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Determination of Binding Constants for the Complexes
Between Heavy Metal lons and Cucurbit[n]uril

Alenzo Murray,” Priscilla Baker,*™ and Emmanuel Iwuoha™

One of the major concerns worldwide is the rapid increase in
water pollution with hazardous heavy metals. The
Cucurbit[n]uril (CB[n]) structure provides an inner hydrophobic
cavity accessible through two electrostatically negative portals
with polar carbonyl groups, allowing for charged ion-dipole
interaction between cationic species with excellent binding
affinities. In this work we selected CB[5], and CB[7] for the
titrimetric and electrochemical evaluation of the heavy metal
complexes formed with Copper(ll), Cadmium(ll) and Lead(ll).
The host—-guest interaction was found by either attenuation of
the redox peaks, the formation of a new peak, or the slight shift
in the redox peaks of the heavy metal ions. Titration data were

1 Introduction

The term heavy metals refer to metallic elements with a
relatively high density when compared with water." Heavy
metals are considered an essential micronutrient and of bio-
logical importance for humans and animals.”” When consumed
in adequate amounts supports the body’s immune system by
protecting against the effects of free radicals.”’ However, the
rapid increase in pollution of water with hazardous heavy
metals is one of major concerns worldwide causing problems to
our environment and health” Heavy metal contamination
arises from human activities, such as air emissions from coal-
burning plants, effluent discharge from industries, motor
vehicles and burning waste.”’ Once subjected to the environ-
ment, heavy metals will stay for decades or even centuries since
these metals are not biodegradable.” Among the most toxic
heavy metals, Copper has been implicated in the pathogenesis
of neurodegenerative disorders Parkinson’s disease, and amyo-
trophic lateral sclerosis.”” Copper poisoning has also been
associated to neurodegenerative disorders in humans such as
Menkes disease and Wilson's disease. Human exposure to
cadmium compounds may create a serious health problem. The
environment contains considerable amounts of cadmium due
to human activities, such as burning fossil fuels, smelting ore,
and burning waste.”) Cadmium-contaminated drinking water is
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obtained for CB[n] with the heavy metal solutions to determine
the molar coefficient of binding. The stoichiometry of the
complexes was 1:1 by Job’s plot. We calculated the binding
constants using the Benesi-Hildebrand method achieving
relatively good binding constants (K) ranging from (1.80+
0.14)x10°-(4.984-0.13)x10° M~". The results showed that the
complexes of Cadmium(ll) and Lead(ll) with both CB[5] and
CB[7] are highly stable in aqueous media. Copper(ll) was able to
bind to the smaller sized portal of CB[5], whereas with CB[7] the
heavy metal ion could not form a favourable complex. This
phenomenon suggests that the CB[5] is an ideal host at forming
stable host-guest interactions than their larger homologue.

highly toxic to the kidney, and it accumulates in the proximal
tubular cells at higher concentrations."” Infant's and children’s
exposure to lead can cause irreversible neurodevelopmental
effects, leading to impaired cognition and learning, shorter
attention spans, and disruptive behaviour.'"! As a consequence,
there are ongoing efforts to develop new methods to help
alleviate the aforementioned problems such as forming host-
guest complexes with artificial macrocyclic compounds.

Recently, the family of artificial macrocyclic receptors of
Cucurbit[n]urils (n=5-8, 10, 14) commonly abbreviated as
CB[n]s, have played a considerable role in supramolecular
chemistry, due to their interesting molecular recognition
properties and molecular assembly. The synthetic procedure
was first reported by Behrend and his co-workers in 1905 by
reacting glycoluril and formaldehyde yielding an unknown
white solid."? The final product obtained was CB[6] consisting
of 6 glycoluril units bound together by 12 methylene bridges
whose structure was described using X-Ray diffraction in 1981
whose shape resembles a pumpkin.™® In 2001, scientists were
able to synthesize different CB[6] homologues, such as CB[5],
CB[7], and CBI8], by refining the original synthetic conditions."”
Further optimization efforts led to the isolation of CB[10], which
was found to form a crystalline structure with CB[5] in its central
cavity."”? As a new member of the CB[n] family, the tCB[14] is
the largest known homologue isolated from the conventional
CBIn] synthetic procedure.'® Even though CB[n] homologues
share characteristic features such as a hydrophobic cavity and
polar carbonyl groups surrounding the portals, their varying
cavity and portal sizes lead to molecular recognition properties
different from each other (Table 1).

