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The formation of binary and ternary inclusion complexes of norepinephrine, NP, with B-cyclodextrin (BCD),
cucurbit[7]uril (CB7) and 18-crown-6 (18C6) have been investigated. Fluorescence spectroscopy revealed
the enhancement of emission at around 312 nm from NP in the presence of BCD. However, in the
presence of CB7 and 18C6 this band was quenched and the spectra exhibited an excimer emission at
longer wavelength due to aggregation of guest molecules. The stoichiometry of the inclusion complexes
has been investigated by electrospray mass spectrometry (ESI-MS) revealing the presence of binary and
ternary complexes of NP with the hosts studied. On the other hand, the solid complexes prepared by
lyophilization were characterized by FT-IR, Raman spectroscopy and powder X-ray crystallography. Our
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we performed molecular dynamics simulations on these complexes in aqueous media for 15-20 ns. The

DO 10.1039/c6ra28638k results obtained indicated that hydrophobic forces together with extensive hydrogen bonding are
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Introduction

The fascination imparted by supramolecular systems has
inspired researchers to exploit new systems with applications
spanning from medicine to nanotechnology. Cyclodextrins,
calixarenes and crown ethers have been at the front of these
endeavors. However, recently other new systems have emerged
in the literature such as cucurbit[r]urils and pillararenes,
together with their homologues and derivatives."® These
molecules have been used as selective hosts for a plethora of
guests. Interestingly, the complexes formed between these
hosts and their guests were mainly stabilized by weak non-
covalent interactions such as van der Waals forces, hydrophobic
interactions, hydrogen bonding, and ion-dipole interactions
among others.®

Molecular recognition by cyclodextrin (CDs), cucurbit[n]urils
(CBs) and crown ethers for various guest molecules differs
significantly. Cyclodextrins are naturally formed by the action of
enzyme cyclodextrin glycosyltransferase on starch to form
oligosaccharides with 6, 7 and 8 p-glucopyranose units to form
the chiral receptors aCD, BCD and yCD (with cavity diameters of
4.7-5.3, 6.0-6.5, and 7.5-8.5 A for o-, B-, and v-CD, respec-
tively).’® On the other hand, CBs are formed by condensation of
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responsible for the stability of these complexes.

glycoluril with formaldehyde units to form symmetrical achiral
CB6, CB7 and CB8 molecules."** The two openings of CD's
cavities are different in size. The wider rim is lined with
secondary hydroxyl groups while the narrower one carries
primary hydroxyl groups. In case of CBs the two portals are
identical in size and both are lined with carbonyl groups.

The presence of well-defined hydrophobic cavities in these
two types of hosts has allowed guest molecules insert into them
depending on the size and structure of the cavity as well as the
size, shape and charge of the guest. Cyclodextrins form three
dimensional truncated cones that generally prefer to form
noncovalent inclusion complexes with hydrophobic molecules
or the hydrophobic parts of a molecule. Cucurbit[z]urils, on the
other hand, possess a cylindrical structure and similar to
cyclodextrins they encapsulate molecules in their hydrophobic
cavity. The carbonyl groups that line the portals of the CBs
molecules furnish rich electron sites suitable for hydrogen
bonding and electrostatic interactions with guest cations in
a fashion similar to crown ethers. The rigid structures and the
ability of these host molecules to form stable complexes with
guest molecules and ions make them attractive for supramo-
lecular assemblies. However, the major hurdle associated with
CBs is their limited solubility in various solvents which hinders
their potential to be fully explored.*

Crown ethers, on the other hand, are cyclic polyethers
bearing mostly oxygen as electron donor atoms. However, when
one or more oxygen atoms are replaced by nitrogen or sulfur
atoms azacrown ethers and thiacrown ethers are obtained,
respectively.'* The availability of multiple binding sites coupled

This journal is © The Royal Society of Chemistry 2017
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to the molecule’'s conformational flexibility allow them to
engage in complexation with cations of the alkali and alkaline
earth metals, ammonium ion, amines, ionic and polar organic
molecules.”** The stability of the host-guest species of crown
ethers and various guest molecules depends on the cavity size,
hydrogen bonding and solvation parameters.

It is worth noting here that amongst these three hosts,
cyclodextrins are optically active compounds capable of forming
diastereomeric pairs by complexation or association with
racemic mixtures. Therefore, an arsenal of neutral, cationic and
anionic cyclodextrins has been extensively used in chiral chro-
matography.***® However, chiral recognition of small molecules
bearing a primary amine moiety near the chiral center by
cyclodextrin remains a challenging problem. This is principally
due to the formation of flexible complexes with the chiral host
molecule. It has been reported that presence of a non-chiral
crown ether, such as 18-crown-6, together with the cyclodex-
trin imparted enantioseparation of some amines that could
otherwise not be resolved or are partially resolved by cyclodex-
trin alone.**>* It is generally believed that chiral recognition in
macrocyclic systems is promoted by the rigidity of the system
and the bulkiness of the analytes, however, this has not yet been
confirmed. Therefore, the role of the crown ethers in the chiral
separation remains unraveled.

