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ABSTRACT: The vibrational dynamics of a new class of
cross-linked polymers made up of cyclodextrins is here
investigated in the microscopic range by the joint use of
light and inelastic neutron scattering experiments. The effect of
increasing the connectivity of the polymeric network on the
vibrational dynamics of the system is studied by exploiting the
complementarity of these two different probes. The derived
densities of vibrational states of the polymers evidence the
presence of the characteristic anomalous excess of vibrational
modes with respect to the Debye level, already observed in the
low-frequency Raman spectra and referred to as boson peak
(BP). The overall analysis of the spectra suggests an emerging
picture in which the motions of hydrogen atoms of the
polymers are progressively hampered when the cross-linking degree of the covalent network increases. At the same time, the
frequency and intensity of the BP are found to significantly change by increasing the cross-linking degree of the polymeric
network, as clearly suggested by the existence of a scaling-law for the BP evolution. These findings support the conclusion that
the growing of the covalent connectivity of the system induces a general modifications of the elastic properties of these
cyclodextrin-based polymers, which are, once again, modulated by the cross-linking agent/cyclodextrin molar ratio.

■ INTRODUCTION

In the past few years, a great effort has been devoted to the
study of glass-forming systems due to the fact that many
commonly used materials have a disordered nature. As a matter
of fact, a large variety of polymers and molecular systems
exhibit full or partial amorphous state.1

In particular, cross-linked polymers find many important uses
in technology and are considered a very versatile class of
materials with tailored properties at different length scales.2

Recently, novel key applications of cross-linked polymers were
proposed in the fast-growing field of drug delivery, tissue
engineering, and regenerative medicine.3−5 In the specific case
of noncrystalline polymers, a thorough and systematic
characterization at molecular level of their structure and
dynamics is a key and preliminary step in view of the design
of the functional properties.

Cyclodextrins (CDs) are natural, cyclic oligomers of amylose
with well-known and well-consolidated applications as bio-
compatible drug carriers.6−8 CDs are characterized by the
presence of a macro-ring originated by D-glucopyranose units
linked together via α(1→4) glycoside linkages. The most
common CDs are made of six, seven, or eight glucopyranose
units and are generally referred to as α-, β-, and γ-CD in the
order.
The several OH groups on each CD units (e.g., 21 OH

groups per molecule in β-CD) are available as reactive groups
for polycondensation reactions with suitable reactants − for
example, activated tetracarboxylic acids derivatives − leading to
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cross-liked, nanoporous polymers. Such polymeric systems are
referred to as cyclodextrin nanosponges (CDNSs).8−13 CDNSs
are characterized by the presence of both hydrophilic and
hydrophobic cavities in the polymeric network and by the
possibility of modulating the swelling capability by a careful
choice of the polymerization conditions.13

Some types of CDNS showed interesting properties of
absorption, adsorption, and release of many biologically active
molecules, such as acyclovir,14 camptothecin,15 or paclitaxel,16

with significant applicable perspectives in emerging technolo-
gies, like nanomedicine. Additionally, and in a more general
scenario, new soft materials based on CDNS found application
in agriculture,17 environmental control,18 cosmetic, and
pharmaceutical formulations.14,19,20 Finally, the chirality of the
CDNS components was recently exploited as chiral reaction
environment for photochemical asymmetric synthesis, showing
a surprising capability of asymmetric induction.21,22

The structural and dynamic characterization of CDNS is still
a challenging task in soft-matter physics because thorough
knowledge of these innovative materials at the molecular level
is still an ambitious objective to be reached. Indeed, different
factors hamper the systematic investigation of nanosponges: (i)
the random nature of the growing process of the polymer, (ii)
the presence of a large number of reaction sites on each CD
unit, (iii) the extensive reticulation giving rise to insoluble
polymers in the majority of solvents, and (iv) the intrinsic
amorphous nature of the CDNS.

