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ABSTRACT: The push—pull molecules with an intramolecular charge transfer
from donor to acceptor sides upon excitation exhibit a wide variety of biological
and electronic activities, as exemplified by the in vivo fluorescence imaging
probes for amyloid fibrils in the diagnosis and treatment of amyloid diseases.
Interestingly, the structurally much simpler bis(4,8-disulfonato-1,5-naphtho)-32-
crown-8 (DNC), in keen contrast to the conventional macrocyclic receptors,
was found to dramatically enhance the fluorescence of twisted intramolecular
charge-transfer molecules possessing various benzothiazolium and stilbazolium
fluorophores upon complexation. Spectroscopic and microcalorimetric titrations
jointly demonstrated the complex structures and the interactions that promote
the extremely strong complexation, revealing that the binding affinity in these
artificial host—guest pairs could reach up to a nearly 10’ M™" order of magnitude
in water, and the sandwich-type complexation is driven by electrostatic,
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hydrophobic, #-stacking, and hydrogen-bonding interactions. Quantum chemical calculations on free molecules and their DNC-
bound species in both the ground and excited states elucidated that the encapsulation by DNC could greatly deter the central
single and double chemical bonds from free intramolecular rotation in the singlet excited state, thus leading to the unique and
unprecedented fluorescence enhancement upon sandwich-type complexation. This complexation-induced structural
reorganization mechanism may also apply to the binding of other small-molecule ligands by functional receptors and contribute
to the molecular-level understanding of the receptor—ligand interactions in many biology-related systems.

B INTRODUCTION

Receptor—ligand binding is regarded as one of the most
ubiquitous and diverse processes in biochemical events, such as
the transportation of oxygen by hemoglobin and the complex-
ation of DNA with histone in higher organisms.'™ The
activation or inhibition of a receptor can be driven by the
capture of an endogenous or exogenous ligand and starts with a
conformational change followed by a biological chain of
reactions, e.g., the light-induced signal transduction by natural
photosensory receptors.”” The “induced-fit” mechanism on
enzyme catalysis has pointed out that the tight shape
complementarity plays a critical role in the binding process,”’
and consequently, the structural rearrangements that can
accompany receptor—ligand binding have been comprehen-
sively explored over the past few decades.””"* Regardless of the
significant progress on the experimental evidence and
theoretical prediction to illustrate the receptor—ligand binding
behaviors with continuously increasing accuracy and specificity,
mapping the structure—activity relationships in receptor—ligand
systems always requires detailed knowledge of the nature and
origins of changes in chemical and physical states of the
participating ligands and receptors, but there is a relative
paucity of studies until recently on the magnitude and
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prevalence of spatial organization upon receptor—ligand
complexation. For instance, thioflavin T (Gl, Figure 1), a
benzothiazole-based cationic dye molecule, is unanimously
accepted as the “gold standard” and potent fluorescent
biomarker for selectively staining and identifying the probe—
target association with amyloid fibrils (aggregates of proteins
that possess 39—43 amino acid residue peptide).'>'® Despite
the extensive studies on the photophysical properties of G1,
however, the mechanism by which the binding of G1 toward
the nanopores of amyloid fibrils that leads to a dramatic
fluorescence enhancement remains largely unknown, and the
literature reports are even contradictory at times.'” Never-
theless, the most convincing hypothesis, which was compre-
hensively verified by spectroscopy measurements and X-ray
crystallography analyses, has implied that the inhibition of the
rotation around a single C—C bond in GI is the crucial and

basic factor to govern the specific recognition toward amyloid
fibrils."*"”
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Figure 1. Fluorescence spectra of G1 in the presence and absence of
DNC and other representative macrocyclic receptors. Fluorescence
spectral changes upon addition of DNC, 5-CD, y-CD, SC4A, CB[7]
and disodium 1,5-naphthalenedisulfonate (reference compound) were
monitored under comparable conditions in water at 25 °C; [G1] = 1.0
x 107 M, [DNC] = [-CD] = [y-CD] = [SC4A] = [CB[7]] = 5.0 X
107% M, [reference] = 1.0 X 10> M; excitation wavelength = 425 nm.
Inset: photographs of the solutions of G1 (I), DNC (II), and
G1CDNC complex (III) irradiated under UV light.

