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Abstract: Polyester based polyurethanes were synthesized from 4,4'-methylene bis(phenyl
isocyanate) (MDI) with butanediol as a chain extender and low molecular weight polyester-diol as
a soft segment. Three polyesters were used in the synthesis of polyurethanes. Two of the polyesters,
with molecular weight M, = 2,660 and 2,155, were synthesized from adipic acid and 1,6-hexanediol,
which had an even number of carbon atoms (polyester-6-6-1 and polyester-6-6-2). The other
polyester with M, = 2,770 was synthesized from pimelic acid and 1,5-pentanediol, which had an
odd number of carbon atoms (polyester-7-5). Polyester-6-6-1 and polyester-6-6-2 consisting of
even carbon monomers, had a higher degree of crystallinity at room temperature than polyester-7-
5, which consists of an odd number of carbon monomers. The effect of polyester molecular weight
and soft and hard-segmental geometric structure on the soft- and hard-segmental phase segregation
was studied using differential scanning calorimetry (DSC), Fourier transform infrared spectros-
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copy (FTIR), and small angle X-ray scattering (SAXS).
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Introduction

The segmented polyurethanes are thermoplas-
tic elastomers with high elongation characteristics,
along with typical properties of plastics such as
modulus, strength, and processibility. It is gener-
ally agreed that the unique mechanical properties of
polyurethanes, as compared to other types of
elastomers, are predominantly controlled by the
microphase structure resulting from the incompat-
ibility of the soft and hard segments [1,2]. This
incompatibility of the soft and hard segments leads
to a phase separation which is reflected in a rubber-
like matrix containing hard microdomains. The me-
chanical strength in this structure can be attributed
to the hard microdomains cross-linked through H-
bonding which act as rigid reinforcing particles.

The polyester based urethanes consist of an aro-
matic diisocyanate with a glycol chain extender as
the hard segment and a low molecular weight poly-
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ester as the soft segment. They are considered to be
linear segmented block copolymers made up of al-
ternating hard and soft block segments. Composi-
tional variables and processing conditions are known
to affect the degree of phase segregation, phase
mixing, hard segment domain organization, and sub-
sequent polyurethane properties [2-4]. Depending
on the relative incompatibility of the hard and soft
segments, phase segregation will occur during pro-
cessing and post cure annealing. The effects of poly-
urethane composition and structure on the resultant
properties has been investigated by several research-
ers [5-31]. These studies have concentrated on model
compounds based on aromatic diisocyanates, such
as toluene diisocyanate (TDI) [5,6] or 4,4'-methyl-
ene bis(phenyl isocyanate) (MDI) [5-8]. The phase
segregation of hard and soft segment domains has
been demonstrated by small and wide angle X-ray
scattering [9-22], differential scanning calorimetry
(DSC) [9-18,23-26], infrared spectroscopy (IR) [26-
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31], microscopy [16,32,33], small angle laser light
scattering (SALS) [16], and dynamic mechanical
thermal analysis (DMTA) [18].

In our previous work [34], the effect of soft
segment polyester —CHj side chain content on hard
and soft segment phase segregation was studied by
DSC and small angle X-ray scattering (SAXS). The
experimental data revealed that the hard segment or-
dering domain and the degree of soft- and hard- seg-
ment phase segregation of polyurethane increased
with the polyester —CHj; side chain content. It has
been reported that soft- and hard segmental phase
segregation of polyurethanes is strongly controlled
by the compatibility of these two segments and the
chain mobility of hard segments inside the soft do-
main [14,35]. Since increasing the polyester ~CHj
side chain leads to an increase in the free volume of
the soft segment domain and thus a higher mobility
of hard segment molecules inside the soft domain,
we believed that the free volume of the polyester
soft domain strongly affected the soft- and hard-
segment phase segregation.

With polyurethanes of structure —[(O=C)NH-
(CH,),NH(C=0)0O(CH,),,0]-, it has been shown that
when "n" and "m" are even, the fit of each hydrogen
donor group (NH) to each electron donor group

(C=0) should be relatively easy, whereas when "n
or "m" is odd, the fit should not be perfect [36].
Thus, in an irregular structure (when n or m is odd
and the fit is poor) not all groups should participate
in hydrogen bonding, inter-molecular attractions
should be weaker, and the melting point should be
lower.

It is known that the "zig-zag" structure of poly-
ester affects the geometric fit of polymer molecules
and thus the crystallization behavior of polyesters.
A commercially important class of polyurethanes is
those consisting of polyester as soft segments and
MDI chains extended with 1,4-butanediol as hard
segments. In the present work, we studied the soft-
and hard- segment phase segregation behavior of
polyester based-polyurethanes with two polyure-
thanes (PU-6-6-1 and PU-6-6-2) having polyesters
synthesized from even carbon monomers, i.e., adi-
pic acid and 1,6-hexanediol (polyester-6-6) and the
other polyurethane (PU-7-5) having polyester syn-
thesized from odd carbon monomers, i.e., pimelic
acid and 1,5-pentanediol (polyester-7-5). DSC,
FTIR, and SAXS measurements were carried out in
this study. DSC provides the data for soft segment
T,, melting points as well as enthalpies of fusion of
both the soft- and hard-segmental crystalline
domains. FTIR provides information on hard seg-
ment hydrogen bonding. SAXS provides the long
period (or inter-domain spacing) of repeat structures.

