PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 0of 9 Physical Chemistry Chemical Physics

Journal Name RSCPublishing

ARTICLE
Combining Raman and Infrared spectroscopy as a

powerful tool for the structural elucidation of
cyclodextrin-based polymeric hydrogels

Cite this: DOI: 10.1039/x0xx00000x

V. Venuti,” B. Rossi,” F. D’Amico,” A. Mele,*¢ F. Castiglione,? C. Punta,’ L. Melone,?

Received 00th January 2012, V. Crupi,” D. Majolino,” F. Trotta,/ A. Gessini,” and C. Masciovecchio”

Accepted 00th January 2012

DOI: 10.1039/x0xx00000x A detailed experimental and theoretical vibrational analysis of hydrogels of B-cyclodextrin

nanosponges (B-CDNS), obtained by polymerization of B-cyclodextrin (3-CD) with the cross-
linking agent ethylenediaminetetraacetic acid (EDTA) is here reported. A thorough structural
characterization is achieved by exploiting the complementary selection rules of FTIR-ATR
and Raman spectroscopies and by supporting the spectral assignements by DFT calculation of
the spectral profiles. The combined analysis of the FTIR-ATR spectra of the polymers
hydrated with H20 and D20 allowed to isolate the HOH bending of water molecules not
involved in symmetrical, tetrahedral environments. The analysis of the HOH bending mode
was carried out as a function of temperature, showing the existence of a supercooled state of
the water molecules. The highest level of cooperativity of the hydrogen bond scheme was
reached at a value of the B-CD/EDTA molar ratio » = 6. Finally, the connectivity pattern of
“uncoupled” water molecules bound to the nanosponge backbone was found to be weakened by
increasing T. The temperature above which the population of not tetracoordinated water
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molecules becomes predominant turned out to be independent of the parameter ».

Introduction

Hydrogels are three-dimensional crosslinked high molecular
weight networks formed from a hydrophilic polymer, that have
the capability to retain large volumes of water, causing the
network to swell in solution'. The network formation can be
achieved through covalent-bond cross-linking, as well as by non-
covalent interactions such as hydrogen bonding, ionic bonds, van
der Waals forces and hydrophobic interactions®+,

During the last years hydrogels have attracted great interest to
biomaterial scientists®'*. Indeed, by a suitable choice of the
monomers and polymerization conditions, highly hydrophilic,
biocompatible polymers can be obtained, offering interesting
loading and release properties. Such capabilities made these
systems attractive for the delivery of a variety of low molecular
weight drugs and bioactive agents such as proteins, peptides, and
oligonucleotides, as well as protecting and stabilizing agents for
labile molecules'*'8, Additionally, the delivery kinetics can be
engineered according to the desired drug release schedule by
tuning swelling, cross-linking density, and degradation rate.
Polymeric hydrogels have been successfully used also as
molecular scaffolds for advanced biomedical applications such
as cartilage, central nervous system (CNS), and spinal cord
injury (SCI) repair therapies'*?’. Again, a thixotropic behaviour
of the hydrogels is noteworthy, as it allows not only injectability,
but also local persistence of gel once placed in situ. For all these
reasons, many types of hydrogels as drug carriers have been
widely investigated, and many interesting drug delivery systems
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based on hydrogels have been proposed?'*?3. In particular, very
recently cyclodextrins (CDs)-based hydrogels have gained
increasing relevance, since they can combine both the favourable
property of CDs to form inclusion complexes and the swelling
behaviour of hydrogels®?2*34, Cyclodextrins have been
physically combined or chemically conjugated with various
hydrophilic polymers, such as polysaccharides, various
polyvinyl polymers and polyacrylates, in order to achieve
desired physicochemical, mechanical, and biopharmaceutical
properties®-2%,

Unfortunately, the synthesis of such conjugates is often complex
and requires the use of harsh conditions or toxic chemicals, that
can compromise the network integrity and application safety.
Again, drug transport in these systems is quite complex, due to
the wvarious different mechanisms that are contemporarily
present®’. Finally, it is worth remarking that the analysis of the
influence of the chemical composition on the mechanical,
physicochemical, and biopharmaceutical properties of these
systems requires a deep knowledge of their structural properties,
as obtained by spectroscopic and mechanical characterization
and by swelling investigations.

