8. Hard Segment Connectivity in Low Molecular Weight Model “Tri-
Segment” Polyurethanes Based on Monols

8.1 Chapter Summary

Model trissgmented polyurethanes based on monofunctiona polyols, or “monols’, with
water-extended toluene diisocyanate (TDI) based hard segments are investigated. The
formulations of the materials generated are similar to those of flexible polyurethane foams with
the exceptions that the conventional polyol is substituted by an oligomeric monofunctional
polyether of ca. 1000 g/mol molecular weight; and no surfactant is utilized. Plaques formed from
these model systems are shown to be solid materials even at their relatively low molecular
weights of 3000 g/mol and less. SAXS, DSC, and AFM are utilized to investigate the microphase
separated morphologies of the samples generated. WAXS results show that the local packing of
the hard segments is of a similar nature as that in actual flexible polyurethane foams. AFM phase
images, for the first time, reveal the ability of the hard segments to self-assemble and form lath-
like percolated structures, resulting in solid plagues, even though the overall volume of the

system is dominated by the two terminal liquid-like polyether segments.

8.2 Introduction

Introduced by Schollenberger in 1958 [[L|B], polyurethanes (hereafter abbreviated as PU),
have stimulated considerable interest over the last five or so decades due to their technologically
important as well as interesting structure-property correlations. The early work of Cooper and
Tobolsky established that segmented PUs consist of high Ty or high T, ‘hard’ domains
microphase separated from relatively low Ty ‘soft’ domains [B]. The properties of these materials
can be tailored by adjusting the molecular weight, chemistry, topology, and composition of the
different segments to lead to materials ranging from soft elastomers to rigid, hard plastics [E].
The applications of PUs are principally in the area of foams, elastomers, adhesives, sealants and
coatings with a production of approximately 8.2 million metric tons worldwide [F].

The dominant application of PUsisin flexible foams which are utilized in transportation,
furniture, and packaging applications [B]. The preparation of these foams involves two
simultaneously occurring reaction schemes. One of the reactions, between a diisocyanate and
water, generates urea based hard segments and also produces carbon dioxide which helps in
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foam expansion. In the other reaction, isocyanate groups also react with the hydroxyl groups of a
polyol (functionality > 2) to form a covalent network as promoted by the urethane linkages
which covalently bond the hard segments to the soft segments. In the midst of these reactions,
microphase separation of the hard segments into urea microdomains occurs when the degree of
polymerization (N) and the interaction parameter (X) increase to the extent that thermodynamic
boundaries are surpassed. The presence of a microphase separated morphology in flexible PU
foams was first demonstrated using SAXS by Wilkes and coworkers [[7]. It is often viewed that
since the percentage of polyol is typically greater than that of the urea microdomains, the polyol
is the continuous phase in which the microdomains are dispersed [Elﬂ In addition, workers have
also shown that for the common “dlabstock” PU foams, large scale aggregation of the urea
microdomains can take place leading to the formation of regions rich in urea which are referred
to as urea ‘bals or urea ‘aggregates [. This aggregation behavior was first reported in a
study carried out by Armistead et al who reported ca. 300 nm sized urea aggregates, using TEM,
for the dabstock foam formulation which they investigated [B]. Recent efforts by Ade et al [P
and Rightor [[L0] et a have further confirmed and elucidated the structure and composition of the
urea aggregates and these workers have shown that the aggregates are not purely based on urea
hard segments but also have some polyol residing within them.

Most commercial PU foams in North America utilize the 80:20 2,4/2,6 toluene
diisocyanate (TDI) mixture and polyether polyols which are based on ethylene oxide (EO), or
propylene oxide (PO), or both kinds of repeating units [E]. The EO vs PO content, EO end-
capping reactivity characteristics, and molecular weight of the polyol are adjusted according to
the type of process used to prepare the foam. Slabstock foams, which are prepared in a semi-
continuous manner, generally utilize trifunctional glycerin-extended polyols with a molecular
weight of ca. 3000 g/mol as opposed to ca. 5000 g/moal for the batchwise molded foam process.
This is because molded foams require a faster viscosity build up which is necessary to ensure
shorter demold times. For the same reason, molded foam polyols also have higher EO contents
and are also usually EO end-capped.

