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Accessibility of the Functional Groups of Chitosan Aerogel
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Transmission FT-IR spectroscopy allowed us to monitor the deuteration of wafers of chitosan aerogel and xerogel
by D,O vapor at room temperature. The complete deuteration of the alcohol and amine groups of the aerogel
(surface area 175 f~! as measured by Nolumetry) confirmed the high accessibility of the functional groups
of the polymer. The xerogel (surface area 5gn') was only partially deuterated in more severe conditions. The

isotopic shift of the deuterated groups allowed us to
chitosan.

Introduction

The interest for chitosan (pol§-(1,4)-glucosamine) stems
from its applications in biomaterials, drug-delivery systérs,
food additives, water clarificatiohand as support for cells,
enzymes,and catalyst§.lt is cheaply obtained by deacetylation
of chitin wastes from the seafood industry. Most infrared

confirm or revise some attributions of infrared bands of

deuteration of the polysaccharide functional groups BY D
vapors has been used as a probe reaction, and the isotopic shifts
of the hydroxyl and amine bands have allowed us to improve
the interpretation of the IR spectra.

Materials and Methods

spectroscopic studies of chitosan were aimed at the determina-

tion of the deacetylation degree of the chitin-derived matériels

or were directed to the characterization of the polysaccharide
in hybrid material$8-1° Albeit these works provided a sound
vibrational characterization of the polymer, the preparation of
the samples was unfit for the study of the reactivity of the
functional groups by FT-IR spectroscopy of adsorbed probe
molecules, a powerful technique widely applied to the study of
inorganic solids or, less frequently, high-surface area polyfiet.

Samples Preparation.Chitosan (from squid pen, Mahtani Chitosan
PVT Ltd.) characterized by a degree of acetylation (DA) lower than
1.5% (measured by NMR and IR spectroscép$and a weight-average
molecular weight of 200 000 g/mol (measured by size exclusion
chromatography (SEC) coupled online with a multi-angle laser light
scattering (MALLS) detector) was purified as follows: the polymer
was dissolved at 1% (w/w) in a stoichiometric amount of aqueous acetic
acid. After complete dissolution, it was filtered successively on 3, 1.2,
0.8, 0.45, and 0.2m cellulose ester membranes (Millipore). Chitosan

The wafers of dried polysaccharides used for former spectro-yas precipitated with diluted ammonia up to a constant pH 9 of the

scopic studies presented a very small surface area. As asojution and separated by centrifugation. The precipitate was repeatedly
consequence, a too small fraction of functional groups was washed with deionized water and centrifugated until a neutral pH was
accessible for a significant study of their interaction with probe achieved, and then it was freeze-dried.
molecules. An aqueous solution was obtained by dissolving 0.2 g of purified
The aim of the present Article is to show the unique chitosan in 10 mL of 0.055 M solution of acetic acid. This solution
possibilities offered by supercritical drying to prepare chitosan was spread out at room temperature in a Petri dish and gently covered
samples in which a large fraction of amino groups is accessible. by a 4 MNaOH solution. The gel was stored in the alkaline solution
In the CQ supercritical extraction, the shrinkage induced by for 2 h and then filtered and washed with deionized water until pH 7.
capillary evaporation is prevented, and the solid prepared in  Hydrogel Drying. Xerogel films were obtained after drying the
this way, known as an aerogel, retains a high degree of hydrogel on glass plates in an oven at 323 K. To obtain the aerogel
dispersion. Indeed, very high surface areas have been reportedilms, intermediate alcogels were formed by immersion of the hydrogel
for polysaccharide aerogels: values close to 3G0gnt for films in a series of successive ethanulater baths of increasing alcohol
alginate aeroge?$ and higher than 100 tng~? for chitosan concentration (10%, 30%, 50%, 70%, 90%, and 100%) during 15 min
aerogel€® Because of such a high dispersion of the polysac- each. _T_he aerpgel films were obtained by drying the alcogels beyond
charide, a large fraction of the functional groups are accessiblethe critical point of CQ (304.14 K, 738 MPa) in a Polaron 3100
to probe molecule%:26 a_pparatus. Reference _cryo_gels were obtained by freezing the hydrogel
In this work, the accessibility of the functional groups of 1ms at77 Kand sublimating the ice under vacuum.

chitosan films has been monitored by FT-IR spectroscopy. The Evaluation of Textural P_ropertl_es. Nltrggen adsorption/desorption
isotherms were recorded in a Micromeritics ASAP 2010 apparatus at

