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f b-phosphorylated nitroxide
diastereoisomers by complexation with
cyclodextrins: an EPR and cyclic voltammetry study
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Loredana Preda,a Jean-Patrick Joly,ab Gerard Audran,b Mathilde Trapp,b

Tanta Spataru,a Florenta Savoneaa and Gabriela Ionita *a

The complexation of two diastereoisomers of a b-phosphorylated cyclic nitroxide radical (2,5-dimethyl-5-

hydroxymethylene-2-diethoxyphosphonyl-pyrrolidin-N-oxyl) with cyclodextrins (b-CD and g-CD) was

investigated using electron paramagnetic resonance (EPR) spectroscopy and cyclic voltammetry. The

two isomers have different EPR signatures due to the differences in their phosphorus and nitrogen

hyperfine splitting constants. The cis stereoisomer (1cc) promotes intramolecular hydrogen bonding,

involving the HO group attached to the methylene group and O atom from the phosphorus moiety,

while in the case of the trans stereoisomer (1tc), this intramolecular bonding is not possible. The EPR

spectra indicate the higher affinity of the 1tc isomer for g-CD, highlighting the different EPR parameters

of the free radical and complexed radical. The binding constants determined based on the EPR and

cyclic voltammetry data show stronger affinity for g-CD compared with b-CD, particularly for 1tc. An

increasing potassium chloride concentration enhances the stability of the complex linearly by

modulating the solvation and electrostatic interactions, as indicated by the thermodynamic parameters

obtained from EPR measurements. Electrochemical measurements demonstrate decreased diffusion

coefficients and anodic peak shifts upon complexation, supporting the spectroscopic results. These

findings highlight the important role of molecular stereochemistry and ionic strength in modulating

host–guest interactions between cyclodextrins and nitroxides.
Introduction

Host–guest chemistry of stable radicals has been investigated
for decades using electron paramagnetic resonance (EPR)
spectroscopy. Most studies have focused on the complexation of
nitroxides with cyclodextrins (CDs),1,2 while a limited number of
studies have investigated other types of radicals, including b-
phosphorylated nitroxides.

In contrast to nitroxides, for which host–guest interactions
induce a modest decrease in the N-atom hyperne splitting
constant of up to 1 G, in the case of b-phosphorylated nitro-
xides, the changes in the hyperne splitting constants of N-
atom and P-atom are more substantial, as they can be inu-
enced both by the more hydrophobic microenvironment of the
emistry of the Romanian Academy, 202

021, Romania. E-mail: ige@icf.ro;

nspataru@icf.ro; sylvain.marque@

trick.joly@univ-amu.fr; tspataru@icf.ro;

, Case 551, Avenue Escadrille Normandie-

E-mail: g.audran@univ-amu.fr; mathilde.

1764
cavity and by changes in the geometry of the radical as a result
of inclusion in the cavity.

We previously investigated the host–guest complexes of four
b-phosphorylated nitroxides having cyclic and non-cyclic
structures with CDs, highlighting the conformational changes
induced by complexation in the case of an acyclic nitroxide.3,4

Interestingly, it was found that the EPR parameters of one of the
acyclic compounds are dependent on the cavity size of the host
molecules, making it possible to differentiate their presence in
a mixture of CDs. In this way, it was demonstrated that b-
phosphorylated nitroxides are more suitable spin probes to
investigate host–guest complexes as they provide more detailed
information compared with the classical nitroxides.3 However,
the role of diastereoisomerism in the complexation of b-phos-
phorylated cyclic nitroxides with CDs and the inuence of ionic
strength on this process have not been examined in detail.
Therefore, in the present work, we investigated the inclusion
complexes formed by the geometrical isomers of a b-phos-
phorylated nitroxide (Fig. 1) with b- and g-CDs using EPR
spectroscopy and cyclic voltammetry, with particular attention
to the effects of stereochemistry, host cavity size, and ionic
strength. Analysis of the EPR parameters of stable radicals in
water and CD solutions can lead to the evaluation of host–guest
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of the cis (1cc and 2cc) and trans (1tc and 2tc) isomers
used in this study.

