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Vibrational signatures of the water behaviour
upon confinement in nanoporous hydrogels

B. Rossi,*ab V. Venuti,c A. Mele,d C. Punta,d L. Melone,de F. D’Amico,a A. Gessini,a

V. Crupi,b D. Majolino,b F. Trottaf and C. Masciovecchioa

The fundamental question of how the reorganization of the hydrogen-bond (HB) network of water is

influenced by the combination of nano-confinement and hydrophobic/hydrophilic solvation effects is

addressed here using a spectroscopic study of water absorbed in a model, pH-sensitive polysaccharide

hydrogel. The effects of temperature, hydration level and pH on the vibrational dynamics associated

with the water molecules and the polymer skeleton are disentangled and analysed by a complementary

and combined use of UV-Raman scattering and IR spectroscopy. The experimental data give evidence

that the solvation effects in the hydrogel matrix are essentially dominated by the hydration of more

hydrophobic parts of the polymer network, while the effect of pH on the HB reorganization of confined

water molecules is found to be similar to that induced by cooling of the system. A tentative explanation

of these results has been provided in terms of interplay between different kinds of interactions, i.e.

hydrophobic vs. hydrophilic.

Introduction

The behaviour of water in the proximity of hydrophobic and
hydrophilic groups of a molecule plays a fundamental role in
determining several bio-relevant mechanisms such as solvation
of solutes, aggregation processes, gelation phenomena and self-
assembly of macromolecules. It is well established from many
years of research that both the structure and the dynamics
of water molecules are strongly modified by the presence of
surfaces and molecular chemical sites.

Concerning the first issue, it was experimentally demon-
strated that the structural and dynamic features of confined
water are different from those exhibited by bulk water.1–8 The
presence of surfaces induces both a change in the rearrange-
ment of the hydrogen-bond (HB) network of water molecules and
modifications of the water molecular motion.1,9 Different pro-
perties of confined water, especially within nanoscale spaces,

depend on the chemical characteristics of the cavity surface,
the confinement dimensions, and temperature and pressure
conditions.10–12

Concerning the behaviour of water around chemical sites,
experimental and numerical studies have found that water
molecules undergo cooperative restructuring processes of their
HB network in the hydration layers surrounding hydrophobic
and hydrophilic portions of biomacromolecules.13–15 The influence
of small and large molecules on the surrounding solvent molecules
has been described in terms of both destructuring/restructuring
effects on the whole HB assembly of water molecules16 and change
in the local dynamics of the solvent at different chemical sites.17–20

Recently, we used oligosaccharide based hydrogels as model
systems to study the effect on the HB dynamics of water21–24 of
two factors, i.e. (i) the nano-scale confinement of water and (ii)
the presence of hydrophobic/hydrophilic portions at the inter-
face with the solvent. These systems consisted of a nanoporous
hydrogel matrix obtained after polymerization and swelling of
b-cyclodextrin, affording a class of cross-linked polymers referred
to as cyclodextrin nanosponges (NSs).25 The polymerization of
cyclodextrins (CDs) is generally carried out with suitable polyfunc-
tional cross-linking (CL) agents and leads to a three-dimensional
covalent network characterized by the presence of the hydro-
phobic cavity of the CD units and more hydrophilic pores of the
cross-linked polymer.26 The polymer matrix of NSs has shown to
be able to retain large fractions of water within its structure,
affording homogeneous gel phases.27 Besides their potential
practical applications as nano-carriers of bioactive agents,28,29

the study of the behaviour of water entrapped in NS hydrogels
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can provide new fundamental insights into the water–water and
water–polymer interactions in soft confining systems. This is due
to the simultaneous presence of hydrogen bond donor/acceptor
groups in the polymer skeleton, as well as due to the presence of
nano-spaces where water can be confined.21–23 The versatility of
NS polymers allows one to tune the hydrophilicity/hydrophobi-
city balance of the polymer groups by acting on some parameters
during the synthetic procedure.30–34 Moreover, it has been recently
demonstrated that the water-retaining ability of NS hydrogels is pH
sensitive.24,26 These findings prompted us to use NS hydrogels as
soft confining media for investigating the HB dynamics of water
upon confinement.