Despite these limitations, many efforts have been devoted to
explore the structural and dynamic properties of CDNS23−31 at
the molecular level by a broad repertoire of experimental and
computational techniques. In particular, in the case of ester-
bridged CDNS, some previous results23−25,27 indicate that the
relative amount of cross-linking agent with respect to
monomeric CD used during the synthesis of the polymer
(i.e., n = cross-linking agent/CD molar ratio) significantly
affects the network of the covalent bonds and noncovalent
interactions − typically hydrogen bonds − connecting the CD
units within the polymer.
A detailed analysis of the high-frequency vibrational

dynamics of CDNS by Raman and infrared spectroscopy25,26,28

pointed out a clear dependence of the hydrogen-bonded
network involving the OH groups of the polymer on both
temperature and the parameter n. More recently, the behavior
of water confined in the nanopores of swollen nanosponges was
also examined.21−23,29,30 The experimental results29,30 sug-
gested that in the hydrogels prepared by swelling several types
of CDNS with aqueous solutions both physical and covalent
bonds determine the macroscopic properties of the gel phase in
a complex interplay and that the parameter n played a
fundamental role in defining the nano- and microscopic
properties of the system.
In this work, the combined use of two different and

complementary probes (light and neutrons) is exploited to
obtain information about the vibrational density of states

Figure 1. Schematic representation of the formation of nanosponges polymeric network from the reaction between β-CD and PMA.
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(VDOS) of CDNS synthesized by polymerization of β-CD with
pyromellitic anhydride (PMA)23−25,29−31 (see Figure 1). In
particular, the low-frequency regime of the inelastic light and
neutron spectra of CDNS, between 0 and 150 cm−1 (≈ 0−18
meV) where the collective motions of the system are typically
observed, is thoroughly examined. Recent works32,33 showed
how the study of the vibrational dynamics of complex
molecular systems, including CD-based materials,33 is a
powerful tool for their structural characterization. Moreover,
for the investigation of the dynamical contributions arising from
the picosecond motions of the system (with corresponding
energies between about 1−10 meV), inelastic neutron
scattering (INS) is probably the most powerful experimental
technique due to its typically accessible energy and momentum
transfer.
Finally, the Raman and INS spectra of CDNS are presented

and compared in this work to correlate the different physical
quantities probed by the two complementary scattering
techniques. As main result, the central role played by the
molar ratio n to determine the elastic properties of nano-
sponges polymer network over the mesoscopic length scale is
confirmed, thus adding a further contribution to the rational
comprehensive view of the physical−chemical parameters
driving the formation of the CDNS network.

■ MATERIALS AND METHODS
A. Synthesis and Purification of Nanosponges. The

ester-bridged CDNSs based on PMA were obtained by
following, with minor modification, the synthetic procedure
already described in the Italian patent.34

To obtain the β-CDPMA1n polymers, the reactions of
polymerization between β-CD and the cross-linking agent
pyromellitic dianhydride (PMA) at PMA/β-CD molar ratios n
(with n = 2, 4, 8) were conducted by dissolving the reagents in
dimethyl sulfoxide (DMSO) in the presence of triethylamine
and allowing them to react at room temperature for 3 h. Once
the reaction was over, the solid obtained was broken up with a
spatula and washed with acetone in a Soxhlet apparatus for 24
h. The pale-yellow solid material was finally dried under
vacuum.
B. Raman Scattering Measurements. All Raman

measurements were carried out on dried samples of CDNSs
deposited on a glass slide in air and at room temperature. All
spectra were obtained in backscattering geometry, in crossed
polarization, and by using two different experimental setups to
better explore different spectral ranges.
The spectra in the wavenumber range between 1600 and

3700 cm−1 were collected by using an exciting radiation at
632.8 nm (He−Ne laser, power at the output ≈ 20 mW). The
laser was focused onto the sample surface with a spot size of
∼0.8 μm2 through the 100× objective (NA = 0.9) of a
microprobe setup (Horiba-Jobin-Yvon, LabRam Aramis)
consisting of a 46 cm focal length spectrograph using a 1800
grooves/mm grating and a charge-coupled device (CCD)
detector. The elastically scattered radiation was filtered by using
a narrow-band edge filter. The resolution was ∼0.35 cm−1/
pixel.
The relative amplitude of the luminescence background

observed in the Raman spectra in the 1600−3700 cm−1 spectral
range was less than a few percent in all samples examined.
Therefore, the experimental profiles were corrected for the
luminescence background by subtracting an interpolating
baseline modeled as a linear function.

Two Lorentzian functions centered at about 1700 and 1730
cm−1 were used to fit the Raman spectra in the CO
stretching region. A fitted range of ∼200 cm−1 (1600−1800
cm−1) was considered. For each fitting session, multiple
iterations were performed until converging solution was
reached by minimizing, in the meanwhile, the value of chi-
square.
Low-wavenumber Raman spectra of CDNSs were recorded

over the wavenumber range between 1.3 and 400 cm−1 by using
a triple-monochromator spectrometer (Horiba-Jobin Yvon,
model T64000) set in double-subtractive/single configuration
and equipped with holographic grating 1800 grooves/mm.
Micro-Raman spectra were excited by the 647.1 nm wavelength
of an argon/krypton ion laser and detected by a CCD detector
cryogenically cooled by liquid nitrogen. Exciting radiation was
focused onto the sample surface with a spot size of ∼1 μm2

through a 80× objective with NA = 0.75. The resolution was
∼0.36 cm−1/pixel.