Fig. 2 Mesomeric forms of the nitroxyl (a) and phosphoryl (b) moie-
ties. Dihedral angle q between the SOMO and the C–P bond (c).
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association constants, which has been already extensively
studied for various systems.1–6 In turn, cyclic voltammetry is
used sporadically for studying host–guest complexes.7–13

Combining these two physicochemical methods provides
information on the binding process, highlighting the factors
that may inuence the process. The presence of a hydroxyl
group in the structure of these radicals inuences their struc-
tural features and hence their EPR parameters, but at the same
time they are precursors for obtaining new functionalized spin
probes that can nd application in bioimaging.

Materials and methods

The b-phosphorylated nitroxides 1cc and 1tc were prepared as
previously reported.14 b-CD and g-CD were purchased from Alfa
Aesar and KCl from Fluka and were used as received.

The EPR spectra were recorded on an X-band JEOL FA100
EPR spectrometer equipped with a TE011 cylindrical-type
resonator using the following settings: frequency modulation
of 100 kHz, microwave power of 0.998 mW, modulation
amplitude of 0.5 G, sweep width of 150 G, sweep time of 240 s,
and time constant of 0.1 s.

Stock solutions of the spin probes (10−2 M) were prepared in
ethanol and appropriate volumes of these solutions were
evaporated and the spin probes were redissolved in water to
reach a concentration of 2.5 × 10−4 M, in the absence or in the
presence of CDs (in the range of 10−5 to 10−2 M for b-CD and
10−5 to 5 × 10−2 M for g-CD).

EPR spectra were simulated with the WinSim soware
available fromNIEHS15 using the LMB1 optimization algorithm,
and with the EasySpin soware16 using the garlic core function
for isotropic and fast-motion continuous wave EPR spectra.

Cyclic voltammetry experiments were performed in a 0.5 M
KCl aqueous solution at room temperature, using a PAR 273 A
potentiostat in a three-electrode glass cell. A glassy carbon
(3 mm diameter) from Ossila was used as the working electrode,
which was polished with an aqueous alumina slurry and thor-
oughly rinsed with double-distilled water before each experi-
ment. A platinum wire and Ag/AgCl electrode were used as the
counter and reference electrodes, respectively.

The geometries of b-phosphorylated nitroxides 1cc and 1tc
were investigated by density functional theory (DFT) using the
B3LYP functional and the 6-311++G(d,p) basis set as imple-
mented in Gaussian 09.17 Initial structures were generated from
the available X-ray diffraction geometry, and several starting
conformations were considered to account for the rotational
exibility of the hydroxymethyl and phosphonate substituents.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Geometry optimizations were followed by frequency calcula-
tions to conrm that the obtained structures correspond to true
minima on the potential energy surface. To account for solvent
effects relevant to the experimental conditions, additional
calculations were performed in water using the SMD implicit
solvation model.
Results and discussion

The EPR parameters of stable radicals are sensitive to their
inclusion in cyclodextrins. Thus, the rotational correlation time
for a nitroxide increases as a result of the inclusion of the
radical in the cyclodextrin cavity, and usually the association
constant can be calculated from its variation with the cyclo-
dextrin concentration.18,19 The second parameter is the hyper-
ne splitting constant aN, which provides information on the
polarity of the microenvironment surrounding the para-
magnetic group (Fig. 2a). Analysis of this parameter usually
provides information on how inclusion in the cyclodextrin
cavity occurs. In the case of b-phosphorylated nitroxide radicals,
their EPR parameters are dened by themesomeric forms of the
two groups that determine the interaction of a free electron with
the N and P nuclei and the dihedral angle q between the singly
occupied molecular orbital (SOMO) of the N atom and the sC–P
bond (Fig. 2).20

Although in the case of classical nitroxides, a direct corre-
lation can be established between the polarity of the medium
and the hyperne splitting constant, for b-phosphorylated
nitroxides, the variations in the hyperne splitting constant aP
do not reect only the polarity of the medium. This situation is
determined by changes in the angle q, in other words, by
geometrical changes in the radical, depending on the nature of
the solvent. The presence of hydroxyl groups in the structures of
the two diastereoisomers considered in the current study
favours the formation of intramolecular hydrogen bonds
(IHBs). Depending on the polarity of the solvent, and also on
interactions with other molecular species (such as the cyclo-
dextrin host molecules in this study), conformational changes
may occur.

