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Abstract Three different samples of b cyclodextrin

nanosponges (CDNS) are prepared from b cyclodextrin

(bCD) and pyromellitic dianhydride (PMA). CDNS are

cross-linked, nanoporous materials whose pore size can be

modulated by suitable choice of the CD/PMA molar ratio.

In the presence of aqueous solutions they can swell giving

rise to gel-like behavior. The Raman spectra of dry and

water treated CDNS are described, with emphasis on the

group vibration modes in the low frequency part of spec-

trum, sensitive to molecular environment and cross-linking

degree, and on O–H/C–H vibration modes of dry/swollen

CDNS, in turn providing information on the hydration

dynamics. Powder X-ray diffraction data indicate low

crystallinity and the presence of bulk water within the 3D

polymer network. High resolution magic angle spinning

(HR MAS) NMR spectroscopy is successfully used for

investigation of swollen CDNS. The NMR signals of bulk

and ‘‘bound’’ water indicate two different states of water

molecules inside the gel. Probe solute fluorescein is used to

spot on the diffusion properties inside the gel. In one case

the diffusion coefficient of fluorescein measured in CDNS

results one order of magnitude higher than that in D2O. The

acceleration effect uncovered indicates that the motion

of fluorescein inside the porous gel is driven by both

hydrodynamic and electrostatic factors.

Keywords Cyclodextrin nanosponges � HR MAS NMR �
Raman � X-ray diffraction � Diffusion

Introduction

Cyclodextrin nanosponges (CDNS) belong to an important

class of polymers obtained by reacting a suitable CD–bCD

in the present work–with cross-linking agents, diisocya-

nates, carboxylic acids dianhydrides or activated carbonyl

compounds [1–5]. The final products are cross-linked

polymers with intriguing properties of swelling, absorp-

tion/inclusion of chemicals, and release of active com-

pounds. Thus, several applications have been proposed,

especially in the fields of controlled release of pharma-

ceutical active ingredients [6–8] and environmental

chemistry [9–12]. Despite the continuously growing rep-

ertoire of possible uses of CDNS, a thorough character-

ization in terms of molecular structure is still missing. This

is largely due to the intrinsic difficulty of investigation of

these systems at the molecular level, in turn connected to

the random nature of the growing process of the polymer.

Moreover, the different cross-linking agents may dramati-

cally modulate important parameters such as the swelling

capability and hydrophilicity/hydrophobicity of the final

polymer. With this picture in mind, a long-term project was

started with the main goal of a deep understanding of the

molecular environment within the 3D network of the

A. Mele (&) � F. Castiglione � L. Malpezzi � F. Ganazzoli �
G. Raffaini

Dipartimento di Chimica, Materiali e Ingegneria Chimica ‘‘G.

Natta’’, Politecnico di Milano, Via L. Mancinelli 7,

20131 Milano, Italy

e-mail: andrea.mele@polimi.it

F. Trotta

Dipartimento di Chimica IFM, Università di Torino, Via Pietro
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CDNS. To this end, different physical methods of inves-

tigation are being used. In the present paper we present

some preliminary results on CDNS obtained from bCD and

pyromellitic dianhydride PMA (see Fig. 1) at three dif-

ferent bCD/PMA molar ratios. The latter parameter is

expected to affect the degree of cross-linking of the poly-

mer and, in turn, the swelling ability of the material. Our

attention was mainly focused on two different aspects: i) to

explore the possibility of using powerful solid-state struc-

tural methods like Raman spectroscopy and X-ray crys-

tallography to describe the behavior of the CDNS on

passing from the dry to the swollen state; ii) to gain

information on the state of water and a model solute dis-

solved in water inside the nanoporous network of swollen

CDNS, with particular emphasis on the diffusion phenomena

in the gel-like state.

