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Abstract

Novel segmented polyurethanes with hard segments based on a single diisocyanate molecule with no chain extenders were prepared by the

stoichiometric reactions of poly(tetramethylene oxide)glycol (MnZ1000 g/mol) (PTMO-1000) and 1,4-phenylene diisocyanate (PPDI), trans-

1,4-cyclohexyl diisocyanate (CHDI), bis(4-isocyanatocyclohexyl)methane (HMDI) and bis(4-isocyanatophenyl)methane (MDI). Time dependent

microphase separation and morphology development in these polyurethanes were studied at room temperature using transmission FTIR

spectroscopy. Solvent cast films on KBr discs were annealed at 100 8C for 15 s and microphase separation due to self organization of urethane hard

segments was followed by FTIR spectroscopy, monitoring the change in the relative intensities of free and hydrogen-bonded carbonyl (CaO)

peaks. Depending on the structure of the diisocyanate used, while the intensity of free CaO peaks around 1720–1730 cmK1 decreased, the

intensity of H-bonded CaO peaks around 1670–1690 cmK1, which were not present in the original samples, increased with time and reached

saturation in periods ranging up to 5 days. Structure of the diisocyanate had a dramatic effect on the kinetics of the process and the amount of hard

segment phase separation. While PPDI and CHDI based polyurethanes showed self-organization and formation of well ordered hard segments,

interestingly no change in the carbonyl region or no phase separation was observed for MDI and HMDI based polyurethanes. Quantitative

information regarding the relative amounts of non-hydrogen bonded, loosely hydrogen bonded and strongly hydrogen bonded and ordered

urethane hard segments were obtained by the deconvolution of CaO region and analysis of the relative absorbances in CaO region.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermoplastic, segmented polyurethanes (TPUs) are very

versatile materials, which can display properties ranging from

very soft thermoplastic elastomers to strong, rigid thermo-

plastics depending on their chemical compositions, backbone

structures and resultant microphase morphologies and find

applications in many different fields, such as; textile fibers,

adhesives, protective coatings, membranes and biomaterials

[1–3]. Versatility of TPU technology stems from commercial

availability of a very large number of starting materials for

their synthesis. As a result, TPU synthesis, characterization and

investigation of their structure–property relations have been a

very active field of interest both for academic and industrial

researchers for almost 50 years [4–6]. The potential impact of
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polyurethanes continues to be very strong and promising in

many emerging fields, such as biomaterials and tissue

engineering [7–9], optoelectronics [10], shape-memory

materials [11,12], conducting polymers [13], molecular

recognition [14], smart surfaces and others [15,16].

Interesting properties and performance of segmented,

thermoplastic polyurethanes are strongly dependent on their

phase separated microphase morphologies, which consists of

domains of hard segments distributed in a continuous soft

segment matrix [17–25]. It is generally believed that one of the

most important factors or driving forces for the microphase

separation in polyurethanes is the strong hydrogen bonding

between the urethane hard segments [26–28]. However, as

listed below, there are a very large number of chemical and

structural factors, including the synthetic procedure followed

and processing conditions, which play an important role in

microphase separation or phase mixing. Important factors that

influence TPU morphology include:

1. Chemical structure, number average molecular weight and

molecular weight distribution of soft segments.
Polymer 47 (2006) 4105–4114
www.elsevier.com/locate/polymer

http://www.elsevier.com/locate/polymer
mailto:iyilgor@ku.edu.tr


I. Yilgor et al. / Polymer 47 (2006) 4105–41144106
2. Chemical structure and symmetry of the diisocyanate.

3. Chemical structure of the chain extender, average chain

length and length distribution of hard segments.

4. Hard/soft segment ratio in the copolymer.

5. Crystallizability of hard and soft segments.

6. Extent of competitive hydrogen bonding between hard–

hard and hard–soft segments.

7. Inherent solubility between hard and soft segments.

8. Method/polymerization procedure used during the syn-

thesis, which can be a one-step or two-step (prepolymer

method).

9. The nature of the interfacial region between the soft

segment matrix and hard segment domains.

With so many variables to consider, investigation of the

morphological behavior of TPUs and interpretation of their

structure–morphology–property behavior has been a very

active but also a very challenging field of research since first

reports by Schollenberger [4] and Cooper and Tobolsky [5].

During the past 40 years, there have been numerous studies and

excellent publications on the preparation and structural,

thermal, mechanical and morphological characterization of

TPU systems by various research groups [4–6,17–28]. These

efforts led to the development of various morphological models

for segmented polyurethanes [17–25].