The issue of hard segment connectivity and its implications on physical properties of
linear PU elastomers has been addressed [[L1]. On analyzing a series of PU elastomers,
containing 15, 25, 35, and 45 wt% hard segments, Abouzahr and Wilkes suggested that at hard
segment contents greater than 25 wt%, an interlocking hard domain morphology was devel oped.
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Their argument was based primarily on data which they obtained using x-ray scattering (SAXS,
WAXS) and mechanical property measurements. They noted that the material containing 25 wt%
hard segments displayed good elastomeric properties (high extensibility, low hysteresis) and
suggested that the hard domains in this material were relatively isolated. On increasing the hard
segment content to 35 and 45 wt% they suggested that the interlocking hard domain texture of
these materials promoted higher moduli than the dispersed hard domain systems. They also
proposed that due to the presence of a more continuous hard phase, these materials showed low
extensibility and behaved more like rigid plastics. However, no direct visual representation using
any microscopy techniques of their suggested morphologies could be provided at that point.
Seymour and Cooper have aso proposed the formation of interconnecting hard domain
morphologies on analyzing the orientation elongation behavior of PU elastomers [.

Recent research in the area of PU foams carried out in our laboratory has suggested that
the connectivity of the urea hard segments can play an important role in determining the
mechanical and other related properties of flexible PU foams. New work in our group has
focused on investigating urea phase connectivity in flexible PU foam formulations using lithium
salts as additives to disrupt the association of the urea phase at different scale lengths
[L3|L4JAS]L6). From this work it has been shown that mechanical and viscoelastic properties
change as a result of atering the association of the urea phase. The experimental work has also
been supported by quantum mechanical ssmulations run on model compounds which would be
representative of PU foams .

Elwell and coworkers investigated the in-situ development of flexible PU foam
morphology under forced adiabatic conditions [[L7]. They studied MDI based foams with a water
content of 2.2 pphp and studied systems in which either a conventiona polyether polyol
(functionality > 2), or a monofunctional polyol (monol) was used as a soft segment. They found
that microphase separation occurred at approximately the same isocyanate conversion for both
the monol and polyol foams. Using synchrotron SAXS measurements the workers showed that
the interdomain spacings for the monol and polyol foams were ca 100 A and remained
unchanged during as the structure developed for either system. The workers also concluded that
the presence of covalent cross-links in the polyol foam delayed the onset of microphase
separation of the urea hard segments.

148



The present study will utilize monols with molecular weights of 1000 g/mal, i.e., one arm
of a conventional polyether polyol. By doing so, the covalent cross-linking points which are
otherwise present in actual triol containing foams are eliminated as is the development of any
high molecular weight polymer. The emphasis in this study shall be on the morphological
structure developed in these model “trisegment” systems. The first ever visual representation of
the extent of hard segment connectivity, as promoted by strong bidentate hydrogen bonding, in
these model systems will also be provided via AFM.

8.3 Experimental
8.3.1 Materials

The present study makes use of several samples which were prepared at Dow Chemical,

Freeport, TX. The isocyanate used was an 80:20 mixture of the 2,4 and 2,6 toluene diisocyanate

SamplelD Comments Wt% HS
EP-Monol Heterofed 50:50 EO/PO monol -
EP-TDI-EP | Trisegment with asingle TDI unit between two EP-Monol chains -

EP-1.0W-EP | Trisegment with a 1.0 water pphp & TDI based HS and two EP-Monol SS 15.9
EP-1.5W-EP | Trisegment with a 1.5 water pphp & TDI based HS and two EP-Monol SS 18.8
EP-2.0W-EP | Trisegment with a 2.0 water pphp & TDI based HS and two EP-Monol SS 215
EP-4.0W-EP | Trisegment with a4.0 water pphp & TDI based HS and two EP-Monol SS 30.6
EP-6.0W-EP | Trisegment with a 6.0 water pphp & TDI based HS and two EP-Monol SS 37.8
PP-Monol Monol containing all PO repeating units -
PP-TDI-PP Trisegment based a single TDI unit between two PP-Monol chains -
PP-1.0W-PP | Trisegment with a 1.0 water pphp & TDI based HS and two PP-Monol SS 15.9
PP-1.5W-PP | Trisegment with a 1.5 water pphp & TDI based HS and two PP-Monol SS 18.8
PP-2.0W-PP | Trisegment with a 2.0 water pphp & TDI based HS and two PP-Monol SS 215
PP-4.0W-PP | Trisegment with a4.0 water pphp & TDI based HS and two PP-Monol SS 30.6
PP-6.0W-PP | Trisegment with a 6.0 water pphp & TDI based HS and two PP-Monol SS 37.8
Note: HS — Hard Segment, SS — Soft Segment, EO — Ethylene oxide, PO — Propylene Oxide, TDI —
80:20 2,4/2,6 Toluene Diisocyanate

