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The structural properties of composites prepared by a hydrothermal method in high-pressure con-
ditions and the role of pressure in the formation of hydroxylapatite-polyurethane (HAp-PU) materials
with strong interactions between the two components were investigated. X-Ray diffraction (XRD),
high-resolution transmission electron microscopy (HRTEM), FT-IR and NMR analyses were used
to characterize the composite powders from a structural, morphological and compositional point of
view. Both FT-IR and NMR spectroscopies indicate interactions between hydroxylapatite and acid

polyurethane.
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Introduction

Inorganic-organic hybrid compounds offer the
chance of designing materials which the present the
advantages of both organic polymers and inorganic
nanoparticles. Development of composite materials
for bone tissue engineering has received consider-
able attention because the combination of bioac-
tive ceramics such as calcium phosphates with poly-
mers improves the mechanical properties of scaf-
folds. At the same time, the poor bioactivity of
most polymers can be counteracted [1—4]. Both nat-
ural and synthetic polymers such as collagen, chi-
tosan, poly(ethylene glycol), poly(L-lactide), poly(2-
hydroxyethyl methacrylate), polyglycolic acid, poly-
g-caprolactone, polyethylene, polyether ether ketone
(PEEK), and polyurethane have been used in combi-
nation with hydroxylapatite (HAp) to prepare organic-
inorganic composite materials with interesting prop-
erties [1,5-9]. However, a major challenge is to get
a good chemical and/or physical binding between the
polymer and the ceramic phase. Various methods for
forming the composites have been devised. The most
relevant fabrication techniques leading to 3-D compos-
ite scaffolds with highly interconnected pores are ther-
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Fig. 1. Hard polyurethane-containing COOH groups.

mally induced phase separation (TIPS), solvent cast-
ing/particle leaching, solid-free form, microsphere sin-
tering, and scaffold coating [1]. Kokubo’s group de-
veloped a biomimetic process and found out that an
HAp layer was formed on polymer films. Akashi’s
group prepared polymer-HAp composites by an alter-
nating soaking process. These methods have also been
used for the preparation of hydroxylapatite-polyureth-
ane (HAp-PU) composites [10—17]. Wang et al. [18]
reported a new HAp-PU composite porous scaffold de-
veloped by in situ polymerization. Therefore, coating
and blending are the most common methods to modify
polymers with an inorganic phosphate [4].

The aim of the present work was to synthesize
a new type of composite material based on car-
boxylic polyurethane and calcium phosphate using a
hydrothermal method at high pressure, and to estab-
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Table 1. Experimental parameters of the investigated sam-
ples.

Sample Sample HAp:PU Applied
name type molar ratio pressure (atm)
Sample 1 Acid PU - -
Sample 2 Hydroxylapatite - > 20
Sample 3 HAp-PU composite 4:1 > 20
Sample 4 HAp-PU composite 4:1 > 60
Sample 5 HAp-PU composite 1:4 > 60

lish the role of pressure in the formation of strong in-
teractions between organic and inorganic components.
Composition, structure and morphology of the result-
ing composite powders were investigated using XRD,
SEM, and FT-IR techniques.

Experimental Section

A hard polyurethane with 537 meq COOH groups/100 g
polymer and My, (GPC) = 9200 Da was synthesized as it was
described in ref. [19], its chemical structure being presented
in Fig. 1. This polymer was dissolved in N,N-dimethylacet-
amide 99.5 % p.a. (¢ =5 %).

Preparation of HAp-PU composite material

Purity grade hydroxylapatite precursors, namely calcium
nitrate tetrahydrate and ammonium dihydrogen phosphate
were solubilized in water under a strict pH control, adding
ammonium hydroxide as a mineralizing agent. The aque-
ous suspension thus obtained was further mixed with the
polymer solution under vigorous stirring, followed by a hy-
drothermal reaction in a Cortest autoclave, USA. Reactions
were conducted in a closed system at low temperature (T <
100 °C) and high pressure (P > 20 atm) leading to nanostruc-
tured composite powders. The detailed hydrothermal synthe-
sis process is described in our previous work [19]. Experi-
mental parameters of the investigated samples are presented
in Table 1.

