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Abstract In this work, the effect of chitosan blending on

the thermal properties, nanoscopic structure and swelling

behavior of ureasil–polyethylene oxide (U-PEO) hybrid

materials was examined. Materials were prepared by the

sol–gel route using acid catalysts, and the effect of acid

(hydrochloric or acetic acid) was also examined. Differ-

ential scanning calorimetry results showed that chitosan

addition did not provoke appreciable changes in the ther-

mal behavior of the U-PEO. Thermogravimetric curves did

not show changes in thermal stability resulting from chi-

tosan blending but were depended on the type of acid

catalyst. Small-angle X-ray scattering and nuclear mag-

netic resonance spectroscopy techniques were used for

studying nanoscopic and inner structures, showing the

existence of two structural levels and differences in poly-

condensation degrees. All samples presented fast water

uptake with the same initial swelling rate and with a non-

Fickian or anomalous transport mechanism. Swelling

degree was higher in hybrids prepared with HCl, which

possessed less branched siloxane cross-link nodes species,

therefore lower polycondensation degree. Also, the mag-

nitude of swelling decreased for hybrids blended with

chitosan, which provides a means of tailoring the water

uptake by the ureasil–PEO hybrid and to potentiate the

control of the release profile of drugs incorporated in these

materials.
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Introduction

Siloxane-polyether hybrids, also named ureasils, are an

interesting and versatile family of multifunctional organic–

inorganic hybrid (OIH) materials. They are composed of a

siloxane backbone covalently connected to polyether

chains of variable length by means of urea bridges [1, 2].

These hybrids are biocompatible, transparent, rubbery,

flexible and insoluble in water [1]. Ureasils have been the

object of intensive studies in the last years due to their wide

range of applications. They can be used as solid-state

electrochromic devices, tunable photo-luminescent mate-

rials, ionic conductors, adsorbents for environmental

applications and drug delivery systems [3–5].

Polyethylene oxide (PEO) is commonly used as poly-

ether chain in the synthesis of these hybrids [2, 3, 6]. It is

one of the most important synthetic polymers used in the

pharmaceutical industries due to its biocompatibility, non-

toxicity and high water-solubility and swellability [7]. Their

hydrophilic nature inhibits protein adsorption, cell adhesion

and provides its own full excretion. PEO can be used also in

block copolymers or in cross-linked networks [8].

Previously, we reported the synthesis of a new OIH

material, the chitosan/(ureasil–polyethylene oxide hybrid)

blend [6]. Chitosan is a biodegradable, biocompatible and

low toxicity polymer with numerous biological properties

[9]. The blend and the hybrid without chitosan were pre-

pared by the sol–gel route, using hydrochloric acid (HCl)
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as catalyst, and were loaded with pramoxine hydrochloride,

as a model drug. The systemic study showed that the

combined addition of chitosan and pramoxine improved

the compatibility of the organic and inorganic components

of the matrix, and provided a means of tailoring the amount

of drug released [6].

Chitosan is a pH-sensitive natural cationic polymer that

remains insoluble in neutral aqueous environment but

becomes soluble in acid media due to the protonation of its

amino groups [9]. It is well known that acetic acid (HAc) is

commonly used to dissolve chitosan [10]; therefore, in our

research similar hybrids materials were obtained with HAc

as acid catalyst. In this work, we report the effect of chi-

tosan blending on the thermal properties, nanoscopic

structure and swelling behavior of Ureasil–PEO (U-PEO)

hybrid materials. The effect of the type of acid, HCl or

HAc, used as catalyst in the hydrolytic sol–gel synthesis

was also studied.

Experimental

Synthesis of the hybrid materials

A well-known synthesis procedure was adopted for the

hybrid precursor preparation [6, 8] involving the reaction

of terminal aminopropyl groups of the functionalized PEO

macromer (O,O0-bis-(2-aminopropyl) polypropylene gly-

col-block-polyethylene glycol-block-polypropylene glycol

1900, Fluka) with 3-(isocyanatopropyl)-triethoxysilane

(Aldrich), using a molar ratio of 1:2. The reagents were

stirred together in tetrahydrofuran (THF) under reflux for

24 h. Following this, THF was eliminated by evaporation

at 60 �C, producing the hybrid precursor. In the second

step, silanol moieties were generated, followed by con-

densation reactions to form ureasil cross-linking nodes [1].