Experimental

Synthesis of CDNS

The nanosponges were obtained following the synthetic

procedure reported in the Italian patent with minor modi-

fication [13]. The molecular ratios of reagents were 1:2, 1:4

and 1:8 for b cyclodextrin and pyromellitic dianhydride,

respectively (see Fig. 1 for the adopted nomenclature).

The reagents, dissolved in DMSO containing triethyl-

amine were allowed to react at room temperature for 3 h.

Once the reaction was over the solid obtained was ground

in a mortar and Soxhlet extracted with acetone for 8 h.

Raman spectroscopy

Raman spectra of bCDNS were recorded at room temper-

ature by means of a microprobe setup (Horiba-Jobin-Yvon,

LabRam Aramis) consisting of a He–Ne laser, a narrow-

band notch filter, a 46 cm focal length spectrograph using a

1800 grooves/mm grating and a charge-coupled device

(CCD) detector. Exciting radiation at 632.8 nm was

focused onto the sample surface with a spot size of about

1 lm2 through a 1009 objective with NA = 0.9. To avoid

unwanted laser-induced transformations, neutral filters of dif-

ferent optical densities were used, whenever necessary. Spectra

were collected in the wavenumber ranges 100–3700 cm-1.

The resolution was about 0.35 cm-1/pixel.

For the Raman spectra acquired in the wavenumber

range between 5 and 100 cm-1, a triple-monochromator

spectrometer (Horiba-Jobin-Yvon, model T64000) set in

double-subtractive/single configuration and equipped with

1800 grooves/mm grating was used. Micro-Raman spectra

were excited by the 514.5 nm wavelength of an argon/

krypton ion laser and detected by a CCD detector. The

resolution was about 0.6 cm-1/pixel.

Raman scattering observed from all the samples was

generally superimposed over a continuous, nearly flat

luminescence background, which was properly accounted

for in the spectra analysis by comparing replicated spectra

of each sample over the whole spectral range.

X-ray crystallography

The X-ray powder diffraction (XRPD) patterns of the

powdered samples were collected at room temperature on

an Ital-Structure h/h automated diffractometer, under the

following conditions: Ni-filtered, CuKa (k = 1.5418 Å)

radiation; diffraction angles range 3 B 2h B 40�; step

width 0.04�cm; step counting time 1 s; voltage 40 kV,

current 30 mA.

NMR spectroscopy

The 1H NMR spectra were recorded on a Bruker Avance

spectrometer operating at 500 MHz proton frequency

equipped with a dual 1H/13C HR MAS (high resolution

magic angle spinning) probe head for semi-solid samples.

Samples were transferred in a 4 mm ZrO2 rotor containing

a volume of about 50 lL. All the 1H spectra were acquired

with a spinning rate of 4 kHz to eliminate the dipolar

contribution. Self-diffusion coefficients were measured by

diffusion ordered correlation spectroscopy (DOSY)

experiments. A pulsed gradient unit capable of producing
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Fig. 1 Scheme of the synthesis

of CDNS. The numbers refer to

the molar ratio between reagents

(e.g. CDNS12 = polymer

obtained from bCD and PMA in

molar ratio 1:2, respectively)
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magnetic field pulse gradients in the z-direction of

53 G cm-1 was used. These experiments were performed

using the bipolar pulse longitudinal eddy current delay

(BPLED) pulse sequence. The duration of the magnetic

field pulse gradients (d) and the diffusion times (D) was

optimized for each sample in order to obtain complete

dephasing of the signals with the maximum gradient

strength. In each DOSY experiment, a series of 64 spectra

with 32 K points were collected. For each experiment 16

scans were acquired. For the investigated samples, D was

set to 0.1 s, while the d values were in the range

0.5–2.5 ms. The pulse gradients were incremented from 2

to 95% of the maximum gradient strength in a linear ramp.

The temperature was set and controlled at 300 K with an

air flow of 535 L h-1 in order to avoid any temperature

fluctuations due to sample heating during the magnetic

field pulse gradients.

Sample preparation

Two different types of samples were prepared for HR MAS

NMR experiments: CDNS swollen with D2O and CDNS

swollen with fluorescein solutions (100 mg/mL) in D2O.