DFT calculations indicate that the hydroxyl group is involved
in an IHB only for the 1cc isomer. In the case of 1tc, the O/H
distance of 3.11 Å is larger than the sum of the van der Waals
radii, and also the 109° angle between the OH group and the
oxygen atom of the nitroxide group is small for an IHB, while in
the cis 1cc isomer, the OH group interacts with the diethyl
RSC Adv., 2026, 16, 21756–21764 | 21757
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Fig. 3 Geometries of 1cc (a and b) and 1tc (c and d) obtained with the
optimization and frequency calculations performed at the DFT level
with Gaussian 09.

Table 2 Hyperfine splitting constant values for the free (water) and
complexed isomers in b-CD (10−2 M) and g-CD (5 × 10−2 M)

1cc 1tc

aN [G] aP [G] aN [G] aP [G]

Pentane23 13.12 43.19 13.86 48.02
Water 15.06 44.92 14.77 47.75
b-CD 14.56 44.31 14.11 48.33
g-CD 14.38 46.42 14.09 52.42
Water (0.5 M KCl) 15.08 44.94 14.78 47.72
b-CD (0.5 M KCl) 14.59 44.34 14.13 48.31
g-CD (0.5 M KCl) 14.41 46.38 14.11 52.39
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phosphoryl group, resulting in a shorter O/H distance of 1.85
Å. This theoretical description of IHB formation provides
a basis for predicting the behaviour of these probes in solution.
In particular, it is predicted that the breaking of the OH/O]P
hydrogen bond in 1cc will directly inuence the hyperne
coupling constant of the P atom and may induce conforma-
tional changes that can be monitored by the variations in q

(Fig. 3).
For 1cc, its OH/O]P distance is shorter than the sum of the

van der Waals radii (2.72 Å), and its hO–H/OPi value of 171° is
consistent with the presence of a strong IHB between the
hydroxy and phosphoryl groups, while the longer OH/ON
distance and smaller angle indicate the likely absence of
signicant IHB between OH and the nitroxide oxygen. In
contrast, for 1tc, where the OH and P(O)(OEt)2 groups adopt
a trans arrangement, the large dOH/OP and the closed hO–H/
OPi angle exclude any meaningful IHB involving the phos-
phoryl oxygen.21 The calculated geometrical parameters are in
reasonable agreement with the X-ray diffraction data14 with
respect to the key bond lengths and the overall relative orien-
tation of the nitroxide, hydroxymethyl, and phosphonate frag-
ments, while differences are expected because the
crystallographic structure corresponds to the solid state,
whereas the present calculations are for solvated molecules
(Table 1).
Table 1 Geometrical parameters obtained from the DFT (1cc and 1tc)
and XRD (1tc) analysesa

1cc DFT 1tc DFT 1tc XRD14

OH–ON 3.26 Å 3.11 Å 3.27 Å
O–H–ON 103° 109° 102°
OH–OP 2.43 Å 5.89 Å 5.82 Å
O–H–OP 171° 96.9° 76°
N–O 1.28 Å 1.28 Å 1.27 Å
C–P 1.87 Å 1.87 Å 1.83 Å
O–N–C–P −54.4° −60.7° −73.7°
O–N–C–COH −52.6° −59.5° −63.7°

a van der Waals radii for: H = 1.20 Å, O = 1.52 Å, N = 1.55 Å, and P =
1.80 Å.21

21758 | RSC Adv., 2026, 16, 21756–21764
The EPR spectroscopic investigation of the sterically con-
strained b-phosphorylated nitroxides isomers 1cc and 1tc
reveals signicant differences in their EPR parameters. Analysis
of the experimental spectra of the two isomers reveals that 1tc
has a higher aP than isomer 1cc (Table 2). The polarity of the
surrounding microenvironment of the radical inuences the
values of aN. For isomers 1cc and 1tc, in pentane and in the
presence of cyclodextrins, aN decreases, indicating a less
hydrophilic environment than water.22

