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The relevance of physical and chemical interactions in nano-
structured self-assembled systems has recently emerged in the
framework of the rational design of new so materials.1 Three-
dimensional networks of cross-linked polymers are considered
a very versatile class of components of a bottom-up approach
toward self-assembled materials with tailored properties at
different length-scales.2 The possibility of tuning the chemical–
physical interactions occurring among the different compo-
nents of these assemblies makes it possible to control the
structural properties of the system at the nano- and microscales
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and obtain particular phases of the matter, i.e. liquid or gel
states. All these materials rouse tremendous interest in fast-
growing elds of technology, like drug delivery, tissue engi-
neering and regenerative medicine.3–5

Cyclodextrin nanosponges (CDNS) are a highly versatile class
of cross-linked polymers6–8 able to generate hydrogels with
intriguing properties. CDNS are prepared by polycondensation
between cyclodextrins (CD) and suitable cross-linking agents,
such as carbonyldiimidazole (CDI),9–11 pyromellitic anhydride
(PMA)12–15 or activated derivatives of ethylenediaminetetraacetic
acid (EDTA).16 The reaction leads to the formation of a three-
dimensional network of CD units, interestingly showing both
hydrophilic and hydrophobic nano-sized cavities where
different types of organic and inorganic species can be encap-
sulated, transported and selectively released.6–8

Thanks to this unique structure, cyclodextrin nanosponges
can form complexes with both lipophilic and hydrophilic
molecules, thus allowing us to extend the possible application
of these systems with respect to conventional hydrogels. These
properties lead to signicant applications in agriculture,17

environmental control,18,19 and cosmetic and pharmaceutical
elds.20–27

More interestingly, cyclodextrin nanosponges are super-
absorbents for water, i.e. they are efficient water nano-
containers, showing marked swelling behaviour in the presence



of aqueous solutions.12,14,15 The addition of water to the insol-
uble CDNS polymer matrices provides, in some cases, highly 
viscous, gel-like dispersion, similarly to hydrogels.5,28,29 

Recently, CDNS hydrogels have been used as a chiral reaction 
environment for photochemical asymmetric synthesis with 
noticeable capability of asymmetric induction.30 Moreover, the 
diffusion properties of water molecules and solutes inside 
CDNS gels were investigated by using HR-MAS NMR 
spectroscopy.12

In the last few years we focused our research on the under-
standing of how the hydrogen-bond network and covalent cross-
links determine the swelling and macroscopic properties of 
nanosponge hydrogels.

By the combined use of inelastic light scattering experi-
ments, infrared spectroscopy and numerical computations, the 
structural and dynamic properties of dry polymers were 
explored at the molecular level, as a function of some parame-
ters which can be varied during the synthesis of CDNS.9–13,16 The 
results clearly evidenced that the cross-linking degree and the 
elastic properties of the polymer matrix can be successfully 
modulated by varying the chemical structure of the cross-link-
ing agent and by acting on the relative amount of the cross-
linker with respect to the monomer CD (i.e. n ¼ cross-linking 
agent molar excess with respect to CD) during the synthesis 
procedure. Surprisingly, in all the systems a triggering of stiff-
ness and connectivity was systematically observed in corre-
spondence of a 6-fold excess of cross-linker with respect to CD: 
this nding gives evidence that at n ¼ 6 a balance between two 
competing effects (reticulation and branching of CD units) is 
reached.10,16

On the other side, this puzzling scenario was further recently 
enriched by the accurate inspection of the effect of the 
connement of H2O and D2O in the porous structure of nano-
sponges.12,14,15 The entire amount of the experimental results 
suggests that the physical and covalent bonds within the CDNS 
hydrogels combine to determine the macroscopic properties of 
the gel phase, like the water holding capacity and the rigidity of 
the gel network, in a complex interplay over different length-
scales.15

In this work, we extend our investigation on the effect of 
water connement in the nano-sized cavities of CDNS, giving 
direct evidence of the phase transition process from gel to 
liquid phase1,31,32 observed in these cyclodextrin-based 
hydrogels.

