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compartmentalization in
metallacarborane containing polymer
nanoparticles†

Vladimı́r Ďorďovič,a Mariusz Uchman,a Mehedi Reza,b Janne Ruokolainen,b

Alexander Zhigunov,c Olexandr I. Ivankovde and Pavel Matěj́ıček*a

Alkaline cations (Li+, Na+ and K+) are introduced as agents suitable to control compartmentalization in

metallacarborane-rich nanoparticles of double-hydrophilic block copolymer poly(ethylene oxide)-block-

poly(2-alkyloxazoline), PEO–POX. Interaction of the metallacarborane (cobalt bis(dicarbollide) anion)

with PEO–POX is based mainly on dihydrogen bonding between metallacarborane boron clusters and

the polymer backbone resulting in compact nanoparticles. However, the cations are a crucial factor as to

whether interaction with PEO or POX segments is preferred. Changes in the bulk concentration of

alkaline cations can thus provoke changes in the inner structure of polymeric nanoparticles, which is

accompanied by exchange of boron clusters and alkaline cations like Li+. Because of the biomedical

importance of metallacarboranes, their conjugates and also lithium salts, the hybrid nanoparticles can

act as stimuli-responsive systems for drug delivery.
Introduction

Boron cluster compounds are boron-rich molecules of poly-
hedral geometry with the majority of vertices consisting of B–H
units. Metallacarboranes, like cobalt bis(dicarbollide) anion,
[CoD]�, (see Scheme 1A) belong to this family, and they are
extensively studied due to their stability and interesting prop-
erties.1–4 They are considered as hydrophobic but water-soluble
anions. It was demonstrated that they provide an unusual
interaction potential resulting in self-assembly in solution5,6

and complexation with various nanosystems.7–25 They are
utilized, for example, for ion extraction26 and recently also in
medicinal chemistry.27–38 As regards medical applications, our
interest is targeted to the preparation of stimuli-responsive
hybrid nanosystems consisting of a nano-organized polymer
matrix with embedded metallacarborane clusters,39–42 which
would lead to biocompatible vessels for drug-delivery
purposes.43–52 The importance of boron clusters is strength-
ened by the fact that some of their exoskeletal derivatives
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exhibit inhibition activity against enzymes like HIV protease
and carbonic anhydrase.31,38 Aer conjugation with biologically
active molecules like nucleosides, DNA and cholesterol,30,53–55

they can also act as their carriers.
Recently, we described the rst type of unique nano-

structures based on the complexation of hydrophilic poly-
(ethylene oxide), PEO, with water-soluble Na[CoD] resulting in
an insoluble nanocomposite.39 This phenomenon can be used
for the preparation of micelles with PEO block in the core.39,40

The main driving force for [CoD]� complexation with polymers
is dihydrogen bonding of the slightly hydridic B–H vertices with
the ethylene subunits of the PEO chain and with polymers
consisting of a similar motif such as poly(2-alkyloxazolines),
POX. However, the POX/metallacarborane complex is water
soluble while the POE-complex is not.41,42 The reason is that the
Na+ cation is not complexed by the amidic moiety in POX, but it
interacts with oxy-groups in the case of PEO.11,12 It was also re-
ported that PEO/metallacarborane nanocomposite precipita-
tion is signicantly less pronounced in LiCl solution than it is in
NaCl and KCl.39 Further, we found that the short PEO linker
spanning two metallacarborane clusters has an impact on their
solution behavior because the cations can bind on the linker
and other places of the molecule.56 It is known that PEO chains
form helical structures stabilized by the complexed cations,
where K+ has the highest affinity.57 Furthermore, it was reported
that interaction of cations with the amidic group is also selec-
tive.58–60 This indicates that both POE and POX segments have
a propensity to exhibit cation selectivity.