In the liquid phase, water develops a complex network of HB
links. The network is characterized by the presence of ordered
regions, i.e. tetrahedral H-bonded structures, and a large amount
of ‘‘closed structures’’, i.e. regions of defective hydrogen bonds.35

This intricate intermolecular network is constantly rearranging
(breaking and reforming) depending on the temperature condi-
tions and the perturbation induced by the presence of hydro-
phobic/hydrophilic chemical groups. Vibrational spectroscopy is
a powerful tool for probing the three-dimensional network of
hydrogen bonds in liquid water. The vibrational modes of H2O
are sensitive to the levels of connectivity of the solvent molecules
with their neighbours.6–39 IR and Raman spectroscopy can be
conveniently employed for the quantitative evaluation of the extent
of perturbation on water organization due to the combination of
confinement effects3,4,6–8 and interactions with hydrophobic/
hydrophilic portions of the confining polymeric matrix.15–17,19

In the past few years, it was shown that the combination of
UV-Raman scattering experiments and FT-IR spectroscopy is a
simple strategy to separate the spectral response arising from the
polymer matrix and the water molecules.21–24 The separate
analysis of the vibrational dynamics associated with confined
water molecules and the polymer skeleton thus provides new
insights into the interplay of different types of HB interactions
that coexist in hydrogel phases.21,24

In this paper, we focus on the vibrational signatures of the
reorganization of the HB network of water upon confinement in
the nano-sized cavities of the polymeric matrix whose surface
present both hydrophobic and hydrophilic sites. To this aim, a
recently developed pH-sensitive NS hydrogel24 employed as a
water confining matrix is used. Such systems show different
swelling properties depending on the pH of the hydrating starting
solution. The spectral modifications of intra- and inter-molecular
vibrations associated with the HB network of H2O and specific
hydrophobic/hydrophilic groups of the polymer skeleton are
studied as a function of temperature, hydration level and pH.
Particular attention is devoted to the frequency and intensity
evolution of the bending mode of H2O that is well detected in
IR spectra.40,41 The structural properties of liquid water can be
reliably described by the analysis of the spectral modifications of
the bending mode of H2O with respect to the usual analysis
performed on the OH stretching profile of H2O. Although a non-
unique behaviour has been found for the HOH bending mode
of water upon confinement,3,4,6,8 the comparison of UV-Raman
and FTIR-ATR spectra of the NS hydrogel, here presented and

discussed, provides information on the behaviour of water as a
function of the size of the confining cavities in a model
hydrogel. These results are in turn interpreted in the light of
the fundamental question of how much HB water dynamics is
affected by confinement effects rather than by the presence of
hydrophobic/hydrophilic portions at the solvent interface.

Experimental
A Preparation of nanosponge hydrogels

b-Cyclodextrin nanosponge polymers were prepared by reacting
b-cyclodextrin (b-CD), dissolved in anhydrous DMSO and in the
presence of anhydrous Et3N, with the cross-linking agent
pyromellitic anhydride (PMA) at room temperature for 3 hours
under intense stirring. The cross-linker PMA was added at 1 : 4
molecular ratios with respect to the monomer CD. Thus, the
corresponding polymers can be referred to as b-CDPMA14,
where the digits refer to the b-CD/PMA molar ratio. The
obtained polymer was crushed in a mortar and purified by
washing with 0.2 M HCl(aq) (3 times) and deionized water
(5 times), and finally dried under vacuum affording a homo-
geneous powder. Subsequently, b-CDPMA14 hydrogels were
prepared by adding suitable amounts of double-distilled water
(Sigma) to the dry polymer in order to obtain the desired level
of hydration h (where h is defined as water/NS weight ratio).
Suitable amounts of anhydrous Na2CO3 were added to the
hydrating water solution (5, 10, 15, 20 and 25% w/w) achieving
the final pH of 8.5, 8.9, 9.2, 9.7 and 10.1, respectively, in the gel
phase. After this procedure, a perfectly homogeneous and
transparent gel without any visible phase separation or solid
particles was obtained in about one hour time.

For FTIR-ATR measurements an additional set of nano-
sponge hydrogel samples was prepared by hydration of the
dry polymer b-CDPMA14 with deuterated water D2O, following
the same procedure described above. Also in this case the final
pH of the gel phase was adjusted by adding suitable amounts
of Na2CO3 (5, 10, 15, 20 and 25% w/w) to D2O used for the
hydration.

All the gel samples were freshly prepared and used for IR
and Raman measurements.