Host-guest complexation is usually investigated by a port-
folio of analytical techniques, such as Fourier transform infra-
red and Raman spectroscopies, NMR spectroscopy, X-ray crys-
tallography, mass spectrometry, UV-visible and fluorescence
spectrophotometry and electrochemical techniques.®*°
Furthermore, theoretical molecular modeling calculations,
such as density functional theory calculations and molecular
dynamics are usually used to shed the light on the molecular
recognition mechanism and to delineate the structure of these
complexes.?*3173¢

Norepinephrine, NP, is a member of the catecholamine
family of compounds known to possess pharmacological
activities as neurotransmitters and hormones. It is used to treat
cases of low blood pressure because as a stimulant of the
sympathetic nervous system it increases the heart rate and
blood pressure.’”*® Inclusion complexes of some catechol-
amines, including NP, with various guests have been re-
ported.**** These studies have suggested that these molecules
tend to aggregate in solution, especially at high concentrations
and in the presence of host molecules. Ephedrine was reported
to exhibit a strong excimer emission when present at concen-
trations greater than 10* M and when fitted inside the pores of
aluminophosphate frameworks, attributed to the -7 stacking
of the aromatic rings of the compound.*-** Interestingly, pseu-
doephedrine, a stereoisomer of ephedrine, was reported to
exhibit lesser tendency to form supramolecular aggregates. It
has been claimed using molecular dynamic simulations that
the difference in the stereochemistry of the hydroxyl group lead
to conformers of different stability and consequently different
aggregations.*

The most acceptable mechanism of chiral separations of
small aromatic molecules carrying an aromatic amine using
a mixture of cyclodextrin and crown ethers is via formation of
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ternary sandwich compounds.”***** In this compound the
primary amine is inserted into the BCD cavity and simulta-
neously interact through its protonated primary group with the
crown ether leading to a more stable and rigid molecule.

Prompted by these ideas we embarked on investigating
molecular assemblies involving small aromatic compounds
bearing amine groups and hosts such as cyclodextrins, crown
ether and cucurbiturils. In this work, we decided to compare the
interactions of NP with three hosts viz. BCD, 18C6 and CB7 in
their binary and ternary mixtures. Our aim is to study the
mechanism of interaction of NP with these hosts and whether
they cooperatively interact with the guest molecule to form
ternary complexes or compete for it. To achieve these goals we
studied these complexes in solutions as well as in the solid state
using a number of spectroscopic techniques. Moreover, to have
a further insight into the mechanism of interaction between NP
and these hosts, we used molecular dynamic simulations to
study the stability, intermolecular interactions and the mode of
inclusion of NP into the nanocavities of these hosts in aqueous
media.

Experimental
General

Chemicals used in this study were obtained from Sigma-Aldrich
and were used without further purification. Solvents of spec-
troscopy or HPLC grade and ultra-pure water were used for
preparation of solutions.

The fluorescence measurements were obtained using LS55
fluorescence Spectrometer (PerkinElmer, USA). The excitation
wavelength was set at 270 nm. The electrospray ionization mass
spectra, ESI-MS, were collected using Agilent, 6460 Triple quad
LC/MS, 1200 Infinity series equipped with electrospray ioniza-
tion (ESI) interface and operated by MassHunter software. The
gas temperature was 300 °C with flow rate of 5 L min~". The
capillary voltage was 3.5 kV and injection volume was 5.00 pl.
The guest and the desired hosts (1-5 mM) were dissolved in
ultrapure water and drops of HPLC grade acetonitrile and acetic
acid were added before injection.

FT-IR, spectra of guest, hosts and inclusion complexes as
well as physical mixtures were obtained using Agilent Cary 630
FTIR spectrometer. The Raman spectra were obtained using
XploRA, Horiba Scientific, equipped with a 785 nm laser (35
mW). The laser beam was focused through a 50x objective lens.
The range of vibrational frequencies was from 100 to 3500
em™'. Five scans were accumulated for each spectrum, with
acquisition time 20 s. The Raman measurements were per-
formed at room temperature and atmospheric pressure. All
samples were investigated in powder form and no further
sample preparation was applied.

The XRD analyses of powder samples were recorded using
Panalytical, X' Pert PRO X-Ray Diffraction equipped with copper
X-ray source (45 kV, 40 mA) and an X Celerator X-ray detector.
The powdered samples are analyzed over an angular range of
five to seventy degrees 26 using a sample spinner to reduce the
effects of preferred orientation.

RSC Adv., 2017, 7, 9888-9901 | 9889
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NMR spectra were obtained on Avance HD III 700 MHz
spectrometer (Bruker, Karlsruhe, Germany). All chemical shifts
(expressed in ppm scale) are referenced to the solvent signal.
Phase sensitive two-dimensional rotating frame nuclear over-
hauser enhancement correlation (2D-ROESY) experiment were
carried out using 180x-180x pulses for spin lock to suppress
TOCSY artifacts. Solutions were prepared in D,0O and drops of
deuterated acetic acid were used to adjust pH of the solutions
prior to measurements.

Preparation of the solid inclusion complexes

An appropriate amount of the 18C6, CB7, BCD and NP were
dissolved in 20 ml water to make a concentration of 15 mM of
each (few drops of HCI (1 M) were added in the case of CB[7] to
assist dissolution). Mixtures of solutions of NP in presence of
individual hosts were prepared to form binary complexes.
Additionally, mixtures of NP with BCD in presence of 18C6 and
CB7 to form ternary complexes were also prepared. The solu-
tions were inserted into a shaker-incubator (IKA KS 4000i
Control Incubating Shaker, Cole-Parmer) for 48 h at 40 °C. The
inclusion complexes solutions were removed and filtered and
immediately submitted to the freeze dryer (Lyo Quest, Telstar)
for 72 hours. The solid inclusion complexes obtained were kept
desiccated at —4 °C for further investigation.

Fluorescence measurements

Sodium acetate/acetic acid buffer of pH 5.0 was used for the
preparation of all aqueous solutions. Series of solutions with
constant concentration of NP and different concentrations of
hosts (BCD, 18-crown-6 and CB[7]) were prepared. The
concentration of NP solution was maintained at 3.5 x 107 ° M
while that of the host molecules viz. B-CD and 18-crown-6 were
varied from 1.0 mM to 15 mM. The concentration of CB7, on the
other hand, was varied from 0.01 to 0.1 mM. All experiments
were carried out at room temperature.

