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1. INTRODUCTION

Thermoplastic pelyurethane elastomers are block copolymers of the-
(A-2)

temperztures the soft segment {s in & viscous or rubbery state, while the

n type, consisting of alternzting soft and herd segments. At service

hard secrent is in 2 glassy or semicrystaliine state. The soft segment

provicdes elastomeric character to the polymer, while the hard segment
p;ovides dimensional stability by acting as a thermally reversible and multi-
function;I crosslink and also as a reinforcing filler. The unusual
properties of these copolymers are directly related to their two-phase
structure.

in cenventicnzl segmented lineer polyurethznes the soft secments are
commonly low molecular weight {600-3000) polyether or polyester macroglycols
while the hard segments usually consist of an aromatic diisocyanate which
is chain extended with a low molecular weight diol to preduce blocks
with a range of molecular weights. The driving force for phase
separédtion in these systems is the incompatibiIit& of the two segment types,
A wice spectrum of physical properties and morphologies has been observed,
depenging upon the composition and chemical architecture of the ﬁard and soft
segments (1-6).

fhe incorporation of low molecular weight poly(dimethylsiloxane) as a

scft secment material to produce a polyurethane block copolymer gives

"materiels with interesting bulk and surface properties due to

the charecteristics of the silcxane soft segment (7). These characteristics
include 2 wide service temperature range due to the very low
pely(cirethylsiloxane) glass transition temperature (~123°C), good thermal

and cxicztive stability, increased impact strength, good release properties,
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. find a wide range of potential applications as elastomers, coatings,
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incormsatibility with most organic compounds, &nd excellent electrical
insulating properties. Due to their low surface energy, the siloxzne -
secments tend to micrate to the air-polyrmer interfeéce and provide & very

Eycrochobic surface (€,2). Silcxanes are also of interest as possible

tiomz<erials (10-11), and the oxygen permeability that has been observed in
pely(dimethylsiloxane) systehs is 21so of interest (12).
Pely(dimethylsiloxznes) are physiologically inactive, very low in toxicity

and present no health hazards. Thus, siloxane-containing copolymers should

biomaterials, and environmentally stable compounds.
Poly(dimethylsiloxane)-polyurethane materials are 1ikely to be highly
phese separated due to the large differences in the soft and hard segment

solubility perameters and also the lack of hard segment-soft segment

hydrecen bonding. Similar characteristics have also been noted for

pely (butadiene) and poly(isobutylene) polyurethanes (13,14).

One method used to enhance the degree of phase separation in
po1yurethane block copolymer is the introduction of ionic centers in the hard

sec=nt units. In previous studies of polyurethane zwittericnomers (15-18),

materials incorporating N-methyl-diethanolamine (MDEA) as the hard segment . ngi
chaiﬁ extender were synthesized and their properties studied. Ionization was : "
accomzlished by quaternization of the tertiary amine of MDEA by reaction in ésigi
solution with 1,3-propane sultone. These studies of polyether-polyurethane . fgéi:-
zwitterionomers found that ion incorporation increased phase separation aad ” ;i:;
_herd domain cohesion. This is caused by a clustering of the ionic groups ?;ﬁ?

which 21so cives rise to an enhancement of mechanical preperties. ' P

The synthesis of poly(dimethylsiloxane)-based polyurethanes

suifers frcm problems related to the solubility of varicus ccwmponents of the
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poly(siloxane-urethane) in the reaction medium due to their large

sclubility differences. This mikes the selection of a2 suitadle so1veni

¢ifficult. Receatly, Yilgor et 2. (19) stucdied the kinetics of a model
systen of poly(urethare-siloxane) copolymers. To our knowledge, the chain
exterded poly(dimethylsiloxane)-urethanes have not been studied in detail.
In this investigation, a series of poly(dimethylsiloxane)-polyurethanes
were synthesized, and the effect of the degree of ionization on the
physical- properties was explored. The hard segments consisted of
4,4'-diphenyimethane diisocyanate (MDI) and either 1,4 butanediol (BD)
cr K-methyldiethanolamine (MDEA) as the chain extender. The zwitterionomers
were besed on MDI/MDEA hard segments., The soft segment mater1£1 was a
hydroxy-terminated poly(dimethylsiloxane) of molecular weight 2000.
Cifferent molar ratios of hard segment to chain extender to soft segment
tesed on both BD and MDEA were prepered. The purpose of this work wzs to
investigate the effect of different chain extenders and zwitterionization on
the microphase morphology and physical properties. |