77 K after outgassing the sample at 323 K under vacuum until a stable
3 x 1072 mbar pressure was obtained with no more pumping. The
surface areas were evaluated by the BET method. The average size of
the polysaccharide fibrils was evaluated from the surface area by the
formula D = 4/(pS), whereD is the fibril diameter inum, Sis the
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8 aerogel according to the drying method used. When the solvent,
7] usually water, is evaporated, the capillary tension at the vapor
5 liquid interface brings together the secondary units of the gel.
As a consequence, a xerogel with low porosity is formed.
51 Alternatively, the solvent can be exchanged with a secondary
4 solvent, usually C@or low-molecular weight hydrocarbons,
3 which is in turn compressed and heated beyond its critical point
and evacuated as a supercritical fluid, in conditions in which
2 no gas-liquid interface exists. In this way, the supercritical
1 drying avoids the drawbacks related to capillary tension and
0 Lottt st 0000 00-000000-000-00- 04400000 prevents the pores of the material from collapsing. The aerogel
0 0.2 0.4 0.6 0.8 1 formed retains in the dry state an image of the dispersion of
the wet gel.

Several previous spectroscopic studies on polysaccharide gels
have been carried out on cryogels produced by freeze-drying.
The ice formed by freezing the solvent can be sublimated with
no capillary tension, and most of the volume of the hydrogel
can be retained. However, the pressure of growing ice crystals
can significantly alter the internal structure of the gel during
freezing, if the size of the sample and the conditions of cooling
are not in an optimal rang@:3°A possible result is the collapse
of the local porosity despite the preservation of the total volume
of the gel.

The adsorptiorrdesorption isotherms of Nat 77 K on an
aerogel and a cryogel of chitosan are reported in Figure 1. The
isotherm on the supercritical-dried aerogel is at the borderline
between type Il and type IV according to the IUPAC classifica-
tion 3! corresponding to a macroporous adsorbent (pores with
diameter larger than 50 nm) with a small contribution of
mesoporosity (pores with diameter between 2 and 50 nm). The
surface area of the aerogel is 1753 gT. Such a surface area
corresponds to an average diameter of the chitosan fibrils of 18
nm and indicates that nearly 10% monomers are exposed at
the surface. The scanning electron microscopy of the chitosan
Figure 2. SEM picture of a chitosan aerogel. aerogel, whose picture is reported in Figure 2, shows an open

network of fibrils with a size consistent with the diameter
surface area in Ay, andp is the volumic mass of chitosan in g/&m evaluated by the adsorption data.
The surface/volume ratio allows us to evaluate the fraction of Figure 1 clearly shows that a much lower amount ofi&
geometrically exposed monomers. For these calculations, the materialadsorbed on the chitosan cryogel. The surface area of the
was assumed to present the properties ascertained for crystallinecryogel, as measured by,Mdsorption at 77 K, is 5 g2,
chitosan, a volumic mass of 1.23 g tnan area per monomer of 0.439  the same value measured for the evaporatively dried xerogel.
nn?, and a volume per monomer of 0.196 HithScanning electron  Thjs value of surface area corresponds to an average diameter
micrographs (SEM) were recorded on a Hitachi S-4500 apparatus after f the chitosan fibers about Oz and indicates that less than
platinum metallizatian. _ _ 0.3% monomers are exposed at the surface.

Infrared Spectroscopy. Suitable wafers were cut from the chitosan . . . . . .
films and placed into an all-silica cell provided with KBr windows for On the basis of their re_spectlve_degree of dlsperS|0n,_ It can

dbe expected that deuteration reactions would be more hindered

transmission IR measurements. The wafers were supported by a gol by diffusion in th £ th | than in th f 1h
case. The cell allowed evacuation, heat treatment, and pressure y ditfusion In the case of the xerogel than In the case of the

measurement. FT-IR spectra were recorded on a Bruker Vector 22 aerogel.

spectrometer, equipped with an MCT detector. The spectral resolution ~ Deuteration of the Aerogel.The IR spectra of the outgassed
was 2 cmit, and 36 scans were registered for each spectrum. Adsorption aerogel before and after exposal to doses ¢ apor are

of D,O was carried out on wafers evacuated in situ at 353 K (residual reported in Figure 3 from 3800 to 1800 ctand in Figure 4
pressure lower than I@ mbar). Successive pulses of@vapor were from 1800 to 600 cm.

introduced in the cell, and measurement was performed after pressure  The O—H and N-H stretching bands form a broad envelope
equilibrium was reached after each introduction g@DIn the case of with main bands at wavenumbers around 3435, 3290, and 3180
adsorption on the xerogel sample, measurements were performed 3Gqm-1 The queue of the envelope toward lower wavenumbers

adsorbed N2 (mmol g'")