Figure 1 shows the geometric structures of hard

e ooc” /
= 0=C
7/
H-N >o N
C=0 C c /s
/ N . \
¢} C .
~ / ,
C C C
/ N N
C C C
AN Y p
/C ¢ N C N
C C 0
~o 4 /
/ 0L 0=C
0=C C=0 .
AN Y, ,
N-H C c
% N
C C
c’ e
AN
/5 e
o=C o=c/
N N
N-H 0 o
~c’ / Y
O-—C\
hard segment polyester-6-6 polyester-7-5

Figure 1. Geometric structure of (a) "MDI+1,4-butanediol” hard-
segments, (b) polyester-6-6, and (c) polyester-7-5.

segments, polyester-6-6, and polyester-7-5. All of
the PUs used in this work had hard segments con-
sisting of MDI and 1,4-buatnediol, which has an even
number of carbon atoms. From Figure 1, it is obvi-
ous that the hard segments had a better geometric fit
with polyesters consisting of even carbon monomers
than with those consisting of odd carbon monomers.
Polyesters made up of even carbon monomers should
have a better geometric fit with each other and a
higher degree of crystallinity than those made up of
odd carbon monomers. Since the repeat units of
polyester-6-6 and polyester-7-5 had same molar frac-
tion of the —COO group, these two polyesters should
have the same solubility parameters. The compat-
ibility of the PU hard segments with the soft seg-
ments should be similar for all of the PUs. Under
the same processing conditions and thermal history,
the morphology of PUs depends on (1) the polyester
soft segmental molecular weights, (2) the geometric
fits of soft-to-soft segments and hard-to-soft
segments, and (3) the mobility of polyurethane hard
segments inside the polyester soft domains.

Experimental

1. Polyester-diol

Three polyesters were synthesized using a con-
ventional method. Two of the polyesters (polyester-
6-6-1 and polyester-6-6-2) consisted of 1,6-
hexanediol and adipic acid (Riedel-de Haen Co) and
the other (polyster-7-5) consisted of 1,5-pentanediol
and pimelic acid (Riedel-de Haen Co) with
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Table I. Chemical compositions and molecular weights of polyesters.

Sample Polyester 6-6-1 Polyester-6-6-2 Polyester 7-5
Adipic acid (mole) 1.00 1.00 -—-
1,6-Hexaneanediol (mole) 1.19 1.21 -
Pimelic acid (mole) .- 1.00
1,5-Pentanediol (mole) ——— [ 1.19
Acid value (mg KOH/g) 3.81 3.9 3.60
OH value (mg KOH/g) 42.1 43.2 40.5

M, 2,660 2,155 2,770
M/M, 1.81 1.95 1.84

Table II. Chemical compositions of polyurethanes.

Polyurethane' Polyester MDI  Butanediol  Soft-segment
(mole)  (mole) (mole) content
(wt%)
PU-6-6-1 0.13 1.05 0.87 50.4
PU-6-6-2 0.16 1.05 0.84 50.5
PU-7-5 0.13 1.05 0.87 51.4

(a) The polyurethanes were synthesized from polyesters which
have the same designated numbers as shown in Table I.

OH/COOH mole ratios around 1.19/1-1.21/1 under
a nitrogen atmosphere. The chemical compositions
of these three polyesters are listed in Table I. The
reaction temperature was increased by stepwise con-
trol as follows: 140 °C/1 h, 150 °C/1 h, 160 °C/1 h,
180 °C/2 h, and 200 °C/4 h. The acid and —OH
values of the final polyesters, determined by meth-
ods ASTM D4262 and D4274, respectively, are listed
in Table I. The molecular weight distributions were
determined by GPC (Waters model 746) with three
Waters p-styragel columns which had molecular
weight ranges of 0-103, 102-5x10°, and 5x10°-
2x10*% and a RI detector at 25 °C. Tetrahydrofuran
(THF, Merck Co) was used as the mobile phase, and
narrow MWD polystyrene standards (Aldrich Chemi-
cal Co) were used in a linear calibration. The M,
and M, of these polyesters are also listed in Table
L.

