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1. Introduction

Cyclodextrin nanosponges (CDNS) represent a very promising class
of cross-linked polymers showing a unique three-dimensional architec-
ture that consists of both hydrophilic and hydrophobic nanosized pores,
where a large variety of guest compounds can be effectively encapsulat-
ed [1–3]. Themonomeric units of CDNS are constituted by cyclodextrins
(CD), natural cyclic oligosaccharides formed by 6–8 glucose units linked
by1,4-α-glycosidic bonds leading to formα-,β-, andγ-CD, respectively.
CD show a characteristic structure of a truncated cone, with an internal
hydrophobic cavity and an outer hydrophilic surface [4–6], and they are
well known for their capability of including a large variety of organic
compounds via non-covalent interactions. The reaction of polymeriza-
tion of CD with suitable polyfunctional agents leads to highly cross-
linked amorphous structures, referred to as cyclodextrin nanosponges,
characterized by unique molecular encapsulation properties. These
polymeric networks play a key role in the rational design of new soft
materials for application as carrier systems inmanydifferent technolog-
ical fields, including agriculture [7], environmental control [8] cosmetic
and pharmaceutical domain [9–14].

In this scenario, the deep knowledge of the architecture of the
network connectivity or an estimation of the cross-linking density of
CDNS is a crucial step to understand how the molecular structure can
affect the functional properties of these polymers. This is an important
challenge in view of the possibility to control and tune the molecular
encapsulation ability inside the matrix of these very promising amor-
phous systems. On the other hand, despite the easy synthesis and the
versatility of CDNS, carrying out a systematic structural and dynamic
characterization of cross-linked polymeric networks suffers from
many intrinsic difficulties, mainly due to the random nature of the
growing process which leads to the formation of the polymer.

Recent experimental-numerical works [15–20] showed how the
study of the vibrational dynamics of CDNS is a powerful tool to charac-
terize amorphous polymeric networks, from a structural point of view,
too. The detailed analysis of the high-frequency vibrational dynamics
of nanosponges revealed a clear dependence of the hydrogen-bonded
network involving the OH groups of the polymers on the temperature
and on the cross-linking degree of CDNS [20]. Moreover, the inspection
of the vibrational spectra of the polymers over a broad spectral range
[15–19] allowed us to demonstrate that the cross-linking density of
the polymeric network and the stiffness (i.e., rigidity) of the whole
material can be effectively tuned by varying the chemical structure of
cross-linking agent and the reaction conditions. In particular, the rela-
tive amount of crosslinking agent with respect to the monomer CD
(i.e., n = crosslinking agent/CD molar ratio) was observed to be the
parameter which mainly can affect the covalent connectivity [17–19]
and the elastic properties of the polymeric matrix [15–17].

In this paper, the low-energy vibrational excitations of cyclodextrin
nanosponges, obtained by polymerization of α- and γ-CD with the
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Fig. 1. Cross-polarized (HV) Raman intensity IRaman
HV of α-CDEDTA110 nanosponge in the

wave number region between +200 cm−1 and −200 cm−1.

Fig. 2. Reduced Raman spectra ofα-CDEDTA1n nanosponges (n = 2, 6, 10) in the energy
range 0–200 cm−1; the arrow indicates the evolution of the BP peak frequency. (Inset)
Typical example of the best fitting results for α-CDEDTA16: the experimental data (red
circles) are shown together with the total fitting curve and the different components
(QE, quasi-elastic; BP, boson peak).
cross-linking agent ethylenediaminetetraacetic acid (EDTA), are inves-
tigated by means of Raman scattering experiments. The structure of
α- and γ-CD differs by the number of glucose units, composed of
macrocycle (6 and 8, respectively), and this is reflected in a different
size of the cavity diameter of the CD (≈4.7 and 7.5 Å for α- and γ-CD,
respectively). The aim of this work is exploring as how the steric hin-
drance and the number of reactive sites on each CD unit (which varies
from 12 secondary and 6 primary OH groups to 16 secondary and 8 pri-
mary groups per CD residue passing from α-CD to γ-CD) can affect the
stiffness properties of the polymer network over a mesoscopic length
scale. For this purpose, the spectral evolution of the so-called Boson
peak (BP), a vibrational feature usually observed in the low-energy vi-
brational spectra of a wide range of different amorphous materials
[21–24], will be analyzed and discussed in terms of a physical descriptor
correlated to the elasticity properties of these amorphous polymeric
networks [16,17].

