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Abstract

As part of our continuing effort to understand microphase separation of poly(urethane urea) block copolymers, FTIR spectroscopy and

thermal techniques (DSC and DMA) were used to investigate the phase behavior of two series of MDI–polytetramethylene oxide soft

segment copolymers, chain-extended with ethylene diamine or a diamine mixture. Due to the complex nature and multiple absorbances in the

carbonyl and N–H regions of the FTIR spectra, quantitative analysis was not possible. However, qualitative trends could be discerned, and

the spectral changes were found to be in excellent agreement with our previous quantitative analysis of the same copolymers using small-

angle X-ray scattering. DSC and DMA experiments both indicate that the soft phase Tg decreases with increasing hard segment content. This

is contrary to increased hard segment mixing in the soft phase, but can be rationalized by taking into consideration soft segment crystallinity

and the concentration of ‘lone’ MDI units in the soft phase.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Segmented polyurethane block copolymers are reg-

ularly used in cardiac surgery, e.g. as intraaortic

balloons, in catheters, and as blood sacs and other

components in cardiac assist devices [1]. There are also

a number of fully implantable medical devices on the

horizon that make significant use of multiblock

polyurethanes as blood-contacting materials: e.g. the

Arrow LionHeart ventricular assist device and the

Abiomed AbioCor total artificial heart. The design of

polymeric materials for these applications is a challen-

ging problem. For example, the material used to

construct the blood sacs in the pumping chamber of

the latter devices must be elastomeric, have outstanding

flexural fatigue characteristics, as well as good biocom-

patibility. In addition, the polymer must be amenable

to processing into complex shapes and have low

permeability to water and gases. The permeability

issue is an important one if the patient is to be self-

sufficient, and some of our recent research has

addressed this topic [2,3].

Diamine chain-extended polyurethanes [i.e. poly

(urethane urea)s] are of particular interest in biomedical

applications. It is well established that such copolymers

usually phase separate into high Tg (sometimes crystalline)

‘hard’ domains and relatively low Tg ‘soft’ domains, on

cooling from the melt or precipitation from solution [4–7].

The degree to which the hard and soft segments microphase

separate and the resulting morphology have a profound

effect on the copolymer’s ultimate properties. Despite their

importance, there is, in general, inadequate understanding of

hard segment–soft segment phase separation and the

influence of thermal and process history on phase separation

in these materials.

2. Background

We embarked a few years ago on the study of the

nanoscale morphology and intersegment mixing of two

series of segmented polyurethane copolymers (termed
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Series I and II throughout this article, see the next section)

prepared using a 2000 g/mol poly(tetramethylene oxide)

[PTMO], end-capped with 4,40-methylene di( p-phenyl

isocyanate) [MDI], and chain extended with ethylene

diamine [EDA] or a diamine mixture [EDA and 1,-4

diamino cyclohexane (DACH)]. The phase separated

morphology of these materials was characterized by tapping

mode atomic force microscopy (AFM) [8]. Phase images of

free surfaces of films (cast from DMAc) of all Series I and II

copolymers exhibit both randomly oriented cylinders and

domains that appear more or less spherical. The hard

domains have lateral dimensions on the order of 5–10 nm,

and the lengths of the cylinders can exceed 100 nm. The

widths of the hard domains are comparable to the average

sizes reported for other solution cast segmented poly-

urethanes from AFM and transmission electron microscopy

experiments [9,10].

A second group of AFM experiments was conducted

on slightly thicker cast films of the Series I and II

polymers, that had been ultracryotomed or freeze-

fractured through their cross-section at low tempera-

tures. Hard domains are apparent at low tapping forces

in the cross-sections, in comparison to images of free

surfaces, presumably because of the absence of a soft

phase overlayer. Many of the hard domains seen in the

cross-section of the copolymers were approximately

spherical in shape, while others are modestly elongated.

The two-dimensional power spectral densities of a

cross-sectional image of a selected copolymer (having

22 wt% hard segments) yielded an average interdomain

spacing of ,12 nm, in good agreement with an

interdomain spacing of 13 nm derived from small-

angle X-ray scattering (SAXS) experiments on the

identical copolymer. At higher hard segment contents

(i.e. $30 wt% hard segment) larger structures are

observed in AFM phase images, which upon imaging

at low tapping forces are seen to be aggregates of the

smaller hard domains.

