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ABSTRACT: Aliphatic polycarbonate-based polyur-
ethane (PC-PU) elastomers as well as their nanocompo-
sites with organic-modified clay (bentonite for organic
system) were synthesized. Macrodiols (MD) (randomly
copolymerized aliphatic PC-glycols of molecular weight
of about 2000: T5652, T4672, and T4692), hexamethylene
diisocyanate, and butane-1,4-diol were used as starting
materials. Solid-state NMR and Fourier transform infra-
red spectroscopy, small-angle X-ray scattering, wide-
angle X-ray diffraction, atomic force microscopy, and
transmission electron microscopy were used for studying
the bottom-up self-assembly of building units from the
segmental level up that of organized structures of micro-

meter sizes. Contents of hard segments formed by the
reaction of chain extender with diisocyanate plays a dom-
inant role for the degree of ordering and related phenom-
ena, while the MD chain has only limited effect on PC-
PU properties. The spectroscopy and scattering experi-
ments suggest that bentonite particles incorporate well in
the structure and promote the ordering of hard segment
domains in PC-PU matrix as compared with the nanofil-
ler-free analogue. VC 2012 Wiley Periodicals, Inc. J Appl Polym
Sci 000: 000–000, 2012
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INTRODUCTION

Polyurethanes (PUs) prepared from macrodiol
(MD), diisocyanate, and chain extender (‘‘short’’
diol) belong to typical thermoplastic elastomers.
The thermoplastic polyurethanes (TPU) are mostly
linear multiblock copolymers containing soft seg-
ments formed by MD and hard segments (HS)
which are reaction products of chain extender with
diisocyanate. The incompatibility of hard and
soft segments leads to microphase-segregated struc-
ture of TPUs, which is very important for their
properties.1,2 Soft segments in conventional PU elas-

tomers are built from either polyether or polyester
MDs. Numerous studies using wide varieties of ex-
perimental techniques were used to understand the
structure–property relationship using this kind of
MDs.1–6 However, TPUs based on recently quite
popular poly(alkylene) carbonate (PC) MDs
are more and more used in current PU formula-
tions.7–13 While the soft segments (not depending
on the nature of MDs) provide elastomeric features
of the TPUs, the HS serve as the material reinforce-
ment, because they assure physical crosslinking of
the system by hydrogen bonds, the impact of which
is fairly similar to that based on chemical bonds in
rubber materials. TPU elastomers thus exhibit the
rubber-like behavior; however (unlike conventional
rubbers) they can be processed and recycled like
thermoplastics. Even though the interest of scien-
tists and manufacturers in TPUs covers the period
of almost 70 years, TPU, their nanocomposites, and
blends are still attractive not only for industrial and
practical applications, but also from the academic
point of view.3,5,11,14–18

As mentioned, polycarbonate-based polyurethane
(PC-PU) elastomers belong to a relatively new and
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promising group of TPUs.7–13,19–26 Aromatic di- and
polyisocyanates based on 4,40-diphenylmethane dii-
socyanate are the mostly used in TPUs,3,4,7–12,14–
17,19,21,26 but aliphatic, mainly hexamethylene diiso-
cyanate (HDI),5,6,13,15,18,20,22–25 started to be more and
more popular in current polyurethane formulations.
The main disadvantage of PC-PUs as compared with
‘‘classical’’ polyether- or polyester-based PUs is their
high cost, but their superior mechanical, biological,
heat-, oxidative-, hydrolysis- and UV-light resistant
properties8,9,21,25,27 usually compensate the cost
drawback.

Thanks to a number of modern medical applica-
tions,10,12,18,20,21,27 many formulations of PC-based
PUs have been patented. However, the application
potential of PU materials is far from being exploited
and therefore detailed studies of the structure–prop-
erties relationship of well-defined materials (includ-
ing details of their preparation) are needed. Only
when all details of the bottom-up development of
functional properties (starting at the segmental level)
are revealed, new targeted materials with desired
end-use properties can be developed and
manufactured.

PC diols are prepared mostly by the reaction of
alkane diol with dialkylcarbonates. The most popu-
lar aliphatic polycarbonate diols (PCD) are based on
poly(hexamethylene carbonate) diol,7,9,11,12,21,25,26 or
on PCD copolymers containing 2–10 alkane
units.8,10,13,22–25 From a number of relevant papers
on PC-PUs, it is obvious that mechanical, thermal,
and morphological properties of PC-PUs are affected
mainly by chemical structure and molecular weight
of PC diols.7–13,19–27 PUs based on polycarbonates
predominantly exhibit high tensile strength and
modulus, but their elasticity is sometimes lower due
to the high degree of phase mixing created by
hydrogen bonding between soft segment carbonate
and hard segment urethane groups. Only a proper
balance of the phase mixing and phase separation
can provide materials with low modulus, high elas-
ticity, high tensile strength, and toughness at the
same time. Two techniques allowing to control the
balance between phase separation and phase mixing
have been proposed: the first one employs the MDs
containing side groups4 and the second one uses
random polycarbonate copolymers containing differ-
ent building units varying in the length of hydrocar-
bon chain and their proportion.8,10,13,22–25

Recently, we have prepared and characterized PC-
PUs (from PC-based MDs of molecular mass around
1000, (T4671 and T5651), diisocyanate, chain ex-
tender, and in some cases layered nanofiller) pre-
pared by one-step procedure in the form of sheets
and free-standing films.13,24 The ratio of OH groups
in MD to that in butane-1,4-diol (BD), [OH]MD/
[OH]BD), was set 1, 10, and 1, varying hard-

segment contents from 15 to 31 wt %. Besides excel-
lent mechanical properties, the prepared elastomers
and their nanocomposites showed an interesting
phase behavior. We found that the nanofiller
strongly interacts with hard domains influencing
their melting temperatures, but it does not affect
the glass transition temperature of soft domains.
While the montmorillonite, Cloisite 15A, was found
to bind and aggregate preferentially in hard
domains, the organic-modified bentonite interacts
also with soft segments, behaving as a kind of
blending agent and influencing the end-use proper-
ties.13 These observations call for further research
and are the motivation for a more detailed and
more comprehensive study (with HDI, butanediol,
and in some cases bentonite for organic systems*).
The molecular weight of MD in this study is higher,
i.e., around 2000 (T5652, T4672, and T4692) which
has a strong effect on the properties of final prod-
ucts (as it is shown in the second paper of this se-
ries devoted to mechanical and other functional
properties).28