To date, supramolecular methodology has been proven as an
alternative and even a more powerful strategy to create new
photophysical and biomedical properties through elaborately
modulating the intermolecular noncovalent interactions.”’™>
More excitingly, supramolecularly assembled entities have
provided numerous structurally and kinetically well-defined
and well-characterized model systems to simplify and mimic the
realistic prototype in the macroscopic and microscopic world,
which allow us to describe a more detailed picture of molecular
recognition mechanism in biological systems.”"*> We report
here a unique fluorescence enhancement of push—pull
molecules (G1—G6) upon binding to bis(4,8-disulfonato-1,5-
naphtho)-32-crown-8 (DNC) in water, with the aim of gaining
mechanistic implications for the recognition-induced conforma-
tional changes upon artificial receptor—ligand binding (Chart
1). As a negatively charged synthetic receptor with a flexible
and nonpreorganized structure, DNC bears the essential
structural features of the three-dimensional hydrophobic
“pocket” of some biomacromolecules, thus making such
water-soluble crown ether a promising candidate for mimicking
the biological receptor—ligand recognition process at a
molecular resolution. In our previous work, we have established
that sulfonated crown ethers and their higher homologues can
effectively encapsulate diverse types of organic cations in its

hydrophobic cavity through multiple noncovalent interactions,
ie, the hydrogen-bonding interconnection with polyether
chains, the electrostatic attraction with sulfonate sites, and the
aromatic stacking contact with disulfonatonaphthalene
planes.”*™>* All of these characteristic interactions are expected
to operate as the main driving forces in the specific binding of
ligands with proteins and many other biomacromolecular
assemblies,” and hence the results of this study will
significantly promote our molecular-level understanding of
the receptor—ligand binding in relevant biological systems.

B RESULTS AND DISCUSSION

Host Selectivity with Push—Pull Molecules. Crown
ether DNC sodium salt was prepared by our previous
method.”® Two types of monocationic ligands (benzothiazo-
lium and stilbazolium salts) were synthesized according to the
reported methods,”*” in which the counterion was exchanged
to chloride ion as to improve their water solubility.
Fluorescence spectral behavior of G1 was preliminarily
examined in water with and without added DNC, where the
excitation wavelength was set at 425 nm to avoid any light
absorption by DNC (Figure S1 in the Supporting Information).
As can be seen from Figure 1, the fluorescence intensity of G1
showed a sudden leap by a factor of 140 upon addition of
DNC, accompanied by a large hypochromatic shift from 495 to
472 nm, which is contributed to the visible emission from the
charge transfer (CT) state to the locally excited (LE) state.
This dramatic fluorescence enhancement is comparable to the
thioflavin T—amyloid fibrils level association'” and indicates the
close intermolecular communication between DNC and G1 in
water. In keen contrast, none of the other representative
macrocyclic receptors, including - and y-cyclodextrins (f- and
7-CDs), p-sulfonatocalix[4]arene (SC4A) and cucurbit[7]uril
(CB[7]), showed such behaviors under the same experimental
condition.””** This specific binding of G1 by DNC could be
detected also by the naked eyes, since neither G1 nor DNC is
fluorescent (see photographs I and II in Figure 1, inset), but an
equimolar mixture of the two components instantly became
highly fluorescent to emit intense yellowish green light upon
exposure to UV light (see photograph III in Figure 1, inset). In
a control experiment, no spectral change of G1 was observed in
the presence of disodium 1,5-naphthalenedisulfonate added as a
reference compound, indicating that the electrostatic attraction
is not sufficient to form a host—guest complex and the
macrocyclic structure of DNC is indispensable to entrap G1 in
its preorganized z-electron-rich cavity (Figure S2 in the
Supporting Information). This excellent host selectivity of

Chart 1. Chemical Structures of DNC, Benzothiazolium Salts (G1—G3), Stilbazolium Salts (G4—G6), and Proton Designation
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“The counterion in all guest molecules is CI™. Two 4,8-disulfonatonaphthalene units are covalently lined together at the 1- and S-positions with
trioxyethylene chains in host DNC, while two push-pull aromatic planes can interact with each other via a 7-conjugated spacer in guests G1—-G®6.
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DNC toward G1 prompted us to hypothesize that tetrasulfo-
nated crown ethers could be utilized as a versatile candidate to
substantially improve the inherent spectroscopic performance
of some specific ligands through the synergetic supramolecular
cooperativity.