In this framework, cyclodextrin nanosponges (CDNS), cross-
linked polymers prepared by polycondensation between
cyclodextrins (CD) and suitable cross-linking agents, have been
proved to generate hydrogels with intriguing properties®®32,
These systems are, as a matter of fact, super-absorbent for water,
property that makes CDNS hydrogels very interesting for
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applications of high value and high social impact, such as tissue
engineering and regenerative medicine®-%,

The structural and dynamic characterization of CDNS hydrogels
represents a pivotal prerequisite in view of a rational design of
new smart hydrogels with tunable inclusion/release properties.
We recently proved that CDNS hydrogels undergo to a gel to
liquid suspension phase transition by a gradual increasing of the
hydration level®®3®, The results of a deep vibrational dynamics
analysis, performed on different regimes by Raman and Infrared
spectroscopies, evidenced that the macroscopic properties of the
gel phase, such as the water holding capacity and the rigidity of
the gel network, are closely related to the complex interplay in
which physical and covalent interactions combine over different
length-scale to yield the formation and stabilization of the
hydrogel network®**°, These studies appear of particular
practical interest because a full understanding of the phenomena
of gel-sol transitions observed for CDNS hydrogels is an
essential step for the engineering of these systems as biomaterials
for tribological uses, for example.

Vibrational analysis on CDNS hydrogels revealed a significant
growth of the population of the water molecules with tetrahedral
connectivity as the hydration level was increased. The
tetrahedral coordination is typical of “bulk™ water. This
arrangement turned out to be preferred with respect to less
cooperative motives of water aggregation beyond a characteristic
cross-over hydration level ficross. In turn heross was found to be
dependent on i) the molar ratio # between cyclodextrin and cross-
linking agent during the synthesis, and ii) on the type of
cyclodextrin used in the polymer synthesis (c-, 3- or y-CD).
Based on these results, we recently explored in detail*' the phase
behaviour of a-, B-, and y-CD nanosponges hydrogels, using the
values of Jliross measured via Fourier transform infrared
spectroscopy in attenuated total reflection geometry (FTIR-
ATR) as suitable descriptor. It was found that the swelling ability
on a macroscopic scale, described by m=1/hcross, and the
elasticity on mesoscopic scale, described by the Boson Peak
frequency mpp***, undergo the same influence on the molar ratio
n. We briefly remind here that the so called Boson Peak BP is a
peculiar vibrational feature observed in the inelastic light and
neutron scattering spectra of disordered systems**, whose origin
is still subject of debate. However, it is known that the position
of its maximum moves to higher energies as the stiffness of the
material increases*>*¢,

These findings appeared useful for the design of the microscopic
and macroscopic properties of CDNS by varying the molar ratio
n during the synthesis.

In a previous paper, porous morphology and structural
heterogeneities in the pore size distribution of B-CDNSEDTA
nanosponges, obtained by polymerization of B-CD with
activated di-anhydride form of ethylenediaminetetraacetic acid
(EDTA) have been obtained by Transmission Electron
Microscopy (TEM)*. In the present work, the structural
elucidation of hydrated B-CDNSEDTA network is proposed
starting from the analysis of the fundamental normal modes
calculated at Density Functional Theory (DFT) level, and based
on the comparison between experimental and calculated IR and
Raman spectra. We have chosen to spot this work on nanosponge
samples obtained by polymerization of B-CD with EDTA
because this specific formulation of CDNS appears to be
particularly promising for encapsulation and delivery of active
agents, as recently demonstrated in the case study of ibuprofen®’.
As well known*®, these two spectroscopic methods can provide,
in several cases, complementary information due to their
different selection rules. Symmetric vibrations and ring
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breathing modes are generally strong in Raman scattering, but
forbidden (or, in any case, weaker) in the IR spectra; on the other
hand, several asymmetric vibrations along bonds with a
permanent (and strong) dipole moment are more easily detected
in IR than in Raman spectroscopy. It is important to remind here
that the main parameters, i.e. centre-frequencies and intensities,
are generally strongly dependent on the overall chemical and
physical properties of the molecule under investigation, well
expressed in the so-called “fingerprint” region. A detailed band
assignment thus requires massive use of quantum chemical
calculations aimed at reproducing both IR/Raman vibrational
frequencies and intensities.

