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Abstract: The study of hydrogen bonding interactions at the
level of functionalized nanoparticles remains highly challeng-
ing and poorly explored area. In this work, superparamagnetic
iron oxide nanoparticles (SPIONs) were orthogonally function-
alized using receptors bearing multiple hydrogen bonding
motifs. Pristine SPIONs were modified by wet chemical
processes with Hamilton receptors (hosts), or cyanurate-guest
molecules linked to phosphonic acid moieties for monolayer
functionalization. The modified surfaces were fully character-
ized and the number of attached ligands on the surface were
determined. The host-guest interactions on the interface of

\
modified SPIONs were investigated by using UV-Vis spectro-

scopic titrations. Functionalized SPIONs demonstrated two to
three magnitudes stronger binding affinities as compared to
the related molecular interactions in solution due to syner-
gistic effects on complex surface environment. Higher
supramolecular binding ratios of host-guest interactions on
the modified surface were emerged. These studies provide
fundamental insights into supramolecular complexations on
the surface at solid-liquid interface systems with applications
in engineered nanomaterials, nano-sensing devices, and drug
delivery systems.
y sy )

Introduction

In recent years, superparamagnetic iron oxide nanoparticles
(SPIONs) have been extensively explored in various
applications." Large specific surface area combined with
magnetic response properties offer versatile approaches to
engineer, exploit and utilize the SPIONs in many fields such as
nano-catalysts,” smart materials for remediation,® and medical
nano-engineering."” The superparamagnetic nanoparticles were
often used as solid core materials, where functional organic
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materials, anchored on the surface, rendering the surface
properties. In addition, the superparamagnetic properties give
an easy access to collect the nanoparticles out from the
working systems by simply applying an external magnetic field.
The surface modification of nanoparticles can improve the
reactivity,” dispersability,” biocompatibility,” and
multifunctionality® thus, broadening the potential applications.
The surface of SPIONs can be potentially functionalized with
host or guest molecules in order to study a collective behavior
of such functionalized particles towards multiple recognition
events of desired molecules or even complementary particles.
This host-guest chemistry at the level of nanoparticles remains
completely unexplored; however, it opens a great perspective
to realize such processes as signal amplification, directed self-
assembly of nanoparticles and energy storage.

Hydrogen bonding interactions between Hamilton recep-
tors and cyanurate or barbiturate derivatives are excellent
model systems with association constants (K,) ranging from 10°
to 10° M~'® These interactions have been applied to realize
charge transfer interactions,"” light-driven rotaxane systems,""
self-assembled architectures," and sensory devices." Several
attempts to attach Hamilton receptor to the surface of nano-
particles have been reported. However, they lack detailed
investigations of host-guest interactions on the interface of
modified nanoparticles."” Zeininger et al. used catechol-Hamil-
ton receptor conjugate to modify the surface of ZnO nanorods
and studied the sedimentation behavior in chloroform, while
Hasenoehrl et al. reported thiol-Hamilton receptor molecules to
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functionalize gold nanoparticle. Binder utilized click-chemistry
to attach barbiturates on luminescent CdSe nanoparticles."
Several reports have been published with the aim to quantify
binding interactions on these complex interface systems. For
instance, interactions of gold nanoparticles with various host
and guest systems have been determined by using cyclic
voltammetry,"™™ isothermal titration calorimetry,"® and single-
molecule force spectroscopy.!'”

In this work, for the first time we utilize Hamilton receptor
and cyanurate guest molecules to study the host-guest
interactions on the surface of functionalized SPIONs (Scheme 1).
We prepare two types of nanoparticles bearing either the
Hamilton receptor (Fe;0,@HamPAc) or the cyanurate derivative
(Fe;0,@CyaPAc) and investigate how the position of the
interacting molecules affects the overall binding events on the
surface. We also introduce bulky hexabenzocoronene (HBC)
subunits into the molecules placed in solution to investigate
their effect on the affinity of nanoparticles.