With this in mind, the ligand structures were extended from
the turn-on fluorescence biomarker thioflavin T (G1) to
various benzothiazolium and stilbazolium salts (G2—G6).>>~’
All the selected guest molecules are dipolar push—pull organic
chromophores, in which the strong electron-donor and
electron-acceptor groups positioned at the opposite ends of a
7m-conjugation path.”® It is believed that the intensive positive
charges in the heteroaromatic center of G1—G6 not only act as
the electron-deficient moiety to achieve an optimal donor—
acceptor combination but also facilitate the electrostatic
attraction with negatively charged sulfonate groups in DNC,
while their aromatic skeleton may simultaneously increase the
m-stacking probability with naphthyl rings in DNC. Therefore,
the formation and structural features of push—pull molecules
G1-G6 upon complexation with DNC were qualitatively
studied by UV/vis and 'H NMR spectral examinations. As
shown in Figure 2, the absorption peak of G1 centered at 412
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Figure 2. UV/vis spectral changes of G1 upon addition of DNC to
form binary complexes. The spectral changes were recorded in water at
25 °C; [G1] = 4.0 X 10™° M, [DNC] = 0—8.0 x 10™> M (from line a
to j). Inset: the magnified spectra in the range from 360 to 480 nm,
showing the isosbestic point at 425 nm.

nm was gradually shifted to 419 nm with an isosbestic point at
425 nm upon stepwise addition of DNC of up to 2 equiv,
indicating the simple one-step transformation from free G1 to
GICDNC complex in aqueous solution. Similarly, the UV/vis
absorption of stilbazolium guest G4 gradually decreased upon
addition of DNC in the range of 370—550 nm, but no obvious
isosbestic point was observed in the G4CDNC complex at
long-wavelength region (Figure S3 in the Supporting
Information).

TH NMR Titration. Furthermore, the structural features of
the obtained binary complexes were elucidated from the
chemical shift changes of the 'H NMR spectra. As can be seen
from Figure 3, the dimethylaniline’s H; , protons and the
benzothiazole’s H, proton (see Chart 1), which are located at
the both ends of G1, are shifted to the low field by 0.12, 0.22,
and 0.03 ppm, respectively, upon complexation. In comparison,
the remaining aromatic and H, protons, all of which are located
in the central part of G1 molecule, show pronounced upfield
shifts of up to 0.26 ppm upon complexation. In addition, the
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Figure 3. Chemical shift changes of G1 and G4 with DNC upon
complexation. "H NMR spectra of (a) G1, (b) GICDNC, (c) DNC,
(d) G4CDNC, and (e) G4 were recorded in D,0O at 25 °C; [DNC] =
[G1] = [G4] = 2.0 x 10~ M.

DNC’s aromatic a and b protons show much larger upfield
shifts of 0.43 and 0.56 ppm, respectively, and the signals are
significantly broadened upon complexation with GI. Similar
broadening is seen also for the oxyethylene proton signals c—e
with nominal chemical shift changes (Figure 3b). In contrast,
although a simple pattern of sharp peaks for the individual G2—
G3 was observed, the resonance signals of their corresponding
supramolecular complexes were drastically broadened and
suffered pronounced downfield shifts as a result of the tight
encapsulation in the crown ether’s cavity (Figure S4 in the
Supporting Information). All the phenomena may be indicative
of a slow exchange dynamics due to a relatively high binding
strength of DNC with the examined push—pull guests in water,
which is further validated by the fluorescence titration
experiments, as described below.