Table 8.1. Sample Designations and their M eanings

isomers, and was added to stoichiometrically react with the water and monol. Deionized water
was used as the chain extender. Two series of materials were investigated based on different
monols, both of which have a molecular weight of 1000 g/mol and functionality = 1. One monol

was a heterofed ethylene oxide (EO) and propylene oxide (PO) random copolymer with an EO
content of 50 wt%. The other monol was purely based on PO repeat units. These two monols are
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referred to as EP-Monol and PP-Monol respectively (Table 8.1). It is aso pointed out that the
conventional nomenclature scheme of ‘parts per hundred polyol (pphp)’ will be used in this
article, irrespective of the fact that the ‘polyol’ in the present study is actually a monol. A
conventional catalyst package, where utilized, was added at 0.2 pphp, and consisted of 5 parts by
weight of Dabco 33LV for each part of Dabco BL11. Specific details regarding the catalysts can
be found elsewhere [].

8.3.1.1 Preparation of EP-TDI-EP and PP-TDI-PP

The monols were used to prepare severa ‘trisesgmented’ species. In one case, the monols
were reacted with a stoichiometric amount of TDI to form a material which contained two monol
soft segments separated from each other by a single TDI unit (Figure 8.1a). This material
possesses only urethane linkages but no urea groups (since no water is used). No catalysts or
surfactants were added in these formulations, which are referred to as EP-TDI-EP and PP-TDI-
PP, as shown in Table 8.1.
8.3.1.2 Preparation of Films Cast from Reacting Mixtures

Severa films (ca. 50 um thick), based on EP-Monol and PP-Monol, in which water was
reacted with TDI to form hard segments were also prepared. Table 8.1 presents the ssimple
nomenclature scheme to identify these materials. For instance, EP-2.0W-EP is a sample which
contains two EP-Monol soft segments. ‘2.0W’ for this formulation indicates that the soft
segments in this material are separated from each other by a hard segment based on 2.0 water
pphp and TDI. The weight percentages of hard segments for these samples range from 15.9 to
37.8 wt% and arelisted in Table 8.1.

The preparation of the films was carried out by the ‘ prepolymer’ method. Two equivalent
weights of the isocyanate were added to the monol at room temperature while stirring. Stirring of
the prepolymer was continued at 1500 rpm for ca. 100 seconds followed by placing it in an oven
at 60 °C for 24 h. The prepolymer, water, and catalyst were added in a 400 ml beaker and mixed
for 50 s a 2000 rpm using a 1’ diameter stirring paddle. Additional isocyanate was then
introduced in the mixture and stirring was continued for another 50 s. The chemical reactions are
outlined in Figure 8.1b. No surfactant was included in the formulation. Stirring was continued

until CO; evolution ceased. At this point, a small amount of the reacting mixture (ca. 50 mg) was
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)
_~_~_OH + OCN-R-NCO + OH "\

~_~_O0O0CHN-R-NHCOO" "~

b)

Preparation of prepolymer:

N\ OH + OCN-R-NCO— 7\ /" \/ OOCHN-R-NCO

Reaction of prepolymer with additional isocyanate and water to
form trisegmented species:

"/ \UOOCHN-R-NCO + H,0 + OCN-R-NHCOO/\/ \/

additional TDI
(OCN-R”’-NCO)

N/ OOCHN-R-NHCONH-R''-NHCONH-R'-NHCOO 7~ \_/ ™
Figure 8.1 a) Reaction scheme for preparation of PP-TDI-PP and EP-TDI-EP. b)

Reaction scheme for preparation of trisegmented species with water and TDI
based hard segments and monol soft segments.
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removed from the reacting mixture, and placed on a clean glass slide. A doctor blade was then
used to cast a ca. 50 pum film. The glass side was then placed in an oven operating at 100 °C for
1 h, followed by 24 h at 60 °C, in order to facilitate completion of the reactions.