The phosphonic acid derivatives of Hamilton receptors
(HamPAc) and cyanurate molecules (CyaPAc) were prepared

= -OEt, (CyaPEst)
= -OH, (CyaPAc)

with the goal to modify SPIONs under wet chemical conditions.
The modified SPIONs were fully characterized using FTIR
spectroscopy, dynamic light scattering (DLS) method and Zeta
potential to confirm the attachment of the organic molecules.
The number of the attached organic molecules on the surface
of SPIONs were determined using thermogravimetric analysis
(TGA) to give the information about the grafting density (6).
The average number of attached organic molecules was
estimated after the surface of SPIONs was saturated to form a
monolayer. The host-guest interactions were investigated using
UV-Vis titration method. In the titration experiments, the
solution of counter organic molecules was added to the
dispersion of functionalized SPIONs keeping the concentration
of dispersion constant.

QNH
S CyaPAc —\ HamPAc =
NN R = -OEt, (HamPEst)
1)
_/_/_/'N R = -OH, (HamPAc)
o, I NH
N N
R"P‘R /_‘ NH
)
Fe;0,@CyaPAc Fe;0,@HamPAc
HamPEst, or CyaPEst, or%
HamHBC = CyaHBC =

NH
=0 = CyaHBC
NH

Fe;0,@HamPAc_CyaPEst, or
Fe;04,@HamPAc_CyaHBC

Fe;0,@CyaPAc_HamPEst, or
Fe;0,@CyaPAc_HamHBC

Scheme 1. Surface modification of superparamagnetic iron oxide (Fe;0,) nanoparticles (SPIONs) with cyanurate phosphonic acid CyaPAc and Hamilton
receptor phosphonic acid HamPAc, and the general representation of explored host-guest interactions on the surface of nanoparticles.
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Results and Discussion
Synthesis of functionalized receptors and guest molecules

The general synthesis of functionalized receptor and guest
molecules is shown in Scheme 2. The phosphonic acid moieties
are known to have high affinity to the surface of metal oxides."®
The cyanurate phosphonic acid conjugate CyaPAc was pre-
pared as reported before with a slight modification at the last
deprotection step. Hamilton receptor - phosphonic acid con-
jugate HamPAc was prepared by using the click reaction
starting from the literature known ethynyl Hamilton receptors
Ham-01.1*

First, bromo hexyl phosphonate ester (1) was reacted with
cyanuric acid (2) in the presence of DBU as a base resulting in
cyanurate phosphonate ester CyaPEst. The phosphonate ester
was subsequently deprotected by TMS-Br to yield the cyanurate
phosphonic acid conjugate CyaPAc. The formation of the
product was proved by *P NMR data showing one signal at
31.90 ppm in DMSO-d,. After deprotection, the phosphorus
signal shifts to 26.46 ppm (Supporting Information, Fig-
ure S9&512). PCNMR data was also in agreement with the
proposed structure (Supporting Information, Figure S8&S11). To
prepare Hamilton receptors, bromo hexyl phosphonate 1 was
converted to azide 3 - a precursor for the click reaction with

Br O,
o, \/\/\/‘ »—NH
P
\ + HN )Xo

Hamilton receptor Ham-01. Receptors HamPEst was then
converted to phosphonic acid HamPAc via a deprotection
reaction by using TMS-Br (Scheme 2).

The ester derivatives HamPEst and CyaPEst have better
solubility in many chlorinated and polar aprotic solvents like
chloroform and DMSO, while the acid derivatives are soluble
only in polar aprotic solvents like DMSO or THF, which
containing oxygen atoms. Since association of Hamilton
receptors with cyanurate guests rely on hydrogen bonding
interactions, the choice of solvents is crucial to achieve strong
binding. Hydrogen bonds are weak in polar solvents, while in
chlorinated solvents, they can be maximized. These effects can
be seen when the HamPEst is dissolved in various deuterated
solvents (Supporting Information, Figure S21). In CDCl; and
ACN-d,, the protons of active sites appear in lower frequency,
while DMSO strongly solvates NH-sites and thus hamper the
interaction.