Finally, the hydration of our systems by water and deuterated
water, allowed us to study the different vibration modes of the
water molecules — HOH bending and O-H stretching modes — as
a function of temperature and B-CD/EDTA molar ratio n. This
approach permitted to separate the vibrational contributions
coming from engaged water molecules from those ascribed to the
polymeric matrix, thus providing precious information on the
hydrogen bond structural organization of confined water.

Results and discussion

As a first step, a simple model for DFT calculations accounting
for the molecular environment of EDTA after the reaction with
the OH groups of cyclodextrins was used. The formation of a
methyl di-ester of EDTA was simulated, affording a model of the
cross-linker of CDNSEDTA characterized by two ester groups
and two free carboxylic groups per EDTA unit. This model was
built under the reasonable assumption that no more than two
carboxyl groups of EDTA can simultaneously be engaged to
form ester linkages with CD molecules (see Scheme 1).

EDTA

p-co

Cross-linking GRS

Scheme 1. Scheme of synthesis of B-CDNS by using activated EDTA as
cross-linking agent; the number n refers to the molar ratio between the
reagents.

Figure 1 reports the simulated and experimental Raman and

Infrared spectra in the 1500-1800 cm™' region for p-
CDNSEDTA14 nanosponge hydrogel.

This journal is © The Royal Society of Chemistry 2012
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Figure 2. Schematic picture of the vibrational modes obtained for simulated bridging molecule in the spectral window 1500 +

Two characteristic types of vibration modes can be observed in
this frequency range: asymmetric (IR active/Raman inactive)
and symmetric (IR inactive/Raman active) stretching of the C=0
groups (carboxylic and ester), and asymmetric (IR active/Raman
inactive) and symmetric (IR inactive/Raman active) bending of
the CH2 groups as reported in figure.

This journal is © The Royal Society of Chemistry 2012
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Figure 1. Top: theoretical Raman (black line) and Infrared (blue line)
intensities obtained for the simulated bridging molecule. Bottom:
experimental polarized Raman intensity (black circles) and FTIR-ATR
absorbance (open squares) obtained for 3-CDNSEDTA 14 nanosponge
hydrogel.

As can be clearly seen, in the region of interest (1500 + 1800 cm™)
Raman and FTIR-ATR spectra appear complementary. This was in a way
expected, considering that the simulated molecule has an inversion
symmetry.

Figure 2 reproduces a schematic picture of the vibrational modes
obtained for the simulated bridging molecule.
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The comparison of the experimental Raman and FTIR-ATR
spectra obtained for the B-CDNSEDTA 14 hydrogel (Figure 1,
panel at the bottom) can be conveniently done by using the
hydrogels prepared in D20 instead of H20 in order to eliminate
the interfering contribution due to the bending mode of water
molecules, falling at ~ 1640 cm', that will be deeply discussed
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in the following. At the moment, we are focusing on the
vibrational modes of the nanosponge network when hydrated.
As can be observed, the differences between the Raman and
FTIR-ATR spectra recall those predicted by the DFT
calculations, thus providing a cross-check for the proposed
model and a support for the band assignment.

Figure 3 shows the superimposition of Raman and FTIR-ATR
spectra of hydrogels obtained by hydration, in water, of different
B-CDNSEDTAIl#n (n =4, 6, 8, 10) samples. In order to make the
comparison easier, both Raman and IR spectra have been
normalized to the maximum of the symmetric and asymmetric
CCO stretching mode, respectively.