B FTIR-ATR absorption measurements

FTIR-ATR measurements were performed in the temperature
range of 250–350 K on nanosponge hydrogels prepared as
described in the previous section. The IR spectra were collected
in the 400–4000 cm�1 wavenumber range on a Bomem DA8
Fourier transform spectrometer, operating with a Globar
source, in combination with a KBr beamsplitter and a DTGS/
KBr detector. The samples were contained in the Golden Gate
diamond ATR system, just based on the ATR technique. The
spectra were recorded in a dry atmosphere, in order to avoid
dirt contributions, with a resolution of 4 cm�1, automatically
adding 100 repetitive scans in order to obtain a good signal-to-
noise ratio and high reproducibility. All the IR spectra were normal-
ized for taking into account the effective number of absorbers.
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No mathematical correction (e.g., smoothing) was done, and
spectroscopic manipulations such as baseline adjustment and
normalization were performed using the Spectracalc software
package GRAMS (Galactic Industries, Salem, NH, USA).

C UV-Raman scattering measurements

UV-Raman scattering measurements were performed at the
BL10.2-IUVS beamline at the Elettra Synchrotron Laboratory
in Trieste by exploiting the experimental set-up described in
ref. 42. The Raman spectra were excited at 266 nm and collected
in a back-scattered geometry by using a triple stage spectro-
meter (Trivista, Princeton Instruments). The experimental reso-
lution was set to 5 cm�1 in order to ensure enough resolving
power and count-rate. To minimize potential photodecomposi-
tion of the gels resulting from UV radiation exposure, the sample
cell was subjected to slow continuous spinning during the
running of measurements in order to vary the illuminated
sample volume through the exciting radiation beam. Polarized
parallel (IVV) and perpendicular (IHV) Raman spectra were acquired
at room temperature. The isotropic Raman intensity has been

obtained according to the relation: IISO ¼ IVV �
4

3
IHV.

Results and discussion
A Hydration-effect on hydrophobic/hydrophilic groups of the
hydrogel matrix

In Fig. 1(a) the isotropic Raman signals obtained for b-CDPMA14
hydrogels at different hydration levels h are shown in the
wavenumber region between 1450 and 1800 cm�1.

As largely discussed in previous studies,21,22,24 the isotropic
Raman spectrum of the NS hydrogel in this wavenumber range is
dominated by the spectral signals arising from the polymer matrix.

Then, the analysis of the frequency, shape and intensity modifica-
tions of Raman peaks reported in Fig. 1(a) gives information
mainly on the molecular perturbation occurring on specific
chemical groups of the polymer skeleton when surrounded by
water molecules.

The two peaks at 1554 cm�1 and 1610 cm�1 in the spectra
shown in Fig. 1(a) have been associated with Raman active
modes involving the aromatic moiety of PMA units of the
nanosponge polymer network,21,22,24 n(CQC)1 and n(CQC)2,
respectively. More specifically, the n(CQC)1 vibrational mode
has been assigned to the ring breathing motion of PMA, while
n(CQC)2 is assigned to the combination of stretching vibra-
tions of the aromatic CQC bonds and bending of the C–H
groups on the PMA unit,21,24 as illustrated in the sketches in
Fig. 1(a). Conversely, the broad asymmetric band centred at
about 1730 cm�1 is assigned to the stretching vibrations of the
CQO groups of the PMA residues and it is generally indicated
as n(CQO).34 As expected, in the UV-Raman spectra of Fig. 1(a)
the intensity of the peaks corresponding to n(CQC)1 and
n(CQC)2 is significantly enhanced with respect to the vibra-
tional features observed in the Raman spectra excited with
visible light,34 due to the UV resonance effects.21,24 This condition
provides us with greater sensitivity to the spectral modifications
occurring in the vibrational signals selectively associated with the
hydrophobic aromatic moiety of the NS polymer network.

The isotropic spectra reported in Fig. 1(a) point out the
marked enhancement of the intensity of the mode n(CQC)1, as
a consequence of the increase of the water content in NS
hydrogels. At the same time, no significant spectral modifica-
tions can be detected for the Raman bands associated with
n(CQC)2 and n(CQO) upon increasing h. These experimental
findings are better highlighted by introducing the difference
spectral intensities Idiff (Fig. 1(b)) that have been calculated as:

Idiff(h) = I(h) � I(h = 4) (1)

where I(h) is the isotropic Raman spectrum of the NS polymer
hydrated at hydration level h and I(h = 4) is the curve collected
on the NS hydrated at h = 4, which corresponds to the lowest
value of hydration measured.