The objective of the present study is to investigate
the effect of the poly(alkylene) carbonate structure,
the PU composition (especially hard-segment con-
tents), and the presence/absence of the nanofiller
(bentonite) on the bottom-up built-up of self-
assembled formations in PC-PUs in detail. In order
to guarantee general validity of conclusions drawn
from our model studies, the PC-PU elastomers were
prepared from currently available, well-defined, and
fully characterized starting materials. The [OH]MD/
[OH]BD ratio varied in the range 0.3–1, correspond-
ing to hard-segment contents variation from 8 to 34
wt %. HDI, BD, bentonite for organic systems (in
some cases), and two kinds of polycarbonate MDs
were used. They have almost identical MW, contents
of hydroxyl groups, and number of carbonate units
in the chain. However, they differ in the chemical
constitution and therefore in the regularity of the co-
polymer chain: while the MD T5652 is composed of
equal molar amount of even [(CH2)6] and odd
[(CH2)5] units, the T4672 MD contains solely even
units; the [(CH2)4]/[(CH2)6] ¼ C4/C6 ratio is 7 : 3
(or 9 : 1 in the case of T4692).
In order to describe the behavior of PU copoly-

mers from the nano-to-micrometer scale level,
appropriate analytical methods were used: spectros-
copy techniques describing process on the segmental
and molecular level, scattering techniques evaluating
the degree of the self-assembly of organized struc-
tures mainly on the nanometer scale and microscopy

*Due to rather limited tensile properties of nanocomposites
made from macrodiols MW 1000 containing Cloisite 15 A
(compared with bentonite for organic systems),13 nanofiller
15 Awas not used in this study.
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techniques, enabling the characterization on the
nanometer up to micrometer scale. The second part
of the study (Paper II, submitted to Journal of Applied
Polymer Science) will be focused on the macroscopic
thermal, thermomechanical, mechanical, and gas
transport properties).28 In both papers, the compari-
son with relevant published data is discussed.

EXPERIMENTAL

Materials

All-aliphatic polycarbonate MDs with molecular
weight of about 2000 (PCDL T5652, PCDL T4672, and
PCDL T4692; marked as 5652, 4672, and 4692) were
kindly provided by Asahi Kasei Chemical Corpora-
tion (Tokyo, Japan). (All MDs were prepared by ran-
dom copolymerization of butanediol (resp. pentane-
diol) and hexanediol with ethylene carbonate. The
currently used nomenclature is: first two numbers are
numbers of methylene units in the copolymer (C4 and
C6 resp. C5 and C6), the third is the molar ratio of the
butane (resp. pentane) units, and the last number
indicates the thousand digits the molecular weight of
PC diol.8 For example, 5652 is the MD of MW of about
2000, containing equal molar ratio of pentane, C5, and
hexane, C6, units).† The characteristics of MDs were
given by the supplier: 5652 OH value: 57.0 mg KOH/
g, water content: 0.0043 wt %, viscosity at 50�C: 9970
mPa s; 4672 OH value: 54.2 mg KOH/g, water content
0.0077 wt %, viscosity at 50�C: 18,300 mPa s; 4692 OH
value: 55.8 mg KOH/g, water content 0.0185 wt %,
viscosity at 70�C: 6410 mPa s. HDI, BD (chain ex-
tender), and the catalyst, dibutyltin dilaurate
(DBTDL), all Fluka, were used as received. The cata-
lyst solution was prepared in oil Marcol (20%). The
modified bentonite (bentonite for organic systems,
BO, Fluka, Buchs, Schweiz) was used as filler.

Preparation procedure

The PU sheets were prepared by one-step technique.
The isocyanate index, r ¼ [NCO]/[OH] was kept
constant 1.05 in all cases. The ratio R ¼ [OH]MD/
[OH]BD varied from 0.3 to 1. R ¼ 1 means PU
samples prepared without any chain extender (BD).
Catalyst concentration, cDBTDL, was kept at 0.005 wt
%. The mixture containing MD, chain extender, and
catalyst was degassed. Then diisocyanate was added
in the reaction mixture, mixed, again degassed, and
poured into Teflon molds. The samples containing
the filler (PU-clay nanocomposites) were prepared
by the same procedure, when a full dispersion of
nanofiller (bentonite, BO) was achieved by one day

swelling in MD and butanediol mixture, and by sub-
sequent brief stirring for 10 min of the mixture, prior
to addition of isocyanate. The preparation procedure
for film is the same like for sheets, but the final mix-
ture was finally spread on polypropylene sheet
(instead putting into Teflon molds). The constant layer
thickness was obtained using a ruler. All samples
(sheet- or film-shape) were kept in nitrogen atmos-
phere at 90�C for 24 h. (The final thickness of PU
sheets was 2 6 0.1 mm and PU films 0.5 6 0.05 mm).
For all PC-PU samples prepared, uniform codes

were used: MD type/R/wt % of BO/wt % of HS.
(For example code 4672/10/1/9 means PU prepared
from 4672 MD at ratio R ¼10 (R ¼ [OH]MD/
[OH]BD), containing 1 wt % of bentonite and having
9 wt % of HS). Sample composition and codes are
summarized in Table I, columns 1–5.