Two sets of complementary molecules containing HBC were
synthesized (Scheme 3). Receptor HamHBC was prepared via
general Sonogashira coupling pathway using ethynyl Hamilton
receptor Ham-01 and iodo-HBC (4) as the precursors. In the
similar manner, CyaHBC was prepared using iodo-HBC (4) and
ethynyl cyanurate derivative Cya-04 to give the desired product
in a very good yield. Both molecules, HamHBC and CyaHBC,
have similar absorption features in dichlorobenzene (DCB)

)\—NH o)\-NH

' DBU o  DCM, TMS-Br N X0
) b8 =0 T e
/0 0\\ JNH DMF, 70°C, 20 h Qfo />_NH MeOH, 35 °C, 4 h 0"-) Ky
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Scheme 2. Synthesis of cyanurate phosphonic acid CyaPAc and Hamilton receptor phosphonic acid HamPAc via the click chemistry route.
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Scheme 3. Synthesis route of hexabenzocoronene derivative molecules of CyaHBC and HamHBC via Sonogashira coupling reactions.

having HBC oscillation features at wavelength ranging from 350  absorption band at 305 nm belongs to the Hamilton receptor
to 420 nm, and for the HamHBC molecules there is a distinct  moieties (Supporting Information, Figure S23 and S24).

Functionalization of SPIONs

HamPAc =\ For surface modification processes, commercially available
SPIONs from Plasmachem™ with average size 843 nm were
used. The SPIONs were stabilized in aqueous dispersion without
any organic stabilizer and have initial concentration of 30 mg/
mL. The naked pristine SPIONs were functionalized by mixing
naked Fe;04 NPs Fe30,@HamPAc with corresponding receptors or guests in suitable solvent
in water in DMSO/ELOH (3:1) mixtures (Scheme 4 and Scheme 5). The staggering concentra-
tions of hosts or guests was used to obtain the saturation
Scheme 4. Functionalization process of pristine Fe;O, NPs with Hamilton e . o s
receptor phosphonic acid conjugate HamPAc in the solvent mixture of condition of monolayer functionalization yielding a clear
DMSO/EtOH (3:1). brownish dispersion of modified SPIONs. The dried functional-
ized SPIONs were characterized and used further as a dispersion
in desirable solvents.

For monolayer functionalization, six dispersions of SPIONs
with concentration of 1.25 mg/mL were prepared and mixed
with the organic ligands of HamPAc in DMSO/EtOH (3:1)
solvent mixture. From samples 1 to 6, the concentration of
HamPAc ligands was varied between 1 to 15 mM to saturate
the monolayer functionalization. Then, the mixtures were
sonicated and centrifuged. After washing twice in dried ethanol
to remove the excess unbound ligands, the functionalized
Fe;0,@HamPAc nanoparticles were dried at 75°C overnight.
Scheme 5. Functionalization process of pristine Fe;O, NPs with cyanurate Subsequently, the dried Fe;0,@HamPAc nanoparticles can be

phosphonic acid CyaPAc to form Fe;0,@CyaPAc in a THF/MeOH (4:1) redispersed in suitable organic solvents for further use.
solvent mixture.

in DMSO/EtOH (3:1)

CyaPAc = \
4 THF/MeOH (4:1)

naked Fe3;O4 NPs Fe;04,@CyaPAc
in water in THF/MeOH (4:1)
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From the FTIR spectroscopy measurements, the functional-
ized nanoparticles with HamPAc molecules show new bands at
wavenumber 2950 (—CH,), 1650 (C=0 and C=N vibrations), 1443
(C—H deformation), 1235 (P=0), and 1035 (P—O) cm™' (Fig-
ure 1a), indicating the presence of Hamilton receptors anchored
to the surface of SPIONs. Furthermore, from TGA results
(Figure 1b), the mass loss can be observed starting at heating
temperature 300°C till 420°C. By plotting the mass loss against
the used concentrations, the saturation condition was observed
at ligand concentration of 15 mM with mass loss about 12%
(Figure 1¢). Using this information, the grafting density () at
saturated monolayer functionalization was determined to be
about 0.73 molecules/nm? This value corresponds to approx-
imately 150 Hamilton receptors attached on the surface of
single SPION (see Supporting Information: Functionalization of
Nanoparticles).

The size distributions of Fe;0,@HamPAc nanoparticles in
solvent mixture of DMSO/EtOH (3:1) were measured using DLS
at concentration of 0.2 mg/mL. At lowest concentration of
applied Hamilton receptor solutions, the average size was about
8 nm, which is close to the size of the solid core of SPIONs
obtained by TEM (Figure 1f). In the presence of excess of the
receptor, the average size of Fe;0,@HamPAc nanoparticles in
dispersion was about 15 nm (Figure 1d). The zeta potential
values were positive but decreased along with the increase of
applied concentration of Hamilton receptor ligands (Figure 1e).