The above mentioned results initiated our deeper interest on
the cation sensitivity of polymer/metallacarborane complexes.
This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Structures of (A) 3-cobalt bis(1,2-dicarbollide) and (B) double-hydrophilic block copolymer poly(ethylene oxide)-block-poly(2-
ethyloxazoline) (PEO–POX) and (C) 4-arm poly(ethylene oxide)-block-poly(2-methyloxazoline), [PEO–POX]4.
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In this communication, our aim is to prepare polymeric nano-
structures capable of exchanging bio-active metallacarboranes
and cations. We used biocompatible and double-hydrophilic
linear block copolymer poly(ethylene oxide)-block-poly(2-
ethyloxazoline), PEO–POX (see Scheme 1B), and star-like block
copolymer [poly(ethylene oxide)-block-poly(2-methyloxazoline)]4,
[PEO–POX]4 (see Scheme 1C) as in our previous reports.40,41 We
used cryoTEM imaging and NMR spectroscopy in order to reveal
the impact of alkaline cations on the compartmentalization
within the hybrid nanoparticles. Isothermal titration calorimetry,
ITC, was found to be a suitable method for monitoring of cation
and metallacarborane exchange aer an external stimulus was
applied (addition of cation).

Compartmentalization in polymeric nanosystems and the
controlled formation of hierarchically organized nano-
structures currently belongs to the extensively studied eld of
macromolecular nanochemistry.61–76 The formation of distinct
compartments is usually induced by a hydrophobic effect and
a non-compatibility of the building blocks.61 Temperature and
electrochemical processes also act as stimuli leading to the
formation of nanostructures.75,76 Another possibility is the co-
assembly of polymers with low molecular mass compounds.69,70

Self- and co-assembly induced by inorganic salts have been
studied mainly for the preparation of quantum dots (such as
those formed by cadmium or lanthanides),77,78 ferrouids,79 or
for the delivery of metals like cisplatin for biomedical applica-
tions80–82 and for the extraction of mercury.83 Controlled drug
release was described for hybrid polymer/silica nanoparticles
aer exchange of Zn2+ by H+ ions.84 Ion-sensitive resins (both
cationic and anionic) and other polymers sensitive to external
stimuli (temperature, hydration, salting-out effect, etc.) are used
for counterion-responsive drug release during digestion in the
human body.81
This journal is © The Royal Society of Chemistry 2016
As concerns the controlled release of physiologically active
LiCl, there are two approaches in the literature: polyelectrolyte
hydrogels (e.g., based on amino acid residues)82 and current-
controlled drug release from PEO-based electrolytes contain-
ing LiCl via iontophoresis.85 Our system based on PEO–POX/
metallacarborane nanoparticles can be thus considered as
a third way for the delivery of alkaline cations with benets such
as the presence of bio-active boron cluster compounds.

Materials and methods
Materials

Metallacarborane cesium [3-cobalt bis(1,2-dicarbollide)]�, Cs
[CoD], was purchased from Katchem (Prague, Czech Republic).
Poly(ethylene oxide)-block-poly(2-ethyloxazoline), PEO–POX,
linear diblock copolymer and [poly(ethylene oxide)-block-poly(2-
methyloxazoline)]4, [PEO–POX]4, star-like (4-arm) diblock
copolymer were purchased from Polymer source, Inc. (Dorval,
Quebec, Canada). The weight averaged relative molecular
weight of the PEO and the POX blocks, as obtained by SEC and
NMR,42 are 5.6 � 103 and 7.0 � 103, Đ ¼ 1.8 for PEO–POX, and
3.7 � 103 and 5.6 � 103, Đ ¼ 1.5 for [PEO–POX]4, respectively.

Preparation of Na[CoD], Li[CoD] and K[CoD]

The cationic exchange resin (Amberlite IR120, H form) was
purchased from Acros Organics. Cs[CoD] was converted to Na
[CoD], Li[CoD] and K[CoD] according to the following proce-
dure: rst, we charged the resin by passing 250 mL of 3 M HCl
followed by rinsing with water. The column was loaded with
lithium (or potassium respectively) cations by passing 3 M MCl
preparation of M[CoD] (M ¼ Li, Na and K) solution through
resin, and then rinsing with around 500 mL of water (the eluent
was tested to see if it contains traces of MCl by AgNO3 solution).
Solid Cs[CoD] was dissolved in a mixture of acetonitrile/water
RSC Adv., 2016, 6, 9884–9892 | 9885
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(50 : 50) and this solution (around 100 mL) was passed repeat-
edly through (drop by drop) a cation exchanging resin loaded
with the desired cation. The solvent was nally evaporated and
the crude product was le to dry in a desiccator overnight. The
water content in M[CoD] for M ¼ Na, Li, K was determined by
TGA to be 16%, 13%, and 0% (w/w), respectively.