The hydration-dependence observed for the mode n(CQC)1

in the UV Raman spectra of NS hydrogels is quite expected, on
the basis of previous results obtained for similar NS hydro-
gels.21 It has been explained in terms of establishment of a HB
of type C–H� � �O–H between the activated CH groups of the
aromatic ring of PMA and the water molecules confined in the
pores of the hydrogel matrix and surrounding the functional
groups of NS. The remarkable sensitivity to the hydration level
exhibited by the mode n(CQC)1 compared to n(CQC)2 supports
the directional character of the C–H� � �O–H interactions, con-
sistent with what is expected from a genuine hydrogen bond.

In order to gain more quantitative indications about how the
intensity of Raman mode n(CQC)1 depends on the hydration
level h, the isotropic Raman spectra have been fitted by using a
combination of Kubo–Anderson functions, as described in
detail in ref. 21 and 24. In Fig. 2(a), an example of best-fitting
results is shown for the experimental curves corresponding to

Fig. 1 (a) Hydration-evolution of isotropic Raman profiles for the
b-CDPMA14 nanosponge hydrated with H2O + Na2CO3 10% w/w
(pH = 8.9). The sketches reported in the graph illustrate the vibrational
modes associated with the Raman signals n(CQC)1 and n(CQC)2. (b)
Difference spectral intensities Idiff obtained as described in the text at various
hydration values h.
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the NS polymer hydrated at h = 4 (orange line) and h = 8
(blue line). The spectral components reproducing the modes
n(CQC)1 for the two experimental profiles reported in Fig. 2(a)
are evidenced as coloured areas. As mentioned above, the
intensity of the vibration n(CQC)1 can be used as a spectro-
scopic descriptor of the perturbation induced by water mole-
cules on the vibrational dynamics of the CH groups of PMA in
the NS polymer network.21

Fig. 2(b) shows the hydration-evolution of the intensity of
mode n(CQC)1 normalized to the intensity of n(CQC)2, i.e. the
peak area ratio I(CQC)1/I(CQC)2 estimated by the fitting
procedure of experimental spectra. The plot of Fig. 2(b) gives
evidence that the pH-sensitive NS hydrogels considered in this
work exhibit, upon increase of hydration of the polymer, a
behaviour similar to that found for other PMA-based nano-
sponge hydrogels.21 In fact, for h 4 5, the ratio I(CQC)1/I(CQC)2

becomes practically hydration-independent, thus suggesting that
the dynamic perturbation induced on C–H groups of PMA by
water tends to vanish at higher hydration levels.

Different from what was observed in the case of non-pH
sensitive NSs,21 the intensity of the mode n(CQO) associated
with the carbonyl groups present in the polymer network does
not change as a function of the water content of hydrogels. This
finding further supports the conclusion that in the case of
pH-sensitive NS hydrogels the solvation effects are essentially
dominated by the interactions established between the CH groups
located in the hydrophobic part of the polymer (the PMA connector)
and the surrounding water molecules.24

Based on the results illustrated in Fig. 2(b), a fixed hydration
value of h = 4 has been chosen for studying the effects of
temperature and pH on the vibrational spectra of NS hydrogels.
As a matter of fact, the tuning of water content of hydrogels

below the critical hydration level h = 5 ensures that the system
is far from saturation of the water confinement sites, indeed
occurring at higher hydration levels.

B Temperature-evolution of FTIR-ATR spectra

Fig. 3(a) and (b) show the temperature-evolution of the FTIR-
ATR spectra collected for the NS polymer hydrated at h = 4
(pH = 8.9) in two distinct spectral regions, i.e. 2700–3900 and
1400–1800 cm�1. In these specific wavenumber windows, the
characteristic intra-molecular OH stretching band and the
HOH bending mode of water molecules engaged in the polymer
network can be detected.

As already mentioned,36–39 these vibrational features of
water are very sensitive to the different H-bonding environ-
ments developed by H2O molecules43 in the bulk and the
confined state and they appear more intense in the IR spectra
than in Raman spectra.