Experimental methods

Solid-state NMR spectroscopy

13C-CP/magic angle spinning (MAS) NMR spectra
were recorded on a Bruker AVANCE 500 spectrome-
ter (Larmor frequencies m13C ¼ 125.783 MHz) using
a 4 mm MAS probe. The spinning speed of rotor
sample was 11 kHz. The number of scans for the
accumulation of 13C CP/MAS NMR spectra was
1536, repetition delay of 4 s, and spin lock of 1 ms.
During detection, a high-power dipolar decoupling
was used to eliminate strong heteronuclear dipolar
coupling. The isotropic chemical shift of 13C scale
was calibrated with glycine as external standard
(176.03 ppm to carbonyl signal).

Fourier transform infrared spectroscopy

The Fourier transform infrared spectroscopy (FTIR)
spectra were recorded on a Perkin–Elmer Paragon
1000PC FTIR spectrometer using the reflective atte-
nuated total reflection (ATR) technique Specac MKII
Golden Gate Single Reflection ATR System with a
diamond crystal with the angle of incidence 45�. All
spectra were measured at wavenumber range 4400–
450 cm�1 with resolution 4 cm�1 and with 16 scans.
Software Spectrum v2.00 was used for processing
the spectra. The samples were directly put on the di-
amond crystal and measured.

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) experiments
were performed using a three pinhole camera
(Molmet/Rigaku) attached to a multilayer aspherical
optics (Osmic Confocal Max-Flux) which monochro-
matizes and concentrates the beam of a microfocus
X-ray tube (Bede) operating at 45 kV and 0.66 mA
(30 W). The camera was equipped with a multiwire,

†All PC diols used have by implication of the composition
and the molecular weight very similar number of carbonate
groups distributed in themacrodiol chain.
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gas-filled 2D detector with an active area diameter of
0.2 m (Gabriel design). In the high resolution mode,
the sample to detector distance was 2.24 m and in the
low resolution mode 0.41 m, so that total interval from
0.043 to 10.5 nm�1 of the scattering vector magnitude
q ¼ (4p/k)siny, where k ¼ 1.54 Å is the wavelength
and 2y is the scattering angle, could be reached. Cali-
bration was performed using AgBehenate sample. If
peaks were present, their positions were employed to
obtain characteristic length D according to Bragg’s
law, D ¼ 2p/q. Scattering intensities were put on abso-
lute scale using a glassy carbon standard. Typical
counting times were 3600 or 10,000 s.

Wide-angle X-ray diffraction

Wide-angle X-ray diffraction (WAXD) measurements
were conducted with the use of the HZG/4A pow-
der diffractometer (Seifert GmbH, Germany). The
peak positions were employed to obtain periodicities
according to Bragg’s law, d ¼ k/2sin y, where k is
the X-ray wavelength (kCuKa ¼ 0.154 nm) and 2y is
the scattering angle. The degrees of crystallinity Cr

were calculated with help of integral intensities dif-
fracted by crystalline C and amorphous A part of
materials according to relation Cr ¼ C/(C þ A).

Atomic force microscopy

Investigation of the surface topography was done by a
commercial atomic force microscope (MultiMode Digi-

tal Instruments NanoScopeTM Dimension IIIa),
equipped with the SSS-NCL probe, Super Sharp Sili-
conTM-SPM-Sensor (NanoSensorsTM Switzerland;
spring constant 35 Nm�1, resonant frequency � 170
kHz). Measurements were performed under ambient
conditions using the tapping mode atomic force mi-
croscopy (AFM) technique. The scans covered the sizes
from 0.3 � 0.3 to 30 � 30 lm. The AFM images of ei-
ther the fracture areas of PC-PU sheets after previous
freeze-fracturing at the temperature of liquid nitrogen
(F) or the cut area after cutting on an ultramicrotome
with cryo attachment at �110�C (C) were measured in
order to evaluate the inner arrangement in the bulk
system, mainly the size and shape of hard domains.

Transmission electron microscopy

Ultrathin sections of the films were cut on an ultrami-
crotome with cryo attachment (Ultracut UCT, Leica) at
�110�C. The sections were transferred to supporting
Cu grids and observed using a transmission electron
microscope (JEM 200CX, Jeol) at 100 kV. The transmis-
sion electron microscopy (TEM) photographs were
digitized with a digital camera (DXM1200, Nikon).
The brightness and contrast of the digitized TEM pho-
tographs were adjusted using standard software.

RESULTS AND DISCUSSION

In this work, all-aliphatic PC-PU elastomers and
their nanocomposites with organic-modified

TABLE I
Codes, Composition, Position of SAXS Peaks and Degree of Crystallinity for PC-PUs and Their Nanocomposites

Code PC diol Ra
BO

(wt %)
HSC
(wt %)

SAXSmax1

(nm)
SAXSmax2

(nm)
Degree of crystallinity

(%)

5652/0.3/0/35 5652 0.3 0 35.4 14.0 10
5652/0.5/0/27 5652 0.5 0 26.9 14.1 – 14
5652/0.5/1/27 5652 0.5 1 26.8 14.4 3.2 12
5652/1/0/19 5652 1 0 18.7 15.7 9
5652/1/1/19 5652 1 1 18.6 15.8 3.5 14
5652/1/2/19 5652 1 2 18.5 NAb NAb NAb