11. "EXPERIMENTAL ASPECTS

A. Synthesis of vaterials

1,3-bis(4-hydroxybutyl)tetramethyldisiloxane (HT) (S{lar Laboratories,
Inc.) was used without purification, Octamethylcyclotetrasiioxane (Dg)

(Fetrerch Systems, Inc.) was distilled before use and dried over 4 &

molecular sieves. The 4,4'-diphenyimethane diisocyanate (MDI)

(folysciences) was melted and pressure filtered at 60°C and subsequently
precipitated in hexane in an ice bath, while the 1,4-butanediol (BD)
(AY¢rich) and N,N-direthylacetaride (DMAC) (Aldrich) were dehydrated cver

c2icium hydride for two days and then vacuum ¢istilled. Tetrehydrofuran
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(Aldrich) was dehydrated over calcium hydride. N-methyldiethanolamine (MDEA)
(Aidrich) at 97 percent purity, stannous octozte catalyst (V&T Chemicads),
end triethylamine (Ezstman) were used as received,

~ The hydroxybutyl terminzted poly(dimethylsiloxane) (HTPS-Z000) micre-

“¢lycel was made by reacting 27.9 g (0.1 mole) of 1,3-bis(4-hydroxybutyl)-

tetramethyldisiloxane and 178 g. (0.6 mole) of octamethylcyclotetrasiloxane
in & reaction flask equipped with 2 magnetic stirrer, reflux condenser,

thermometer and nitrogen inlet tube, About 0.1 weight percent of tetramethyl

. 2mmonium hydroxide (Aldrich) was added and the flask was heated to 80°C in a

nitrocen atmosphere. About five minutes after the catalyst was added,
the viscosity of the reaction mixture {increased and the fluid became

clear, The reaction was followed by measuring the viscosity (relative

flow times) as a function of time, while stirring the reactants at 80°C. A

plot of relative viscosity versus time is shown in Figure 1. After 10 hours,
the product was heated to 140-145°C for an hour to decompose the catalyst.

Unreacted cyclic siloxanes vere then removed by vacuum distillation

'(< 20 mm Hg) at 130°C. Gel permeation chromatography showed that no monomer

wes present, The mcleculer weight was checked by using the Hl KMR CHZICH3
ratio. The KTPS-2000 ﬁacrog1yco1 had 2 number average molecular weight
of 1998,

The segmented po1y(dimethy1si1oxane)-po1yureth;nes used in this study
were synthesized by the two-step condensation reaction shown in Scheme 1.
Solutions of HTPS-2000 and MDI were prepared in a mixed solvent system |
of 3:1 v/v of tetrahydrofuran to N,N'-dimethylacetamide. The HTPS solution,
containing 0.15 percent stannous octozte and triethylamine (unnecessary in

the “JEA series) as catalysts, was added to the stirred MDI solution in
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11

Scheme 1. Synthetic scheme for polysiloxe-e-pclyurethane.
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Scheme 2. Synthetic scheme for zwitterionization of MDI/MDEA/HTPS polymer.
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severazl parts at 60-70°C under dry nitrogen. After an hour, the chain !a;3ﬁ
extender was added, and stirring was continued in the seme temperazture- i
range, Chain extension with butanediol and MDEA required 6 hours and 30
minutes, respectively. After GPC verification that a satisfactory
rolecular weight had been achieved, the polymer wes precipitated

in hot water, washed with ethy1 21cohol, and then dried in a vacuum oven at

70-80°C for 2t least two days. The yield of polymer in a1l czses was greater

than 955, The soft segment analog (MDI:HTPS 1:1) was synthesized by a
similar procedure.

Zwitterionization was carried out on a portion of the MDEA-extended
polymers by first dissolving them in the aforerentioned mixed solvent of
THF and DMAC. A stoichiometric amount of 1,3-propane sultone (Aldrich) was
added, and the reaction mixture was stirred at 40°~50°C for 3 hours. This
reaction is shown in Scheme 2. CGPC indicated that the reaction did not cause
any chance in the molecular weight distributien of the polymer.