Unfortunately, due to the presence of so many factors and

variables, quantitative determination of the extent of phase

separation in TPUs has been a very difficult challenge.

Recently, we reported the preparation and properties of novel

segmented polyurethane and polyurea copolymers obtained by

the stoichiometric reactions of hydroxy or amine terminated

PTMO and various diisocyanates [29]. Microphase mor-

phology and thermal and mechanical properties of these

copolymers, which did not contain any chain extenders,

showed very strong dependence on the symmetry of the

diisocyanate. One of the most remarkable results of our work

was the demonstration of the very important role played by the

diisocyanate symmetry in the development of microphase

separated morphology and resultant mechanical properties in

polyurethanes. For this purpose, two homologous poly-

urethanes prepared by the stoichiometric reaction of PTMO-

1000 and 1,3-phenylene diisocyanate (MPDI) and 1,4-

phenylene diisocyanate (PPDI) have been investigated [29].

AFM studies showed well-defined microphase morphology in

PPDI based polyurethane, whereas AFM images of the MPDI

based homologous polyurethane was featureless. In addition,

while PPDI based polyurethane displayed very good tensile

properties at room temperature, its MPDI based homolog

formed a very sticky film with no mechanical integrity.

Recently, we also demonstrated that the polyurethane produced

from 1,4-phenylene diisocyanate (PPDI) and PTMO-1000

displayed time-dependent morphology development at room

temperature after annealing at 60 8C [30]. Interestingly, the

equilibrium morphology for PPDI-PTMO-1000 polyurethane

was reached after about 5–7 days of aging at room temperature.

In addition to PTMO-1000 we also prepared and investigated

the structure–morphology–property behavior of model
polyurethanes based on the stoichiometric reactions of

PTMO-2000 and diisocyanates. Some of these materials also

display microphase morphology and elastomeric properties.

Publication of these results will be forthcoming.

The major aims of this investigation were; (i) to monitor and

understand the time-dependent morphology development in

polyurethanes, (ii) to understand the influence of diisocyanate

chain symmetry on the kinetics and thermodynamics of

microphase separation, and (iii) to quantitatively determine

the microphase separated and ordered hard segment content of

these polyurethanes. For this purpose, we designed and

synthesized polyurethanes with a minimum number of

structural variables. They contained unimodal hard segments,

which consisted of the diisocyanate only. In fact, the only

variable was the molecular weight distribution of the PTMO.

Model urethane compounds were also prepared by end-capping

reactions of diisocyanates with n-butanol. These crystalline

compounds were used as references in FTIR studies in order to

determine the peak positions for completely phase separated

and ordered urethane hard segments.

2. Experimental

2.1. Materials

Bis(4-isocyanatocyclohexyl)methane (HMDI) and bis(4-

isocyanatophenyl)methane (MDI) were kindly provided by

Bayer AG. 1,4-Phenylene diisocyanate (PPDI) was purchased

from Aldrich. trans-1,4-Cyclohexyl diisocyanate (CHDI) was

purchased from Du Pont. All diisocyanates, except PPDI were

used as received. PPDI was sublimed at 70 8C. Purities of

diisocyanates were better than 99.5%. Poly(tetramethylene

oxide)glycol, with hMni 975 g/mol was kindly provided by

DuPont. Reagent grade terephthaloyl chloride, n-butanol,

n-butylamine, acetone, tetrahydrofuran (THF), toluene and

dimethylformamide (DMF) were purchased from Aldrich and

used as received. Dibutyltin dilaurate (T-12) was a product of

Air Products.

2.2. Polymer synthesis

Polymerizations were conducted in three-neck, round

bottom, Pyrex reaction flasks equipped with an overhead

stirrer, reflux column and nitrogen inlet. All copolymers were

prepared by the reaction of equimolar amounts of diisocyanate

and PTMO-1000 in DMF or THF at 60 8C. No chain extenders

were utilized. In reactions with aliphatic diisocyanates,

100 ppm of T-12 was used as catalyst. In a typical

polymerization reaction (based on PPDI), 1.60 g (10.0 mmol)

of PPDI and 9.75 g of PTMO-1000 (10.0 mmol) were

introduced into a 250 mL Pyrex reaction vessel and dissolved

in 10.0 g of DMF. Clear solution obtained was stirred and

heated to 60 8C. As the molecular weight of the polymer

formed and the solution viscosity increased with conversion,

the reaction mixture was diluted with 15.0 g of DMF.

Completion of the reactions was determined by monitoring

the disappearance of the isocyanate absorption peak around



Fig. 1. (a) Chemical structures of the single diisocyanate based polyurethanes,

(b) chemical structures of the model urethane compounds.

