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Introduction

Cyclodextrin nanosponges (CDNS) are cross-linked poly-

mers made up of cyclodextrins (CD) showing intriguing 
properties [1]. The reaction of polycondensation between 
CD and suitable cross linking agents leads to the formation 
of CDNS, a 3-dimensional sponge-like structure showing 
both hydrophilic and hydrophobic nano-sized cavities. 
Cyclodextrin nanosponges are safe and biodegradable 
material with negligible toxicity on cell cultures, as recently 
shown by preliminary toxicity studies [2]. They are 
considered to exhibit superior inclusion ability with respect 
to native CD [1] by incorporating a large class of molecules 
within their structure, either as inclusion com-plexes or as 
non-inclusion adducts [3–8]. Thanks to these properties and 
their versatile structure, CDNS are recently proposed as 
efficient nano-sized delivery system suitable
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hydration level of the system. As well known [29–31], this

vibrational band is particularly sensitive to the HB arrange-

ments with different connectivity degrees in which the water

molecules confined in nanoscopic media are involved.

The main purpose is to understand the microscopic

origin of the sol-to-gel evolution exhibited by nanosponges

hydrogel as increasing the water content with respect to

polymer by observing the hydrogen-bonds dynamics of the

water molecules entrapped in the pores of polymer matrix.

These results are beneficial in designing new cyclo-

dextrin-based hydrogel with more efficient and versatile

inclusion/release properties.

Experimental methods

Chemicals

The b-CDPMA14 nanosponge was obtained following a

synthetic procedure previously reported [32–34]. In order

to obtain the polymer, anhydrous b-CD was dissolved at

room temperature in anhydrous DMSO containing anhy-

drous Et3N. Then, the cross-linking agent pyromellitic

anhydride (PMA) was added at molecular ratios of 1:4

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 nanosponge was pre-

pared by adding the dry samples of b-CDPMA14 of suit-

able amount of double-distilled water (Sigma) in order to

obtain different levels of hydration h in the range 3–25.

The hydration level h is defined as weight ratio H2O/b-

CDEDTA14. All the gel samples of hydrogels were freshly

prepared and used for Raman scattering measurements.

Raman spectroscopy

Vertically polarized and crossed Raman spectra (IVV and

IHV, respectively) were acquired at room temperature on

nanosponges hydrogel directly prepared into an optical

quartz cell of inner diameter 10 mm. Single mode exciting

radiation at 647.1 nm (typical power of &100 mW) ver-

tically polarized with respect to the scattering plane was

provided by a Coherent–Innova Kr ? laser. The light

scattered in normal direction with respect to the incidence

beam was analysed in the 2,600–3,900 cm-1 energy range

using a Jobin–Yvon U1000 double monochromator having

a focal length of 1,000 mm and equipped with oholo-

graphic gratings of 1,800 grooves/mm.

The relative amplitude of the luminescence background

observed in the Raman spectra in the 2,600–3,900 cm-1

for a broad range of applications in different technological 
fields [9–17].

Generally speaking, nanosponges are hyper-cross-linked 
cyclodextrins obtainable by polycondensation between a-, 
b-  or  c-CD and suitable cross-linking agents, such as car-

bonyldiimidazole (CDI) [18–20], pyromellitic anhydride 
(PMA) [18, 21, 22] or activated derivatives of ethylene-

diaminetetraacetic acid (EDTA) [23]. Recent studies based 
on inelastic light scattering experiments [18, 19, 21–23], 
nuclear magnetic resonance and infrared spectroscopy 
measurements [19, 20, 22, 23] and numerical computations 
[19, 22] clearly evidenced that the cross-linking degree and 
the elastic properties of CDNS can be successfully modu-

lated by varying the chemical structure of the cross-linking 
agent and by acting on the relative amount of the cross-

linker with respect to the monomer CD (i.e. n = cross-

linking agent molar excess with respect to CD) during the 
synthetic procedure.