K11 materials studied are described in Tab1é 1, A polymer made from one
role of 2000 MW hydroxy-terminated poly(dimethylsiloxane) (HTPS), 3 moles of .
FDI and 2 moles of MDEA s designated as HTPS-25-0. The code 1ﬁdicates that
this polymer contains 25 weicht percent MDI and has a HTPS-2000 soft segment
and iero ¢ jonization. The polymer HTPS-25-5.0 has been completely reacted
with i.3-propane sultone and contains 5.0 weicht percent S04 (or 7.6 weight
percent of 1,3-propane sultone).

5., Test iethods

Films of block copolymers were spin cast from a solvent mixture of

TEF and DA in a 3 to 1 volume retio, dried in 2 vacuum oven 2t 55°C for one

«~&¢8y, and then stored in a desiccator at room temperature, Film thicknesses
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ranced from 5 wm to 200 um depending upon the test and test conditions. AN

filrs were transparent to visible light. -
The molecular weichts of the polymers were obtained by pessing one

percent (w/v) THF solutions through a Waters Associates Fodel 501 high

MM MV ] RN TP

pressure chromatograph. The average molecular weights were calculated on the

basis of the molecular weight vs. retention volume curve of monodisperse

4

polystyrene standards.

RERTR

| Infrared survey spectra were recorded with a Nicolet 7188 Fourier

. . ‘transform infrared spectrophdtometer operated with a dry air purge. One
1

hundred scans at a resolution of 2 cm = were signal-averaged before

CPRE ST

Fourier transformation.
Thermal anzlysis was carried out on a Perkin-Elmer DSC-2C interfaced
. ~with 2 Model 3600 Data Station using TADS software. Temperature and enthalpy
!’ celibration were carried out using indium &and mercury as staﬁdards. A
é heating rate of 20°K/min under a He purge was used on samples of 10 * 3 mg. . ' {%3?
: The data processing unit allowed automatic subtraction of the ba;e 1ine and ;L'

norralization of the thermogram for the sample weight.

Cyramic mechanical data were cbtained usirng a Rheovibron DDV-II

apperatus which was controlled by 2 computer. All measurements were carried

out under a nitrogen purge at a frequency of 110 Hz with a constant
heating rate of 2°K/min,
Room temperature uniaxial stress-strain data were taken on an Instron

table model tensile device at a crosshead speed of 0.5 in/min. Dumbbel11-

(SRR . g L ]
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shaped samples with a gauge length of 1.5 inches were stamped out with

N
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en ASTH 412-D dfie.
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Srzll-angle x-ray scattering (SAXS) experiments were cirried out

using a roctating ancde x-ray cenerator operating &t 40 kV 2ccelerating

«”®
.
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potential end 50 mA emission current. & nickel filter was used

to select Cu K x-rays (X = 0,1542 nn) &s the primery wevelength. A i
reditied Kratky compact SAXS cemera was used to collimete the x-rays into 2
beam which was about 1.25 c¢m by 100 um at the sample. The collimation
octics, the sample holder, and the enclosed scattering pzth were evacuated
t0 eliminate scattering by zir. The szmple-tc-detector distance was
approximately 0.6 meters. Scattered x-rays were detected by a

cne-dimensional position-sensitive detector and associzted electronics. The

SAXS data were collected by a multi-channel anzlyzer and transferred to a

computer for subsequent analysis. Corrections were made to the data to

- take into account the detector sensitivity, the detector dark éurrent;

ki parasitic scattering, and sample absorption. Relative intensity data were
é converted to absolute intensity data by using a Lupolen (poiyethylene)
standard (2C)., In order to eliminate slit-lencth smearing effects, an
experimentally measured slit-length weighting function was used to desmear
the data by the iterative method of Lake (21). |

111, "RESULTS AKD DISCUSSION

A, Synthesis

The anicnic catalyst attacks both D, (ring) and KT (1inear chain) during

the polymerization. The competing reactions are:

=D = + Dy —=> D(ypuy" ' (1)

=D = + MM —> KD.M (2) .
DM+ BN ——> KD x_y)v. + I-'.DyM (3)
HDGH + MDY M > 1D, gM # Mb(y_w)M (4)

If <he precess represented by reection (1) is faster thkzn the others, it

would cause & viscosity peak during the early stage of the polynerization

&s in the case of hexamethyldisiloxane egquilibration with D, [22].
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The viscosity~-time relationship of the HTPS synthesis is shown in
Figure 1. The shape of the curve indicates an approximztely equal reactivity
ef T¢ and KT towards tﬁe alkaline catalyst., This could be beczuse the
hydrexy group, with its electron donating ability, has an accelerating effect
on the -leavace of the Si-0 bond of HT.

