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and Sriram Kanvah (&
The interaction between red-emitting pyridinium derivative [4-((1E,3E)-4-(4-(dimethylamino)phenyl)buta-
1,3-dien-1-yl)-1-methylpyridin-1-ium] (DABP) and cucurbit[7]uril investigated using optical

absorption, steady-state and time-resolved fluorescence and anisotropy measurements. The changes in
the UV/Vis absorption, fluorescence spectral characteristics and lifetime, with a change in pH, reveal

was

efficient binding of CB7 to the dye molecule. The cucurbit[7]uril encapsulated DABP brings ~1.5 units
upward pK, shift. The formation of supramolecular assemblies with 1:1 and 2:1 host—guest
stoichiometries with CB7 at different pH conditions have been verified from *H NMR, isothermal titration
calorimetric studies and geometry optimization calculations. CB7-dye complexation and the ensuing
morphological changes were revealed by SEM, AFM and optical microscopy images. This pH-responsive
supramolecular assemblies of red-emitting DABP dye can find potential applications in biological
imaging, optical pH-sensor and the construction of building blocks for the supramolecular architectures.

Introduction

Water-soluble organic fluorophores have attracted much
attention because of their potential applications as fluorescent
sensors, probes, imaging agents in aqueous media. In partic-
ular, fluorophores absorbing and emitting in the lower energy
region (>700 nm) of the spectrum are highly attractive."* In
many cases, the optical and electronic properties of these
molecules strongly depend on the structural features and
therefore can be fine-tuned by incorporating suitable electron
donating or electron accepting groups or through extended -
conjugation.*® Importantly, these properties can further be
modulated by the useful noncovalent host-guest interaction
involving supramolecular receptors.®’

Cucurbit[n]urils (CBn) are a family of macrocyclic receptors
consisting of an O-bonded C, N framework, with the rigid
barrel-shaped hydrophobic cavity and highly electronegative
portals containing carbonyl groups. Owing to the unique
structural characteristics, CBs function as remarkable hosts
for binding several organic fluorophores (guests) with greater
affinity and selectivity through hydrophobic interactions
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involving the rigid cavities or ion-dipole interactions with the
carbonyl groups.®® The inertness of the cavity and the absence
of absorption or fluorescence in the visible region also impart
CBs as a great host for supramolecular interaction studies.®®
In particular, CBs are known to interact strongly with cationic
fluorophores.'®** Encapsulation of the guest in the CB cavity
causes the guest to experience rigid or a lower polar environ-
ment and results in distinct photophysical and photochemical
behavior.”** Among all the known CBs, cucurbit[7]uril (CB7)
and cucurbit[8]uril (CB8) were extensively used for these
investigations because of their water solubility and suitability
of their cavity size for encapsulating different guest mole-
cules.***” Cucurbiturils have been utilized as a template for
stereoselective photodimerization,'® supramolecular catal-
ysis," inhibition and disintegration of amyloid fibrils for
therapeutics,® radionuclide separation,* construction of
supramolecular assemblies,?** and to modulate photo-
physical properties'®** for several cationic pyridinium or
viologen derivatives.*'**®>*2° Inspired from these earlier
reports, we describe optical absorption and emission proper-
ties of a cationic pyridinium derivative [4-((1E,3E)-4-(4-
(dimethylamino)phenyl)buta-1,3-dien-1-yl)-1-methylpyridin-1-
ium (DABP)], in water in the absence and presence of CB7. The
dye (DABP) offers an advantageous emission in near IR region,
~715 nm in water and exhibits strong solvatochromic emis-
sion owing to the push-pull effect from the presence of an
electron withdrawing group (pyridinium cation) and electron
donating (dimethylamine) group. The change in pH of the
solutions allows tuning of the emission properties of the flu-
orophore. The results were detailed in the following sections.