Many types of CDNS exhibit a marked swelling 
behaviour in the presence of aqueous solution, leading to 
the formation of highly viscous, gel-like dispersion, simi-

larly to hydrogel [21, 24–26]. This ability to absorb a large 
amount of water shown by some of CDNS is intriguing in 
view of their possible use as efficient water nano-contain-

ers. Additionally, CDNS hydrogel have been used as chiral 
reaction environment for photochemical asymmetric syn-

thesis with noticeable capability of asymmetric induction 
[26]. Finally, the transition from rigid gel to a liquid sus-

pension of selected CDNS was recently reported by gradual 
increase of the hydration level of CDNS [26, 27].

The inspection of the vibrational dynamics of CDNS 
hydrogel, performed over different frequency regimes by 
using Infrared and Raman spectroscopy [24, 25, 27], sug-

gested that the swelling phenomena of CDNS involves both 
non-covalent physical interactions and covalent bonds. 
More specifically, the water holding capacity of the 
hydrogel and the specific phase exhibited by the system, 
i.e. rigid gel network or liquid suspension, are strictly 
connected to the complex interplay of these chemical and 
physical interactions over different length-scales [25, 27].

The hydration state and dynamics of cyclodextrins in 
aqueous solution play a crucial role in controlling the 
structural and functional properties of these molecules [28]. 
In the specific case of the hydrogel obtained by swelling in 
aqueous solution of CDNS, the hydrogen-bond (HB) net-

works established among water molecules confined in the 
nano-sized pores of nanosponges are expected to have a 
crucial role in determining the rigidity of the hydrogel 
network and their maximum water holding capacity [24, 
25, 27].

In this paper, the changes observed in the spectral shape of 
the OH stretching band of ester-bridged CDNS based on 
pyromellitic anhydride are explored as a function of the



spectral range was less then a few percent in the gels

examined. Therefore, the experimental profiles were cor-

rected for the luminescence background by subtracting an

interpolating baseline modelled as a linear function.

The deconvolution procedure of the OH stretching band

was undertaken using second derivative computations for

evaluating the wavenumbers of the maxima of the different

sub-bands. Multiple curve fitting was then applied to the

experimental profiles based on these wavenumber values,

by using the routine provided in the PeakFit 4.0 software

package. The strategy adopted was to use well-defined

shape components of Gaussian functions with all the

parameters allowed to vary upon iteration until converging

‘‘best-fit’’ solution is reached. The procedure adopted

makes use of the minimum number of parameters. The

‘‘best-fit’’ is characterized by r2 & 0.9999 for all the

investigated systems.

Results and discussion

In Fig. 1a, b the polarized and depolarized OH stretching

profiles of some b-CDPMA14 hydrogel obtained at different

hydration level h are reported. For a better comparison of the

data the spectra have been normalized to the total area

(integrated in the 2,800–3,800 cm-1 range). In both the VV

and HV spectra of Fig. 1a, b the characteristic OH stretching

band of water [30, 31] can be recognized, along with the

more narrow Raman peaks found between 2,850 and

3,050 cm-1 and assigned to the vibrational modes of CH and

CH2 groups of cyclodextrin nanosponges [20].

The analysis of both the polarized and depolarized

profiles acquired at different h values points out remarkable

changes in the total intensity of the CH modes of CDNS

when the content of nanosponge increases with respect to

the water. In particular, the estimated total intensity ICH of

the modes falling between 2,850 and 3,050 cm-1 linearly

rescales with the mass ratio 1/h, as shown for IVV profiles

in the inset at the right of Fig. 1a. The same behaviour is

found for ICH estimated from the depolarized spectra.

The VV Raman profile of dry b-CDPMA14 nanosponge

is reported, in the wavenumber range 2,800–3,900 cm-1, in

the inset at the left of Fig. 1. It appears evident that the

spectral contribution to the OH stretching band due to the

OH groups of nanosponge is negligible compared to the

signal arising from water. On the basis of this observation,

we are confident that no subtraction procedure of the OH

stretching signal of dry CDNS from the spectral profile of

hydrated nanosponges is needed.