The domain morphology of the copolymers can be

clearly characterized in the AFM experiments, but they do

not provide insight into how efficiently the hard and soft

segments are phase separated. For this we turned to SAXS

experiments [11,12]. Since the Series I and II copolymers

clearly exhibit a non-lamellar morphology, we used a

general approach to analyze the SAXS data, that never-

theless permits quantification of overall degrees of phase

separation, the influence of interfacial boundaries, and

mixing of unlike segments in the hard and soft domains.

This approach involves measuring the scattering invariant

(determined from the total scattered intensity) and using this

to calculate experimental electron density variances. The

experimental variances are then compared to a calculated

(theoretical) variance for the case of complete hard

segment–soft segment separation. The details of these

calculations and the overall approach are summarized in

Refs. [11,13,14].

Below ,22% hard segment content, overall degrees of

phase separation4 of the Series I copolymers increase with

increasing hard segment content, as shown in Fig. 1. This

supports the idea of a critical hard segment sequence length,

above which hard segments reside in hard domains, and

below which they are dissolved in the soft phase [15].

However, for the higher hard segment content Series I

copolymers, the overall degrees of phase separation are

significantly reduced. This behavior arises from the non-

equilibrium condition of the higher hard segment content

materials, as verified in annealing experiments [12]. It is of

interest to compare the degrees of phase separation for these

diamine chain-extended copolymers with comparable diol

[i.e. ethanediol] chain-extended materials. However, the

only other similar series of data that appears in the literature

are for copolymers prepared from MDI, butanediol (BDO)

and a 2000 molecular weight polypropylene oxide macro-

diol [14]. Nevertheless, the phase separation values for these

copolymers are also plotted in Fig. 1. The diamine chain-

extended copolymers generally exhibit greater degrees of

phase separation at comparable hard segment contents,

although the kinetic effects noted above are important in

limiting demixing for copolymers having only 30 wt% hard

segments. A similar restriction in demixing is observed for

the MDI/BDO/PPO copolymers, although this sets in at

higher hard segment contents.

Common poly(urethane urea)s are not truly thermoplas-

tic since they cannot be melt processed due to soft phase

degradation at temperatures below the hard domain glass

transition or melting temperature. As a result, components

of medical devices made from these materials must be

manufactured by casting the polymer from solution.

Fig. 1. SAXS degrees of phase separation for MDI–EDA–2K PTMO

copolymers used in this study (filled symbols) and MDI–BDO–2K PPO

copolymers (open symbols) from Ref. [14]. The curves through the two

data sets were drawn simply to guide the eye, and are not meant to imply a

particular functional form.

4 The ‘overall degrees of phase separation’ as determined by this

approach are based on the total number of hard and soft segments. One

cannot distinguish between mixing of hard segments in soft domains and

vice versa using this method.
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Consequently, we previously explored the role of the

solution casting process, and subsequent thermal history,

on the phase separated morphology and segment intermix-

ing in the domains [12].

In summary, microphase separation of segmented

polyurethanes is probably the single most influential

characteristic of these materials. The degree of phase

separation plays a key role in determining mechanical

properties [15–17] and, apparently, blood compatibility

[18], both vital in biomedical applications. Phase separation

in multiblock polyurethane copolymers has been studied by

a variety of techniques that approach the problem from

different perspectives. In the present study, we augment our

earlier AFM and SAXS studies with a parallel investigation

of hydrogen bonding characteristics via Fourier Transform

Infrared (FTIR) spectroscopy and of the various transition

temperatures and transition enthalpies. We conclude with a

brief discussion of hard domain order.

3. Experimental

3.1. Poly(urethane urea) copolymers

The synthesis of the two series of diamine chain-

extended polyurethanes used in the present study was

described in a previous publication [11]. The molecular

weight distributions, relative to poly(ethylene oxide)

standards, were determined using gel permeation chroma-

tography. Dimethylformamide–0.05 M lithium bromide at

80 8C was used as the mobile phase. The apparent weight

average molecular weights and polydispersity indices for all

copolymers are provided in Table 1.