The critical step of the polymer synthesis is the choice of the reaction
solvents, because of the large solubility parameter differences between
silcxene and urethane components, It was found that a 3:1 retio of THF to
DMAC could be used satisfactorily to prepare all seven samples. However, it
is difficult to use this solvent mixture to synthesize poly(dimethylsiloxane)
biock copolymers wifh higher hard segment content than those examined
in this study.

Icnic groups are present in the MDEA-extended raterials after
Zwitterionization in solution. During the spin casting of the ionized
pclymer solution, it is expected that the ionic groups zggrecate. lonic
acgregates are expected to have a high binding energy so that once the
accrecates have formed it should be very difficult to redisso1ve.the
meterizls uncer the same concditicns (temperature and sclvent) used for spin
cesting., After spin casting, the ion-containing MDEA-extended materials
could not be dissolved. We take this observation as strong evidence that
jonic acgregetion occurs in polyurethane zwitterionomer block polymers.

B. Infrared Spectroscopy

Hydrogen bonding between the urethane hard segment and the siloxzne soft
secment coes not occur because there are no proton conors or acceptors in the
silexzne soft secment (bonding to the siloxane oxygen is resiricted by steric

rindrance). Thus, hydrogen bonding occurs only in the hard domains




with kH hydrogen atoms functioning 2s donors and the C=0 bonds serving as
proton 2cceptors. A typical survey infrared cpectrum of a .
po\&(dinethy1si]oxane)-poTyurethane block copolymer (Sewple KTPS-20) §s shown
in Ficure 2. The bends near 3300 cm'1 (N-H stretch), 17¢. cm'1
(C=0 stretch), 1540 em -t (C-N-K bending) and 1280 em! (N-C-0 stretch) are
typical of polyurethane hard segments. The presence of the peaks at
1252 cn} (sym CHy bending), 1060 cm > (S1-0-S1) stretch, and
842 and ‘794 cm"1 (CH3 rocking) indicates the inclusion of the siloxane chains
in the final polymer. The assignments of IR bands in this work agree with
those of Yilgor et 21. (19).

Figure 3 shows the IR spectra of four materials in the NH.and C=0
stretching region, B2sed on the K¥ band in the region of 3200-3500 cm-l.
the HTPS-10 material zppears to be primarily hydrogen bonded, because the

1

bonded NH peak at 3310 cm - predominates, while the free (nen-hydrogen-

1

bonded) NH peak at 3460 cm © is detectable only 2s a very small shoulder. In

1

the carbonyl region between 1650-1750 cm -, the peak due to boﬁded C=0

stretching centered at 1700 cm >

predominates, and that due to free C=0
coefficient of free ;nd bonded C=0 are the szme in poTyure%hanes (23,24),
the dohinance of the bonded C=0 peak indicates that a large fraction of the
her¢ segments are hydrogen-bon&ed. This inter-urethazne bonding is considered

| to occur in the interior of the hard domains,

The ‘IR spectra of the BD-extended raterials, HTPS-ZO and HTPS-25, which
are presented in Fioures 2 and 3, are Qery similar and indicate thzt nearly
211 the KH a2nd C=0 croups are bonded. IR spectra like these zre expected

for hiohly phase-separated polyurethanes (26). It should be noted thet the




..................

bonded k¥ &nd C=0 peaks are broader for the low hard secment content

-

ceteriel, KTPS-10, then for the hicher herd segment content materials,

KTPS-20 and HTPS-25. Increasing the hard segment content gives larger hard

demzins which have more inter-urethane bonding. In addition, beczuse the
#21/8D haerd segments zre crystallizzble, increasing hard segment content +

211ows greater hard domain packing order and thus more uniformity in the

inter-urethane bonding energy. ;?ii

The IR-spectra of the MDEA-extended materials, HTPS-25-0.0 and ;:;;f
HTPS-25-5.0, are shown in Figurg 3. Just.as the BD-extended materijals, ?iié
the MOEA-extended materials show negligible amounts of free NH or C=D EE:;;

