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Polymer blends based on polyurethane ionomer and chitosan
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Polymer composites based on binary blends of a synthetic polyurethane cationomer (CPU) and the
natural polymer - chitosan, with content ranges from 1 up to 75 wt % have been prepared. The
structural morphology of binary blends of ion-containing polymers — polyurethane cationomer (CPU)
and chitosan having protonated amino groups — have been studied using WAXS (wide angle X-rays
scattering), SAXS (small angle X-rays scattering) methods and DSC (differential scanning calorimetry).
The structural formation processes in the blends of two ion-containing polymers are shown to be
controlled by the compatibility of their components. It has been established that the synthesized
polyurethane cationomer (CPU) is an amorphous polymer and has pronounced microphase structure
with spatial periodicity in the arrangement of its hard and soft domains. The Bragg distance (interdomain
space distance) between similar (concerning their electronic density) domains (D) was determined to
be 4,7 nm. Neat chitosan, having ionic (protonated) amino groups in its chain is shown to be an
amorphous-crystalline polymer and there is no periodicity in spatial location of heterogeneous micro-

areas (crystallites and amorphous micro-areas) in its structure.
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1. Introduction

Chitosan is a naturally occurring polysaccharide and
its derivatives are known to have a great potential with
regard to their application for industrial needs as well for
scientific investigations connected with the development
of novel functionalized materials [1]. Chitosan —product
of chitin deacetylation (the second abundant natural poly-
mer after cellulose) — possesses free amino groups in its
anhydroglucose units which are able to be chemically
modified by different functionalities [2].

Chitosan is also biodegradable and biocompatible
polymer and, thus, it has a wide range of applications in
medicine, e.g. as supporting and treating material for band-
ages, component of gels, coatings for wound healing and
burns recovery, in drug-release polymer systems and as a
sorbent for removing heavy metals from waste waters [3].
On the other hand, it has some disadvantages concern-
ing practical aspects of its applications such as poor me-
chanical strength, insufficient elasticity and hydrophility
of films obtained on its base. In order to overcome the
above drawbacks we have developed binary composi-
tions based on a polyurethane cationomer (CPU) and chi-
tosan.

Development of a novel composites by preparing mix-
tures based on chitosan and other polymers allows the
development of materials with advanced physico-mechan-
ical parameters to be obtained and, even so, preserving
and enhancing valuable properties inherent to that of neat
chitosan.

Several studies deal with polymer blends based on

chitosan and other polymers, investigating their proper-
ties, e.g. chitosan-polyethylene oxide based membranes
[4], poly(g-caprolactone) with chitosan and whey-protein-
isolate [5, 6], chitosan-polyvinyl alcohol [7-9], but in all
cases the structure and characteristics of polyurethane-
chitosan compositions are studied to a lesser extent [10—
11].

Thus, this research focuses on developing compos-
ites of chitosan as a natural polymer with CPU synthe-
sized via a base of N-aminoethylpiperazine. The morphol-
ogy and thermal behavior of the obtained CPU-chitosan
films and starting components have been investigated by
IR, WAXS and SAXS, DSC methods with potential appli-
cation in biomedical sciences.

2. Experimental

2.1. Materials

For synthesis polyoxypropylene glycol (trade mark
“Jeffox” PPG -1000) being kindly supplied by Huntsman
Corporation, molecular weight (M, ) 1000 g/mol. PPG-1000
was vacuum dried (5 mm Hg) at 70 °C prior to use. 2,4-
tolulenediisocyanate (2,4-TDI) was purchased from “Mer-
ck” (Germany) n_= 1,5689(20 °C). N-aminoethylpiperazine,
molecular weight 129,21, boiling point =222 °C (760 mm
Hg) was kindly supplied by the Huntsman Corporation.
Chitosan, [2-Amino-2-deoxy- 1,4 )-B-D-glucopyranan]
molecular weight 400 000, was purchased from “Fluka”
(Switzerland). Solvents —dimethylformamide (DMF) and
acetone was dried over CaH, and distilled before use.