The decrease in the aN value in the presence of cyclodextrins
for the two isomers is similar, proving the inclusion of the
nitroxyl group in the cavities of the host molecules. The varia-
tion in the aN value is less than 1 G, which is also observed for
simple nitroxides.5,6 Upon complexation, the most signicant
changes are observed in the EPR spectrum of 1tc in g-CD (at the
highest concentration of 5 × 10−2 M), which presents a two-
component pattern (Fig. 4), indicating that the complexed
species and the free species have clearly different parameters.
Simulation of the EPR spectra of the two isomers provided the
EPR parameters corresponding to each concentration of cyclo-
dextrins (SI, Tables S1 and S2).

For the phosphorus hyperne splitting constant aP,
a consistent difference of approximately 3 G between the two
isomers is observed in aqueous solution, which can be attrib-
uted to the distinct spatial orientation of the phosphorus atom
relative to the unpaired electron.

Upon complexation with cyclodextrins, this difference in aP
is further amplied. Specically, an increase of 4 G is observed
upon inclusion in b-CD and 6 G increase in the case of g-CD.
This enhancement is associated with changes in the dihedral
Fig. 4 EPR spectra of the 1cc and 1tc radicals in water and in the
highest concentration of CD solutions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Changes in q values and the corresponding cos2 q values
determined by complexation with cyclodextrins

1cc 1tc 2cc 2tc

q (°) Dq (°) cos2 q2 q (°) Dq (°) cos2 q2 q (°) q (°)

Water 36.2° — — 29.7° — — 36 32
b-CD 35.4° 0.8° +2% 26.7° 3.0° +6% — —
g-CD 32.9° 3.3° +8% 21.4° 8.3° +15% — —
Pentane 32.0° 4.2° +11% 26.0° 3.7° +7% 27 19

Table 4 Correlational rotational time values for 1cc and 1tc in water
and cyclodextrin solutions

Sample

s × 1010 s

Water (free) b-CD (complexed) g-CD (complexed)

1cc 2.5 16.6 17.4
1tc 2.4 20.3 21.9
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angle induced by the inclusion of the radical into the cyclo-
dextrin cavity, which perturbs the local conformation of the
molecule.

The different complexation abilities of the two cyclodextrins
are further reected in the hyperne coupling constants of the
P-atom. It can be observed that, with the exception of 1cc in
pentane and b-CD, in all cases, the aP values increase in
nonpolar media.

The intramolecular H bond that forms between the hydroxyl
group and the phosphoryl group in this isomer limits the
rotation of the phosphoryl group. In the case of g-CD, the
complexation is stronger and, due to the larger dimensions of
the cavity of this cyclodextrin, deeper inclusion is ensured
compared to b-CD. The inclusion process leads to a new
conformation that disrupts the IHB, and aP follows the same
trend as the other systems. For 1cc, aP differs by approximately 2
G between the b-CD and g-CD complexes, while for 1tc, the
difference is more pronounced at around 4 G. This greater
variation for the 1tc complex is a consequence of its trans
conguration, which does not allow IHBs in aqueous solution
between the hydroxyl group and the phosphoryl oxygen (O]P).
Thus, the geometry is more easily disturbed upon inclusion in
the cyclodextrin cavity, leading to conformational rearrange-
ment and a greater change in the dihedral angle q. These results
are correlated with the previously reported radicals 2cc and 2tc.
For both, their aP values increase in pentane compared with
water.14

The aP values are determined by the value of the angle q

according to the Heller–McConnell relationship (eqn (1)),24 as
follows:

aP,b = B0 + B1 × rpN cos2 q, (1)

where B0 is the constant for the transfer of spin density through
the spin polarization process (in general disregarded), B1 is the
constant for the transfer of spin density through the hyper-
conjugation process, rpN is the spin density on the nitrogen
atom, and q the dihedral angle between the SOMO and the sC–P
bond.