By focusing on the OH stretching band of water,

remarkable changes in the spectral shape of this band can

be observed in the polarized spectra of CDNS hydrogel by

varying the hydration level, as indicated by the arrows in

Fig. 1a. This finding suggests a great sensitivity of this

spectral region to the structural modifications of the HB

networks in which the water molecules are arranged in the

hydrogel. As a general trend, it can be observed that an

increase of the hydration level leads to the enhancement of

the low-frequency contribution of the OH stretching band

of polarized Raman intensity, thus suggesting an enhanced

co-operativity in the H-bonds of water.

The same sensitivity can not be envisaged on the ana-

lysis of OH stretching band observed in the depolarized

spectra IHV of hydrogel, since coupling among OH oscil-

lators generally results in a strongly polarized contribution.

As evidenced in Fig. 1b, the depolarized OH spectra

exhibit only minor variations with respect to neat water

reported in the same graph and, moreover, these variations

are almost coincident for the different explored hydration

levels of the system.

By following a well assessed model [35], the spectral

variations, in shape and/or centre-frequency, observed for

the polarized OH stretching profile can be related to dif-

ferent co-operativity degrees of the hydrogen-bond

arrangements involving the water molecules attached to, or

confined into, the pores of the CDNS. Taking these con-

sideration into account, a full quantitative analysis of the

spectral changes observed in the OH stretching band is then

(a)

(b)

Fig. 1 Polarized VV (a) and depolarized HV (b) Raman intensities

of cyclodextrin nanosponges hydrogel al different level of hydration

h in the OH stretching region. Polarized and depolarized profiles of

neat water (blue points) are reported for comparison. Inset at the left:

VV Raman profile of dry b-CDPMA14 nanosponge in the wave-

number range 2,800–3,900 cm-1. Inset at the right Estimated intensity

of vibrational modes assigned to CH vibrations of CDNS as a function

of the mass ratio 1/h. (Color figure online)



A general slight increasing (about 2 %) of the values of

center-frequencies xi is found for each spectral component,

in agreement with the blue-shift of the broad distributions

observed by inspection of raw experimental profiles of

Fig. 1a. This finding suggests a general hardening of HB

interactions involving the confined water molecules by

increasing the hydration level of the hydrogel.

From the inspection of the evolution of intensities Ii

reported in Fig. 3, it clearly appears that an increase of the

hydration h corresponds to an enhancement of the popu-

lation of water molecules arranged in tetrahedral HB net-

works (I1, I2), i.e. bulk-like contribution. Correspondingly,

a decreasing of the population of water molecules involved

in HB network with connectivity less than four (I3, I4) is

found when the hydration level increases in the system.

These last contributions, namely not bulk-like contribu-

tions, are typically associated to water molecules

Fig. 3 Percentage intensities Ii of the different spectral contributions

to the OH stretching band as a function of the hydration level h for b-

CDPMA14 hydrogel. Inset: evolution of the corresponding peak

wavenumbers: x1 open squares, x2 open circles, x3 open up

triangles, x4 open down triangles

Fig. 4 Percentage intensities I1 ? I2 and I3 ? I4 of the spectral

contributions to the OH stretching band as a function of the hydration

level h for b-CDPMA14 hydrogel. The vertical line indicates the

value estimated for hcross

Fig. 2 Typical schematic of the fitting procedure results for nano-
sponges hydrogel at h = 4.3

carried out by the deconvolution procedure already 
described in literature [36, 37].

Generally speaking, the assignments and interpretation 
of the spectral components of the broad OH band were 
reported in literature in different ways [38, 39]. However, 
there is substantial agreement that OH groups with a higher 
degree of HB order show a band at lower wavenumbers.

After a preliminary subtraction from the total experi-

mental profile IVV of the spectral signal assigned to the CH 
vibrational modes of nanosponges, the polarized OH 
stretching band of water are decomposed into four different 
spectral components corresponding to four classes of OH 
oscillators (Fig. 2).