1507 (arb. units)

IR adsotance
(arb. urits)

80 1m0 1o

Wavenurber (am')

1500

Figure 3. Polarized Raman intensity (a) and IR adsorbance (b) obtained
for B-CDNSEDTA 17 nanosponge hydrogel (n =4, 6, 8 and 10).

IR spectra are particularly sensitive to the presence of water, that
in the spectral region of interest exhibits a contribution at ~ 1640
cm! ascribed to the HOH bending mode. As well-established*’
51, the bending band is commonly assigned to the water
molecules not involved in a symmetric tetrahedral network.
(Incidentally, it is worth recalling that such band, in liquid water,
undergoes reduced intensity and increased frequency upon
cooling). Since this mode is usually overlapped to the vibrational
bands of the polymer, suitable spectral subtraction of the
vibrational profiles of the hydrogels prepared with D20 instead
of H2O was accomplished in order to isolate the vibrational
modes of the water molecules.

Figure 4 shows, as examples, the FTIR-ATR spectra of the
hydrogels prepared by hydration of B-CDNSEDTAIS8 in H20
and D20, together with the corresponding difference spectrum,
where the profile in deuterated water is subtracted from the
corresponding in H20. The spectra in H20 and D20 have been
preliminary normalized to the intensity of the band at about 1030
cm’!, assumed as a reliable internal standard?’*2. 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.
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Figure 4. FTIR-ATR spectra in the wavenumber range 1500 + 1800 em”
' of B-CDNSEDTA1 10 hydrogel obtained by hydration of corresponding
nanosponge in H>O (black symbols) and D;O (open circles). The line
represents the difference spectrum (see text for details). In the inset, the
evolution vs. T of the HOH bending mode for the same sample, as
obtained by raw FTIR-ATR profiles, is reported.

The profiles of D20 hydrogels trace, within the experimental
error, the corresponding spectra in H20 except for the component
of HOH bending mode, that exhibits a characteristic Gaussian-
like form. This finding confirms the reliability of the data
handling followed for the subtraction of the spectra.

In the case of bulk water, as widely reported and discussed in
literature®"? by different authors, the experimental IR spectra
acquired in the temperature range between 264 and 320 K3%33
show that, unlike the OH stretching band, the HOH bending
mode decreases in intensity upon cooling and almost vanishes at
the crystallization. Moreover, as the temperature is lowered, the
position of its maximum shifts towards higher wavenumber3°.
This behaviour suggests the interpretation that the bending band
mostly reflects the population of water molecules that do not lie
in a symmetric tetrahedral environment®’, giving indication that
the HOH bending mode is hardly sensitive to the different levels
of connectivity of HB patterns developed by H20. It is therefore
interesting to examine the evolution of the centre-frequency and
intensity of this band for our samples as a function of T. A
qualitative trend can be detected by the inspection of the raw
FTIR-ATR profiles reported in the inset of Figure 4 for B-
CDNSEDTA110 hydrogel in the whole range of T explored as
example. Two main points can be underlined: (i) the existence,
at T=250K, of a contribution different from the nearly flattened
profile typically exhibited by polycrystalline ice, and (ii) an
increasing in intensity together with a slight shift to lower
wavenumber upon increasing temperature. In order to go deeper
inside the temperature effects on the HOH bending mode, a
quantitative analysis was performed, isolating the bending
contribution from the spectra. First of all, we fitted the FTIR-
ATR spectrum of the hydrogels prepared in D20 in the 1500 +
1800 cm™ wavenumber range for each nanosponge by using
Voigt functions. In this way, the bands ascribed to the vibration
modes of polymeric matrix have been detected without the
interfering contribution of the bending mode that, in this case,
shifts to lower frequencies. The so obtained number of bands and
centre-frequencies have been then fixed (thus reducing the
number of free fitting parameters) and used as starting point for
the fit performed, in the same range, for the corresponding
hydrogel prepared in H2O. We also added the band assigned to
the HOH bending mode of water molecules. It is worth
remarking that the adopted fitting procedure is well documented

This journal is © The Royal Society of Chemistry 2012
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in literature and it has been successfully applied to the analysis
of the IR active molecular modes of nanosponges in dry*? and
hydrated state’®3%4034 The choice of a Voigt function (as
specified in the Experimental section) also for reproducing the
HOH bending mode of water, although arbitrary, is quite
standard to obtain in more quantitative way the intensity and
wavenumber position of the bending mode. An example of the
used fitting strategy is reported in Figure 5 for B-CDNSEDTA16
nanosponge at T = 260K.