The samples were prepared in order to get-as a first

approximation-comparable swelling ratios r for all the

samples. The swelling ratio was determined as r =

m(swollen)/m(dry) [14]. In a typical procedure for the

preparation of samples of D2O swollen CDNS, 50 mg of

CDNS12 or CDNS14 were allowed to swell for 3–4 days

with 300 lL of D2O, affording gels with r = 7. Lower r

(not determined) was obtained in the case of CDNS18. The

same protocol was followed for the preparation of CDNS

swollen with fluorescein solution. The final aspect of the

swollen nanosponges ranged from gel-like (CDNS12,

CDNS14) to solid-like (CDNS18).

Results and discussion

Raman spectroscopy

The Raman spectroscopy is a useful tool for studying

molecular structures because the width and the intensity, as

well as the wavenumber of the Raman peaks, are sensitive

to the environmental and conformational changes of the

molecules and to the intermolecular interactions. In this

paper only two aspects will be discussed: the analysis of

the low-frequency region of the spectrum and the com-

parison of the hydration process of CDNS as monitored by

Raman scattering.

Figure 2 displays a zoom the Raman spectra of the

investigated CDNS in the low wavenumbers region. A

characteristic bump, well known in disordered systems

[15, 16], centered at about 15–30 cm-1 is clearly visible.

This is likely to be related to the collective vibration modes

of the system, while a quasielastic scattering contribution

for wavenumber lower than 5 cm-1 appears as a broadened

elastic line. Also, in this wavenumber range the spectra of

the three investigated CDNS exhibit different spectral

profiles, thus suggesting changes in the low-energy vibra-

tional dynamics connected to the increasing density of

cross-linking of the whole system. Moreover, in the spectra

of CDNS18, a broad band at about 90 cm-1, not detectable

in the spectra of CDNS14 and 12, can be observed. How-

ever, the analysis of these data is still preliminary and it

requires further measurements at low temperatures in order

to decrease the strong elastic and quasielastic contribution

which is superimposed to the spectral components directly

related to the vibrational dynamics.

Under the assumption that changes in the spectral fea-

tures observed in the Raman spectra of CDNS can be

associated with structural changes in the polymer network

[17], the hydration process of CDNS14 was analyzed. In

Fig. 3 we compare the Raman spectra recorded on dry (a)

and water-treated (b) sample of CDNS14, in the energy

region between 2800 and 3150, where the most significant

changes in the CDNS spectra as a consequence of hydra-

tion can be observed. The analysis of the changes detected

in the spectra in the frequency range 200–3100 cm-1 will

be not here discussed. For a finer investigation, the spectral

contribution of the intramolecular O–H stretching vibration

of bulk water (3000–3800 cm-1) which is partially super-

imposed to the modes of CDNS were modeled with fives

modes fitted by using Gaussian functions as in [17] and

previously subtracted from the total signal of Fig. 3b. In

this way, the hydration-induced changes of the O–H and

Fig. 2 VV Raman spectra of dry CDNS12 (empty circle), CDNS14

(black squares) and CDNS18 (empty triangles) in the low-wavenum-

ber range between 5 and 150 cm-1
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C–H vibration modes in the CDNS spectrum could be

readily observed. As it is evident in Fig. 3, the intensity

ratio between the broad bands around 3100 cm-1 (which

shift to 3111 cm-1 in hydrated CDNS) and 3077 cm-1

significantly changes with hydration, suggesting that the

hydration process affects these vibration modes. The band

which falls at 2961 cm-1 in dry sample of CDNS does not

seem show frequency or intensity changes with hydration,

while we observe a significant decreasing in intensity of the

bump at 3004 cm-1 with hydration.