C. Neutron Scattering Experiments. Neutron scattering
experiments were performed at Laboratoire León Brillouin
(LLB, Saclay, France) using the time-of-flight (TOF)
spectrometer MIBEMOL.
Measurements were carried out at 150 and 300 K using

neutrons with an incident wavelength of 6 Å, with a Q-
independent experimental elastic energy resolution of 92.7 μeV
(0.7 cm−1) (defined as the full width at half-maximum of a
vanadium standard). The covered Q range was from 0.49 to
1.73 Å−1. The recorded spectra were binned into 10 groups to
improve the counting statistics. The explored energy range was
from −45 to ∼1.4 meV (about −363 ÷ 11 cm−1). In all of the
Figures here reported the sign of the energy transfer was
reversed for sake of simplicity.
A standard indium sealed, flat aluminum cell with a thickness

of 0.2 mm internal spacing was used as sample holder. For each
measurement, the sample holder was placed at an angle of 135°
with respect to the incident beam direction. The time of data
acquisition was about 8 h. About 96% transmission was
obtained for all investigated samples.
The measured TOF spectra were analyzed with QENSH data

treatment program, available at LLB. The software allows, inter
alia, the correction of the detector efficiency by normalization
to vanadium spectra, the correction for the empty cell, the
transformation of the TOF spectra into energy spectra, and the
data grouping to improve the corresponding signal/noise ratio.

D. Theoretical Background. It is well known35−37 that
Raman scattering experiments allow us to probe the
fluctuations of the polarizability tensor of a system due to its
elementary excitations, like vibrations. In the specific case of
disordered systems, these excitation modes are expected to
show a continuous frequency distribution, extending from zero
up to about the Debye frequency of the material. Under the
Born−Oppenheimer approximation, the polarizability fluctua-
tions depend linearly on the atomic displacements. Con-
sequently, the Raman spectral density reflects the VDOS.
Generally speaking, the experimental Raman intensity

IRaman(ω,T) can be related to the VDOS g(ω)38 by the relation:

ω
ω ω

ω
∝

+
I T

g n T
( , )

( )[ ( , ) 1]R

Raman (1)

where gR(ω) is the convolution of the VDOS g(ω) with the
light-to-excitation coupling factor C(ω):
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∫ω ω ω ω ω= − ′ ′ ′g C g( ) ( ) ( ) dR
(2)

and n(ω,T) = [exp(ℏω/kBT)−1]−1 is the Bose−Einstein
occupation number. On the basis of Shuker−Gammon
model,35 we can write, in the low-frequency regime, that:

ω ω ω=g C g( ) ( ) ( )R
(3)

The Raman coupling function C(ω) is a priori unknown,36,37

and it can be experimentally obtained by measuring g(ω) with
an independent probe, for example, by means of INS
measurements.33

The intensity measured in the neutron scattering experi-
ments corresponds to the incoherent double-differential cross
section. For the systems under investigation, the dominant
contribution to the revealed signal is due to the large number of
hydrogen atoms, characterized by a very large, mostly
incoherent, neutron cross section. Therefore, the neutron
scattered intensity can be related to the so-called incoherent
dynamical structure factor (or incoherent scattering function)
Sinc(Q,ω).

39 In the one-phonon approximation, Sinc(Q,ω) can
be written, at a given temperature, T, as:39

ω δ ω

ω ω ω

= + −

+ ⊗

−S Q A Q A Q

S Q S Q R Q

( , ) e { ( ) ( ) [1 ( )]

( , ) ( , )} ( , )

W Q T
inc

2 ( , )
0 0

QE INEL

(4)

where A0(Q) is the so-called elastic incoherent structure factor,
SINEL(Q,ω) represents the inelastic incoherent scattering
function, and 2W(Q,T) = Q2⟨u2(T)⟩ is the Debye−Waller
factor (DWF) that describes the Gaussian Q-dependence due
to the vibrational atomic mean square displacement ⟨u2(T)⟩.
Because of the low energy of the incident neutrons of the

experiment performed in this work, the INS spectrum is mainly
an energy-gain spectrum because neutrons gain energy by
excited vibrational modes. Nuclear interactions are not subject
to dipole or polarizability selection rules, thus making INS a
complementary technique with respect to Raman scattering.
From the function SINEL(Q,ω), the one-phonon VDOS can

be directly estimated through the relation:40

ω
ω ω

ω
=

ℏ
+ −

g Q
S Q

Q n T Q T
( , )