IR absorbance (arb. units)

1500 1800

Wavenumber (cm’')

Figure 5. Fitting result (best-fit: red line, individual components:
coloured lines) for the FTIR-ATR spectrum (closed circles), in the 1500-
1800 cm™ range, at T = 260K, of B-CDNSEDTA 16 hydrogel obtained
by hydration of corresponding nanosponge in H,O. The filled area
indicates the HOH bending contribution of water. In the inset, the case
corresponding to B-CDNSEDTA16 hydrogel prepared in D-O is reported
(see text for details).

The temperature evolution of the HOH bending contribution of
H>0 molecules, in the T-range extending from T = 250K to T =
340K, is reported in Figure 6(a) and (b) for -CDNSEDTA 14
and B-CDNSEDTA18 hydrogels respectively, as examples. The
same behaviour has been revealed for all the investigated
systems.

IR absorbance (arb. units)

IR absorbance (arb. units)

1700

Wavenumber (cm’”)

1500 1600

Figure 6. Temperature evolution of the HOH bending band of water
molecules for B-CDNSEDTA 4 (a) and B-CDNSEDTA18 (b) hydrogels.

This journal is © The Royal Society of Chemistry 2012
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The overall trend of this band is the same as that observed in the
raw IR profiles (see inset of Figure 4), thus confirming that the
described fitting procedure does not affect the results.

The destructuring effect of increasing temperature on the
connectivity pattern of the hydrogen bond network, as
commonly revealed in many hydrogen-bonded systems®, is
clearly highlighted by the growth of the number of water
molecules involved in loosely tight transient environments, as
indicated by the low-energy shift of the band maximum and, at
the same time, the progressive increase of its intensity. Again, it
is worth remarking the presence of a non-null intensity of the
bending contribution even at the lowest analysed temperature,
below the crystallization temperature of bulk water. This
occurrence furnishes evidence of a supercooled behaviour of
confined water, i.e. transient H-bond arrangements with a mean
coordination number less than four are still present, in full
agreement with what already revealed for B-CDNSPMA
nanosponges* and for a variety of hydrated nanoporous
systems36-39,

In Figure 7 the temperature dependence of the centre-frequencies
of the HOH bending band is reported for all the investigated
systems.
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Figure 7. Temperature evolution of the position of the maximum of
HOH bending band of water molecules for B-CDNSEDTA 14 (squares),
B-CDNSEDTAI16 (circles), p-CDNSEDTAIS (up triangles), and [-
CDNSEDTAT110 (down triangles) hydrogels.

Figure 7 indicates that the maximum value of the position of the
HOH bending band, corresponding to the maximum number of
water molecules involved in symmetrical, bulk-like, tetrahedral
patterns, is always reached at » = 6, irrespective of the T. This
means that, at least in the explored temperature range, the
hydrogen bond network exhibits the highest level of
cooperativity in -CDNSEDTA16 nanosponge. This result
appears in full agreement with the analysis of the O-H stretching
profile done, at room temperature, on a-, B- and v-CDNSEDTA
nanosponges hydrogels prepared in H20 at different levels of
hydrations®**, [t confirms, once again, that the cross-
linker/monomer molar ratio » is a key parameter for the
modulation the chemical/physical properties of ester-based
CDNS.

The spectral window 3000 =+ 3800 cm™! in the FTIR-ATR spectra
of the hydrogels prepared in D20 deserves some comments.