This journal is © The Royal Society of Chemistry 2018
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Experimental
Materials and instruments

All the reagents utilized for this study were obtained from
Sigma, Alfa Aesar, TCI or SD Fine Chemicals. The synthesized
compound DABP was characterized using 'H and *C NMR
(Bruker Avance III-500 MHz) in D,O and DMSO-d6. UV-visible
absorption spectra were recorded using UV-visible spectropho-
tometer (Analytik Jena, Specord plus 210 or Jasco V-650, Tokyo,
Japan) and steady-state fluorescence studies were conducted
using FS5 spectrofluorometer (Edinburgh Instruments, UK).
Each set of samples were excited at the isosbestic point
observed in the absorption spectra. Fluorescence quantum
yields of the compound were estimated using Hoechst-33258 (®
= 0.4 at pH 4.5)* as a reference standard in acidic medium and
Nile red (¢ = 0.38 in methanol)* in the basic medium by
comparison of integrated areas under the corrected emission
spectrum curve of dye and that of the standard. Nanopure water
(Millipore Gradient A10 system; conductivity of 0.06 uS cm™")
was used to prepare the sample solutions. HCI, as well as NaOH
used for pH adjustment, was obtained from Merck Ltd., India.
Solution pH was measured by a pH meter model PC2700 from
Eutech Instruments, India. Time-resolved fluorescence
measurements were carried out using a time-correlated single-
photon-counting (TCSPC) spectrometer (Horiba Scientific,
UK). In the present work, 374 nm and 445 nm diode lasers (100
ps, 1 MHz repetition rate) were used for the excitation of
protonated and neutral form of the dye, respectively. A recon-
volution procedure was used to analyze decay by using a proper
instrument response function (IRF) obtained by using suspen-
sion of TiO, particles in water as the light scatterer. The fluo-
rescence decays [I(¢)] were analyzed in general as a sum of
exponentials (eqn.(1)):*>*

I(H)=3_B, exp(—tlt;) (1)

where, B; and 1; are the pre-exponential factors and fluorescence
lifetime of the /™ component. Reduced Chi-square (x?) values
and the random distribution of the weighted residuals among
data channels were used to judge the acceptance of the fits. The
fluorescence anisotropy measurements were carried out by
exciting the samples with a vertically polarized 445 nm excita-
tion and the vertically and horizontally polarized fluorescence
decays were collected with a large spectral bandwidth,
i.e.~32 nm. By using these polarized decays, the anisotropy
decay function, (t), was written as follows*>**

Iy(t) — GIu(1)

0= 1,00 £ 26100

@)
where, I/(t) and Iy(¢) are the vertically and horizontally polarized
decays, respectively, and G is the correction factor for the
polarization bias of the detection setup.

The structures of the complexes were optimized at the PM3/
MM level by an energy minimization method using Gaussian
92.3*

Isothermal titration calorimetric (ITC) experiments were
carried out using a Microcal iTC 200 from Malvern, UK. 50 uM

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Synthesis of compound (DABP).

of dye solution in the sample cell was titrated by adding
consecutively 19 injections of 2 ul of 5 mM of CB7 at both pH 3.0
and 9.5 conditions at 25 °C. The first data point was removed
from the data set before curve fitting with Origin 7.0 software.
Thermodynamical parameters of the complex formation were
also evaluated using the estimated binding constant value and
molar reaction enthalpy (AH).

Scanning electron microscopy (SEM) analysis was carried out
using field emission SEM (JSM 7600F JEOL). For this purpose,
one drop of the sample (~10~> M solution) was deposited on
a Si-wafer mounted on an aluminium stub with the help of
a double-sided adhesive carbon tape. The samples were heat-
dried at 35 °C for 12 h and vacuum dried for 30 min to ensure
complete removal of any residual water (and also for AFM
measurements) and coated with platinum before being
analyzed. The observed morphological changes are post evap-
oration processes optical microscopy analysis was carried out
using Olympus BX51 polarizing microscope with image
analyzer software. For this purpose, one drop of the sample
(~10~° M solution) was deposited on a glass plate. Similar to
SEM, the samples were heat-dried at 35 °C for 12 h and vacuum
dried for 30 min to ensure removal of any residual water. Atomic
force microscopy (AFM) analysis is done in peak force tunneling
AFM module of scanning probe microscope (Nano Scope
Multimode 8.0, Bruker) under ambient conditions, where vari-
ations in surface morphology were measured by featuring
a closed loop X-Y head, Nanoscope 5 controller with Nanoscope
8.15 software. For this purpose, one drop of the sample [~10°
M] was spin coated on a high-grade AFM mica disc of 10 mm
diameter.