The copolymers used in the present research are identical

to those used in our previous studies [8,11,12]. EDA alone

was used as the chain extender in the first group of

copolymers, referred to as Series I. The Series I copolymers

are identified by ‘PUU’ and a number denoting the hard

segment weight fraction (calculated by assigning all MDI

and EDA units to the hard segment). All copolymers in

Series II have the same hard segment weight fraction (0.22),

but a portion of the EDA was replaced with DACH such that

the relative molar ratio of EDA as the chain extender varied

from 1 to 0.65. The second diamine was incorporated in

order to partially disrupt hydrogen bonding in the hard

phase. In designating the Series II copolymers, the hard

segment weight fraction appears first, followed by the

percentage of total diamine that is DACH.

3.2. Characterization

3.2.1. Fourier transform infrared spectroscopy

Several drops of ,3 wt% solutions of the copolymers in

DMAc were placed on polished KBr windows with a

disposable pipette. These samples were then dried in an

oven at 70 8C under vacuum. If necessary, the amount of

polymer solution was adjusted to yield films of an

appropriate thickness required to stay within the range of

Beer’s Law. FTIR experiments were conducted on a Biorad

FTS 45 spectrometer. Each sample was scanned 64 times at

a resolution of 2 cm21 and the scans were signal averaged.

3.2.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) evaluation of all

samples was conducted using a Seiko DSC 220 CU

equipped with a liquid nitrogen cooling accessory. Samples

were first cooled to 2130 8C then heated to 150 8C at a rate

of 10 8C/min. After holding at 150 8C for 10 min the

samples were cooled again to 2130 8C and finally heated to

either 280 or 300 8C at the rate of 10 8C/min.

3.2.3. Dynamic mechanical analysis (DMA)

Samples for DMA experiments were cut from films cast

under identical conditions as those used in previous studies.

Samples were cut to 10 mm £ 40 mm, and the thickness of

the films measured with a micrometer. Multiple thickness

measurements were averaged and were generally on the

order of 200 mm.

Storage ðE0Þ and loss moduli as a function of temperature

were measured using a Polymer Laboratories Dynamic

Mechanical Thermal Analyzer in tensile mode. A tempera-

ture programmer was connected to a liquid nitrogen delivery

system. All samples were scanned from 2130 to 200 8C at

3 8C/min and a frequency of 1 Hz. A constant force of 0.8 N

was applied to all samples and maintained throughout the

experiment.

3.2.4. Copolymer thermal stability

Thermogravimetric analysis experiments on the Series I

and II copolymers indicate that they do not lose appreciable

mass until 200 8C [19]. However, chemical degradation may

of course occur in the absence of significant weight loss, and

FTIR temperature studies were conducted to investigate this

possibility. Changes in the spectra at higher temperatures [19]

Table 1

Series I and II poly(urethane urea) copolymers

% DACH Mw g/mol Mw=Mn

Series I

PUU 14 – 50,900 1.6

PUU 17 – 81,400 2.2

PUU 22 – 47,800 2.0

PUU 30 – 33,300 2.3

PUU 37 – 37,900 2.7

PUU 43 – 20,800 2.5

PUU 47 – 14,200 2.3

Series II

PUU 22 0 47,800 2.0

PUU 22-5 5 39,800 1.9

PUU 22-15 15 46,000 2.3

PUU 22-25 25 57,600 2.1

PUU 22-35 35 76,300 3.0
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are indicative of soft segment degradation. This is not

particularly surprising in that polyethers are well known to

be susceptible to oxidation and are degraded by attack from

molecular oxygen and peroxides. The mechanism is via attack

of the a methylene group and reaction to form CyO [20],

decreasing the number of ether moieties while increasing the

non-hydrogen bonded carbonyls. This process is detected at

,190 8C, about 50–60 8C lower than the traditional 2%

weight loss marker in the TGA experiments.