Table 2

Melting points and heat of fusion values of model urethane compounds

Model compound Molecular

weighta

(g/mol)

Melting

point (8C)

DH(fusion)

(J/g)

DH(fusion)

(kJ/mol)

BuO–HMDI–OBu 410.6 120 86.9 35.7

BuO–PPDI–OBu 308.4 158 114.5 35.3

a Theoretical value based on well-defined reaction, which is also confirmed

by 1H NMR.

I. Yilgor et al. / Polymer 47 (2006) 4105–4114 4107
2270 cmK1 by FTIR. Chemical structures of the polyurethanes

synthesized and investigated in this study are provided on

Fig. 1(a). Chemical compositions, hard segment contents and

average molecular weights of polyurethanes obtained are

provided in Table 1. GPC results clearly demonstrate the

formation of high molecular weight polymers.
2.3. Preparation of model compounds

Model urethane compounds were prepared by the reaction

of PPDI, CHDI and HMDI with a 5-fold excess of n-butanol in

DMF at 60 8C under the catalytic action of 100 ppm of T-12.

Reactions were conducted in a two-neck round bottom Pyrex

flask equipped with an overhead stirrer and nitrogen inlet.

Model PPDI-urea compound was prepared in DMF, by the

slow addition of n-butylamine into a PPDI solution at room

temperature, under strong agitation. Model ester compound

(dibutyl terephthalate) was prepared in toluene by the reaction

of terephthaloyl chloride with a 5-fold excess of n-butanol,

under strong nitrogen flow. Chemical structures of the model

urethane compounds are provided in Fig. 1(b). Completion of
Table 1

Compositions and GPC molecular weights of polyether–urethanes obtained by

the stoichiometric reactions between PTMO-1000 and various diisocyanates

Polymer

Code

Diisocya-

nate

HS contenta

(wt%)

hMni (g/

mol)

hMwi (g/

mol)

PDI (Mw/

Mn)

HMDIPU HMDI 21.2 46,000 72,000 1.57

PPDIPU PPDI 14.1 47,000 70,000 1.49

MDIPU MDI 20.4 36,000 52,000 1.44

a Hard segment (HS) content is the weight percent of diisocyanate in the

polymer calculated from the stoichiometry of the reaction.
the reactions for model compound synthesis was confirmed by

FTIR spectroscopy. Products were coagulated in triple distilled

water and washed with acetone several times before drying in a

vacuum oven at 60 8C. Formation of the desired structures was

confirmed by 1H NMR spectroscopy and elemental analysis.

Thermal characterization of model compounds was obtained

by differential scanning calorimetry (DSC). Molecular

weights, melting points and heat of fusion values of the

model urethane compounds are provided in Table 2.

2.4. Product characterization

Fourier transform infrared (FTIR) spectra were recorded on

a Nicolet model Impact 400D FTIR spectrometer. FTIR scans

were collected on thin films cast on KBr discs from THF

solution, which were first dried and then heated to about 100–

105 8C for 30 s with a heat gun. All spectra were collected

using 20 scans with a resolution of 2 cmK1. 1H NMR spectra

were collected in d-DMSO solution, on a Varian Unity

400 MHz spectrometer at ambient temperature. Gel per-

meation chromatography (GPC) measurements were con-

ducted on a Waters system equipped with three inline PLgel

5 mm Mixed-C columns, an autosampler, a 410 RI detector, a

Viscotek 270 dual detector, and an inline Wyatt Technologies

miniDawn multiple angle laser light scattering (MALLS)

detector at 40 8C in THF at 1 mL minK1. Polystyrene standards

were used for the calibration. Differential scanning calorimetry

(DSC) analyses of the products were obtained on a TA DSC-

100 instrument, under nitrogen atmosphere with a heating rate

of 10 8C/min. Temperature and enthalpy calibration of DSC

was obtained by using indium, lead and tin standards.
3. Results and discussion

Interesting solid-state properties of TPUs are explained by

the microphase separation between hard and soft segments. In

general, elastomeric TPUs contain 60–70% by weight of soft

segments. Microphase morphologies of such elastomeric TPUs

consist of a continuous soft segment matrix and hard segment

domains. Interestingly, our recent work on the AFM

investigation of model polyurethanes prepared by stoichio-

metric reactions between PTMO and diisocyanates, with ca.