Characterizations

The structural characterization was performed on a
Bruker D8 Advance diffractometer using CuK, radiation, the
DiffracP!s XRD Commender (Bruker AXS) software and the
Bragg-Brentano diffraction method. Morphological observa-
tion of the hydrothermally prepared composite was carried
out by electron microscopy using a Tecnai G2 F30 S-Twin
Field Emission High Resolution Transmission Electron Mi-
croscope (HRTEM), with a 50—-300 kV electron source and
magnifications of 58 x-970 kx (TEM) and 150 x-230 Mx
(STEM). The calcium and phosphorus contents in HAp-PU
composites was determined by an atomic absorption spec-
trometer AAS ZEEnit 700, Analytic Jena AG, Germany,
and an inductively coupled plasma ICP spectrometer Spec-

Table 2. Mean crystallite size determined by XRD.

Sample Sample Sample Sample Sample

code 2 3 4 5

[001] Crystallite size 58 27 34.3 16.6
(Scherrer), nm

[hkl] Isotropic crystallite size 25 11 11.1 5.8

(Scherrer), nm

troflame P, Germany, respectively. The chemical structures
of the composite materials were confirmed by analyzing the
FTIR spectra. FTIR spectra were recorded in the transmis-

sion mode on an ABB MB 3000 spectrometer from 4000
to 550 cm™1, averaging 64 scans at a resolution of 4 cm™!.
The solid samples were carefully mixed with KBr powder
for 30 min. A homogeneous mixture of about 1 % sample in
KBr powder was obtained. Quantitative Fourier-transformed
infrared spectra were collected using the PIKE Technolo-
gies EasiDiff diffuse reflectance accessory. The HORIZONMB

software was used for automatic data processing.

Results and Discussion

Experiments performed in this study were focused
on the investigation of the structural properties of
the composites prepared by the hydrothermal method
in high-pressure conditions following mainly the role
of pressure in the formation of HAp-PU materials
through strong interactions between the two compo-
nents. High-pressure synthesis could lead to structural
and conformational changes of the materials, including
a possible increase of H bond density in the polymer
structure. The chemical structure was studied by FTIR
spectroscopy, and the results were corroborated with
those obtained by physical characterization, i. e. XRD
and HRTEM techniques.

XRD analysis

XRD patterns of the investigated samples are pre-
sented in Fig. 2. XRD studies revealed that the prop-
erties of the HAp crystallites of composite samples are
strongly dependent on the parameters of the synthesis.

The mean crystallite size obtained from XRD pat-
terns by the Scherrer formula are presented in Table 2.

The crystallite size decreased upon adding the poly-
mer component when the same pressure was used in
the synthesis (samples 2 and 3), whereas for the same
composition (samples 3 and 4) an increase of the pres-
sure led to crystallites with larger size. Smaller HAp
nanocrystals were obtained in samples with a high
polymer content and under higher pressure (sample 5).
HAp crystallites of sample 4 have a preferential growth
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Fig. 2. X-Ray diffraction patterns of samples 2, 3, 4 and 5.

in the (00l) direction, leading to columnar crystals
with a height/width ratio of 3/1. It can be observed
that the cell parameter a of sample 4 is a little larger
than the theoretical cell parameter of hydroxylapatite,
Cas(PO4)3(OH), agps = 9.450 A and appr = 9.418 A,
indicating some disorder in the arrangement of atoms
in the basal plane of the hexagonal structure.

The increase of the cell parameter a is more pro-
nounced in the case of sample 5 where a,ps = 9.543 A
and appp = 9.418 A. This may be correlated with the
mean crystallite size.