It is essential to point out that in the prepolymer technique outlined above, the formation
of trisegmented species in which a single TDI molecule reacted with two monol chains could not
be precluded. However, the percentage of such species would be considerably small, due to the
relative reactivities of the isocyanate groups on 2,4 and 2,6 TDI [[f]. For the 2,4 isomer, it is
known that the reactivity of the ortho position in the 2,4 isomer is known to be approximately
12% of the reactivity of the isocyanate group in the para position. For this reason, there would be
only very few 2,4 TDI molecules which would react at both ends during the preparation of the
prepolymer. For 2,6 TDI the isocyanate groups have equal reactivities when both groups are
unreacted. However, after one of the isocyanate groups reacts, the reactivity of the second group
drops by a factor of ca. 3, thereby reducing the probability of 2,6 TDI molecules reacting at both
isocyanate sites during the synthesis of the prepolymer.
8.3.1.3 Preparation of Plaques

The procedure for preparation of the plagues was the same as that used for making the
films, with one difference in the final step. Instead of casting a film, the reacting mixture was
taken and quickly poured on Teflon sheets supported by steel plates and placed in a hot-press
operating at 100 °C and 20,000 Ibs for 1 hour. A picture-frame mold ca. 0.05” thick was utilized.
At the end of 1 hour, the plague was cut out from the picture-frame and allowed to cool at
ambient conditions.
8.3.1.4 Preparation of Films Cast from Solution

To compare and reinforce the morphological observations noted in the films cast from the
reacting mixture, solution cast films were also prepared. These films were cast by making a ca.
10 wt% solution of the plague counterpart using DMACc as the solvent. A small amount of the
solution was then placed on a clean glass slide and a film was cast using a doctor blade. The dide
was then placed in an oven at 60 °C for 2 h and subsequently under vacuum for 24 h to ensure
complete removal of the solvent.

8.3.2 Methods

SAXS, WAXS, FTIR, DSC, and AFM were utilized to characterize the above materials.

SAXS and AFM were used to give insight into the microphase separation behavior where as
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WAXS was employed to study the intersegmental ordering of the hard segments at the 1-10 A
length scale. The soft segment glass transition behavior was probed using DSC. All these
techniques have been extensively utilized by the author to study PU plaques and foams and the
experimental details associated with these methods can be found in previous chapters and in

references

8.4 Results and Discussion

Since alarge number of samples were prepared in order to carry out this study, it will not
be possible to utilize the results for all the samples investigated by all the characterization
techniques. Instead, selected results, which are representative of this study shall be presented.

Figure 8.2 Photograph of EP-2.0W-EP showing its solid state.

While discussing the results, the nature of the samples used to carry out the specific experiment

will be pointed out; i.e., films cast from reacting mixtures, plaques, or solution cast films.
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Figure 8.2 shows a photograph of one of the plaques, EP-2.0W-EP, prepared for this
study. Recall that this material contains trissgments based on two EP-monol chains, each of
molecular weight 1000 g/mol, and a hard segment which is formed by the reaction of TDI and
2.0 water pphp. Molecular weight build up is limited to trisegments for this and other similar
materials due to the fact that a monol can react only at one position. This means that the overall
molecular weight for this trisegment species (and for the other materials containing either 1.0, or
1.5, or 4.0, or 6.0 water pphp) is aways less than 3000 g/mol, which is much lower than the
molecular weight for entanglements for such materials. Interestingly, even at such a low
molecular weight, this material is a distinct solid, as seen in Fig 8.2. Clearly, the hydrogen
bonding capabilities of the urea and urethane moieties are playing a significant role in
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Figure 8.3 Small angle x-ray scattering profiles as a function of water
(hard segment) content for plaques based on PP-Monol soft segment.

determining the state of these plagues. Also, it is suggested that the hydrogen bonding
interactions are not local within hard domains, but have long range effects leading to the build-up
of an interconnected hard segment network. In other words, the ability of the hard segments to
associate and ‘connect’ with each other leads to the solid state of these materials. Further proof
of this hypothesis will be presented later in this article using AFM. On studying cholesteryl 4-
(2-anthryloxy)butanoate (CAB)/ hexadecane and CAB/ dodecane gelators, Lin et a have
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demonstrated the formation of three-dimensional interlocking morphologies based on weak
attractive intermolecular interactions (dipolar and van der Waals forces) [.