As aN is proportional to rpN, we can use eqn (2) to estimate the
conformational changes reected by the ratio of the cos2 q
values in two environments, as follows:

aP;1

aP;n
¼ aN;1

aN;n

� cos2 q1

cos2 qn
; (2)

where aP,1 and aN,1 refer to the parameters for the free radical in
the bulk solvent, while aP,n and aN,n refer to the parameters of
the radical in a cyclodextrin complex, respectively.

Starting from the value of the (cos2 q1)/(cos
2 qn) ratio, it is

possible to evaluate the decrease in q as a consequence of
complexation. The values of q for radicals 1cc and 1tc corre-
sponding to their complexes with b-CD and g-CD relative to the
values of aN and aP in water are shown in Table 3. This table also
presents the values of q corresponding to pentane to highlight
the inuence of the inclusion process. The variation of q,
denoted by Dq, is expressed relative to the value in water. The
most substantial shi in q is observed for 1tc upon
© 2026 The Author(s). Published by the Royal Society of Chemistry
complexation with g-CD, where cos2 q2 increases by approxi-
mately 15% compared to the free radical. This strongly supports
the hypothesis that the inclusion process disrupts the radical
conformation more easily when the IHB with the phosphoryl
group is absent.

These spectroscopic ndings are corroborated by the asso-
ciation constants, which demonstrate stronger binding affini-
ties for g-CD compared to b-CD. Specically, the association
constants (K, M−1) for 1cc are 44.3 M−1 and 72.6 M−1 with b-CD
and g-CD, whereas for 1tc, these values increase to 48.7 M−1 and
142.3 M−1, respectively, indicating a more pronounced
enhancement in complexation in the 1tc/CD systems. The
stronger binding of the trans isomer is related to its molecular
geometry. In particular, the trans arrangement provides a more
favourable spatial disposition of the substituents relative to the
pyrrolidine ring, which may reduce steric hindrance during its
inclusion and allow a more efficient host–guest t, especially in
the larger g-CD cavity.

The association constants were evaluated using eqn (3), as
follows:

K ¼ ½complexed species�
½free species� � ½free cyclodextrin� : (3)

The association constants were calculated using the
proportion of the spin probe in the bulk solvent (free) and in the
complexed form for each concentration of cyclodextrin ob-
tained by simulation of EPR spectra. For each spin probe/
cyclodextrin pair, the association constant value was taken as
the average of the values determined at each cyclodextrin
concentration. Furthermore, insights into the dynamic behav-
iour of the radicals were gained through the calculation of the
rotational correlation time, s. A one-order-of-magnitude
increase in s was observed upon complexation, indicating
reduced molecular mobility due the increased effective size of
RSC Adv., 2026, 16, 21756–21764 | 21759
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Fig. 5 Graphical representation of the association constant value as
a function of the KCl concentration.
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the complex.25 The complexes with g-CD exhibit slightly higher
s values compared to those with b-CD, consistent with its larger
size and deeper inclusion geometry. Between the two isomers,
the 1cc complexes demonstrate slightly lower s values, poten-
tially attributed to their more compact complex geometry,
which allows for slightly enhanced rotational freedom (Table 4).

Since cyclic voltammetry measurements require the pres-
ence of an electrolyte, its effect on the EPR parameters of the
two diastereoisomers was investigated, both in the absence and
in the presence of cyclodextrins. Thus, the inclusion complex-
ation between the radicals and cyclodextrins was investigated
under varying concentrations of potassium chloride (KCl) to
assess the inuence of ionic strength on complex stability.

This investigation may provide insights into how ionic
strength can inuence the process of radical inclusion in
cyclodextrins, with the results being relevant for correlating the
data obtained from electrochemical measurements. A series of
measurements was performed to determine the inclusion
constants (K) of the two radicals with b-CD and g-CD at different
KCl concentrations. Linear regression analysis of the data
(Fig. 5) revealed a direct correlation between the inclusion
constant and the electrolyte concentration, as described by eqn
(4) as follows:

K = S[KCl] + K0. (4)

The slope represents the sensitivity of the inclusion process
to ionic strength, while the intercept corresponds to the
intrinsic stability of the complex in the absence of added salt.
Table 5 Influence of the electrolyte on each host–guest system
quantified by the S value

Host–guest
system 1cc b-CD 1tc b-CD 1cc g-CD 1tc g-CD

S [M−2] 99 130 227 408

21760 | RSC Adv., 2026, 16, 21756–21764
This slope quanties the empirical sensitivity of inclusion to
ionic strength and represents how much K increases for each
mole of salt added, S = dK/(d[KCl]). The values of S found for
each complex are presented in Table 5.