Nl
| S

groups which indicztes that these reterials are hichly phase-separated.
There is 2 noticeable difference between the IR spectra of the BD-extended i
- and the MDEtA-extended materials - the MDEA-extended materials have broader
N# and C=0 peaks and the peaks have a larger area. Ve interpret the peak
brezcening to indicate that the MDEA-based hard segménts have 2 lower degree . g;?}
of packing order and thus a2 lower mass density than hard domains of the BD- B ;ié
besed materials, The larger peak areas are attributed to slightly greater o
szmple thicknesses., Comparison of IR spectra for an un-ionized material, ‘
H1PS-25-0.0, and the ecuivalent ionized sample, HTPS-ZS-S:O. shows that they .
are very similar. The bonded KH and C=0 peaks of the jonized sampie appear
to be shifted very slightly to higher wzvenumbers (higher energy).

C. Thermel Analysis ) f':

DSC curves for the 2D- and MDEA-extended polymers are shdwn in
ficures 4 and 5, respectively, and the thermal transition data are summarized

in Yable 2, The breacdth of the soft cdorzin glass transition provides —

litetive measure cf scft phese hemegeneity. For toth the BD- and s

e U

w




. ' MDEA-extended raterials, the Tg of the siloxzne wes consistently Eﬁi

182 2 1°K, This indicates that the poly(dimethylsiloxane)-polyurethame
reterials are highly phase seperated. A T4 which does not shift with
increésing hard segment content has been found in 2 series of polybutadiene

pelyurethznes (12) and polyisobutylene polyurethznes (14), which are also

well phese separated.

A11 three samples in the butanediol chain-extended series showed a very

g s7z211 endotherm at about 337°K, which has been attributed to short-range
3 '
hl ordering of the hard domains (27,28). The magnitude of the endotherm was e

about the same for all of the samples. Only semple HTPS-25, the BD-extended

rmaterial with the highest hard segment content, showed significant hzrd

secment crystallinity. This is an indication that for MDI/BD based
pclyurethanes there is a threshold in hard-segment volume friction or averzge
herd-seoment Tngth.needed to obtain significant hard segment crystallinfity.
Secause MDI/BD hard segments are crystallizable while those of i“DI/MDEA are
rnot, the hard decmains in MDI/BD/KTPS materials aée expected to have a higher

ress density, especfally when significant hard segment crystallinity exists, .

than the hard domzins in MDI/MDEA/HTPS raterials,

High temperature melting endotherms were not observed. in the MDEA- ;:f
extended poly(dimethylsiloxane)-polyurethane block copolymers. In the WMDEA-
extenﬁed polyurethanes, the methyl side group does not allow 2 sufficiently :jj

-regular ordering of the hard segments to permit crystallization (15).

Tne results in Tedble 2 show that ion inccrporation does not affect the
soft domain glass transition temperature or the transition zone width of the
1JEA-extended raterials. This is due to the fact that the un-jonized

rater‘als are already highly phase separated. The un-ionized #DI/MDEA hard

hd
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-show a soft'domain glass transition (c* peak, Figures 7 and 9) at

- broadening in the B-peak and an enhancement of the rubbery modulus is

t

secrents show a small endotherm near 332°K. This endotherm has previously
been reported 2s the hard domain Tg (15). After fonization, the endotherm
at 332°K shifts to hiéher terperatures, &nd this shift is attributed to en
tlteretion cf the hard domains due to the formation of fonic zpgregates

or clusters.

D. Dynemic Fechanical Analysis vl

The results of dynamic mechanical experiments are displayed in

Figures 6-9 and Table 3. In agreement with the DSC data, 211 the samples
approximztely the same temperature. In the BD-extended series, a

cbserved 2s the hard segment content increases (Fioure 6).

Figure 8 shows the storage modulus curves for the MDEA-extended series
meterials. In the un-ionized semples, as the hard segment concentration
increases the B-peak broadens and the storage modulus increases.