Sample preparation

Samples of PEO–POX copolymers with M[CoD] in 0.154 M MCl
(M stands for Na, Li and K) for light scattering, NMR, SANS and
cryoTEM analysis were prepared as follows: the copolymer was
dissolved in 0.154 M MCl. Stock aqueous solution of M[CoD]
(0.0245 M) in 0.154 M MCl or solid M[CoD] was added to the
polymer solution in the desired metallacarborane-to-polymer
segment ratio, x. For NMR measurements, a small amount of
t-butyl alcohol (1 mL) was added to the solution as an internal
standard. A sample of PEO–POX/Li[CoD] (polymer concentra-
tion 10 g L�1, x ¼ 0.045) in 0.154 M LiCl was used for ITC and
NMR titrations, where the nanoparticle dispersion was titrated
by 0.154 M LiCl, NaCl and KCl solution.

Methods

Dynamic light scattering (DLS) and static light scattering
(SLS). The light scattering setup (ALV, Langen, Germany) con-
sisted of a 633 nm He–Ne laser, an ALV CGS/8F goniometer, an
ALV High QE APD detector, and an ALV 5000/EPP multibit,
multitau autocorrelator. DLS data analysis was performed by
tting the measured normalized intensity autocorrelation
function g2(t) ¼ 1 + b|g1(t)|

2, where g1(t) is the electric eld
correlation function, t is the lag-time and b is a factor
accounting for deviation from the ideal correlation. An inverse
Laplace transform of g1(t) with the aid of a constrained regu-
larization algorithm (CONTIN) provides the distribution of
relaxation times, sA(s). Effective angle- and concentration-
dependent hydrodynamic radii, RH(q, c), were obtained from
the mean values of relaxation times, sm(q, c), of individual
diffusive modes using the Stokes–Einstein equation. To obtain
true hydrodynamic radii, the data have to be extrapolated to
a zero scattering angle. Since the refractive index increment, dn/
dc, is unknown for almost all of the samples, we evaluated in
such cases only the light scattering intensity extrapolated to
zero scattering angle as the measure proportional to molar
mass of polymeric nanoparticles.

Cryo-transmission electron microscopy (cryo-TEM). Glow
discharge (Emitech KX100, 2 min/25 mA) treated Quantifoil R2/
2 holey carbon copper grid with a hole size of 2 mm was trans-
ferred into the environmental chamber of an FEI Vitrobot at
room temperature and 100% humidity. 3 mL of sample solution
was applied on the grid which was blotted for 1.5 seconds and
then shot to a 1/1 mixture of liquid ethane and propane of
temperature �180 �C. The grid with vitried sample lm was
cryotransferred into a FEI Tecnai 12 transmission electron
microscope with a Gatan 910 cryotransfer holder at a tempera-
ture of ca. �185 �C. Bright-eld TEM was performed using an
acceleration voltage of 120 kV and images were recorded on
a Gatan Ultrascan 1000 CCD camera.
9886 | RSC Adv., 2016, 6, 9884–9892
Small angle neutron scattering (SANS). The neutron experi-
ments were performed using a YuMO spectrometer in the two
detectors system mode. The beam was collimated to a diameter
of 14 mm on the sample. The obtained spectra were put on the
absolute intensity scale using a vanadium scatterer. Spectra
were normalized by the standard procedure using SAS soware.

1H NMR spectroscopy. 1H NMR spectra were measured on
a Varian UNITYINOVA 400 in deuterium oxide (99.5%; Chemo-
trade, Leipzig, Germany). Spectra were referenced to the solvent
signal (4.80 ppm).

Isothermal titration calorimetry (ITC). ITC measurements
were performed with an Isothermal Titration Calorimeter (Nano
ITC), TA Instruments – Waters LLC, New Castle, USA. The
microcalorimeter consists of a reference cell and a sample cell
(24K Gold). The sample cell is connected to a 50 mL syringe. The
syringe needle is equipped with a attened, twisted paddle at
the tip, which ensures continuous mixing of the solutions in the
cell rotating at 250 rpm. Titrations were carried out by consec-
utive 2 mL injections of a total 50 mL of 154 mM NaCl, LiCl and
KCl from the syringe into the sample cell lled with 200 mL of 10
g L�1 PEO–POX/Li[CoD] in 154 mM LiCl and 154 mM LiCl for
comparison. All titrations were doubled, thus a total of 50
injections were performed with an interval of 300 s. By this
method then the differential heat of mixing is determined for
discrete changes of composition.

