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ABSTRACT: Supramolecular fillers were incorporated in a pelgéprolactone)-based polyurea in a modular
approach via a “perfect-fit” principle. DSC and AFM studies both support the same model in which the bis-
(ureido)butylene-based filler molecules are incorporated into the bis(ureido)butylene hard segment domains of
the polymer via bifurcated hydrogen-bonding interactions up to 23 mok%6.8 wt %) of incorporated filler.
Polymer hard segment and filler form a single phase, and the soft phase remains unaffected. This resulted in
stiffer materials (23 mol % of incorporated filler more than doubled the Young’s modulus) without a decrease in
tensile strength or elongation at break. When more than 23 mol % of filler was added to the polyurea, separate
filler crystallites were observed in both AFM and DSC. A drop in Young’s modulus was now observed, followed
by an increase upon adding even more filler. In this second regime, a decrease in tensile strength and elongation
at break was observed, revealing similar behavior to reinforcing thermoplastic elastomers with the more common
micrometer-sized reinforcement fillers.

Introduction From the literature cited above it becomes clear that two

Reinforcement fillers are used extensively to improve stifiness 9eneral methods to increase the stiffness of a thermoplastic
of thermoplastic elastomers. However, because of the rigidity elastomer are used. First, reinforcement fillers can be mixed
of most fillers, the polymer becomes also more brittle. The with the thermoplastic elastomer. This will result in a second,
increase in stiffness depends mainly on size, shape, andseparate filler hard phase besides the hard and soft phase already
interfacial adhesion between the polymer and the surface of thePresent in the polymer chains of the segmented copolymer.
filler.1 In general, smaller sized fillers give better mechanical Second, the ratio of hard and soft segments can be varied in
properties, higher Young’'s modulus, and less reduced tensilethe polymer chains. This can be achieved by varying either the
strength and elongation at break. The smallest fillers have thesoft or the hard block length. Both methods can increase the
largest surface area, resulting in an improved fileratrix stiffness of thermoplastic elastomers, but simultaneously tensile
interaction? To improve interfacial adhesion, chemical or strength and strain at break are reduced. The first approach needs
physical bonding between filler and matrix has been introduced. significantly higher amounts of additional hard segments to
Dubois et aPf applied the polymerization filling technique to increase the stiffness to the same extent as compared to the
improve the interfacial adhesion between filler and polymer by second method. Here, we demonstrate the unusual properties
in-situ polymerization on the filler surface. Chantaratcharoen of a supramolecular filler that is only incorporated in the hard
et al* used chemical modification of reinforcing fibers to segments of a well-defined thermoplastic elastomer via su-
improve filler—matrix adhesion. They showed improved tensile pramolecular interactions, an approach recently introduced by
strength and elongation at break as compared to nontreated;s? In this way a combination of the two described methods is
fillers. However, compared to the unfilled polymers, tensile realized: filler is mixed with the thermoplastic elastomer, but
strength and elongation at break still decreased when filler wasfijler and polymer hard segments now form a single hard phase.
added. _ . . The block copoly(ester)urea (PCLU) used consists of a poly-
~ An alternative approach to stiffen thermoplastic elastomers (.caprolactone) (PCLM, = 1446 g/mol) soft segment and a
is to increase the hard plock to soft block ratio (_HB/SB) inthe \ell-defined hard segment consisting of two urea groups
polymer chain. According to Wegnerthe logarithm of the separated by a fixed spacer length (Figuréfbsurea= 172.2

Young’s modulus of segmented copolymers follows a linear g/mq- 10.6 wt % of hard segments). The hard segments of these
relationship with the volume fraction of crystallinity. He showed polymers self-assemble into supramolecular ribbons and form

this relatir:)r: for cqgolymefrts with ‘LCTsltggto P;I_M(I) (p?jly- reversible cross-links. In our modular approach, guest molecules
(tetramethylene oxide)) soft segmer(= g/mol) an . bearing a bis(ureido)butylene moiety are incorporated in the
PBT (poly(butylene terephth_alate)) hard segments of varying supramolecular ribbons of the thermoplastic elastomer via a
lengths. The same relation is valid for posiy_(aprolactone)- “perfect-fit" principle (Figure 1§ By mixing supramolecular
based polyurethanes where the HB/SB ratio was altered byfiller with PCLULU, we circumvent the problem of packing

varying soft segment lengfhAlso here an increase in stiffness . : . .
ying 9 g haracteristics, size, and shape of the more traditional microme-

was accompanied by a decrease in both tensile strength ancf - . . . . - .
strain at break. er sized fillers by using a molecular sized filler. Since filler

and hard segments of the polymer form a single hard phase,
i : we expect excellent interfacial adhesion and no interference with
T Laboratory of Macromolecular and Organic Chemistry. h ft ph A . 03 | 04 ldbe i d
* Section Materials Technology (MaTe). the soft p ase. A maximum o mol % could be incorporate
* Corresponding author. E-mail: E.W.Meijer@tue.nl. before the filler gradually started to phase separate from the
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Figure 1. Proposed modular approach: the supramolecular filler (red) is incorporated into the®@atd domains (blue) via bifurcated hydrogen
bonds.