From about 45 nm in pristine form, the zeta potential was
dropped to 22 mV at the saturated condition.

Following similar procedure, the solvent mixture THF/MeOH
(4:1) was used to perform functionalization of SPIONs with
cyanurate phosphonic acids CyaPAc molecules to vyield a
saturated monolayer functionalization. After the functionaliza-
tion process, the Fe;0,@CyaPAc nanoparticles were character-
ized and redispersed in suitable organic solvents. The FTIR
spectroscopy (Figure 2a) showed several bands at 1690, 1460
and 1018 cm™', which correspond to molecular vibrations of
(C=0) carbonyl, (0O=C—NH-) amide, (CH,-) alkyl chain, and
(P—0) alkyl phosphite groups. Furthermore, a significant mass
loss was observed on heating temperature in the range 320-
380°C (Figure 2b), which originates from decomposition of
cyanurate ligands on the surface of modified SPIONs. From TGA
measurements, modified Fe;0,@CyaPAc nanoparticles reached
the saturation at 9.5% of mass loss using 20 mM ligand
concentration (Figure 2c). Under these conditions, the surface
of SPIONs was covered with CyaPAc monolayer with grafting
density of 1.5 molecule/nm® Thus, at saturation, there are
approximately 300 CyaPAc molecules anchored to the surface
of a single particle of SPION, which is double of the number of
attached Hamilton receptor molecules (see Supporting Informa-
tion: Functionalization of Nanoparticles). According to the DLS
measurements of Fe;0,@CyaPAc, nanoparticles have the aver-
age size of 48 nm at saturated conditions (Figure 2d). This data
indicates that functionalized Fe;0,@CyaPAc nanoparticles clus-
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Figure 1. (a) FTIR spectra of pristine Fe;0, NPs (blue) and post functionalized Fe;0,@HamPAc (red), (b) TGA curve: %mass versus HamPAc concentration
added during functionalization process, (c) plot of %mass loss as a function of added HamPAc showing the saturation at about 12 % of mass loss, (d) size
distributions from DLS measurement stated in number (%), and (e) zeta potential of Fe;0,@HamPAc measured in DMSO/EtOH (3:1) showing a trend of

decreasing values, (f) TEM picture of functionalized Fe;0,@HamPAc.
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Figure 2. (a) FTIR spectra of pristine Fe;O, NPs (blue) and post functionalized Fe;0,@CyaPAc (red), (b) %mass of TGA curve versus CyaPAc concentration
adding during functionalization process, (c) plot of %mass loss as a function of added CyaPAc concentration showing the plateau of %mass loss at about
9.5%, (d) size distributions from DLS measurement stated in number (%), and (e) zeta potential of Fe;0,@CyaPAc measured in THF/MeOH (4:1) showing a

negative value, (f) TEM picture of functionalized Fe;0,@CyaPAc.

ter together forming poly-nucleation, which has an increased
average size. The zeta potential was found to be negative and
reached —70 mV, indicating high stability of the system in a
THF/MeOH (4:1) mixture (Figure 2e). The TEM picture of
Fe;0,@CyaPAc nanoparticles showed the iron oxide cores
remain intact after post functionalization (Figure 2e).

NMR studies of host-guest interactions at the molecular level

First, we investigated the formation of complexes between
receptors and guests in solution to understand the systems at
the molecular level in solution. Since hydrogen bonding
interactions are weak in highly polar solvents, the binding
affinities of free receptors in solutions were determined in
chloroform. Hamilton receptor HamPEst and cyanurate deriva-
tive CyaPEst were used as esters because of their good
solubility in chloroform.