In the case of stilbazolium salt G4, the corresponding
chemical shift changes exhibited a similar tendency upon
addition of DNC; that is, the pyridinium ring and double-bond
protons in G4 (H;_g) exhibit dramatic upfield shifts, which
were mainly attributed to mutual strong diamagnetic shielding
between the naphthalene and pyridinium sites. Also, the rest
protons in G4 (H,_,) gave downfield shifts upon complexation
with DNC, suggesting that the dimethylaniline part was mostly
located outside the macrocyclic ring. These 'H NMR
spectroscopic observations were in good agreement with our
previous study that the supramolecular complexation with
tetrasulfonated crown ethers always moves the proton signals of
accommodated guest molecule to the higher field but those
located outside the cavity to the lower field.*® Similarly, the
molecular binding behaviors could be also deduced from the 'H
NMR spectra of GSCDNC and G6CDNC complexes (Figure
SS in the Supporting Information). Overall, the above-
mentioned contrasting NMR spectral behaviors of the
peripheral and central protons of push—pull ligands upon
complexation with DNC indicate that the aromatic core of
guest molecules is firmly sandwiched by DNC’s two
naphthalene moieties as a consequence of the combined effects
of the z-stacking, electrostatic attraction, and the C—H--O
hydrogen-bonding with the ether oxygen in the linker as
indicated by the quantum chemical calculations (vide infra),
leaving the dimethylamino group and its periphery protons in
the deshielding area of the naphthalenes in DNC.
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Furthermore, rotating-frame Overhauser effect spectroscopy
(ROESY) experiments provided more detailed structural
information about the GICDNC complex. In the ROESY
spectrum shown in Figure S6 (the Supporting Information),
cross-peak A is assignable to the nuclear Overhauser enhance-
ment (NOE) correlation between the G1’s H, proton and the
DNC’s a proton and the cross-peaks B and C to the NOE
correlation between one of the G1’s central aromatic protons
and the DNC’s H, proton on the linker. Combining these
ROESY results with the aforementioned chemical shift changes
upon complexation, we can conclude that the guest molecules
are tightly packed between the two naphthalene rings of DNC
to form a sandwich-type complex in water, and this binding
mode enables the dramatic enhancement of G1-G6
fluorescence, the mechanism of which will be discussed below.

Fluorescence Spectroscopic Titration. The association
constants (K) of G1—G6 with DNC were determined by
fluorescence spectral titration at relatively low concentra-
tions.””*" First, the binding stoichiometry was determined by
the Job analysis at a fixed total concentration of host and guest
molecules. As shown in Figure S7, the fluorescence intensity
changes (AF) were plotted against the molar fraction of G1 to
give a peak at a molar fraction of 0.5, indicating 1:1
stoichiometry for the G1-DNC complexation. In addition,
the formation of a 1:1 complex was further confirmed by
electrospray ionization—mass spectrometry (ESI-MS). The
corresponding molecular jon peaks for all the 1:1 binary
complexes could be observed in Figures S8—S13 (Supporting
Information).

Then, the fluorescence spectral titration of G1—G6 with
DNC was performed in water at 25 °C to give the results
shown in Figures 4 and S14 (Supporting Information). It is
noteworthy that the complexation of DNC can consistently
induce an appreciable fluorescence enhancement with all the
selected push—pull molecules, here again corroborating the
power of preorganized macrocyclic ring of DNC in the
regulation of photophysical properties of organic dyes.
Moreover, the nonlinear least-squares fit of the intensity
changes (AF), assuming the 1:1 complex stoichiometry,
afforded the association constant (K) as high as 5.02 X 10°
M~ in the G2CDNC complex (Figure 4a). Using the same
fluorescence titration method, the K value between G6 and
DNC under a neutral condition was calculated to be 2.25 X 10°
M~ (Figure 4b). For a comparison purpose, all the K values
derived from fluorescence spectroscopic titrations in the
complexation of DNC with guests G1—G6 were listed in
Table S1. It can be seen that the binding strength was mostly
located in the range of 10° M™" order of magnitude, except the
one of DNC with G2 and G3 bearing a broader aromatic
conjugation to reach the highest value of 5.02 X 10° M}, which
exceeds the values reported for synthetic host—guest systems
(typically 10'=10° M™'; mean at ca. 3000 M7') and is
comparable to those for antigen—antibody systems (10”—10°
M™').*! This phenomenon probably originates from a closer
and compacter aromatic z-stacking interaction to achieve a
greater size-fit efficiency in the obtained host—guest complexes.