The ionized samples exhibit a higher rubbery modulus than the corresponding
un-ionized samples, and a broad rubbery-platezu region deve]ops.- The plateau
rcZulus increases with increasing ienization level. This suggests increased
herd domzin cohesion due to the aggrecation of ionic groups, 2s the ionic
groups provide inter-chzin crosslinking within the hard domains. Ionization
21so s1ightly increases the hard domain volume fraction which causes an
increzse in the modulus due to a filler effect. Figure 9 21so

shows that ionization also produces 2 small secondary maximum

rax in Table 3) in the loss modulus curve, suggesting that some .

¢iscrdering process takes place in the hard domzins. This meximum shifts to
higher temperatures with increasing icnic concentration, sugcgesting an ENEN

ennencec Cerein cchesicn &t higher ionization levels.
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€. Tensile Properties

Typical stress-strezin curves for the 8D- and FDEA-extended materials
are shewn in Figure 10, &nd the tensile preperties ere summarized in Table 4.
Compariscn of the BD-extended materia)s, H7PS-20 and RTPS~25, shows 2 higher
Younc's rodulus and ultirmate strength for the higher hard segment content
raterial. By looking only at these two samples, it is impossible to
détermine whether the increzsed tensile strength is due to the effect of

sicnificant hard segment cryst2llinity or the effect of a higher hard domain

volume fraction. A comparison of the tensile test results for HTPS-25 and
HTPS-25-0.0 (BD-extended vs, MDEA-extended at almost the same hard segment
content) settles this issue., The hiéher tensile strength of HTPS-25 (vs.
HTPS-25-0.0) indicates that the presence of hard segment crystallinity is
& more important factor in determining tensile properties than the hard
segment volume fraction per se. Comparing the tensile test results of
un-icnized (HTPS-25-0.0) and ionized (HTPS-25-5.0) MDEA-extended materials
shows that ifonic azggregation in hard domains a1s$ gives & material with a
mich higher tensile strength. These tensile test results lead directly

tc the important conclusion that hard demein cohesiveress, whether it is
obtained via hard segmént crystallinity or via ionic aggregation, is 2 much
n;re'important factor than hard domain volume fraction in determining the
tensiie properties of phase-separzted block polyurethanes.

-F. Sm211-Angle X-Ray Scattering

The cesmeared small-angle x-ray scattering (SAXS) data are shown in
Ficures 11-13 and the characteristics of the scattering peaks are given
in Table 5. The scettering curves show absolute intensi<ty as a function

cf wcrentum transfer ragnitude, g. .The relation between q and the sczttering




-2t the highest scattering angles (q > 1.0 nm_

A S

14

engle is q = 4% sin(8)/X where X is the x-ray wavelength and 28 is the

”~

scaitering angle.
The discussion of the SAXS data will be relatively quaIitgtive. A more
deteiled ana?y;is of the scettering data will be presented elsewhere. The
SAYS discussion will focus on the following feztures of the intensity curves:
(1) peak location which gives an indication of the interdomain distance,
(2) peak height which is proportionz) to the contrast between phases, and (3)
_peak sharpness, as given by the full width 2t half maximum (FWHM) of the
peek, which is a measure of the regu1ar1tx in domain size or spacing.
feztures of the SAXS curves which are common to all four samples include:
(1) a single prominent scattering peak, (2) an increase in intensity at the
)

Towest scattering angles (q < 0.2 nm ), and (3) similar shapes of the curves

)
SAXS curves of samples of different hard segment content but based on
the szme chein extender (BD) are shown in Figure 11. The scattering curves

have the same shape, but the scattering peak for the sample with-higher hard

secment content is hicher and is lccated a2t a smaller scattering angle, The -

increased peak height is primarily due to the presence of crystalline
MDI/2D secments in the HTPS-25 sample, although the 1ncrea;ed hard domgin
volume fraction also contributes to the increased peak height. Bofﬁ semples
have peaks with the same FWHM which indicates that the variation in hard
dorein size is the same. The increzsed ;ong spacing for the sample with -
hicher hard segment content could be due to the incréased volume fraction
of the hard domains in that material,

SAXS curves of samples with different chzin extencders but the same

Farl segTent content are shown in Ficure 12. The flat peek top of
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HTPS-25-0.0 is an artifact introduced by connecting data points with straight
lires. The sample based on the FDEA chain extender has a much sharper-peak,
j.e. a smaller FuEM, which indicates that the hard domains in sample
KTPS-25-0.0 are more uniform in size than those in the sample based on the
gD chzin extender (HTPS~25). The 1MDZA-extenced sample also hes & shoulder
in the scattering curves at about q = 0,85 nnl.  This feature suggests more
régu]ar domain spacing (i.e. less local disorder). Based on the DSC results,
the HTP§-25 (BD-extended) sample has significant hard segment crystallinity,
but the HTPS-25-0.0 (MDEA-extended) sample does not. Thus, the hard domain
rass censity and electron density are greater for the BD-extended materfal.
Theretcre, the slightly higher SAXS peak and increzsed long spacing of

the KDEA-extended sample indicates that its hard domein volume fraction

(and thereby connectivity) is greater.