Synthesis

The desired compound [4-((1E,3E)-4-(4-(dimethylamino)phenyl)
buta-1,3-dien-1-yl)-1-methylpyridin-1-ium], was synthesized by
a condensation reaction between methylpyridinium iodide and
dimethylamino cinnamaldehyde (Scheme 1).>

Results and discussions
Absorption and emission of DABP: effect of pH

DABP absorbs at 448 nm (1,) in water and shows significant
(~32 nm) blue shift compared to organic solvents (~480 nm).*
The blue-shift is a result of charge displacement of the
unshared pair of electrons on the nitrogen atom of dimethyl-
amine moiety through H-bonding obstructing the charge delo-
calization and increasing the transition energy.*>*” In strongly
acidic media, the dye absorbs at 366 nm with a blue shift of
~82 nm from its neutral counterpart [Fig. 1A]. At pH ~ 4.5 the
dye shows dual absorption bands at 448 nm and 367 nm. With
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Fig. 1 Absorption spectra (A) and emission spectra (B) of DABP at
different pH solutions. pH: (a) 1.9, (b) 3.1, (c) 3.5, (d) 4.0, (e) 4.5, (f) 5.7, (9)
6.2, (h) 7.2 and (i) 8.4.

increased acidic pH strength, the band at 448 nm decreases and
subsequently disappears (Fig. 1A) yielding a major absorption
band at ~367 nm with the observance of an isosbestic point at
390 nm. These changes are attributed to the protonation of
dimethylamine group and subsequent loss of its electron
donating ability and intramolecular charge transfer (ICT) ability
(Fig. S1, ESIt). The pK, measured from the absorbance data at
different pH conditions is found to be 4.4 (Fig. 2).

DABP shows strong solvatochromic emission shifts with an
increase in solvent polarity culminating at ~715 nm emission in
water.>>*® These polarity dependent shifts are due to the
formation of intramolecular charge transfer (ICT) excited state
owing to the presence of strong donor (dimethylamine) and
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Fig. 2 pH titration curves of DABP (20 uM) in the absence (Red) and
the presence of 1 mM CB7 (Blue). The absorbance was measured at
488 nm.
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acceptor (pyridinium) groups. At pH ~ 1.9, DABP emits at
~476 nm. As the acidity decreases (with increased addition of
a base), an increase in the emission intensity at ~715 nm is
noted along with a decrease in intensity of the 473 nm emission
band (Fig. 1B). These emission peak shifts are attributed to the
conversion of protonated dimethylamino moiety to the neutral
form. The changes can also be distinguishable with the naked
eye (Fig. S1, ESIT). The protonated dye (DABPH') is colorless,
and the neutral form (DABP) has a strong color. Increased
alkalinity (pH 11.0) does not show any observable intensity or
color changes.

Interaction of dye with CB7: pK, shift and binding constants

Fig. 3A shows absorption spectra of aqueous solutions of DABP
at different pH in the presence of 1 mM CB7. Without CB7, at
neutral and alkaline pH (pH ~ 7.2 till pH 9.0), DABP shows only
one absorption band at ~448 nm. Interaction with CB7 in acidic
or basic media results in +7 nm and +42 nm bathochromic
absorption shifts respectively with an isosbestic point at
413 nm. As the acidic strength decreases, the absorbance also
decreases. At pH ~ 5.1, a peak at ~490 nm was observed along
with absorption band at 373 nm. Under pH neutral and basic
conditions, only the peak at ~490 nm is seen.