As suggested by other authors in the case of aqueous solutions
of proteins®®, the use of D20 as solvent allows to selectively
probe the von modes of water molecules resulting from isotopic
exchanges between the superficial H atoms of CDNS and the
solvent D20 placed closely around the polymer surface, namely
DHO water molecules. These water molecules give a

J. Name., 2012, 00, 1-3 | 5
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contribution to the IR spectrum in the OH stretching region
between 2800 and 3800 cm™ which appears significantly
different form that observed in H20, as pointed out in the inset
of Figure 8 in the case of B-CDNSEDTA110 at T = 290 K as
example (no interference from the O-D stretching of D20
molecules is present, as such band is in the 2000 + 2800 c¢m!
range). This occurrence, in agreement with previous studies®’-%2,
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. Consequently, the DHO spectrum can
be considered to be free of intermolecular coupling vibrations
and it is called uncoupled stretching region®’.

The evolution of the vibrational profile in the spectral region
mentioned above; as a function of temperature, is plotted in
Figure 8 for B-CDNSEDTA110 nanosponge as an example. In
the figure, the band observed between 2800 and 3000 cm! is
ascribed to the C-H stretching mode, to which the O-H mode is
convoluted.

. ] —— T=250K
@ £ e T=300K
c é —— T=340K
-E‘ 2600 3000 3200 200 3600 .
‘_(_U' Wavenumber (cm)
Q
= .J'.
8 | N
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Wavenumber (cm™)

Figure 8. Temperature evolution of the O-H stretching band of fi-
CDNSEDTAT110 hydrogel prepared in D;0. In the inset, O-H stretching
band, measured at T = 290K, of B-CDNSEDTA110 hydrogel prepared in

H-O (continuous line) and in D-O (squares).

The inset of Figure 8 clearly shows that the width of the O-H
band of the hydrogel in D20 is smaller than the corresponding
for the system in H20, indicating a moderately strong H-bond
network for these samples.

The spectra of Figure 8 display, by increasing T, an overall shift
of the band towards higher wavenumbers, together with a
progressive enhancement of the high-frequency contribution at
the expenses of the low-frequency one. This finding suggest a
decrease of the co-operativity in the H-bond scheme, so
confirming the destructuring effect of temperature already put
into evidence by the analysis of the HOH bending mode. As
widely reported in literature®®®3-65 a detailed picture of the
connectivity pattern of water molecules inside the polymeric
matrix can be achieved by the deconvolution of the O-H
stretching band by means of a curve-fitting procedure. On the
bases of a well-established model®®%7, already successfully
applied to the analysis of the OH stretching band in Raman and
IR spectra of CDNS hydrogel*®°, the spectral changes observed
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in the O-H stretching profiles are analysed in terms of several
classes of O-H oscillators, involved in transient H-bonded and
non H-bonded arrangements, of water more closely confined in
the pores of CDNS polymer.

First of all, because of the partial overlapping of O-H and C-H
stretching bands, it was necessary to fit the whole spectrum in
order to separate the O-H stretching region. Voigt bands were
used as fitting functions, and the contributions due to symmetric
and asymmetric methyl stretches needed to be subtracted from
the total fits. More detailed fits were subsequently performed just
in the O-H stretching region. In particular, four different
contributions have been recognized, as evidenced in Figure 9,
were an example of best curve-fitting results for J3-
CDNSEDTAI14 at T = 310K is reported.

IR absorbance (arb. units)

3200 3400 3600

Wavenumber (cm™)

3000

Figure 9. Fitting result (best-fit: red line, individual components: pink
lines) for the FTIR-ATR spectrum (closed circles), in the 3000 + 3700
cm’! range, at T = 310K, of B-CDNSEDTAI14 hydrogel obtained by
hydration of corresponding nanosponge in D>O.

The two sub-bands at the lowest wavenumbers, ;| and 2, are
respectively ascribed to symmetric and asymmetric O-H
stretching mode of water molecules in tetrahedral connectivity
exhibiting strong H-bonds on both the hydrogen atoms. The third
sub-band w3 is assigned to the non-in-phase O-H mode of
tetrahedral environments linked by “bifurcated” H-bond. Finally,
the spectral component w4 represents the O-H mode of those H20
molecules for which the H-bond network is, totally or at least
partially, destroyed. Labelled as Ii (i = 1, 2, 3, 4) the estimated
percentage intensities of each contribution, the sum I;+I2 will be
representative of the population of tetra-coordinated water
molecules, whereas [3+14 will account for the population of water
molecules involved in H-bond arrangements with lower
coordination degree. Their evolution versus T is reported in
Figure 10 for all the investigated hydrogels in D20.