5652/2/0/14 5652 2 0 13.9 12.0 – 0
5652/10/0/9 5652 10 0 9.2 10.0 0
5652/1/0/8 5652 1c 0 8.4 0 0
4672/0.3/0/34 4672 0.3 0 34.2 14.0 9
4672/0.5/0/26 4672 0.5 0 25.9 15.5 – 15
4672/0.5/1/26 4672 0.5 1 26.0 15.8 3.2 14
4672/1/0/18 4672 1 0 17.8 17.9 4
4672/1/1/18 4672 1 1 17.7 18.7 3.3 8
4672/2/0/13 4672 2 0 13.1 14.4 – 0
4672/10/0/9 4672 10 0 8.9 10.0 0
4672/10/1/9 4672 10 1 8.9 0 3.5 0
4672/1/0/8 4672 1c 0 8.0 0 0
4692/1/0/18 4692 1 0 18.2 13.4 – 10

a R ¼ [OH]MD/[OH]BD.
b NA ¼ not analyzed.
c Prepared without any BD. (HSC ¼ (mHDI þ mBD)/(mHDI þ mBD þ mMD), where m is mass of the relevant component;

expressed in wt %).
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bentonite were synthesized in one-step procedure.
As all components are bifunctional, linear PU chains
are composed of alternating elastic soft segments
originating from the aliphatic polycarbonate diol
component (MD, with MW ca., 2000), and more
rigid polar HS formed by HDI/BD building units
which have the tendency for ordering to hard seg-
ment domains (HSD) and form semicrystalline struc-
tures if the hard segment content (HSC) is high
enough. HS arising from diisocyanate and chain
extender feature by formation of strong physical net-
works by H-bonding among ANH and AC¼¼O
groups in urethane (ANHCOOA) units resulting in

material reinforcement. Moreover, in our case, (sec-
ondary) H-bonding via ANH groups of urethane
units and carbonate carbonyl groups of MD (hard-
soft segment H-bonds) is necessary to take into
account, because all MDs contain regularly distrib-
uted carbonate (OACOAO) groups in PC diol (and
hence also in PU) chain.
We have studied the bottom-up self-assembly of

building units in polyurethane elastomers, i.e., the for-
mation of self-assembled domains during the synthesis,
their sizes and inner structure (ordering of chains, con-
tent of H-bonds), their effect on the mechanical and
other properties and particularly the relationship
between chemical nature and structure of starting mate-
rials on one hand and the morphology and functional
properties of final products on the other hand. For this
purpose, the combination of spectroscopies (solid-state
NMR and FTIR), scattering (small- and wide-angle
X-ray), microscopy (atomic force and transmission
electron) and other analytical methods was used.

Solid-state NMR spectroscopy

Solid-state NMR spectroscopy was used for studying
the structure and ordering of prepared

Figure 1 NMR1: 13C-CP/MAS NMR spectra and struc-
tural formulas of: HDI/BD homopolymer (a), and MDs:
4672 (b), 4692 (c), and 5652 (d). (Structural units of 4672
and 4692 MDs are identical).

Figure 2 13C-CP/MAS NMR spectra of PU and PU nano-
composite made from HDI, BD, and different MDs at R ¼
1.0. (For code description, see Table I).
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nanostructured PUs. At first, we performed the char-
acterization of (i) building units of ‘‘hard segments’’
(HDI/BD homopolymer) and soft segments (MDs
4672, 4692 and 5652)—Figure 1, and (ii) polyur-
ethane elastomers prepared from different MDs and
PU elastomer filled by clay (BO)—Figure 2.

All peaks of starting materials labeled in Figure 1
have been assigned using liquid NMR techniques
(1H–1H COSY and 1H–13C HETCOR). 13C-CP/MAS
NMR spectra of starting MDs fit well to the struc-
ture of building units. The differences in intensities
of peaks 7 and 10 in 4672 and 4692 MDs correspond
to the difference in molar ratio of C4 and C6 units.
The observed differences in half-width (HW) of sig-
nals indicate that MDs 4672 and 4692 are more rigid
(on the molecular level) than MD 5652—the signals
of 5652 are narrower than that of 4672/4692: HW
are narrower by 20 Hz at 25 ppm and by 35 Hz at
68 ppm.

NMR data illustrated in Figure 2 show that all
reactions used led to a high degree of conversion.
The differences of peaks of innermost ACH2A
groups in the region 20–35 ppm are shown in high-
lighted areas. The 13C-CP/MAS NMR spectra con-
firm the purity of the components used (MDs, buta-
nediol, isocyanate) and their full incorporation in the
PU polymers. No N¼¼C¼¼O carbonyl peak of uncon-
verted isocyanate (near 120 ppm) was observed
(although this signal is typically weak in the 13C-
CP/MAS NMR, a very precise proof of full NCO
conversion was provided by the FTIR spectroscopy
by the absence of very characteristic and strong
NCO peak—see Chapter ‘‘Fourier transform infrared

spectroscopy’’). The differences in spectra (peaks at
26 and 28 ppm) are caused only by the difference in
MD structures: sample 4692/1/0/19 has lower ratio
of C6 units in the copolymer (C4 : C6 ¼ 9 : 1) than
4672/1/019 (C4 : C6 ¼ 7 : 3; in accordance to pro-
ducer data). In the case of PC-PU (5652/1/0/19) and
analogue PC-PU nanocomposite (5652/1/1/19) in
Figure 2, all peaks are nearly identical due to identi-
cal composition of both samples. However, there are
differences in the intensity and half-width of peaks
in the region of 20–70 ppm. The 13C-CP/MAS NMR
spectra in this region including the deconvolution of
all peaks are given in Figure 3. Both peaks at 35 and
65 ppm highlighted in Figure 3 are by about 50 Hz
narrower in the nanocomposite compared with the
nanofiller-free analogue, which implies that system
5652/1/1/19 is more ordered than 5652/1/0/19
one. We assume that the presence of BO particles
can partially restrain the formation of hydrogen
bonds in the PU matrix in 5652/1/1/19 sample as
compared with 5652/1/0/19. No pronounced
changes of all signals belonging to MD were found
which means that bentonite influences preferably the
hard-segment region compared with the soft-seg-
ment one.