In the presence of CB7, the absorption profile of DABP shows
remarkable changes in both neutral and basic media. Calcula-
tion of pK, of supramolecular inclusion complex reveals a value
of 5.9 (Fig. 2). It is known that the interaction with cucurbituril
host increases pK, of aromatic amines.**** From the pK, curves,

0.3

0.1

a
500

400

300 600

Wavelength / nm

10,000
8,000
6,000
4,000

2,000

400 500 600 700 800
Wavelength / nm

Fig. 3 Absorption spectra (A) and emission spectra (B) of DABP in the
presence of 1 mM CB7 at different pH solutions. (A) pH: (a) 2.9, (b) 3.5,
(c)4.5,(d) 5.1, (e) 5.7, (f) 6.1, () 6.4, (h) 7.6, (i) 8.6 and (j) 9.8. (B) pH: (a)
2.9, (b) 4.1, (c) 5.1, (d) 6.0, (e) 6.8, (f) 7.9, (g) 9.0, (h) 10.0 and (i) 11.0.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Absorption (A) and emission spectra (B) of DABP at pH 9.5
solution at different concentrations of CB7. [CB7]/uM: 0 (1), 0.5 (2), 1.5
(3), 3.0 (4), 5.0 (5), 7.4 (6), 12.3 (7), 19.6 (8), 29.1 (9), 47.6 (10), 69.8 (11),
82.6 (12).

it is anticipated that DABP encapsulated in CB7 have higher
propensity to remain in the protonated form than DABP in
aqueous solution. Such differential binding affinity of the dye
with the host molecules have been utilized for several chemical
and biological applications.®****3-%5

Similar to the absorption, the emission of DABP also shows
variations post interaction with CB7. In the presence of 1 mM
CB7, at neutral pH and basic pH, the dye shows a hypsochromic
shift (—25 nm) in emission with maxima at ~690 nm (Fig. 3B).

The titration of CB7 with the dye were performed and the
absorption and emission spectral variation were monitored.
Incremental addition of CB7 (0 uM to 362 uM) in 2.5 uM DABP
yields absorption peak shifts (+10 nm) from 367 nm to 377 nm
at ~pH 3 (Fig. S2at). Incremental addition of CB7 (0 uM to 83
uM) at ~pH 9.5, also resulted in a +27 nm shift of absorption
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band from 448 nm to 475 nm (Fig. 4A). These absorption
spectral changes indicate significant interaction of the dye with
CB?7 at both acidic and basic conditions. Similarly, the emission
is also affected by the addition of CB7. At pH ~ 3.0, an increase
in intensity was observed for ~470 nm along with a drop in
intensity of the long wavelength band (~715 nm) (Fig S2b¥). At
~pH 9.5, a blue shifted (—23 nm) emission at 691 nm was
observed with enhanced intensity (Fig. 4B). Calculation of
quantum yield of the (CB7 : DABP) complex in acidic and basic
media (pH 3 and 9.5) reveals ~2.1 fold and ~9 fold increment
respectively in comparison to free dye (Table 1). This emission
response also supports better host-guest interaction under
alkaline conditions.