2.2. Synthesis of polyurethane cationomer (CPU)
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CPU synthesis was fulfilled in two steps. In the first
step, isocyanate prepolymer (IP) based on PPG-1000 and
2,4-TDI (molar ratio of 1:2) was synthesized. In the sec-
ond step, N-aminoethylpiperazine as a chain extender was
added to the IP dissolved in the DMF-acetone mixture
under intense stirring. After the exothermic reaction took
place within 30 min, to the resulting product a calculated
amount of hydrochloric acid was added to give the cati-
onomer (CPU). The isolated product is soluble in water
and has the following chemical structure:

H

—l—tCHZCH(CH3)O—l—NHCORLNHCO—N N* CHZCHZNHCONH—]—
n
\_/ Cr

m

where: n=17, m=25 ,R'=2,4-CH,C H..

Molecular weight of the polymer obtained was deter-
mined using HPLC and being equal to 35000 g/mol.

2.3. Preparing of composites based on CPU and Chi-
tosan

A calculated amount of neat chitosan (wt) was dis-
solved in 2 % of hydrochloric (or acetic) acid to give 3%
chitosan solution. Then, 10 % solution of ionomer was
prepared by dissolving the CPU (10 g) in 2 % of hydro-
chloric acid (80 g) with a small amount of DMF (10 g). The
resulting solutions of chitosan and CPU were mixed in
proportional shares to yield composites, having chitosan
contents ranging from 1 % up to 75 wt %.

After drying at 7= 65 °C to a constant mass, the flexi-
ble films (these partially swell in DMF) with a chitosan
content of 1, 5, 25, 50, 75 wt %, respectively, were ob-
tained.

CPU, chitosan, and their composites were investigat-
ed by FTIR spectroscopy (Tensor-37, Bruker (Germany)
in the frequency range of 400—4000 cm''.

The thermal behavior of the blends and the related
polymers was examined using the DSC technique (tem-
perature interval from -90 to +200 °C) with a calorimeter Q
100, modulated DSC, TA Instruments (UK). The measure-
ments were made in a nitrogen purge gas (50 ml/min) with
temperature variations of +/-0,01 °C.

The molecular weight of the synthesized CPU was
determined using HPLC (size exclusion technique), Du
Pont 8800 LC with sensor adjusted to the wave-length at
280 nm. Chloroform was used as eluent with 5% of meth-
anol for blocking of active adsorption particles located
on the silica gel surface [12]. Calibration was carried out
with standard polystyrene (mol. weight 30000 g/mol, M /
M =2).

The structural parameters of CPU-chitosan compos-
ites on the molecular level were monitored by the WAXS
method. The WAXS measurements were performed ac-
cording to the Scherrer technique in the transmission
mode on a DRON-4-07 diffractometer.

The microheterogeneous structure of CPU-chitosan
was investigated by the SAXS method with a KRM-1
camera. CuK -radiation monochromatized with a Ni-foil
was employed, using a slit collimation of the incident beam
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Fig.1. FTIR spectra of CPU (/) and PU in non-ionic
form (2)

according to the Kratky method complying with the con-
ditions of an infinite height of the incident X-ray beam
[13,14]. Scattered X-rays were detected with a scintilla-
tion counter in an automated stepwise scanning mode.
The measured values of scattering intensity were correct-
ed for attenuation of the incident X-ray beam by the test-
ed samples and subsequent abstraction of the intensity
of background X-ray scattering by the collimator system.
The values of scattered intensity were normalized to the
scattering volume. The obtained X-ray scattering profiles
smeared by slit collimation were corrected following the
Schmidt method [15] using an original program based on
the algorithm Delphi-6.0.

3. Results and Discussions.

In order to characterize the compounds applied in this
work, we compared their IR spectra. Spectral data in the
areaof v _ and v for polyurethane both in ionic (CPU)
and non-ionic (PU) forms are shown in fig.1.