The two sub-bands at the lowest wavenumbers, namely 
x1 and x2, are assigned to the symmetric and asymmetric 
OH stretching modes of water molecules arranged in tet-

rahedral HB networks and, therefore, exhibiting strong 
hydrogen bonding on both the hydrogen atoms. The spec-

tral component x3 reflects the non-in-phase OH stretching 
mode of H2O molecules involved in distorted tetrahedral 
structures, commonly referred to as ‘bifurcated H-bonds’. 
Finally, the highest wavenumber sub-band x4 is represen-

tative of the OH mode of water molecules whose H-bond 
network is, totally or at least partially, broken.

Figure 2 displays a typical best fit result obtained for 
OH stretching profile of nanosponge hydrogel at h = 4.3 
with the distinct spectral components highlighted.

It should be pointed out that the data analysis here 
proposed is carried out with the aim of a better quantifi-

cation of the spectral-shape changes observed for the OH 
stretching band of water different hydrogel which are 
already qualitatively described above.

Figure 3 displays the evolution of the estimated per-

centage intensities Ii (i = 1–4) of the different spectral 
contributions representative of the population of each class 
of OH oscillators as a function of the hydration h. In the 
inset, the behavior of the wavenumbers xi of each sub-band 
is reported as a function of the same parameter h.



‘‘perturbed’’ by the presence of solutes or attached to some

interface.

It is noteworthy that a characteristic saturation effect is

observed at the high values of h for all the populations Ii.

By starting from the findings of Fig. 3, a more synthetic

picture of the phenomena is pointed out in Fig. 4 where the

sums of the intensities (I1 ? I2) and (I3 ? I4) are plotted as

a function of h.

As a matter of fact, these quantities are representative of

the population of the two different classes of water mole-

cules, i.e. bulk-like (tetra-coordinated) and not bulk-like

water molecules, respectively, found in the hydrogel system.

The h-dependence of the intensities data reported in

Fig. 4 is well reproduced by using a logistic function

(dashed curves in Fig. 4), consistently with the saturation

behavior observed at high values of h for both bulk-like

and not bulk-like contributions.

More interestingly, Fig. 4 clearly gives evidence of the

existence of a characteristic crossover point where the pop-

ulation of bulk-like water molecules becomes favored with

respect to the population of not bulk-like water. The crossing

point of the curves reported in Fig. 4 provides directly the

hydration level at the cross-over conditions: hcross = 4.7.

This experimental finding can be interpreted by con-

sidering saturation of the sites of water confinement of

nanosponges observed for values of hydration level higher

than the cross-over hydration hcross. Indeed, above hcross the

pores of CDNS are not able to adsorb additional water

molecules. Consequently, at 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 CDNS polymeric matrix.

The value of hcross defines two regions of concentration

of nanosponges in water corresponding to different mac-

roscopic phases exhibited from the system, as revealed in

the photographs of Fig. 5. At low content of water with

respect to CDNS polymer, i.e. h \ hcross, the swelling of

nanosponges gives rise to a rigid opaque gel (the sample

does not flow if turned upside down). By increasing the

hydration levels, the initially rigid gel of b-CDPMA14

progressively tends to flow up to become a fluid suspension

for h [ hcross.

The direct correspondence between the cross-over

hydration level and the gel-to-sol phase transition observed

for b-CDPMA14 hydrogel is consistent with the results

achieved on another class of nanosponges hydrogel,

obtained by using EDTA as cross-linking agent [27]. All

these experimental results suggest that the cross-over point,

i.e. the critical concentration of gelation of nanosponges,

strongly depends both on the molecular structure of cross-

liking agent used for obtaining the CDNS polymers and on

the molar ratio n [27]. In particular, if n is kept fixed at

n = 4, different concentrations of gelation are found on

passing from PMA- to EDTA-nanosponges, as clearly

evident by comparing the cross-over hydration levels

estimated for the two different types of nanosponge-

hydrogel (i.e., hcross = 17 and 4.7 for b-CDEDTA14 [27]