SAXS curves of the MDEA~extended samples before and after
zwitterionization are shown in Figure 13, The increased peak height for the
completely ionized sample (HTPS-25-5.0) is attriﬁuted to the aggregation of
fonic groups so that the fcnized hard domains have higher electron density.
The increzsed long spacing for the completely fonized sample is-probab1y due
to its higher hard segment volume fractfon. The level of jcnization'does not

affect the peak sharpness as measured by the FWHM, which suggests that

regu1ér1ty in comain size is not affected by ionization., That is, the
- morphology of the polyurethane block polymer is not significantly affected by
the incorporation of jonic groups into hard segments.

IV, COKCLUSIONS

"gn the basis of FTIR and DSC results poly(cimethylsiloxane)-

rolyurethane block polymers are hichly phase-separated, as expected, The L_?~

xxs

' ‘- ‘."" ¢ A .l'. .1" ':'
[

a"l," s
- .
. .
.' ‘e

(3
.‘.;%l

rd
PAOAs
)




RAURCAARAL R s AR CANCR

A8 L ATV

vl
IRENEA

presence of hard segment crystallinity and ionic functionality does not

TF
.

.' e @
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noticeably affect the phase separation. A high degree of phase separation
is ctserved for both crystalliizable and non-crystallizeble hard segments.
Thus, for polyurethzne blcck polymers based on poly(dimethylsiloxane) soft
secrents the hard and soft domzins zre nearly completely phase separated

end the phase separation is not significantly affected by the hard segment

ERRN AKX NAAR

chemical structure or the hard segment content (for hard segment content
ii in the range studied in this work).
Using ﬁDEA as the hard segment extender instead of BD yields materiails
whose hard domains have (1) nen-crystallizable hard segrents, (2) lower
ii rass density, (3) mére uniform size, and (4) Tower cohesion at the same
. hard secment content (2ssuming no ionization of the MDEA). The more

uniform domein size for MDEA-extended materifals, as indicated by

i‘ SAXS, could be interpreted 2s being due to more chain folding in the hard
domains of these materiails, but without further evidence this should be

! viewed 2s a highly speculative conclusion.

For the iDEA-extended materials, jonic aggregation'occurs a?ter
swittericnization in sclutien followed by precipitaticn and spin casting.
The icnic aggregaticn was deduced from solubility and SAXS results. lIonic
aggrégation explains the increased rubbery plateau rmodulus and tensile
. strength observed in zwitterionized materials.

On the basis of DSC, FTIR, and especially SAXS results, the hard segment

cryst2a)linity or ionic aggregation does not significantly change the
2. ~sarple wmerphology. That is, the morphology appears tc be determined rmore

by the extreme incompatibility of the poly(dimethylsilcxane) soft segments

and the aroratic urethane hard segments than by the state of orcanization

’ within the hard domains.
o,
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Reinforcement of the hard domains via hard segment crystallinity or
viz zwitterionization of the chain extender causes a dramatic increase-in
the Young's modulus, ultimete tensile strength, and rubbery plateau moculus
of poly(dimethylsiloxane)-polyurethane segmented polymers. For the range of
hard segment contents examined in this study, hard domafn cohesion is
rore importznt than hard demain volume frection in determining the tensile

end viscoelastic properties of these elastomers.
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HTPS-20-0 2 1 1 0 9.2x10