N, activity (p/p°)

Figure 1. N, adsorption isotherms of a chitosan aerogel (O) and a
chitosan cryogel (#).

min after each introduction of 0. extends until 2500 cnt, indicating a high level of hydrogen
bonding of the functional groups. Significant bands of gaseous
Results and Discussion CQ; correspond to unbalancing of the background magnified
by the saturation of the signal.
Textural Properties of the Materials. For the purpose of The admission of BD vapor brings about a progressive

this Article, a xerogel is defined as a dried gel that has decrease of the intensity of all-€H and N—-H bands. At a
considerably shrinked during drying. An aerogel is instead a D,O pressure of 13 mbar, the-€ and N-H bands have
dried gel that has retained most porous volume of the parentvirtually disappeared, indicating a nearly complete deuteration
hydrogel?! Drying a hydrogel can result in a xerogel or an of the alcohol and amine groups of the aerogel. The resi&t&ll
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Figure 3. IR spectra of chitosan aerogel outgassed at 353 K (1) and exposed to D,O pressure of 0.01 (2), 0.24 (3), 0.33 (4), 3.7 (5), 9.7 (6),
12 (7), and 13 (8) mbar. Wavenumber domain 3800—1800 cm~2.
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Figure 4. IR spectra of chitosan aerogel outgassed at 353 K (1) and exposed to D,O pressure of 0.01 (2), 0.24 (3), 0.33 (4), 3.7 (5), 9.7 (6),
12 (7), and 13 (8) mbar. Wavenumber domain 1800—600 cm~1,

intensity at 3435 cm' corresponds to less than 0.5% residual ~ The G-H stretching vibrations at 2914 and 2865 ¢nare

OH groups. As the geometry of the chitosan fibrils suggests unaffected by deuteration, as expected on the basis of the low
that no more than 10% monomers are at the surface of the fibrils, reactivity of the aliphatic €H bonds.

this degree of isotopic exchange indicates th#d Dan penetrate The IR spectra in the wavenumber domain 18600 cnt?!

for several nanometers inside the polymer. for the aerogel, outgassed and exposed to doses@Mapor,

In close parallel with the decrease of the absorbance of the@'® reported in Figure 4. The Nbscissoring mode of the
proton-bearing groups, the bands of the deuterated groups apped?fimary amine is observed at 1593 ciand the very low
and grow at wavenumbers with maxima at 2529, 2432, and 2372/ntensity of the amide band at 1655 chindicates a high degree
cm L. The isotopic shifts corresponds to a ratig, = ¥(O— of deacetylation of the sample.

H)/»(O—D) = 1.358, somewhat short of the ratigg = ¥(O— The NH, scissoring band at 1593 crh disappears with
H)/»(O—D) = 1.3744 expected after the variation of reduced deuteration. The isotopic shift of this vibration has been
masses between protonated and deuterated species. This dif¢@lculated for other amines and allows us to attribute to ND
ference is probably related to the anharmonicity of the stretch SCissoring the band that appears at 1197 cth®*It has to be

of the hydroxyl bond. In the case of the isolated silanol group observed that the rise of the band of the deuterated group does
on silica, as well as of the ©H bridged species in zeolites, "°t exactly mirror the decrease of the band of the protonated
Kustov et al. have shown, by measuring several overtones, thatd™0UP- The NH scissoring band has virtually disappeared when

the O—H stretching vibration is well represented by a Morse the samp;lle IS attr:he eqw_hbnu_m vxgth (Ije_ss _tha;n 4 meOD i
potential. Moreover, the anharmonicity parameter is also practi- vapor, whereas the MDSC'SSOHH.Q and 1S Just appearing a
cally the same in both cas&%33 Assuming this same value of such a pressure and grows at higheOlpressure. This trend

s . suggests the presence of an intermediate NHD group, whose
the anharmonicity parameter also for the present case of Ch'tosarbendin wavenumber should be intermediate between the
brings about an isotopic shiftaynnam = v(O—H)/v(O—D) = g

. ) N wavenumbers of the NHand ND, bands. It can be observed
1.355, in very gpod agreement with the experimental value that the absorbance at 1453 thincreases when the ;D
measured on chitosan. pressure rises until 3.7 mbar and decreases when # D

It can be observed that the envelope of the protonated groups pressure increases further.