In order to determine the maximum temperature to which

the copolymers could be exposed without inducing

oxidative degradation, a second series of FTIR temperature

studies were conducted. FTIR spectra were acquired every

20 8C while samples were heated to a maximum tempera-

ture and subsequently cooled to room temperature. There

were no discernible differences in any spectrum during

heating to temperatures up to 150–170 8C and hence this is

generally the maximum temperature samples were exposed

to during any temperature excursion.

4. Results and discussion

4.1. Fourier transform infrared spectroscopy

4.1.1. Series I copolymers

There are two regions of the FTIR spectra of particular

interest in the investigation of phase separation of

segmented poly(urethane urea)s. The first is the carbonyl

stretching region, which contains at least five separate bands

and is located between ,1620 and 1760 cm21. This region

is shown in Fig. 2 for selected Series I copolymers. The

absorbance at 1636 cm21 represents CyO groups that are

hydrogen-bonded to urea N–H groups in a ‘three-dimen-

sional’ hydrogen bond [21–23] where one CyO is hydrogen

bonded to both N–H groups of a nearby urea moiety. This is

conventionally referred to as an ‘ordered’ urea CyO, but

does not necessarily indicate a crystalline hard domain.

Urea CyO groups may also hydrogen bond to only one urea

or urethane N–H, in a disordered fashion. This peak is

located at 1666 cm21, while the non-hydrogen bonded urea

CyO is located around 1700 cm21 [23,24]. It seems likely

that both contribute to the intensity between ,1710 and

1650 cm21 in Fig. 2. The hydrogen-bonded and non-bonded

urethane CyO are found at 1715 cm21 and 1732 cm21,

respectively [22,25]. Non-bonded carbonyls may not be

completely ‘free’, as the corresponding N–H in the urethane

linkage may be bonded to another carbonyl, or to an ether

oxygen of the soft segment [24,26]. It has been proposed

that the relative degree of microphase separation in amine

chain-extended polyurethanes can be assessed by determin-

ing the degree of urea CyO hydrogen bonding [27], and that

an increase in the extent of microphase separation is

accompanied by an increase in absorbance of the ordered

urea CyO peak [24].

Due to the number and relatively poor resolution of the

bands in this region in Fig. 2, quantitative peak analysis is

inappropriate. However, qualitative trends can be discerned.

Each spectrum in Fig. 2 was first normalized using the area

of the 1412 cm21 peak, assigned to the C–C stretching

mode of the aromatic ring [28]. This peak has been used

previously [25,29] as a reference and its assignment is non-

controversial. The spectra were adjusted so that the relative

peak areas of the absorbance at 1412 cm21 are the same as

the calculated ratio of aromatic rings in the copolymers. A

second series of normalizations was also conducted using

the area of the peak at 821 cm21 (associated with the C–H

bending mode of the aromatic rings [25,29]) to confirm the

scaling factors.

The second area of interest is the N–H stretching region,

which is located between 3100 and 3500 cm21 and shown in

Fig. 3. The peak at 3320 cm21 has been assigned to the

stretching mode of hydrogen-bonded N–H in both urethane

and urea units [25,29] In model polyureas, this peak was

found to sharpen as the urea groups became ordered [23]

Disordered, hydrogen-bonded N–H groups are character-

ized by absorbance near 3390 cm21, and the peak due to

non-bonded N–H groups is located near 3450 cm21 [23].

In Fig. 2, it is seen that the intensity of the ordered urea

CyO peak increases with increasing hard segment content

up to PUU 22, indicating a increase in hard–soft segment

phase separation with increasing hard segment content. For

Fig. 2. FTIR spectra of selected Series I copolymers in the carbonyl

stretching region.

Fig. 3. N–H stretching region of FTIR spectra of selected Series I

copolymers.

J.T. Garrett et al. / Polymer 44 (2003) 2711–27192714



PUU 30, the intensity of the bonded urea CyO peak is

approximately the same as that for PUU 22, but the

absorbance in the region of the disordered and free urea

CyO is significantly increased. A decrease in the ratio of the

absorbance of the ordered peak at 1636 cm21 to that of the

disordered and free urea CyO suggests a decrease in hard

segment–soft segment phase separation, compared to PUU

22. In the spectrum of PUU 37, the intensity of the urea

peaks increases by approximately the same amount,

indicating a degree of microphase separation on the same

order as that of PUU 30. Finally, the peak associated with

ordered urea carbonyls is virtually absent in the spectrum of

PUU 47 and the relative intensity of the disordered and

bonded urea CyO has increased significantly. Therefore, the

ratio of ordered to disordered/free urea CyO is heavily in

favor of the disordered/free carbonyls, indicative of even

less phase separation than in PUU 30 and 37.