The Job’s plot based on NMR data confirmed that HamPEst
and CyaPEst form a 1:1 complex in CDCl; (Supporting
Information, Figure S20b&S20c). The initial chemical shift of the
active protons from the HamPEst molecules in deuterated
chloroform are at 846 and 8.14 ppm. After mixing with
CyaPEst, the signals of protons are shifted downfield to 9.95
and 9.42 ppm, respectively (Figure3b and 3c). Association
constants (K,=1.25 x 10* M™') of the complex between HamP-

Chem. Eur. J. 2021, 27, 16429 - 16439 www.chemeurj.org

Est and CyaPEst were determined from NMR data by using
BindFit software'. This value is similar to the one reported by
Hamilton and Chang with barbiturate molecules as a guest.”’
Thus, our functionalization does not considerably affect the
binding event. Complexation of HamHBC with CyaPEst meas-
ured under the same conditions was in the same range
4.92 x 10* M~' (Figure 3h and 3i).

Similar NMR titrations we carried out for the complexation
of HamPEst with CyaHBC in a mixture of deuterated chloroform
and THF (9:1) because of better solubility of HBC-cyanurate
derivatives in this solvent mixture (Figure 3e and 3f). The
calculated binding constants is 1.33 x 10° M~", which is slightly
less value because of the presence of THF.

Supramolecular interactions on the surface of nanoparticles

In order to study host-guest interactions on the surface, dried
functionalized SPIONs were weighted and redispersed in the
chlorinated solvent to prepare a desired concentration of stable
dispersions (Scheme 6). To assess binding affinity of functional-
ized nanoparticles towards guest molecules by UV-Vis measure-
ments, we converted the concentration of nanoparticles (¢4,
to the concentration of the attached units knowing grafting
density from TGA measurements. In other words, we consider
nanoparticles as a solution of receptors or guests. For instance,

16434  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Interaction of Hamilton receptors with cyanurate guests, and the corresponding NMR titration data of (a, b, and c) HamPEst with CyaPEst molecules
in CDCl;, (d, e, and f) HamPEst with CyaHBC molecules in mixture of CDCl3/THF-dg (9:1), and (g, h, and i) HamHBC with CyaPEst molecules in CDCls.

CyaPEst,
or CyaHBC _
in CHCl3

Fe;0,@HamPAc
in CHCl3

Fe30,@HamPAc_CyaPEst, or
Fe304,@HamPAc_CyaHBC in CHCI3

Scheme 6. Schematic representation of supramolecular interactions on the
surface of Hamilton receptor functionalized SPIONs Fe;0,@HamPAc coupled
with cyanurate derivative guest molecules CyaPEst or CyaHBC in CHCl..

ca. 150 Hamilton receptors are attached to one nanoparticles.
This corresponds to the maximum possible concentration of the
Hamilton receptors in solution, which is equal to 150-C,4,,, thus

Chem. Eur. J. 2021, 27, 16429 - 16439 www.chemeurj.org

the ratio of guest to host (G,/H,) in the system can be
approximated. In these titration experiments, the guest mole-
cules were dissolved in the prepared dispersion of nano-
particles, so that the concentration of nanoparticles in the
system remains the same during spectroscopic titration process.
Therefore, the background interferences and scattering effects
from modified nanoparticles can be minimized and the binding
interactions are not perturbed by the presence of SPIONs. Thus,
the change of absorption features and the shift of absorption
peaks were caused solely by the interactions of host-guest
molecules on the surface of functionalized SPIONs.

In order to compare the interaction of host-guest systems at
the molecular level and on the surface of nanoparticles, we
always performed two sequential experiments with free
receptors and those attached to the surface. For example, UV-
Vis titration of HamPEst with CyaPEst in chloroform yielded Log
K=3.924+0.01 M. As can be seen in Figure 4a, the bath-
ochromic shift from 302 to 308 nm is observed during the

16435 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. UV-Vis titration spectra of (a) free molecules in solution of HamPEst and CyaPEst molecules, as model of titration of (b) functionalized
Fe;0,@HamPAc nanoparticles with CyaPEst in CHCl;, while (d) titration spectra of free molecules of HamPEst with CyaHBC molecules, as model of titration of
(e) functionalized Fe;0,@HamPAc nanoparticles with CyaHBC in CHCl;. The fitting of titration results from Fe;0,@HamPAc with (c), CyaPEst molecules and

with (f), CyaHBC molecules showing higher complexation degree.

addition of CayPEst. This result is in a good agreement with our
NMR titrations (Figure 3a). The association of HamPEst with
CyaHBC was detected one order of magnitude stronger Log K=
5.10+0.02 M~ (Figure 4d). This is approximately two orders of
magnitude stronger than the binding determined in CDCl;/THF-
d, mixture by using NMR method. The different in binding
constants can be explained by the difference in the solvent
polarity. Interestingly, the presence of HBC subunit contributes
to the binding approximately one order of magnitude. Since
the Hamilton receptor is a large m-system, we suggest that the
HBC can form stacking interactions with the receptor and thus
additionally stabilize the host-guest complex.