Ester-bridged CDNS based on pyromellitic anhydride have 
been recently shown to undergo a sol–gel phase transition upon 
gradual increase of the concentration of CDNS from 0.2 to 
2000 mg mL�1 in water.30 Transparent precipitates were formed 
at 1.0 mg mL�1 concentration of CDNS, whose particle size 
gradually increased by increasing CDNS contents. At higher 
contents, the solution became a gel-like diphasic system con-
taining both liquid and gel phases or “owing gel”, and even-
tually gave a rigid gel at critical gelation ratios depending on the 
type of CDNS. The hydrogen-bond network of water molecules 
in the polymeric gel as well as the water–polymer interactions 
are expected to play a crucial role in the progressive sol-to-gel 
phase evolution.
In the present work nanosponge hydrogels obtained by
polymerization of b-CD with an activated derivative of ethyl-
enediaminetetraacetic acid (EDTA) at different CD/EDTA molar
ratios have been le to evolve from gel into sol state upon
gradual increase of the hydration level. At the same time, the
changes observed in the vibrational spectral features assigned
to the O–H stretching and HOH bending bands of water mole-
cules progressively conned in the nano-pores of the polymer
were monitored during the evolution of the system by using
Fourier transform infrared spectroscopy in attenuated total
reectance geometry (FTIR-ATR).

A detailed evaluation of the observed modications in the
OH stretching prole was achieved by decomposition of the
band into individual sub-components associated with different
levels of water connectivity. The experimental ndings are
explained by accounting the fraction of water molecules
involved and not involved in hydrogen-bond tetrahedral
arrangements. As a main result, a cross-over hydration level
from gel to liquid state was observed and correlated with the
other parameters of the system (i.e. the absorption ability of
CDNS and elasticity of the polymer matrix) surprisingly
revealing, once again, the fundamental role played by the molar
ratio n to dene the nano- and microscopic properties of
nanosponge hydrogels.
Materials and methods
A Chemicals

The nanosponges were obtained following a synthesis proce-
dure previously reported.6–8 In order to obtain b-CDEDTA1n
nanosponges, anhydrous b-CD (1.135 g O 1 mmol) was dis-
solved at room temperature in anhydrous DMSO (4 mL) con-
taining 1 mL of anhydrous Et3N. Then, the cross-linking agent
ethylenediaminetetraacetic acid dianhydride was added at
molecular ratios of 1 : n (with n ¼ 4, 6, 8, and 10) under intense
magnetic stirring. The polymerization was complete in few
minutes obtaining a solid that was broken up with a spatula and
washed with acetone in a Soxhlet apparatus for 24 h. The pale
yellow solid was nally dried under vacuum.

The corresponding hydrogel of nanosponges was prepared
by adding the dry samples of b-CDEDTA1n (n ¼ 4, 6, 8, and 10)
to a suitable amount of double-distilled water (Sigma) in order
to obtain different levels of hydration h in the range 1.4–25.8.
The hydration level h is dened as weight ratio H2O/b-CDED-
TA1n. Water containing traces of Rhodamine B dye
(<0.1 mg L�1) was uniquely employed to better visualize the
phase evolution of specic samples in photographs.

All the gel samples were freshly prepared and used for FTIR-
ATR measurements. All these measurements were conducted in
the absence of Rhodamine B.
B FTIR-ATR measurements

FTIR-ATR measurements were performed by means of a
BOMEM DA8 Fourier transform spectrometer, using a Globar
source, a KBr beamsplitter, and a thermo-electrically cooled
deuterated triglycine sulphate (DTGS) detector. Spectra were