CB[5] is the smallest macrocycle of CB[n] family that is
generally limited to bind with small molecules or multicharged
ions like Cu®*, Cd®* and Pb**, Co>*, Ni**, Zn**, Cr** and Fe’*
due to its narrow carbonyl portals and small volume cavity."”
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Table 1. Key Structures parameters of CB[n] (n=5-8, 10) hosts.!''®

Cucurbit[n]uril Portal diameter (A) Inner cavity diameter (A) Outer diameter (A) Height (A)
Cucurbit[5]uril 24 4.4 13.1 9.1
Cucurbit[6]uril 3.9 5.8 144 9.1
Cucurbit[7]uril 5.4 73 16.0 9.1
Cucurbit[8]uril 6.9 8.8 17.5 9.1
Cucurbit[10]uril 9.0-11.0 11.7 20.0 9.1

CBI[7] is slightly more voluminous than CB[6], and thus can bind
a wider range of guests such as positively charged aromatic
compounds including adamantanes and bicyclooctanes,” viol-
ogen, ferrocene,?" and cobaltocene derivatives.””? CB[7] also
binds metal complexes and similar chemicals, indicating that
CBI[7] might be used to minimize toxicity in cancer therapy.”
CB[7] can bind, with a remarkable size selectivity to tetraalky-
lammonium (NR**), tetraalkylphosphonium (PR**), and trime-
thylsulfonium (SR**) cations in aqueous solution. The binding
constants range between 2.8x10° and 5.2x10° M™', depending
on the size and hydrophobicity of the guests.”® CB[8] behaves
like a larger version of CB[5] and CB[7], but also exhibits more
complex recognition behaviour. The cavity of CBI[8] is large
enough to include two BDIN molecules to form a 1:2 host-
guest complex, or two different guest molecules such as MV?*
and 2,6-dihydroxynathphalene to form a 1:1:1 complex.>*
The CBI[8] possesses a large enough cavity to accommodate
another smaller macrocyclic host, such as cyclen (1,4,7,10-
tetraazacyclododecane) or cyclam (1,4,8,11-tetraazacyclotetra-
decane), which in turn can form complexes with transition
metal ions, such as Cu** or Zn?" while still encapsulated in the
CBI8] cavity.?” CB[10] is known to bind with a high-affinity to
cyclometalated iridium complexes that are strongly bound
(K, up to 10° M~ for a 1:1 complex) by CB[10] ina 1:1 and 2:1
binding stoichiometry, causing changes in their photophysical
properties.”® With continuous research and development, more
CB[n]s and their derivatives have been synthesized, and has
impacted a wide variety of applications including drug
delivery,” dye degradation,”® fluorescence,®" sensors®*** and
asymmetric catalysis.®¥ CB[n] also plays a crucial role as a
capping agent to stabilize metallic nanoparticles.®”

One of CB[n]s greatest assets are their high binding
affinities, which are in the range of 10°-10°M~' for many
organic molecules, including a range of biomolecules, as well as
simple alkanes and fluorinated hydrocarbons can be strongly
bound by CBI[n] and their derivatives.®® The electrostatic
potential features, the inner cavities of CB[n]s are almost
electrostatically neutral, while the outer surface is partially
positive, and there is an excess electron density around the
regions of the carbonyl groups.®” This results in them generally
displaying higher binding affinities with positively charged
analytes than negatively charged species and neutral analytes
by a factor of 10-100, caused by additional attractive ion-dipole
interactions with the carbonyl-fringed CB[n] portals.*® There-
fore, CB[n]s not only function as host molecules to encapsulate
complimentary guest species, particularly hydrophobic com-
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pounds, in the cavity, but also serve as strong binders for metal
cations and possess coordinating capability to metal ions
because of their relatively large electric charge density.®*"
CB[n] homologues and derivatives have been widely used to
form host-guest complexes with different metals, such as
alkali,"” alkaline earth,“" and rare-earth metals.*? In fact, CB[7]
has exhibited an extremely high binding constant value of
10" M™" between an inclusion complexed formed between a
dicationic ferrocene derivative and CB[7], comparable to that of
the well-known avidin-biotin host-guest pair.*® Although CB-
[n]s are outstanding macrocyclic hosts for molecular recogni-
tion, their poor solubility in common organic solvents and
water, especially the even numbered CBI[n]s, still hinder their
research and applications."”!