More crucially, the time-resolved fluorescence studies under
the comparable conditions demonstrated that the complexation
with DNC significantly elongated the fluorescence lifetime of
Gl from several picoseconds to 0.5 ns (Figure S1S in the
Supporting Information),*” which is likely due to the electronic
and structural effects of sandwich complexation as well as the
protection from the deactivating solvent attacks.
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Figure 4. Fluorescence spectral titrations to evaluate the affinity of G2
and G6 to DNC. Fluorescence intensity changes of (a) G2 and (b) G6
upon gradual addition of DNC in water at 25 °C ([G2] = 1.0 X 107
M with [DNC] = 0—5.8 X 107° M (a) and [G6] = 1.0 X 10™° M with
[DNC] = 0-10.0 X 107 M (b), from line a to q). Inset: Nonlinear
least-squares analysis of the fluorescence intensity changes to calculate
the 1:1 association constant (K).

Microcalorimetric Titration and Thermodynamics. To
elucidate the origin of the unprecedented fluorescence
enhancement and the extremely strong complexation by such
a rather simple host, we evaluated the thermodynamic
parameters by means of isothermal titration calorimetry
(ITC) and the results were listed in Table 1. The association
constants (K) obtained by ITC are in good agreement with
those obtained by fluorimetric titration mentioned above
(Figures S16—S20 in the Supporting Information). Moreover,
the electrostatic potential maps also demonstrate that the whole
aromatic skeletons in Gl, G2, and G4 are very electron-
deficient, which is more prone to stack with the z-donor units
from the crown ether component (Figure 5). In addition, the
peripheral hydrogen atoms around push—pull guest molecules
are so acidic (electron-poor) that they can readily form
hydrogen-bonding interconnection with the electron-rich
oxygen atoms in DNC.**** Therefore, we can reasonably
infer that the z-stacking and hydrogen-bonding interactions are
jointly contributed to the enthalpic gains in the present
molecular binding system. Along with the dominant enthalpic
gains, the moderate entropic changes further confirm that the
mutual electrostatic desolvation effect is another primary
determinant to govern the molecular recognition process in
water, because lacking sulfonated groups, the complexation of
organic cations with neutral crown ether derivatives always
induces much more negative entropic loss in nonaqueous
solvent.*

DOI: 10.1021/acs.jpcb.6b02646
J. Phys. Chem. B 2016, 120, 3932—3940


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b02646/suppl_file/jp6b02646_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b02646/suppl_file/jp6b02646_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b02646/suppl_file/jp6b02646_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b02646/suppl_file/jp6b02646_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b02646/suppl_file/jp6b02646_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b02646/suppl_file/jp6b02646_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b02646/suppl_file/jp6b02646_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b02646/suppl_file/jp6b02646_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.6b02646

The Journal of Physical Chemistry B

Table 1. Association Constants (K/M '), Standard Free Energy (AG°/kJ'mol '), Enthalpy (AH°/kJ'mol™ "), and Entropy
Changes (TAS°/kJ'mol™") for 1:1 Inclusion Complexation of NDC with Push—Pull Guests in Water at 25 °C

guest K —AG° —AH° TAS®

Gl (2.82 + 021) x 10° 36.81 + 0.18 3547 + 0.05 1.34 +£ 023
G2 (4.94 + 029) x 10° 3820 + 0.14 33.38 + 0.04 4.82 + 0.18
G3“ 432 x 10° 37.85 41.39 —-3.54

G4 (8.09 + 0.09) x 10° 33.72 + 0.03 39.37 + 0.37 —5.65 + 0.39
G5 (1.64 + 0.08) X 10° 3547 + 0.12 40.54 + 0.07 —5.08 + 020
G6 (1.82 + 0.13) x 10° 35.52 £ 0.02 4142 + 042 —5.89 + 0.40

“The thermodynamic parameters in the G3CDNC complex could not be accurately obtained by ITC method, due to the low water-solubility of G3.
Alternatively, the variable-temperature fluorescence titrations were performed to obtain the reliable thermodynamic parameters according to van’t
Hoff equation (see Figure S21 in the Supporting Information for details).

G1
negative

positive

Figure 5. Electrostatic potential surfaces of G1, G2, and G4. Blue and
red represent positive and negative electrostatic potentials, respec-
tively.