To calculate the association constant of CB7:DABP
complex, the changes in the absorbance and fluorescence
intensity were monitored at a particular wavelength (A,ps at
448 nm and A, at 713 nm for pH 9.5, and A,ps at 367 nm and
Aem at 480 nm for pH 3). At pH 3.0, the overall binding
isotherms obtained from the absorption and fluorescence
titrations displayed significant deviation from the usual 1:1
binding model, pointing to multiple equilibria present in the
systems. A closer look at the initial part of the binding curve at
pH 3.0 reveals that the increase in the fluorescence intensity
apparently attains a quasi-saturation at a lower concentration of
CB7 (~20 uM), which corresponds to a 1 : 1 binding interaction.
Beyond this quasi-saturation, the emission intensity slowly
increased with further increase in host concentration (Fig. S37)
indicating the formation of higher-order complexes. Since the
dye contains two binding sites at both the ends, we expect that
the initial quasi-saturation point is mainly due to the 1:1
complex between CB7 and DABP and at a later stage, with
a higher concentration of CB7, represents domination of the
2 : 1 (CB7 : DABP) stoichiometric complex. Binding curves were
fitted by non-linear regression method using the modified
Benesi-Hildebrand equation for 2 : 1 complex model (Method
M1, ESI). At pH 3.0, K; and K, values were estimated to be (2.25
+ 0.5) x 10° M and (5.15 + 0.6) x 10°* M~ from the
absorption titration and (1.8 & 0.6) x 10° M~ ' and (1.2 £ 0.8) x
10®> M™" from the fluorescence titration studies. The overall
binding constant (K = K; x K,) was found to be 1.15 x 10'° M2
and 2.2 x 10° M~ from absorption (Fig S3a1) and fluorescence
(Fig S3b¥) studies, respectively, for a 2 : 1 CB7 : DABP stoichi-
ometry. Similarly, at pH 9.5, the K; and K, values were estimated
to be (4.9 £ 1.0) x 10° M " and (4.3 & 0.7) x 10* M~" from the
absorption and (1.4 £ 0.7) x 10°M ' and (1.6 £ 0.7) x 10° M *
from the fluorescence measurements. The overall binding

Table 1 Absorption and emission data of DABP in the absence and presence of CB7

Systems Aabs (NM) Aem (NM) b 75 (ns) 7, (ps) pKa
Dye (pH 3) 367 470 0.01 — — 4.4
Dye (pH 9.5) 448 714 0.01 — —

Dye : CB7 (pH 3) 376 470 0.02 <0.04“ (60%), 5.1 (40%) — 5.9
Dye : CB7 (pH 9.5) 488 691 0.09 0.93 397 + 50

“ The lifetime of the fast decay component has kept fixed (~40 ps, which is beyond the time resolution of our TCSPC instrument) during analysis.

For all the decay fitting, x> values were obtained within 1.0-1.2.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 ITC isotherms for titration of 50 uM DABP with 550 pM CB7 at
pH 3.0 (A) and 100 pM DABP with 630 uM CB7 at 9.5 (B) at 25 °C in
aqueous solution. The top panel shows the instrumental power
function versus time (injected aliquots) plot. The lower panel shows
the plot for heat of reaction obtained from the integration of the
calorimetric traces, plotted against the host/guest molar ratio. The
solid line represents the best nonlinear least-squares fit to a sequential
binding-site model.

constant of dye with CB7 at pH 9.5 reveals 2.2 x 10'® M~ with
2 : 1 CB7 : DABP complexation stoichiometry (Fig. S4a and bf).

To get more insight into the binding interactions and ther-
modynamic parameters of the complexes at both the pHs,
isothermal titration calorimetric (ITC) measurements were
carried out. From the ITC data (Fig. 5) a sequential 1 : 2 binding
model gave a satisfactory fit, similar to 2 : 1 (CB7 : DABP) model
fitting for the absorption (Fig. S3A and S4A, ESIf) and fluores-
cence (Fig. S3B and S4B, ESIY) titration data. During the addi-
tion of CB7, first, there is a formation of 1:1 complex (K;)
followed by 2 : 1 (CB7 : DABP) complex formation (K;) at both
the pHs. Hence, two binding constant values are obtained for
each complex system (K; = 6.1 x 10° M~ " and K, = 6.3 x 10°
M~ for CB7 : DABP system at pH 3 and K; = 5.6 x 10 M ' and
K, = 7.3 x 10* M " for CB7 : DABP system at pH 9.5). The
overall binding constant values (K = 3.8 x 10'°M~? at pH 3 and
4.1 x 10° M~? at pH 9.5) match well with the binding constant
values obtained from the absorption and fluorescence titration
data. The free energy changes for these complex formations at
both the pHs were evaluated and are found to be energetically
favorable. The details are provided in Note S1, ESL}

Effect of CB7 complexation on the fluorescence lifetime and
anisotropy of the dye

