included by implicit solva-
tion under the Conductor-like Polarizable Continuum Model with
COSMO epsilon function (CPCMC). All calculations were carried
out using the ORCA program package (Program Version 5.0.3) [26].

3. Results and discussion

3.1. Dynamic simulations studies for 3-styryl aza-coumarin based dyes
into f-CD and DM-B-CD.

Prior to experimentally investigating the interactions between
3-styryl aza-coumarin based dyes (SAC1-3) and macrocycles B-
CD and DM-B-CD, molecular dynamic simulations where run in
aqueous solution using explicit solvent models. The substrates
were simulated in their neutral forms due to the low pKa value
of the dialkylamino group, for example for the substrate SAC1 its
pKa value is 1.3 [13]. These simulations offer an approximation
of the structure of the host-guest complex based on the stability
of the dynamic system. Final conformations of SACs@B-CD com-
plexes after 200 ns of molecular dynamics are shown in Fig. 2A-C.

Each complex SACs@B-CD remains stable during the simulation,
with root-mean-square deviation (RMSD) values close to 2 A (Fig. 3
A-C). SAC1 and SAC2 show a stable complex, stabilized by a hydro-
gen bond (HB) during the simulation. The stabilization by a HB in
the portal of B-CD retains the heterocycle immersed in the cavity.
A comparative AG analysis in Fig. 3G and 3H indicates a more
stable system when diethylamino substituent is present (Fig. 4
A-C).

On the other hand, is possible to observe a higher exposure of
the styryl group of SAC3 (Fig. 2C) to the solvent which could be
mediated by a hydrogen bond network favored by hydroxyl groups
on the aromatic center (Fig. 3F) and consequently, the aza-
coumarin ring is even more exposed to the solvent (Fig. 2C) in com-
parison to SAC1 and SAC2. MM/PBSA calculations indicates a stable
system with AG = —12.92 kcal/mol for SAC3.
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In order to evaluate the effect of alkylation on CD and the stabil-
ity of SACs@DM-B-CD complexes, we carried out molecular model-
ing studies using the same conditions as for SACs@B-CD.

Interestingly, molecular dynamic results show that at 200 ns
complexes formed between SACs and DM-B-CD are more stable
than those formed between the dyes and p-CD, RMSD < 1 A (Fig. 3-
A-C and 5A-C).

In fact, the final structural conformation of DM-B-CD during the
simulation has an impact on the stability of the complexes. The
higher compactness generated by the macrocycle in contact with
SACs keeps the aza-coumarin moiety inside the cavity. The same
was observed in B-CD. Each SACs@DM-B-CD complex generates
hydrogen bonds during the simulation, being the SAC3@DM-B-CD
complex the one that generates the most hydrogen bonds. In addi-
tion, the HB in SAC3@DM-B-CD were observed at shorter distances
than in SAC3@B-CD, which could be associated to stronger
interactions.

At this point, our results establish a favorable and permanent
interaction of SACs with B-CD and DM-B-CD, but the latter shows
better results energetically. Thus, the comparison of free energy
distributions shows more negative binding free energy in SACs
complexed with the DM-B-CD which would make it a better overall
host compared to p-CD.

The energetic difference recorded in the different macrocycles
(ie. lower negative values of the free energy for p-CD) can be
attributed to the fact that B-CD generates intramolecular hydrogen
bonds which are at the expense of generating interactions with
SACs derivatives. This is supported by the results shown in the
Figs. 3 and 5, where the RMSD increases, and the free energy distri-
butions are less favourable in B-CD than DM-B-CD.

3.2. Fluorescence behavior of 3-styryl aza-coumarin based dyes into -
CD and DM-B-CD and their associated binding constant.

The fluorescence spectra of SAC1-3 at different concentrations
of B-CD and DM-B-CD are shown in Fig. 6. The intensity and shift
of the fluorescence bands increases as the concentration of the
macrocycle increases. This may be due to the decrease in non-
radiative pathways, consequence of the rotational restriction of
the SACs in the complex. Also, the relocation of the guest in a more
hydrophobic microenvironment could also contribute to the spec-
tral changes observed in Fig. 6, in according with previous studies
reported with organic solvents [11], where the intensity of SAC1
substrate emission tends to be higher when the polarity of the
medium decreases in ensemble with short emission wavelengths.

On the other hand, information about the complex stoichiome-
try is derived from HR-MS experiments, which have demonstrated
that SAC compounds form 1:1 adducts with B-CD, a representative
example is presented in Fig. S2. Thus, the binding constants (Kj.q)
were estimated from the fluorescence titrations data (Fig. S1), by
using Eq. (1) and are shown in Table 1.