Results and discussion
Structure of PEO–POX/metallacarborane nanoparticles in
LiCl, NaCl and KCl

In our previous work, we already described several polymeric
nanosystems based on mutual interaction of hydrophilic poly-
mers with metallacarboranes like sodium cobalt bis(di-
carbollide), Na[CoD], all of them exhibiting a unique inner
structure:11,12,39–42 diblock copolymers with one block not inter-
acting with [CoD]� but the second one (PEO-block) forming an
insoluble complex with [CoD]� formmicelles with PEO-block in
the micellar core. The metallacarboranes and their bio-active
conjugates are embedded within the PEO-matrix and can be
released upon external stimulus (NaCl concentration).39,40 A
situation, where both blocks interact with boron clusters (PEO
and POX block copolymers),41,42 also leads to stable nano-
particles capable of accumulating fairly large portions of
metallacarborane-based inhibitors of HIV protease.41 Among
the roles of the copolymer architecture,42 there is however
another possibility to control the particle nanostructure and the
release of active species: a proper selection of salt medium, an
interesting phenomenon that has never been explored in detail
before. In order to reveal the cation sensitivity of the polymer/
metallacarborane nanoparticles, we prepared hybrid
metallacarborane-containing nanoparticles from double-
hydrophilic diblock copolymer PEO–POX and 4-arm diblock
copolymer [PEO–POX]4 (see Scheme 1) by consecutive addition
of Li[CoD], Na[CoD] or K[CoD] in 0.154 M (physiological solu-
tion) LiCl, NaCl or KCl solutions, respectively.

The morphology of PEO–POX/M[CoD] in MCl (M ¼ Na, Li,
and K) nanoparticles was visualized by cryoTEM imaging
This journal is © The Royal Society of Chemistry 2016
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(shown in Fig. 1). Micrographs for the corresponding 4-arm
systems, [PEO–POX]4/M[CoD] in MCl (M ¼ Na, Li, and K), are
shown in Fig. S1 in the ESI.† A distinct compartmentalization in
the Li- and K-media, and a formation of homogeneous nano-
spheres in the Na-medium for the PEO–POX linear diblock
directly proves the impact of cations on the metallacarborane/
polymer interaction. The particles are fairly polydisperse in
general (kinetically controlled)39 and there is a fraction of “small
particles” that could be attributed to metallacarborane self-
assemblies5 and small pre-aggregates.41 However, we will
discuss the cation-selectivity on the structure of large particles
exhibiting compartmentalization.

Long straight cylinders were detected in the K-system (see
Fig. 1C). Such extended structures have never been observed for
metallacarborane/polymer complexes before. The cylinders are
longer than the contour length of single polymer chains, and
their width is about 5 nm, which is close to dimensions of
a single metallacarborane “micelle” (ca. 2.5 nm). Furthermore,
some of them are shaped like a necklace of small spheres. The
structure and origin of this shape is not clear yet, especially
their straight shape. Our hypothesis is that it is closely related to
the formation of extended helical structures of PEO–POX that
are stabilized by complexation with K+.57

The basic characterization of PEO–POX/M[CoD] in MCl
nanoparticles was carried out by means of standard scattering
techniques (light scattering and SANS). The results, which are in
Fig. 1 CryoTEMmicrographs of (A) PEO–POX/Na[CoD] in 0.154M NaCl;
KCl (polymer concentration 10 g L�1). (D–I) Histograms based on the size
green, and KCl – red), where (D–F; filled columns) correspond to diame
diameter distributions of compartments within the “large” nanoparticles

This journal is © The Royal Society of Chemistry 2016
agreement with cryoTEM and previously reported data,41,42 are
provided in the ESI (Fig. S2 and 3 and Table S1†).
Size of the compartments