Comparative analysis showed that, after quaterniza-
tion of the nitrogen atoms in the chain of the PU, the
range of absorption bands emerged at 2350-2700 cm™,
relating to the v ", while in the absorption region which
is sensitive to hydrogen bonding, one can see that, the
stretching bands (V. ) of urea fragments are shifted to
the high frequency end (v, for PU=1635 cm™ and 1645
cm for CPU, respectively), and v, is simultaneously shift-
ed to the low-frequency field: 3370 cm' for PU, and 3340
cm for CPU. Such variations could be assigned to the
appearance of additional electrons donated in the cation-
omer, in particular, halide-ions taking part in the formation
of ion-molecular hydrogen bonds like NH"...Cl;, as de-
scribed elsewhere [16]. It should be noted that, urethane
groups located at the periphery of hard domains and be-
ing unbounded by hydrogen bonds normally exhibit a
higher intensity of carbonyl group stretching vibrations
(Vo,at 1740 cm™).

Chitosan is a polar polymer, characterized by a strong,
wide absorption band at n=3470 cm™' (these are stretching
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Fig. 2. WAXS profiles for CPU-chitosan binar blends
having 0 (1), 1(2),5(3),25 (4),50(5), 75 (6) and 100 % wt.
of chitosan (7): experimental (firm lines) and additives
(dotted lines) values

vibrations of OH, NH and NH, groups). Undoubtedly, the
mixture of two polar polymers having ionic groups in their
chains may lead to the re-arrangement of intermolecular
hydrogen bonds, ion-molecular ones in both systems. It
is evident, starting from a 25 wt % of chitosan in the com-
posites, that the stretching band of C=0 for the urethane
groups is shifted from 1740 cm™ (for neat CPU) to the
high-frequency region v=1760 cm™ (for the composite),
and the hydroxyl groups of chitosan forms stronger
bonds, e.g., in the compositions CPU + 75 wt % chitosan
V., is located at 3440 cm', while for neat chitosan it oc-
curs at 3470 cm! (spectra for blends are not included here).

According to the WAXS data obtained for the start-
ing polymers and their blends (see fig. 2), it was shown
that neat CPU is an amorphous polymer, while chitosan
has an amorphous-crystalline structure (degree of crys-
tallinity is around 60%). The effective crystallite size was
determined by the Scherrer method to be 4,5 nm. Succes-
sive increments of chitosan content in the blends (from 1
to 25 wt %) does not lead in noticeable changing of the
structure of the polymer blends. Their macrochain frag-
ments display a short range order in spatial location, indi-
cating that the CPU structure plays a dominant role in the
structure formation process of the blends.

However, comparison of the experimental WAXS curve
(fig. 2, solid line) of a blend, having 25 wt % chitosan
(curve 4) with the calculated curve (dotted line), taking
into account the additivity of the contributions of blend
components to the total X-ray diffraction intensity, ac-
cording to the equation below:

Iadd: W111 + Wzlz >
(where I, I, are the intensities of CPU and chitosan, and
w,, w, — are the corresponding component weight frac-
tions in the blend) showed that they are strongly differed.
This confirms the non-additive processes of structural

formation in these blends.

Inserting 50 wt % of chitosan into the composite leads
to a phase inversion, whereas modified chitosan (in ionic
form) starts to dominate in the structure formation, but at
the same time, mixtures holding an amorphous-crystalline
character, essentially differing from neat chitosan. At a
content of 50 wt % chitosan, the microregions possess-
ing a long range order are arranged in a spatial arrange-
ment of macrochain fragments (crystallites) with a struc-
ture, essentially different to that of neat chitosan (curves
5,7).

This proves, above all, that the “unallowable” multi-
plet at 26=9,7° existing in the diffractogram of neat chi-
tosan is divided into two diffraction maximums (26=8,2
and 11,2°) for its blend with CPU, and in the area of the
main diffraction maximum for neat chitosan (19,9°) an “un-
allowable” multiplet is realized at angles 26=14,4-28,1°.

The mixture having 75 wt % of chitosan holds the
analogue crystalline structure. Such alteration in the crys-
talline structure of ionic chitosan, forming blends with
the urethane-containing polymer, also have ionic groups
in its hard blocks is likely to be due to the existence of
interpolymer complexes in the obtained composites.