The good fit of the experimental data to Eq. (1) supports the for-
mation of 1:1 complexes between SAC1-3 dyes and B-CD and DM-
B-CD macrocycles. Unfortunately, the non-observation of changes
in the absorption spectra and the poor solubility of the substrates
in water did not allow for the corroboration of these estimates by
other techniques such as UV-vis spectrometry or nuclear magnetic
resonance (NMR). However, the magnitudes of the K;.; obtained
were consistent with those reported in the literature for aromatic
guest-cyclodextrin inclusion complexes [27-30].

The estimated K;.; for the SAC1-3 in presence of -CD are sim-
ilar (=700 M), with SAC3 being the substrate with the lowest
affinity (see Table 1). These results agree with the literature for
inclusion complexes of benzene [27], phenols [28] and chrysin
derivatives [29] for a 1:1 inclusion complex, where the B-CD/
chrysin complex is disfavored when the phenyl group is substi-
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A) B) C)

B-CD@SAC1 B-CD@SAC2 B-CD@SAC3

Fig. 2. Final conformations after 200 ns of molecular dynamic simulations of the B-CD complexes with the dyes (A) SAC1 (green), (B) SAC2 (purple) and (C) SAC3 (cyan).
Hydrogen bonds and their corresponding distances at 200 ns are displayed. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3. Results from the molecular dynamic simulation of complexes SACs@B-CD during 200 ns. A-C) RMSD values shows stability of each complex during the simulation. D-F)
Histograms of the number of HB present during the simulation. G-I) Free energy distribution from MM/PBSA calculations. Representations in green, purple and cyan are
associated to SAC1, SAC2 and SAC3, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tuted by a hydroxyl group [29]. In the presence of DM-B-CD, the dialkylamino group of SACs does not contribute to host-guest
complexes SAC1@DM-B-CD and SAC2@DM-B-CD presented similar interaction, which is reasonable since the -NR, group of SACs is a
Ki:1 (8900 M), while the complex SAC3@DM-p-CD presented a very weak base (pK, ~ 1.5) [13] and b) the SAC3@DM-B-CD com-
K;:1 2.4 times higher. This suggests that: a) the alkyl chain of the plex is favored by hydrogen bond formation between the hydroxyl
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DM-B-CD@SAC3

Fig. 4. Final conformations from molecular dynamic simulations of the DM-B-CD complexes with the dyes (A) SAC1, (B) SAC2 and (C) SAC3.
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associated to SAC1, SAC2 and SAC3 respectively. (For interpretation of the references

groups of the substrate SAC3 and the (unmethylated) hydroxyl
groups of DM-B-CD. These observations make sense only if the
DM-B-CD macrocycle is hosting the phenyl group when forming
the complex, so that the inclusion process would mostly affect
the Ry and R, rotations (corresponding to the styryl group, Fig. 1).

to colour in this figure legend, the reader is referred to the web version of this article.)

For each of the SACs, DM-B-CD was found to have higher bind-
ing constants, making it a better overall host compared to B-CD
(Table 1). This finding is in line with the results of the MD simula-
tions for each dye in its ground state and with previous reports for
the guests methyl orange and 8-anilino-1-naphthalenesulfonate
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Fig. 6. Modification of the emission spectra by titrations with p-CD and DM-B-CD for the SAC compounds (1.5 uM in 30% v/v methanol and T = 25.0 °C): (a) SAC1/B-CD, (b)
SAC2/B-CD, (c) SAC3/B-CD, (d) SAC1/DM-B-CD, (e) SAC2/DM-B-CD and (f) SAC3/DM-B-CD.

Table 1
Binding constants for a 1:1 model (K;.;) between the SACs and the macrocycles: B-CD
and DM-B-CD.

Macrocycle Compound Ki.p (M™1)

B-CD SAC1 875 + 126
SAC2 663 + 70
SAC3 537 + 32

DM-B-CD SAC1 8911 £ 230
SAC2 8872 + 368
SAC3 20921 = 907

[30,31]. The lower values of the binding constants for B-CD are
attributed to the fact that B-CD has, for the most part, its hydroxyls
focused on the formation of intramolecular hydrogen bonds, which
grants it greater rigidity and diminishes its capacity to form inter-
molecular hydrogen bonds [32,37]. However, DM-B-CD cannot
form intramolecular hydrogen bonds due to methylation in its pri-
mary face, therefore it is more flexible [37]. This flexibility could
result in DM-B-CD having greater adaptability towards the sub-
strates. A remarkable feature in DM-B-CD is that, although it does
not present intramolecular hydrogen bonds, its secondary hydrox-
yls can form these bonds, improving its affinity with hydrogen
bond accepting guests in contrast to -CD [37]. Additionally, the
hydrophobic effect is one of the phenomena that is attributed to
favour DM-B-CD as a host over B-CD, as a consequence of a greater
apolar depth of the cavity granted by the methyl substituents in
the DM-B-CD [32].