polymer hard segments. The Young’'s modulus was increasedsubjected to hydrogenation under aldtanket at room temperature
over 100% without a decrease in tensile strength or strain atovernight. After filtration over Celite, the product was isolated by

break. precipitation in hexane, resulting in PCL(C5-Mk a white powder
in a 95% yield. PCL(C5-Nk), (10 g, 6.8 mmol) was dissolved in
Experimental Section 150 mL of dry CHC4. A solution of 850uL of 1,4-diisocyana-

) ) tobutane in 5 mL of CHGlwas slowly added by drops until the
Materials and General Synthetic ProceduresAll reagents and methylene protons next to the amine were no longer visibidin
solvents were purchased from commercial sources and were useqyMR. PCLU,U was isolated in a 90% yield by precipitation in
without further purification. Chloroform was dried over 4 A hexane. FT-IR:v = 3323, 2940, 2864, 1728, 1616, 1576 ¢m
molsieves (Merck). All reactions were carried out under a dry argon 14 NMR (CDCl): 6 =4.24 (t, 4H), 4.04 (t, 2@H), 3.70 (t, 4H),
atmosphere. Infrared spectra were measured on a Perkin-Elmer3 14 (b, 8H), 2.32 (t, 2(2+ 2)H), 1.66 (M, 2(f + 2)H), 1.49 (m,
Spectrum One FT-IR spectrometer with a Universal ATR sampling 8H), 1.39 (M, 2(& + 2)H) ppm.3C NMR (CDCk): 6 = 173.5,

accessory'H NMR and 3C NMR spectra were recorded on a 1590, 69.0, 64.1, 63.2, 40.0, 39.8, 34.0, 30.0, 27.6, 26.3, 28.3, 25.4,
Varian Gemini (300 MHz fofH NMR, 75 MHz for 3C NMR) or 24.5 ppm.

a Varian Mercury (400 MHz fotH NMR, 100 MHz for3C NMR)
spectrometer at 298 K. Matrix-assisted laser desorption/ionization
mass time-of-flight spectra (Maldi-TOF) were obtained using
o-cyano-4-hydroxycinnamic acid as the matrix on a PerSeptive
Biosystems Voyager-DE PRO spectrometer.

Synthesis of 1-(2-Ethylhexyl)-3f4-[3-(2-ethylhexyl)ureido]-
butyl}urea. The supramolecular filler was synthesized by dissolving

2-eth|y|-.1-he;q(/jlgmine (3.69bg, 28.6(r)nsr’nol) in 60 mL of Idry C%CI 3—10 mg of each film was used for DSC measurements. Films for
A solution of diisocyanatobutane (0.9 mL, 7.14 mmol) in 10 mL o jje testing were prepared by drop-casting these solutions (1.5
of dry CHCk was added by drops. The reaction was allowed to g in 15 mL) in Teflon dishes of 105 45 x 5 mm. The dishes

stir until no isocyanate functionalities were observed W|t_h mfrared were covered with a spoutless beaker to allow the solvent to slowly
spectroscopy. All solvent was evaporated, and the reaction mixture evaporate. After thermally annealing at 80 for 4 h tensile bars

was redissolved in THF and subsequently precipitated in 0.1 M rdin ASTM D 1708- imensions) wer nched from
hydrochloric acid. The product was washed with 0.1 M hydrochloric Eﬁgcrce):sdult%gt;oﬁln?s. Sampleosgfc?fAdFMewzrz sgepgr:dptgjy ((:jisescz)lvic;]g
acid and neutral water before it was drieq in a vacuum overnight. 1 mg of the films that were prepared for DSC measurements in 1
The product was dissolved in CH{Gind dried with L\IQS_O“' The | "of chloroform and were subsequently drop-cast on glass
product was obtained as a white powder in a 99.4% yield. Melting e r5jips that were cleaned by sonicating in acetone for 15 min
point=117°C. FT-IR: 3330, 2958, 2925, 2860, 17624' 1564, 1480, 4nq subsequently dried under vacuum at°@0for a few hours.

1459, 1379, 1258, 1234, 1142, 1066, 774 &m'H NMR

(CDCh): & 4.99+ 4.77 (t, 4H, NH), 3.20 (M, 4H, NHE,(CHs)3) Differential Scanning Calorimetry. DSC measurements were
3.08 (m' 4H .NHCHZICH) 151 (m H NHéIgCHZ) 1.40 (m H performed on a Perkin-Elmer differential scanning calorimeter Pyris

CH), 1.34-1.26 (m, 16H, CHCH,CH,CH,), 0.88 (m, 12H, Ei-) 1 with Pyris 1 DSC autosampler and Perkin-Elmer CCA7 cooling