Molecular dynamic calculations

The chemical structure of hosts and the guest are shown in
Scheme 1. The initial geometry of NP and 18C6 were optimized
using DFT-B3LYP method using 6-31G* basis set. On the other
hand, the structures of BCD and CB7 were extracted from the
crystallographic parameters provided by the Structural Data
Base System of the Cambridge Crystallographic Data Center and
were optimized by minimizing their energy using PM7 semi-
empirical method using MOPAC 2012 (http://openmopac.net).*

The molecular dynamics (MD) simulations were carried out
using the Desmond molecular simulations package, as
distributed by Schrodinger-2015 suite of programs.***” The
OPLS_2005 all-atom force field with explicit solvent (TIP3P
water model) were used throughout the calculations. Simula-
tions were run with periodic boundary conditions, in an
orthorhombic box with the solute placed in the middle at 20 A
distance from each of the boxes edges. The SHAKE algorithm
was used to constrain covalent bonds between hydrogen and
heavy atoms. Long-range electrostatic interactions were dealt
with using the Ewald smooth particle mesh (PME) method.*
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Scheme 1 Structure of guest and hosts. (a) NP (b) 18C6 (c) CB7 (d)
BCD.

The solvated molecules were subjected to sequential restraint
solvent-solute minimizations and short MD simulations on
NVT-NPT ensembles (as implemented in the default relaxation
protocol in Desmond) coupled to Berendsen thermostat. Finally
the production run was NPT run at 300 K and 1 bar. The
simulations were then analyzed by the “simulation event anal-
ysis” module in Schrodinger 2015 suit.

Results and discussion
Fluorescence study

The fluorescence spectrum of NP is characterized by a peak at
around 312 nm when excited at 270 nm. This band is ascribed
to the locally excited state involving —m* transition. As Fig. 1a
shows, a remarkable increase in the fluorescence intensity of
this band is observed upon incremental additions of BCD to an
aqueous solution of NP. Moreover, the increase in fluorescence
intensity is accompanied by a slight shift of the fluorescence
maximum (~5 nm) to the blue region. These results indicate
that NP is experiencing an environment different from the bulk
water suggesting that it enters the cavity of the host cyclodex-
trin. The enhancement of the fluorescence of NP upon inclusion
is due to suppression of non-radiative decay pathways as rota-
tions of the molecule around a single bond are minimized.
Insertion of the catechol moiety into nanocavity of host mole-
cules is also accompanied by hydrogen bonding interaction
between the rim hydroxyl groups and the polar groups
on NP

We also examined the effect of addition of 18C6 to an
aqueous solution of NP to investigate the influence of interac-
tion of amine-group with the crown ether on the fluorescence
behavior of this molecule. The results in Fig. 1b show that the
emission spectra of NP in presence of 18C6 exhibit a different
behavior. Interestingly, the intensity of the peak at 312 nm
started to decrease continuously with an increase in 18C6
concentration. Additionally, a feeble band at 425 nm started to

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (a) Fluorescence spectra of (0) NP, 2.5 x 10~ M with increasing concentration of BCD (1) 0.5 mM...(7) 14 mM NP-BCD. (b) Fluorescence
spectra of (0) NP, 2.5 x 10~ M with increasing concentration of 18C6 (1) 0.5 mM...(7) 14 mM NP-18C6. (c) Fluorescence spectra of (0) NP, 3.5 x
10~® M with increasing concentration of CB7 (1) 0.01 mM...(7) 0.09 mM NP-CB?7. (d) Fluorescence spectra of (1) NP, 3.5 x 107 M (2) NP, 3.5 x
107° M + 3 mM BCD with increasing concentration of 18C6 (3) 0.3 mM...(10) 6.5 mM NP-BCD-18C6. (e) Fluorescence spectra of (2) NP, 3.5 x
1076 M (1) NP, 3.5 x 107® M + 3 mM BCD with increasing concentration of CB7 (3) 0.4 uM to (10) 8.0 pM.
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grow with the appearance of an isoemissive point at around
370 nm clearly suggesting the formation of two species. Similar
results were obtained upon incremental additions of CB7 to NP
aqueous solution as illustrated in Fig. 1c. In presence of CB7 the
peak at 425 nm grows much higher in intensity compared to
when 18C6 is added. The long wavelength band is ascribed to
the excimer emission as have been reported for NP and similar
molecules.**** This band is believed to originate from the
aggregation of NP molecules induced by interaction with the
host molecules. The molecular aggregation quenches the fluo-
rescence of the monomer band and results in a new emission
band at longer wavelength.

In chiral separations of primary amines by cyclodextrins it has
been reported that addition of 18C6 to the mobile phase imparts
improved resolutions in many instances.”?>*** These phenomena
have been explained on the basis of formation of a ternary
complex between the amine, CD and 18C6. In this work we
studied the effect of 18C6 on the fluorescence of NP-BCD inclu-
sion complex by adding the crown ether to a mixture of NP (3.5
uM) and BCD (3 mM). Initially additions of 18C6 resulted in
a decrease in the emission intensity of the short-wavelength band
together with a slow growth of the long-wavelength band up to
addition of 0.5 mM concentration of 18C6 (Fig. 1d). Interestingly,
with further additions of 18C6 a remarkable enhancement of
fluorescence intensity of the longer-wavelength band is observed
with the appearance of vibrational details.

CB7 is a host that interacts strongly with positively charged
ions. It resembles crown ethers in possessing electron rich
portals capable of attracting positively charged species. More-
over, the barrel shaped molecule is characterized by possessing
a hydrophobic cavity similar to cyclodextrins. The main
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difference between the two cavities resides in the fact that CBs
possess portals that are significantly electron rich. In addition,
the inner surface of CBs is also negative. Therefore, the affinity
of CB7 to charged species is noticeably high compared to CDs.>
Addition of aliquots of CB7 to an aqueous solution of NP-CD
(IBCD] = 3 mM) resulted in quenching of the shorter-
wavelength band accompanied by a gradual increase of the
longer-wavelength band as shown in Fig. 1e. Interestingly, the
shorter-wavelength band underwent further blue shift. These
results are similar to those observed for NP-BCD-18C6 system.