Fig. 2 Experimental FTIR-ATR spectra in the O–H stretching region
for b-CDEDTA14 (a) and b-CDEDTA110 (b) hydrogels at h ¼ 2.7 (black
closed squares) and h ¼ 16.4 (red open circles). (c) Experimental FTIR-
ATR spectra in the HOH bending region for the b-CDEDTA18 hydrogel
at h ¼ 2.7 (black closed squares), h ¼ 11.8 (red open circles) and h ¼
20.2 (green closed up triangles).
collected at room temperature in the 400–4000 cm�1 wave-
number range. Samples were contained in a Golden Gate dia-
mond ATR system, based on the attenuated total reectance 
(ATR) technique.33 Each spectrum was recorded in a dry atmo-
sphere, in order to avoid dirty contributions, with a resolution 
of 4 cm�1, and is an average of 100 repetitive scans, so 
guaranteeing a good signal-to-noise ratio and high reproduc-
ibility. No mathematical correction (e.g. smoothing) was done, 
and spectroscopic manipulation such as baseline adjustment 
and normalization was performed using the Spectracalc so-
ware package GRAMS (Galactic Industries, Salem, NH, USA). 
Band decomposition of the O–H stretching spectral range 
(2800–3800 cm�1) was undertaken using the curve tting 
routine provided in the PeakFit 4.0 soware package, which 
enabled the type of tting function to be selected. The strategy 
adopted was to use well-dened shape components of Voigt 
functions with all the parameters allowed to vary upon iteration. 
The statistical parameters were used as a guide to ‘best t’ 
characterized by r2 z 0.9999 for all the investigated systems.
Results and discussion
Fig. 1(a)–(j) show photographs of the phase evolution of a 
sample of the b-CDEDTA14 hydrogel observed as increasing the 
water content with respect to the amount of nanosponge. The 
initially rigid opaque gel (the sample does not ow if turned 
upside down, as evident from Fig. 1(a)), obtained at low 
hydration levels, progressively tends to ow with the increase of 
the water content up to a level at which it becomes a uid 
suspension for high values of h (Fig. 1(j)). The characteristic 
hydration levels h of gelation, as probed by vibrational spec-
troscopy, depend on the type of nanosponge and they are 
generally in the range 2–20.

In Fig. 2(a) and (b), the FTIR-ATR spectra of b-CDEDTA14 
and b-CDEDTA110 hydrogels at two different values of hydra-
tion h ¼ 2.7 and h ¼ 16.4 are reported, in the wavenumber 
region between 2800 and 3800 cm�1, as example.

This specic spectral regime, where typically the O–H 
stretching band of H2O molecules falls, is particularly infor-
mative of the three-dimensional interconnected network of 
hydrogen-bonds in which the molecules of water are 
involved.34,35
Fig. 1 (a–j) Photographs of samples of the b-CDEDTA14 hydrogel 
obtained as increasing the weight ratios H2O/b-CDEDTA14. Note: a 
suitable dye (Rhodamine B) was added to the water solvent in order to 
better visualize the phase changes of the system. The hydration level h 
is reported above each vial.
As is well known,36–38 any spectral variation, in shape and/or
centre-frequency, of the OH stretching prole can be related to
the changes in the characteristic strength, distances and co-
operativity of the hydrogen bond arrangement involving the
water molecules which are attached or conned in the pores of
the CDNS polymeric matrix.

The analysis of the spectra acquired at different h values
points out remarkable changes in the OH stretching prole by
varying the hydration level, as indicated by the arrows in
Fig. 2(a) and (b). This experimental nding suggests a redistri-
bution of water molecules among the different hydrogen bond
sites as changing h. As a general trend, we observe that an
increase of the hydration level corresponds to an enhancement
of the low-frequency contribution of the OH stretching band,
suggesting an increase of the co-operativity in the H-bond
scheme.

These results appear consistent with what already observed
in PMA-nanosponges14 and can be explained by hypothesizing
that by increasing the water content a rst layer of H2O mole-
cules tends to saturate the active sites of the polymer surface,
then rearranging in highly coordinated, bulk-like
environments.

A further conrmation of this interpretation is provided by
the behaviour observed for the HOH bending band of water
molecules which appears as a relative intense and broad band
centred at �1615 cm�1 (Fig. 2(c)). This band, assigned to water
molecules not involved in a symmetric tetrahedral network,39,40

progressively shis towards higher wavenumbers with
increasing h values and, at the same time, decreases in intensity
as shown in Fig. 2(c) for the b-CDEDTA18 hydrogel, as an
example.