The calorimetric data in benzothiazolium salt systems clearly
indicate that the extraordinarily strong binding of G1-G2 by
DNC is driven not only by the highly negative enthalpic change
but also by the positive entropic gain. The enthalpic gain may
be attributed to the combined effect of the s-stacking,
hydrophobic, and hydrogen-bonding interactions, while the
favorable entropic gain, which is rarely observed for synthetic
host—guest systems, may arise from the extensive dehydration
from both the positively charged guests and negatively charged
DNC upon charge-neutralizing sandwich complexation, as
often observed for biological host—guest systems.***” The
complexation of DNC with G3—G6 is mainly enthalpy-driven
with a modest entropic loss, which is an unusual occurrence in
the water-soluble crown ether-based molecular recognition
systems. The orderly penetrating of stilbazolium salts makes the
encapsulated guest molecules more immovable in the crown
ether’s ring, and this conformational fixation overwhelms the
desolvation effect to eventually give unfavorable entropic loss. It
is also noted that the intermolecular complexation of DNC
with benzothiazolium and stilbazolium salts depends to a large
degree on charge distribution. That is, different from the
isolated pyridinium terminals in G4—G6, the sulfur atom in
G1-G3 could greatly delocalize the charge density on the
benzothiazolium skeleton. As a result, the high density of
positive charge on N-methylated benzothiazole group may
facilitate the close contact between the sulfonated anions and
quaternary ammonium cations, ultimately giving the positive
entropic gain in the GICDNC and G2CDNC complexes.
Meanwhile, the electron-deficient pyridinium terminals in G4—
G6 could dramatically reduce the charge density on the whole
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molecule, which not only produces a stronger n-stacking
communication with electron-rich naphthalenesulfonic moieties
to form a tightly packed “sandwich-type” complex but also
results in the conformational immobilization upon host—guest
complexation.

Quantum Chemical Calculations. After scrutinizing the
molecular structures of G1—-G6, we may propose two plausible
mechanisms for rationalizing the fluorescence enhancement in
this host—guest system; (a) the complexation-induced pK, shift
accompanied by the protonation to the electron-donating
dimethylaniline nitrogen and (b) the conformational restriction
of guest molecules in a specific spatial orientation upon
complexation with DNC.'"”* As exemplified by thioflavin T
(G1), the first mechanism does not appear to operate in our
case, since the pH titration experiments demonstrate that both
free G1 and G1CDNC complex are protonated only in highly
acidic media (pK, = 1.0S and 1.4S, respectively) and free from
protonation in the neutral solution employed in this study
(Figure S22 in the Supporting Information).

On the other hand, the second mechanism sounds more
reasonable, as the photophysical properties of G1 and other
representative fluorescent probes are known to be critical
functions of the dihedral angle (¢) between the benzothiazole
and dimethylaniline planes'® and the results of our own
spectroscopic examinations described above are fully compat-
ible with the sandwich complexation of G1—G6 with DNC.
Moreover, it is noteworthy that the mechanism of restriction of
intramolecular rotation has been widely accepted and applied in
the fabrication of new fluorescent and phosphorescent
systems.””" Therefore, to further explore the influence of
conformation restrictions of push—pull guests on the emission
properties, G1—G6 were mixed with poly(vinyl alcohol) (PVA)
and the mixtures thus obtained were subjected to spin-coating.
The spin-coated films were found to exhibit strong and
characteristic visible-light emission in the solid state similar to
that observed upon encapsulation by DNC in solution,
indicative of the conformational fixation of push—pull ligands
in the polymer matrix (Figure 6).

To gain further insights into the conformational changes
upon complexation of push—pull molecules with DNC, as well
as the structural origin of the fluorescence enhancement,
quantum chemical calculations were carried out on both free
benzothiazolium guests and their DNC-bound complexes in the
ground (S,) and first excited singlet states (S;).°"" It is
documented that the locally excited state of G1 spontaneously
relaxes to the twisted intramolecular charge-transfer (TICT)
state and hence is rarely fluorescent.”> Our own calculations by
the DFT and TDDFT methods revealed that the benzothiazole
and aniline moieties of free G1 is not coplanar but twisted by
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Figure 6. Photographs of (a) the solutions of G1-G6 upon
complexation with DNC in water and (b) the spin-coated films of
G1—G6 mixed with PVA (S wt %) irradiated under UV light.

—35.4° even in the ground state (Figure 7a), and the twist
angle increases to —69.2° in the excited state (Figure 7c), which
is in consistent with the TICT relaxation mechanism.”*
Intriguingly, photoexcitation induced very contrasting
conformational behaviors to free G1 versus G1 in the complex.