The cryoTEM micrographs were analyzed by means of ImageJ
soware in order to obtain size distributions of the large
compact nanoparticles and especially compartments within
them (see histograms in Fig. 1; results are summarized in Table
1). From the analysis, we found that compartments are slightly
smaller in the Li-medium (diameter 3.8� 1.1 nm) than in the K-
one (diameter 4.7 � 1.3 nm). Further, the compartments are
signicantly larger than metallacarborane “micelles” (diameter
2.5 � 0.7 nm).5 As concerns the star-like copolymer, the diam-
eter of the compartments is independent of the nature of cation
(it is around 3.5 nm in all three cases). However, the interpre-
tation of cryoTEM micrographs on a molecular level requires
information on what kind of polymer segments (PEO or POX)
are involved in the compartmentalization. This information
would shed the light on the impact of cations on the metal-
lacarborane polymer interaction. As shown below, NMR spec-
troscopy is a suitable tool for such a purpose.39–42
Structure of the compartments and their origin

We used the 1H NMR technique to estimate the fraction of
polymer segments involved in the complexation with M[CoD].
(B) PEO–POX/Li[CoD] in 0.154M LiCl; (C) PEO–POX/K[CoD] in 0.154 M
analysis of nanostructures in different salt media (NaCl – black, LiCl –
ter distributions of “large” nanoparticles and (G–I; hollow columns) to
.

RSC Adv., 2016, 6, 9884–9892 | 9887
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Table 1 Diameter of polymer/M[CoD] (M¼Na, Li and K) nanoparticles
and compartments within them from the analysis of the corresponding
cryoTEM micrographs

Particle diameter/nm

Medium

Sodium Lithium Potassium

Linear diblock PEO–POX
Large particles 93.5 12 18.5
Compartments NO 3.8 � 1.1 4.7 � 1.3
Compartments aer ITCa 3.1 � 0.8 4.2 � 1.0 3.5 � 0.9

Star-like [PEO–POX]4
Large particles 26.3 17.6 12.4
Compartments 3.4 � 0.8 3.7 � 1.4 3.4 � 1.4

a Originally PEO–POX/Li[CoD] in 0.154 M LiCl sample, which was
titrated by 0.154 M NaCl, LiCl and KCl solutions in the ITC experiment.
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The fraction of frozen segments within the complex was
calculated from the diminishing of the corresponding signals in
NMR spectra as a function of x. The ratios of integrated inten-
sities of 1H signals of ethylene subunits in PEO and POX blocks
to those in a molecularly dissolved polymer of the same
concentration, which give the fractions of kinetically frozen
monomer units, are shown in Fig. 2. In NaCl solution, the
fraction of frozen POX is comparable to that of PEO, in the case
of linear diblock (Fig. 2A). In LiCl solution, the fraction of frozen
POX is much higher than that of PEO. An opposite effect occurs
in the case of KCl solution, where PEO segments are substan-
tially frozen as compared to POX. With respect to the cryoTEM
analysis, it indicates that there is no preference of [CoD]� in the
Na-medium towards PEO and POX segments resulting in
homogeneous nanoparticles.41 Interaction of [CoD]� with POX
segments is preferred in the Li-medium, and POX blocks thus
form compartments. Finally, K+ ions support interaction of
[CoD]� with PEO segments, and PEO blocks are forming the
compartments in this case. Since the PEO block is almost twice
as long (127 segments) as the POX one (71 segments), see
Scheme 1B, we assume a different size of the PEO- and POX-
compartments. This is in agreement with cryoTEM analysis
Fig. 2 Fraction of frozen polymeric segments in (A) PEO–POX/M[CoD] in
M[CoD] content in 0.154 M MCl calculated from the decrease of the co
butanol (internal standard).

9888 | RSC Adv., 2016, 6, 9884–9892
(see Table 1), where compartments have dimensions 3.8 nm
and 4.7 in lithium and potassium solutions, respectively.

The cation selectivity of PEO and POX segments towards
[CoD]� can be explained with the help of literature data on
cation interaction with species consisting of an amidic moiety
(as it is also in POX).58,59 It is also related to salting in and salting
out effects of ions on PEO-like polymers with connotations to
the famous Hofmeister series.60 It was reported that Li+ ion has
higher affinity towards O-group in amidic compounds than
Na+,58 and K+ has high affinity towards PEO-chains forming
stable helical structures.57 Further, the PEO/metallacarborane
precipitation is more pronounced in the Na- and K-medium
than in the Li-one.39