The hydrolysis of Si(OCH2CH3)3 was initiated by adding

an ethanol(eth)/water(H2O) mixture (0.03 v/v) containing

acid catalyst (HCl or HAc, 2 M) to the precursor. For the

blend, 3 mass% of chitosan (CHI, 57,000 g mol-1,

DD = 88%, Sigma-Aldrich) dissolved in the acid hydrol-

ysis solution were incorporated into the hybrid precursor,

as shown in Table 1. Monolithic U-PEO and U-PEO/CHI

xerogels were obtained after drying under vacuum at room

temperature for 7 days [6]. During drying at room tem-

perature only the solvents, ethanol and water, are lost, so

all the added chitosan remains in the xerogel. All reagents

were used without purification, except chitosan, that was

purified by dissolution in dilute aqueous acetic acid fol-

lowed by precipitation with NaOH (1 M), as described in

our previous work [6].

Characterization

Thermal properties of hybrids were assessed by differential

scanning calorimetry, DSC, (TA Instruments Model DSC

Q100 analyzer) and thermogravimetric analysis, TG,

(Q600 SDT TA Instruments). The thermal events were

investigated at a heating rate of 10 �C min-1 and moni-

toring between -90 and 350 �C and 25–600 �C for DSC

and TG, respectively. All analyzes were performed under

nitrogen flow (50 cm3 min-1 for DSC and 100 cm3 min-1

for TG) and between 5 mg and 10 mg of sample were used

in measurements.

The nanostructures of the U-PEO and U-PEO/CHI

hybrids were evaluated by small-angle X-ray scattering,

SAXS, measurements carried out at 25 �C at the SAXS1

beamline of the National Synchrotron Light Laboratory

(LNLS, Campinas, Brazil). The beamline was equipped

with an asymmetrically cut and bent silicon (111)

monochromator that produced a focused monochromatic

beam (k = 0.1550 nm). A bi-dimensional photon counting

pixel detector (Pilatus 300 k) was used to record the scat-

tering intensity, I(q), as a function of the modulus of the

scattering vector q = (4p/k) sin(h) (2h = scattering angle),

resulting in a q-range span of 0.12–4.10 nm-1. A pin diode

inserted in the 6 mm beam stop was used to record the

transmitted intensity in order to correct the natural beam

intensity decay. SAXS patterns were recorded for dried

samples.

The chemical environment of silicon atoms of the

siloxane nodes was analyzed by solid-state nuclear mag-

netic resonance spectroscopy, 29Si MAS-NMR, measure-

ments carried out with an INOVA 300 Varian spectrometer

at the Larmor frequency of 59.59 MHz and field of 7.05 T.

The following parameters were fixed for 29Si: spectral

width of 62.5 kHz; pulse of 90� (5.5 ls); relaxation time of

Table 1 Experimental conditions for hybrid synthesis

M (prec)/g M (CHI)/g V (H2O)/lL V (eth)/lL V (acid)/lL

U-POE (HCl) 0.7500 – 1500 50 17.5 (HCl)

U-POE (HAc) 0.7500 – 1500 50 17.5 (HAc)

U-POE/CHI (HCl) 0.7500 0.0232 1500 50 17.5 (HCl)

U-POE/CHI (HAc) 0.7500 0.0232 1500 50 17.5 (HAc)
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200 s and rotation of 5.5 kHz. Chemical shifts were rela-

tive to tetramethylsilane (TMS), used as external standard.

Proton decoupling was always used during acquisition of

the spectra. Due to the high sensitivity of the 29Si NMR

measurements, the uncertainty in the chemical shift values

was less than 0.2 ppm.

To determine the dynamic swelling behavior caused by

water uptake, pre-weighed dry hybrid disks were immersed

in distilled water at 25 �C. The disks were taken out of the

water and weighed at specified time intervals after exces-

sive surface water was blotted. The swelling percentage

caused by the water uptake, S, was calculated as:

S ¼ ðMt �M0Þ
M0

� 100 ð%Þ ð1Þ

where Mt is the mass of sample after the water absorption

at time t and M0 is the mass of the dry sample [11].

In order to study the swelling mechanism, the empirical

power law relationship proposed by Ritger and Peppas

[11–13] was considered to describe the experimental time

evolution:

Mt

M1
¼ ktn ð2Þ

where M? is the mass of water absorbed at equilibrium,

k is a constant and the exponent n is function of the water

uptake transport mechanism. This empirical model is

accurate only for the early portion of the water absorption

curve (Mt/M? B 0.60).

Results and discussion

Thermal behavior

DSC curves of ureasil–PEO generally show two charac-

teristic events: the deviation from the baseline (between

-60 and -30 �C) associated with the glass transition

temperature (Tg) and one endothermic peak (around 30 �C)

characteristic of the melting of semi-crystalline PEO (Tm)

[1]. Figure 1a shows these events for the U-PEO and

U-PEO/CHI hybrids. The glass transition temperatures

(Fig. 1b) did not show significant changes neither by chi-

tosan addition nor by the type of acid, suggesting that the

PEO chain mobility and inter-chain interactions of the

amorphous polymer phase were not affected by these

parameters.