Fourier transform infrared spectroscopy

FTIR was used to study chemical structure of start-
ing components and their PU products, isocyanate
group conversion, and especially hydrogen bond
formation in PC-PU films built-up from different
PCD and containing different HSC.
Representative infrared spectra of 5652/1/0/19

sample with two inserts containing expanded NAH
stretching from 3200 cm�1 to 3500 cm�1 and C¼¼O
carbonyl stretching region from 1600 cm�1 to 1800
cm�1 is shown in Figure 4. Positions of the absorp-
tion bands belonging to the specific functional
groups were similar for all obtained samples (i.e.,
depending neither on MD constitution nor HSC). No
isocyanate peak at about 2270 cm�1 was observed in
all IR spectra, indicating no residual isocyanate
groups and full NCO conversion. The absorption
peaks at about 2900 cm�1 and 2850 cm�1 are associ-
ated with CAH symmetry and asymmetry stretching
vibrations of the aliphatic ACH2A groups. The peaks
in 5652-, 4672-, and 4792-based PU differ mainly in
the intensity of the peaks due to their somewhat dif-
ferent chain constitutions, see Experimental. The
peak at 1532 cm�1 is the joint frequency of the bend-
ing vibration of NAH bond and stretching vibration
of the amidic CAN. The 1462 cm�1 peak is the sym-
metrical bending vibration of CH2. The strong and
sharp absorption peak at 1238 cm�1 corresponds the
stretching vibration of the CAO of the carbonate
group; 1063 cm�1 is the stretching vibration of the

Figure 3 The comparison of 13C-CP/MAS NMR spectra
of PC-PU (5652/1/0/19), (a) and PC-PU nanocomposite
(5652/1/1/19), (b) with the deconvolution of all peaks.
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CAOAC in urethane units; the 951 cm�1 peak is the
symmetry stretching vibration of the CAOAC in
carbonate.

In order to assign peaks belonging to ‘‘free’’ and
H-bonded carbonyls originating from polycarbonate
and urethane groups, IR spectra of MD 5652 (as a
representative of soft segment) and ‘‘pure’’ hard seg-
ment (i.e., HDI and BD product) were recorded. Car-
bonyl stretching regions from 1600 to 1800 cm�1 of
‘‘pure’’ hard segment and 5652 MD are shown in
Figure 5(a). The deconvolution of the carbonyl
stretching region of ‘‘pure’’ hard segment [Fig. 5(b)]
revealed that this band is composed of at least five
peaks: peak around 1725 cm�1 (band I) is attributed
to the free carbonyl groups whereas two other peaks
at about 1708 cm�1 (band II) and 1695 cm�1 (band
III) are assigned to H-bonded carbonyl groups in the
amorphous phase. Remaining two peaks at 1680
cm�1 (band IV) and 1664 cm�1 (band V) pertain to
H-bonded carbonyl groups in the crystalline (or-
dered) phase. The peaks at 1680 cm�1 and 1664
cm�1 are present not only in the ‘‘pure’’ hard seg-

ment but they were also detected in PU samples
containing more than 14% of HSC, that means in all
PU samples being semicrystalline (for details, see
the following chapter, SAXS and WAXD experi-
ments). The peak at 1736 cm�1 belonging to the pure
5652 MD is ascribed to the ‘‘free’’ C¼¼O from carbon-
ate groups.
We assume that the splitting of IR peaks in stud-

ied materials is due to different possibilities of H-
bond formation and can be rationalized as follows:
Two AOACOANHA groups from two different pol-
yurethane chains can form either one hydrogen
bridge as depicted in Scheme 1(a) or an 8-member
ring containing two hydrogen bonds as shown in
Scheme 1(b). Moreover, a slightly different H-bond
can form between one AOACOANHA and one
AOACOAO group [Scheme 1(c)].
The carbonyl stretching region between 1600 and

1800 cm�1 of PU samples with different HSC is
shown in Figure 6. The peaks around 1736 cm�1 and
1718 cm�1 are ascribed to the ‘‘free’’ and H-bonded
carbonyls from the carbonate groups. However, the
H-bonded ‘‘carbonate’’ peak at about 1718 cm�1 can
be overlapped by peaks originating from ‘‘free’’ and
H-bonded C¼¼O urethane groups in the amorphous
phase. The H-bonded carbonyl groups from the ure-
thane in the semicrystalline state are present around
1683 cm�1 and 1667 cm�1. On condition that the car-
bonyl stretching region of the sample without any
chain extender is analyzed (5652/1/0/8; curve 4 in
Fig. 6) it can be noticed that only negligible amount
of H-bonded urethane groups in the crystalline (or-
dered) state is formed. H-bond formation takes place
with carbonate carbonyls as well as with urethane
groups but without any long-range ordering. As it is
clearly seen in Figure 6, an increase in HSC results
in increase of the amount of hydrogen bonds which
(as shown by scattering techniques—see later) indu-
ces the formation of crystalline domains dispersed in
the amorphous phase.

Figure 4 FTIR spectra of PC-PU film 5652/1/0/19.

Figure 5 (a) FTIR-spectra of polycarbonate diol 5652 (S) and HDI/BD homopolymer (H); (b) The deconvolution of the
carbonyl stretching region of the hard segment (H).
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Expanded NAH stretching region of the PU sam-
ples with different HSC is shown in Figure 7. The
deconvolution led to the following peaks: The infra-
red bands at 3430–3460 cm�1 and 3318–3323 cm�1

are assigned to the NAH stretching vibrations of the
‘‘free’’ and H-bonded NAH groups. (The HSC
increase, and hence the increase of number of ure-
thane groups, enlarges the total area and the inten-
sity of relevant bands). Peaks at 3387–3393 cm�1 and
at 3245–3251 cm�1 present in all measured samples
are attributed to the Fermi resonance of NAH funda-
mental stretching vibration with the overtone of
carbonyl C¼¼O carbonate stretching vibrations. Spec-
tra of PU samples containing more then 14% of hard
segment contain two additional peaks: at 3345 cm�1

and 3290 cm�1 which are absent in samples with
lower HSC.