BCD form complexes that aggregate via formation of head-to-
head, head-to-tail and tail-to-tail dimers.”® These dimers are
stabilized by strong hydrogen bonding that could also involve
water molecules in the inter-dimer space. It has been reported
that the nature of guest molecules encapsulated into the cavity
of the host affects greatly the structure of CD aggregates and the
ensuing crystals. For instance, small guest molecules were
found to result in herring-bone packed monomer crystals,
whereas moderate to large gusts crystallizes through head-to-
head inclusion complexes dimers.*>** The later phenomena is
greatly enhanced by the extensive hydrogen bonding between
the secondary hydroxyl-groups lining the wider CD cavity and it
also involve interactions of the polar groups of the guest with
each other and with the hydroxyl groups of the CD. For NP-CD
and in presence of 18C6 and CB7 the formation of head-to-head
and tail-to-tail aggregates is possible. The ammonium group
interacts strongly with 18C6 and is also expected to interact with
CB7. Then insertion of the catechol group inside the CD cavity
from the narrow side will allow head-to-head dimers to form,
however, penetration of the catechol group from the wider sider
of the CD may result in tail-to-tail dimer.
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Fig. 2 ESI-MS spectra of (a) NP-BCD (b) NP-BCD-18C6.
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ESI-MS

We used ESI-MS to investigate the stoichiometry of the various
species involved in complexation between NP and the three
hosts included in this study. The ESI-MS spectra are recorded in
the positive mode and examples of them are displayed in Fig. 2
and the results are summarized in Table 1. The formation of
NP-BCD complexes is clearly evident from the singly charged
and doubly charged species [NP-BCD + H]', [2NP-BCD + 2H]*"
and [NP-BCD + Na + H]*" at m/z 1304, 737 and 663, respectively
as shown in Fig. 2a. The guest molecule is represented by the
singly charged ions at m/z 169.8 and 338.8 associated with the
monomer [NP + H]" and the dimer [2NP + H]', respectively.
These results indicate the possibility of dimerization of NP in
solution as well as in the gas phase.

The ESI-MS results of NP-BCD-18C6 are characterized by
intense signals that correspond to various singly charged ion
complexes of 18C6 such as [18C6 + Na]" at m/z 286.9, and [18C6
+K]" at m/z 302.8 (Table 1). The most striking finding in these
spectra is the emergence of a singly charged species at m/z
1569.2 (Fig. 2b) attributed to the ternary complex [NP-BCD-
18C6 + H]' ion. Additionally, a doubly charged ion at m/z 877 is
believed to be associated with [2NP-BCD-18C6 + 2HJ*.
Furthermore, the interaction between NP and 18C6 is
confirmed by the peak at m/z 433.8 for [NP-18C6 + H]" ion.

The ESI-MS spectrum of NP-CB7 complex is presented in
Fig. S1.t [NP-CB7 + H]" ions show a signal at m/z 1333 con-
firming the formation of a 1 : 1 inclusion complex between NP
and CB7. Moreover, the interaction of dimer 2NP with CB7 is
represented by a peak at m/z 751 which correspond to [2NP-CB7
+ 2H]*" ion. On the other hand, the cluster peak at m/z 1319 in
Fig. S21 was found to match with the doubly charged species

Table1 ESI-MS results for the inclusion complexes of NP with various
hosts

m/z Species

NP-BCD

1304.30 [NP — BCD + H]

663.33 [NP — BCD + Na + H**
736.87 [2NP — BCD + 2H]*"
590.0 [BCD + 2Na]"

338.85 [2NP + H**

169.80 [NP + H]"

NP-BCD-18C6

1569.27 [NP — BCD — 18C6 + HJ"
1157.18 [BCD + NaJ'

877.04 [2NP — BCD — 18C6 + 2H]*"
433.88 [NP — 18C6 + H]'

302.81 [18C6 + K]

286.85 [18C6 + Na]"
NP-BCD-CB7

1333 [NP — CB7 + H]'

1319 [2NP — CB7 — BCD + 2H]**
1163 [CB7 + H]

1135 [BCD + H]'

751 [2NP — CB7 + 2H]*

This journal is © The Royal Society of Chemistry 2017
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[2NP-CB7-BCD + 2H]**. Hence the ESI-MS spectra clearly
suggest that dimer species of NP are present either freely or
complexed with the hosts. It has been argued that the presence
of inclusion species in the gas phase could indicate their
possible existence in the solution. The driving force for complex
formation stems from the hydrophobic interactions leading to
the formation of inclusion complexes in solution stabilized by
the favorable thermodynamic balance of enthalpy and entropy.
In ESI-MS, the release of guest molecules from the host cavity is
favored as entropy and enthalpy oppose each other.>* Never-
theless, complexes between guest and host are mainly stabilized
by hydrogen bonding and other weaker forces such as van der
Waals forces. Hence protonated groups such as the primary
amine in NP are expected to enhance the chances of preserva-
tion of inclusion complexes in the gas phase supported by
a strong network of hydrogen bonding interaction compared to
those in the solution. Therefore, the presence of all species
presented in Table 1 suggests that these molecules are actually
present in solution which is in line with the fluorescence data
presented above.

FTIR spectroscopy

In this study binary inclusion complexes of NP with CD, CB7
and 18C6 as well as ternary inclusion complexes of NP with CD
in presence of CB7 or 18C6 were obtained by freeze drying
techniques. The FTIR spectra of pure guest and hosts are shown
in Fig. S37 whereas those of binary complexes are shown in
Fig. 3a. BCD is characterized by peaks at 1021, 1074 and 1151
cm™ " assigned to the C-C, C-O stretching modes and C-O-C
glycosidic asymmetric vibrations.****

Assignment of NP vibrational signals was based on litera-
ture.* The finger-print region of 650-1260 cm ™ * involves mainly
bending and torsional vibrations of aromatic, -CH, and CNH
groups. The peaks at 1356 and 1590 cm ™' correspond to
aromatic stretching vibrations with contributions from -CH,
and OH bending modes. By inspection of the FTIR spectra of NP
and BCD one observe a large degree of overlap between the
peaks of the two compounds. This indeed complicates inter-
pretation of spectra of the inclusion complexes formed between
the two compounds.