The DSC curve of pristine chitosan is also presented in

Fig. 1a. It is characterized by the glass transition at 52 �C
and two peaks corresponding to dehydration (120 �C) and

decomposition (285 �C) processes of this polymer [14],

respectively. The start of the chitosan decomposition pro-

cess could be seen for the hybrid prepared with HCl, but it

is absent for the hybrid prepared with HAc. This fact could

be explained by a partial and total dissolution of chitosan in

the hybrid matrix prepared in the presence of HCl and HAc

solution, respectively.

The crystallinity degree (CD) of these hybrids was cal-

culated as the ratio between the experimental melting

enthalpies per gram of PEO (DHm) and the melting

enthalpy per gram of 100% crystalline PEO

(DHm = 196.4 J g-1) [15]. These parameters are presented

in Table 2. The calculated CD values and the melting

temperatures do not have significant differences, indicating

that the studied parameters do not modify the natural

crystallization tendency of PEO in the hybrid matrix.

Thermal stability of U-PEO and U-PEO/CHI was stud-

ied by thermogravimetry, by measuring the mass loss as a

function of temperature. The TG and derivative TG (DTG)

curves of hybrids and chitosan are displayed in Fig. 2a. All

curves show an initial mass loss below 120 �C, which can

be attributed to the release of adsorbed molecules (water

and ethanol) [16, 17]. The chitosan curve shows another

degradation stage, corresponding to the main decomposi-

tion of this polymer, generating a carbonaceous material.

The decomposition is associated with the rupture of

polysaccharide chains by dehydration, deamination,

deacetylation, breaking of glycoside bonds and pyranose

ring opening [14, 16, 18, 19]. The temperature of maxi-

mum decomposition rate (Tmax) occurs at 275 �C. This

main decomposition stage is observed in the U-PEO/CHI

(HCl) hybrid, evidencing the partial and total dissolution of

chitosan in the hybrids prepared with HCl and HAc solu-

tions, respectively (Fig. 2b).

The main degradation stage of the hybrid materials starts

at about 310 �C and could be attributed to ureasils

decomposition [17]. The DTG trace evidence that the

samples can be classed by two set of temperature of

maximum decomposition rates. These temperature values

do not change by chitosan addition and depend only on the

type of acid used as catalyst. Tmax of hybrids prepared with

HCl (404 �C) is higher than that of hybrids prepared with

HAc (390 �C), indicating that the first ones are thermally

more stable. One possible explanation for this result could

be the formation of more compact siloxane aggregates

dispersed in the matrix for hybrids made with HCl, that

need more energy for their decomposition.

Siloxane species and Nanostruture

The effect of the chitosan blending and the acid catalyst on

the condensation degree and the inner structure of silox-

anes of the organic–inorganic hybrid materials were stud-

ied by 29Si NMR. Figure 3 displays the NMR spectra with

each resonance identified by the conventional notation Tx
y ,

Thermal properties, nanoscopic structure and swelling behavior of chitosan… 793

123



(RSi(OSi)x(OH)3-x)y. The superscript x denotes the num-

ber of siloxane bonds and the subscript y denotes the

number of trifunctional units composing each distinct

structure. The 29Si NMR spectrum corresponding to

U-PEO prepared under HCl catalysis display four main

resonances, evidencing the coexistence of uncondensed To

units, RSi(OH)3 (d = -42.0 ppm), dimer T1 RSi(OSi)

(OH)2 (d = -50.0 ppm) as a shoulder, linear T2 or cyclic

T2
3 (RSi(OSi)2(OH)1)3 (d = -54.6 and -55.9 ppm)
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Fig. 1 DSC heating curves; a for the U-PEO and U-PEO/CHI hybrid materials prepared with different acid catalyst and for pristine chitosan, and
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Table 2 Values of melting temperatures, melting enthalpies and

crystallinity degrees of hybrid materials

Tmonset/�C DHm/J g-1 CD/%

U-POE (HCl) 15 39 20

U-POE (HAc) 14 36 18

U-POE/CHI (HCl) 12 34 17

U-POE/CHI (HAc) 13 34 17
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Fig. 2 Thermal analysis; a TG (insert) and DTG curves for the U-PEO and U-PEO/CHI hybrid materials prepared with different acid catalyst
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species and fully condensed strained hexahedral structure

T3
6 (RSi(OSi)3)6 (d = -64.4 ppm) [20–22]. The presence

of monomeric species (T0 units) in the mixture with

dimeric (T1) and polyhedral (T2 and T3) species suggests

that the formation of condensed species occurs by a

monomer-cluster growth mechanism [23].