SAXS and WAXD experiments

SAXS experiments were used to investigate micro-
phase-separated state. A number of papers indicates
that homopolymers made from HDI and BD acquire
folded-chain conformation that is also often present
in HDI/BD-based PUs.29,30 Molecular modeling con-
firmed possible self-assembly of HS in aliphatic PU
in stacked lamellar patterns inside the crystallite.30

Important feature of aliphatic PUs is a closer prox-
imity of the PU chains in hard domains as compared
with aromatic PUs; the HDI/BD proximity allows
for further self-assembly of HS via H-bonding into
domain/cluster patterns.30

SAXS profiles of 5652- and 4672-based PC-PUs
and their nanocomposites are shown in Figure 8.
Both series have similar trends: As expected, PC-
PUs prepared without any chain extender show no
scattering peaks. All other PUs exhibit scattering
peaks the shape and the position of which depend
on HSC. The values of interdomain spacing of HSD
in 4672- and 5652-based PC-PUs were calculated
from the peak position, they span from 10 nm to
18.7 nm and they are given in Table I, 6th column.
The self-assembly of HDI/BD-based HSD leading to
folded-chain conformations is anticipated in studied
PC-PUs, as the values of interdomain spacing given
in Table I correspond well, e.g., to SANS data by
Mishra et al. for aliphatic PUs prepared from poly-
ether diol (MW about 2900), HDI and BD (11.6–16.2
nm),30 or to PES- (MW about 2000) and HDI/BD-
based aliphatic PUs (16.6 nm).29 However, the trends
reported in the literature are not uniform: while
characteristic lengths of interdomain spacing in PES-
based PUs decreases with increasing HSC suggest-
ing higher compactness of crystallites with increas-
ing H-bonding extent,30 the interdomain spacing in
polyether-based PUs was reported practically inde-
pendent on HSC.29 The systems studied in this arti-
cle show even more complex behavior: the interdo-
main spacing passes a maximum (15.7 nm for 5652-
based PUs and 17.9 nm for 4672-based samples;
both at R ¼ 1). For the highest, about 35 wt % HSC
(R ¼ 0.3), the interdomain spacing decreased to 14
nm in both series. The spacing reduction could be a
result of increased compactness of crystallites30 and

Scheme 1 Possible H bonds in urethane units (a,b) and
urethane-carbonate groups (c) in HS (a,b) and in polyur-
ethane elastomers (a,b,c).

Figure 6 FTIR spectra of carbonyl stretching region of
5652-based PC-PUs with different HSC (For code descrip-
tion, see Table I).

Figure 7 Expanded FTIR spectra of NAH stretching
region of PC-PUs with different HSC. (For code descrip-
tion, see Table I).
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of increasing rigidness of PC-PU chains due to
strong secondary forces of H-bonding among NHA
of urethane groups (HS) with carbonate C¼¼O
groups belonging to soft-segments. The reduction of
the interdomain spacing for samples with higher ra-
tio R can be caused by relatively low HSC (8–14 wt
%).

If BO particles are present, the scattering peaks in
nanocomposites (compared with their BO-free ana-
logues) are much broader, less pronounced, and
they are mostly shifted to higher values of interdo-
main spacing, see Table I. That means that the
lamellar patterns in the presence of BO lamellae cor-
respond to lower level of lamellar ordering. SAXS
profiles for all nanocomposites are very similar, in-
dependent on the ratio R, showing two additional
peaks at about 3.5 nm and at 1.8 nm. These two

peaks correspond to well ordered lamellar structure
of BO particles intercalated by PU matrix with the
periodicity of about 3.5 nm (Table I, 7th column).

WAXD

The degree of crystallinity was investigated by
WAXD. The WAXD patterns for 5652- and 4672-
based PU elastomers and their nanocomposites are
shown in Figure 9. WAXD patterns for both series
(4672 and 5652) are very similar: The gradual devel-
opment of crystallinity with increasing content of HS
is very well visible; starting from fully amorphous
materials (R ¼ 10 and 1) passing through those
with developing crystalline peaks (R ¼ 1) up to
semicrystalline products with three pronounced
crystalline peaks (R ¼ 0.5 and 0.3). The tendency to

Figure 8 Scattering curves for 5652- (a) and 4672-based PU series (b). (For code description, see Table I).

Figure 9 WAXD patterns of 5652-based PC-PUs (a) and 4672-based PC-PUs (b). (For code description, see Table I).
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ordering is stronger in the 4672 matrix, because MD
4672 is noted for higher regularity of the chain com-
pared with 5652 one. The observed diffraction pat-
terns exhibit broad (amorphous) peaks near 2y ¼ 21
�, corresponding to the distribution of distances of
neighboring polymer chain segments. Besides this
diffraction peak, another shallow maximum is
observed near 13�; this is assigned to the internal
structure of the polycarbonate chains, namely to the
average distance of the carbonate groups. Separated
sharp narrow peaks between 20� and 24� (values for
most samples in both series: 20.1�, 22�, and 24�) cor-
respond to crystalline domains. The appropriate sep-
aration of both types of signals gives the degree of
crystallinity summarized in Table I, 8th column. The
crystallinity (for PUs with HSD higher than about 15
wt %) depends on the HSC; it spans from 4 to 15%.
The highest crystallinity was not found for PC-PUs
with the highest HSC (34–35%), but for samples con-
taining 26–27% HSC. This slightly surprising finding
is probably due to high stiffness of PU chains at the
highest HSC, which can hinder ordering of PU seg-
ments in organized crystalline domains. Strong sec-
ondary forces of H-bonding among NHA of ure-
thane groups (HS) with C¼¼O groups of
polycarbonate part (SS) resulting in the increasing of
chain rigidity can be also taken into consideration.

For given HSC, systems with BO particles have
slightly higher degree of crystallinity compared
with their BO-free analogues (see Table I), that
implies better organization of nanocomposites com-
pared with pure PC-PU matrix, which is in accord-
ance with solid-state NMR experiments. WAXD
was also used for the detection of lamellar periodic-
ity of BO particles in PC-PU nanocomposites. While
original BO powder shows diffraction maximum
near 1.1 nm, PC-PU nanocomposites exhibit two
orders of maxima corresponding to well ordered la-
mellar structure with periodicity between 3.2 and
3.5 nm implying intercalation of PU matrix between
BO lamellae.