The N–H region of the spectra confirms these con-

clusions. The intensity at 3320 cm21 increases with hard

segment content for PUU 17 and 22, without significant

intensity around 3390 cm21. The relatively sharp band at

3320 cm21, indicating ordered N–H, does not increase

significantly from PUU 22 to PUU 30, but PUU 30 does

exhibit broadening in this region. This implies an increase in

disordered N–H in the absence of a corresponding increase

in ordered N–H groups and is consistent with a decrease in

phase separation. The shape of the absorbance in this region

for PUU 37 (although of higher intensity) is similar to that

of PUU 30 and only a broad peak is observed in this region

for PUU 47. The peak shape for the latter is similar to that

seen for an amorphous polyurea [23], which points to

primarily disordered hard domains and lower phase

separation for PUU 47, compared to PUU 30 and 37.

Finally, note the excellent agreement between the

conclusions derived from the FTIR spectra, and those

from the quantitative SAXS determination of overall

degrees of phase separation [11] shown in Fig. 1.

4.1.2. Series II copolymers

The FTIR spectra of the CyO stretching region of

selected Series II copolymers are shown in Fig. 4.

Substitution of DACH for some of the EDA chain extender

results in a significant reduction in hydrogen bonding in the

hard domains. The intensity of the 1636 cm21 band is

significantly reduced, and some additional intensity is

observed around 1700 cm21. This is consistent with a

transition of bonded and ordered urea CyO to non-bonded

CyO, and indicates that the addition of the second diamine

causes a reduction in the degree of phase separation for

copolymers with the same hard segment content. Again,

these results are in excellent agreement with our previous

SAXS determination of overall degrees of phase separation.

4.2. Phase transitions

4.2.1. Series I copolymers

Representative thermograms for the Series I copolymers

obtained on heating, after cooling to 2130 8C, are shown in

Fig. 5. The arrows in the figure indicate the location of the

soft phase glass transition temperature, Tg;s; which increases

in breadth at higher hard segment contents. The Tgs and any

Tms of the hard domains could not be determined due to the

onset of degradation at temperatures .150– 170 8C.

However, like others [5,30] we did observe an endotherm

in the 270–290 8C temperature range for all Series I

copolymers.

Particularly at lower hard segment contents, Tg;s is

followed by an exotherm, indicative of (additional) soft

segment crystallization on heating. The melting endotherms

associated with crystalline soft segments (crystallization

occurs on cooling below ambient) are observed between 0

and 20 8C, with melting points ðTm;ssÞ increasing as hard

segment content decreases. Tg;s as well as Tm;ss and the

crystallinity of the soft segments are summarized in Table 2.

The reported soft segment crystallinity has been normalized

to the weight fraction of the soft segments in the copolymer,

and calculated based on the heat of fusion of 100%

crystalline PTMO, 201 J/g [31]. The decrease in crystal-

linity and Tm;ss with increasing hard segment content is

likely associated with increased mixing of hard segments in

the soft domains, as shown by our SAXS experiments.

For higher hard segment content copolymers (PUU 43

and 47), a broad endotherm is observed between ,40 and

80 8C. For polyurethanes synthesized from diisocyanates

and diols, a transition in this temperature range has been

Fig. 4. FTIR spectra of selected Series II copolymers in the carbonyl

stretching region.