The aN and aP values of the two radicals were not inuenced
by the presence of salt in the solutions. This suggests that the
electrolyte concentration, and therefore ionic strength, exerts
a signicant effect on the stability of the host–guest complex
formed. The enhancement in complex stability with an increase
in the electrolyte concentration can be attributed to the
disruption of the solvation dynamics and electrostatic interac-
tions in the system. Nitroxides, possessing polar N–Oc groups,
are solvated in aqueous media due to dipole–dipole interactions
and hydrogen bonding with surrounding water molecules.

This hydration shell stabilizes the radical in bulk solution
and opposes its transfer into the relatively hydrophobic cavity of
cyclodextrins. The ease with which the radical forms a complex
in the absence of potassium chloride inuences the extent to
which its complexing ability is enhanced upon the addition of
KCl. Specically, radicals with a higher affinity for complexation
show a proportionally greater increase in binding capacity in
the presence of potassium chloride compared to radicals with
lower basic affinities.

This relationship is quantitatively reected in the slopes of
the linear regression lines, where higher S values correspond to
a stronger dependence of complex stability on ionic strength. To
evaluate the thermodynamic contribution of the salt effect, the
standard Gibbs free energy changes were calculated for the
complexation process at 298.15 K, both in the absence and
presence of KCl, using eqn (5), as follows:

DG0 = −RT ln(K). (5)

The difference in DG0 values (Table 6) between 2.9 and
3.5 kJ mol−1 reects the stabilizing effect of KCl on the host–
guest interaction. This moderate decrease in Gibbs free energy
suggests that the presence of KCl enhances the complexation,
potentially by reducing solvation competition or increasing the
hydrophobic driving force for inclusion.

The data demonstrate that ionic strength is an important
factor inuencing the thermodynamics of host–guest interac-
tions involving polar or dipolar guest molecules. The observed
linear dependence between the inclusion constant and KCl
concentration supports the hypothesis that electrostatic effects
and solvation dynamics play a key role in modulating complex
stability.
Table 6 Free energy change for each host–guest system

b-CD g-CD

1cc 1tc 1cc 1tc

DG (kJ mol−1) (0 M KCl) −9.40 −9.60 −10.62 −12.29
DG (kJ mol−1) (0.25 M KCl) −10.18 −11.17 −12.26 −13.88
DG (kJ mol−1) (0.5 M KCl) −11.30 −11.89 −13.14 −14.60
DG (kJ mol−1) (1 M KCl) −12.25 −12.88 −14.15 −15.68

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Cyclic voltammetry measurements

The formation of inclusion complexes strongly affects not only
the specic characteristics of the substrate, such as chemical
reactivity, solubility or spectral properties, but also its electro-
chemical behaviour. Currently, the idea that electrochemical
methods represent a suitable tool for analysing the formation
process of these complexes has become increasingly popular,
and has been found that experimental data from cyclic vol-
tammetry, polarography or conductometry can be successfully
used for estimating the inclusion constants (Ki) of cyclodextrin
complexes.10–13 Furthermore, it appears that electrochemical
methods are highly sensitive to the formation of inclusion
complexes even at low concentrations, allow for rapid moni-
toring without extensive sample preparation, and are easy to
operate compared to spectroscopic or chromatographic
techniques.18

In the present work, an attempt was made to analyse
experimental data from cyclic voltammetry in terms of the
diffusion coefficient (D) and peak current (Ip) to gain further
insight into the inclusion of two cyclic nitroxide radical isomers
(1cc and 1tc) within b- and g-CD.