when allowance is made for spectra saturation, retains the same The pand at 1453 cni also includes a component whose
overall shape at all levels of deuteration. In the same way, the intensity is not affected by isotopic exchange and which can
relative intensities of the bands of the deuterated groups remainpe attributed to Chl scissoring. The intensity of the band at
the same during their rise of intensity. The homothetical 1376 cniis virtually unaffected by the isotopic exchange. This
variation of the absorbance of the alcohol and amine bandsallows us to discard its attribution to a<©H stretching modé®
indicates that BO is such an effective deuterating agent that The attribution to the €H bending of the methyne group is
no differences can be observed among the reactivities of themore likely, possibly with a contribution of GHvagging?-3*
O—H and N-H groups. The bands at 1414, 1319, and 1295¢éman be attributed t%DV
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Table 1. Main IR Bands of Chitosan and Deuterated Chitosan to the C-OH stretching of the secondary alcohol groﬂjﬁ%_
wavenumber (cm1) The second interpretation has surely to be retained on the basis

of the strong isotopic shift of the band. The difference of the

reduced masses of the OH and OD groups allows us to attribute

O-, N-deuterated

mode chitosan chitosan to the corresponding-€0D stretching the band that appears at
O—H stretching 3435 2529 1121 cnt?, beyond a clear isosbestic point.
N—H stretching 3290, 3180 2432, 2372 Strong G-O, C—N, and G-C stretching vibrations dominate
E;:*Sitigestg:i‘rgg 2914, iggg 2914, ﬁg? the region between 1100 and 1000 ¢m _
CH, scissoring 1453 1453 The intensity of the bands at 9SQ and 898‘érmap.|dly
CHy bending 1414 1412 d_ecreases Wher_12[) vapors are admitted, and they virtually
CH bending, CH, wagging 1376 1376 dlsgppear at high BD pressure. Th_ese bands have _been
CH, twisting 1319, 1295 1312, 1289 attributed to, respectively,-©CHz; wagging and ring strgtchmg
O—H bend, NH, twist 1254 ” modes’ Such modes would not be affected by isotopic effects,
C—OH stretching 1150 1121 and, if they are present, they are overwhelmed by strong isotope-
C—0, C—N, CC stretching  1100—1000 1100—1000 sensitive modes. Nfwagging vibrations are expected at these
NH, wagging 950, 898 760 wavenumbers on the basis of calculations of other anfth&s.
O—H out-of-plane bending 668 658 The corresponding Npwagging vibrations have been calculated

at wavenumbers compatible with a very broad band that appears
CH, bending or twisting mode&!7-33 These bands underwent —and grows with deuteration around 760 ¢i#*** At intermedi-
an isotopic shift of some wavenumbers with no significant ate wavelengths around 810 tinthe absorbance increases with
change of intensity with deuteration. This effect, observed in D20 pressure up to 3.7 mbar and decreases for further pressure
other instances, is an example of the way in which relatively rise, possibly in correspondence with a NHD wagging vibration.
distant substituents can affect the frequency of infrared vibra- A significant isotopic shift, from 668 to 658 crh is also
tions34 observed for a band that can be attributed teHDout-of-plane
The absorbance around 1345 and 1260 trstrongly bending?-36
decreases with deuteration. Among the vibrations whose For ease of consultation, the attributions of the main IR bands
intensity can be strongly affected by the isotopic exchangeilO  of chitosan and deuterated chitosan are reported in Table 1.
in-plane bending or NHtwisting modes would be compatible Deuteration of the Xerogel.The IR spectra of the outgassed
with these wavenumbe?8:3% An ultimate attribution of these  xerogel before and after exposal to doses @©Dvapor are
bands, as well as of the-GH bending bands, would demand reported in Figure 5, from 3800 to 1800 chand Figure 6,
the complete modelization of the fundamental frequencies of from 1800 to 400 cm!. The spectrum of the outgassed xerogel
chitosan. is nearly indistinguishable from the spectrum of the outgassed
The band at 1150 cm has been differently attributed to the aerogel. However, its modifications upon exposure DD
asymmetric stretching mode of the-©OC glycosidic bond or vapors are much less intense. Exposal to 17 mb& (@urve
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Figure 5. IR spectra of chitosan xerogel outgassed at 353 K (1) and exposed to D,O pressure of 0.14 (2), 1.3 (3), and 17 (4) mbar and at
repeated cycles of evacuation and exposure to 17 mbar D,O (5—10). Wavenumber domain 3800—1800 cm~1.

4

w
T

absorbance
N

0 . T - . T
1800 1600 1400 1200 1000 800 600
-1

cm

Figure 6. IR spectra of chitosan xerogel outgassed at 353 K (1) and exposed to D,O pressure of 0.14 (2), 1.3 (3), and 17 (4) mbar and at
repeated cycles of evacuation and exposure to 17 mbar D,O (5—10). Wavenumber domain 1800—600 cm~1,
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