2. Experimental methods

2.1. Synthesis and purification of nanosponges

The nanosponges were obtained following a synthetic procedure
previously reported [1,2,25]. In order to obtain α-CDEDTA1n and
γ-CDEDTA1n nanosponges, anhydrous α-CD (γ-CD) was dissolved at
room temperature in anhydrous DMSO containing 1 mL of anhydrous
Et3N. Then the cross-linking agent ethylenediaminetetraacetic acid
dianhydride (EDTAn) was added at molecular ratios of 1:n (with
n = 2, 6, 10) under intense 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 obtaining finally an appar-
ently homogeneous powder.

2.2. Raman scattering measurements

All the Ramanmeasurements were carried out at room temperature
from dried specimens of nanosponges placed on a glass slide exposed to
air. Cross-polarized (HV) anti-Stokes and Stokes Raman spectra were
recorded over the wave number range between about −400 cm−1

and +370 cm−1 in backscattering geometry, by means of a triple-
monochromator spectrometer (Horiba-Jobin Yvon, model T64000) set
in double-subtractive/single configuration and mounting three holo-
graphic gratings with 1800 grooves/mm. Micro-Raman spectra were
excited by the 632.8-nm wavelength of a helium/neon or by the
647.1-nm wavelength of an argon/krypton ion laser and detected by a
multichannel detector (CCD with 1024 × 256 pixels) cryogenically
cooled by liquid nitrogen. The laser beam was focused onto the sample
surface with a spot size of about 1 μm2 through an 80× objective of
the microscope with NA = 0.75. The resolution was better than
0.4 cm−1/pixel.

No appreciable damage due to possible heating of the sample was
observed by means of an accurate inspection of the irradiated sample
surface throughout the camera coupled to the microscope objective
and carried out after eachmeasurement. Moreover, four Raman spectra
were recorded from different regions of each examined sample in order
to verify their reproducibility.

3. Results

Cross-polarized Raman intensity IRaman(ω,T) of α-CDEDTA110
nanosponge is shown in the wave number region between +200 cm−1

and −200 cm−1 (Fig. 1). The experimental profile shows two different
contributions, which appear evident in both the anti-Stokes and Stokes
components of the spectrum: a quasi-elastic (QE) signal, related to diffu-
sive and relaxational dynamics of the system, which appears as a
broadening of the elastic peak, and the broad bump, characteristic of dis-
ordered systems, usually referred as the boson peak (BP).

According to Shuker and Gammon model [26], the experimental
intensity IRaman(ω,T) of Raman scattering Stokes processes turns out to
be proportional to the density of states g(ω) through the following
relation:

IRaman ω; Tð Þ ¼ C ωð Þg ωð Þ n ω; Tð Þ þ 1½ �
ω

ð1Þ

where n(ω,T) = [exp(ℏω/kT) − 1]−1 is the temperature Bose factor
and C(ω) is the coupling function between light and vibrational mode
of frequency ω of the system.

In order to rule out the temperature dependence of the Raman spec-
tra, the measured intensity can be converted into the reduced Raman
intensity, defined as

IRed ωð Þ ¼ IRaman ω; Tð Þ
n ω; Tð Þ þ 1½ �ω ¼ C ωð Þ g ωð Þ

ω2 ð2Þ

The reduced Raman intensity IRed(ω) derived from the Stokes
component of the cross-polarized spectrum of three different
α-CDEDTA1n nanosponges in the low-energy region (0–200 cm−1) is
shown in Fig. 2, as an example.

In order to compare Raman spectra acquired on different samples of
EDTA nanosponges, the experimental data were preliminary normal-
ized to the total measured area.



Fig. 3. Reduced Raman spectra ofα-CDEDTA1n nanosponges (n = 2, 6, 10) after subtrac-
tion of QE contribution in the energy range 0–200 cm−1.