3.3. Stokes shift (SS) and emission quantum yield (®g)

Some relevant photophysical parameters such as Stokes Shift
(SS) and emission Quantum Yield for SAC1-3 dyes and their com-
plexes with B-CD and DM-B-CD are summarized in Table 2.

As shown in Table 2, no appreciable solvatochromic absorption
effect resulting from the formation of the complex is observed,
since the maximum absorption wavelengths (A,ps) of the sub-
strates do not vary appreciably in the presence of f-CD and DM-
B-CD. This means that the effect of both macrocycles on the Stokes
shift (SS) of the dyes once the complex is formed depends only on
the maximum emission wavelength in the absence and presence of
the macrocycle. The maximum emission wavelength of the free
substrates is around 600 nm, giving rise to SS between 3477 and
4431 cm™! (see Table 2).

In the presence of macrocycles (B-CD or DM-B-CD), the Stokes
Shifts of SAC1-3 dyes are reduced, suggesting that intramolecular
charge transfer (ICT) in substrates is disfavored in supramolecular
inclusion. In this line, other studies have demostrated that the ICT
process is inhibited in the relatively reduced polarity inside -CD
cavity [33,34]. Also it is important to consider the size of the tested
cavity to regulate a particular photoprocess [34].

In fact, there are two ways in which the CD-host may be disfa-
voring charge transfer in the excited state of SAC1-3 substrates: i)
by decreasing the polarity of the environment surrounding the flu-
orophore as it enters the hydrophobic cavity of the host (ICT reduc-
tion), and/ or ii) by restricting the intramolecular Ry and/ or R,
rotations of the substrates in the same inclusion process (TICT
restriction).

On the other hand, the emission quantum yields of the sub-
strates SAC1-3 (¥¢) increased in the presence of $-CD and DM-p-
CD (Table 2), where SAC3 was the substrate that presented the
greatest increase in its ®¢ in the presence of DM-B-CD (~6-fold).
Interestingly, SAC3@DM-B-CD was the complex that presented
the highest binding constant of the series (Table 1).

Furthermore, a linear relationship between the effect of the host

on the emission quantum yield of the substrates ((DEG/Q)S ) and
the observed binding constant is obtained (Fig. 7A). A trend can
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Table 2

Photophysical characteristics: free substrates and their complexes.”
Species habs hem Rex SS Dg ASS oHC ¢

(nm) (nm) (nm) (cm™) (cm™)

SAC1 483 594 483 3869 0.144 + 0.008 - -
SAC2 493 595 493 3477 0.112 £ 0.008 - -
SAC3 487 621 489 4431 0.054 + 0.002 - -
SAC1@B-CD 483 585 487 3610 0.249" £ 0.016 —259 1.73
SAC2@B-CD 493 582 493 3102 0.252" + 0.016 -375 2.25
SAC3@B-CD 487 615 490 4274 0.058" + 0.002 -157 1.07
SAC1@DM-B-CD 483 573 487 3252 0.500 + 0.016 —617 3.47
SAC2@DM-B-CD 493 568 493 2678 0.409 + 0.013 -799 3.65
SAC3@DM-B-CD 489 576 490 3089 0.332 £ 0.011 —1342 6.15

2 MeOH (30 % v/v) at pH 2.5 and 25.0 °C.

b @ corrected excluding the contribution of the free substrate (Supplementary material). A,ps, Aem and A are the absorbance, emission and excitation maxima of substrate

(SAC), respectively.

"
h R2 =0.958
6 6
0 5 10 15 20 25
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Fig. 7A. ®}°/@f versus binding constants K., for the complexes: 1(SAC3@B-CD), 2
(SAC1@B-CD), 3(SAC2@B-CD), 4(SAC1@DM-B-CD), 5(SAC2@DM-B-CD) and 6
(SAC3@DM-p-CD).