2. Polyurethane

The polyester-diols synthesized from an experi-
mental procedure (a) were used to synthesize poly-
urethanes with MDI (Tokyo Kasei Kogyo Co) and
1,4-butanediol (Riedel-de Haen Co) as a chain ex-
tender by the prepolymerization method. The chemi-
cal compositions of these polyurethanes are shown
in Table II. Thus two of these polyurethanes (PU-
6-6-1 and PU-6-6-2) had polyester soft segments con-
sisting of even carbon monomers whilst the other
polyurethane (PU-7-5) had a polyester soft segment

consisting of odd carbon monomers. Polyester-diol
was first reacted with diisocyanate at 90-100 °C for
one hour in N,N-dimethyl formamide (DMF, Merck
Co). The prepolymer was then reacted with 1,4-
butanediol at 90-100 °C for another hour in DMF.
The final polymer was then precipitated from metha-
nol and the residual solvent was removed under a
vacuum at 60 °C for 24 h. The polymer was then
compression molded on a press at 225 °C for 3 min
followed by cooling at an ambient temperature and
environment. The samples were then kept at room
temperature for at least one week before DSC, FTIR,
and SAXS measurements were conducted. Before
polymerization, the polyester was dried at 90 °C un-
der a vacuum for 2 hour to remove moisture, and
1,4-butanediol and DMF were treated with a mo-
lecular sieve (Merck, pore size 0.4 nm) drying agent.
MDI was used as received without further purifica-
tion. The final polyurethane contained ~51.0 wt%
of polyester.

3. Differential scanning calorimetry (DSC)

DSC measurements were carried out on a Du
Pont 910 DSC. The heating rate was 10 °C/min for
the temperature range of 100-300 °C. The sample
sizes were around 10 mg for all measurements. Tem-
perature calibration was done with a multiple in-
dium-lead-nickel standard, and an indium standard
was used for heat flow calibration.

4. Small angle X-ray scattering (SAXS)

SAXS measurements were performed with a
pinhole collimated X-ray camera. The radiation
source was a Rigaku 18 KW rotating anode genera-
tor with a Cu targe operated at 100 mA and 40 KeV
(installed at the Department of Engineering and Sys-
tem Science, National Tsing-Hua University,
Taiwan). A three-pinhole system was used to colli-
mate the X-ray beams along with a graphite mono-
chromator to control the incident X-ray beams on
the sample. The scattered intensity was detected by
a two-dimension multi-wire detector (Oak Ridge De-
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Figure 2. DSC curves of Polyester-7-5, Polyetser-6-6-1, and Poly-
ester-6-6-2.

tector Laboratory, Inc.) with 256x256 channels for
a 20 cm x 20 cm active area (1 mm between each
pixel). The sample to detector distance was 500 cm
in length. All data were corrected for background
(dark current) and the sensitivity of each pixel in
the area detector.

Results and Discussion

1. DSC study
1.1 DSC study of polyesters

Aliphatic linear polyesters behave as crystal-
line polymers at room temperature. The DSC curves
(Figure 2) with a heating rate of 10 °C/min showed
a small endothermic AH(I) at a lower melting tem-
perature T, (I) and a large endothermic AH(II) at a
higher melting temperature T,,(II). The positions of
the DSC endothermic peaks and heat of fusion of
polyester-6-6-1, polyester-6-6-2, and polyester-7-5
are listed in Table III. After polymerization, these
polyesters were stored at room temperature at least
one week before DSC measurements were conducted.
The uncertainty with each temperature was approxi-
mately +1 °C. It is obvious that polyester-6-6-1 and

Table III. DSC data of polyesters.

Polyester Polyester-6-6-1 Polyester-6-6-2 Polyester-7-5
Tni(I-peak) (°C) 26 27 29

AH (D) J/g) 4.8 5.4 8.9
Tmi(Il-peak) (°C) 57 52 46

AH (A1) (J/g) 107.4 101.5 92.5

Table IV. DSC data of polyurethanes annealed at room
temperature.

Polyurethane' PU-6-6-1 PU-6-6-2 PU-7-5
Ty (°C) -33 -38 -44
Ty (I-peak) (°C) 19 22
Tt (II-peak) (°C) 46 43

AH o (41D (J/g) 34.8 2.0 4.2
T2 (I-peak) (°C) 71 66
AH,» () (J/g) 2.1 32
Tz (II-peak) (°C) 158 162 162
AH,, (1) (J/g) 3.2 8.6 9.6
T2 (III-a-peak) (°C) 185
Tyo (I-b-peak) (°C) 198
AH,; (III) (J/g) 9.4

(a) The subscripts | and 2 correspond to soft and hard segments,
respectively.

polyester-6-6-2, which consist of monomers of even
carbons, have higher T, (IT) and AH(II) than polyes-
ter-7-5, which consists of monomers of odd carbons.
These DSC results suggest that polyester-6-6-1 had
the highest degree of crystallinity and polyester-7-5
had the lowest. Since polyester-6-6-1 and polyes-
ter-7-5 had similar molecular weight distributions,
the difference in crystallization behavior between
these two polyesters could be due to different "zig-
zag" chemical structural conformations. The poly-
esters consisting of even carbon monomers had a
better molecular geometric fit than those consisting
of odd carbon monomers [36]. The DSC data also
showed that polyester-6-6-1 had higher T (II) and
AH,(IT) than polyester-6-6-2 due to the higher mo-
lecular weight of polyester-6-6-1.