Fluorescence lifetime measurements are carried out to see the
effect of CB7 on the excited state relaxation processes of DABP.
The fluorescence lifetime of DABP at both the pH (3 and 9.5) is
very short (<40 ps, beyond the time resolution of the used
TCSPC instrument) because of the highly efficient nonradiative
processes such as photoisomerization and intramolecular
charge transfer from dimethylaniline group to methylpyr-
idinium group. The modulation of the radiative properties of
DABP on interaction with CB7 at both acidic and basic pH was
evident from the significant increase in its excited-state

16742 | RSC Adv., 2018, 8, 16738-16745
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Time / ns

Fig. 6 Fluorescence decay of DABP (20 uM) in water with different
concentrations of CB7 at pH 9.5. [CB7]/uM: (1) 0.5, (2) 1.5, (3) 3.0, (4) 5.0
and (5) 12.0. Aex = 445 nm and Anon = 700 nm. L represents the lamp
profile.

lifetimes as shown in the fluorescence decay profiles presented
in Fig. 6 and S5.1 At pH 9.5, the decay became measurable upon
addition of CB7 as the 2:1 complex showed a biexponential
decay having a significant contribution from faster decay
components (<40 ps (68%)) along with a slower decay compo-
nent of lifetime ~930 ps (32%). In the presence of ~12 uM CB7,
the decay kinetics became single exponential (~930 ps) which
indicates severe retardation of the excited-state nonradiative
relaxation channels, hence increasing the lifetime (Table S1t).
At pH ~ 3.0, as there is not much enhancement in the fluo-
rescence intensity, the fluorescence lifetime was measured at
the saturation concentration of CB7 (~350 uM). The complex
displayed biexponential decay with major contributions from
the faster decay component [<40 ps (60%)] along with a slower
decay component of a lifetime ~5.1 ns (40%). The increased
lifetime of DABP in the presence of CB7 at both the pH condi-
tions could be attributed to the rigid environment of the dye in
the CB7 cavity which restricts the nonradiative relaxation
processes.

Time-resolved fluorescence anisotropy measurements give
more insight into the hydrodynamic volume of the fluorophore
which is linked to the size and structural arrangement of the
complexed dye. It is expected that 2:1 complex formation
between CB7 and DABP will be reflected in the increase in the
rotational correlation time (t,) of the complex as compared to
the free dye. It should be mentioned that the anisotropy decay
of the free dye could not be measured using our TCSPC setup
due to the very short lifetime of DABP at both pH conditions.
However, the enhanced excited-state lifetime of DABP in the
presence of CB7 at pH 9.5, allows the anisotropy to be recorded
on the nanosecond time scale (Fig. S61) and the t, value ob-
tained from the single exponential fitting of the anisotropy
decay is 396 + 50 ps. This decrease in the rotational depolar-
ization process indicates the increased rigidity and large
molecular volume of the dye due to the complex formation.
Since the fluorescence lifetime study shows that the major
contribution is from the faster decay component at pH 3.0, the
anisotropy measurement could not be carried out for the
complex at this pH.

This journal is © The Royal Society of Chemistry 2018
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'H NMR measurements

To understand the binding interactions, the NMR titrations
were performed at pH 3 and 9.5. It is well known that encap-
sulation of guest molecules with CBs results in an upfield
chemical shift of those protons that are within the hydrophobic
cavity and a downfield shift was observed for protons located
near to the carbonyl groups.*® NMR titrations at pH 3 solution
were performed in deuterated hydrochloride (DCI). As shown in
Fig. S7A,t "H NMR spectra of DABP in the presence of CB7
shows upfield shift of 0.03 ppm for N,N-dimethyl protons. The
methyl group attached to the nitrogen of pyridinium moiety
also shows an upfield shift. However, since this overlaps with
protons of CB7, this upfield shift could not be quantified.
Considerable upfield shifts (0.94-0.83 ppm) were observed for
aromatic protons on the pyridinium ring and one proton of the
conjugated double bond. Other aromatic protons and three
protons of the double bonds show a downfield shift of 0.01 ppm
to 0.36 ppm. NMR titrations at pH 9.5 were performed in NaOD.
As shown in Fig. S7B,T "H NMR spectra of DABP in the presence
of CB7 shows an upfield shift of 0.54 ppm and 0.49 ppm for
aromatic protons those are near to N,N-dimethyl group, and
a double bond. A 0.31 ppm upfield shift exhibited by aromatic
protons and other two protons on the double bond. The pyr-
idinium methyl group and methyl protons of N,N-dimethyl-
amine group also shows an upfield shift of 0.08 ppm and
0.07 ppm. At pH 9.5, the appearance of proton resonances post
complexation with CB7 is broad suggesting the presence of free
and bound guest protons. From the NMR shifts, it is therefore
confirmed that both protonated and neutral form of DABP
shows 2 : 1 CB7 : dye binding.