Clearly, the spectrum of NP-BCD complex resembles to
a great extent the spectrum of BCD. However, few differences
can be pointed out. For instance, in NP-BCD the band at 3266
cm~ ' was shifted to 3248 cm™'. Most NP bands disappeared in
the complex spectrum indicating that NP is deeply encapsulated
into the host cavity.

The FTIR spectrum of CB7 (Fig. S31) shows a broad and
strong band at 3404 cm ™! assigned to NH-stretching vibration
in addition to a band at 2933 cm ™! attributed to CH stretching
vibration. The bands become broader and shifted in NP-CB7
complex is indicative of the involvement in intermolecular
interactions. Moreover, the carbonyl stretching mode appears at
1713 cm™ ' in CB7 is slightly shifted to 1720 cm ™" in the NP-CB7
complex. This is also an indication of formation of hydrogen
bonding between the guest and the host molecules. The band at
1468 cm ' is assigned to the C-N stretching mode. This band

RSC Adv., 2017, 7, 9888-9901 | 9893
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Fig. 3 FT-IR spectra of (a) binary complexes (b) ternary complexes of
NP-BCD with CB7 and 18C6.

and all other bands below 1400 cm ' are slightly modified by
the presence of NP. In addition, it was observed that peaks
pertinent to NP in this region have vanished. Again these results
suggest that there are host-guest interactions between NP and
CB7 that possibly lead to the formation of stable inclusion
complex.

In case of NP-18C6, the spectrum of the complex also reveals
that there is an interaction between NP and 18C6 regardless of
the subtle differences between the spectra of host and complex.
One can conclude also here that the differences in spectra mean
that a complex is formed between the two compounds.

Ternary complex NP-BCD-18C6 spectrum, on the other
hand, is dominated by BCD signals (Fig. 3b). Surprisingly, the
main feature of this spectrum is the disappearance of the
characteristic peak of 18C6 at 2862 cm ™. This peak was slightly
shifted in NP-18C6 spectrum, but completely vanished in the
ternary complex. A similar trend was observed when other
crown ethers such as aza-18C6 were used with NP and BCD to
form ternary complexes (results not shown). As in binary
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complexes, the peaks related to NP have completely dis-
appeared in this complex as well. These results strongly suggest
the presence of intermolecular interaction involving the three
molecules.

The FTIR spectrum of NP-BCD-CB?7 is also shown in Fig. 3b.
It is apparent from this figure that the spectrum of NP-BCD-
CB7 system contains bands that correspond to the two hosts,
while those characteristic bands of NP have been diminished.
For example, the signals at 1719 cm ' and 1468 cm ' are
similar to those present in NP-CB7 spectrum. As in the above
cases, the huge overlap between signals makes the identifica-
tion of unique features difficult. However, the variations
observed in the spectra evidently suggest that a different spec-
trum is obtained compared to the individual binary complexes
spectrum. It is worth mentioning here that using this vibra-
tional tool alone it is not possible to ascertain whether or not
binary complexes of NP with individual host molecule are
present mixed or the ternary complex is formed.

Raman spectroscopy

Raman spectroscopy is a complementary vibrational technique
that enables investigation and characterization of inclusion
complexes. The differences in vibrational frequencies position
and intensity provide important clues to formation of inclusion
complexes of guest molecules like NP with host molecules. The
Raman spectra of NP as well as that of host BCD in neat solids
are given in Fig. 4. NP Raman spectrum is characterized by
sharp intense peaks in the range 500-1700 cm™". The strong
peak at 1617 cm ™ is assigned to -NH, bending vibration. On
the other hand, the band at 1283 cm ' corresponds to CH,
stretching vibration; however, it is also believed that this peak is
coupled to CO stretching vibration.*” Moreover, the strong

NP-8CD

BCD

Raman Intensity

NP

T T 1
500 1000 1500 2000

Wavenumber (cm'1)

Fig. 4 FT-Raman spectra of NP, BCD and NP-BCD freeze dried
complex.
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bands at 891 and 846 cm™' are attributed to CH, and NH,
bending vibrations, respectively. The most significant peaks of
NP are those located at 783 and 767 cm™ ' originating due to
catecholic ring breathing. The band at 783 cm™" has also been
reported to have contributions from CH-NH in plane bending
vibrations.

The Raman spectrum of NP-BCD inclusion complex
prepared by freeze drying methods is also shown in Fig. 4. It is
mainly dominated by BCD vibrational bands especially in the
region 500-1500 c¢cm™'. Vibrational Raman spectroscopy is
known to be very sensitive to non-covalent intermolecular
interactions that are wusually encountered in inclusion
complexes.”®* As can be seen from Fig. 4, BCD bands are all
enhanced in intensity upon complexation with NP and as well
experienced slight shifts. It is also notable that all NP vibrations
have vanished except for the two most prominent peaks at 783
and 767 cm~ ' which were greatly reduced in intensity and
shifted to 771 and 751 cm ™, respectively. Moreover, the peak at
1617 cm ™' is also reduced in intensity and shifted to 1603 cm ™.
These alterations in the Raman signals of NP are in line with the
formation of strong intermolecular interactions when the guest
enters the cavity of the host. Additionally, the Raman bands
associated with the C-O stretching modes of glycosidic linkage
of BCD at 1127, 1081, 1043, 944 and 925 cm ™' have been evolved
and became well separated from each other due to complexa-
tion. These bands are known to be very sensitive to the presence
of guest molecules.’®>®

Fig. 5 shows the Raman spectra of CB7 and NP-CB7 inclu-
sion complex prepared by freeze-drying. The bands at 830 and
897 cm ™' represent deformation of CB7 ring whereas the bands
at 1377 and 1418 cm ™' are assigned to symmetric and asym-
metric C-N stretching vibrations.® The carbonyl bands appear
at 1755 and 1731 cm ™. In the inclusion complex of NP-CB7 all
peak positions pertinent to CB7 remained almost unchanged
except for the two peaks at 1755 and 1731 cm™ " associated with
the carbonyl peak which were replaced by a single peak of