15% by weight hard segment content, demonstrated the

formation of microphase morphologies with interconnected

hard segments that percolated through the soft matrix. In

general, the lack of any competitive hydrogen bonding between

hard and soft segments as in the case of siloxane–urea [31] or



Fig. 3. Carbonyl regions of the FTIR spectra for model urethane compounds

based on PPDIU (red), CHDIU (blue) and HMDIU (green).
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hydrogenated butadiene–urea copolymers [32] favor the

formation of well-separated microphase morphologies. Good

microphase separation results in the formation of thermoplastic

elastomers with excellent mechanical properties. On the other

hand, it has been demonstrated that amorphous urethane hard

segments show complete miscibility with amorphous poly-

ethers at every composition [33,34]. Such systems show poor

elastomeric properties. In general, highly polar urea hard

segments are reported to promote phase separation and also

provide more effective hydrogen bonding between the hard

segments [35–37]. This also results in the formation of very

high strength and high performance elastomers.

Although there is a general agreement on the two-phase

morphologies of TPUs, there is limited information on the

kinetics of phase separation and quantitative information on the

composition (or purity) of the hard and soft segment

microphases. In this report, we present our results on the

FTIR investigation of time-dependent microphase separation

in segmented polyurethanes prepared without chain extenders

and we particularly address (i) influence of diisocyanate chain

symmetry on the kinetics and thermodynamics of phase

separation, and (ii) a quantitative measure of various

microphases and their amounts in TPUs at equilibrium.
3.1. FTIR studies on model ester, urethane and urea

compounds

Infrared spectroscopy is a simple but powerful technique for

the investigation of hydrogen bonding in carbonyl compounds.

This is clearly demonstrated in Fig. 2, where the carbonyl

region of the FTIR spectra for homologous model ester

(PPDIE), urethane (PPDIU) and urea (PPDIUr) compounds

based on 1,4-phenylene core and butyl end groups are

provided. All compounds show well-defined, strong and

symmetrical carbonyl absorption bands, in a fairly broad

wavenumber range of 1610–1760 cmK1, depending on their

hydrogen bonding capacities [25–28,37–39]. The peak maxi-

mum of the ester carbonyl, which cannot form hydrogen

bonding, is at 1722 cmK1. The urethane compounds, which can

form medium to strong hydrogen bonding [38] has its carbonyl
Fig. 2. Carbonyl region of the FTIR spectra for homologous model ester

(PPDIE), urethane (PPDIU) and urea (PPDIUr) compounds based on 1,4-

phenylene core and butyl end groups.
peak maximum at 1695 cmK1, whereas, the urea compound

which can form very strong, bidentate hydrogen bonding [39],

shows a peak maximum at 1635 cmK1, much lower than that of

the ester or urethane. Exact positions of the carbonyl peaks in

urethanes based on different diisocyanates also show small

differences. Carbonyl region of the FTIR spectra for model

urethane compounds based on PPDI, CHDI, HMDI are

reproduced in Fig. 3. The carbonyl peak for the compound

based on aromatic and symmetrical PPDIU is at 1695 cmK1.

Interestingly, the carbonyl peak for a homologous urethane

compound based on aliphatic and symmetrical CHDIU is at a

slightly lower wavenumber of 1683 cmK1. The urethane

compound based on HMDI, an aliphatic but unsymmetrical

diisocyanate shows a fairly sharp peak with maxima at

1685 cmK1, which also has a distinct shoulder at 1695 cmK1.

This shoulder is most probably due to the presence of several

isomers in HMDI, such as trans,trans (E,E), trans,cis (E,Z) and

cis,cis (Z,Z). HMDI isomers influence the packing in the solid

state and, in turn, the crystal structure of model urethane. This

in turn prevents the formation of the well-ordered hydrogen

bonded structure. In contrast we believe the sharp peak

with maxima at 1685 cmK1 is in fact, representative of well-

ordered hydrogen bonded structure, whereas the shoulder at

1695 cmK1 is due to imperfect hydrogen bonding.

When the FTIR spectra of model urethane compounds and

model polyurethanes based on the same diisocyanate are

compared, a very interesting behavior is observed. The

carbonyl region of the FTIR spectra for the HMDIPU

copolymer and model urethane BuO–HMDI–OBu are repro-

duced in Fig. 4. Although the chemical structures of the

urethane groups are identical in both compounds, there is a

remarkable difference in the CaO region of their FTIR spectra.

