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The molecular connectivity and the extent of hydrogen-bond patterns of water molecules confined in
the polymer hydrogels, namely, cyclodextrin nanosponge hydrogels, are here investigated by using
vibrational spectroscopy experiments. The proposed spectroscopic method exploits the combined
analysis of the vibrational spectra of polymers hydrated with water and deuterated water, which
allows us to separate and selectively investigate the temperature-evolution of the HOH bending mode
of engaged water molecules and of the vibrational modes assigned to specific chemical groups of the
polymer matrix involved in the physical interactions with water. As main results, we find a strong
experimental evidence of a liquid-like behaviour of water molecules confined in the nano-cavities
of hydrogel and we observe a characteristic destructuring effect on the hydrogen-bonds network
of confined water induced by thermal motion. More interestingly, the extent of this temperature-
disruptive effect is found to be selectively triggered by the cross-linking degree of the hydrogel
matrix. These results give a more clear picture of the molecular mechanism of water confinement
in the pores of nanosponge hydrogel and open the possibility to exploit the spectroscopic method
here proposed as investigating tools for water-retaining soft materials. © 2015 AIP Publishing
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. INTRODUCTION

In recent years, a growing number of natural and synthetic
polymer-based scaffolds have been implemented in most areas
of regenerative medicine and tissue engineering in combined
advanced technologies for replacing damaged or missing parts
of living tissues.'™ In particular, hydrogels have been proposed
as efficient bio-compatible systems able to encapsulate cells
or for local controlled drug delivery.>”” Hydrogels obtained
from cross-linked polymers after swelling with water solutions
or biological fluids have been successfully implemented as
carriers of bioactive macromolecules® and for the controlled
transport and release of drugs.®” In this sense, the geometry and
dimension of the pores characterizing the polymeric network
and the water-absorbing ability of hydrogels constitute key
parameters for their efficient uses in targeted technological
applications.®” Additionally, the study of water included in
the hydrogels is a topic of relevance also for biological
and technological implications, since the physical properties
and state of the water confined in the polymer network can
significantly affect the hydrogel stability and function.”

Cyclodextrin nanosponges (CDNS) are a promising novel
class of nanoporous cross-linked polymers with pronounced
properties of sorption of both organic and inorganic mole-
cules.!'~!3 Several works are reported in recent literature that
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exploit the performances of nanosponges as efficient nano-
carriers for applications in agriculture,'* environmental con-
trol;'3 and for pharmaceutical applications as drug stabilizers,
bioavailability enhancers, and for drug delivery.'®'® CDNS
can be easily synthesized by condensation reaction of the OH
groups of the glucose units of cyclodextrins (CDs) with a poly-
functional cross-linker agent (CL). For clarity, some typical
examples of CL agents successfully used are activated deriv-
ative of a tetracarboxylic acid, like ethylendiaminetetraacetic
acid dianhydride or pyromellitic anhydride (PMA) or a phos-
gene synthetic equivalent as carbonyldiimidazole. The syn-
thesis leads to the formation of a statistic, three-dimensional
network of cyclodextrin units, characterized by different types
of cavities, namely, the apolar cavity of the CD macroring and
the pores of the growing polymer. Their simultaneous presence
in the structure of CDNS appears particularly beneficial for the
capacity to encapsulate either lipophilic or hydrophilic active
ingredients, protect them against undesired degradation, and
enhance water solubility when necessary and thus increasing
their bioavailability at the target site.!”

Some types of CDNS showed a marked and selective
swelling ability when contacted with water or water solution
only, affording hydrogels.'*?° Indeed, the possibility to absorb,
in a controlled way, a defined amount of water appears of
particular practical importance in view of the possible use of
CDNS as efficient water nano-containers’' and for an easy
and efficient way to load the gel with a given compound
(e.g., a pharmaceutical active ingredient) by swelling the

©2015 AIP Publishing LLC
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polymer by an aqueous solution of the molecule of interest.
In addition, CDNS-based hydrogels have been recently
suggested to be good candidates as stimuli-responsive systems
for entrapment/release of bio-active compounds, thanks to
their ability to undergo modifications in their physical state
(rigid gel network or liquid suspension) in a controlled way,
by changing, for example, the hydration level of CDNS
in water.?>>* Another aspect that makes CDNS hydrogels
particularly attractive is the possibility of efficiently tuning
specifically for applications the physical-chemical properties
of CDNS by acting during the synthesis of polymers on some
parameters, i.e., the chemical structure of CL and the relative
amount of CL with respect to CD (n = molar ratio between
cross-linking agent and CD). Among these factors, the molar
ratio n was found to mainly influence the degree of reticulation
of polymer matrix'® that is, in turn, strongly related to the
dimension of cavities of CDNS and to their maximum water
holder capacity.?%-22-24