Cyclic voltammetry experiments were performed in a 0.5 M
KCl solution, and the very similar shapes of the voltammograms
Fig. 6 Cyclic voltammograms (sweep rate = 20 mV s−1) recorded for
1tc (1) and 1cc (2) (substrate concentration = 0.48 mM) in 0.5 M KCl.
Inset: voltammetric responses for 1tc recorded at 10, 20, 50, 100 and
200 mV s−1. The arrow indicates the increasing sweep rate.

Fig. 7 Effect of the sweep rate variation on the anodic peak currents of 1t
presence of 7.6 mM concentration of b-CD (2) and g-CD (3). Substrate

© 2026 The Author(s). Published by the Royal Society of Chemistry
for the 1cc and 1tc isomers, together with their almost identical
peak potential values (Fig. 6), suggest that the anodic oxidation
of both radicals involves the same electrochemically irreversible
mechanism. The effect of the sweep rate variation on the vol-
tammetric responses was also investigated, and the character-
istic patterns recorded for 1tc (see the inset in Fig. 6) illustrate
the results. It is worthy of note that, even for irreversible
processes, the results of these experiments can provide some
information, at least qualitative, concerning the diffusion
coefficients of the chemical species involved in the overall
electrochemical process, since the slope of the variation of the
peak current as a function of the square root of the sweep rate is
directly related to D1/2 according to the irreversible Randles–
Sevcik equation, as follows:

IP = 2.99 × 105n(ana)
1/2AcD1/2v1/2, (6)

where D1/2 is the diffusion constant, a stands for the transfer
coefficient, na represents the number of electrons in the rate-
determining step and the other symbols have their usual
meaning, as follows: surface area of electrode (A), concentration
of the electroactive species (c), and total number of electrons
transferred (n). Fig. 7 shows the effect of the sweep rate variation
on the voltammetric responses recorded for 1cc and 1tc both in
the absence and in the presence of b-CD and g-CD.

In all cases, the linear regression statistical analysis of Ip =

f(v1/2) yielded correlation coefficients of R2 > 0.99, with a zero
intercept indicating diffusion-controlled behavior. As illus-
trated in the inset of Fig. 6, an increase in the sweep rate led to
an anodic shi in the peak potential, consistent with the irre-
versibility of the electrochemical oxidation process. The results
in Fig. 7 show that, in the presence of the cyclodextrins, the
slopes of the linear plot of Ip vs. v1/2 are, for both 1cc and 1tc,
lower than those observed in their absence, indicating that the
addition of the cyclodextrins results in a decrease in the diffu-
sion coefficient, most likely due to an inclusion process between
the cyclodextrin cavity and the guests. Also, it appears that
compared to b-CD, the presence of g-CD induces a more
c (a) and 1cc (b) recorded in 0.5 M KCl in the absence of CD (1) and in the
concentration = 0.48 mM.

RSC Adv., 2026, 16, 21756–21764 | 21761
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Fig. 8 Cyclic voltammograms (sweep rate = 20 mV s−1) recorded for
1tc (0.48 mM) in 0.5 M KCl b-CD concentrations of 0 mM (1), 0.45 mM
(2), 0.95 mM (3) and 7.6 mM (4).

Table 7 Inclusion constants and free energy changes estimated using
the electrochemical method

Host–guest system Ki (M
−1 dm3) DG (kJ mol−1)

1cc b-CD 408 −14.90
1tc b-CD 529 −15.55
1cc g-CD 1396 −17.95
1tc g-CD 2340 −19.23

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
7/

20
26

 3
:3

4:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
signicant decrease, as indicated by the corresponding
decrease in the slopes in Fig. 7.

To estimate the Ki values of the inclusion complexes, the
effect of an increase in b-CD and g-CD concentration on the
voltammetric response of the nitroxide radicals was investi-
gated and the results are illustrated by the characteristic curves
obtained for the 1tc b-CD system (Fig. 8).

It was observed that an increase in the cyclodextrin
concentration led to a decrease in the peak current and
a gradual anodic shi in the peak potential. These effects can be
attributed to the decrease in the diffusion coefficient and to the
fact that the inclusion process could hinder, to a certain extent,
the adsorption of the electroactive species on the electrode
surface, leading to an increase in the oxidation potential.