Motivated in part by these studies, herein we have selected
CB[n] (n=5, and 7) homologues for the following reasons: (i)
The unique structural features of CB[5] and CB[7] are comple-
mentary to the size and coordination preferences of the heavy
metal ions (HM(ll), HM=Cu, Cd and Pb), thus enhancing their
binding affinity. (ii) Its superior solubility in aqueous solutions
compared to the other members of the CB[n] family making
them suitable guests to form host-guest complexes."” Binding
constants were measured by cyclic voltammetry using a screen-
printed carbon electrode (SPCE) in hydrochloric acid medium
(0.1 M HCI). The introduction of different concentrations of
CB[n] homologues to a fixed HM(Il) concentration modulates
their signal output, either by a decrease in peak current
intensities or a shift in their shape resulting from the host-guest
interaction. The stoichiometry was found by Job’s plot. The
voltammetric data could be fitted to a 1:1 binding mode.

2 Results

2.1 Voltammetric Study on the Formation of Cucurbit[n]uril
Complexes with Cu(ll), Cd(Il) and Pb(ll) in 0.1 M HCI Solution

In this experiment the free heavy metal ion HM(ll) (HM=Pb, Cd,
Cu) was expected to yield redox peaks different to the redox
peaks of the CB[n]-HM(Il) complex due to inherent formation of
the host—guest interaction. The strength of the electrostatically
negative carbonyl-fringed portals of the CB[n]s make them
highly attractive for small metal cations through the ion-dipole
effect. The metal cation was introduced into the solution first
because metal cations in 0.1 M HCl have a very distinctive and
fast redox profile based on their standard reduction potential.

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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The experiments were analysed in 0.1 M HCl rather than
phosphate buffer saline (PBS) in order to simplify the system
and remove any potential interference or complexation of the
phosphate and potassium ions that are components of the PBS
buffer. This allowed for a clearer inspection of the specific
interactions between HM(Il) and the CB[n] ligands, without
additional equilibria involving buffer salts that could influence
the binding interactions under analysis.*” It is possible to
circumvent this issue by performing the experiment in an
aqueous acidic medium, in which CB[n]s dissolve more easily,
resulting in stable CB[n]-HM(Il) complexes.**!

Each HM(Il) introduced fits size wise (Pb(Il)=1.19 A, Cd(Il)=
0.95 A, and Cu(l)=0.73 A) in the different size CB[n] portals
(CBI5]=24 A, and CB[7]1=5.4A). The concentration of CBIn]
was varied over the range of 1 eM-10 €M in order to observe at
which concentration of CB[n] the CB[n]-HM(ll) complex would
form. This metal cation redox signal would be attenuated by
the presence of the host-guest interaction, resulting in a peak
shift or new peak altogether. Changes in the free metal analyte
peak current were the focus of this experiment to guide us in
the search for CB[n]-HM(Il) redox identity. The stoichiometry of
the complex formation can be determined from the plots of
HM(Il) ion peak current versus CB[n] host concentration.