(a)

(b)

\_Als { 0 38T
AD No— \DWP &

(c) (d)

Figure 7. DFT and TDDFT calculations of Gl and G1CDNC
complex in the ground and excited states. Optimized geometries for (a,
c) free G1 and (b, d) the GICDNC complex in the (a, b) ground (S,)
and (¢, d) first excited singlet (S;) states in water calculated by the
DFT and TDDFT methods, respectively, with the SMD solvation
model. The negative dihedral angle represents the clockwise rotation
of dimethylaniline ring along the central Cz—C¢ bond, relative to the
benzothiazole ring.
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The inclusion of G1 in DNC cavity merely led to a small
increase of the torsion angle from —35.4° to —39.0° (Figure
7b). This result would be somewhat unexpected from the dual
m-stacking interactions in the GICDNC complex. As illustrated
in Figure 7b, the G1’s benzothiazole is sandwich-complexed by
the DNC’s naphthalenes in the complex with reasonable
interplane distances of 3.89 and 3.95 A, while the aniline moiety
of G1 is not fully accommodated in the DNC cavity and each of
the aniline’s two meta protons are hydrogen-bonded to a
sulfonate oxygen of DNC located at a distance of 2.70 or 2.92
A, respectively, which fixes the twist angle at —39.0°. However,
the theoretical calculations revealed a completely different
conformational behavior of the G1CDNC complex upon
excitation. As shown in Figure 7, parts b and d, the torsion
angle is reduced from —39.0° in the ground state to —26.4° in
the excited state, a behavior opposite to the TICT relaxation
mechanism, for which the 7-stacking and the dual hydrogen-
bonding interactions of one of the sulfonate oxygens with the
aniline’s meta proton and also with one of the N-methyl
protons in the benzothiazole are responsible. Thus, the z-
stacking and hydrogen-bonding interactions between G1 and
DNC in the complex turned out to play major roles in
determining the photophysical properties of G1. By fixing the
excited-state structure of G1 in near coplanar conformation, the
originally preferred TICT relaxation is essentially prohibited
and the emissive path revives to dramatically augment the
fluorescence efficiency (Scheme 1).

Scheme 1. Schematic Ilustration of the Sandwich-Type
Complexation of DNC with G1 and the Conformational
Changes in the Ground and Excited States

DNC
-35.4°
hv hv
425 nm 425 nm
DNC
-69.2°

%475 nm

Host-enhanced conformational restriction
with strong G1 fluorescence

No G1 fluorescence

Similarly, as discerned from Figure S24a, the most stable G2
in the ground state should be in near coplanar conformation
with each of the torsion angles ¢;_, around 180° (Chart SI in
the Supporting Information), and this optimized geometry is
consistent with its observed crystal structure.”> Remarkably,
when being started from ¢; = 180°, the rotation of double
bond Cp=Cj, leading to the trans- and cis-conversion of G2,
should overcome a high energy barrier of 27.1 kcal'mol™’,
which is much higher than the ones required for C,—Cg, C—
Cp, and Cg—Cg single bonds. This implies that rotation of the
double bond Cp=Cg hardly occurs under a moderate
condition (Figure S2S in the Supporting Information). Upon
excitation of G2, the energy barriers for the rotation of C,—Cjy
and Cc—Cj, single bonds greatly decrease to 5.9 and 2.5 kcal-
mol ™, respectively, compared to the situation in the ground
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Figure 8. Optimized geometries of (a) G2, (b) G2CDNC complex, (c) G3, and (d) G3CDNC complex in the singlet excited state (S,) by TDDFT

calculation.

state. Moreover, the double bond Cp,=Cj can easily rotate
with a low energy barrier of 7.7 kcal'mol™ in the excited state.
Obviously, the free rotation of these chemical bonds can lead to
energy dissipation and undesirable fluorescence quenching of
G2 in the excited state. Moreover, the dual rotation of single
bond C—Cp and double bond Cpr=Cy gives a more stable
conformation at ¢, = @3 = 90°. These results indicate that in
the first excited state, the highly twisted conformation of G2 is
more favorable than its coplanar one, and the TICT relaxation
via these twisted conformations also lead to nonradiative
deactivation process (Figures 8a and $26 in the Supporting
Information). Significantly, although the rotation of Cc—Cp
bonds can easily take place upon excitation, they are inhibited
to a large extent by the steric hindrance of DNC. As a result,
G2 still adopts the coplanar conformation in the excited
G2CDNC complex, by which the TICT relaxation and energy
dissipation could be simultaneously suppressed (Figure 8b).
Moreover, it is noticed that the dimethylaniline group is located
outside DNC, but the twisted intermediate of ¢, 90°
resulting from the C,—Cj bond rotation is less stable than the
coplanar conformation (¢, = 0° or 180°) by 2.6 kcal-mol ™" of
energy barrier. Therefore, the twisted conformation and TICT
relaxation cannot occur via the rotation of the C,—Cy bond
even though the dimethylaniline group of G2 is located outside
DNC.