1.2 DSC study of polyurethanes

DSC heating curves of PU-7-5, PU-6-6-1, and
PU-6-6-2 after annealing at room temperature for
one week are shown in Figure 3. The DSC thermal
transition temperatures, endothermic peak tempera-
tures and enthalpies of fusion are listed in Table IV.
DSC thermal behavior is apparent in five tempera-
ture regimes. The soft segment glass transition tem-
perature T4, appears at -44, -33, -38 °C for PU-7-5,
PU-6-6-1, and PU-6-6-2, respectively. T, values
can be used as an indication of relative purity of the



soft segment domains. The more the soft segment
domains are contaminated with the dissolved high
glass transition temperature hard segments, the
higher the soft domain T,; [37]. The extent of hard
segment/soft segment mixing depends on the over-
all hard segment content, both segment lengths, and
the affinity of one segment for the other. The soft
segment T, is also influenced by the restricted
movement imposed at soft segment crystallization.
The crystallites behaved as physical crosslinks; the
high degree of soft segment crystallinity restricted
the motion of soft segments and raised the soft seg-
ment Ty, Since PU-6-6-1 had the highest and PU-
7-5 had the lowest degrees of soft segment
crystallinity, the T, of these polyurethanes decreased
in the following sequence: PU-6-6-1 > PU-6-6-2 >
PU-7-5.

The second region of interest is that correspond-
ing to the melting of the soft segment (T,,,, around
11-56 °C). Comparing Tables III and IV, it is obvi-
ous that the polymerization of polyesterdiol with
MDI and 1,4-butanediol leads to decreases of melt-
ing temperature T,,; and melting enthalpy AH,,; of
polyester soft segments. The value of T,,; decreased
in the following sequence: PU-6-6-1 > PU-6-6-2 >
PU-7-5 and that of AH,,; decreased in the following
sequence: PU-6-6-1 >> PU-7-5 ~ PU-6-6-2. The
Tmi and AH,,, of the soft segment are indicators of
degree of soft segments crystallinity [37]. These
experimental results revealed that the degree of or-
dering the of polyester soft segment domain de-
creased in the following sequence: PU-6-6-1 > PU-
6-6-2 > PU-7-5.

The remaining regions of DSC thermal behav-
ior result from endotherms associated with hard seg-
ment domains. The endotherm around 52-88 °C (T
(D)) results from the breakup of hard segments with
the short range ordering domain induced by room
temperature annealing [9]. The endotherm around
120-175 °C (Typ(I1)) corresponds to the melting of
the hard segment domain with long range ordering.
The endotherm around 175-220 °C (T (I1I)) corre-
sponds to the melting of microcrystalline hard
segments. From the DSC results, we found that PU-
7-5 had long range ordering and microcrystalline
hard segment domains with higher T,,,(II), AH,»(II),
T (1) and AH»(ITI). However, no microcrystal-
line hard segment domains were observed for PU-6-
6-1 and PU-6-6-2. PU-6-6-1 and PU-6-6-2 had long
range and short range ordering hard segment do-
mains with lower Tp,(1), AH»(1), T»(11), and
AH,»(IT). Table IV and Figure 3 also show that
PU-6-6-2 had higher T,,,(II) and AH,,>(II) than PU-
6-6-1. In the present study, three PUs with similar
weight fractions of soft segments were synthesized
using the prepolymerization method, i.e. polyesters
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Figure 3. DSC curves of PU-7-5, PU-6-6-1, and PU-6-6-2.

were first reacted with MDI then chain extended
with 1,4-butanediol. Thus soft and hard segments
alternately linked to form a block copolymer. For
PUs with a fixed soft segmental weight fraction and
PU molecular chain length, the chain lengths of hard
segments (copolymer of MDI and 1,4-butanediol)
depends on the chain lengths of the soft segments.
The PUs with longer soft segmental chain lengths
should have fewer soft-hard block segmental repeat
units. The hard segmental chain length is propor-
tional to the total mole number of hard segmental
monomers divided by the number of soft-hard block
segmental repeat units. Thus for PUs with the same
molecular weights, those with longer soft segmental
chain lengths should have longer hard segmental
chain lengths. Because PU-6-6-2 has shorter poly-
ester molecular chain lengths, it had a shorter hard
segmental chain length than PU-7-5 did. The shorter
hard segmental chain length caused PU-6-6-2 to have
a lower degree of hard segment crystallinity than
PU-7-5 did. The DSC results showed that the de-
gree of hard segment crystallinity increased in the
following sequence: PU-6-6-1 < PU-6-6-2 < PU-7-
5. The lower degree of hard segmental crystallinity
of PU-6-6-1 compared to PU-6-6-2 will be discussed
in the "discussion section”.