*

Table 1
MgteriaT Characterizaion

tolar Ratio *
Semple ¥DI/BD/KTPS (2000) Molecular weight

HTPS-10 1 0 1 7.7x10%
HTPS-20 2 1 1 4.6x10%
HTPS-25 3 2 1 . 6.8x10%

MDI/MDEA/HTPS (2000)/1,3-PS
4

HTPS-20-3.0" 2 1 1 1
HTPS=26-0 3 2 1 0 7.7x10%
3

HTPS-25-5.0" 2 1 2

- -
Dstermi in THF bv GPC V___,
Dz termined by GPC eak

¥ Wt % SO5 added during synthesis

MDI wt %
11.0
19.3
25,6

19.1
18.2
25,0
23.2
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Table 2
DSC Results

‘ : Soft Segment Hard Seament

,b Faterial T Transition

zone width small endotherms large endotherms

i CK) (°K) . (°K) (°K)
KTPS~-10 153 6 337 -
K7Ps-20 153 6 337,390,462,483 -
{TPS-25 152 7 337,380 : 462
HiPS-20-0 152 7 - 322 -
KTPS-20-3.0 152 8 355 4 -
KTPS-25-0 152 7 324 -
KTPS-25-5.0 152 7 384 -




2

hi
: Teble 3 o
Dynamic Mechanical Results O

Sample E” peak g peak Plateau Region (°C)

(°C) (°C) onset  ena  width
£TPS-20 -124 - -75 40 - 115 ."' _
KTPS-25 -124 126 -75 50 125 ﬂ

- KTPS-20-0.0 -124 95 =75 10 8§ o
HTPS-20-3.0 -124 188 -75 150 225 E’.:_ij..;:_.g_‘
KTPS-25-0.0 -124 113 75 50 125 b

KTPS-25-5.0 -124 >200 ~75 190 265




§ Table 4 R
- . : R
L _ Tensile Properties ,__4

Ultimate tElongation
Young's Modulus Stress at Break

Sample (MPa) (MPa) < RS
175 ”""\

KTPS-20 : 0.4 2.4
ATPS~25 1.8 5.0 n _
H7PS~20-0 0.2 3.1 2.48 ---1
KTPS~25-0 0.3 3.4 270
nTPS-25-5.0 1.1 8.6 153
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Table 5 vk
: SAXS Pezk Characteristics ;fié
- . Hard Segment Peak Location Peak FKHM Long Spacing .
Sample Keight Fraction {nm ") -1 {om™%) -1 (nm) 'ﬁifj
HTPS-20 0.2¢ 0.51 0.26 11.4 RS
OO
HTPS =25 0.33 0.46 0.26 12.6 o
KTPS-25-0.0 0.34 © 0.42 0.14 14.4 | R
HTPS-25-5.0 0.39 0.39 0.13 15.6 i

. i
. Note: Long spacing was calculated from peak in Lorentz-corrected scattering ' Bel
. curves, i.e. qzl(q).

-~ . -
- S
. AN
.:.'.',:.
-
—
- :
st
he
AR
-
.0‘ “I
.t
banguand
N
S
A
e
-, .'h -
.-. . ‘..
- ~.<.‘.‘
Y \.'.\
L) ‘a g
I- » :.
. ‘e
- ..‘ -
=
° 0\.:
‘:. .‘-‘.'
. RO
;,. P N U Y S \‘g

E R A R S R R R A R I L S A R A A S P S




ficure

Ficure
Figure

ficure

Figure

Ficure

Ficure

Figure

o N, w»n

0

10
11
12
13

BT PO AR Al i Wi O I

Ficure Captions

Relative viscosity vs. time for equilibraticn of one mole of
1,3-bis(4-hydroxybutyl)-tetramethyldisiloxane with six mo1es
of Dg with 0.1% (CH;),NOH 2t 80°C

Infrzred spectra of HTPS-20

Infreared spectra of HTPS-10, HTPS-25, KTPS-25~0 and HTPS-28-5,0
in the KH and C=0 stretching regions

DSC curves for the BD-extended series

DSC curves for the MDEA-extended series

Storage modulus E' and tan & curves for the BD-extended series

Loss modulus E® curves for the BD-extended series

Storage modulus E' and tan & curves for the MDEA-extended
series

Loss modulus E" curves for the MDEA-extended series.
Stress-strain curves for the BD- and MDEA-extended series
Desmeared SAXS curves for H7PS-20 and HTPS~25

Desmeared SAXS curves for HTPS-25 and HTPS-25-0.0

Desmeared SAXS curves for HTPS-25-0.0 and HTPS-25-5.0
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