The comparison of PC-PUs containing MD build-
ing blocks of MW about 2000 (PC-PU)2000 with anal-
ogous systems based on MDs with half MW (1000),
(PC-PU)1000,

13 but otherwise identical chemical con-
stitution, revealed the similar trends for systems
with identical ratio R: all PU prepared at R ¼ 1 are
semicrystalline, whereas PUs with R ¼ 10 or 1 are
amorphous. However, (PC-PU)1000 elastomers with
identical composition have about 1.7 times higher
HSC than analogous (PC-PU)2000. When PU samples
with similar HSC (e.g., semicrystalline 5652/1/0/19;
crystallinity 9%, with amorphous 5651/10/1713) are
compared, the tendency of enhanced phase mixing
and worse structural ordering in samples with
shorter building MD units is evident. All PU nano-
composites show a higher degree of ordering than

their nanofiller-free analogues, neither dependent on
the MD chain constitution nor its length.
When comparing our results with WAXD results

of Kojio et al.,8 the influence of the diisocyanate type
on the ordering and crystallinity of PU chains can be
well demonstrated: PC-PUs with codes 4672/1/0/18
and 4672/0.3/0/34 have very similar composition to
samples 4672PU2 and 4672PU38; the only difference
is the use of HDI (in our case) and MDI.8 When
compared 4672/1/0/18 and 4672/0.3/0/34 WAXD
patterns (Fig. 9) with 4672PU2 and 4672PU3 ones
(Fig. 3 in Ref. 8), a significantly higher degree of the
ordering (crystallinity) was found for HDI/BD
domains than for MDI/BD ones. This can be
explained by different proximity of PU chains con-
taining HDI/BD or MDI/BD domains.30

AFM and TEM analyses

AFM was used to study the size and shape of hard
domains in the PU elastomers prepared. In our recent
papers, the surfaces of PC-PU films22 or the freeze-
fractured cross-sections of PC-PUs prepared in the
form of sheets13 were analyzed by AFM to investigate
the hard/soft segment morphology. In this study, the
freeze-fracture (F) was used as well and the surfaces
of PU sheets cut at �110�C (C) were also investigated
to test the influence of the preparation of the surface
for imaging on AFM results.‡ A series of the height
and phase AFM images for selected 5652-based PC-
PUs is shown in Figures 10(a–g) and 11 (a–j).
3D height reliefs of 10 � 10 lm2 area of freeze-

fractured (F) samples 5652/0.3/0/35, 5652/1/0/19,
and 5652/1/0/8 are shown [Fig. 10(a–c)] together
with relevant 2D phase images [Fig. 10(d–f)]. While
the sample 5652/1/0/8 (amorphous according to
WAXD) shows a flat and homogeneous surface, the
semicrystalline samples 5652/0.3/0/35 and 5652/1/
0/19 show height and heterogeneity differences on
the nm and lm level. PUs containing 1 and 2 wt %
of BO (5652/1/1/19 and 5652/1/2/19) have very
similar height reliefs like BO-free PU analogue
(5652/1/0/19); the addition of BO only slightly
increases surface roughness (see Table II). It is evi-
dent from Table II that the roughness depends
mainly on HSC (the higher HSC, the higher rough-
ness) whereas the influence of nanofiller concentra-
tion on the roughness is very small. The spherullite
structures of about 10 lm size in semicrystalline
samples are well detectable by using TEM and AFM
analyses; Figure 10(g) (AFM) and Figure 10(h)
(TEM).

‡Similarly to our previous study (Fig. 2 and Table I in Ref. 22),
surface patterns of the films were regular and relatively
smooth (mean roughness of mostly 101 nm order) and practi-
cally the same for 5652-, 4672- and 4692-based samples. In this
way, surface analysis of films is not shown in this paper.
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Scanning 1 � 1 lm2 areas enabled the study of
heterogeneities on the nm level. The influence of
sample preparation on AFM measurement (C, F)
was also studied. Freeze-fractured sample (F): Sam-
ple 5652/1/0/8 shows a flat surface [Fig. 11(a)]
with slight regular (nm-size) nanoheterogeneities
(detected by phase shift) [Fig. 11(b)]. If two PUs
with R ¼ 1, one without BO and the other with 2 wt
% of BO, i.e., 5652/1/0/19 and 5652/1/2/19 are
compared, the surface topography does not differ
significantly [Fig. 11(c,e)]. Both phase images show
rod-like nanoheterogeneities, of 100 nm in width and
100 to 102 nm in length. Moreover, in sample 5652/
1/1/19, BO particles of size 100–250 nm are clearly
visible [Fig. 11(e,f)], mainly in phase image [Fig.
11(f)]. Cut samples 5652/1/0/19 and 5652/1/1/19
(C), shown in Figure 11(g–j) differ from the fractured
samples (F) in height, but mostly in phase images;
they seem to be more homogeneous than the broken
ones. However, on condition of sufficient phase

resolution (color scale 5� (C) vs. 100� (F)), very regu-
lar and smooth but distinct heterogeneities of units
of nm size are also detected [Fig. 11(h,j)]. BO par-
ticles are also well visualized [Fig. 11(i,j)] but they
are less distinct compared to freeze-fractured sam-
ples [Fig. 11(e,f)] because BO particles are in this
case ‘‘covered’’ by PU matrix.
In PUs with very low HSC (5652/1/1/8 (F)) their

height and phase images are almost identical like
5652/1/0/19 (C) [cf. Fig. 11(a) vs. Fig. 11(g) and Fig.
11(b) vs. Fig. 11(h)]. In all cases, all 1 � 1 lm2 surfa-
ces are very flat: RMS and mean roughness are on
nm scale and Rmax on 101 nm level (Table III).
The difference between images of ‘‘F’’ and ‘‘C’’—

prepared surfaces can be caused by the difference in
their formation: While the freeze-fractured area is
predetermined by sample imperfectness, nanohetero-
geneities, etc., which control the fracture, the cryo-
cut sample surface is created by the cutter position
and motion. Hence the HSD on lm scale is better

Figure 10 3D Height (a, b, c), 2D phase (d, e, f), 2D height (g) AFM images, and TEM microphotographs (h) of PU sam-
ples: 5652/0.3/0/35 (a, d), 5652/1/0/19 (b, e, g, h) and 5652/1/0/8 (c, f). (For code description, see Table I). AFM z or
black-and-white color scale: 1000 nm for height, and 100� for phase image. Square in TEM image: highlighting of 10 lm2

area.
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seen on broken samples (F), while small heterogene-
ities detection on nm size have been detected mainly
on the cut areas (C).