NP- CB7
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£
c CB7
©
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©
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500 1000 1500 2000
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Fig. 5 FT-Raman spectra of NP, CB7 and NP-CB7 freeze dried
complex.
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Fig.6 FT-Raman spectra of 18C6, NP-BCD-18C6 and NP-BCD-CB7
freeze dried complexes.

diminished intensity at 1744 cm™" in the complex. Generally,
CB7 peaks, unlike BCD, are all decreased in intensity compared
to pure CB7. One also observes that the two peaks of NP at 783
and 767 representing the catecholic ring breathing mode
appear at 774 and 750 cm ! in the inclusion complex. This
observation corroborate the assignment of these two bands in
the NP-BCD complex, nonetheless one might argue that the
peak at 750 cm ™! may originate from CB7 as well. The presence
of the peak at 1605 cm ™" is a further confirmation of formation
of inclusion complex between NP and CB7. A greater change in
polarizability is associated with the breathing mode of the cat-
echolic ring as the size of the ring changes considerably with
vibrations.

The FT-Raman spectrum of NP-BCD-18C6 freeze dried
complex is shown in Fig. 6. The most prominent bands are
those of BCD which were slightly shifted in position. Interest-
ingly, the NH, bending vibration appears in the same position
as in the neat NP solid. The aromatic ring breathing bands
appear at the same wavenumbers as in the binary NP-BCD
complex at 773 and 755 cm ™' possibly because they are expe-
riencing similar environment. The two bands of 18C6 at 1493
and 1472 cm ™" appear at 1469 and 1450 cm ™' in NP-BCD-18C6
inclusion complex. We also examined here the range of wave-
numbers 2500-3500 cm ™' in more details. The results in Fig. 7
show that bands corresponding to 18C6 are all vanished in this
region. The presence of strong intermolecular interactions
might be responsible for such an observation suggesting that
18C6 is clearly involved in bonding with NP and the
cyclodextrin.

Fig. 6 also shows the Raman spectrum of NP-BCD-CB7
complex which as expected contains bands related to BCD and
CB7. Interestingly, the region 500-900 cm™" is dominated by
CB7 bands. The carbonyl stretching vibration is located at 1749
em™'. Surprisingly, the catechol ring breathing bands, which
were present in all spectra, have completely disappeared in this
spectrum. These observations may indicate that the spectrum of
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Fig. 7 FT-Raman spectra of BCD (red line), 18C6 (black line) and NP—
BCD-18C6 (blue line) freeze dried complex.

NP-BCD-CB7 is not merely an overlap of binary complexes. The
Raman spectrum of this species is complex due to the overlap of
peaks of the components of the ternary mixture in most of the
regions and this made the interpretation challenging. Never-
theless, one can conclude that there is clear indication for the
formation of ternary complexes.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) is a sensitive technique usually
used to investigate the crystal packing of hosts, guests and their
inclusion complexes. In this work we used PXRD to look into the
crystalline structures of NP, the three hosts and their respective
inclusion complexes. The diffraction patterns of the pure solids
of the guest and the hosts are presented in Fig. S4.1 The PXRD
patterns of the as-received BCD consist of distinct diffraction
peaks with 26 values near 9 and 13° in addition to other minor
peaks at values of 26 > 13°. These features are known to char-
acterize the cage type packing structure of BCD where the cavity
of each BCD is blocked by other neighboring CD mole-
cules.?*®%%61°63 18C6 shows characteristic signals with 26 in the
range 15-25° with the most intense peaks located at 26 15, 20,
24 and 25°. In case of CB7, the PXRD pattern exhibits halo
structures which characterize it as a clear amorphous structure.
NP is also crystalline material with characteristic peaks between
20 = 15-30°. The most intense peaks in case of NP are observed
at 26 values 15, 16, 24, 25 and 26°.

The PXRD patterns of binary complexes are presented in
Fig. 8. Careful examination of the patterns shown in this figure
reveals the fact that these patterns are different from the
starting material. They are also different from the physical
mixtures obtained by mixing the starting materials in equi-
molar quantities in a pestle and mortar (data not shown). It
worth noting here that the physical mixtures of starting mate-
rials exhibit only overlapped patterns of the original
compounds. This indicates that inclusion complexes between
NP and these hosts do not form by merely mixing them. The
PXRD patterns of NP-BCD complex show unique 26 values at
10.5 and 12.5° and minor diffractions at higher 260 values. At
higher 26 values the peaks became also broader due to the
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Fig. 8 PXRD patterns of binary complexes of NP with (a) BCD (b) 18C6
(c) CB7.

possible formation of partially amorphous phase. Similar
results have been reported for the interaction of BCD with
various guests,>"585%61-63

The complex between 18C6 and NP PXRD patterns are also
shown in Fig. 8. These reflections are characterized by the
formation of a broad halo pattern indicative of the amorphous
nature of the material. However, distinct sharp peaks at 26 values
= 9, 15.5, 17.5, 24.0, 25.5 and 26.5° are observed together with
other minor reflections. Some of these peaks coincide with those
present in the diffraction patterns of pure NP and 18C6 solids
with the exception of the peak at 9° which is absent from the
PXRD patterns of both compounds. The initial evaluation of
these results leads to the formation of an amorphous complex
with the presence of uncomplexed material. However it is worth
mentioning here that recording of PXRD runs for the freeze dried
NP-18C6 samples was challenging as the complex starts to
absorb humidity and become wet. Therefore, further investiga-
tion of this complex is required, probably the isolation of crystals
suitable for single crystal analysis might cast better under-
standing of the packing and interactions in these complexes.