This journal is © The Royal Society of Chemistry 2012
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Figure 10. Evolution, as a function of T, of the percentage intensities
I,+1, (blue squares) and I5+1; (red circles) of the spectral contributions to
the OH stretching band for 3-CDEDTAI14 (a), B-CDEDTAI16 (b), p-
CDEDTAI8 (c), and B-CDEDTAI110 (d) hydrogels obtained by
hydration of corresponding nanosponge in D-0.

The enhancement of temperature is found to increase, at the
expenses of the highly connective species, low-coordinated
structures, that will become favoured at a characteristic cross-
over point observed at about T= 300 + 310K for all the -
CDEDTAIl#n (n=4, 6, 8, 10) hydrogels in D20.

Experimental

Materials

In order to obtain B-CDNSEDTA 1# nanosponges, anhydrous 3-
CD was dissolved at room temperature in anhydrous DMSO
containing anhydrous EtsN. Then, the cross-linking agent
ethylenediaminetetraacetic acid (EDTA) dianhydride was added
at molecular ratios of 1:n (with n = 4, 6, 8, 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 24h. The pale
yellow solid was finally dried under vacuum.

The corresponding hydrogels of nanosponges were prepared by
adding to the dry samples of B-CDNSEDTAIl#n (n =4, 6, 8, 10)
the suitable amount of double-distilled water (Sigma) or heavy
water (Sigma) in order to obtain the desired level of hydration A,
defined, respectively, as weight ratio H2O/B-CDNSEDTA1# or
D20/B-CDNSEDTA 1.

All the gel samples were freshly prepared and used for UV
Raman and FTIR-ATR measurements.

UV Raman spectroscopy measurements

UV Raman scattering measurements were carried out at the
BL10.2-IUVS beamline at the Elettra Synchrotron laboratory in
Trieste®. Data have been collected at room temperature on [3-
CDNSEDTAIn (n=4, 6, 8, 10) hydrogels prepared by hydration
in H20 and D20 of the corresponding dry samples of CDNS. The
analysed hydration level was /# = 4. The spectra were excited at
266 nm and collected in a back-scattered geometry by a triple
stage spectrometer (Trivista, Princeton Instruments). The
experimental resolution was set to 1.0 cm™' in order to ensure
enough resolving power and count-rate. To minimize potential
photodecomposition of the gels resulting from UV exposure, the
sample cell was subjected to slowly continuous spinning during
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the measurements in order to vary the illuminated sample volume
through the radiation beam. A complete detailed description of
the experimental set-up can be found elsewhere®®. By using
polarizers and wave plates, we have collected the light
inelastically diffused from the sample polarized parallel with
respect to the incident radiation.

FTIR-ATR spectroscopy measurements

FTIR-ATR measurements were performed, in the temperature
range extending from T = 250K to T = 340K on p-
CDNSEDTAln (n=4, 6, 8, 10) hydrogels prepared by hydration
in H20 and D20 of the corresponding dry samples of CDNS. The
analysed hydration level was & = 0.4. We remark that the
hydration level used for IR measurements is lower with respect
to that adopted for Raman experiments because the vibrational
modes of water appear particularly intense in the IR spectra
compared to the Raman profile, even at low hydration levels. At
the same time, low values of hydration allow to better analyse in
the IR spectra of hydrogels also the vibrational bands associated
to the specific vibrating groups of the polymer. The spectra were
collected on a Bomem DAS8 Fourier transform spectrometer,
operating with a Globar source, in combination with a KBr
beamsplitter, a DTGS/KBr detector. Spectra were collected in
the 400 + 4000 cm™' wavenumber range. The samples were
contained in Golden Gate diamond ATR system, just based on
the ATR technique.