Analysis of the differences in the CaO region of the FTIR

spectra provides valuable information in understanding the

extent of microphase separation in polyurethanes [25–28,37–

39] and makes FTIR an important tool in the investigation of

the microphase separation (and/or mixing) between hard and

soft segments in polyurethanes. As discussed already and

reproduced on Fig. 4, the model urethane shows a fairly sharp

peak with a maximum at 1685 cmK1 and a shoulder at

1695 cmK1. On the other hand, HMDIPU copolymer shows a



Fig. 4. Carbonyl regions of the FTIR spectra for HMDIPU copolymer (red) and

model urethane BuO–HMDI–OBu (green).
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very broad absorption band between 1650 and 1750 cmK1

range, with the peak maxima centered at 1720 cmK1 and a

broad shoulder centered at 1705 cmK1. The peak at 1720 cmK

1, which is very close to that of the ester carbonyl (1722 cmK1)

indicates the presence of substantial amount of non-hydrogen

bonded urethane groups in HMDIPU. On the other hand, the

broad shoulder at 1705 cmK1 indicates the presence of

hydrogen bonded, disordered urethane groups [27,28] in the

polymer. Interestingly, there is no peak at 1685 cmK1 in the

model polyurethane indicating that there is no formation of

well-ordered and strongly hydrogen bonded urethane groups in

the polymer. These results clearly indicate extensive inter-

action between the ether oxygen in PTMO and the carbonyl

group in the urethanes. This prevents the formation of a

microphase-separated morphology in the solid state for

HMDIPU and results in a polymer with no significant

mechanical strength.
Fig. 5. (a) 900–1800 cmK1 and (b) 2600–3500 cmK1 regions of the FTIR

spectra for PPDIPU at tZ0 (red) and tZ14400 min (blue) at 23 8C and PTMO-

1000 (green).
3.2. Influence of the diisocyanate structure on the time-

dependent organization of the hard segments in polyurethanes

based on PTMO-1000, containing no chain extenders

Recently, we reported the important role played by the

diisocyanate chain symmetry in the structure–morphology–

property behavior of segmented polyurethanes and polyureas

[29]. In order to further understand the ‘symmetry’ effect on the

self-organization of hard segments in polyurethanes, we

investigated the time-dependent changes in the FTIR spectra

of a series of homologous polyurethanes. For this purpose, we

designed and synthesized polyurethanes with a minimum

number of structural variables. They all had PTMO-1000 soft

segments and contained unimodal hard segments, which

consisted of the diisocyanate only. Diisocyanates used were

CHDI, HMDI, PPDI and MDI. In fact, the only variable was

the molecular weight distribution of the PTMO-1000. It should

be noted that symmetrical CHDI and PPDI are the aliphatic and

aromatic versions of the same basic ring structure. The HMDI

and MDI based copolymers have similar structural relation-

ships, however, due to the presence of methylene groups both

structures are kinked and since rings rotate freely around the
C–C bonds they disrupt the planar symmetry and ordered

packing.
3.3. Time dependent organization of hard segments in PPDIPU

AFM and ATR-FTIR studies on the segmented PPDIPU

(Table 2) clearly indicated a time-dependent morphology

development in this copolymer [30]. Since AFM and ATR-

FTIR are mainly surface sensitive techniques, we have utilized

transmission FTIR in order to find out if a similar time-

dependent organization and morphology development was also

taking place in bulk. Time-dependent FTIR investigation was

done using a thin film of PPDIPU cast on KBr disc from THF

solution. In order to disrupt any structural organization (or

microphase morphology) in the PPDIPU film, the sample was

subjected to a temperature of 105 8C for 15 s. This temperature

was chosen because it was about 50 8C above the melting point

of oligomeric PTMO-1000 and 40 8C above the flow

temperature of this polymer as obtained by DMA studies

[30]. Immediately after this thermal treatment the sample was

placed into the spectrometer and at tZ0 min, the spectrum was

recorded. FTIR spectrum of the sample was recorded at

different time intervals up to 10 days. Between the scans the

sample was kept in a dessicator at 23 8C. Two different regions

of the FTIR spectra for PPDIPU samples at the tZ0 (red

spectrum) and tZ14400 min (blue spectrum) aged at 23 8C, are



Fig. 6. Time dependent change in the carbonyl region of the FTIR spectra for

PPDIPU from tZ0 to 8200 min (a). Carbonyl region of the FTIR spectra for

PPDIPU copolymer at tZ0 (purple), tZ8200 min (black) and the model

urethane BuO–PPDI–OBu (red) (b).
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reproduced in Fig. 5(a) (900–1800 cmK1) and Fig. 5(b) (2600–

3500 cmK1). The FTIR spectrum of PTMO-1000 (green) is

also provided in Fig. 6(a) as a reference for the ether peak at

1114 cmK1.