The titration experiments with functionalized SPIONs nano-
particles revealed that host-guest interactions on the surface
are possible and can be easily detected by spectroscopy. The
particles with the composition Fe;0,@HamPAc strongly interact
with CyaPEst and show similar UV-Vis features as for the
titration of the free receptor in solution (compare Figure 4a &
Figure 4b). A pronounced increase of absorption was observed
at 345 nm, indicating the interaction between the guest
molecules with the Hamilton receptor on the surface of SPIONSs.
Analysis of the binding data by using HypSpec software reveals
multiple events with apparent binding constants log K;;=
7.054+0.01 M" and log K,,=4.77+£0.01 M"', where K,, and K,
represent association constants for the 1:1 complex and 1:2
complexes, respectively (Figure 4c). This stoichiometry is not a
real stoichiometry; however, it shows that the nanoparticle is
able to bind more guest molecules on the surface as compared

Chem. Eur. J. 2021, 27, 16429 - 16439 www.chemeurj.org

to the host-guest interaction at the molecular scale. As can be
seen from the fitting analysis, the absorption drops and then
increases indicating stepwise attachment of the guest to the
nanoparticle. Such changes can be explained by reorganization
of the receptor on the surface after binding of a certain amount
of guests or the ability to coordinate more guests through any
additional non-covalent interactions. The collective interactions
can emerge due to the synergistic effects of complex environ-
ment on the surface of the functionalized SPIONs.

A completely different situation was observed for the
titration of Fe;0,@HamPAc nanoparticles with CyaHBC in
CHCl,, shifting of absorption peak was observed (Figure 4e). The
absorption peak of Hamilton receptors on the surface of
modified SPIONs was shifted from 300 to 315 nm. The shift
from supramolecular interactions on the surface of modified
SPIONs is much bigger as compared to the shift between free
molecules in the solution. However, the absorption feature of
HBC moiety did not fundamentally change indicating that HBC
moiety is not directly involved in the binding process. The
fitting analysis (Figure 4f) yielded also stepwise binding but
with much lower affinities: log K,;,=3.31+£0.01 M~ and log
K;,=3.1940.01 M~". It is likely, that lower affinity was observed
because HBC moiety is large enough to hinder efficient
supramolecular interactions. On the other hand, fluorescence
titration of Fe;0,@HamPAc nanoparticles with CyaHBC in DCB
has been performed to give additional insight of the system
(Supporting Information, Figure S27a&S27b). The fluorescence
titration results could be fitted with 1:1 complexation ratio,
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giving the binding constant of Log K=5.734£0.01 M~ which
show similar order of magnitude to that obtained by using UV/
Vis method.

In the next series of experiments, we inverted the
interaction pattern by attaching cyanurate acid derivative to
the nanoparticles, while the Hamilton receptor was in solution.
The big difference to the previous case is the fact that
nanoparticles contain approximately 300 CyaPAc molecules,
which is double than the Hamilton receptor molecules on the
surface. This difference arouse because the cyanurate acid
derivative is smaller in size resulting in higher grafting density
on the surface of functionalized SPIONs. For solubility reasons
we changed the solvent systems to DCB (Scheme 7).

[

I

HamPEst,
or HamHBC

inDCB  — N

O— /%O
_—_—

Fe;0,@CyaPAc_HamPEst, or
Fe30,@CyaPAc_HamHBC in DCB

Fe;0,@CyaPAc
in DCB

Scheme 7. Schematic representation of supramolecular interactions on the
surface of cyanurate derivative functionalized SPIONs Fe,0,@CyaPAc
coupled with Hamilton receptor molecules HamPEst or HamHBC in
dichlorobenzene (DCB).