be seen in which the higher the binding constant, the greater the
increase in the emission quantum yield of the substrate in the
complex. As the binding constant is a measure of the strength of
the interaction between the host and the guest, it can be inferred
that the inclusion complexes with higher binding constants heavily
restrict the non-radiative paths given by the intramolecular rota-
tions Ry and/or R, of the SACs, resulting in an increase in the ®.
These rotational restrictions induced by the macrocycles (B-CD or
DM-B-CD) would also imply a disfavor of the TICT in the substrate,
as above mentioned, resulting in a decrease in its SS.
Interestingly, the decrease in SS and the increase in ®; of SAC1-
3 substrates when forming the complex can be seen in Fig. 7B. This
linear correlation (R? = 0.987) between the change in Stokes shift
(ASS) and the change in quantum yield of SAC1-3 upon
supramolecular inclusion suggests that the rotations Rg and/or Ry
of SAC1-3 play a significant role in the emission decay and in the
Stokes shift. In other words, if the intramolecular rotations of the
SAC1-3 and the TICT are restricted, the Stokes shift decreases, dis-
favoring the non-radiative pathways produced by such rotations
and, therefore, increasing the observed emission quantum yield.
To support these findings, computational simulations were car-
ried out at the Density Functional Theory level (DFT). A linear cor-
relation (R? = 0.983) was observed between the emission intensity
and the Stokes shift in SAC1 when the dihedral angle R of 180°
was gradually rotated —70° and 70° (Fig. 8). This finding supports
the notion of intramolecular rotations having an impact on the
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Fig. 7B. ®f¢/@$ versus the change in the Stokes shift (ASS) for the complexes: 1
(SAC3@B-CD), 2(SAC1@B-CD), 3(SAC2@B-CD), 4(SAC1@DM-B-CD), 5(SAC2@DM-B-
CD) and 6(SAC3@DM-p-CD).

observed relationship between the emission decay and the Stokes
shift.

On the other hand, rotations in R, were also evaluated (Fig. S3).
However, the correlation between emission decay and ASS was
less linear (R? = 0.930) than the relationship obtained when the
dihedral angle Rg is rotated. In addition, the maximum ASS for
R, was 7.8 times lower than that obtained in rotations of Rg. This
suggests that rotations in Ry do not exert a relevant effect on the
SS of the SACs compared to rotations in Rg.

Given the computational results (Fig. 8), the linear correlation
obtained between the change in the Stokes shift (ASS) and the
change in the quantum yield of the SACs in the presence of
cyclodextrins (Fig. 7B) can be explained considering that the rota-
tional degrees of freedom of the SACs is the most important factor
affected by the formation of the complex. This consideration is rea-
sonable when taking into account that both B-CD and DM-B-CD
have similar polarity. In fact, other reports have demonstrated that
the internal polarity of B-CD is similar to that of ethanol [35] and
the cavity of DM-B-CD have polarity similar to that of alcohol-wa-
ter mixtures [36], meaning that the change in the environment
surrounding the SAC dyes entering each of the cyclodextrin cavities
(from DM-B-CD to B-CD) is comparable. It is important to mention,
that when SAC1 is dissolved in different organic solvents, the linear
correlation between ®; and SS does not take place [11], possibly
due to multiple factors, one of which could be intramolecular
rotations.
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Fig. 8. Relative emission oscillator strength (aﬁ/‘/ago) versus variations in Stokes shifts (ASS). a'é/‘ denotes the emission oscillator strength for a specific R dihedral rotation.
Ry = 90° was used as reference. Rotations were carried out gradually around an angle of 180° in a range of 110°-250° by ORCA software, using B97-3c as a theory level.

4. Conclusions

The fluorescence intensities of SAC1-3 dyes were evidently
enhanced by forming an equimolar inclusion complex with
cyclodextrins, with higher K;.; values for DM-B-CD compared to
B-CD. Through molecular dynamics simulation, an inclusion pat-
tern was proposed to help explain the inclusion mode and the
higher stability for DM-B-CD complexes.

The linear negative correlation between the Stokes shift and the
emission quantum yield in SACs, in the presence of cyclodextrins,
is a consequence of the reduced degrees of freedom of the
intramolecular rotation Rz when entering the cavity of the macro-
cycle. The greater restriction on Ry is due to: i) a stronger m-
conjugation, allowing for a less polarized excited state and there-
fore a smaller Stokes shift; ii) reduction of non-radiative paths pro-
duct of intramolecular rotations, therefore, higher emission
quantum yield. In other words, the intramolecular rotation restric-
tions on R give rise to an inverse relationship between their Stokes
shift and quantum yield, whereby smaller Stokes shifts correspond
to greater quantum yields, and vice versa. Findings of the present
study suggest that fine-tuning molecular rotation can serve as an
effective strategy for optimizing the design of fluorescent organic
dyes with potential applications in diverse areas, including biosen-
sors, organic light-emitting diodes OLEDs, photosensitizers, and
fluorescence imaging. Further research is needed to explore the
mechanisms underlying the observed effects and to expand the
range of fluorescent materials that can benefit from this approach.
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