Dramatic differences between the tZ0 and 14400 min

spectra in the amide I and amide II region (1500–1800 cmK1)

can clearly be seen in Fig. 5(a). As will be demonstrated later in

the paper, this is a direct result of the time-dependent phase

separation of urethane hard segments in PPDIPU upon aging at

room temperature. As observed in Fig. 5(a), at tZ0 min the

sample shows a very strong absorption peak at 1733 cmK1

(free CaO) and a shoulder at 1708 cmK1 (hydrogen bonded,

disordered CaO). Interestingly, there is no peak at 1695 cmK1

indicating the presence of strongly H-bonded and ordered CaO

groups in the tZ0 min sample. After the sample is aged at

ambient temperature for 14400 min or 10 days, the 1733 cmK1

peak becomes much smaller whereas a very strong peak

centered at 1695 cmK1 appears, indicating the formation of

strongly hydrogen bonded urethane hard segments. A reversal

in the strengths of 1550 and 1523 cmK1 (amide II) peaks is also

observed upon microphase separation at room temperature.

Interestingly, no noticeable change in peaks between 1175 and

1425 cmK1 are observed. On the other hand, there are

noticeable differences in the strong ether (C–O–C) absorption

bands (peak maximum at 1114 cmK1) between PTMO-1000
and PPDIPU at tZ0 and 14400 min. PTMO-1000 (green

spectrum in Fig. 5(a)) has a sharp and fairly symmetrical ether

peak at 1114 cmK1. The tZ0 min sample (red spectrum) has a

broader peak with peak maximum at 1114 cmK1, but it also

displays a well defined shoulder at 1072 cmK1. The tZ
14400 min sample (blue spectrum) shows a slightly narrower

ether peak compared to the tZ0 sample with the same peak

maximum, and a shoulder at 1080 cmK1. We believe the well

defined shoulder at 1072 cmK1 in the tZ0 sample is due to the

presence of ether groups that are hydrogen bonded with

urethanes in the phase mixed system. As the system

microphase separates (tZ14400 min sample) this shoulder

moves to slightly higher wavenumbers and becomes weaker.

However, since the microphase separation is not complete, it

does not disappear completely.

Time dependent change in the carbonyl region of the FTIR

spectra for PPDIPU from tZ0 to 8200 min (5.7 days) are

provided in Fig. 6(a). FTIR spectra for tZ8200 and 14400 min

were identical, indicating the completion of morphology

development in bulk in about 6 days. As clearly seen in

Fig. 6(a), as the sample is aged at room temperature, the 1733

and 1708 cmK1 peaks slowly become smaller and a well-

defined shoulder at 1695 cmK1 starts forming after about

120 min. This indicates the formation of an ordered urethane

hard segment phase. A steady increase in the 1695 cmK1 peak

and continued decrease in the absorbance values of 1733 and

1708 cmK1 peaks are observed over time until tZ8200 min.

Under ambient conditions the FTIR study indicates the

completion of the urethane hard segment self-assembly and

microphase separation and achievement of the equilibrium

morphology for PPDIPU, in about 8200 min or 6 days. For a

better understanding of the nature of the phase separated hard

segments, the carbonyl region of the FTIR spectra for the tZ0,

tZ8200 min samples and that of the model hard segment

compound (BuO–PPDI–OBu) are provided in Fig. 6(b). It is

very interesting to observe almost a complete match between

the 1695 cmK1 peaks of the copolymer and the model

compound, clearly demonstrating the formation of well

microphase separated and ordered urethane hard segments in

the PPDIPU segmented copolymer at equilibrium.

It might be also added here that the kinetics of the FTIR time

dependence noted for the PPDI copolymer sample are also in

line with our earlier work on the AFM time dependent

morphological (microphase separation) recovery studies [30]

as well as newer time dependent SAXS kinetic studies (not yet

published) on the same system. Since both the FTIR and SAXS

techniques investigate the bulk sample while that of AFM is a

surface technique, the compilation of the data from these three

methods nicely confirms that what is gleaned by each are all are

in agreement with each other.