2.1.1 Lead(ll)

Pb(ll) shows an anodic peak associated with the oxidation of
Pb(ll) observed as a two-electron oxidation process with a half-
wave potential (E;,,) of —0.598 V and a corresponding reduction
wave at E,,,=—0.734 V, resulting in a redox couple of Pb?*/° ¢
The cyclic voltammograms of solutions containing 1-10 eM of
CBI[5], and CB[7] concentrations are depicted in Figure 1Ta—2a.
The calibration curves in Figure Tb—2b for the titration with
CB[n] were derived from the cathodic peak current associated
with the host-guest (CB[n]-Pb(ll); n=5, and 7) complex
formation (red line). The free metal ion plot (Pb(ll)) from the
anodic peak current was introduced as 2™ calibration curve
(blue line) on the same plot. The decrease in free metal ion was
evaluated as a comparative calibration curve derived from the
anodic peak current response. The enhanced cathodic peak
current intensities were due to the binding between the Pb(ll)
cation and the carbonyl groups on the CB[n] portals via ion-
dipole interactions. Owing to its coordination to these carbonyl
groups, the Pb(ll) ion experienced a decrease in energy of the
Pb?*”° redox couple therefore, facilitating faster electron trans-
fer kinetics. This can be seen in the shift in potential towards
the negative direction (reduction) as a function of concentration
of CB[n]. Evaluating the stoichiometry of the complexation
reaction from the cathodic current response, we observed that
the slope changed smoothly (Figure Tb—2b). The results
suggest a 1:1 binding ratio for each CB[n] homologue with the
fixed concentration of Pb(ll) introduced as 0.1 M Pb(NO,),. At
low concentrations of CB[n] the complex formed rapidly where-
by at each addition of CB[n] causes substantial changes in the
waveforms.
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Figure 1. a) Cyclic voltammogram for 6 eM Pb(ll) in 0.1 MHCI as electrolyte
at 50 mV/s with 1-10 eM CB[5]. b) Plot of cathodic peak currents of CB[5]-
Pb(ll) complex (red line) and anodic peak current of free Pb(ll) (blue line)
versus CB[5] concentrations.

Table 2 summarizes the voltammetric parameters obtained
for the host-guest complexes. The addition of 1 equivalent
CBI[5], and CB[7] caused both the anodic and cathodic E,, to
shift to more negative potentials due to the complex formation
of the metal ions and the CB[n] (Figure 3a—b). The CB[n]-
induced shift of the E,, (~E,,=E,, complex -E,,, free metal
ion) follows the trend for CB[5] obtained the largest shift
(anodic ~E,,=-0.012 V and cathodic ~E,,,=—0.086 V) and the
lowest for CB[7] (anodic —E,,=—0.007 V and cathodic ~E,,=
—0.061 V).

Table 2. Summaries of the cyclic voltammetric results of Pb(ll) at 1:1
stoichiometry.

Sample E,» Anodic (V) E,,, Cathodic (V)
Free Pb(ll) —0.598 —0.734
CB[5]-Pb(lI) —-0.610 —0.820
CBL7]-Pb(ll) —0.605 —0.795

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 2. a) Cyclic voltammogram for 6 éM Pb(ll) in 0.1 MHCI as electrolyte
at 50 mV/s with 1-10 eM CBI71. b) Plot of cathodic peak currents of CB[7]-
Pb(ll) complex (red line) and anodic peak current of free Pb(ll) (blue line)
versus CB[7] concentrations.

2.1.2 Cadmium(ll)

The electrochemical measurement suggests that free Cd(ll)
undergoes one-electron oxidation E,,,=—0.872 V.*¥ The cyclic
voltammograms of solutions containing 1 eM-10 eM of CB[5],
and CBJ[7] concentrations are depicted in Figure 4a—5a. Follow-
ing the same protocol as with Pb(ll), the addition of CB[5], and
CB[7] resulted in the free Cd(ll) oxidation peak decreasing.
However, an appearance of a new wave appeared at more
negative potentials. A sharp reduction wave at E,,=—-1.011V
for CB[5] was generated due to the binding of Cd(ll) at the
carbonyl portals through ion-dipole interactions. A broad peak
was observed when CB[7] concentrations increased at E;,=
—0.831V due to a host-guest complex formation. The calibra-
tion curves in Figure 4b—5b for the titration with CB[n] was
derived from the cathodic peak current associated with the
host—guest complex formation (red line) was used to determine
the stoichiometry of the complexation reaction, a plot of the
cathodic peak currents versus CB[5], and CB[7] concentration
was applied. A non-linear curve was fitted to the titration data
suggesting a 1:1 binding stoichiometry. The graph indicates
that the peak intensity reached saturation at roughly 6 eM
resulting in a 1:1 host-guest complex (Figure 4b—5b).
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Figure 3. a) CB[5], and b) CB[7] effect on the cyclic voltammogram response
on bare SPCE of 6 €M Pb(ll) in 0.1 MHCI at 50 mV/s. 6 €M Pb(ll) in the
absence (black) and in the presence of 6 eM CB[n] (blue).