For U-PEO prepared under HAc catalysis, the resonance

of uncondensed T0 units disappear and the T2 band become

narrow and as intense as the T3 one. The equivalent

intensity observed for T2 and T3 bands is expected for

disilanol T8(OH)2 (R8Si8O11(OH)2) structures [24–27].

These features evidence the higher efficiency of polycon-

densation reaction as compared with hybrid prepared under

HCl catalyst. In fact, the absence of monomeric species

indicates that the formation of condensed species occurs by

reaction limited cluster–cluster growth which is expected

when the rate of condensation reactions is higher than the

rate of hydrolysis, leading to the fast consumption of all

monomeric species [23].

The chitosan blending affects significantly the inner

structure of siloxanes. For hybrid blend prepared under

HCl catalyst, the spectra is dominated by the intense peak

at -56.3 ppm which possibly originates from the T2 silicon

of the more strained three-membered ring in hexahedron.

However, the coexistence of this band with the T3 reso-

nance at -66.2 ppm and the terminal T1 units at -47.6

suggests also the presence of trisilanol T7(OH)3 [24–27].

The U-PEO/CHI prepared under HAc display an equivalent

shift of the T2(Dd = 4.6 ppm) and T3(Dd = 4.1 ppm) as

compared to U-PEO resonances, suggesting that the chi-

tosan blending induces the increase in the hydroxylation

degree from disilanol T8(OH)2 to trisilanol T7(OH)3 octa-

hedron [24, 27].

The polycondensation degree, PC, was calculated from

the proportion of each species by measuring the areas of

the 29Si resonance peaks and considering the PC value

expected for the different Tx units, where PC values are

100, 66.7, 33.3 and 0.0% for T3, T2, T1 and T0, respectively

[2]. These results, presented in Fig. 3, showed that the PC

values are higher for hybrids prepared with HAc evidenc-

ing that more branched species were obtained. This feature

can be explained from the more acid pH of reactional

solutions containing HCl (pH = 1.4) as compared with that

catalyzed under HAc (pH = 3.1). The last one favors base-

catalysed silanol condensation reaction, while under HCl

catalyst the pH below the point-of-zero-charge of sı́lica

(pH & 2) the hydrolysis reactions are faster, resulting in

less branched silicon species [28]. It is also appreciated that

chitosan hindered the PC for U-PEO/CHI (HCl) probably

due to their partial dissolution in the hybrid matrix pre-

pared with HCl, while the total dissolution of chitosan in

the presence of HAc solution allowed condensation reac-

tions to be achieved more easily.

The effect of the chitosan blending and of the acid

catalyst nature on the nanoscopic structure of U-PEO

hybrid was studied by SAXS and the results were displayed

on the double logarithmic plot of Fig. 4. The curves

showed the existence of two well-defined regimes sug-

gesting the exitance of two structural levels. The first one

was evidenced by the broad peaks located at high q values

and the second one by a linear decay in the intensity at low

q values. The single peak provides evidence for a strong

spatial correlation between the regularly spaced siloxane

cross-link nodes present in the first structural level. The

average correlation distance between two adjacent siloxane

nodes (ds & 4.1 nm), calculated using ds = 2p/qmax, was

unaffected by the incorporation of chitosan or by the nature

of the used acid.
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The second level was characterized by an asymptotic

linear trend in the lower q-range, which satisfies the Por-

od’s law I(q) * q-a [29, 30]. The Porod exponent a & 3.6

verified for U-PEO prepared under HCl and HAc hydrol-

ysis indicates the existence of a biphasic structure, pre-

senting coarse domains with a rough interphase. Probably

these domains are formed by the crystalline PEO embed-

ded in a less dense U-PEO matrix. The shift of this linear

regime toward lower q-range verified for hybrids prepared

with HAc, indicate an increase in size of the crystalline

domains [20]. The exponent a & 2 observed for U-PEO/

CHI prepared under HCl hydrolysis points to the scattering

from Gaussian polymer chains [23], indicating that chi-

tosan blended in the U-PEO hybrid matrix behave as an

ideal chain solution, with neglected volume interactions.

On opposition, U-PEO/CHI sample prepared with HAc

presented two linear regimes the high-q and the low-q re-

gion corresponding to a & 3 which points to scattering

from collapsed polymer chains (in a bad solvent), while the

intermediate-q region corresponds to a & 2 points to

scattering from polymer chains in a good solvent [30]. This

feature suggests the coexistence of chitosan chain in both

swollen and shrunken conformations.