2M ( , )
{1 ( , )} exp{ 2W( , )}

INEL
2

(5)

where M is the mass of the scattering unit.
By integrating eq 5 over the entire angular range, we can

calculate the VDOS g(ω) for all measured samples.41

In calculating the VDOS, no correction for multiphonon
processes was attempted because these contributions are
expected to be small at the temperatures and Q values covered
by the present experiment. Moreover, multiple scattering
components were neglected considering that, because our
main goal was the relative comparison among samples with very
similar total cross section, the relevant features were expected
to be quite similar to the curve calculated without including
multiple scattering. The estimated VDOS were normalized with
respect to the number of total scattering atoms.

■ RESULTS AND DISCUSSION
A. Cross-Linking Degree (i.e., connectivity) of Cyclo-

dextrin Nanosponges. As schematized in Figure 1, the
reaction of polymerization between β-CD and the cross-linking
agent PMA involves the formation of ester groups between
adjacent molecules of CD, leading to the covalent cross-linking

network of CDNS. As previously mentioned, the growing
process of the polymers occurs in a random way due to the
presence of a large number of reaction sites on each β-CD unit
(which consist of 14 secondary and 7 primary OH groups per
CD residue). Therefore, the final structure of the nanosponges
strongly depends on the balance between two effects, namely,
the number of reactive sites of CD effectively involved in the
reaction and the steric hindrance effects progressively growing
as the polycondensation occurs.
In Figure 2, the experimental Raman spectrum of β-CD is

compared with the Raman profile of β-CDPMA12 nanosponge

in two different spectral regions. In the wavenumber range
1650−1850 cm−1, where typically the stretching vibrations of
CO groups falls, β-cyclodextrin does not show any
interfering vibrational bands,42,43 while the intense signal
observed in the Raman spectrum of β-CDPMA12 nanosponge
is assigned to the carbonyl stretching vibrations of esterified
PMA, also in agreement with previous quantum chemical
computation results.25

In the wavenumber range 2800−3100 cm−1 (Figure 2), the
complex band corresponding to the vibration modes involving
CH and CH2 groups of the molecule can be clearly observed in
the spectra of both β-CD and β-CDPMA12 nanosponge.
For a finer investigation, the spectral contributions in this

region were properly decomposed into four components by
using Lorentz functions, as shown in the inset of Figure 2. In
this way, the effect of the cross-linking of cyclodextrins
molecules on the spectral changes observed in the high-
frequency range of CDNS spectra with respect to the profile of
β-CD could be readily inspected.
As it is evident in the inset of Figure 2, a general small shift to

higher energy of all spectral contributions to the CH band
(with the exception of the less intense component falling at
∼2890 cm−1) is observed as a consequence of assembly of
cyclodextrin molecules in the polymeric network of nano-
sponges.
In particular, the sharp peak found at 2908 cm−1 in the

spectrum of β-CD and assigned to the stretching vibrations of
CH2 groups of the molecule (labeled as ν(CH2)β‑CD) moves to
2917 cm−1 in the vibrational spectrum of β-CDPMA12. The
same shift is observed for this mode in all spectra of the sample

Figure 2. Comparison between the experimental Raman spectra of
nanosponge β-CDPMA12 and β-CD in the wavenumber ranges
1650−1850 and 2700−3100 cm−1 at room temperature. Inset: spectral
contributions to the mixed CH and CH2 vibrational band with the
indication of the stretching vibration ν(CH2)β‑CD used as internal
standard.
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of β-CDPMA1n investigated. Therefore, the band falling at
2917 cm−1 in the Raman spectra of nanosponges can be
reasonably chosen as a reliable internal standard associated with
the number of cyclodextrin units present in the CDNS
polymer, as described later.
In Figure 3, the experimental Raman spectra of nanosponges

β-CDPMA1n (with n = 2, 4, and 8) are shown in the

wavenumber range 1640−1810 cm−1, where the signals
corresponding to the carbonyl stretching vibrations of esterified
PMA25 can be observed.
The experimental profiles of Figure 3 can be deconvoluted

into two separate spectral components, centered at ωCO1 and
ωCO2, by using a proper fitting procedure of the data. (See the
Materials and Methods.) These components correctly describe
the existing types of carbonyl stretching modes assigned,
respectively, to the vibrations of the CO belonging to the
ester groups (ωCO1) and to the carboxylic groups (ωCO2) of the
PMA-bridging residue. This assignment is derived by quantum
chemical computations recently performed on a model of the
bridging molecule connecting different units of CD in PMA-
nanosponges.25