The quantitative analysis of the observed O–H proles is
then carried out by the curve tting and deconvolution proce-
dure already described in the literature.41–44 Accordingly, the O–
H stretching prole of water can be decomposed into four
classes of O–H oscillators, corresponding to four transient
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Fig. 4 Percentage intensities Ii of the different spectral contributions
to the O–H stretching band as a function of the hydration level h for (a)
b-CDEDTA14, (b) b-CDEDTA16, (c) b-CDEDTA18, and (d)
b-CDEDTA110 hydrogels. I1: closed squares, I2: closed circles, I3:
closed up triangles, I4: closed down triangles. For each plot, the inset
reports the evolution of the corresponding peak wavenumbers: u1:
open squares, u2: open circles, u3: open up triangles, and u4: open
down triangles.
H-bonded and non-H-bonded structures (Fig. 3). In particular,
the two sub-bands at the lowest wavenumber, namelyu1 andu2,
have been assigned to the symmetric and asymmetric O–H
stretching mode of water molecules arranged in a tetrahedral
network and exhibiting strong hydrogen bonding on both the
hydrogen atoms. The spectral component u3 reects the non-in-
phase O–H stretching mode of tetrahedral arrangements
commonly referred to as ‘bifurcated H-bonds’, originating dis-
torted tetrahedral structures. Finally, the highest wavenumber
sub-band u4 is representative of the O–H mode of water mole-
cules whose H-bond network is, totally or at least partially,
broken.

An example of best curve-tting results is shown for
b-CDEDTA16 and b-CDEDTA18 hydrogels at h ¼ 4.3 and h ¼
20.2, respectively, in Fig. 3(a) and (b).

The presence, in the experimental spectra, of four sub-bands
with the assigned centre-frequencies was suggested by the
analysis of the second derivative proles (not reported here)
that showed four minima approximately corresponding to the
maxima of each band component. This procedure allowed us to
overcome, in a way, the well-known difficulties related to the
possibility of uniquely tting IR band proles.45,46 Finally, we
remark that the protocol adopted here makes use of the
minimum number of parameters, furnishing at the same time
best-ts characterized by r2 � 0.9999 for all the analysed
samples.

Fig. 4(a)–(d) show, for all the investigated b-CDEDTA1n
hydrogels, the evolution of the estimated percentage intensities
Ii (i ¼ 1, 2, 3, and 4) of the different spectral contribution
Fig. 3 Examples of fitting results of the O–H stretching profile for the
b-CDEDTA16 hydrogel at h ¼ 4.3 (a) and the b-CDEDTA18 hydrogel at
h ¼ 20.2 (b). The experimental data (empty squares) are reported 
together with the best-fit (grey line), the deconvolution components 
(indicated in the individual subpanels) and the residuals (blue lines).
representative of the population of each class of OH oscillators
as a function of the hydration h. The insets of each subpanel
report also the behavior of the peak wavenumbers ui as a
function of h. The center frequencies ui are related to the
strength of the corresponding type of H-bonds.

From the inspection of Fig. 4, it clearly appears that an
increase of the water content corresponds to an enhancement of
the population of water molecules arranged in highly coordi-
nated, hydrogen bonded networks (I1 and I2), i.e. bulk-like
contribution. Correspondingly, a decrease of the population of
water molecules involved in less cooperative structures which
are typically associated with water molecules “perturbed” by the
presence of solutes or attached to some interface (I3 and I4), is
found with increasing h. Moreover, a characteristic saturation
effect is observed at the high values of h for the populations
I1 and I4.

For all the analysed samples, any single H-bond environ-
ment is slightly reinforced by increasing the hydration level, as
indicated by the behaviour of the peak wavenumbers ui repor-
ted in the insets of Fig. 4.

These ndings could be explained by invoking an increase in
the pore size of nanosponges, as increasing h, up to a certain
value of the hydration level beyond which the nano-cavities of
CDNS are no longer able to enlarge, despite the fact that other
water molecules are added. This interpretation is consistent
also with small angle neutron scattering measurements recently
performed on the CDNS hydrogel which will be reported
elsewhere.