If AFM images of freeze-fractured areas of (PC-
PUs)2000 and (PC-PU)1000 elastomers are compared,
we can conclude that AFM imaging confirms the

Figure 11 2D Height (a, c, e, g, i) and 2D phase (b, d, f, h, j) AFM images of PU samples: 5652/1/0/8 (a,b), 5652/1/0/
19 (c,d,g,h), 5652/1/2/19 (e,f,i,j). Images of freeze-fractioned (F) samples (a–f); images of cut (C) samples (g–j). (For code
description, see Table I). Black-and white color scale: 100 nm for height images (a,c,e,g,i), 100 deg (d,f) and 5 deg (b,h,j)
for phase images.
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observations and trends already found by WAXD
measurements: AFM images of PC-PUs based on
both short and long MDs are very similar for given
R (R ¼ 1 and 1). However, if 3D images of broken
areas of samples containing similar HSC are com-

pared, [i.e., 5652/1/0/19 Fig. 10(b), and 5651/10/0/
17; Fig. 6(b)13] an appreciably smoother surface is
observed for 5651/10/0/17. The size of spherullites
detected by TEM is about 10 lm [cf. Fig. 10(h), and
Fig. 5(a) in Ref. 13].

Figure 11 Continued

TABLE II
Characterization of Freeze-Fractured Area of Neat and Bentonite-Filled PU Sheets

Code Surface area (lm2) R�
q (nm) R��

a (nm) R���
max (nm)

5652/1/0/8 100 52 43 235
5652/1/0/19 103 80 63 564
5652/1/1/19 106 121 98 833
5652/1/2/19 108 140 115 868
5652/0.3/0/35 122 354 280 2141

Surface area: the total area of examined sample surface (the three-dimensioned area of
a given region expressed as the sum of the area of all the triangles formed by three adja-
cent data points).
R�
q (Rms): the standard deviation of the Z values within the given area.

R��
a (mean roughness): the mean value of the surface relative to the center place.

R���
max (max height): the difference in height between the highest and lowest points on

the surface relative to the mean plane
Mean: the average of all Z values within the enclosed area.

ALIPHATIC PC-PU ELASTOMERS AND NANOCOMPOSITES 13

Journal of Applied Polymer Science DOI 10.1002/app



CONCLUSIONS

The formation, structure, and distribution of self-
assembled of HDI/BD domains in PC-PUs and their
nanocomposites spanning from the segmental level
up to organized structures of micrometer size
(spherullites) together with the influence of MD con-
stitution on the efficiency of H-bond formation were
studied by a combination of spectroscopy, micros-
copy, and scattering techniques.

Series of 5652- and 4672-based PC-PUs displayed
very similar trends in spite of the differences in MD
chain constitution (MD 5652 is composed from odd
and even hydrocarbon units, but 4672 contains only
even hydrocarbons in the polycarbonate chain). This
phenomenon can be explained by the fact that less
regularity of 5652 MD was balanced by higher PU
chain flexibility compared with 4672 one.

Spectroscopy techniques (FTIR and solid-state
NMR) confirmed high conversion of all functional
groups. Careful analysis of FTIR spectra allowed dis-
cerning different types of hydrogen bonds. The
intensities of ‘‘free’’ and H-bonded carbonyls origi-
nating from polycarbonate (soft segment) and from
urethane (hard segment) in the carbonyl stretching
regions from 1600 to 1800 cm�1 and the intensities
of ANH stretching vibration bands attributed to
‘‘free’’ and H-bonded NH groups in the region 3200
to 3500 cm�1 depend strongly on the HSCs.

Very good incorporation of bentonite particles into
PC-PU matrix, preferentially in HSD, was detected
by techniques that probe the behavior on the sub-
nanometer scale, i.e., by scattering techniques and
NMR.

Fairly strong phase separation of hard and soft
segments was proved by scattering methods (SAXS,
WAXD). The ordering of HDI/BD building units
was detected by SAXS for all samples, regardless of
the fact whether they are amorphous or semicrystal-
line. The interdomain spacing spans from 10 to 18.7
nm, indicating strongly folded-chain conformations.
In the presence of bentonite, SAXS peaks were less
pronounced as compared with BO-free analogues.
With increasing content of HS, a gradual change
from amorphous to semicrystalline state was
detected by WAXD measurements; the crystallinity

transition region is about 15 wt % of HS. In accord-
ance with NMR results, the degree of crystallinity
(i.e., ordering) in BO-containing nanocomposites was
the same or higher than that in BO-free analogues.
Organized structures of HS of micrometer size

(spherullites) were detected by microscopy techni-
ques (AFM and TEM). AFM images of surface to-
pography and homogeneity do not depend only on
HSCs, but they substantially differ for freeze-frac-
tured and for cryo-cut PU sheets: While heterogene-
ities of nm size were clearly visible on cryo-cut sam-
ples, micrometer structures were well detected on
freeze-fractured sample surfaces. Surface roughness
(mostly on nm level) increase with increasing HSC
and is promoted by the presence of nanofiller.

Authors thank experimental work of Mrs. Jiřina
Hrom�adkov�a (IMC; TEM analysis).
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13. Špı́rkov�a, M.; Pavličević, J.; Strachota, A.; Poręba, R.; Bera, O.;
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