Based on the above mentioned results, we assume the
following scenario for cation-sensitive compartmentalization
on the molecular level. It is known from calorimetry experi-
ments that the [CoD]� cluster has roughly the same affinity
towards PEO and POX segments in the Na-medium.42 It should
result in the formation of homogeneous nanostructures
because none of the segments is preferred (see Fig. 1A). Na+

counterions are tightly complexed by PEO units11,12 but only
slightly by POX units. This stabilizes the nanospheres in the
form of a nanogel because of the uncompensated charge on
POX/metallacarborane segments.42 In the Li-medium, Li+

counterions have high affinity towards POX segments, and
[CoD]� only weakly binds to PEO segments.39 This shis the
equilibrium towards the complexation of metallacarborane
with POX blocks. In the K-medium, the situation is just the
opposite. K+ counterions are strongly bound by PEO-
segments,57 and PEO compartments are thus formed. In
general, this conrms our general observations that the “solu-
bility” of the otherwise hydrophobic [CoD]� anion is controlled
by the mobility of counterions. If they are immobilized for any
reason this leads to the formation of compact nanostructures
like compartments. If the counterions remain free and the
metallacarborane cluster is bound by the polymer, it results in
gel-like structures.
Polymer architecture beats ion selectivity

Regarding the morphology of nanoparticles consisting of the
star-like copolymer, the compartmentalization is observed in all
MCl and (B) [PEO–POX]4/M[CoD] in MCl (M ¼ Na, Li and K) differing in
rresponding 1H NMR signals relating to pure block copolymer and t-

This journal is © The Royal Society of Chemistry 2016
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three media (Na, Li and K) (see micrographs in Fig. S1 in ESI†
and their analysis in Table 1), and the compartments are of
similar dimensions in all three cases. It is evident from NMR
results (see Fig. 2B) that the star-like architecture with PEO
blocks in the “core” of the star induced preferential compart-
mentalization of PEO segments42 almost regardless of the
cation type.
Cation selectivity of the nanoparticles: preferential sorption of
Na+ in Li-rich medium

In experiments dealing with the nanoparticles with a mix of
alkaline cations, Na[CoD] was used instead of Li(K)[CoD] for the
nanoparticle preparation in the Li(K)-medium. We noticed that
the size of compartments in cryoTEM micrographs as well as
the fraction of frozen segments from the NMR spectra is
different as compared with systems in the entirely Li(K)-
medium. This suggests that Na+ is preferentially adsorbed
within the nanoparticles in the otherwise Li-rich solution and
even a low portion of Na+ is enough to provoke changes in the
nanoparticle inner structure. In the case of Na[CoD] in the K-
medium, the effect of preferential Na+ sorption is however
fairly weak. For further details and experimental data see Fig. S4
and the corresponding part of the ESI.†
Cation exchange and its impact on the structure of
nanoparticles

It encouraged us to study the ion-exchange issue in detail. We
carried out isothermal titration calorimetry (ITC) experiments,
where dispersion of PEO–POX/Li[CoD] nanoparticles in 0.154 M
LiCl was titrated with 0.154 M LiCl, NaCl, and KCl solution. In
Fig. 3A, there are raw heat rates. Since all the solutions have the
same salt concentration (0.154 M), additional heats of dilution
are negligible and do not interfere with cation exchange/
sorption reactions. An almost zero heat ow is seen in the “Li
to Li” experiment (green curves in Fig. 3A and B). However, the
addition of NaCl and KCl (black and red curves, respectively)
provokes two processes. They can be clearly distinguished in the
zooms of the raw heat ow curves.86–89 In the beginning of the
titration, there is only one strongly exothermic process, which is
related to the cation exchange or sorption. Close to the satura-
tion, the endotherm of simple salt mixing appears which
Fig. 3 (A) ITC raw heat flows including zooms and (B) corresponding the
LiCl and KCl titrated into 0.154 M LiCl solution of PEO–POX/Li[CoD] part

This journal is © The Royal Society of Chemistry 2016
eventually prevails. The endothermic peak is sharp and occurs
immediately aer the injection. On the contrary, the ion
exchange/sorption (related to the exotherm) is a relatively slow
process, because it is accompanied by a mass ow (bulky met-
allacarborane clusters) and changes in the polymer chain
conformation.