To confirm the above assumption, a SAXS study has
been carried out in order to evaluate the character of the
microheterogeneous structure of the blends. As one can
see from the SAXS patterns presented in fig. 3, the micro-
heterogeneous structure of the blends is strongly deter-
mined by the content of the components and has an ex-
treme character.

The display of a crisp interference maximum on the
scattering pattern of the neat CPU (curve 1) indicates the
existence of a well-ordered microphase structure in its
bulk — hard domains and microregions, enriched with soft
blocks (“soft domains”), which have periodicity in their
spatial arrangement. Interchange period for similar micro-
regions of heterogeneity (D), according to the Bragg equa-
tion (D=2T1vq, , where g, is position of interference maxi-

I, rel. un.
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Fig. 3. SAXS profiles for CPU-chitosan binar blends

having 0 (1), 1 (2),5(3), 25 (4),50(5), 75 (6) and 100 % wt.
of chitosan (7)
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Table 1. Parameters characterizing the
microheterogeneous structure of CPU — chitosan blends

(SAXS)
Chitosan
content, Im > D, by Q .
Wi % nm nm nm rel.units
0 1,32 4,7 2,1 10,5
1 1,54 4,1 1,6 9,8
5 1,63 3,8 1,5 10,1
25 1,64 3,8 1,8 9,1
50 1,57 4,0 2.9 8,1
75 1,43 4.4 6,4 6,8
100 - - 66,0 6,2

mum on scattering pattern, depicted as function: / — f{g),
where g=(41vm)sinu is value of dispersion vector in re-
verse lattice proves to be 4,7 nm.

Microheterogeneous structure of ionic chitosan is
essentially varied from that for CPU, since on its profile
substantial scattering intensity near the primary beam was
revealed (curve 7), confirming existence of heterogene-
ous micro-areas in the polymer bulk (micro-hollows or
particles), which size and distance between them exceeds
the resolving capacity of small-angle roentgen camera (50
nm) for detecting of their character and spatial arrange-
ment. As for the heterogeneity, it could be due to both
crystallites and ionic clusters being formed due to the
Coulombic forces in the polymers’ bulk, having a high
concentration of ionic groups [17]. However, judging from
the WAXS data, the effective size of the chitosan crystal-
lites is almost equal to 4,5 nm (as stated above). Moreo-
ver, the estimation of / (parameter for the heterogeneity
range) correlates directly with average size of the hetero-
geneous micro-areas in the pseudo-two-phase system
(lp:¢2<ll>:¢l<lz>, where /,, [, and ¢,, ¢, — are the size
and inclusion volume fraction for micro-areas of 1st and
2nd types, respectively). These were calculated accord-
ing to the Ruland method, [18, 19] based on SAXS data
without collimation correction, and showed that the lp
value for chitosan proved to be approximately 65 nm (ta-
ble 1).

As is evidenced by the SAXS profiles (fig. 3), consec-
utive increasing of the chitosan content in the blends
resulted in a gradual decrease in the X-ray scattering in-
tensity in the area of interference maximum, while its posi-
tion (g, ) on the scattering profiles attains an extreme val-
ue at 5-25 wt % chitosan. According to the above infor-
mation, the interdomain spatial distance (D) of similar (with
regards to the value of their local electronic density) het-
erogeneous micro-areas, at the above content of chitosan,
reaches its minimum value (table 1). However, calculation
ofthe lp parameter revealed that a minimum value of heter-
ogeneous micro-areas is found at 5 % wt of chitosan in
the blend. At increasing chitosan content in the blends
(starting from 25 wt %) a gradual enhancement of their
size occurred.

Qualitative assessment of alteration for microhetero-
geneous structure of blends investigated could be ob-
tained from the following equation, taking into account
their values of scattering invariants Q:

Q=11(q)q2dq,

i.e., structural parameter directly connected with mean-
square fluctuation’ value of electron density in a two-
phase system:
0 0,0,(p, —p,),

where ¢, ¢, and p,, p, — inclusion volume fractions and
electron densities for 1** and 2nd phases, accordingly [20].