The spectral modifications exhibited by the profiles of
Fig. 3(a) with increasing temperature are consistent with the
trend observed for the OH stretching mode of bulk water and
widely reported in the literature.38,40,41 In particular, the shift
towards higher wavenumbers and the corresponding reduction
of the low-frequency shoulder observed for the broad profile of
the OH stretching band have been related to the decrease of the
population of ordered tetrahedral H-bonded structures of H2O
molecules, due to the thermal motion.36,38 At the same time,
the temperature-evolution of the HOH bending mode of water
can be followed in Fig. 3(b). Although this vibration (falling at
about 1640 cm�1) appears convoluted in the spectra of hydro-
gels with the signals arising from the NS polymer, a red shift
and peak sharpening with increasing temperature can be
recognized in the IR spectra. The temperature response is thus
opposite to that shown by the OH stretching band of water, and
it has been observed in bulk water,38 in the case of aqueous

Fig. 2 (a) Experimental isotropic Raman spectra of the b-CDPMA14
hydrogel hydrated with H2O + Na2CO3 10% w/w at h = 4 (orange line)
and h = 8 (blue line), reported together with the best fits (wine and cyan
lines) obtained for the two spectra. The stretching modes n(CQC)1 are
shown as pink and cyan coloured area, respectively, for the two experi-
mental profiles. (b) Hydration-dependence of the I(CQC)1/I(CQC)2 area
ratio estimated for the b-CDPMA14 hydrogel. Dotted lines are guide to the
eye to highlight the h-evolution.

Fig. 3 Temperature-evolution of the infrared spectra obtained for the
b-CDPMA14 nanosponge hydrated with H2O + Na2CO3 10% w/w (pH = 8.9)
at h = 4 in the spectral ranges (a) 2700–3900 cm�1 and (b) 1400–1800 cm�1.
The arrows indicate the increase of temperature.
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solutions of sugars16 and in water confined in zeolitic
frameworks.6

C Analysis of HOH bending mode of water

The temperature-dependence of HOH bending mode of water
was carefully analysed by isolating such mode from the total IR
experimental profile of NS hydrogels. The isolation of the water
bending mode can be achieved by a strategy already success-
fully applied on similar gel systems and detailed in ref. 22.

Fig. 4(a) compares the IR spectra collected on samples of the
NS polymer hydrated with water and deuterated water at the
same hydration level (h = 4) and under the same pH conditions.
As expected, the spectra of hydrogel prepared with D2O exactly
reproduce the vibrational signals arising from the hydrated
polymer matrix but without the presence of the HOH bending
mode of engaged water molecules.

This suggests us to use the spectra of NSs hydrated with D2O
for obtaining a reliable estimate of the vibrational contribution
associated with the polymer matrix in the complex spectra of
hydrogels. Starting from the fitting of the D2O-hydrogel spectra,22

the vibrational modes of NSs, falling in the spectral region 1500–
1800 cm�1, have been modelled as a sum of four Voigt func-
tions.22,44 The spectral components found in this way for the NS
modes (grey colored area in Fig. 4(b)) have been then subtracted
from the experimental IR spectra of NSs hydrated with H2O,
providing the so-called NS-free spectrum. This spectral profile

contains only the vibrational contribution arising from the water
molecules confined in the pores of the NS hydrogel matrix. The
panels of Fig. 4(b) display an example of NS-free spectra obtained
by following the strategy described above for NS hydrogels at two
different temperatures, where the vibrational feature corres-
ponding to the HOH bending mode of water is evident.

The temperature-evolution of the HOH bending mode iso-
lated in the NS-free spectra is shown in Fig. 4(c). From inspec-
tion of the curves, it firstly appears that the HOH bending mode
of water at 250 K shows a characteristic Gaussian-like shape
different from the nearly flattened profile typically exhibited by
polycrystalline ice at the same temperature.8,38,45 This suggests
the presence of H2O molecules confined in the polymer network
of NSs that are in a liquid-like state even below the nucleation
temperature where usually the bulk water crystallizes.38,45 This
behaviour, recalling the trend found for the water molecules
confined in different kinds of nano-porous organic and inorganic
systems,8,22,46,47 is consistent with the conclusion that water can
be strongly confined in the nano-cavities of the polymer network
of this type of pH-sensitive NS hydrogel.