and b-CDPMA14, respectively). This means that the sat-

uration of the confinement sites of water (i.e. the pores of

the nanosponge) is reached at lower hydration levels for b-

CDPMA14 hydrogel with respect to b-CDEDTA14. This

finding strongly suggests the conclusion that b-CDPMA14

hydrogel exhibit significant lower swelling properties with

respect to b-CDEDTA14, which appear to be the most

absorbent polymer. These results appear to be particularly

relevant for practical applications of these CD-based

hydrogels and they are likely to be exploited for the design

of suitable stimuli-responsive systems.

Finally, a further confirmation of the results discussed

above is provided by using a different approach for

describing the OH stretching contribution, as suggested by

the model of Green, Lacey and Sceats (GLS) [29].

Theoretical studies [40] suggest that the low-frequency

feature of the OH stretching band of water which appears

in the polarized spectrum essentially arises from a collec-

tive in-phase stretching motions of the OH groups of water

molecules. As a matter of fact, the shoulder at low fre-

quency appears as a result of the large net polarizability

change of these vibrational modes. GLS model proposes

that this collective band arises from the collective in-phase

stretching motion of the water molecules involved in the

fully bonded tetrahedral HB network. Consistently with

this suggestion, other studies on aqueous solutions have

shown that the presence of perturbations which tend to

break or distort HB patterns, reduces the intensity of col-

lective band [29, 30].

The relative collective intensity, IC, of the low-frequency

shoulder in the IVV spectrum, ascribed to ‘‘collective’’

modes of the OH groups, is assumed to be characterised by a

depolarisation ratio which differs from that of uncoupled

Fig. 5 Photographs of the gel

phase (a, b) and liquid

suspension (c, d) observed for

b-CDPMA14 hydrogel at level

of hydration h lower and higher

than hcross



OH oscillators (the remainder of the spectrum), whose

depolarisation ratio qOH is relatively constant and approxi-

mately equal to that of an isolated OH oscillator. Hence, in

order to obtain IC, one can assume that the IVH spectrum is a

scaled-down version of the IVV spectrum without the col-

lective contribution. This suggest that IC can be, approxi-

mately, extracted by the difference spectrum IC (x) = IVV

(x) - aIVH (x), where a = [qOH]-1.

Figure 6a displays the results of stripping procedure

frequency range of the Raman spectra of PMA–CDNS

hydrogel allowed us to distinguish among different HB

patterns in which the confined water molecules are arranged.

The frequency and intensity evolution of these spectral

components are monitored during the progressively

increasing of the water content with respect to nanosponges

in the hydrogel, following the transition of the polymers

from a state of a rigid gel into a liquid suspension.

The spectral deconvolution analysis gives evidence of

the existence of a characteristic cross-over hydration level

above which the population of bulk-like water molecules

becomes favored with respect to the not bulk-like contri-

butions. The estimated value of hcross defines two regions

of concentration of nanosponges in water which correspond

to the different macroscopic phases exhibited from the

system, i.e. rigid gel state and fluid suspension. Consis-

tently, the observed cross-over has been associated to the

rearrangement of water molecules in more cooperative,

bulk-like networks as a consequence of saturation sites of

water confinement of nanosponges found for hydration

levels higher than hcross.

The results of spectral deconvolution analysis are further

confirmed by the inspection of the collective intensities

estimated by following the GLS model.

These findings, in full agreement with the direct evi-

dence of gel–sol transition in EDTA-nanosponges hydrogel

recently revealed by Infrared spectroscopy measurements,

further support the existence of a specific phase diagram of

the cyclodextrin nanosponges hydrogel, where both the

parameter n and the molecular structure of the cross-link-

ing agent play a fundamental role in defining the nano- and

microscopic properties of the system.
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