As follows from the data in table 1, increasing the
chitosan’s share in the blend up to 5 wt %, does not
change the heterogeneity level and being equal to that
for neat CPU, whereas at chitosan content =25 wt %, the
blend’s heterogeneity level is decreased due to the sub-
stantial contribution of natural polymer into the structure
forming processes.

The extreme concentration dependence of size param-
eters revealed for micro-heterogeneous structure (D and
lp) is attributed to the emergence of Coulombic interac-
tions in the blends.

According to the DSC data (fig.4 and table 2) an in-
crease in the chitosan part in the blends from 1 to 50 wt %
results in a gradual decrease in the glass transition tem-
perature (T g,s) of the medium-interval values of CPU soft
segments as compared with its parent value. As is well
known, T s of urethane-containing polymers is a macro-
scopic parameter characterizing the level of their degree
of microphase separation of soft and hard blocks — the
closer this parameter to the glass transition temperature
of the neat polyester glycol incorporated into PU, the high-
er the degree of segregation of its hard and soft blocks
[21].

On the other hand, while studying the interpolymer
complex formation process in the binary mixture of poly-
mers — carboxyl containing polyurethane and polyvi-

I,°C
Fig. 4. Thermograms for CPU-chitosan binar blends
having 0 (1), 5 (2), 25 (3), 50(4), and 100 % wt. of chitosan

)
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Table 2. Thermophysical properties of CPU-chitosan
blends

Chitosan :ontent, Ty, AC,, T, .°C
wt % °C kJ/(kg'K)

0 -32 0,56 -

1 -37 0,27 -

5 -37 0,25 135
25 -39 0,31 135
50 -43 0,23 126
75 - - 130
100 - - 132

nylpyrrolidone (PVP) — it was shown, that a positive devi-
ation from additive values both for common glass transi-
tion temperature () of PU hard blocks and PVP chains,
as well for T of PU component itself, is realized in the
whole concentration interval of components involved [22].
Furthermore, according to the work described in [16], a
negative deviation from additive values of the common T .
of components of a binar polymer blend pin points their
compatibility.

Therefore, based on the dependence of T, on the
composition content for urethane-containing polymer and
data presented in [22, 23], it is possible to conclude that
for, at least, up to 50 wt % of chitosan in the blends, the
components are compatible.

The melting temperature (T ) of the crystalline phase
of'ionic chitosan is in an extreme dependence from blend
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IHosiMepHi cyMilni HA OCHOBI MOJIlypeTaHOBOI0 iOHOMepa Ta XiTO3aHY
Koounincokuiit C M., Illmomnens B.1., Pa6ooe C.B.

IacTuTyT XiMii BUucOKOoMotekymsipHuX cnonyk HAH Ykpainu,
XapkiBcbke mocce 48, M. Kuis, Ykpaina

Po3pobrero nonimepri KoMnosumu Ha OCHOBE CUHMEMUYHO20 KAMIOHEMICHO20 NOJLYpemany i 006asKu
nPUPOOHO20 NONIMEPY XIMO3aHY 3 NPOMOHOBAHUMU aAMiHoZpynamu i3 emicmom 6io 1 0o 75 mac.%.
Mopdhonoeito maxux 6inapnux cymiuteti 00CioHCy8anru Memooamu WUPOKOKYMo8020 U MATOKYIMOB020
PO3CISIHHS PEHM2EHIBCOKUX NPOMEHIE | dupepenyianvrol ckanysanvHol karopumempii. [loxazarno, ujo
npoyecu CMpyKmypoymeopeHHs 6 CYyMiulax iOHEMICHUX NONIMEPI6 MONCHA KOHMPOJIO8AMU WAAXOM
8apIOBAHHS CYMICHOCTI IX KOMNOHEHMIE.

Bcemanoeneno, wo cunmesosanuil y pobomi noniypemanoguil Kamionomep € aMOp@OHUM NOLIMEPOM |
MA€ ACKPABO SUPAICEHY MIKPODA308Y CIMPYKMYPY 3 NPOCMOPOBOI0 NEPIOOUUHICINIO 8 POZMAULY8AHHI
HCOPCMKO- MA SHYYKOAAHYIO20BUX OOMEHIB, NPU YbOMY Ope22i6CbKa BIOCHAHb MIJNC OOHOMUNHUMU 30
BEIUYUHOIO eNIeKMPOHHOT 2YCIMUHU OOMEHAMU CMAHO8UMDb 4,7 HM.