After a suitable normalization of the Raman spectra of Figure
3 to the intensity of the band falling at ∼2917 cm−1, the
intensity of the CO stretching bands can be confidently
associated with the population of the corresponding species.
The mode at 2917 cm−1 assigned to the stretching vibrations of
CH2 groups of the CD units, which are not involved in the
reaction of polymerization with PMA, can be used as a reliable
internal standard.
The normalized total intensity ICO1 + ICO2 is reported as a

function of the molar ratio n in the inset of Figure 3 (left
panel). This quantity can be used as a descriptor of the cross-
linking degree of the nanosponges polymeric network. A
marked growing of the connectivity of the covalent cross-links
among the CD units is observed for high values of n, as shown
by the total intensity of the spectra reported in Figure 3.
The increase in the relative amount of PMA with respect to

CD during the synthesis of the polymer does not seem to
significantly affect the ratio ICO1/ICO2 between the intensity of
the two spectral contributions to the CO stretching band
observed in Raman spectra (see the other inset of Figure 3 -
right panel). This finding seems to suggest that no excess of

ester bonds with respect to the free carboxylic groups (or vice
versa) is observed in the polymer network within the explored
n range. Indeed, the connection of two CD units by one PMA
results in the formation of two ester groups and two carboxylate
groups. Multiple condensation, up to a maximum of four ester
groups per PMA molecule, is unlikely to occur for steric and
entropic reasons. On the contrary, if only one carboxylic group
is converted to ester, the reaction product is a dangling
pyromellitate unit attached to a single cyclodextrin units and it
does not contribute to the growth of the 3D network. In the
latter case, one ester function and three carboxylates are formed
per each PMA unit. The experimental findings reported above
− ICO1/ICO2 virtually constant within the explored n range −
indicate that the condensation of two CD units by a single
PMA linker is the dominant process.

B. Vibrational Density of States of Nanosponges. In
Figure 4, we report the imaginary part of the dynamical

susceptibility χ″(ω) for β-CDPMA1n (with n = 2, 4, and 8) as
obtained by INS spectra, according to the relation χ″(ω) =
((SINEL(ω))/[n(ω,T) + 1]), where SINEL(ω) was calculated by
integrating, for each measured sample, the Q-dependent
function SINEL(Q,ω) over the entire angular range. The
representation of the neutron scattering intensity in terms of
susceptibility is used to enhance the inelastic features of the
examined samples of nanosponges at energies higher than 10
cm−1. The comparison between the spectra of nanosponges in
Figure 4 points out a remarkable change of the inelastic profile
as a function of n. Quite interestingly, the intensity of the
vibrational modes definitely decreases over the whole observed
energy range as the cross-linking agent content is increased,
thus suggesting that the formation of the network of the
covalent and hydrogen bonds connecting the CD units has the
effect of significantly hindering the vibrational modes of
nanosponges in this spectral range.
A maximum value, found at 28−33 cm−1, is observed in the

susceptibility spectra of all samples of β-CDPMA1n nano-
sponges examined (see inset of Figure 4). This is likely to
correspond to a collective mode of the hydrogen bond network,
similar to those already seen in other disordered systems such
as glasses44 and proteins45 and related to the so-called boson
peak (BP) (see later). Interestingly, the maximum of χ″(ω)
tends to move to higher energy when n increases (see inset of
Figure 4), in agreement with the behavior of the BP widely
discussed in the following section.
Figure 5 reports the VDOS g(ω) derived for nanosponges β-

CDPMA1n (n = 2, 4, 8) in the energy range 0−600 cm−1 and

Figure 3. Experimental Raman spectra for β-CDPMA1n (with n = 2, 4,
and 8 as indicated in the subpanels) in the 1640−1810 cm−1

wavenumber range at room temperature. Inset: total intensity ICO1 +
ICO2 and ratio ICO1/ICO2 between the intensity of the two spectral
contributions to the CO stretching band observed in Raman
spectra.