Table 2

Soft phase Tgs; Tms; and degrees of crystallinity for Series I copolymers

Sample Tg;s

(8C)

Tm;ss

(8C)

Normalized soft segment crystallinity

(%)

PTMO diol (2K) 278 43 89

PUU 14 264 16 26

PUU 17 266 9 18

PUU 22 267 4 18

PUU 30 273 2 7

PUU 37 274 1 6

PUU 43 274 1 5

PUU 47 277 0 4
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assigned to the disruption of short-range order [32,33] or the

hard domain Tg; Tg;h [15,34] The origin of this transition in

diamine chain-extended polyurethanes has only been

investigated in one previous FTIR study. Ishihara et al.

observed a decrease in the intensity of the hydrogen-bonded

N–H absorbance (3320 cm21) as their poly(urethane urea)

sample was heated to 100 8C, but observed no changes in the

carbonyl stretching region [29]. Consequently, these authors

argued that this was a result of disruption of N–H to ether–

O–hydrogen bonds in the soft phase. However, FTIR

spectra as a function of temperature of the Series I and II

copolymers (not shown) display changes in both the CyO

stretching and hydrogen-bonded N–H regions. Conse-

quently, changes in N–H hydrogen bonding cannot be

exclusively attributed to disruption of H-bonding in the soft

phase.

The DMA storage modulus ðE0Þ is plotted as a function of

temperature for the Series I copolymers in Fig. 6a. The

corresponding tan d–T plots are shown in Fig. 6b. In the

glassy state, the storage moduli of all copolymers are on the

order of 109.5 Pa, a typical value for polymer glasses. There

is a significant reduction in E0 as the specimens pass through

the aa transition, which is associated with segmental motion

in the soft phase [35,36]. A peak corresponding to the aa

transition is readily apparent in the tan d–T plot, and the

temperatures of these transitions are presented in Table 3.

As expected, the location of the aa transition follows the

same trend with hard segment content as does Tg;s:

The aa transition is followed by a further reduction in

modulus near 0 8C, likely associated with the melting of the

soft segments that crystallize on cooling to low temperatures

prior to the DMA experiment. This transition generally

presents itself as a shoulder on the high temperature side of

the aa peak in the tan d curve. The strength of both the aa

and melting processes are dependent on copolymer content;

the strength of the aa transitions for copolymers higher in

soft segment content are larger. For the higher hard segment

content copolymers, a third transition is observed near

,150–180 8C, similar to data reported for other PTMO–

MDI–EDA copolymers [5]. DSC studies on TDI–EDA

[37] and MDI–EDA [38] polyurethanes have assigned a

transition in this region (,200 8C) to Tg;h: However,

another transition at an even higher temperature

(.250 8C) has been observed. As noted earlier, our higher

temperature DSC experiments reveal a similar endotherm

above 250 8C, but due to polymer degradation in this

temperature range the data are not presented here. This

Fig. 5. DSC thermograms of the Series I copolymers.

Fig. 6. (a) Storage modulus as function of temperature for the Series I

copolymers; (b) tan d as function of temperature for the Series I

copolymers.
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highest temperature transition is most often assigned to the

melting of crystalline hard domains [5] but has occasionally

been associated with the hard domain Tg; and/or the

dissociation of hard domain hydrogen bonding [30].

Finally, at temperatures above Tm;ss; E0 remains relatively

constant, and the average plateau moduli are presented in

Table 3. log E0 in the plateau region scales linearly with hard

segment weight fraction, for copolymers covering the range

of hard segment contents under investigation here.

The location of Tg;s as well as the enthalpy and location

of the soft segment melting endotherm are sometimes used

as indicators of phase purity in multiblock polyurethanes. If

the copolymer is assumed to behave like a blend of

homopolymers, the Tg of the phases in the blend can be

compared to those of the neat components to determine the

degree of hard/soft segment mixing. In the case of MDI–

EDA based polyurethanes, the Tgs of the hard domains are

inaccessible but the experimental soft phase Tgs can be

compared to that of the PTMO (2K) diol. As seen in Table 2,

the Tgs of the soft phase decrease with increasing hard

segment content. This has also been observed, although not

emphasized, in other DSC studies of diamine chain-

extended polyurethanes containing polyether [5,6,39] and

polyester [37] soft segments. If one follows the simple

argument advanced above, this would indicate that the soft

phase is becoming enriched in PTMO as hard segment

content increases. However, this is counter to intuition, as

well as the results of the SAXS experiments on the identical

copolymer samples.