The conclusion that high values of h induce an enlargement
of pore sizes of nanosponges can be further supported by
previous Raman spectroscopy investigations, aimed at
exploring the inuence of nanoscopic connement on the
vibrational properties of liquid water conned in Gelsil glass
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with pores of different dimensions.47 In that case, a detailed 
evaluation of the observed changes in the O–H stretching prole 
gave evidence that the population associated with fully tetra-
hedrally hydrogen bonded water molecules is lower in the case 
of water conned in Gelsil 75 Å with respect to Gelsil 200 Å, 
allowing us to hypothesize that enlarging pore diameter 
produces on the connectivity pattern of water an effect similar 
to that obtained by lowering temperature.

In order to give a more synthetic view of the phenomena, we 
consider the intensities (I1 + I2) and (I3 + I4) which are repre-
sentative of the population of the bulk-like (i.e. tetra-coordi-
nated) and not bulk-like water molecules, respectively. The 
behaviour of these quantities is reported as a function of 
hydration h in Fig. 5(a)–(d) for all the analysed b-CDEDTA1n 
hydrogel. The experimental data were tted by using a simple 
second-order polynomial function (dashed lines in Fig. 5) which 
well describes the evolution of the experimental points.

The curves reported in Fig. 5 clearly give evidence of the 
existence of a characteristic crossover point. Such point is 
indicative of the experimental conditions where the tetrahedral 
arrangements of the water molecules become favoured with 
respect to the structures having connectivity less than four 
(vertical lines in panels of Fig. 5). An estimation of the hydration 
level hcross at the cross-over condition can be obtained directly 
from the curves of Fig. 5 for each of the investigated hydrogels. 
hcross can be seen as a descriptor of the maximum hydration 
level above which the pores of the nanosponge are saturated. At
Fig. 5 Percentage intensities I1 + I2 (closed squares) and I3 + I4 (open 
circles) of the spectral contributions to the O–H stretching band, as a 
function of the hydration h, for (a) b-CDEDTA14, (b) b-CDEDTA16, (c) 
b-CDEDTA18, and (d) b-CDEDTA110 hydrogels. The vertical lines
indicate the value estimated for hcross (see text for details).
higher water content, H2O molecules tend to rearrange in more
cooperative, bulk-like networks, due to the lack of available
space inside the pores of the polymeric matrix. Correspond-
ingly, for h > hcross the phase transition from a rigid gel-forming
system to a uid suspension is observed, as revealed in the
photographs of Fig. 6.

In Fig. 7, the estimation of hcross is reported as a function of
the parameter n which represents the molar ratio between
cross-linking agent EDTA and the monomer CD used in the
synthesis of the nanosponge polymer matrix.

Two different regions corresponding to a phase of a rigid
gel state and uid suspension can be identied for h < hcross and
h > hcross, respectively, as evidenced in Fig. 7.

Interestingly, the plot shown in Fig. 7 points out an inversion
point in correspondence of a 6-fold excess of cross-linker with
respect to CD, closely recalling what has already been observed
on different classes of nanosponges by low-frequency Raman,
Brillouin and FTIR-ATR experiments, in dry and gel states.
Considering the dry CDNS9–13,16 the six-fold excess of the cross-
linking agent with respect to CD corresponded to the maximum
extent of bond connectivity and stiffness of the polymers. A
further excess of the cross-linking agent was shown to provide
branching of cyclodextrin units rather than a further increase of
the polymerization. Upon hydration,14,15 it was found that the
molar ratio n ¼ 6 corresponds also to the formation of the most
strongly interconnected hydrogen-bonded network in the
hydrogel.15 On the other side, higher values of n were found to
decrease the degree of the hydrogen bond network due to the
destructuring effects associated with the increased steric
hindrance of the polymeric network introduced by the excess of
cross-linker.