Figure 4. Dynamic susceptibility χ″(ω) as obtained by INS spectra of
β-CDEDTA1n nanosponges (n = 2, 4, 8) in the energy range 0−350
cm−1. Inset: log−lin plot of the χ″(ω) between 5 and 100 cm−1.
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in a logarithmic−linear plot. As the VDOS were normalized
with respect to the total number of scattering centers, they
represent, in the incoherent approximation, the average
vibrational behavior of the hydrogen atoms belonging to the
system under investigation.
Figure 5 shows that increasing n, that is, of the cross-linking

degree of the nanosponges network, results in the attenuation
of the intensity of the vibrational modes of the polymer in the
explored energy range. This finding suggests a progressive
hindering of the motions of the hydrogen atoms of nano-
sponges, which tend to exhibit vibrational motions of smaller
amplitude when included in a more interconnected pattern of
covalent cross-links.
The maximum observed in the VDOS of nanosponges at

∼70 cm−1 (Figure 5) is nothing but the same collective
excitation already previously mentioned in the discussion of the
susceptibility spectra (Figure 4), only apparently shifted to
higher energies due to different representation in term of the
VDOS; that is, it includes the multiplying ℏω factor.
More interestingly, we can also clearly see in the g(ω) a peak

centered at ∼240 cm−1, which is a reminiscence of the
vibrational feature already observed in the INS spectra of the β-
cyclodextrin alone.46 This similarity suggests that the peak
found in the VDOS of nanosponges is due to optic-like modes
of the β-cyclodextrin hydrogen-bond network, thus also
explaining the gradual decrease in its intensity while increasing
the relative weight of the cross-linker component with respect
to the monomeric unit β-CD.
C. Behavior of the Boson Peak: Frequency and

Intensity Variations. To better emphasize the vibrational
behavior of the system in the low-frequency region up to 50
cm−1, the reduced representation of the VDOS, that is, the
quantity g(ω)/ω2, is plotted in Figure 6a in comparison with
the reduced Raman intensity Ired(ω) (Figure 6b). As expected,
the VDOS of all investigated nanosponges shows an excess of
vibrational states with respect to the Debye-like continuous
elastic model, thus confirming the glass-like behavior of
nanosponges polymers.23,24,27 Such an excess, typically
observed in inelastic light and neutron scattering spectra of
disordered solids is well known as BP,47 and it appears evident
in both the panels of Figure 6.
The experimental Raman intensity was converted into the

reduced Raman intensity according to the relation:

ω
ω

ω ω
ω

ω
ω

=
+

=I
I T

n T
C

g
( )

( , )
[ ( , ) 1]

( )
( )red Raman

2 (6)

to rule out the temperature dependence of the Raman spectra.
Moreover, the quantity Ired(ω) indirectly provided the reduced
VDOS modulated by the light-vibration coupling function
C(ω).
The curves reported in Figure 6a,b display a neat maximum,

referred to as BP, centered between about 18−24 and 22−27
cm−1 in the case of INS and Raman data, respectively.
Besides the BP, the low-frequency region (ω < 10 cm−1) of

the Raman spectra (Figure 6b) is characterized by the
occurrence of a quasi-elastic scattering (QES) component,
which appears as a broadening of the elastic line. This
contribution does not significantly affect the position and the
intensity of the BP (vide ultra).
The detailed inspection of the profiles of Figure 6a,b points

out changes of both intensity and frequency position of the BP
as a function of the parameter n. In particular, the BP shifts
toward higher wavenumbers, with associated decreases in
intensity, by changing the parameter n from 2 to 8.
Although several attempts have been made to explain the

origin of the vibrational modes of BP,48−51 its connection with
the disordered nature of the system is quite well accepted. As
already demonstrated in previous papers,52−54 the BP spectral
evolution is related to the transformation of the elastic
properties of the material over a mesoscopic length scale. In
fact, it was shown that the position of the maximum of BP
tends to move to higher energies with increased stiffness of the
system, as induced by density,52−55 pressure,56,57 temperature
or increasing of covalent connectivity.58 This experimental
behavior was observed for both inorganic glasses52−57 and
organic glass-forming materials, such as polymers.56,58

The frequency evolution of BP can be highlighted by
rescaling the frequency axis of the spectra of Figure 6 in terms
of υ = ω/ωBP,

52−54,56 where ωBP corresponds to the position of

Figure 5. Log−lin plot of the experimental vibrational density of states
g(ω) of β-CDPMA1n nanosponges (n = 2, 4, 8) in the energy range
0−600 cm−1.