The diffraction patterns of NP-CB7 on the other hand
exhibited halo shaped signatures declaring the formation of an
amorphous solid complex. Moreover, the diffraction patterns of
the ternary complexes in both cases, NP-BCD-18C6 and NP-
BCD-CB7 are dominated by an amorphous structure as shown
in Fig. 9. Unexpectedly, NP-BCD-CB7 pattern is found to
contain sharp peaks at 26 values 10, 14.5, 19.5 and 20 on top of
the halo structures suggesting the involvement of a crystalline
material. These observations may be due to the simultaneous
formation of more than one complex. It should be mentioned
here that the four peaks observed for NP-BCD-CB7 are similar
to those found in the NP-BCD complex PXRD patterns.
However, the amorphous signature is different than those
observed for CB7 and NP-CB7 patterns.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 PXRD patterns of ternary complexes of NP-BCD with (a) 18C6
(b) CB7.

NMR spectroscopy

To further elucidate the interactions between NP and the three
host molecules "H-NMR spectra were obtained. The individual
protons were assigned according to the chemical structures
presented in Scheme 1. The "H-NMR spectra of NP in presence
of 18C6 and BCD exhibited notable shifts in some of the protons
as a result of shielding of BCD inner cavity protons and
deshielding of guest protons. In this work, to characterize the
complexation of NP with the two hosts, 18C6 and BCD, we
recorded 2D-ROESY spectra of the complexes in D,0. Fig. 10
represents a typical expanded 2D-ROESY spectrum where F1
dimension corresponds to the signals assigned to protons of
BCD and 18C6, while F2 here is focused on the aromatic region

Ha
- Hb Hc
=l NGNS A AY_N
P-BCD-18C6 ROESY __g
L~ T
=
B
H4
H2
18C <> = o
s D e
Ho oD
H3 D = e

e B e — T
6.85 6.80 6.75 6.70 F2[ppm]

Fig. 10 The contour plot of 2D-ROESY of NP-BCD-18C6 inclusion
complex. The assignment of signals is given according to Scheme 1.
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of NP. Clearly, intense cross-peaks are observed for the corre-
lation of H3, H5 and H6 of BCD with those of NP. It can be
inferred from these results that protons Ha and Hc on NP are in
spatial proximity to protons H3 and H5 of the cyclodextrin.
Interestingly, proton Hb on NP exhibit intense cross-peaks with
both H5 and H6 but not with H3. Moreover, less intense but
observable cross-peaks were observed for the interaction of
18C6 with protons Ha and Hc on NP. These results are consis-
tent with the deep encapsulation of the catecholic moiety into
the hydrophobic nanocavity of BCD through the secondary
hydroxyl rim. The complex is further stabilized by interaction of
the ammonium group of NP with 18C6 which secure the guest
into the host's cavity.

Molecular dynamics

Molecular dynamic simulations were performed on NP
complexes with the three hosts as well as on ternary complexes.
The complexes were immersed in a box of water and calcula-
tions were performed for 15-20 ns at a pressure and tempera-
ture of 1 atm and 300 K, respectively. The average root mean
square deviations (RMSDs) for all binary complexes are shown
in Fig. S5.1 Clearly, all complexes reach stability within short
time (<1 ns). The average values obtained over trajectories after
stabilization are summarized in Table 2. Evidently, these
complexes are quite stable in aqueous solutions except for NP-
BCD-CB7. NP-BCD-CB7 complex is formed by inserting the
aromatic group into BCD cavity while leaving the side chain
bearing the amine group to interact with CB7. As shown in
Fig. S5¢t NP forms a strong complex with BCD as evident from
the stable trajectories of NP-BCD complex compared to NP-
BCD-CB7 complex. Unexpectedly, we observed that CB7 starts
to move away from the other two molecules following 4 ns of
stability. Interestingly when we run a similar simulation with
the aromatic ring of NP inserted into CB7 we observed that NP is
completely taken into CB7 and BCD was pushed away. These
results suggest the possible coexistence of binary and ternary
complexes.

Additionally, we monitored the radius of gyration (rg,) of the
guest, host and their corresponding inclusion complexes
during the simulation time. The values obtained are summa-
rized in Table 2. It can be observed from this table that rgy, for
all complexes is close to that of the host. Moreover, the values of

Table 2 Average values of RMSD and radius of gyration obtained from
molecular dynamics trajectories for the various species

Compound RMSD (A) Toyr (A)

NP 1.15 £ 0.48 2.75 = 0.03
18C6 — 3.42 £ 0.05
BCD 1.85 £ 0.45 5.91 + 0.07
CB7 0.46 £+ 0.12 5.49 £+ 0.02
NP-18C6 2.53 +0.48 3.99 £+ 0.05
NP-BCD 1.77 £ 0.33 5.67 £ 0.07
NP-CB7 0.65 + 0.14 5.27 £ 0.02
NP-18C6-BCD 0.99 £+ 0.23 5.95 £ 0.14
NP-CB7-BCD — —
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T'qyr for the inclusion complexes are lower than the sum of the
individual hosts and guest. This provides additional evidence
for the stability of these complexes.

We also performed hydrogen bond analysis for all the
complexes using the modules of Schrodinger software. The
results collected in Fig. S61 show that a number of hydrogen
bond interactions are contributing to the stability of the
complexes during the simulation time. NP-BCD complex is
stabilized by the presence of 1-3 hydrogen bonds (Fig. S6at). NP
size is suitable for insertion of the catechol group into the cavity
of BCD via either the wider or narrower rim of the CD. Intro-
duction of the catechol group through the wider rim, however,
produced a more stable inclusion complex. Additionally, the
complex formed by inserting the aromatic ring from the nar-
rower rim shows stable trajectories for about 9 ns out of the
total simulation time of 15 ns. Placing primary amine and OH
groups at the entrance of the cyclodextrin allow for strong
intermolecular interactions such as hydrogen bonding and
dipole-ion interaction between these groups and the secondary
hydroxyl groups that enfold the wider rim.
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Fig. 11 The RDF of hydrogen bonding interactions for NP-BCD
complex plotted as a function of separation distance r (in A) between
donor and acceptor (a) interaction of NP with host (b) interaction of NP

with water. These plots were obtained from MD trajectories after
equilibration of the inclusion complex.