In this scenario, it appears of paramount importance a deep
understanding, at molecular level, of the state and properties of
the water molecules confined inside the nano-cavities of CDNS
in the gel state, in order to clarify the molecular connectivity
of water located inside the nanosponge network and the extent
of water-polymer interactions. Indeed, recent experimental
results suggest that the complex relationship between chemical
and physical forces established in the CDNS hydrogel over
a mesoscopic length scale plays a crucial role in defining
macroscopic properties of the systems, i.e., viscosity of the gel
phase, its maximum water holding capacity,?>>* and diffusion
behaviour of guest molecules inside the network.>

Vibrational spectroscopy, especially if coupled with quan-
tum chemical computation techniques, has been recognized as
very useful tool for the structural elucidation of molecular
systems and it has been recently successfully applied to
the study of the complex polymeric network of cyclodextrin
nanosponges.’®=" In the case of hydrated systems, vibrational
spectra are particularly informative of the intra- and inter-
molecular modes of water molecules whose oscillator forces
are sensitive, in turn, to the interactions with the solute or in
general with their surroundings. In this sense, the inspection of
Raman and infrared spectra of pure water and water-mixtures
constitute an indirect way of studying the hydrogen bond (HB)
intermolecular network of water molecules and their different
levels of connectivity.?!=3>

It is well known that confined water molecules, especially
within the nano-scale cavities, exhibit physical properties
and states (liquid or crystalline) different from those of
bulk water. The different behaviour, in turn, depends on the
molecular characteristics of the cavity surface, the confine-
ment dimensions, temperature, and pressure.’*° Generally
speaking, it has been suggested that the water molecules
confined in a nano-structured space are unable to form a
long-range crystalline structure and thus the confined water
remains liquid even below the ice crystallization temperature.
Fourier Transform Infrared spectroscopy measurements have
recently probed the existence of the low-density liquid phase in
supercooled confined water by inspection of the temperature-
evolution of the HOH bending and OH-stretching modes of
water confined into nanopores.*’
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In this paper, we discuss the temperature-evolution of
the vibrational spectra of nanosponges hydrogel hydrated, in a
combined way, with water and deuterated water. The behaviour
of the HOH bending mode of water molecules engaged in the
polymeric system is analyzed, in order to characterize the
state and the dynamics of water molecules during the swelling
process leading to the formation of the hydrogel. Interestingly,
the spectroscopic data give evidence of the presence in the
nano-cavities of nanosponges of water molecules that appear
in liquid state even below the temperature of 270 K where
usually the bulk water tends to crystallize.

In summary, the present work is aimed at the following
goals: (i) to provide a rationale—at molecular level—of
the mechanism of water confinement inside the pores of
nanosponge hydrogel. The understanding of this phenomenon
is a fundamental starting point for the modulation of the
stability range of the liquid suspension and gel phases, also
in view of the design of stimuli-responsive CDNS. (ii) To
propose a spectroscopic method for probing the molecular
connectivity and dynamics of water confined in polymer gels,
such as hydrogel network, by using IR spectroscopy. Such
methodology exploits the combined analysis of the vibrational
spectra of polymers hydrated with water and heavy water in or-
der to selectively investigate the spectral contribution directly
associated to the solvent and to the polymeric matrix. The case
example of cyclodextrin nanosponge hydrogel is chosen since
CDNS are a good model system for the study of water-water
and water-polymer interactions in hydrogel phases. Indeed,
the structure of CDNS is characterized by the presence of
both hydrogen-bond donor/acceptor groups and, additionally,
some important parameters such as cross-linking degree, pore
dimension, and hydrophilicity/hydrophobicity of the polymer
matrix can be efficiently tuned by acting on the parameter, n.

Il. EXPERIMENT

The nanosponges 3-CDPMAI1n (n=4, 6, 8, and 10) were
obtained by using (3-cyclodextrin (3-CD) as monomeric unit
and PMA as cross-linking agent. Following the synthetic
procedure previously reported,'!~'3 anhydrous B-cyclodextrin
(B-CD) was dissolved at room temperature in anhydrous
DMSO containing anhydrous Et;N. Then, the cross-linking
agent PMA was added at 1:n molar ratios (with n =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 finally dried under vacuum.

The corresponding hydrogel of CDNS was prepared by
adding to the dry samples a suitable amount of double-distilled
water (Sigma) in order to obtain the desired level, h, of
hydration, i.e., h=0.4. The hydration level, h, is defined
as weight ratio of water/CDNS. The nanosponge hydrogels
hydrated in deuterated water D,O (h=0.4) were prepared by
following the same procedure. The gels were kept at room
temperature during more than 12 h, before the Raman and
IR measurements. No significant change in the spectrum was
detected, indicating the full H/D-exchange between solvent
and polymer.
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FTIR-ATR absorption measurements were performed in
the 4004000 cm™! spectral region for nanosponges hydrated
both in H,O and D,O. The temperature range of 250
K-340 K was investigated. Spectra were recorded using a
Bomem DAS Fourier transform spectrometer, operating with
a Globar source, in combination with a KBr beamsplitter
and a thermoelectrically cooled deuterated triglycine sulphate
(DTGS) detector. The samples of gel were contained in Golden
Gate diamond ATR system, just based on the Attenuated Total
Reflectance (ATR) technique. The spectra were recorded with
a resolution of 4 cm™!, automatically adding 100 repetitive
scans in order to obtain a good signal-to-noise ratio and highly
reproducible spectra. All the measurements were performed
in a dry atmosphere. To check a possible unwanted effect
induced by wetting and/or drying phenomena when the sample
holder was filled with dry nitrogen, IR spectra in presence and
absence of air were compared without showing any significant
difference. All the spectra were normalized for taking into
account the effective number of absorbers. No 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). The analysis of the 1500-1800 cm™! region,
that required a band decomposition procedure, was undertaken
using the curve fitting routine provided in the PeakFit 4.0
software package.