Figure 6. Reduced representation of VDOS g(ω)/ω2 as obtained by
neutron data (a) and reduced Raman intensity (b) of nanosponges β-
CDPMA1n (with n = 2, 4, and 8) in the energy range 0−120 cm−1.
The arrows indicate the evolution of BP as a function of n.
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the maximum of BP estimated from the reduced profiles of
VDOS and Raman intensity.
Taking into account the proper normalization of the density

of states g(ω) dω = g(υ) dυ resulting from the change of
frequency variable and assuming that C(ω) in eq 6 is
proportional to ω in the BP region (as verified in the following
and found also in other systems33,59,60), we obtain the rescaled
intensities:52−54,58

υ υ ω ω ω= ×g g( )/ ( )/2 2
BP
3

(7)

υ ω ω= ×I I( ) ( )Red
BP
2

(8)

where the BP positions are obtained by fitting a log−normal
function to the Raman and INS data.
The so-squeezed spectra reproducing the Raman intensity

and the reduced VDOS are shown in Figure 7a,b, respectively.

It is worth noting that within the experimental error the
rescaled spectra corresponding to different samples of PMA-
nanosponges collapse into a single master curve, clearly evident
in both the panels of Figure 7. It should be pointed out that this
master curve is obtained without any adjustable parameter. The
values of ωBP used to rescale both the frequency and the
intensity of both INS and Raman data are plotted as a function
of the molar ratio n in Figure 7c.
As already reported,52−54,56,58 the existence of the scaling law

summarized in Figure 7a,b provides evidence that the spectral
shape of the BP, both in reduced VDOS and in the Raman
intensity, is essentially the same for the three different
investigated nanosponges. This finding supports the conclusion
that the BP evolves according to the relative modifications of
the elastic properties of the CDNS polymers, in good
agreement with the trend observed for the Brillouin sound
velocity measured on similar samples of nanosponges.24

In particular, all experimental data suggest a strong
dependence on n of the stiffness of CDNS polymeric network,
as summarized in the plots of Figure 7c. This finding confirms
the conclusion that the molar ratio n is the variable affecting the

elastic properties of nanosponges over the mesoscopic length
scale.24,27,29,30

We remark that the same linear dependence on n of the
frequency position ωBP is observed in the reduced VDOS and
Raman spectra (Figure 7c), supporting the reliability of the
results previously discussed.
The close relationship found between the molar ratio n and

the rigidity of the CDNS polymer matrix appears to be a result
of considerable importance in view of the possible tunability of
the macroscopic and functional properties of nanosponges. As a
matter of fact, recent infrared spectroscopy measurements
performed on hydrogels originated by swelling of β-CDPMA1n
nanosponges29,30 have demonstrated that the hydration of
CDNS leads to the establishment of a hydrogen-bonds network
involving the CO functional groups of the polymers, whose
connectivity pattern is strongly dependent on the parameter n.
These findings are consistent with the conclusion that the
elastic properties of nanosponges over the mesoscopic length
scale play a key role in defining the macroscopic properties of
CDNS hydrogel, like the water holding capacity and the rigidity
of the gel network.

D. Frequency Dependence of the Raman Coupling
Function. From the inspection of Figure 7c, as expected, the
maxima of BP are found at higher energies in the inelastic light
spectra with respect to the positions observed for the bump in
the corresponding reduced VDOS. This is consistent with what
was previously observed in other glass-forming systems,33,59−61

and it is reflected in the spectral shape of the Raman coupling
function C(ω), which has been estimated by the direct
comparison between the experimental Raman and neutron
scattering data, as described in the Theoretical Background
section.
The Raman coupling function C(ω) measures the efficiency

of the coupling between the incident photon and the vibrations
of the system, and its frequency dependence plays a relevant
role in clarifying the origin of the vibrational anomalies in
disordered systems.62

In Figure 8, the frequency behavior of the Raman coupling
function C(ω) calculated for the three investigated nano-

sponges is shown in the energy range 0−160 cm−1. The profiles
exhibit a complex spectral shape in the explored energy
window: (i) for ω < 10 cm−1, C(ω) decreases with increasing
frequency; (ii) in the energy range of BP, that is, for 10 cm−1 <
ω < 50 cm−1, C(ω) values of all three types of CDNS show a

Figure 7. Master curve of the boson peak for the reduced Raman
intensity (a) and g(ω)/ω2 (b) obtained, as discussed in the text for β-
CDPMA1n nanosponges (n = 2, 4, 8). (c) Frequency position
estimated for ωBP from Raman (orange hexagon) and INS data (pink
triangles) as a function of the molar ratio n.