The UV-Vis titration of free receptor HamPEst with CyaPEst
in DCB resulted in log K=4.35+0.01 M~ We also observed a
small bathochromic shift upon the complexation (Figure 5a).
Furthermore, the titration of HamHBC with CyaPEst resulted in
similar association constant: log K=4.6340.01 M~ (Figure 5d).
The result is similar with the NMR titration measurements of the
same complex. Moreover, the absorption peak of Hamilton
receptors was increased and shifted from 305 to 314 nm, while
the absorption feature of HBC moiety remained the same.

The investigation of supramolecular interactions on the
surface of cyanurate functionalized SPIONs were done by
titrating Hamilton receptors to the dispersion of Fe;0,@CyaPAc
nanoparticles in DCB. Since we kept the concentration of
nanoparticles constant during the titrations, the change of the
absorption features upon guest addition should be only due to
the host-guest complex formation on the surface of nano-
particles. When the Fe;0,@CyaPAc nanoparticles titrate with
HamPEst molecules, absorption peak at 337 nm emerged along
with the increase of added Hamilton receptors to the dispersion
(Figure 5b). This emerging absorption peak in the dispersion
system is in contrast with the system using free molecules in
the DCB solution where the absorption peak appeared at
304 nm. The shift of absorption peak to higher wavelength can
be explain due to the complex environment of the surface of
Fe;0,@CyaPAc nanoparticles. The slight increase of absorption
peak at around 340 nm was also noticed from the previous
measurements when functionalized Fe;0,@HamPAc nanopar-
ticles titrated with cyanurate CyaPEst molecules in CHCl,
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Figure 5. UV-Vis titration spectra of (a) HamPEst with CyaPEst in DCB, as a model of titration of (b) functionalized Fe;0,@CyaPAc nanoparticles with HamPEst
in DCB. (d) Titration spectra of of HamHBC with CyaPEst in CHCl;, as a model of (e) titration of functionalized Fe;0,@CyaPAc nanoparticles with HamHBC in
DCB. The fitting of the experimental data is presented for the titration of Fe;0,@CyaPAc with (c) HamPEst and with (f) HamHBC..
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(Figure 4b). The fitted titration resulted in Log K;;=6.73+
0.01 M™" and Log K,,=4.65+0.01 M~" (Figure 5c).

Similar titration experiment of nanoparticles we performed
with the addition of HamHBC bearing large HBC moiety. As can
be seen in Figure 5e and 5f the HBC absorption pattern looks
different from the titration at the molecular scale (Figure 5b).
This difference implies additional interactions on the surface of
functionalized nanoparticles. High binding affinity obtained
from titration (log K,;=6.91+0.02 M') supports the suggestion
that HBC moieties can interact with each other and additionally
stabilize the coordination. Additional measurement of
fluorescence titration among Fe;0,@CyaPAc nanoparticles with
HamHBC molecules has been performed. The results can be
fitted with 1:1 complexation ratio showing binding constant of
log K=5.1040.02M" (Supporting Information, Fig-
ure 528a&528b).

Conclusion

We have designed and synthesized a series of new functional-
ized nanoparticles SPIONs bearing complementary hydrogen
bonding subunits: the Hamilton receptors and cyanurate
derivatives. The host-guest interactions have been studied in
detail at the molecular level and on the surface of nanoparticles.
We have varied the position of the Hamilton receptor and
cyanurate derivatives either in solution or on the surface of the
nanoparticles. Two type of nanoparticles were successfully
prepared Fe;0,@HamPAc and Fe;0,@CyaPAc. The latter type is
packed with approximately double more molecules than the
first one, because of the smaller size of cyanurates. HBC-based
guests were designed to investigate their effect on surface
binding. It was found that collective hydrogen bonding
interaction on the surface is approximately three orders of
magnitude stronger as compared to similar interactions of the
corresponding compounds in solution at the molecular scale.
The effect of positioning the Hamilton receptor on the surface
or in the solution is minimal. Both types of nanoparticles
showed similar affinities according to the UV-Vis titration
experiments. Interestingly, the effect of bulky HBC appeared to
be different. Binding of CyaHBC to Fe;0,@HamPAc was
hampered, while coordination of HamHBC to Fe;0,@CyaPAc
was stabilized, even though this type of particles has more
dense packing. As revealed from the titration analysis, each
receptor molecule on the surface can coordinate more than
one guests from the solution. These studies are fundamentally
important to give a better insight into the supramolecular
complexations on hybrid organic-inorganic systems, offering
deeper potential applications in areas such as nanomaterials,
nanosensing devices, and drug delivery systems.