2. Small angle X-ray scattering (SAXS) of PU
Small angle X-ray scattering involves the mea-
surement of the scattering intensity as a function of
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Figure 4. SAXS data I(q)qz versus q of PU-7-5, PU-6-6-1, and
PU-6-6-2.

scattering angle. Scattering intensity arises due to
local heterogenities in the electron density of the
material. The inter-domain spacing, L, can be esti-
mated from ¢, corresponding to the maximum of
I(q)q’ vs. q curves using Bragg's equation [38]:

L =2n/qy, (h

where g = [47 5in(6/2)]/A is the scattering vector, 8
the scattering angle, A the wavelength, and I(gq) the
scattering intensity at g. Typical SAXS intensity
profiles (I(q)q* vs. q) for PU-7-5, PU-6-6-1, and PU-
6-6-2 are shown in Figure 4. As shown in Figure 4,
these profiles all exhibited a single scattering
maximum, indicating average inter-domain spacing.

For systems with a lamellar structure, a one-
dimensional correlation function y;(r) will have a
primary local maximum at a position r which corre-
sponds to the inter-domain spacing, L;p. The one-
dimensional correlation function is shown as fol-
lows [38]:

7)= 5|, a1 cosandg 2)
where Q is the invariant and can be obtained by

integrating I1(q)g” over all the range of scattering
angles.

0= ¢@dq 3
JO

Typical correlation functions ¥,(r) of these polyure-
thanes are shown in Figure 5. The periodicity, Lp,

Table V. SAXS lamellar repeat distances of polyurethanes an-
nealed at room temperature.

Polyurethane PU-7-5  PU-6-6-1 PU-6-6-2
L (nm) (from invariant Q) 17.2 11.7 11.2
Lip (nm) (from yp) 18.4 11.3 11.4

v (r)

' | ' I T I i |
0.00 10.00 20.00 30.00 40.00
r (nm)

Figure 5. One dimensional correlation functions ¥,(r) of PU-7-7,
PU-6-6-1, and PU-6-6-2.

can be estimated from the position of the first sub-
sidiary maximum in these correlation functions. The
inter-domain spacing, L and L,p, are listed in Table
V. The results of Figures 4 and 5 showed that PU-
6-6-1 and PU-6-6-2 had similar L (or L,p) values,
but the L (or L,p) values of PU-6-6-1 and PU-6-6-2
were shorter than those for PU-7-5.

For polyurethane containing amorphous soft
segments with crystalline hard segments dispersed
in the amorphous soft domain, the X-ray scattering
is contributed mainly by the hard segments (the aro-
matic hard segments had a higher electron density
than the aliphatic soft segments). However, for poly-
urethanes containing crystalline soft segments with
amorphous hard segments, the X-ray scattering
comes mainly from the crystalline soft segments with
a higher electron density. Figure 6 shows the graph
of the morphology of PU. This graph indicates that
the average inter-domain spacing (L or L;p) of SAXS
depends on (1) the molecular chain length of the
polyester segments, (2) the molecular chain length
of the hard segments, (3) the number and sizes of



Figure 6. Morphology of polyurethane. (g,) soft segments, (=)
hard segments, (1) soft segment ordering domain, (2) short range
ordering hard segment domain, (3) long range ordering hard seg-
ment domain, and (4) microcrystalline structure of hard segments.

soft segmental crystallites, and (4) the number and
sizes of hard segmental crystallites. A shorter poly-
ester molecular chain length would cause a shorter
inter-domain spacing between the hard-hard or soft-
soft domains. Thus for polyurethanes with a similar
degree of soft and hard segmental crystallinity and
crystallite sizes, those with shorter soft segment mo-
lecular chain lengths should have shorter inter-do-
main spacing L (or L;p). For PUs with the same
soft and hard segmental molecular chain lengths,
those with lower degrees of crystallinity (or smaller
crystallite sizes or higher crystallite particle numbers)
should have shorter inter-domain spacing.