Figure 8. C(ω) calculated as described in the text for β-CDPMA1n
nanosponges (n = 2, 4, 8) in the energy range 0−160 cm−1. Different
curves are vertically shifted for the sake of clarity. The gray region
corresponds to the frequency range of the BP.
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very similar frequency behavior that can be described by a
linear dependence (see the gray region in Figure 8); and (iii)
for ω > 50 cm−1, C(ω) tends to increase until it reaches a
maximum centered at about 100−110 cm−1.
This complex frequency behavior of C(ω) reflects the

different kinds of excitations − localized vibrations, relaxations,
high-frequency modes − contributing to the energy depend-
ence of Raman coupling function in different frequency
regimes.48,59,60

For ω < 10 cm−1 the frequency dependence of C(ω) reflects
the fact that the quasi-elastic scattering, which appears clearly in
the Raman spectra of nanosponges (Figure 6b), tends to mask
the true vibrational behavior of the Raman coupling function.
It is worth noting that in the energy range 10−40 cm−1,

C(ω) is found to show a linear frequency dependence for all
samples of β-CDPMA1n nanosponges, thus explaining the shift
to higher energies observed for the BP maximum in Raman
scattering spectra with respect to neutron data.
To better analyze the spectral shape of C(ω), we compared

the profiles of Figure 8 by rescaling the frequency axis in terms
of v = ω/ωBP, where ωBP corresponds to the position of the
maximum of BP observed in the reduced profiles of VDOS,
g(ω)/ω2 (Figure 6a).62 Figure 9 shows the plot of Raman
coupling function C(ν) for β-CDPMA1n nanosponges (n = 2,
4, 8) as function of the rescaled frequency ω/ωBP. The curves
were normalized near v = ω/ωBP = 1.

Interestingly, at frequency 0.5 < ω/ωBP < 1.5 (see inset of
Figure 9), the C(ν) values corresponding to different samples
of PMA-nanosponges tend to collapse into a single master
curve, which is well described by the linear behavior:

ν ω ω∝ +C( ) / 0.5BP (9)

This frequency dependence found at energies below ∼1.5ωBP
is consistent with the universal behavior already observed on a
large class of organic and inorganic glass-forming systems near
the BP maximum.62 The universal linear behavior described by
eq 9 is common to disordered materials that are significantly
different in type, structure, and fragility.62

Moreover, the occurrence of the same slope in the linear
increase in C(ν) for PMA-nanosponges indicates that the BP
evolution revealed in the Raman spectra of different kinds of
nanosponges24,27 indeed reflects the modifications in the

VDOS of the system, independently of the coupling between
the light and the polymer.
The different frequency dependence of C(ν) observed for ω/

ωBP > 2 for the three different types of nanosponges (Figure 9)
is in agreement with the no-universality of the behavior of
Raman coupling function already found in glasses.60−62 This
again reflects the different structures of CDNS polymers
obtained by changing the parameter n during their synthesis
and may strongly affect the high-frequency vibrations of the
systems.

■ CONCLUSIONS

The vibrational dynamics of an innovative class of cross-linked
polymers based on cyclodextrins was here investigated by
combining Raman and INS experiments. By exploiting the
complementarity of the two probes (light and neutron), in turn
sensitive to different physical quantities, we explored the effect
on the VDOS of the growing connectivity during the process of
polycondensation of cyclodextrins leading to 3D cross-linked
polymers.
In agreement with previous results, this study gave evidence

that the motions of hydrogen atoms of CDNS are progressively
hampered as the cross-linking degree of the covalent polymeric
network increases.
The densities of vibrational states of nanosponges derived

from INS spectra showed the presence of the characteristic
anomalous excess of vibrational modes with respect to the
harmonic Debye level already observed in the low-frequency
Raman spectra of CDNS and referred to as the BP. The
frequency and intensity of the BP were found to significantly
change by increasing the cross-linking degree of the nano-
sponges network, as clearly supported by the existence of a
scaling law for the BP evolution.
This finding suggested the interpretation that the spectral

evolution of BP reflected the relative modifications of the elastic
properties of the CDNS polymers, in turn, strictly dependent
on the parameter n. Additionally, the linear trend of the Raman
coupling function C(ω) versus frequency exhibited by the BP
energy range, further confirmed that the BP evolution
previously revealed in the Raman spectra of different kinds of
nanosponges effectively reflected the modifications in the
VDOS of the system independently of the coupling between
light and the polymers.
The overall results contributed to complete the picture of the

strict relationship between structural and functional properties
of this new class of cross-linked polymers over the mesoscopic
length scale. In perspective, the generality of the conclusions
opens the possibility to exploit these methods as investigating
tools for soft matter and amorphous materials.
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0.5 < ν < 1.5. Inset: details of the low-frequency part of C(ν).
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