The inclusion constant, Ki, was calculated using the disso-
ciation constant of the inclusion complex (KD = 1/Ki), while KD

was estimated by means of the “electrochemical current
method”, using the following equation:10

Ip
2 ¼ KD

½CD�0
�
Ip;S

2 � Ip
2
�þ Ip;CD;S

2; (7)

where Ip,S is the peak current recorded for either 1cc or 1tc in the
absence of cyclodextrin, Ip is the peak current of 1cc or 1tc at
various cyclodextrin concentrations, and Ip,CD,S stands for the
Fig. 9 Determination of Ki for the 1tc-CD (a) and 1cc-CD (b) complexes

21762 | RSC Adv., 2026, 16, 21756–21764
peak current corresponding to the guests included by
cyclodextrin.

Accordingly, the plot of Ip2 vs. (Ip,S2 − Ip2)/[CD]0 should be
a straight line with slope KD, and the results obtained for 1cc
and 1tc in the presence of b-CD and g-CD are shown in Fig. 9.

Based on the estimated values of the inclusion constants, the
free energy changes for the inclusion complexes (which express
their stability) were also calculated, and the results are
summarized in Table 7, together with the corresponding
inclusion constants.

Apparently, in all cases, the inclusion constants estimated by
the electrochemical current method are higher than those given
by the EPR ndings, in line with multiple published examples
showing that cyclic voltammetry generally reports larger redox-
state-dependent association constants than techniques that
probe the neutral or radical species directly (e.g., EPR, NMR,
and ITC).10,26–29 It is widely accepted that there are several
reasons that can lead to such behaviour. Firstly, cyclic voltam-
metry measures the apparent binding strength of the oxidized
(or reduced) guest, not necessarily the native state, and the
inclusion host oen binds such oxidized or reduced forms of
the guest more strongly than the neutral form studied in EPR.
This is because the electrochemically modied form may be
more polar, charged or better t geometrically and the redox
conversion can strongly change hydrophobicity, charge distri-
bution or dipole moment, making the inclusion more
favourable.

Second, cyclic voltammetry can articially enhance the
strength of binding by changing the electron density of the
in 0.5 M KCl, using the electrochemical method.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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guest, which can create a high binding affinity that applies only
under electrochemical conditions, not in bulk solution. By
contrast, EPR is less perturbative and reects normal solution
behaviour. Thirdly, cyclic voltammetry operates on a seconds
time scale, where fast kinetic pre-association can appear as
strong binding, while EPRmeasures equilibrium on longer time
scales, more reective of slow exchange or partial binding.
Therefore, cyclic voltammetry sometimes exaggerates binding
that is kinetically enhanced but not thermodynamically strong.
Fourthly, the decrease in the voltammetric current might also
be the result of a decline in the diffusion coefficient induced by
a high guest content.

Nevertheless, the data in Table 7 also show, in agreement
with the EPR ndings, that the DG values of the guests included
into the g-CD cavity are always lower than those observed with
b-CD, indicating the greater sensitivity of the guest–host inter-
actions to the molecular size. Since the DG values express the
stability of the inclusion complexes, it appears that g-CD forms
more stable complexes, probably due to the higher contact area
between the guest molecule and the internal wall of the
cyclodextrin.
Conclusions

The stereochemical differences between the nitroxide isomers
signicantly affect their complexation with cyclodextrins, with
1tc displaying stronger binding and larger conformational
changes due to the absence of OH/O]P intramolecular
hydrogen bonding. g-Cyclodextrin consistently forms more
stable complexes than b-CD, particularly with 1tc. Increasing the
electrolyte concentration enhances the complex stability by
weakening solvation and electrostatic barriers, resulting in
higher inclusion constants and more favourable thermody-
namics. Electrochemical analyses support these ndings,
showing decreased diffusion coefficients and shis in oxidation
potential upon complex formation. These results underscore
the key roles of molecular conguration and ionic environment
in governing the stability and behaviour of host–guest
complexes. Although the two physicochemical methods, EPR
spectroscopy and cyclic voltammetry, do not provide similar
values for the association constants corresponding to each
radical/CD pair, the order of their variation is maintained.
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