An ATR setup exhibits various advantages with respect to an
ordinary absorption setup. It is non-destructive, it requires only
micrograms of sample, and it is at the origin of spectra displaying
a very good signal-to-noise ratio, being in particular easy to
avoid saturation of bands. In addition, a chemical analysis can be
performed directly on ATR spectra, avoiding implementation of
elaborated calculations of optical constants. The spectra were
recorded in dry atmosphere, in order to avoid dirty contributions,
with a resolution of 4 cm ™!, automatically adding 100 repetitive
scans in order to obtain a good signal-to-noise ratio and high
reproducibility. All the IR spectra were normalized for taking
into account the effective number of absorbers. No mathematical
correction (e.g., smoothing) was done, and spectroscopic
manipulation such as baseline adjustment and normalization
were performed using the Spectracalc software package
GRAMS (Galactic Industries, Salem, NH, USA). For the 1500-
1800 cm™! region, second derivative computations (not reported
here) have been used for evaluating the wavenumbers of the
maxima of the different sub-bands. Multiple curve fitting into
Voigt profiles were then applied to the experimental profiles
based on these wavenumber values, by using the routine
provided in the PeakFit 4.0 software package. The statistical
parameters defined in the software manual were used as a guide
to best-fit and allowed to vary upon iteration until converging
solution is reached. The best-fit is characterized by r* = 0.9999
for all the investigated systems.

Computational details

Molecular models were built by using PCMODEL 8.0 package
(Serena Software, Bloomington, IN, USA) and allowed to fully
relax in MMX force field. The MMX energy minimized
geometry was in turn used as starting structure for ab initio
quantum chemical computations carried out with the
GAUSSIAN 03 program suite using unrestricted Density
Functional Theory (DFT). The nonlocal B3LYP functional
hybrid method was employed. The standard 6-31G basis set was
used for the geometry optimization and vibrational energy
analysis.
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Conclusions

We present here a combined FTIR-ATR and Raman vibrational
analysis of [-cyclodextrin nanosponges cross-linked by
ethylenediaminetetraacetic acid (B-CDNSEDTA) in their
hydrogel state and at different B-CD/EDTA molar ratio n. The
assignment of the vibrational bands was achieved by suitable
simulation of the vibrational profile in a model compound at
DFT level. The hydration of the nanosponges in H.O and D20
was carried out in order to separate the contributions of the
engaged water molecules from the vibrational modes assigned to
specific chemical groups of the polymer matrix involved in the
physical interactions with water. The approach here proposed
has three main advantages: i) the joint analysis of Raman and IR
spectra of CDNS allows to achieve a thorough characterization,
at molecular level, of the structure of polymer by exploiting the
complementary selection rules of FTIR-ATR and Raman
spectroscopies, ii) the swelling of the polymer in both H2O and
D20 allowed for a complete structural elucidation of the
polymeric network in its hydrated state and iii) the HOH bending
FTIR-ATR wvibration of water molecules entrapped in the
polymeric matrix could be monitored in function of T, thus
providing information on the evolution of the hydrogen bond
architecture. A destructuring effect of the thermal motion on the
hydrogen bond connectivity was uncovered by the changes
observed in wavenumber and intensity of the bending band. The
data showed the presence of H2O molecules not arranged in
tetrahedral coordination even below the water melting point, thus
providing evidence of a supercooled state of water in the
examined systems. The tetrahedral arrangement of water
molecules becomes prevalent at » = 6, in agreement with
previous results on similar systems, confirming the key-role
played by the parameter » as obtained by the synthetic process.
Finally, the investigation of the evolution of the FTIR-ATR
“uncoupled” O-H stretching vibration at variable T and »n
allowed us to achieve quantitative information, by means of a
best-fit procedure, of the hydrogen bond organization of water
molecules early bound to the nanosponge network. A
characteristic cross-over temperature has been observed, above
which the population of not bulk-like H-O molecules, namely
water molecules with a low level of cooperativity, becomes
favoured with respect to that of bulk-like, tetracoordinated water.
The cross-ever temperature, in turn, was found not to be affected
by the molar ratio n.
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