In addition, we observe an interesting change of the

mode centered at 2917 cm-1 in dry CDNS which shifts to

higher wavenumber (2926 cm-1) in water-treated sample

spectrum, suggesting a hardening of the bond involved in

this vibration mode. These changes, readily monitored by

Raman intensity and frequency, suggest structural changes

in the polymer network of CDNS14 as a consequence of

hydration process.

X-ray diffraction

Powder XRD spectra of the three CDNS are reported in

Fig. 4. All the examined CDNS are predominantly amor-

phous, as clearly shown by the typical diffracting haloes in

the XRD powder patterns. The diffraction distance d,

corresponding to the maximum of the haloes according to

the Bragg equation, is correlated with the statistically most

recurring nonbonded inter-atoms distance in the com-

pound, so a shift of the maximum means a change in the

molecular contacts at the atomic level. This distance for all

the dry CDNS samples is around 4.6 Å. Only CDNS18

presents several crystalline peaks, indicating that a differ-

ent spacer position between the CD moieties can favor their

crystallinity.

The samples CDNS14 and CDNS12, when treated with

water, swell to larger volumes, absorbing a large quantity of

water. As shown in Fig. 4, the maximum of the diffracting

halo of the water swollen samples shifts to lower d-spacings

(higher 2h) with respect to the corresponding pure samples.

We interpret this behavior as due to the dominant scattering

of the water molecules in the water treated samples. Indeed

the X-ray diffraction patterns of the swollen CDNS are very

similar to that of the pure water, with the maximum of the

halo at a d value of about 3.12–3.25 Å (dH2O ¼ 3:12 Å).

These results confirm the existence of free water inside the

polymeric network. Further aspects of the state of water

inside the swollen nanosponges are provided by NMR (see

next section).

(a)

(b)

Fig. 3 VV Raman spectra of CDNS14 dry (a), and treated with water

(b) in the wavenumber range 2800–3150 cm-1. Dashed lines indicate

the wavenumber of main peaks
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Fig. 4 XRD patterns of CDNS. From bottom to top: CDNS12 (dry

powder), CDNS14 (dry powder), CDNS18 (dry powder), CDNS12

(swollen with water), CDNS14 (swollen with water), water (pure

liquid, reference)
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HR MAS NMR

High resolution magic angle spinning (HR MAS) NMR is a

powerful technique able to provide high resolution NMR

spectra from semi-solid or heterogeneous samples. Line

broadening due to dipolar relaxation and susceptibility

distortions are dramatically reduced by orienting the sam-

ple at the magic angle (54.7�) with respect to static B0 field

and spinning the sample at suitable rate (spinning rate 2–

10 kHz generally). Liquid-like NMR spectra can be

obtained from large aggregates [18], organic ligands sup-

ported on polymers [19, 20], and ex-vivo samples [21]. In

the present study, medium to high resolution NMR spectra

could be obtained for CDNS12 and CDNS14 swollen with

a D2O solution of fluorescein, as reported in Fig. 5. The

analysis of the spectra provides two important indications:

(i) the fluorescein spectrum is well resolved (especially in

CDNS14), showing that fluorescein exists inside the gel as

free, non-aggregated molecules; (ii) there are two different

signals assignable to residual water (HOD). Further infor-

mation on the state of solute and solvent within the 3D

structure of the cross-linked CDNS were obtained by

measuring the self diffusion constants D of both compo-

nents in the two nanosponges. The results are summarized

in Table 1. The data on diffusivity point out the presence of

two different types of water molecules in the swollen

CDNS: ‘‘free’’ (or bulk) and ‘‘bound’’ water. The measured

self-diffusion coefficient of the former satisfactorily mat-

ches the literature reference value [22], with small

variations likely due to different amounts of deuterium

exchange, small temperature variations due to spinning,

etc. The D values measured for the other type of water

(‘‘bound’’) are indeed one order of magnitude lower,

indicating a decreased mobility. At this stage, only tenta-

tive explanations can be proposed, such as water molecules

entrapped in polar clefts within the cross-linked polymer,

hydrogen bound to CD free hydroxyl groups or included

into the CD cavities as relatively isolated clusters [23]. It is

worth noting, however, that the presence of two different

states of water, detectable as individual signals in slow

exchange on the NMR time-scale, is an intriguing feature

of CDNS and indicates the presence of two different

molecular environments: large pores where the solvent

shows bulk behavior, and either polar sites of binding

where water molecules are tightly attached, or the CD

cavities with small clusters of molecules.