Experimental Section

General method and procedures: pristine superparamagnetic iron
oxide (Fe;0,) nanoparticles were purchased from PlasmaChem as
aqueous suspension without any organic stabilizer, average particle
size 8 + 3 nm and weight concentration 3 %.

Chem. Eur. J. 2021, 27, 16429 - 16439 www.chemeurj.org

Functionalization of Fe;0,@CyaPAc: Fe;0,-NPs from stock solution
with concentration of 30 mg/mL was taken out 1 mL and dispersed
in 23 mL solution mixture of THF/MeOH (4:1) to gain the final
concentration of 1.25 mg/mL in total 24 mL volume. The dispersion
was sonicated for 15 minutes at 20°C to homogenize it. Then the
dispersion was divided equally into 6 centrifugation glass tube,
each tube contains 5 mg of NPs from 4 mL dispersion (1.25 mg/
mL). Then the NPs were centrifugated at 12500 g for 1 h at 20°C.
The supernatant was decantated and the residues were mixed with
the phosphonic acid cyanurate solutions accordingly to perform
functionalization process. Functionalization process was done by
mixing the Fe;0,-NPs with phosphonic acid cyanurate solutions.
Prior to this step, the phosphonic acid cyanurate was prepared in 6
different concentration in THF/MeOH (4:1) solution mixture to yield
certain concentration. After that, the cyanurate combined with
Fe;0,-NPs dispersions were sonicated for 15 minutes at 20°C,
followed by centrifugation at 12500 g for 1 h at 20°C. The super-
natant was decantated and the residue was subsequently washed
two more times to get rid out the excess unbound cyanurate
molecules. The washing cycle was done by dispersing the NPs
residue in 4 mL THF/MeOH (4:1) mixture, then sonicated for
15 minutes at 20 °C, followed by centrifugation at 12500 g for 1 h at
20°C. After decantation of the solution, the final functionalized
Fe;0,-NPs are dried in the drying oven for overnight at 75°C to get
solid cyanurate functionalized Fe;O,-NPs that can be dispersed
accordingly and used further.

Functionalization Fe;0,@HamPAc: Fe;0,-NPs from stock solution
with concentration of 30 mg/mL was taken out 1 mL and dispersed
in 23 mL solution mixture of DMSO/EtOH (3:1) to gain the final
concentration of 1.25 mg/mL in total 24 mL volume. The dispersion
was sonicated for 15 minutes at 20°C to homogenize it. Then the
dispersion was divided into 6 centrifugation glass tube, each tube
contains 5 mg of NPs from 4 mL dispersion (1.25 mg/mL). Then the
NPs were centrifugated at 12500 g for 1 h at 10°C. The supernatant
was decantated and the residues were mixed with the phosphonic
acid Hamilton receptor solutions accordingly to perform functional-
ization process. Functionalization process was done by mixing the
Fe;0,-NPs with phosphonic acid Hamilton receptor solutions. Prior
to this step, the phosphonic acid Hamilton receptor was prepared
in 6 different concentration in DMSO/EtOH (3:1) solution mixture
to yield certain concentration. After that, the Hamilton receptor
combined with Fe;O,-NPs dispersions were sonicated for 15 mi-
nutes at 20°C, followed by centrifugation at 12500 g for 1 h at
10°C. The supernatant was decantated and the residue was
subsequently washed twice to get rid out the excess unbound
cyanurate molecules. The washing cycle was done by dispersing
the NPs residue in 4 mL dried EtOH, then sonicated for 15 minutes
at 20°C, followed by centrifugation at 12500 g for 1 h at 10°C. After
decantation of the solution, the final functionalized Fe;O,-NPs are
dried in the drying oven for overnight at 75 °C to get solid Hamilton
receptor functionalized Fe;O0,-NPs that can be dispersed accord-
ingly and used further.
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