Figure 8.3 presents selected SAXS results obtained for the plagues which utilized PP-
Monol as the soft segment and contain varied hard segment levels (as determined by their water
contents). The ordinate and abscissa display log(normalized scattered intensity) and the
scattering vector ‘s respectively (s = (2/A)sin(6/2) where A is the wavelength, and 6 is the radial
scattering angle). Inspection of this figure reveals that there is the presence of a ‘shoulder’ in all
these plagues characteristic of microphase separation. PP-1.5W-PP displays a SAXS shoulder at
ca 0.0135 A, which translates into an average interdomain spacing of ~ 74 A. The higher hard
segment containing analogs in this series possess an increased interdomain spacing of
approximately 115 + 5 A. It is aso pointed out that the aforementioned interdomain spacings
somewhat exceed the actual interdomain spacings due to the dlit geometry utilized. The SAXS
shoulders associated with PP-4.0W-PP and PP-6.0W-PP are also somewhat less sharp, possibly
indicating a broader microdomain size distribution, which results due to the greater dispersity of

hard segment lengths in these samples. The EP-Monol based counterpart materials displayed
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Figure 8.4 Soft segment glasstransition observed via DSC a) PP-M onol and
PP-TDI-PP, b) EP-Monol, EP-TDI-EP

similar SAXS results and are not shown here for brevity.

Figure 8.4 discusses the soft segment glass transition (SS T,) behavior of the pure monols
and the formulations which incorporate a single TDI unit, i.e,, PP-TDI-PP and EP-TDI-EP,
which have calculated molecular weights of 2174 g/mol. The SS T4's, as noted from the
inflexion point, are —74.0 and —75.6 °C for pure PP-Monol and EP-Monol respectively. In
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comparison, by approximately doubling the molecular weight in PP-TDI-PP and EP-TDI-PP, the
number of ‘free ends are approximately halved as compared to those in the pure monols, which
raises the SS Ty's by ca. 7 °C. It is also pointed out, that samples PP-TDI-PP and EP-TDI-EP
were distinctly in a ‘liquid’ state, unlike the materials which possessed hard segments based on
the reaction of TDI and water, which were solids, an example of which was provided earlier in
Fig 8.2. This observation also underlines the importance of the urea groups and their bidentate
hydrogen bonding capabilities which greatly enhance the association of the hard segments and
change the state of amateria from aliquid to asolid.

Figures 8.5a and 8.5b display the DSC results obtained for the plagque samples based on
PP-Monol and EP-Monol soft segments and containing hard segments based on the reaction of
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Figure 8.5 Soft segment glass transition observed via DSC as a function of water (hard
segment content) for plaques based on a) PP-M onol soft segment, b) EP-M onol soft segment.

TDI and 1.5, or 2.0, or 4.0, or 6.0 water pphp. As expected, the SS T values for these materials
are higher (by ca. 10 °C) as compared to the pure monols on which they are based. However, the
SS Ty values for these materials are merely 3 °C greater than PP-TDI-PP and EP-TDI-EP. This
suggests that the SS Ty increases predominantly due to the loss of the free volume (associated
with the free ends in PP-Monol and EP-Monol) which occurs when those free ends are reacted to
form PP-TDI-PP and EP-TDI-EP. At this point, it is again strongly suggested that hard segment
connectivity plays an important role in giving the plagues their cohesive strength and hence their
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solid state. The lack of hard segment connectivity in PP-TDI-PP and EP-TDI-EP maintains the
liquid state of these materials.

Selected WAXS data are presented for the plaques prepared in Figs 8.6 and 8.7. It has
been shown in several reports from this laboratory, that the hard segments based on 80:20 2,4/2,6

Figure 8.6 Wide angle x-ray scattering patternsfor asa function of hard segment
content a) PP-2.0W-PP, b) PP-4.0W-PP, and c) PP-6.0W-PP.

Figure 8.7 Wide angle x-ray scattering patternsfor asa function of hard segment
content a) EP-2.0W-EP, b) EP-4.0W-EP, and c) EP-6.0W-EP.

TDI and water are not crystalline but pack in a manner which leads to an observed d-spacing of
4.7 A [L3[I4[5|[9]. This d-spacing has also been shown to correlate with a 1640 cm™ FTIR
absorbance which arises due to strong bidentate hydrogen bonding interactions between hard

segments. Also, it has been shown that due to differences in solubilization characteristics of the
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molded foam polyols (which contain higher EO repeating units) and slabstock foam polyols, the
4.7 A is more distinct in slabstock systems [E]. This is aso noted on comparing counterparts of
Figs 8.5a and 8.5b, that the plagues based on PP-Monol display a distinctly sharper 4.7 A
reflection as compared to the EP-Monol based plaques. These figures also demonstrate that, as
expected, increasing the hard segment content also intensifies the 4.7 A reflection. The FTIR
data for these samples, not presented for brevity, showed that the carbonyl region for the samples
investigated in this study was characteristic of those observed for actual triol containing
polyurethane foams.