9898 | RSC Adv., 2017, 7, 9888-9901

View Article Online

Paper

To shed more light on the interaction of NP with BCD we
further obtained the radial distribution function (RDF), g, for
the center of mass of NP relative to that of the host. The result in
Fig. S71 shows a strong sharp peak at 0.2 A clearly suggesting
that NP is inserted deeply into the cavity of BCD. This position
likely allows stabilization of NP inside the cavity by strong
hydrogen bond interaction as shown by the strong sharp peak at
~1.8 A in Fig. 11a representing interaction of OH with the
secondary hydroxyl groups of the CD. Also one observes a minor
hydrogen-bond contribution from the phenolic OH of NP with
the primary hydroxyl groups of CD. On the other hand, the
protonated primary amine exhibited no noticeable interaction
with the secondary hydroxyl groups of the cyclodextrin. From
these results and by inspection of snapshots from the simula-
tion it is clear that the protonated amine (highly polar group)
remains solvated by water molecules outside the cavity of the
cyclodextrin.

Fig. 11b shows the RDFs for the interaction of NH;", OH and
the phenolic groups with water molecules. The maximum at r ~
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Fig. 12 The RDF of hydrogen bonding interactions for NP-CB7
complex plotted as a function of separation distance r (in A) between
donor and acceptor (a) interaction of NP with host (b) interaction of NP
with water. These plots were obtained from MD trajectories after
equilibration of the inclusion complex.
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1.8 A correspond to the first hydration shell indicating that the
amino-group and the two phenolic substituents on the aromatic
ring are strongly involved in hydrogen bonding with water
molecules. It can be inferred from these results that NH;"
remains outside the cavity and NP catechol moiety is inserted
inside the nanocavity with the two phenolic groups protruding
from the narrower rim and, therefore, exposed to water
molecules.

In case of the inclusion complex of NP with CB7 it was
observed that one hydrogen bond prevails till the end of the
simulation, however, other weaker hydrogen bond interactions
are also recorded (Fig. S6at). Let us now examine the RDFs
describing hydrogen bonding of NP with CB7 and with water.
The calculated RDFs are presented in Fig. 12. Obviously only the
secondary OH group of NP forms a strong hydrogen bond with
the C=0 groups on the portal of CB7. Both NH;" and the
phenolic moieties exhibit strong interaction with the water
molecules as can be inferred from Fig. 11b.

As expected for the NP-BCD-18C6 system Fig. 13 reveals the
presence of hydrogen bond network as a result of interaction of
NP with BCD and 18C6 simultaneously. Interestingly, BCD and
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Fig.13 The RDF of hydrogen bonding interactions for NP-BCD-18C6
complex plotted as a function of separation distance r (in A) between
donor and acceptor. (a) Represents interaction of NP with the two
hosts. (b) Represents interaction of NP with water.
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18C6 exhibited only one weak hydrogen bond that forms and
break throughout the simulation time (Fig. S6bt). The distance
from the center of mass of NP to that of BCD is close to that
observed for NP-BCD system with the aromatic ring inside the
cavity of the cyclodextrin (Fig. S8}). Here we also examined
RDFs concerning the hydrogen bonding interactions in this
ternary complex. As expected NH;" group interact strongly with
the crown ether oxygen atoms as represented by the strong peak
at r ~ 1.8 A as presented in Fig. 13. Additional peaks are also
observed for the amino group interaction with the crown ether
at 2.5 and 3.4 A representing weaker hydrogen bonding inter-
actions formed during the simulation.

The hydroxyl group of NP interacts strongly with the
secondary hydroxyl groups on the cyclodextrin; however, the
phenolic groups exhibited a very weak interaction with the
hydroxyl groups at the narrow portal of the cyclodextrin. This
may originate from the interaction of 18C6 with NP which may
require tilting and moving the molecule up to achieve favorable
positions for maximum intermolecular interactions.

The interaction of NP with water molecules in the ternary
complex is represented by Fig. 13b. As expected the phenolic
groups preserved their contacts with water as shown in this
figure. However, the hydroxyl group of NP exhibited strong
interaction with water compared to those observed in NP-
BCD and NP-CB7 binary complexes. To interpret these results
we obtained snapshots for the ternary complex during the
simulation times. Representative snapshots are shown in
Fig. S9.f We observed that due to the strong interaction
between the amino group and the crown ether oxygen atoms
NP molecule is dragged up into the cavity of the CD. This in
turn moves the OH to the pocket between 18C6 and BCD
where water molecules can enter to form a network of
hydrogen bonds involving OH, CD secondary OH groups and
the crown ether. This leads to additional stabilization of this
complex.

Conclusion

The fluorescence, ESI-MS, vibrational spectroscopy, '"H-NMR
spectroscopy and PXRD data presented in this work reveal
that NP forms stable inclusion complexes with the three
hosts. The data also indicate that stable ternary complexes
involving NP in presence of 18C6/BCD and CB7/BCD are
formed. Molecular dynamic simulations of inclusion
complexes in aqueous media have indicated that insertion of
the aromatic ring into the cavity of BCD and CB7 is the most
acceptable mechanism of the inclusion process. Moreover,
the strong hydrogen bond interactions between hosts and the
guest are responsible for the stability of these complexes. It
would be tempting, however, to conclude that NP-18C6-BCD
is a more stable complex compared to NP-CB7-fCD. While
the inclusion of NP into the nanocavity of BCD and CB7 seems
to be controlled by hydrophobic forces, hydrogen bonding
and ion-dipole interactions plays significant role in stabi-
lizing these compounds. This could be the main reason
behind the tendency of these complexes to aggregate in
solution.
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