Geometry optimization of the complexes

Computational calculations following semi-empirical method
were performed to achieve better insight into the geometry and
the nature of the interaction of both protonated and neutral
forms of DABP with CB7. For this, we optimized the ground-
state geometries of both protonated and neutral forms of
DABP and CB7 and their complexes, namely, CB7 : DABP (1: 1)
and (2:1) for both the forms at PM3 level incorporating
molecular mechanics (MM) correction using the Gaussian 92
suite of the package.®® In all the cases, the full geometry opti-
mization was carried out without any symmetry constraint and
in the absence of a solvent. The structure of 1:1 and 2:1
complexes of the protonated form of DABP with CB7 was opti-
mized by various input geometries, placing CB7 along the DABP
molecule. In case of 1 : 1 complex, the most stable structure was
the one in which the butadiene moiety is placed inside the
hydrophobic CB7 cavity (Fig. 7A) and the lowest AH; obtained
for this arrangement is —68 kcal mol ™. To visualize the most
stable geometry for the 2 : 1 complex, geometry optimization
was carried out by introducing two CB7 moieties from either
end of the DABP molecule and the optimized structure is given
in Fig. 7B. From the optimized parameters, the AH;value for the
2 : 1 complexation is estimated to be —90 kcal mol . In this
structure, the stabilizing forces are the hydrogen bonding
between the oxygen atoms of CB7 and the hydrogen atoms of
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Fig. 7 (A) and (B) represent the respective geometry optimized
structuresof 1 : 1and 2 : 1 complexes of CB7 with the protonated form
of DABP. (C) and (D) are the geometry optimized structures of 1 : 1 and
2 1 1 complexes of CB7 with the neutral form of DABP, respectively.

butadiene moiety with bond distance about 2.5 A and the ion-
dipole interaction between the charged nitrogen atoms of N-
methyl pyridinium and dimethyl anilinium groups of DABP and
the carbonyl portals of CB7.

Similarly, geometry optimization was attempted for the 1 : 1
and 2:1 complexes of the neutral form of DABP. Unlike
protonated form, the positioning of pyridinium group of DABP
inside the CB7 cavity was the most stable structure (Fig. 7C) due
to the ion—dipole interaction between the N-methyl pyridinium
group and the carbonyl portal of CB7. The lowest AH; value is
estimated as —40 kcal mol™". For the 2 : 1 complex, a similar
procedure was adopted to find out the most stable geometry.
Hydrogen bonding between the oxygen atoms of CB7 and the
hydrogen atoms of butadiene moiety and the ion-dipole inter-
action between the charged nitrogen atoms of N-methyl pyr-
idinium group of DABP and the carbonyl portals of CB7 are the
stabilizing forces for the optimized structure as shown in
Fig. 7D. From the optimized parameter, the AH; value for the
2 : 1 complexation is calculated as —18 kcal mol~*. Though the
energetics favor a 1 : 1 complex, however, at higher concentra-
tion of CB7 the equilibrium shifts toward the 2:1
stoichiometry.