The results of our previous SAXS studies show that

intersegment mixing is indeed an important factor, and

should be considered in the interpretation of Tg;s: Hard

segments have a much higher Tg than the neat soft segment

and the more hard segments trapped or dissolved in the soft

phase, the higher the expected Tg;s: Following from

interpretation of thermal analysis experiments on diol-

based polyurethanes, it is reasonable to assume to a first

approximation that the hard domains in the poly(urethane

urea)s under investigation here are pure (i.e. consist of hard

segments only) [14], and that shorter hard segment lengths

are the first to be dissolved into the soft phase [40,41]. This

being the case, the SAXS data indicate that the concen-

tration of hard segments in the soft phase increases with

increasing hard segment content. However, this argument is

not consistent with the observed decrease in Tg;s (or Ta;a)

with increasing hard segment content. Clearly, dissolved

hard segments in the soft phase are not the primary factor

determining soft phase Tg in the Series I copolymers.

There are several additional factors that need to be

considered to explain the peculiar decrease in Tg;s with

increasing hard segment content. Soft segments are

expected to be attached frequently to hard segments that

have segregated into high Tg hard domains. This would lead

to reduced mobility of at least a portion of such soft

segments, raising the Tg: Although this argument is in

keeping with the greater breadth of the Tg interval in the

higher hard segment copolymers, it is contrary to the

observed reduction in Tg;s with increasing hard segment

content.

The soft segment crystallinity that develops on cooling

also must be considered. The introduction of, and increase

in, crystallinity in polymers like poly(ethylene terephthal-

ate) is well known to result in an increase in Tg; and this has

been suggested for poly(urethane urea)s as well [6]. This is

due to the restriction in mobility of amorphous units due to

the anchoring of ‘neighboring’ segments by crystallites.

Lower hard segment content Series I copolymers crystallize

to a significantly higher extent (Table 2) and, if crystallinity

is the factor dominating Tg;s; Tg;s would be expected to

decrease as hard segment content in the PUU increases. This

is precisely what is observed experimentally, and agrees

with previous arguments that soft phase crystallinity is more

sensitive to phase composition than the soft phase Tg [18,

38].

Finally, the concentration of ‘lone MDIs’ in the soft

phase should be considered. A lone MDI occurs when both

isocyanate groups of a single MDI unit react with PTMO

macrodiols. This results in two PTMO chains joined in the

absence of any urea groups. The lone MDI species are not

expected to phase separate into hard domains, and

contribute only in the soft phase. The insertion of lone

MDI moieties into PTMO ‘chains’ would logically lead to

an increase in Tg;s: In fact, in research on 1:1 copolymers of

MDI and PTMO [42], it was inferred that such units can

raise Tg;s by 10 8C, similar to our observations in Table 2.

Due to the statistical nature of the end-capping reaction, the

lowest hard segment content copolymers are calculated [43]

to have the highest concentration of lone MDIs, and

considering only the effect of lone MDIs, they should

have the highest Tg;s:

Finally, it is worth pointing out the nearly constant values

of Tg;s for copolymers ranging from 30 to 43 wt% hard

segments. In light of the previous discussion, this is not

surprising in that the degree of soft segment crystallinity and

Table 3

Ta;a and plateau moduli for Series I and II copolymers

Ta;a (8C) Plateau modulus (Pa)

Series I

PUU 17 238 106.65

PUU 22 242 107.35

PUU 30 255 107.55

PUU 37 257 107.93

PUU 43 258 108.2

PUU 47 259 108.45

Series II

PUU 22-0 242 107.35

PUU 22-5 251 106.35

PUU 22-15 253 106.64

PUU 22-25 252 106.58

PUU 22-35 252 106.56
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calculated number of lone MDIs do not differ significantly

between these materials.

In summary, as evidenced by the preceding discussion,

the soft phase Tg of multiblock copolymers (particularly

those for which the soft segment crystallizes on cooling

below ambient) can be influenced by many factors. Great

care must therefore be exercised when any attempt is made

to ‘back out’ a soft phase composition from Tg;s; as is

sometimes done in the literature. Such an analysis is clearly

inappropriate for the copolymers under consideration here.