Interestingly, the quantum chemical calculations demonstrate
that the binding mechanism in the G3CDNC complexes is
somewhat different from the one in the GICDNC and
G2CDNC complexes.56 The coplanar structure is the most
stable conformation of G3 with each torsion angle ¢,_4 around
180° in the ground state (Figures S24c and S27 in the
Supporting Information), and the rotation of Cp,=Cp and
Cr=Cg double bonds should overcome high energy barriers of
26.3 and 25.5 kcal'mol™!, respectively. As compared to the
ground state, the energy barriers for bond rotation sharply
decrease in the singlet excited state and particularly, the Cp=
Cg and Cz=Cg double bonds can freely rotate with relatively
low energy barriers of 7.7 and 10.8 kcal'mol™', respectively
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(Figure S28 in the Supporting Information). These results
definitely confirm that the nonradiative decay may occur via
more flexible conformation in the excited G3 and thus give a
rather lower fluorescence intensity. Different from G2, the
twisted intermediate located at ¢,_5 = 90° is less stable than the
coplanar isomer (@ = 180°) and the coplanar G3 is the
dominant species in the excited state (Figure 8c). Nevertheless,
the encapsulation with DNC can greatly hinder the rotation of
central bonds in G3 and force to be accommodated in the
DNC’s cavity as coplanar conformation upon excitation (Figure
8d). It is also found that instead of dimethylaniline group, the
benzothiazole part moved out of the crown ether’s ring,
probably due to the increased hydrophobic area by elongating
the 7-conjugation spacer. However, the energy barrier for Cg—
Cy bond rotation at @ = 90° reaches up to 14.4 kcal-mol™"
upon excitation, reflecting that the rotation of this bond is fairly
difficult to take place under the experimental condition (Figure
$28d in the Supporting Information). Therefore, due to the
steric hindrance and high rotational energy barriers, the excited
G3 in the DNC’s cavity maintains the rigidified coplanar
conformation, which is responsible for the complexation-
induced fluorescence enhancement. Overall, the spatially rigid
organization by water-soluble crown ether is of critical
importance in regulating the fluorescence emission behaviors
of the examined push—pull molecules.

B CONCLUSION

In conclusion, the intrinsically hydrophobic cavity of DNC,
possessing abundant anchoring points, can be utilized as an
artificial receptor to simulate the biological receptors in a much
simpler and convenient manner. With the aid of positive
supramolecular cooperativity, the inclusion complexation with
DNC can dynamically modulate the photophysical behaviors of
various push—pull molecules to extraordinarily enhance the
fluorescence intensity to the level of receptor—ligand
association in the biological system. As demonstrated by the
spectroscopic and computer simulation studies, the high-level
affinity and the host-assisted conformational fixation are the
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essential factors that dramatically enhance the fluorescence
efficiency, which may lead us to a simple and straightforward
way to elucidate the general binding mechanism operative in
the specific recognition process. This finding also promotes the
use of DNC as a model host for mimicking and investigating
the complexation behaviors of other receptor—ligand binding
systems and stimulates the mechanistic study in molecular
detail. We also envision that, besides the commonly employed
pyridinium and other electron-deficient guests, the push—pull
molecules can be utilized as an ideal candidate in the
complexation with water-soluble crown ethers, because such
type of ligands gathers the structural advantages of positively
charged center and #-conjugated skeleton, which are the
intrinsic characteristics for strong electrostatic and s-stacking
interactions in the pursuit of controlled photophysical proper-
ties. Further studies on the complexation of water-soluble
crown ether with other functional dipolar push—pull ligands are
currently in progress.
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