Since PU-6-6-1 and PU-7-5 had similar poly-
ester soft segment molecular chain lengths, the dif-
ference in the L (or L;p) values between these two
polyurethanes depends on the hard and soft segmen-
tal crystallite sizes and particle numbers. However,
the polyester soft segment chain length of PU-6-6-2
was shorter than those of PU-6-6-1 and PU-7-5; the
difference in the L (or L;p) values between PU-6-6-
2 with PU-6-6-1 or PU-6-6-2 with PU-7-5 depended
not only on the hard and soft segmental crystallite
sizes and crystallite particle numbers but also on the
polyester soft segmental chain lengths. The melting
temperature T, and melting enthalpy AH,, are indi-
cators of crystallite sizes and degree of crystallinity,
respectively. A larger crystallite size would cause a
higher T,,. The value of AH,, is proportional to the
product of crystallite sizes and crystallite particle
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numbers. From the DSC data, we know that PU-6-
6-1 had a very high degree of soft segment crystal-
linity (AH,,; = 34.8 I/g) and a low degree of hard
segment crystallinity (AH,, = 3.2 J/g), while PU-7-
5 had a low degree of soft segment crystallinity
(AHy; = 4.2 J/g) and a medium degree of hard seg-
ment crystallinity (AH,»(11) + AH,»(III) = 19.0 J/g).
Both the crystallized soft and hard segments might
have contributed to the X-ray scattering. The L (or
Lip) was an average distance between the soft and
hard segment ordering domains. The shorter L (or
L,p) of PU-6-6-1 compared to that of PU-7-5 could
be due to the very high degree of soft segment crys-
tallinity of PU-6-6-1, which reduced the size of the
disordering domains and thus reduced the distance
between the ordering domains.

The DSC data showed that PU-6-6-2 (T,,,,(II} =
43 °C, AH,,,; = 2.0 J/g for soft segments and T »(I)
=71 °C, AH (1) = 2.1 J/g, Tyo(Il) = 162 °C,
AH»(IT) = 8.6 J/g for hard segments) had a much
lower degree of soft segment crystallinity than PU-
6-6-1 (T, (I) = 46 °C, T,;(I) = 19 °C, AH,,,;(I+IT)
= 34.8 J/g) and a lower degree of hard segment crys-
tallinity and smaller crystallite sizes than PU-7-5
(Tm2(Il) = 162 °C, T p(11I-a) =185 °C, To(I1I-b) =
198 °C, AH,»(II+III) = 19.0 J/g). Thus the overall
soft and hard segment crystallite sizes and degree of
crystallinity of PU-6-6-2 were between those of PU-
6-6-1 and PU-7-5. If these three polyurethanes had
similar polyester soft segment molecular chain
length, then the L (or L,p) value of PU-6-6-2 should
be between those of PU-6-6-1 and PU-7-5. However,
the shorter polyester soft segmental molecular chain
length (which also resulted in a shorter hard seg-
ment molecular chain length) caused PU-6-6-2 to
have an L (or L,p) shorter than that of PU-7-5 but
similar to that of PU-6-6-1 (because PU-6-6-1 had a
much higher degree of soft segmental crystallinity).

3. FTIR study

Almost all of the infrared research on PU has
been focused on two principal vibrational regions:
the N-H stretching vibration (3200-3500 cm™) and
the C=0 stretching vibration amide-I region (1637-
1730 cm™}) [39-46]. In this investigation, FTIR was
used to study the effect of polyester crystallinity on
the hydrogen bonding behavior of PU. The infrared
spectra for PU-6-6-1, PU-6-6-2, and PU-7-5 annealed
at room temperature are shown in Figure 7. Figure
8 illustrates the infrared spectra of N—H and the
C=0 stretching vibrations of these polyurethanes.
There are distinct differences between the spectra at
N-H stretching and at the C=0 stretching regions
with different degrees of hard segmental and poly-
ester soft segmental crystallinity, due mainly to peak
shifts and intensity changes.
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Figure 7. FTIR spectra of PU-7-5, PU-6-6-1, and PU-6-6-2.

It is well-known that the infrared absorbance
of H-bonded urethane carbonyl appears at lower
wave numbers than that of free urethane carbonyl
[41-43]. The amide-I infrared spectra of semi-crys-
talline samples such as nylons [44] and polyurethanes
[45] have been reported to comprise distinct spec-
tral features due to the degree of carbony! H-bonding.
In order of increasing wave numbers, these are H-
bonded carbonyl groups in ordered ("crystalline")
soft domains (1624-1656 cm™), H-bonded carbonyl
groups in ordered ("crystalline") hard domains (1699-
1706 cm™), H-bonded carbonyl groups in disordered
("amorphous") conformations (1714-1718 cm™), and
non-H-bonded (free) carbony!l groups (1731-1733
cm™). Similarly, two distinct bands are observed in
the N—H stretching region, i.e., 3320-3329 and 3441-
3450 cm™', which are attributed to H-bonded and
"free” N—H stretching vibrations, respectively [46].
As shown in Figures 7 and 8, the IR spectrum of
PU-6-6-1 exhibited three C=0 amide-I bands, i.e.,
strong free carbonyl stretching (1732 ¢m™), weak
shoulder H-bonded carbonyl stretching in hard do-
mains (1701 cm™), and a medium H-bonded carbo-
nyl stretching in soft domains (1637 cm™). Only
two C=0 amide-I stretching bands were observed in
the IR spectra of PU-6-6-2 and PU-7-5, i.e., strong
free carbonyl stretching (1732 cm™) for both
polyurethanes, a medium H-bonded carbonyl stretch-
ing in hard domains (1701 cm™) for PU-6-6-2, and
a strong H-bonded carbonyl stretching in hard do-
mains (1701 cm™) for PU-7-5. Skrovank et al. [44],
using FTIR, studied H-bond formation of nylon-11.
Their results showed three amide-I carbonyl stretch-
ing bands, i.e. free carbonyl groups (1680 cm™), H-
bonded carbonyl groups in disordered conformation
("amorphous") (1656 cm™'), and H-bonded carbonyl

H bond C=0
1716 cm=1)
H bond N-H (
-1 Free C=0 H bond C=0
(3320 cm™) (1732 cm‘l)\ l /(1701 em1)
Free N-H l
(3450 cm™!)

o
< (S5
S

Absorbance (a.u.)