Swelling

Figure 5 presents the dynamic swelling behavior of the OIH

immersed in water at 25 �C. All samples showed a rapid

water uptake with the same initial rate of swelling. This rate

was determined from the slope of the asymptotic linear

behavior of the curve at the first 10 min, and the obtained

value was 0.12 ± 0.02 g (H2O) g (hybrid)-1 min-1. High

degrees of swelling were obtained with water uptake values

between 185 and 300%, showing hydrogel behavior.

Hydrogels are hydrophilic polymeric networks capable of

absorbing and retaining large amounts of water and/or

biological fluids, without losing its three-dimensional shape

[31], as highlighted by the picture inserted in Fig. 5.

Swelling involves the hydrogel network expansion by water

absorption, which results in the increasing of the free vol-

ume between the polymeric chains.

When chitosan is added to the hybrid systems the

swelling degree decreases, indicating that chitosan reduces

the hydrophilicity of these matrices. This reduction is more

evident for hybrids prepared with HCl, maybe by the par-

tial dissolution of this polymer in the matrix.

It can be seen that the swelling degrees of hybrids pre-

pared with HCl were higher than those prepared with HAc.

This fact could be explained by the differences in the

matrix polycondensation degree caused by the pH of the

acid used as catalysts in the hydrolysis and condensation

reactions of the sol–gel method. The more branched spe-

cies obtained with HAc hindered the matrix water uptake,

while the presence of higher amount of uncondensed sila-

nol species in the OIH prepared with HCl allowed the

decrease in the rigidity and the hydrophobic character of

the siloxanol nodes, favoring the water uptake.

A mathematical analysis of the swelling behavior was

done for elucidating the water transport mechanism

involved in the hybrids swelling. The Ritger–Peppas model

[11–13] is generally used to analyze the swelling and/or

drug release processes when the mechanism is not well

understood, or when more than one phenomenon may be

involved. Water transport into the hybrid matrix can be

attributed to primarily two mechanisms: diffusion and

relaxation. This model allows calculating n, the exponent

that can describe the mode of the penetrant transport

mechanism. For a film, n = 0.5 indicates Fickian diffusion,

0.5\ n\ 1 non-Fickian or anomalous transport, and
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n = 1 implies case II (relaxation-controlled) transport

[11–13, 32].

The water absorption curves (Mt/M? vs. t) for the

hybrid materials were plotted in Fig. 6 and fitted to the

linearized Ritger–Peppas equation, Eq (2). The calculated

constants, n and k, are given in Table 3. Values of n around

0.7 were obtained for all hybrids, indicating that the

transport mechanism was non-Fickian or anomalous. This

means that swelling occurs by both diffusion and relax-

ation-controlled mechanisms. Transport is governed, to a

large extent, by diffusive fluxes under concentration gra-

dients that exist within the gels, but relaxations can also

contribute to this process by the viscoelastic properties of

the polymeric phase [33]. These results evidence that nei-

ther the addition of chitosan nor the acid used as catalyst

had an effect on the swelling mechanism. Also, it can be

seen that a remarkably good agreement is obtained between

the value of k and the initial swelling rate evaluated from

the initial slope of the experimental curve.

Conclusions

This paper demonstrates that the chitosan blending did not

essentially affect the thermal properties of ureasil–PEO

hybrid materials, i.e., the glass transition and melting

temperatures, enthalpies and the degree of crystallization

determined from DSC measurements. Otherwise, thermo-

gravimetric results have evidenced that hybrids prepared

with HCl were thermally more stable than hybrids prepared

with HAc, and that no changes in the thermal stability were

found by the presence of the polymer.

The study showed the existence of two nanoscopic

structural levels, suggesting a hierarchical structure that

was not affected by the nature of acid. The chitosan

blending changed the aggregates interphase and the inner

structure of siloxanes domains.

All samples presented fast water uptake with the same

initial swelling rate and with a non-Fickian or anomalous

transport mechanism. Swelling degree was higher in

hybrids prepared with hydrochloric acid, which possessed

lower polycondensation degree, while chitosan reduces the

hydrophilicity of these OIH.

We can conclude that the chitosan blending on ureasil–

PEO hybrid materials provided a means of tailoring the

swelling degree of these OIH, which increases their

potential use as matrices for controlled drug release.
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Gomes HM, dos Santos Medeiros R. Thermal and morphological

study of chitosan metal complexes. J Therm Anal Calorim. 2017;.

doi:10.1007/s10973-017-6146-2.
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