There is a distinct trend from the data in Table 3. The
addition of 1 equivalent CB[5], and CB[7] caused the anodic £,
to shift to more negative potentials and the generation of a
new cathodic wave appeared due to the complex formation of
the metal ions through ion-dipole interactions (Figure 6a—Db).
The generation of the new cathodic wave was consistent to the
binding of the metal ions. The CB[n]-induced shift of the E;,
follows the trend for CB[5] obtained the largest shift (anodic
~E,,=-0.021V) and the lowest for CB[7] (anodic —~E,,=
—0.018 V).

Table 3. Summaries of the cyclic voltammetric results of Cd(ll) at 1:1
stoichiometry.

Sample E,,» Anodic (V) E,,, Cathodic (V)

Free Cd(ll) —0.872 N/A

CB[5]-Cd(Il) —0.893 —1.011

CBL71-Cd(Il) —0.890 —0.831
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Figure 4. a) Cyclic voltammogram for 6 eM Cd(ll) in 0.1 MHClI as electrolyte
at 50 mV/s with 1-10 eM CBI5]. b) Plot of cathodic peak currents of CB[5]-
Cd(ll) complex (red line) and anodic peak current of free Cd(ll) (blue line)
versus CB[5] concentrations.

2.1.3 Copper(ll)

The voltammetric behaviour of Cu(ll) in 0.1 MHCI on SPCE
includes one anodic peak E,,=—0.262 V with no corresponding
cathodic peak suggesting an irreversible process.”” The cyclic
voltammograms of solutions containing 1-10 eM of CB[5], and
CB[7] concentrations are depicted in Figure 7a—8a. The
addition of the homologues to the Cu(ll) solution caused the
anodic peak currents to shift in a negative direction, which
revealed that the oxidation to Cu(ll) was hindered when it binds
to the CBIn]s portals. It was noted that in the presence of CB[5],
and CB[7] the Cu(ll) diffuses slower between the SPCE than the
free metal guest when the CB[n] homologues complexed with
the metal ion The CB[n] complex is obviously bulkier than the
metal guest, and its diffusion to the electrode surface is slower,
thus yielding smaller currents. To determine the stoichiometry
of the complexation reaction the anodic peak currents were
plotted versus CB[5], and CB[7] concentration (Figure 7b—8b).
The exponential decay in the free metal anodic peak current
indicates a binding event between Cu(ll) and CB[5]. The results
suggest 1:1 binding with Cu(ll) and CB[5], where at low
concentrations of CB[5] the complex formation occurs rapidly
and once the concentration of CB[n] reaches 1 equivalent, the
decrease in peak current becomes stable hence 1:1 binding
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Figure 5. a) Cyclic voltammogram for 6 eM Cd(ll) in 0.1 MHCI as electrolyte
at 50 mV/s with 1-10 éM CB[71. b) Plot of cathodic peak currents of CB[7]-
Cd(ll) complex (red line) and anodic peak current of free Cd(ll) (blue line)
versus CB[7] concentrations.

ratio was chosen in our study. However, in the presence of
CB[7] the binding parameters provided poorly defined plots,
thus a good binding stoichiometry analysis could not be
performed. This was due to smaller portals favour metal
complexation more than their larger homologues, therefore the
selectivity decreases systematically as the portal size increases,
whereas CB[5] was the more stable metal ion binder because its
portal offers the best size match for the Cu(ll). Furthermore,
from the erratic response of the free Cu(ll) peak current it
indicates that no complex is forming, but rather that Cu(ll)
metal cation as a guest molecule is moving in and out of the
host portal, but not binding to form a complex with the larger
CB[7].

2.2 Determination of Binding Constants (K)

2.2.1 Determination of Binding Constants Using Titration
Methods in Supramolecular Chemistry

The binding constant (K) of the complexes can be determined

according to the Benesi-Hildebrand relation (Equation (1.1))
assuming the formation of a 1:1 host-guest complex.*® The

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 6. a) CB[5], and b) CB[7] effect on the cyclic voltammogram response
on bare SPCE of 6 eM Cd(ll) in 0.1 MHCl at 50 mV/s. 6 eM Cd(ll) in the
absence (black) and in the presence of 6 eM CB[n] (blue).

binding constant K was calculated from the slope of Benesi-
Hildebrand plot using the Equation (1.3).