HRTEM characterization

HRTEM images (Figs. 3 and 4) show the morpho-
logical patterns of the composites and their structural
characteristics influenced by the composition.

A low magnification micrograph of sample 4
(Fig. 3a) displays the typical nanostructure of hydrox-
ylapatite crystallized as nano-whiskers. Polyurethane
covers the hydroxylapatite nanoparticles and can be
only visualized at high magnifications (Fig. 4b) as

Table 3. Chemical composition of HAp-PU composites.

Chemical composition (% weight)

Sample 4 Sample 5 Hydroxyl-
apatite

Element Spectrometry EDX Spectrometry EDX Theoretic
Ca 29 37.2 12.6 12.8 39.8
P 15.6 18.4 5.6 5.5 18.5
C 10 9 58.6 69.7 -
N - 1.1 - 2.4 -
(e} - 343 - 9.6 -
Ca: P ratio 1.44 1.57 1.74 1.82 1.67

an amorphous phase. FFT processing of the image
(Fig. 3b) emphasizes the existence of fringe contrast
corresponding to the families of crystalline planes of
the compound Cas(PO,4)3(OH) with hexagonal crystal
lattice.

In the case of composites with a polymer matrix
and HAp (molar ratio 1:4), the structure is different.
Very fine hydroxylapatite nano-whiskers are incorpo-
rated into large polyurethane particles (Fig. 4b), and
these are not completely crystallized. A porous struc-
ture with superposed layers of the polymer and HAp
embedded in polyurethane is formed (Fig. 4a). A crys-
talline plane of hydroxylapatite was not observed in
this case because of the amorphous polymer layers.

X-Ray energy dispersive spectra of HAp-PU com-
posites (Fig. 5) revealed the presence of calcium, phos-
phorus, carbon, nitrogen and oxygen in all the samples.
Ca: P atomic ratios of samples 4 and 5 were calculated
both from AAS or ICP spectroscopies (high accuracy
methods) and EDX analysis (lower accuracy method),
and the results are presented in Table 3.

As one can see, the Ca: P atomic ratio for sample 4
(HAp:PU = 4: 1 molar ratio) was slightly lower than
the theoretical value of 1.67 for stoichiometric hydrox-
ylapatite Ca;g(PO4)s(OH),. For sample 5 (HAp: PU =
1:4 molar ratio) a higher Ca: P atomic ratio suggested
an amorphous calcium phosphate.

The high-resolution transmission electron micro-
graphs depicted in Fig. 6 confirm the hypothesis that
the microstructure of the composites is influenced by
their composition. In Fig. 6a crystalline planes of hy-
droxylapatite can be observed as well as a disordered
structure due to the polyurethane particles. In Fig. 6b
the amorphous phase predominates, and the growth of
HAp whiskers is initiated.

FTIR analysis

FTIR spectroscopy has been used to study the in-
teractions of COOH functional groups of polyurethane
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Fig. 3. HRTEM images of sample 4 (HAp-PU composite with HAp matrix) at different magnifications: a) 50 nm. Columnar

hydroxylapatite crystals are observed; b) 10 nm. The corresponding Fast Fourier Transform (FFT) image is presented in the
right corner.

Fig. 4. HRTEM images of sample 5 (HAp-PU composite with polymer matrix) at: (a) 50 nm. Hydroxylapatite entrapped in a

polymer matrix is observed above the main diagonal; (b) 20 nm. Rare HAp whiskers are observed below the main diagonal.
Large polyurethane particles are prevalent.

with hydroxylapatite and to demonstrate the for- As one can see from Fig. 7, the characteristic peaks
mation of a homogeneous composite. The FTIR of hydroxylapatite are present in the 1110—900 cm™!
spectra of some representative samples are depicted range (fingerprint region) of hydrothermally synthe-
in Fig. 7. sized composites, irrespective of the polymer content.
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Yet, the v(PO437) vibration at 962 cm™! is weak
for composites with an organic matrix (sample 5).
The v(OH) stretching vibration is blocked in com-
posites with a polymer matrix (sample 5). The in-
tensity of the OH band decreases with increasing
pressure.