Fig. 4(c) also points out that the temperature-evolution of
HOH bending mode of water in NS hydrogels follows the same
red-shift and an increase of intensity observed for bulk water.38

This behaviour has been interpreted in terms of reduced
population of ordered tetrahedral H-bonded structures of water
molecules due to the thermal motion,38 and it is in agreement

Fig. 4 (a) Infrared spectra obtained for the b-CDPMA14 nanosponge hydrogel hydrated in H2O + Na2CO3 10% w/w (line) and D2O + Na2CO3 10% w/w
(symbols) at 250 K. (b) An example of the best fit for b-CDPMA14 hydrated with H2O + Na2CO3 10% w/w at h = 4 and two different temperatures. The
NS-free spectra (yellow lines) are obtained by subtracting the vibrational contribution of nanosponges (grey colored area) estimated from the multiple
Voigt function curve fitting procedure (see text for details). (c) Temperature-evolution of NS-free spectra obtained for the b-CDPMA14 nanosponge
hydrated with H2O + Na2CO3 10% w/w (pH = 8.9) at h = 4 in the spectral range 1600–1700 cm�1. The arrow indicates the increase of temperature.
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with the trend already discussed for the OH stretching mode of
water in hydrogels (see Fig. 3(a)).

The distribution of different water species in NS hydrogels
with increasing temperature can be conveniently studied by
monitoring the frequency position of the HOH bending mode
of water oHOH. This descriptor can be used for the quantitative
evaluation of the destructuring effects induced by thermal
motion on the HB network of water molecules.

Fig. 5 shows the temperature-dependence of the frequency
position oHOH extracted by the analysis of NS-free spectra obtained
for NS polymers hydrated under different pH conditions.

The data reported in Fig. 5 show a linear relationship
between oHOH and T, for all of the pH values considered.
Interestingly, the slope of the plots reported in Fig. 5 does
not depend on the pH values. This appears evident by inspect-
ing the temperature-decrease of the rescaled frequency position
oHOH(T)resc (inset of Fig. 5), obtained as:

oHOH(T)resc = oHOH(T) � oHOH(T = 250 K) (2)

By rescaling the position of bending mode for the value of
frequency oHOH measured at 250 K, the data merge in a single
linear master curve, as shown in the inset of Fig. 5. This finding
leads to the conclusion that the extent of destructuring effects
on the HB pattern of confined water molecules, induced by
thermal motion, is not affected by the pH. This behaviour is
opposite to that brought about by the change in the cross-
linking degree of the polymer network observed for similar NS
hydrogels.22 In the latter case, the slope of the linear regression
of oHOH vs. T showed a clear dependence on the cross-linking
degree of the polymer network, with the maximum value
observed for the highest reticulated NS.

The linear regression lines of Fig. 5 suggest a constant, pH
independent entropic contribution characterizing the HB rearrange-
ment of water molecules inside the gel network of nanosponges.

From the experimental viewpoint, this confirms that the spectral
features of HOH bending mode of water in these systems are closely
and selectively connected to the properties of water confined in the
polymeric backbone, thus representing an important investigation
tool so far seldom exploited.

D Effect of pH on HB reorganization of confined water

The linear plots reported in Fig. 5 display an increasing value of
the intercept as a function of pH in the gel phase, indicating
that the fraction of ordered (tetrahedral) water species present
in the NS hydrogel network tends to grow at the expense of the
‘‘closed structures’’ of H2O molecules at high pH values.

The superimposition of the NS-free spectra obtained at
250 K for the NS polymer hydrated at different pH values is
reported in Fig. 6.

The graph also shows the blue-shift and the intensity
decrease of the HOH bending mode of water confined in NS
hydrogels with increasing pH, recalling the effect induced by
cooling of the system on the vibrational features of water.
To the best of our knowledge, this pH-temperature superposi-
tion effect is unprecedented. Interestingly, the cooling effect
(i.e. blue-shift of oHOH) carried out by pH changes is observable
especially at basic pH (see inset of Fig. 6). A clear-cut inter-
pretation of the pH-induced blue-shift can be hardly proposed
at this stage, however the important issue of modulation of the
hydrophobic/hydrophilic ratio in the polymer backbone should
be addressed. In particular, the following points should be kept
in mind to find a rationale: (i) the hydrophobic/hydrophilic
balance in the polymer backbone is affected by the pH of the
medium due to the change in the ionization degree of the COOH
groups in the polymer. Moving towards basic conditions, the
dangling COOH groups originated by the polymerization of pyro-
mellitic anhydride with cyclodextrin progressively turn into the
anionic form. The literature pKa values of pyromellitic acid – 1.8,