Fig. 5. Evolution of ωBP as a function of the molar ratio n for different types of EDTA
nanosponges: α-CDEDTA1n (blue left triangles) and γ-CDEDTA1n (pink hexagons).
The total reduced Raman intensity reported in Fig. 2 can be effective-
ly modeled as the sum of two spectral components:

IRed ωð Þ ¼ IQE ωð Þ þ IBP ωð Þ ð3Þ

Where IQE(ω) and IBP(ω) are the respective spectral intensities.
The inspection of the experimental profiles of Fig. 2 points out signif-

icant variations of both intensity and frequency position of the BP, as a
function of the n parameter. By the way, the intensity of the quasi-
elastic signal varies, passing also from its maximum value in the
spectrum of α-CDEDTA12 nanosponges to its minimum value in the
α-CDEDTA16 sample.

Since in this work we are concerned only with the boson peak varia-
tions, the IQE(ω) of the quasi-elastic contributionwas subtracted from the
total experimental profile IRed(ω) by adopting a well-established fitting
(a)

(b)

Fig. 4.Master curve of the Boson peak for the reduced Raman intensity before (a) and after
(b) the subtraction of QE contribution, obtained as discussed in the text for α-CDEDTA1n
nanosponges (n = 2, 6, 10).
procedure, already successfully applied to other polymeric systems
[16,17,27–29]. In the inset of Fig. 2, the best fitting results for the reduced
Raman spectrum ofα-CDEDTA16 are shown. The total experimental pro-
file IRed(ω) is well reproduced by the sum of a Lorentzian function,
centred at zero wave number, with width Γ and amplitude A to model
the QE contribution (dashed line), and a log-normal distribution function
that well describes the shape and the position of the BP with width W,
amplitude B and peak frequency ωBP (continuous line).

IRed ωð Þ ¼ AΓ
Γ2 þω2 þ B exp − ln ω=ωBPð Þ½ �2=2W2

n o
ð4Þ

It is noteworthy that the choice of the log-normal function, although
arbitrary, provides a suitable method to estimate in more quantitative
way the position of the maximum of BP [16,17,27–31].

The data handling described above has been applied to the Raman
spectra of both α- and γ- EDTA1n nanosponges.

4. Discussion

Fig. 3 displays the Stokes components of the reduced Raman spectra
of the three different samples of α-CDEDTA1n nanosponges, in the
spectral range 0–200 cm−1, obtained after the subtraction of QE contri-
bution,which has been carefully carried out following the samemethod
discussed in Ref. [16,17]. The profiles obtained in this way correspond
only to the intensity IBP(ω) of the vibrational component of the reduced
spectra.

It turns out clearly evident that the boson peak shifts toward higher
wave numbers and decreases in intensity when the parameter n passes
from 2 to 10 and then to 6. It should be pointed out that the overall
evolution of the vibrational component, obtained after subtraction of
the QE contribution, is the same as the one observed for the reduced
Raman spectra of Fig. 2, thus confirming that the described subtraction
procedure of the QE contribution does not affect the final results.

As already widely demonstrated in previous work papers
[16,27–30], a clear relationship exists between the changes in the
frequency and intensity of the BP and the transformation of the elastic
properties of the material over a mesoscopic length scale. As a matter
of fact, it has been shown that the position of the maximum of BP
tends to move to higher energies when the stiffness of the amorphous
system increases, as induced by pressure [27–29], density [30,32] or
increasing of connectivity [16,17]. In particular, in the case of
cyclodextrin-based polymers, it has been observed that the evolution
ofωBP as a function of the cross-linking degree of thepolymeric network
is in fair agreement with the trend observed for the Brillouin sound
velocity measured on the same samples [16].



reticulation increases

increasing n = crosslinking agent/CD molar ratio

branching increases

Fig. 6. Schematic picture representing the effect of increasing of the parameter n on the structural properties of CDNS polymer network.
The behaviour of ωBP observed for α-CDEDTA1n nanosponges in
Fig. 3 is consistent with the change in the elastic properties of these
systems, which appears to show amaximum in the stiffness of the poly-
meric matrix corresponding to n = 6.