PU-7-5

PU-6-6-2
1637 cm™!
PU-6-6-1
3500 3300 3107 1800 1700 1600

Wavenumber (cm™)

Figure 8. FTIR spectra of N-H and C=O stretching vibrations of
PU-7-5, PU-6-6-1, and PU-6-6-2.

groups in ordered conformation ("crystalline™) (1638
cm™'). Interestingly, the peak frequency of H-bonded
carbonyl stretching in the ordered domains (1638
cm™) of nylon-11 is very close to that of H-bonded
carbonyl stretching in the soft domains (1637 cm™)
of PU-6-6-1. Since nylon-11 is an aliphatic
polyamide, we believe that the —C=0 stretching at
1637 cm™ of PU-6-6-1 was due to the H-bonded -
C=0 formed from the —NH of urethane and -C=0
of polyesters. No —C=0 stretching at 1637 c¢cm™
was observed for PU-6-6-2, indicating that no H-
bond formed between the hard segmental —-NH and
soft segmental —C=0 groups. It is obvious that the
trapping and dispersing of hard segments inside the
soft ordered domain caused the H-bond formation
through hard segmental —NH and soft segmental —
C=0 groups in PU-6-6-1.

The H-bonded N—H stretching frequency does
not exhibit separate features attributable to ordered
and disordered H-bonded conformations but rather
reflects the overall distribution of H-bonded strength.
In Figure 8, the peak height of the 1701 cm™' absor-
bance band decreased in the following sequence: PU-
7-5 > PU-6-6-2 > PU-6-6-1. Similar behavior was
also observed in the absorbance band of the N-H
stretching vibration, i.e., the free ~NH stretching ab-
sorbance band at 3450 c¢m™' increased in the follow-
ing sequence: PU-7-5 < PU-6-6-2 < PU-6-6-1, indi-
cating the degree of hard segmental H-bonding de-
creased sequentially from PU-7-5 to PU-6-6-2 then
PU-6-6-1.

4. Discussion

The morphology of polyurethanes depends on
the following factors: (1) the compatibility of the
soft and hard segments; (2) the polyester soft seg-



mental chain length; (3) the geometric fits of soft-
to-soft segments, soft-to-hard segments, and hard-
to-hard segments; and (4) the mobility of hard seg-
ments inside the soft domain [14,15]. Since the re-
peat units of polyester-6-6 and polyester-7-5 had the
same molar fraction of the —COOQO group, these two
polyesters should have the same solubility
parameters. The compatibility of PU hard segments
with soft segments should be similar for all PUs.
Under the same processing conditions and thermal
history, the morphology of PUs should depend on
factors (2), (3), and (4). PUs polymerized from poly-
ester soft segments with longer molecular chains
should result in longer hard segmental chain lengths.
From the thermodynamic point of view, PUs with
longer soft and hard segmental chains should have a
higher degree of soft and hard segmental phase
segregation. As a result of annealing the PU at a
temeprature higher than the T, of the hard segments
(around 80 °C), the soft segments behaved like flex-
ible coils while the hard segments behaved like rigid
chains. The mobility of the hard segments inside
the soft-domain decreased with increasing hard seg-
mental chain length. Increasing the mobility of hard
segments increases the chance of the hard segments
moving out from the soft domain and forming or-
dered hard segment domains through —NH---O=C-
hydrogen bonds. From a kinetic point of view,
increaing the hard segmental chain length caused a
decrease in hard segmental mobility leading to a
decrease in the degree of hard segmental
crystallinity.

Another factor controlling the phase segrega-
tion of soft and hard segments is the geometric struc-
ture of soft and hard segments. Figure 1 shows the
geometric structures of "MDI+1,4-butanediol” hard
segments, polyester-6-6, and polyester-7-5. Since
all the PUs had hard segments consisting of even
carbon monomers, it is obvious that PU-6-6 had a
better hard-to-soft geometric fit than PU-7-5. Fig-
ure 1 also shows that the polyester "zig-zag" struc-
ture caused PU-6-6 to have a better soft-to-soft geo-
metric fit than PU-7-5.