4.2.2. Series II copolymers

The DSC thermograms for the DACH containing

copolymers (Fig. 7) are very similar to PUU 22, with the

most noticeable difference being the larger crystallization

exotherm near 225 8C. Soft segments in PUU 22 are able to

crystallize more efficiently on cooling because there is less

segment intermixing in PUU 22 than in the DACH

containing copolymers [11]. The reduction in crystallinity

is quantified in Table 4. The degree of soft segment

crystallinity (based on the weight of PTMO in the

copolymers) is significantly reduced for all copolymers

containing DACH and is independent of DACH content.

PUU 22-15 and 22-35 also display endotherms similar to

the higher hard segment content copolymers of Series I near

40–80 8C. Analogous to the argument advanced previously

[29], additional intermixing in the DACH-containing

polymers is likely to result in a relatively higher

concentration of N–H to ether oxygen hydrogen bonds.

The breaking of these bonds could contribute to the

endotherm observed below 100 8C.

Storage moduli and tan d vs. temperature for the Series II

copolymers are shown in Fig. 8. There is a notable reduction

in E0 at temperatures above Ta;a for all copolymers

containing mixed diamines. The drop in plateau modulus

(Table 3) is indicative of a lower volume fraction of phase

separated hard domains. This behavior is consistent with the

findings from our SAXS experiments that demonstrate that

DACH-containing copolymers exhibit a lower degree of

phase separation than PUU 22 [11]. The decrease in overall

phase separation also hampers soft segment crystallization

(Table 3). This reduction in crystallinity could contribute to

the decrease in Ta;a for the DACH-containing copolymers.

The other difference in the log E0 –T behavior of the Series

II copolymers is a small increase in E0 between Tg;s and Tm;ss

for the mixed diamine copolymers. The ‘humps’ in the E0

curves are unusual, but have also been observed for another

poly(urethane urea) [18] and most likely result from

crystallization of soft segments in this temperature range.

5. Summary

The phase behavior of the Series I and II poly(urethane

urea) copolymers has been investigated by a variety of

experimental techniques, probing the structure from the

Fig. 7. DSC thermograms of the Series II copolymers.

Table 4

Soft phase Tg;s; Tm;ss and normalized degree of crystallinity for Series II

copolymers

Sample Tg;s (8C) Tm;ss (8C) Soft segment crystallinity (%)

PUU 22 267 4 18

PUU 22-5 269 6 6

PUU 22-15 268 6 5

PUU 22-25 268 8 7

PUU 22-35 266 9 8

Fig. 8. (a) Storage modulus as a function of temperature for theSeries II

copolymers; (b) d as a function of temperature for the Series II

copolymers.

J.T. Garrett et al. / Polymer 44 (2003) 2711–27192718



molecular to the macroscopic levels, with all data pointing

to the same conclusions. As hard segment content in the

copolymers increases, phase separation increases up to the

point where near ‘equilibrium’ demixing is unattainable due

to kinetic restrictions on phase separation. For the Series I

copolymers this sets in around ca. 25 wt% hard segments,

but at ,60 wt% hard segments for MDI-BDO-2K PTMO

copolymers [14]. At higher hard segment contents, unlike

segment demixing is lower as the copolymers are trapped in

a non-equilibrium condition. Despite the presence of hard

segments in the soft phase, as demonstrated by SAXS and

supported by FTIR experiments, the soft phase Tg was found

to decrease with increasing hard segment content. Several

factors can influence the soft phase Tg; but the two important

ones for the Series I copolymers appear to be the crystal-

linity of the soft phase (formed on cooling to low

temperatures) and the presence of ‘lone’ MDIs in the soft

domain.

Finally, the addition of a second, larger diamine greatly

inhibits phase separation, even when the second diamine

constitutes only 5 mol% of the total diamine in the reaction.

Urea hydrogen bonding is greatly reduced which leads to

less phase separation (SAXS) and ultimately to reduced

mechanical stiffness. By fully understanding the impli-

cations of copolymer chemistry and preparation techniques,

this class of elastomers can be optimized to take full

advantage of their inherent flexibility, durability, strength

and blood compatibility.
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