The plot of Fig. 7 seems to indicate that the saturation of the
connement sites of water (i.e. the pores of the nanosponge) is
reached, in the case of n¼ 6, at lower hydration levels with respect
to the other nanosponges. This means that the b-CDEDTA16
nanosponge is able to entrap much less water with respect to, for
Fig. 6 Photographs of different phase behaviour for b-CDEDTA1n
hydrogels as increasing the level of hydration h. Note: a suitable dye
(Rhodamine B) was added to the water solvent in order to better
visualize the phase changes of the system.
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Fig. 7 Crossover hydration level hcross estimated for nanosponge
hydrogels as a function of the parameter n.

Fig. 8 Percentage intensities I1 + I2 reported as a function of themolar
ratio n for different values of hydrations h, as indicated in the panel.
example, b-CDEDTA18 while b-CDEDTA14 and b-CDEDTA110
nanosponges appear to be the most absorbent polymers.

Two possible explanations to this occurrence can be given.
On one side, the reduced ability of the b-CDEDTA16 nano-
sponge to adsorbing water can be ascribed to its highest
rigidity, as proved by previous Brillouin and Raman measure-
ments.10,16 As a consequence, water molecules show reduced
capability to enlarge the pores and a lower number of H2O
molecules are conned. Another reasonable hypothesis could
be that the pores of the b-CDEDTA16 nanosponge may have
smaller dimensions with respect to the other samples, as
b-CDEDTA16 exhibits the highest cross-linking degree.

The interplay between the two factors reported above is
currently being investigated by small angle neutron scattering 
and will be reported elsewhere.

Finally, a discussion of the behaviour, as a function of n, of
the percentage intensities I1 + I2 at different hydration levels h is 
worth of mention.

In Fig. 8 an estimation of the quantity I1 + I2 is plotted, as a 
function of the parameter n, for each investigated hydration 
level h.

The maximum value of I1 + I2, i.e. the maximum value of the 
population corresponding to tetrahedral contributions, is 
always reached at n ¼ 6. That is, whatever the hydration level is 
considered, at least in the explored h-range, the tetrahedral 
network of water molecules becomes prevalent in the 
b-CDEDTA16 nanosponge with respect to the others. This
nding conrms that the properties observed for n ¼ 6 in ester-
based CDNS are deeply related to the structure of the polymeric
network as obtained by the synthetic process.
Conclusions

Direct evidence of gel–sol phase transition in a new class of 
cyclodextrin-based hydrogel is given by monitoring the changes 
occurring in the vibrational dynamics of the system during its 
evolution.
The hydration of cyclodextrin nanosponges with progressively
increasing amounts of water allowed us to follow the transition of
the polymers from a state of a rigid gel into a liquid suspension.
At the same time, measurements of the spectral changes occur-
ring in the O–H stretching and HOH bending prole of water
molecules progressively conned in the nano-pores of CDNS
were carried out by using Fourier transform infrared spectros-
copy in attenuated total reectance geometry (FTIR-ATR). To this
end, best-tting and deconvolution procedures were employed
for the separation of spectral components contributing to the O–
H stretching band in order to account the connectivity pattern of
water molecules concurring to the gelation process of CDNS.

The experimental data give evidence that the increase of the
hydration level in nanosponges is accompanied by an
enhancement of the population of H2O molecules engaged in
tetrahedral-coordinated hydrogen-bond networks. This cong-
uration becomes dominant with respect to the no bulk-like
contributions above a characteristic cross-over hydration level
hcross. As a main result, this crossover was demonstrated to be
strictly correlated with the macroscopic properties of the system
(i.e. the absorption ability of CDNS and rigidity of the corre-
sponding hydrogel network) and to be strongly dependent, on
the cross-linking agent/CD molar ratio.

These ndings suggest the existence of a specic phase
diagram of the cyclodextrin nanosponge hydrogels, where the
parameter n plays a fundamental role in dening the nano- and
microscopic properties of the system. Finally, these results
provide a novel contribution to the rational comprehensive view
of the chemical–physical interactions controlling the behaviour
of self-assembled cyclodextrin-based systems over different
length scales. Future efforts will be devoted to the study of the
rheological properties of these hydrogels in order to better
dene their macroscopic mechanical properties.
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