Complexation induced morphological changes

Macrocycle assisted assemblies are very attractive because of
the potential applications as smart materials.”>***"~* To inves-
tigate the formation of such molecular assemblies, we exam-
ined the morphology of dye, CB7, and inclusion complex of the
CB7-dye complex at different pH solutions using SEM, AFM,
and optical microscopic techniques. Fig. S8at shows square/
cylindrical shaped structures for CB7 at pH 3. This confined
structure of CB7 was confirmed from optical microscopy images
as well (Fig. S8c, ESIt). The SEM image of DABP at pH 3 reveals
small-rod like morphology (Fig. S8b, ESI{) having a dimension
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Fig. 8 Scanning electron microscopy images of dye + 10 uM CB7 (a)
dye + 200 uM CB7 Scale: 1 uM (b) and atomic force microscopy images
of dye + 10 uM CB7 (c) dye + 200 uM CB7 (d) at pH 3. *Dye
concentration 10 pM.

of ~610 nm. Optical microscopy image (Fig. S8d7) supports the
results observed from SEM. In the presence of CB7 (10 uM), SEM
image of DABP shows nano-rods with a layered shape where
particles are immersed inside (Fig. 8a) that is different to the
SEM of the CB7 or the dye alone (Fig. S10a and b, ESIT). These
morphological differences show the formation of macrocycle
induced complexes. In the presence of higher concentrations of
CB7 (200 pM), the nano-rods come closer and reveal wire like
symmetry (Fig. 8b), but closer examination reveals that the rod-
like structures do not connect with each other. AFM images
(Fig. 8¢, d and S127) confirm the formation of such structures in
a continuous manner.

The experiments were also performed for CB7 : dye complex
at pH 9.5. Fig. 9a, b and S11at demonstrates the morphological
changes. At lower CB7 concentration, SEM images show distinct
macrostructures with an average length of 1.58 pm that is
greater than free dye and CB7 (Fig. 9a, S10 and S11, ESIt). In the
presence of 200 uM concentration of CB7, SEM image of DABP
shows rod shape geometry teeth like projections (Fig. 9b). These
rods are not in uniform in size, and because of the prodigious
interaction of DABP with CB7 at higher concentration (200 pM)
these complexes come together and form branched structures.
Reasonable doubt can appear that these structures could be due
to the CB7 self-organization.

To check this, we recorded SEM image of CB7 (200 uM) at pH
9.5, and that showed agglomeration of CB7 molecules
(Fig. S10a, ESIf). AFM images (Fig. 9d) display a continuous
structure in the form of ribbons or rods at higher CB7
concentrations, and at low concentrations of CB7 these
continuous structures break down to square type structures.
These insights from AFM confirm the observations from SEM,
optical microscopy, and '"H NMR. Because of the formation of
higher order insoluble complex, actual fluorescence
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Fig. 9 Scanning electron microscopy images of dye + 10 uM CB7 (a)
dye + 200 uM CB7 Scale: 1 uM (b) and atomic force microscopy images
of dye + 10 uM CB7 (c) dye + 200 uM CB7 (d) at pH 9.5. *Dye
concentration 10 uM.

enhancement was not measurable. Nevertheless, the higher
order complexes were elucidated through SEM and AFM
images.

Conclusions

The results obtained from steady-state absorption, fluores-
cence, NMR and isothermal titration calorimetric measure-
ments indicate that dye produces different supramolecular
assemblies with 1 : 1 and 2 : 1 host-guest stoichiometries with
CB?7 at different pH conditions. The formation of these assem-
blies at different pH conditions have been further verified by
geometry optimization calculation. The increase in fluorescence
intensity of dye upon complexation is attributed to the restric-
tions imposed on the intramolecular motion of dye by the
hydrophobic and rigid CB7 cavity. Changes in pH reveal tunable
absorption and emission properties in the presence of CB7.
SEM, AFM and optical microscopic images reveal changes in
morphology of the encapsulated dye. These pH-responsive
luminescent properties of DABP-CB7 assemblies can find
applications in bio-imaging, organic electronics, light-emitting
devices, optical-pH sensor, etc.
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