UV Raman scattering measurements were carried out
at the BL10.2-IUVS beamline at the Elettra Synchrotron
laboratory in Trieste. The spectra were excited at 266 nm.
Nanosponge hydrogels were directly prepared into the optical
quartz cells and the polarized Raman spectra were collected
in a back-scattered geometry by a triple stage spectrometer
(Trivista, Princeton Instruments) with the spectral resolution
of 1.0 cm~!. To minimize potential photodecomposition of
the gels resulting from UV laser exposure, the sample cell
was subjected to slowly continuous spinning during the
measurements in order to vary the illuminated sample volume
through the laser beam. A complete detailed description of the
experimental setup can be found elsewhere.*!

lll. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the comparison between the
Raman and infrared spectra of -CDPMA 14 nanosponge in the
wavenumber range of 15001800 cm™!, as an example. Both
the spectra have been acquired on a sample of nanosponge in
dry and hydrated states (black and cyan symbols in Fig. 1,
respectively), in order to recognize and assign the vibrational
modes of the polymer matrix in this specific spectral range
before and after its hydration in water. For this purpose, the
experimental profiles in Figs. 1(a) and 1(b) are compared
with the theoretical Raman activity and infrared intensities,
respectively. The calculated profiles have been obtained by
quantum chemical computations performed on the molecular
model of 1,2,4,5-tetracarboxybenzoic acid dimethyl ester.?8-
This model was built starting from the chemical structure of
the cross-linking agent PMA and assuming that a maximum of
two carbonyl groups of PMA can be simultaneously engaged
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to form ester linkages with CD molecules. As previously
reported,”®*" the model obtained in this way mimics with satis-
factory accuracy the molecular environment of PMA after the
reaction with the OH groups of cyclodextrins to form the ester
bridges that constitute the polymer network of nanosponges.
We remark that the experimental profiles of nanosponges and
the theoretical vibrational spectra obtained for the model of
bridging molecule can be easily compared in the wavenumber
range of 1500-1800 cm™' since in this spectral window
cyclodextrins do not show any interfering vibrational band,
both in the infrared and the Raman spectra.*>*

On the basis of the wavenumber and relative intensities of
the computed peaks, the experimental broad bands centred at
about 1718 and 1720 cm~! in Raman and infrared spectra of
dry nanosponges, respectively, are associated to the stretching
vibration modes of the carbonyl groups C=O0O of the PMA
residues. In particular, we can recognize in both Raman and
IR spectra two different components, v (C=0)¢ser and v
(C=O0)carvoxylic- assigned to the stretching vibration of the
C=0 belonging to the ester groups and to the carboxylic
groups of PMA, respectively.?® By inspection of the experi-
mental Raman profiles in Fig. 1(a), two other components cen-
tred atabout 1553 and 1604 cm™! can be observed. These bands
correspond to two distinct vibrations, labelled as v (C=C),
and v (C=C),, that mainly involve the stretching modes of
the C=C bonds of the aromatic ring of PMA. It is noteworthy
that both v (C=C); and v (C=C), show a relative high Raman
activity but they are practically IR-inactive, as deducted by the
comparison with the theoretical vibrational spectra shown in
Figs. 1(a) and 1(b). Additionally, the experimental IR profile
in Fig. 2(b) exhibits a very intense broad band centred at about
1585 cm™!, labelled as §(C-H), assigned to the bending modes
of the C—H groups of the aromatic ring of PMA residues.