AFM is a widely used analysis technique to examine phase separation in PU foams
[M3|4]9) and elastomers [ROJR1IR2]. In tapping-mode AFM, which is one of the variations of
AFM, “phase’” images can be obtained by detecting the phase shift between the actual oscillation
of atip and its drive oscillation. Conventionally, the scales of AFM phase images are set so that
the harder phase induces a higher phase offset and appears lighter where as the softer phase
appears darker. Therefore, in the AFM images presented in this paper, the lighter regions
correspond the urea phase where as the softer regions are representative of the monol. The AFM
images presented in this article are obtained by examining the free surfaces of the solution cast
films or the films cast from the reacting mixture. It is aso pointed out that there was no
directional dependence observed in any AFM image as a result of casting films using a doctor
blade.

AFM phase images for films cast from reacting mixtures are presented in Figs 8.8-8.10.
The AFM image of PP-1.0W-PP, presented in Fig 8.8, clearly shows that even at a hard segment
content of 15.9 wt%, the microphase separated morphology is not composed of microdomains
present as individual entities in the soft phase. Instead, the hard segments organize to form
connected lath-like structures. Figure 8.9 displays the AFM image for PP-2.0W-PP, which
contains 21.5 wt% hard segments. This image aso shows connectivity of the hard segments and
provides further proof for the solid state of plagues which were cast out using the same
formulation.

While the microphase-separated morphology of the present monol systems may not be
directly compared to that of actua triol containing PU foams, the present materials serve as
‘model’ systems to demonstrate the importance of hard segment connectivity in PU materials.
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0 2.00 pm
Figure 8.8 2 x 2 pm? AFM phase image of surface
of film PP-1.0W-PP cast from itsreacting mixture.

0 2.00 pm
Figure 8.9 2 x 2 pm? AFM phase image of surface of
film PP-2.0W-PP cast from itsreacting mixture.
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0 2.00 pm
Figure8.10 2 x 2 um? AFM phase image of surface

of film EP-2.0W-EP cast from itsreacting mixture.

0 2.00 pm
Figure8.11 2 x 2 um? AFM phase image of
solution cast film EP-2.0W-EP.
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Domain sizes in flexible PU foams are thought to be of the order of 30-60 A. However,
researchers have often hypothesized, for example, by studying domain orientation behavior, that
lamella-like features might be present in flexible PU foams. This study has for the first time
demonstrated that connectivity of the hard phase may be promoted to the extent such that it
changes the state of the material from aliquid to asolid state.

The above arguments are further supported by the AFM phase image of EP-2.0W-EP
(Fig 8.10), which shows the self-assembly of the urea hard segments to form continuous lath-like
features. These features span several microns in the samples as was noted by collecting lower
magnification images. It is also pointed out that reproducibility of this and the previous AFM
images was checked by scanning different areas and also by using different tips. Further
evidence of the above discussion is provided in Fig 8.11, which is obtained from a solution cast
films of sample EP-2.0W-EP. This image also shows the continuous nature of the hard phase
which results as a result of hard segment organization. This image is not as distinct as the one
presented in Fig 8.10 due to the believed influence of the solvent on the precipitation of the urea

phase.

8.5 Conclusions

Model trisegmented polyurethanes which are representative of flexible PU foams have
been studied. The materials investigated employ TDI and water based hard segments, but utilize
a monofunctional polyol (monol) as the soft segment, instead of the conventionally used triol in
actual PU foams. SAXS, WAXS, DSC, and AFM were used to assess the microphase separated
morphology of the materials. Plagues with hard segment contents varying from 15.9 to 37.8 wt%
are noted to be solid materials even at their low molecular weights of less than 3000 g/mal.
Direct evidence which establishes the significance of hard segment connectivity in giving the
plaques their sold-state has been provided via AFM. Furthermore, it is also shown that when the
hard segments are not present (in trisegments formed from the reaction of two monol chains and

asingle TDI unit), the materials remain in their liquid state.
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