On the other hand, amide I and amide II bands
at 1634 and 1558 cm™!, respectively, were identified
in sample 5. Samples 3 and 4 present broader peaks
in the region of the amide I band probably due to
some interactions with the PO4>~ group. The band
corresponding to the amide II vibration is slightly
shifted to 1550 cm~! and has a low intensity. The band
at 1746 cm~!, which was assigned to C=0 groups,
has almost disappeared in HAp-PU composites, and

of Fig. 4b.

only a small shoulder could be observed at 1722
and 1718 cm™! in samples 4 and 5, respectively. One
can suppose that the C=0 groups interact with Ca>*
ions of hydroxylapatite. CH, and CHj3 stretching vibra-
tions in the 2954 2842 cm™~! region are also present
in the spectra of all the samples, their intensity increas-
ing with pressure.

In order to demonstrate the polymer’s presence in
HAp-PU composites, the peak area ratio for two char-
acteristic bands of polyurethane was calculated taking
as standard the amide I band at 1634 cm~! in sam-
ple 1. The peak areas corresponding to the v(C=0) and
6(NH) bands of samples 1, 3, 4, and 5 were divided by
the peak area corresponding to the amide I band, as
presented in Table 4.
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Fig. 6. HRTEM image of: a) sample 4, length scale 2 nm; b) sample 5, length scale 5 nm.
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Fig. 7. FT-IR spectra of HAp-PU composites in the range of
4000-2800 cm ! and 1800500 cm™".

The peak area ratio of C=0 bands decreases signif-
icantly in the case of HAp-PU composites, compared
to a polyurethane sample. This could be a consequence

Table 4. The peak area ratio of HAp-PU composites using the
amide I band of the initial polymer at 1634 cm ™~ as standard.

Sample Peak area ratio
1 A1746/A1634 = 0.35 Ajsss/A1e3s = 0.87
5 A1718/A 1638 = 0.05 Ajssg/A1e3g = 0.51
4 A1762/A1630 = 0.02 Atss0/A1e30 = 0.28
3 - Atsso/Aie3s =0.24

Table 5. The peak area ratio of HAp-PU composites using
the v(PO43_) band of HAp at 1038 cm ™! as standard.

Sample

Peak area ratio

2

4
3
5

A1094/A1038 = 0.79
Ai094/A1038 = 0.77
A1106/A1038 = 0.56
A1110/A1038 = 0.55

Aggr/A1038 = 0.13
Agez/A1038 = 0.09
Aggr /A1038 = 0.06
Ager /A1038 = 0.02

of carbonyl groups interacting with hydroxylapatite.
In the case of the amide II band, the peak area ratios
of composite samples also decrease compared to sam-
ple 1 (PU). As the polymer content is lower, the peak
area ratio is also lower.

Similarly, to demonstrate the hydroxylapatite pres-
ence in composite samples, the peak area ratio of
two characteristic HAp bands was calculated taking as
standard the v(PO43~) band at 1038 cm™!. Results are
presented in Table 5.

In this case, the peak area ratios related to phos-
phate bands show that POy groups are present in the
composite samples, so one can suppose that Ca ions
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are involved in organic-inorganic interactions with acid
polyurethane.

Conclusion

Nanostructured composites based on hydroxylap-
atite and ionic polyurethane (molar ratios of 4:1
and 1:4) were prepared under hydrothermal condi-
tions at low temperatures and high pressures. The for-
mer organic/inorganic composites showed HAp crys-
tallites with a size of around 30— 60 nm surrounded
by polyurethane particles, while in the latter there are

fine hydroxylapatite nano-whiskers incorporated into
large polyurethane particles. FTIR data suggest the ex-
istence of interactions between the hydroxylapatite and
the acid polyurethane leading to the formation of com-
posite structures.
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