The spectral modifications occurring in the Raman and IR
profiles of CDNS after hydration of the polymer with water
(hydration levels h =4 and h = 0.4 for Raman and IR spectra,
respectively) can be inspected in Figs. 1(a) and 1(b). The
presence in the IR spectra of hydrated CDNS of an additional
contribution at about 1640 cm™' can be clearly observed in
the spectrum of the hydrogel with respect to the vibrational
bands found in the profile of the dry nanosponge (Fig. 1(b)).
This contribution corresponds to the HOH bending mode of
water molecules*>3+3840 engaged in the system and it appears
particularly intense in the IR spectra, even at low hydration
levels (h = 0.4). Conversely, the comparison between the Ra-
man spectra of dry and hydrated CDNS in Fig. 1(a) gives
evidence that the contribution associated to the HOH bending
mode of water exhibits a negligible intensity with respect to the
signals associated to the vibration modes of CDNS polymer
although the hydration level is 10 times greater than in the IR
spectrum. This finding, together with the observation that the
spectral region around 1600 cm™', where the HOH bending
mode of water falls, is more free from interfering bands of
polymer nanosponge in the IR spectrum with respect to the
Raman profile suggests to focus the attention on the IR spectra
for studying in detail the behaviour of HOH bending mode.
At the same time, important information on the hydration-
dependence of intensity of vibration modes associated to the
chemical groups of water-swollen CDNS can be extracted by
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FIG. 1. Raman (a) and infrared (b) experimental intensities obtained for 3-CDPMA14 nanosponge in dry (black symbols) and hydrated state (cyan
symbols) compared with the corresponding theoretical Raman activity and infrared intensity (continuous line) obtained for the simulated model of 1,2,4,5-

tetracarboxybenzoic acid dimethyl ester.2%-3
detailed inspection of Raman spectra and will be reported
elsewhere.

The temperature-evolution of the IR spectra recorded on a
sample of B-CDPMA 14 after hydration with water (hydration
level h =0.4) are displayed in Fig. 2(a) in the spectral win-
dow 15001800 cm™' and at different selected temperatures.
Fig. 2(b) shows the IR spectra acquired on -CDPMAI14
hydrated with D,O at the h = 0.4 and at the same temper-
atures of the data reported in Fig. 2(a). It appears evident
that in the spectra of hydrogel prepared with deuterated wa-
ter the characteristic HOH bending mode of engaged H,O
is not present, as expected. Indeed, it is well known?’ that
the DOD (deuterium-oxygen-deuterium) bending mode of
D,O0 is shifted in the vibrational spectra to 1210 cm~!. Thus,
the use of D,0O instead of H,O for the polymer swelling

allows us to separate and to examine the effect of the water
confinement on the vibration modes assigned to the hydro-
gel matrix and on the HOH bending mode of engaged H,O
molecules.

The experimental profiles of Fig. 2 point out that the
increase of temperature is responsible for considerable vari-
ations of the IR spectrum of the hydrogel. The feature at
about 1640 cm™! associated to the HOH bending mode of H,O
tends to become more intense at high temperatures and, at the
same time, the total intensity of the 8(C—H) and of the C=0
stretching band of the polymer decreases. The temperature-
evolution of the vibrational modes of nanosponge can be better
visualized looking at the profiles of Fig. 2(b), where these
bands are not strongly deconvoluted with the bending mode
of water.
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FIG. 2. Temperature—evolution of the infrared spectra obtained for f-CDPMA 14 nanosponge hydrated in H,O (a) and D,O (b).

The decreasing intensity of the C=O stretching mode
in PMA-nanosponge hydrogel as a function of temperature is
consistent with previous experimental investigations®*** and
it has been explained by taking into account that the thermal
motion tends to induce a destructuring effect on the hydrogen
bond network of H,O or D,O molecules which surround
the C=O0 groups of the polymer. As a consequence, the
electrostatic environment experienced by these chemical
groups of polymer is such that it reduces the overall dipole
moment of the CO functional group.?’ Interestingly, the ob-
served decreasing intensity of the 8(C—H) mode of nanosponge
suggests that also the CH groups of the aromatic ring of PMA
are strongly involved in non-conventional hydrogen bonds
interactions with water molecules of the type C—H:-- O—H. The
hydrogen bond donor character of the CH fragment in PMA is
activated by both the sp? hybridization of the C atom and the
aromatic frame in which the CH moiety is inserted.

In order to better emphasize the temperature-behaviour
of the HOH bending mode of confined water, we report in
Figure 3 the spectral contribution of this mode at two different
temperatures. Such mode is isolated by considering the exper-
imental profiles of B-CDPMA14 hydrated in H,O and in D,0.
The profile in deuterated water is then subtracted from the
corresponding in H,O. The spectra in H,O and D,0 have been
preliminary normalized to the intensity of the band at about
1030 cm™!, assumed as a reliable internal standard.20-27:28:30
Indeed, the latter vibrational mode is related to stretching
vibrations of C—O groups of cyclodextrin molecules that are
not expected to be affected by the hydration of the nanosponge
or by a variation of temperature.

Figure 3 presents the superimposition of the normalized
spectral profiles of the protium and deuterated hydrogels in
the spectral region, 1500-1800 cm™!. The profiles of D,O hy-
drogels trace, within the experimental error, the corresponding
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FIG. 3. Infrared spectra obtained for 3-CDPMA 14 nanosponge hydrogel (solid circles) at T = 250 K and T = 340 K; in the same panel, the contribution of
HOH bending of water was isolated by subtraction of the signal of nanosponge hydrogel in D,O (see text for details).

spectra in HyO except for the component of HOH bending
mode. This finding confirms the reliability of the data handling
followed for the subtraction of the spectra.