In spite of the presence of a well-organized urethane hard

segment phase, a substantial amount of non-hydrogen bonded

or poorly organized hydrogen bonded carbonyl groups are still

present at equilibrium, as indicated by the sizes of the 1733 and

1708 cmK1 peaks in Fig. 6(b). In order to obtain a quantitative

measure of the percent amounts of different carbonyl groups

present and to determine the extent of hard segment phase



Fig. 7. Deconvolution results on the time-dependent changes in the relative

amounts of carbonyl groups with different extent of hydrogen bonding in

PPDIPU copolymer. Complete data (a) and up to 600 min (b).
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separation, time-dependent FTIR spectra between 1675 and

1750 cmK1 were analyzed by deconvolution of the CaO peaks

by using the Peakfit Version 4.12 software package from Systat

Software, Inc. The percentage of each CaO absorption was

obtained by comparing the specific peak area with the total

peak area at each scan. For comparison, a similar analysis was

also performed by determining the relative absorbance values

of different CaO peaks. In this analysis, the absorbance values

of CaO peaks were converted to percentages by using the

following equation, which provided the percentages of non-

hydrogen bonded, hydrogen bonded, disordered and strongly

hydrogen bonded and ordered hard segments.

%CZOðat 1965ÞZ
Að1695Þ

Að1733ÞCAð1708ÞCAð1695Þ

The results of the CaO peak analysis for PPDIPU by peak

deconvolution and by absorbance analysis are provided in

Table 3. As can be seen in Table 3, the results obtained by

deconvolution and absorbance analyses show some differences

at the beginning, however, after about 90 min of aging the

results obtained by both methods become fairly similar and are

within the experimental error. This is expected, since the shape

and especially the breadth or area of the FTIR peaks have

strong influence on the deconvolution results, however, they

have no effect on the absorbance analysis. As can be seen in

Figs. 6 and 8, as the morphology develops the peaks become

well defined and sharper, as a result they show better agreement

with the absorbance analysis. For the tZ0 min sample

deconvolution results indicate the presence of a substantial

amount of free carbonyl (60%), a reasonable amount of

hydrogen bonded, disordered carbonyl (28%) and very small

amount of strongly hydrogen bonded carbonyl groups (12%).

Upon storage (aging) at room temperature, the amount of free

carbonyl decreases while the amount of strongly hydrogen-

bonded and ordered carbonyl increases substantially. Results of
Table 3

Quantitative analysis of the carbonyl region of the time-dependent FTIR

spectra for PPDIPU by peak deconvolution and relative absorbances

Time

(min)

Analysis by peak deconvolution Analysis by relative absorbances

1733

cmK1

1708

cmK1

1695

cmK1

1733

cmK1

1708

cmK1

1695

cmK1

0 60.0 28.0 12.0 47.5 34.9 17.6

20 56.3 30.1 13.6 46.1 34.5 19.4

40 52.1 32.6 15.3 44.6 33.7 21.6

60 48.6 33.3 18.1 43.5 32.7 23.8

90 44.6 35.1 20.3 42.2 31.9 25.9

120 43.4 35.4 21.2 41.5 31.2 27.3

150 42.3 34.3 23.4 41.0 30.8 28.2

180 41.2 33.9 24.9 40.5 30.4 29.2

240 40.5 32.0 27.5 39.8 29.8 30.4

330 40.0 28.0 32.0 39.0 29.3 31.7

460 39.5 26.0 34.5 38.5 28.6 32.9

600 38.2 25.5 36.3 37.9 28.0 34.2

1350 37.0 24.3 38.8 35.7 25.5 38.8

3150 36.0 23.2 40.8 34.2 24.5 41.2

5170 34.3 21.6 44.1 33.6 23.9 42.5

8200 32.5 20.5 47.0 33.1 23.5 43.4

9400 32.4 20.5 47.1 33.1 23.5 43.5
the deconvolution analysis for the PPDIPU copolymer are

plotted in Fig. 7(a) (complete data) and (b) (up to 600 min). As

can be seen from these figures, a major part of the

morphological development takes place within the first

600 min or 10 h, which is consistent with our AFM results

[20]. From Table 3 and Fig. 7(a), it is interesting to note that the

equilibrium morphology of PPDIPU contains less than 50% of

well microphase separated urethane hard segments. More

importantly, according to Table 3 and Fig. 7(a), more than 30%

of the urethane hard segments seem to be well mixed or

dispersed within the PTMO matrix (1733 cmK1 peak) at the

equilibrium morphology.
3.4. Time-dependent organization of hard segments in

CHDIPU, HMDIPU and MDIPU

We already reported the influence of diisocyanate chain

symmetryon the thermal andmechanical properties of segmented

polyurethanes obtained by the stoichiometric reactions between

various diisocyanates and PTMO-1000 [29]. In order to under-

stand the influence of diisocyanate structure (symmetry) on the

morphology development, time dependent FTIR studies were

conducted onCHDIPU,MDIPU andHMDIPU. Time-dependent

FTIR spectra for the CaO and N–H regions of the CHDIPU

copolymer are reproduced in Fig. 8(a) and (b), respectively. As

can be seen in Fig. 8(a), a fairly broad, free CaO peak at

1732 cmK1 initially present in the system becomes smaller with

time.On theother hand, a stronglyhydrogenbondedCaOpeakat

1685 cmK1, which is initially present only as a shoulder becomes



Fig. 8. Time dependent FTIR spectra for CHDIPU copolymer. CaO region

(a) and N–H region (b).