This result can be further confirmed by the analysis of the shape of
the BP as a function of molar ratio n, which is achieved by rescaling
the frequency axis of the Raman spectra in terms of υ = ω/ωBP. To
this aim, in order to warrant the invariance of the density of vibrational
states of the materials, we are forced to put g(ω)dω = g(υ)dυ [30].
Accordingly, the change of x variable from ω to υ imposes that also
the reduced Raman intensity must be rescaled trough to the rela-
tion [30]:

I υ ωð Þð Þ ¼ IRed ωð Þ �ωBP
2 ð5Þ

The so-rescaled spectra reproducing the Raman spectra and the
profile of the resulting vibrational components, obtained after subtrac-
tion of the QE contribution, are shown in Fig. 4(a) and (b), respectively,
for α-CDEDTA1n nanosponges. The values of ωBP used to rescale both
the frequency and the intensity of the spectra were preliminarily
estimated by using the data fitting procedure based on Eq. (4).

It is worth noticing that, within the experimental error, the spectra
corresponding to different samples of EDTA nanosponges are perfectly
overlapped, collapsing into a single master curve, clearly evident in
both the panels of Fig. 4. It should be pointed out that its master curve
is obtained without any adjustable parameter.

The existence of amaster curve for BP, in agreementwith the results
obtained on other glass-former systems [28,30,33,34], gives evidence
that the spectral shape of the BP is essentially the same for the three
different types of α-CDEDTA1n nanosponges. This finding is consistent
with the conclusion that the transformation of BP is only determined
by the changes occurring in the elastic properties of the material, inde-
pendently of the modifications of the microscopic structure of the
sample.

Finally, Fig. 5 shows the evolution of ωBP for the two different types
of nanosponges obtained by polymerization of α- and γ-CD with the
cross-linking agent EDTA as a function of the parameter n.

The plots show a similar dependence on n of the stiffness of poly-
meric network with a maximum of the rigidity of the systems which
corresponds to a six-fold excess of cross-linker EDTA with respect to
the monomer α- or γ-CD. This finding is in agreement with the behav-
iour observed for other cyclodextrin-based polymers obtained by poly-
merization of β-CD with the same cross-linking agent EDTA [17] and
with pyromellitic dianhydride (PMA), in dry [15,16,18] and hydrated
state [35]. In fact, in all these systems, a triggering of stiffness and
cross-linking degree (i.e., connectivity) was systematically observed in
correspondence of the molar ratio n = 6. The rationale of this experi-
mental finding could rely on two competing effects, as schematized in
Fig. 6: on one side, the cross-linker molar excess boosts the reactivity,
leading to reticulation and formation of three-dimensional network
mediated by both covalent bonds (ester linkages) and non-covalent in-
teractions (hydrogen bonds). Otherwise, beyond a six-fold excess of
EDTA or PMA, the addition of cross-linkers does not result in a further
growth of the polymeric network but rather increases the branching
of cyclodextrin units and introduces some destructuring effects, mainly
of entropic nature, that do not favor the establishment of hydrogen
bonds.
5. Conclusions

The evolution of the low-frequency vibrational spectra of
cyclodextrin-based cross-linked polymers was here investigated as a
function of the type of CDmonomeric unit (α- or γ-CD) and the relative
amount of cross-linking agent with respect to CD. Significant changes in
the intensity and frequency position of the boson peak were observed,
mainly depending on the parameter n, in agreement with the results
obtained on other cyclodextrin-based polymers. By using the BP maxi-
mum as a physical descriptor of the stiffness properties of the material,
we find an upper limit in the rigidity of EDTA nanosponges polymeric
network corresponding to a six-fold excess of cross-linker with respect
to themonomer CD. This result confirms that the effect of saturation for
the three-dimensional growth of the polymer is triggered for values of
n N 6. Finally, the existence of a scaling law for the BP spectral shape
was verified, supporting that the transformation of BP is only deter-
mined by the changes occurring in the elastic properties of thematerial.
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