As first important result, we find that HOH bending mode
of water at T =250 K (Fig. 3, full black line) shows a char-
acteristic Gaussian-like form different from the nearly flat-
tened profile typically exhibited by polycrystalline ice at the
same temperature.>**%* Indeed, previous IR measurements
independently performed by different authors,’**%* consis-
tently show that during the phase transition, the IR absorption
band of the bending mode of water undergoes sharp changes
in the spectra of both HyO and D,O: In the solid phase, the
bending mode appears very weak, while in the liquid state
this band is a dominating peak. Moreover, in the crystalline
ice at temperatures below of T =264 K, the HOH bending
mode rapidly vanishes and it appears as a very weak flattened
profile, as clearly shown in Refs. 34 and 45. Based on these
considerations, the spectra of Fig. 3 give evidence that the
H,O molecules engaged in the polymer network of nanosponge
remain in liquid state even below the nucleation temperature
where usually the bulk water crystallizes. This finding, recall-
ing what already observed for water entrapped in a variety
of amorphous porous materials and phyllosilicates,**#68 is
consistent with the conclusion that water is strongly confined
in the nano-cavities of nanosponge polymer in the hydrogel
phase.

In addition, the comparison of the HOH bending mode
observed at T =250 and 340 K (Fig. 3) points out an increase
in intensity of this mode and a slight shift to lower wavenum-
ber upon the increase of temperature. This behaviour, recall-
ing what already observed in bulk water’>* and in water

confined in other nano-porous systems,**#**8 indicates a sud-

den decrease in the molecular connectivity of the water mole-
cules arranged in hydrogen bond networks as a consequence
of the thermal motion.

In order to better quantify the temperature-effects on the
HOH bending mode observed on the raw experimental data,
the IR spectra of H,O-hydrogel were fitted by using five Voigt
functions for reproducing the vibrational bands of nanosponge
matrix”®3? and one single Voigt curve for modelling the HOH
bending mode of water.

The fitting curve obtained by following this procedure for
the spectra of f-CDPMA14 nanosponge hydrogel in H,O at
T =290 K is reported in Figure 4, together with the six distinct
contributions of pure CDNS and HOH bending of water. The
residual, also reported in the same Fig. 4, shows a negligible
extra contribution in all the spectra region of interest, giving
evidence of the reliability of the decomposition procedure.
It is noteworthy that, in order to reduce the number of free
fitting parameters in the analysis of profile of Fig. 4, the centre-
frequencies of the components associated to the CDNS modes
have been fixed to the values obtained by a preliminary fit
of the corresponding D,0O-hydrogel spectrum, which is well
reproduced as a sum of five Voigt contributions (see inset of
Fig. 4).

In Figure 5, we report the spectral components associated
to the HOH bending mode of water as obtained by fitting of
experimental IR profiles of H,O-hydrogel at different values
of temperature.

The evolution of the curves better emphasizes the trend
already observed on raw data (Fig. 3), consisting of a progres-
sive shift towards lower wavenumber and a simultaneous
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FIG. 4. Infrared spectra of $-CDPMA 14 nanosponge hydrogel in H,O at T = 290 K; the total fit curve (red line) is shown together with the single component;
vibrations of pure NS (pink) and HOH bending of water (cyan full line). Inset: best-fitting results for f~-CDPMA 14 nanosponge hydrogel in D,O at T = 290 K.

increase in intensity of the HOH bending mode of engaged
H,O upon the increase of temperature. This temperature behav-
iour is consistent with the evolution observed for the HOH
bending mode in bulk water, as widely reported and dis-
cussed in literature’'*# by different authors. The experi-

mental IR spectra of bulk water acquired in the temperature
range between 264 and 320 K3** show that, unlike the OH
stretching band, the HOH bending mode decreases in inten-
sity upon cooling and almost vanishes at the crystallization.
Moreover, as the temperature is lowered, the position of its

250K
260K

280K
290K
300K
310K
320K

IR intensity (arb. units)

1540

1610

1680 1750

Wavenumber (cm'1 )

FIG. 5. Temperature-evolution of the HOH bending mode of water as estimated by fitting of experimental IR spectra of B-CDPMA 14 nanosponge hydrogel

(see text for details). The arrow indicates the increase of temperature.
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maximum shifts towards higher wavenumber.** The behaviour
observed for HOH bending mode in bulk water suggests the
interpretation that the bending band mostly reflects the pop-
ulation of water molecules that do not lie in a symmetric
tetrahedral environment,** giving indication the HOH bending
mode is hardly sensitive to the different levels of connectivity
of HB patterns developed by H,O.

The curves shown in Fig. 5 indicate that as T increases the
water molecules confined in the pores of nanosponges tend to
reduce their level of molecular connectivity, similar to what
happens in bulk water at high temperatures®'—** and recalling
the behaviour observed for water entrapped in a variety
of porous materials and phyllosilicates.*>#**® The spectral
modifications displayed in Fig. 5 can be interpreted taking
into account that the thermal motion, enhanced by increasing
temperature, tends to break the tetrahedral arrangements of
water molecules favouring the re-organization of confined
H,0 in not fully HB patterns. As mentioned above, it is
noteworthy that the intensity of HOH bending mode of water
confined in nanosponges remains relatively high even at
temperatures below the crystallization temperature (see profile
at T=250 K in Fig. 5) different from what occurs in bulk
water.>** This occurrence suggests that the water molecules
confined in the pores of CDNS develop, even at temperatures
below crystallization, transient HB arrangements with a mean
coordination number less than four.