Fig. 10. Deconvolution results on the time-dependent changes in the relative

amounts of carbonyl groups with different extent of hydrogen bonding in

CHDIPU copolymer. Complete data (a) and up to 40 min (b).
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strongerwith time and reaches saturation in about 240 min,much

faster than that of PPDIPU copolymer. Similarly, the initially

broad and weak N–H peak (3250–3410 cmK1) with maxima at

3336 cmK1, becomes stronger and sharper (3250–3380 cmK1)

and the peak maxima moves to slightly lower wavenumbers

(3321 cmK1) as a result of hydrogen bonding within the urethane

hard segments. Similar to the PPDIPU material the strongly

hydrogen bonded CaO peak of CHDIPUmatches the CaO peak

of the model urethane CHDIU very well (Fig. 9), indicating very

good microphase separation. Quantitative information on the

time-dependent changes in the amount of different carbonyl

absorptions in the CHDIPUmaterial, obtained by the deconvolu-
Fig. 9. Carbonyl region of the FTIR spectra for CHDIPU copolymer at tZ0

(pink), tZ8200 min (black) and the model urethane BuO–CHDI–OBu (red).
tion of the peak areas are provided in Fig. 10(a) (complete data)

and (b) (up to 40 min). As comparatively shown in Fig. 11, using

the deconvolution results, it is very interesting to note that the rate

of microphase separation due to the hydrogen bonding within

urethane hard segments ismuch faster in the CHDIPU copolymer

when compared with the homologous PPDIPU system. It is also

important to note that at equilibrium (Figs. 7(a) and 10(a)), the

extent of microphase separation of the (pure) urethane segments

is higher in CHDIPU (65%), when compared with PPDIPU

(47%).

Finally, the time-dependent FTIR behavior of two homolo-

gous polyurethanes prepared from unsymmetrical
Fig. 11. Comparison of the time-dependent change in the carbonyl absorption

peaks for well phase separated urethane groups in PPDIPU (C) and CHDIPU

(-).



Fig. 13. Carbonyl regions of the FTIR spectra for MDIPU copolymer, tZ0 min

(black), tZ60 min (red) and tZ14400 min (blue).

Fig. 12. Carbonyl region of the FTIR spectra for HMDIPU copolymer at tZ0

(black), tZ60 min (green) and tZ14400 min (red).
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diisocyanates were investigated. The carbonyl regions of the

FTIR spectra for HMDIPU and MDIPU copolymers are

provided in Figs. 12 and 13, respectively. It is very interesting

to note that there was no change in the shape or position of the

carbonyl peaks in either copolymer for up to 6 days, indicating

no significant microphase separation.

4. Conclusions

We believe our FTIR investigations on the morphology

development in PTMO-1000 based model polyurethanes

obtained by the stoichiometric reactions of various diisocya-

nates (with no chain extenders) have several important

ramifications, which can be summarized as follows:

(i) the kinetics of the hydrogen bonding between urethane

hard segments leading to a microphase separated

morphology strongly depend on the chemical structure

and the symmetry of the diisocyanate.

(ii) in the equilibrium morphology the urethane hard

segments are found in three different states or phases,
these are; (a) well microphase separated (pure) and

strongly hydrogen bonded hard segments, (b) loosely

hydrogen bonded hard segments, and (c) non-hydrogen

bonded (polyether mixed) hard segments.

(iii) the extent of the microphase separated urethane hard

segments (in equilibrium morphology) is dependent on

the symmetry of the diisocyanate, and

(iv) no significant microphase separation is observed in

model, polyether urethanes (containing no chain

extenders) based on kinked, asymmetric diisocyanates,

such as MDI and HMDI.

In order to better understand the relative influences of

hydrogen bonding and chain symmetry on the microphase

separation and structure–morphology–property behavior of

segmented copolymers, we also investigated the polyurea

counterparts of these model polyurethanes. In polyureas, as

expected, much more powerful, bidentate hydrogen bonding

between urea hard segments played a more important role on

the kinetics of microphase separation and thermal and

mechanical properties of the copolymers. This word will be

forthcoming in a separate publication.
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