Buxionuii ximozan 3 iOHHUMU (NPOMOHOBAHUMU) SPYRAMU 6 JIAHYIO3L € AMOPOHO-KPUCMALIYHUM
NoAIMePOM, 8 00 €M IKO20 6i0CYMHS NEPIOOUYHICb )Y NPOCMOPOBOMY PO3MAULY8AHHI MIKpOObacmetl
2emepoceHHoCmi (Kpucmanimis i amop@rux mMikpoooiacmetr).

KuarouoBi ciioBa: moniMepHH KOMIIO3UT, CyMilli nojiimMepiB, Mop(oioris, mojiypeTaHOBUH 10HOMEp, XITO3aH,
PEHTIeHOCTPYKTYpPHHH aHali3.

HonnMeprle CMECH HAa OCHOBE MOJUYPETAHOBOI'0 MOHOMEPA U XHUTO3aHA

Koovinunckun C.H., Illmomnens B.U., Paooe C.B.

MHCTUTYT XMMHH BBICOKOMOJIEKYIISIpHBIX coennHennit HAH Ykpaunnsl,
XapekoBckoe mocce 48, . Kues, YkpanHa

Paszpabomanuvl norumephnvie KOMRO3UMbL HA OCHO8E CUHMEMUYECKO20 KAMUOHCOOepIcaujezo
noauypemana u 006asku nPUPOOHO20 NOAUMEPA XUMO3ANA C NPOMOHUPOBAHHBIMU AMUHOSPYNNAMU C
codeporcanuem om 1 0o 75 macc.%. Mopghonozuro maxux 6unaprvix cmeceti uccae008aiu Memooamu
WUPOKOY2TI08020 U MAN0Y2N068020 PACCEAHUL PEHMEEeHO8CKUX aydell u oupdepenyuanbhoil
ckanupyoweti karopumempuu. Ilokazano, umo npoyeccvl CMpyKmypooopazoeanus 8 cmecsx
UOHCOOEPACAWUX NOTUMEPOE MONCHO KOHMPOIUPOBAMb NYMEM 8apbUPOBAHUS COBMECTNUMOCTNU UX
KOMNOHEHMO8.

Yemanoeneno, umo cunmesuposannuiii 8 pabome noauypemanogulii KAMUOHOMED ABNIAENC AMOPPHbIM
NONUMEPOM U UMeem APKO GbIPANCEHHYI0 MUKPODA308YI0 CMPYKMYPY € NPOCMPAHCMBEEHHOU
NepuoOUUHOCMbIO 8 PACHONONACEHUU HCECMKO- U 2UDKOYENHbIX 0OMEHO8, NpU IMOM 6pI22068CKOe
paccmosmue mexncoy 0OHOMUNHBLIMU NO 6eIUYUHE INEKMPOHHOU NIOMHOCMU OOMEHAMU COCMABAem
4,7 um.

HcxoOnvlii xumosan ¢ UOHHLIMU (NMPOMOHUPOBAHHBIMU) SPYNNAMU 6 Yenu AGNAEHCa aMOPPHO-
KPpUCTALAUYECKUM NOAUMEPOM, 8 0Obeme KOmopo2co OMmMCYymcmeyem HepuooudHoCcms 8
NPOCMPAHCMBEHHOM PACHOIONACEHUU MUKPOODACMEN 2emepOo2eH-HOCMU (KPUCIMATIUMOS U AMOPPHBIX
Muxpoobiacmeii).

Ki1roueBble cj10Ba: MOTMMEPHBIH KOMIIO3UT, CMECH MTOJIMMEPOB, MOP(HOIOTHS, MOINYPETAaHOBBI HOHOMED, XUTO3aH,
PEHTTEHOCTPYKTYPHBIH aHAIN3.
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