Fig. 5 Temperature-dependence of the frequency position of the HOH
bending mode of water oHOH obtained for the b-CDPMA14 nanosponge
hydrogel hydrated at different pH values. Continuous lines are linear fit of
the data. The arrows indicate the increase of pH measured in the hydrogel.
Inset: frequency position oHOH(T) rescaled for oHOH(T = 250 K) as described
in the text. The dashed lines represent the minimum and maximum slope
of the data.

Fig. 6 NS-free spectra, reported in the spectral range 1550–1750 cm�1,
obtained at 250 K for the b-CDPMA14 nanosponge hydrated under
different pH conditions. Inset: Frequency position of the bending mode
oHOH estimated at 250 K as a function of pH measured in the b-CDPMA14
nanosponge hydrogel.
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2.8, 4.5 and 5.8, in the order – confirm this conclusion. (ii) In a
parallel way, the hydrophobicity of the aromatic parts of the
polymer is reduced with increasing pH. Indeed, we have recently
reported that the accessibility of water to the aromatic ring of the
cross-linker in PMA based nanosponges grows on passing from
the acid to the alkaline conditions. This conclusion was based on
the analysis of the vibrational dephasing time (tdeph) associated
with the n(CQC)1 vibration mode24 (see Section A of Results and
discussion). The two factors discussed above point towards the
enhancement of the hydrophilic characteristic of the nanosponge,
and are related to the replacement of ‘‘closed structures’’ of H2O
molecules by ordered (tetrahedral) water species.

The change in the ionization state of the COOH groups has
another important consequence. As stated before, higher pH
values result in higher frequency of the water bending mode
oHOH. This finding mirrors the cooling-effect on the same
vibrational feature observed for H2O adsorbed onto zeolitic
frameworks. In such a case it underlined a relationship
between oHOH and the size of the pores where the water
molecules were confined in the solid matrix. The population
of water molecules involved in the extended, transient HB with
a high degree of connectivity was proved to increase, even upon
confinement, as a consequence of the enlargement of the nano-
pores of the confining matrix.6 Accordingly, the data in Fig. 6
suggest that high pH values in NS hydrogels lead to a possible
enlargement of the hydrogel network mesh size,48 thus favouring
the enhancement of the swelling capability of the system.24,26 We
are currently checking this hypothesis by small angle neutron
scattering measurements at variable pH values. This behaviour is
likely to be related to the deprotonation of carboxylic groups of the
NS polymer under basic conditions, which causes the electrostatic
repulsion of negative charges in the network and thus the increase
of the pore volume available for the water molecules during the
swelling process.48

This conclusion seems to establish a link between the mole-
cular effects of the pore enlargement in NS hydrogels that can be
efficiently controlled by varying the pH of hydration, and the
macroscopic properties of swelling exhibited by the polymer.

Conclusions

This paper deals with the case study of water confined in the
hydrophilic cavities of pH-sensitive cyclodextrin nanosponge
(NS) hydrogels. The vibrational signatures of the reorganization
of the HB network of water molecules and the solvation-effects
on hydrophobic/hydrophilic groups of the polymer backbone in
the hydrogel state are disentangled and selectively followed at
variable temperatures, hydration levels and pH of the system.
In the case of pH-sensitive NS hydrogels, the solvation effects
are essentially dominated by the hydrophobic hydration of the
more hydrophobic parts of the NS structure. This outcome
suggests the importance of regulating the hydrophobic/hydro-
philic balance of chemical groups in the polymer network to
achieve a suitable tuning of the solvation properties in the NS
hydrogel. Secondarily, the detailed analysis of HOH bending

mode of water evidences a clear influence of pH on the HB
reorganization of confined water molecules that tend to
develop an increasing number of ordered tetrahedral struc-
tures, even upon confinement, at high pH values. A possible
rationale is related to two different factors: the enhancement of
hydrophilic components of the polymeric backbone and the
enlargement of pores in NS hydrogels, occurring under basic
conditions and leading to the enhancement of the swelling
ability observed at a macroscopic level.
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