1 1 1

he — T A1 KHM{ID],ACBn, (1.

. b 1
That is : —IHG—IG_—[HM(II)]+a’b__KAI N (1.2)
— a
Binding constant: K = b (1.3)

Where [; is the reduction peak current of the guest molecule of
HM(ll), and /s is the reduction peak current of the complex
CB[n]-HM(ll). l,c—Is means the peak current difference between
complex and guest molecule. ~/ is the difference between the
molar peak current coefficient of the complex and HM(lI);
[HM(ID], and [CBn], are the initial concentration of HM(ll) and
CBI[n], respectively. A plot of [1/l,c—Is] versus 1/[CBn] gives a
straight line shown in Figures 9—13. Good linear correlations
(R? were obtained confirming the formation of a 1:1 complex.
From this plot values of the intercept (a) and slope (b) were
obtained.
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Figure 7. a) Cyclic voltammogram for 6 eM Cu(ll) in 0.1 MHCI as electrolyte
at 50 mV/s with 1-10 eéM CBI5]. b) Plot of anodic peak currents of CB[5]-
Cu(ll) complex versus CB[5] concentrations.

The calculated binding constants for the 1:1 CB[n]-HM(II)
complexes are listed in Table 4. The binding constant of Pb(ll)
with CB[n] of different portal sizes in solution follows the order
CB[5]>CB[7]. The order of the binding constants can be
interpreted by the number of carbonyl oxygens interacting with
the Pb(ll). The high binding constant for CB[5] arises from the
smaller size of its portal, allowing the Pb(ll) ions to interact with
more of the carbonyl oxygen thereby enhancing its interaction
with CB[5]. This high selectivity for the smaller sized CB[n] has
been observed. Previously, Zhang et al. reported MeCB[5] to
have a higher affinity for Pb than CB[6] in similar conditions.*
The binding constant of Cd(ll) indicated CB[7] was a slightly
more favourable host to form a complex compared to CB[5].
This indicates binding was occurring but without an appreciate

Table 4. Binding constants (K) for the complexes formed between CB[n]
and HM(II).
CB[n] Homologue HM(I1) K(M™)
CB[5] Pb(ll) (4.1240.09)x10°
Cd(l (1.8040.14)x10°
Cu(ll) (4.984+0.13)x10°
CB[7] Pb(Il) (3.33+0.11)x10°
cd(In (1.9340.14)x10°

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 8. a) Cyclic voltammogram for 6 eM Cu(ll) in 0.1 MHCI as electrolyte
at 50 mV/s with 1-10 €M CB[7]. b) Plot of anodic peak currents versus CBI[7].

Figure 9. Benesi-Hildebrand plot of - vs 5 for Pb(l).

I —

affinity compared to the smaller sized CB[n]s. The host-guest
complex formed between CB[5] and Cu(ll) gave the largest
binding constant. The small dimensions of CB[5] accommo-
dated the binding of Cu(ll) thereby increasing the formation of
the complex.
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Figure 10. Benesi-Hildebrand plot of ﬁ Vs ﬁ for Pb(ll).

Figure 11. Benesi-Hildebrand plot of 1 vs [61751 for Cd(II).

s —ls

2.3 Complexation Stoichiometry

To further understand the binding behaviours of CB[n]s with
the HM(Il), were also investigated by means of Ultraviolet
spectroscopy (UV) titration. According to the UV absorption
spectroscopic results, the free Pb(ll) exhibited a maximum UV
absorption at 198 nm, in 0.1 MHCI aqueous medium as shown
in Figure 14. After the gradual addition of CB[5] to a solution
containing a fixed concentration of Pb(ll) (1x107°M), the
absorption spectra of the Pb(ll) progressively increased in
intensity, which agrees with the results from the CV experi-
ments. This phenomenon implied the binding behaviour
between the host and the guest due to the favourable ion-
dipole interactions between the positively charged guest and
the portal oxygen atoms of CB[5]. The absorbance vs concen-
tration of CB[5] can be fitted to a 1:1 binding model (Figure 15).
Furthermore, Job’s plot was used to describe the stoichiometry
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