The heats of the ionic exchange (DHexchange) estimated as the
intercept of the ITC curve with the y-axis (Fig. 3B) for “Na to Li”
and “K to Li” processes are �6 kJ mol�1 and �16 kJ mol�1,
respectively. The heats are smaller than for the overall interac-
tion of Na[CoD] with PEO/POX-polymers (around �40 kJ
mol�1),11,41,42 but much larger than for the cation exchange of
the relatively small “dumbbell” molecules (sub �1 kJ mol�1).56

The shape of the ITC curves (Fig. 3B) is hardly comparable
with a simple one-site binding model with a sigmoidal
shape.11,12 The shape without a plateau in the early stages of the
titration indicates that there is not a single set of identical
binding sites and that the inner structure of the nanoparticles is
changing continually with increasing concentration of the guest
cation.86 This is why the value of DHobs has to be estimated from
the intercept with the y-axes rather than with tting by
a sigmoidal curve, which has no physical meaning in this case.
However, the ITC curves are comparable with a partition model
employed for example for distribution of small molecules in
systems exhibiting a microphase separation.87–89

The saturation of the Li-based nanoparticles by K+ and Na+

occurred at molar ratios of 0.23 and 0.51, respectively (see
leveling off of the red and black curves in Fig. 3B). To interpret
this, we analyzed the structure changes during the titration also
by cryoTEM and NMR (shown as Fig. S5 with further comments
in the ESI†). It is evident that the addition of K+ leads to the
“melting” of POX compartments and formation of PEO ones. K-
ions bind only to a limited portion of polymer segments (ca.
25%) most likely to PEO blocks. Saturation of the nanoparticles
by Na+ requires a higher portion of the cation (ca. 50% of both
POE and POX segments) accompanied by diminishing of the
compartments. The overall fraction of the frozen segments
remains however roughly the same. From the above mentioned
results, it seems that metallacarborane clusters are rapidly
released from POX-domains and migrate towards PEO-rich
areas aer addition of KCl to the Li-medium. The changes
aer addition of NaCl are milder and slower than the previous
rmograms with subtracted heats of mixing (dilution) for 0.154 M NaCl,
icles with x ¼ 0.301 (the polymer segment-to-Li+ ratio is around 1 : 1).

RSC Adv., 2016, 6, 9884–9892 | 9889

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5ra27588a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

16
. D

ow
nl

oa
de

d 
on

 1
/2

6/
20

26
 1

1:
34

:1
9 

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
ones, and the compartments partly homogenize within the
nanoparticles.

Conclusions

Mono-anionic metallacarboranes like cobalt bis(dicarbollides),
[CoD]�, which are fully articial boron cluster compounds with
unusual binding capacity and interesting bio-activity, interact
with water soluble polymers like poly(ethylene oxide), PEO, and
poly(2-alkyloxazoline), POX, via dihydrogen bonding between
B–H vertices and C–H groups of the polymeric backbone. The
affinity of the anionic cluster to both PEO and POX segments is
roughly the same, but the key-factor affecting the compact
complex formation is the selectivity of alkaline cations towards
PEO and POX segments. This is a phenomenon that has never
been studied in detail before.

In the Na-medium, there is no preference and homogeneous
nanospheres with [CoD]� bound to both types of segments are
formed. In the Li-medium, interaction of both Li+ and [CoD]�

with POX segments is preferred resulting in distinct compart-
mentalization of POX segments within the hybrid nano-
particles. In the K-medium, the situation is just the opposite
and PEO-compartments are formed instead. The PEO–POX/M
[CoD] in MCl (M ¼ Li, Na and K) nanoparticles and compart-
ments within them were studied by means of cryoTEM imaging,
NMR spectroscopy and ITC calorimetry.

An exchange of cations of different affinity was demon-
strated by titrations with NaCl, KCl and LiCl solutions moni-
tored by ITC, cryoTEM and NMR. It is clear that even a small
amount of K+ and Na+ ions provokes substantial changes in the
inner structure of the nanoparticles accompanied by the ux of
metallacarborane clusters and alkaline cations. This is the rst
example, where compartmentalization in polymeric nano-
particles is controlled by the selectivity of alkaline cations. With
respect to bio-activity of metallacarborane clusters and also
alkaline cations like Li+, the nanoparticles can be utilized for
stimuli-responsive drug delivery.
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