The polyester soft segments of PU-6-6-1 and
PU-7-5 have a similar molecular weight distribution.
The difference in morphology between these two PUs
depends on the hard-to-soft segmental geometric fit.
Becase of the better hard-to-soft segmental geomet-
ric fit while the PU was cooled from 230 °C to a
temperature above T, of hard segments, PU-6-6-1
formed fewer hard-to-hard segmental -NH.:--O=C hy-
drogen bonds than PU-7-5 did. When PU was an-
nealed at a temperature below Ty, of soft segments,
because of the better soft-to-soft geometric fit, PU-
6-6-1 had a higher degree of polyester soft segmen-
tal crystallization than PU-7-5 did. The DSC data
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Figure 9. DSC curves of PU-6-6-1, PU-6-6-2, and PU-7-5 after
annealing at 150 °C for 48 hr then quenched to -80 °C with
liquid nitrogen.

revealed that PU-6-6-1 had a higher degree of soft-
segment crystallinity while PU-7-5 had a higher de-
gree of hard-segmental crystallinity. FTIR data
showed that only PU-6-6-1 had —C=0 stretching at
1637 cm™, indicating the trapping and dispersing of
hard segments inside the polyester soft segmental
ordered domain.

Since PU-6-6-1 and PU-6-6-2 had the same soft
segment chemical structures and soft segment con-
tents but different soft segmental molecular chain
lengths, these two polyurethanes had similar soft and
hard segmental compatibility and a similar soft-to-
hard segemental geometric fit. The difference in
morphology of these two polyurethanes depends on
the soft and hard segmental molecular chain lengths.
The soft segment molecular weight of PU-6-6-1 was
higher than that of PU-6-6-2; thus PU-6-6-1 con-
sisted of longer soft and hard segmental chain
lengths, i.e., a lower number of soft-hard block re-
peat units. Owing to the longer hard segmental chain
length, at a temperature higher than hard segmental
T, the mobility of hard segements inside the soft
domain was slower for PU-6-6-1 than for PU-6-6-2.
When PU was cooled from 230 °C to a temperature
above T, of hard segments, PU-6-6-1 exhibited fewer
hard segments moving out from the soft domain and
thus a lower degree of hard segemental crystallinity
than PU-6-6-2. Athough both PU-6-6-1 and PU-6-
6-2 had been annealed at 150 °C for 48 hr, the de-
gree of hard segmental crystallinity of PU-6-6-1 was
still much lower than that of PU-6-6-2 (Figure 9).
Thus in the present case, kinetic control was the key
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factor in hard segmental crystallization. As the PU
was cooled froom 230 °C to a temperature below T,
of the hard segments, hard segmental crystallite
formed in PU-6-6-2 but very few crystallites formed
in PU-6-6-1. Since the hard segmental crystallites
acted as physical crosslinks and restricted the mo-
tion of the soft segments, the mobility of the soft
segments was lower for PU-6-6-2 than for PU-6-6-1
when they were annealed at room temperature. Since
PU-6-6-1 had a higher soft segmental mobility at
room temperature and a higher soft segmental mo-
lecular weight, both kinetics and thermodynamics
favored PU-6-6-1 having a higher degree of soft seg-
mental crystallinity. Our experimental results re-
vealed that PU-6-6-1 had a higher-degree of soft
segmental crystallinity and a lower degree of hard
segment ordering than PU-6-6-2 had.

The morphological difference between PU-6-
6-2 and PU-7-5 depends on (1) soft-to-soft and hard-
to-soft segmental geometric fit and (2) soft and hard
segmental molecular chain lengths. The polyester
soft segments containing even carbon monomers had
a better soft-to-soft geometric fit and thus a higher
degree of soft segmental crystallinity. Though PU-
6-6-2 had a shorter polyester soft segmental chain
length than PU-7-5 did, the better soft-to-soft geo-
metric fit of PU-6-6-2 led it have a similar degree
of soft segment crystallinity as PU-7-5 did (DSC
data AH,,,(I+1I) = 2.0 and 4.2 J/g for PU-6-6-2 and
PU-7-5, respectively). The higher polyester soft seg-
ment molecular chain length and worse soft-to-hard
segmental geometric fit resulted in a higher degree
of soft and hard segment phase segregation. PU-7-5
(odd carbon monomer soft segments with even car-
bon monomer hard segments) had a worse soft-to-
hard segmental geometric fit and higher polyester
molecular chain length than PU-6-6-2 (even carbon
monomer soft segments with even carbon monomer
hard segments); thus PU-7-5 had a higher degree of
hard segment crystallinity than PU-6-6-2.

Conclusion

In this study, using DSC, FTIR, and SAXS, we
showed the morphology of polyester-based polyure-
thane was strongly affected by (1) the polyester soft
segmental chain length; (2) the geometric fits of soft-
to-soft segments, soft-to-hard segments, and hard-
to-hard segments; and (3) the mobility of hard seg-
ments inside the soft domain.
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