Although the destructuring effect on the HB network
of H,O engaged in CDNS, observed upon the increase of
temperature, is in a way expected, interestingly it seems to
be strongly affected by the specific features of the polymeric
network of nanosponges. In Figure 6, the temperature-
evolution of the wavenumber position wyoy of the HOH
bending mode of water, estimated by the fitting procedure

J. Chem. Phys. 142, 014901 (2015)

described above, is shown for hydrogels obtained from
different types of nanosponges 3-CDPMAIn (n=4, 6, 8, and
10, each at hydration level h = 0.4). We use the value of wyoy as
a parameter for a quantitative evaluation of the destructuring
effect, since it is reasonably considered more reliable with
respect to the intensity of the HOH bending mode.

The datain Fig. 6 seem to suggest a linear dependence on T
of the wyoy for all the types of nanosponge-hydrogel examined
but with a different slope. Interestingly, the maximum slope
is obtained in the case of f-CDPMA 16 nanosponge hydrogel.
In addition, we observe that for the latter type of hydrogel the
HOH bending mode of water is more and more shifted towards
the low wavenumber with respect to the other hydrogels at all
the examined temperatures. The inset of Fig. 6 shows, as an
example, the position wyoy as a function of the molar ratio
n, at T=300 K (n is the relative amount of cross-linking
agent with respect to the monomeric unit cyclodextrin used
in the synthetic protocol of preparation of nanosponges>®2%).
This graph displays a triggering of the population of the non-
tetrahedrally coordinated water molecules in correspondence
with a 6-fold excess of cross-linker with respect to CD, closely
recalling what has been systematically observed for other
micro- and macroscopic properties of nanosponge hydrogel,
such as stiffness,’®?? cross-linking density,”® and absorption
ability.?>*

The data reported in Fig. 6 indicate that, in the explored
T range, the hydrogen bonded network established among the
water molecules confined in the nano-cavities of nanosponge
hydrogel tends to be maximally destroyed when H,O is
adsorbed by B-CDPMA16 polymer. Conversely, high values
of the parameter, n, in f-CDPMA1n polymers tend to favour
the rearrangement of engaged water molecules in highly
coordinated tetrahedral networks. This result is fully consistent

molar ratio n
4 6 8 10 1660
1665 9
| O\o/o 1640 5
650 ;\Q 8000
< IR & ~@_ e -0
E \\i\-\l\ Q Q Q
2 1 TS -8 ‘l
I = ~ &
2 1635 - 4’ ¢ \z ‘\l\i\g
n: ~ ~
@ n=6 \.\\\
@ n=8 "
16204 @ n=10
250 275 300 325 350

Temperature (K)

FIG. 6. Estimated position wgog of HOH bending mode of water as a function of temperature for 3-CDPMA 1n nanosponge hydrogel (n = 4, 6, 8, and 10).

Inset: position wyon as a function of molar ratio n, at T = 300 K.
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with previous investigations,?®>* and it can be explained by

using a simple model that describes the n-dependence of the
cross-linking process of cyclodextrins to form nanosponge.*’

It has been demonstrated that for molar excess less
than a six-fold excess (n=6) the cross-linking process is
dominating. This critical value seems to be the result of an
ideal balance between activated carboxylic groups and free
hydroxyl functions onto the CD units, leading to the highest
interconnectivity between the monomers. Conversely, larger
excess of cross-linker (n > 6), causes branching of CD units
rather than increasing the cross-linking degree, as also probed
by experimental previous results.?%2>3° Then, we can conclude
that the maximum cross-linking density of polymer network
obtained at n = 6 tends to amplify the disruptive effect caused
by the thermal motion on the confined water molecules. This
occurrence is, in turn, to be ascribed to the fact that (-
CDPMA16 nanosponge may have pores of smaller dimensions
with respect to the other samples, as B-CDPMA16 exhibits the
highest cross-linking degree. The latter hypothesis seems to
be confirmed by small angle neutron scattering measurements
recently performed on the CDNS hydrogel which will be
reported elsewhere.

The n-dependence of hydrogen-bond connectivity in the
water molecules confined in CDNS hydrogels, as pointed out
in the inset of Fig. 6, can be correlated with the evolution, as
function of n, of the C=0 stretching band of 3-CDPMAIn
nanosponge®” in gel phase. Previous IR and Raman measure-
ments revealed that the hydration of nanosponges leads to the
establishment of a HB network involving the C=O functional
groups of the polymers, whose connectivity pattern is strongly
dependent on the parameter, n. In particular, the marked shift
to lower frequency observed for the C=O stretching band
of B-CDPMA 16 hydrogel with respect to the other samples®’
suggests that at molar ratio n = 6 corresponds to the establish-
ment of the most strongly interconnected HB network involv-
ing the C=0 groups of polymer. On the other side, higher
values of n were found to induce destructuring effects on the
HB interactions established among C=0 moieties, probably
due to the increased steric hindrance of the polymeric network
introduced by the excess of cross-linker.