3.03.54.04.55.05.56.06.57.07.58.08.59.0 ppm

Fig. 5 HR MAS NMR spectra of CDNS12 (bottom) and CDNS14 (top) swollen with D2O solution of fluorescein. Fluorescein spectrum lies in

the region 6.5–9 ppm

Table 1 Self-diffusion coefficients (m2/s) measured by HR MAS

NMR

System D (water ‘‘free’’) D (water bound) D (fluorescein)

CDNS12 1.6 9 10-9 1.7 9 10-10 3.2 9 10-10

CDNS14 2.6 9 10-9 6.5 9 10-10 3.8 9 10-9

Referencea 2.299 9 10-9 3.2 9 10-10

a For water: see Ref. [22]. For fluorescein: the reference value was

measured (this work) for a D2O solution of the same concentration

(100 mg/mL) at the same temperature
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Complementary information is provided by the analysis

of diffusivity data of the solute. Table 1 indicate that the

fluorescein self-diffusion coefficient, D (fluorescein), is

dramatically different in CDNS12 and CDNS14, keeping

constant the formal concentration of fluorescein in the

CDNS. D (fluorescein) in CDNS12 equals that measured in

a D2O solution of the same concentration, whilst D (fluo-

rescein) in CDNS14 is one order of magnitude higher,

indicating an acceleration effect with increasing mesh size

of the cross-linked polymer. This finding is totally coun-

terintuitive. The rationale lies in the fact that the polar

solute actually experiences, in its random motion, an

electrostatic potential generated by the internal surface of

the polymer network. The electrostatic component, along

with the hydrodynamic one, contributes to diffusion in a

non trivial manner. Comparable results were obtained by

measuring the diffusivity of fluorescein entrapped in ref-

erence systems, agarose-carbomer hydrogels with known

mesh size (ranging from 5 to 25 nm) and crosslinking

density (ranging from 1 to 8 mmol/cm3) [24]. Given the

similarity of the polymer backbone of CDNS and agarose

hydrogels (both carbohydrated based), and all the other

factors (fluorescein concentration, temperature, etc.) being

equal, similar values of diffusivity may be taken as semi-

quantitative indication of mesh size and crosslinking den-

sity of the samples of CDNS. A theoretical model based on

both electrostatic and hydrodynamic contribution to the

diffusivity of a polar solute in a nanosized environment is

being developed and will be detailed elsewhere [24]. At

this stage, it suffices to stress that the experimental deter-

mination of diffusion coefficients of a model solute within

the 3D network of CDNS represent a starting point for the

rational design of applications, for example in the field of

controlled release of pharmaceutically active components.

Conclusion

The use of three different methods of structural determi-

nation-Raman spectroscopy, X-ray diffraction and HR

MAS NMR—allowed us to shed light on the structure of b
cyclodextrin cross-linked polymers. Raman spectroscopy

turned out to be a powerful method to monitor the cross-

linking process via the low-frequency region. The hydra-

tion dynamics could also be investigated through the

analysis of the vibration modes of O–H and C–H groups

decoupled from the background of bulk water. Despite the

fact that the CDNS of the present study are mainly amor-

phous, XRD gave information on the state of water in the

swollen CDNS. HR MAS NMR allowed the measurement

of diffusion coefficients of both water and dissolved solutes

within the polymer network. Acceleration effects of the

random motion of solute uncovered as a function of the

CDNS mesh size (in turn related to the preparation) are a

novel aspect of transport properties inside nanosized por-

ous soft materials that gives opportunity for rational design

of applications.
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