All these experimental results can be interpreted in light
of a comprehensive model taking into account the different
HB interactions which can be established in the gel phase,
i.e., polymer-polymer, water-polymer, and water-water HB
interactions. On one side, the maximum amount of crosslink-
ing observed in dry PMA-nanosponges at a 6-fold excess
of PMA with respect to B-CD is also consistent with the
formation, in the hydrogel, of the most strongly interconnected
HB network among the C=0 groups of CDNS, at the expense
of the population of water molecules arranged in tetrahedral
HB networks. Otherwise, for n > 6, the addition of cross-linker
increases the branching of CD units* and introduces some
destructuring effects, mainly of entropic nature, that are respon-
sible for the decrease of connectivity in the HB network estab-
lished among C=0 groups of polymers. This occurrence, in
turn, favours the reorganization of confined water molecules
in more interconnected tetrahedral HB arrangements.

Finally, we discuss, as example, the temperature-evolution
of the IR spectra of f-CDPMA 14 hydrated in D,0O in the high-
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frequency range of 2700-3700 cm~! (Figure 7, panel at the
top), where the characteristic OH stretching modes (voy) of
water are typically observed.?0-?>-24:44

As suggested by other authors in the case of aqueous solu-
tions of proteins,” the use of D,0 as solvent allows to selec-
tively probe the vog modes of water molecules resulting from
isotopic exchanges between the superficial H atoms of CDNS
and the solvent D,O placed closely around the polymer surface,
namely, DHO (deuterium-hydrogen-oxygen) water molecules.
These water molecules give a contribution to the IR spectrum in
the OH stretching region between 2700 and 3700 cm™~! which
appears significantly different form that observed in H,O, as
pointed out in the inset of Fig. 7. This occurrence, in agreement
with previous studies,’!~>? is consistent with the hypothesis that
the DHO spectrum reflects a population of water molecules
which more strongly interact with the chemical groups of CDNS
within the nano-cavities of the polymer in hydrogel. Conse-
quently, the DHO spectrum can be considered to be free of
intermolecular coupling vibrations and it is called uncoupled
stretching region.>

As a general trend, we observe a significant shift to higher
frequency of the DHO spectrum upon the increase of temper-
ature (Fig. 7, panel at the top) together with an attenuation
in intensity of the low-frequency contributions of the DHO
stretching band (shoulder at about 3250 cm™!). As expected,
a similar trend is found also for the OH stretching band of
engaged water, as evident by inspection of the spectra of [3-
CDPMA14 hydrogel in H,O at two different temperatures
(Fig. 7, panel at the bottom). These experimental findings are
consistent with the behaviour observed and above discussed for
the HOH bending mode of water and confirm the destructuring
effect induced by the thermal motion on the water molecules
confined in nanosponge hydrogel.

As widely reported in literature, the voy vibrations
of water are particularly sensitive to the co-operativity of the
HB arrangements developed by the solvent molecules in the
hydrogel. This suggests that the DHO spectrum may be inter-
preted in terms of the local environment of the water molecules
present in the system.!-34-60

By recalling a well assessed model’’~%" already applied
to the analysis of the OH stretching band in Raman and IR
spectra of CDNS hydrogel,?%?>244 the spectral modifications
observed in the DHO spectrum can be quantitatively related
to different co-operativity degrees of the HB arrangements
of water more closely confined in the pores of CDNS poly-
mer. After a preliminary subtraction from the total DHO
profile of the spectral signal assigned to the CH vibrational
modes of nanosponges (signals falling between about 2760
and 3050 cm™!), the DHO stretching band of water has been
decomposed into four different contributions corresponding to
four classes of OH oscillators present in the system.’’-%0 A
typical result of the fitting procedure obtained for the DHO
spectrum of B-CDPMA 14 nanosponge hydrogel at T =300 K
is shown in Fig. 8 (panel at the top).

Taking into account the interpretation of the spectral com-
ponents of the OH band as reported in literature,’’~%" the sum
of the percentage intensities of the two sub-bands at the lowest
wavenumbers, labelled as I; + I, can be used to describe the
population of water molecules arranged in tetrahedral HB

51,54-56
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FIG. 7. Selected IR spectra of 3-CDPMA 14 nanosponge hydrogel in D,O (panel at the top) and H,O (panel at the bottom) at different values of temperature in
the high-frequency range of 2700-3700 cm™!. The arrows in the panels indicate the increase of temperature. Inset: comparison between the OH stretching band

in H,O-gel and in DHO spectrum, at T = 250 K.

networks that exhibit strong hydrogen bonding on both the
hydrogen atoms. Conversely, the sum of the two other contribu-
tion to the DHO band, I3+14, is representative of the population
of water molecules that develop less strongly interconnected
HB patterns with coordination number less than four.?>24
The temperature-dependence of percentage intensities
I; +1, and I3+ 14 obtained for the DHO spectrum is reported
in the panel at the bottom of Fig. 8. It clearly appears that an
increase of the temperature, T, corresponds to a reduction of
the population of water molecules arranged in tetrahedral HB
networks (I;+1,), i.e., bulk-like contribution. Correspondingly,
an enhancement of the population of water molecules involved

in HB network with connectivity less than four (I3+14, not
bulk-like water) is observed upon the increase of temperature.
The plot of Fig. 8 shows the existence of a characteristic
crossover point at about T =280 K, where the population of
not bulk-like water molecules becomes favoured with respect
to the population of bulk-like water.

A similar temperature-behaviour is found also for the
percentage intensities of the spectral contributions to the OH
stretching band of water (Fig. 8, at the bottom), as obtained
by fitting and decomposition procedure applied to the spectra
of hydrogel in H,O. However, in the case of OH band, the
characteristic crossover temperature where the population of
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FIG. 8. (Panel at the top) Typical schematic of the fitting procedure results for DHO spectrum of -CDPMA 14 nanosponge hydrogel at T = 300 K. (Panel
at the bottom) Percentage intensities I + I, and I3 + 14 of the spectral contributions to the DHO and OH stretching band as a function of temperature, T, for

p-CDPMA 14 hydrogel.

not bulk-like water molecules becomes favoured with respect
to the population of bulk-like water is significantly shifted to
high temperature values (about T = 340 K) with respect to the
DHO. This experimental evidence can be explained by taking
into account that the water molecules more closely confined
in the cavities of polymer preferably develop HB networks
with connectivity less than four, even at low temperature,
due to the proximity with the chemical groups of CDNS.
Therefore, we can conclude that the analysis of the DHO
spectra can provide direct information on the CDNS-water
interaction during the confinement of water in the pores of
polymer.

IV. CONCLUSION

The molecular connectivity and the extent of hydrogen-
bonds patterns of water molecules confined in nanosponge
hydrogels are here investigated as a function of temperature
by using vibrational spectroscopy experiments. The system
chosen for our study, namely, cyclodextrin nanosponge, is

a new promising class of cross-linked polymers that exhibit
pronounced properties of sorption of water or water solutions
that are recently widely investigated also for their practical
and technological interest. However, CDNS represent also a
good model system for the motivations of the present work,
which aims to propose and test an experimental spectroscopic
method useful for probing the structure and dynamics of
confined water in nano-porous polymeric systems.

The combined analysis of the vibrational spectra of
polymers hydrated with water and heavy water allows us to
separate and selectively investigate the temperature-behaviour
of the HOH bending mode of engaged water molecules and
of the vibrational modes related to specific chemical groups
of the polymer matrix involved in the HB interactions with
water.

As main results, we find that the HOH bending mode of
water in hydrogel exhibits, at temperatures below 270 K, a
characteristic form quite different from the flattened profile
typically observed for polycrystalline ice, giving a strong
experimental evidence of a liquid-like behaviour of the H,O
molecules confined in the nano-cavities of polymer matrix.
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Moreover, the changes in wavenumber position and intensity
observed for HOH bending mode of water upon the increase of
temperature indicate a characteristic destructuring effect on the
hydrogen bond pattern of confined water molecules, induced
by thermal motion. More interestingly, we find that the extent
of this temperature-disruptive effect is triggered by the level of
the cross-linking density of the nanosponge polymer trough
the key parameter, n. The rationale of these experimental
findings could rely on the establishment of intra-molecular
HB network involving the C=0 groups of CDNS which are
favoured (at n = 6) at the expense of the population of water
molecules arranged in tetrahedral HB patterns and vice versa
(at high values of n). This seems to confirm, in turn, the
hypothesis that for n = 6, we observe an ideal balance between
activated carboxylic groups and free hydroxyl functions onto
the CD units, leading to the highest covalent interconnectivity
in the polymer. All these results contribute to give a more clear
picture of the molecular mechanism of water confinement
in the pores of nanosponge hydrogel, whose understanding
is a fundamental starting point for the modulation of the
properties of gel phases, also in view of the design of stimuli-
responsive CDNS. Actually, the different absorption capacity
of nanosponges can be explained, at molecular level, by the
competition between different factors, i.e., the cross-linking
density of polymer matrix, the reduced dimensions of the pores
of the CDNS, and the re-organisation of water confined in the
nano-cavities of nanosponges in HB networks at different
levels of connectivity. Interestingly, all the experimental
results seem to suggest that the swelling phenomena can
be efficiently regulated at molecular level through the
molar ratio, n.

In perspective, the generality of the findings of this work
opens the possibility to exploit the spectroscopic method
here proposed as investigating tools for water-retaining soft
materials.
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