Preparation of Polymer Films. All samples were prepared by
dissolving the right amounts of supramolecular filler and PQUU
together in chloroform. Films for DSC were prepared by drop-
casting these solutions (100 mg in 3 mL) in Teflon dishes ok45
25 x 5 mm. The dishes were covered with a spoutless beaker to
allow the solvent to evaporate slowly. Further drying in a vacuum
at 40°C overnight resulted in solvent free films. Approximately

ppm.13C NMR (CDCA): 159.7 (G=0), 43.2 CH), 40.0 (NHCH,) element under a nitrogen atmosphere. Melting and crystallization
310 (CHCH,CH), 29.0 (CI—'QCHZCH)l 28 1 (NHCHCHZ) 241 temperatures were determined in the second heating run at a heating/
(CH3CH2CH2) 231 (CF&CHZCHZ) 14.1 and 109 QHg),pprﬁ. cooling rate of 10C min~! and glass transition temperatures at a
MALDI —TOF: calculated mass: 398.63 g/mol, observed mass: Neating rate of 40C min. _

399.56 g/mol. Atomic Force Microscopy. AFM images were recorded at 37

Synthesis of PCLUU. Poly(e-caprolactone)Nl, = 1250, 20 g, °C in air using a Digital Instrument Multimode Nanoscope IV
16 mmol), N-carbobenzoxy-6-aminohexanoic acid (9.3 g, 36.8 Operating in the tapping regime mode using silicon cantilever tips
mmol), 4-(dimethylamino)pyridinium 4-toluenesulfonate (DP®S)  (PPP-NCH-50, 204497 kHz, 16-130 N/m). Scanner 6007JVH
(1.18 g, 4 mmol), andN,N-dicyclohexylcarbodiimide (DCC) (9.9 ~ Was used with scan rates between 0.5 and 1 Hz. All images are
g, 48 mmol) were dissolved in 300 mL of dry CHChand the subjecteq to a first-order plane-fitting procedure to compensate for
reaction was allowed to stir for 48 h. The reaction mixture was Sample tilt.
filtrated and solvent was evaporated. The remaining solid material Tensile Testing. Tensile properties were measured according
was dissolved in 100 mL of CHeghknd precipitated in heptane to  to ASTM D 1708-96 in air at 37C. Thickness of the samples
obtain PCL(C5-NH-2), a white powder in a 90% yield. A solution ~ was always very close to 0.3 mm. Grip to grip separation was
of PCL(C5-NH-Z} (10 g, 5.8 mmol) in 250 mL of EtOAc/MeOH <22 mm due to limited dimensions of the used climate chamber.
(v/v 4:1) ard 1 g of 10% Pdsupported on activated carbon was Testing was conducted in a Zwick Z100 universal tensile te&tBR/
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Scheme 1. Synthetic Route to PCLLU Thermal Properties. The clear difference in melting tem-

1 pce, peratures for the bis(ureido)butylene hard segments of the

H—R—H + 2 C}/\o vav\g«w — polymer and the supramolecular filler can be' employed to study
CHCl, the thermal properties of PCLU containing different amounts

Ar of supramolecular filler. The supramolecular based composites

were prepared by dissolving both compounds in various ratios

HZ
54 i PdIC in chloroform and subsequent solution casting of these solutions.
O “W\E/R\!!/V\/\” O RT In DSC, measured between 50 and 24 the melting peaks
EtOAC/MeOH (2:1) in the second heating runs were evaluated. The results are plotted
in Figure 2A,B. The bis(ureido)butylene units of the pure
R oon NN polymer showed a melting peak at 182. Upon adding more
"’"NV\!,/ TV\/\""’ RT and more filler to PCLWU, we observed one melting transition
i:‘c's that was decreasing a few degrees in melting temperature upon
0 j\ adding the supramolecular filler. Simultaneously, the melting
’P\/W"‘n’"\/\/\u ™SSR enthalpy AHy,) increased (Figure 3). However, when 28.6 mol
° ° m % of filler was present in the polymer, a second melting

transition appeared (Figure 2B), accompanied by a dradHp.
Continuing to incorporate more filler, the first melting transition

R = ,[/°v\/\/ii*],,~o/\/°\/\oz[j\/\/\/°']; remained around the same temperature-902 °C, while the

melting temperature of the newly observed melting transition
equipped with a 2.5 kN or 100 N load cell. A Noske-Kaeser gradually shifted toward the melting temperature of the pure
TEE_180/1N2_(80) X climate chamber was used around the testfiller. The melting enthalpy4Hy,) of this second melting peak
specimens. The crosshead speed was 20 mm/min. Between 4 anéhcreased when more filler was added. It was not always possible
6 samples were evaluated for each polymerffiller ratio to determine to determine the melting enthalpies of the two observed melting
E, yield stress, and yield strain. Because of slipping of some samplestransitions separately due to some peak overlap. However, the
from the clamps at higher elongations, thfe tensile strength, strain 4, AHm increased upon adding more filler above 28 mol %.
at break, and toughness could be determined from 3 to 5 samplesgi o1y the glass transition temperature of the PCL soft block

per polymerffiller ratio. Exceptions: for 3.8 mol %1 = 1 (though .
elongations of 2790 and 3500% and corresponding tensile strengthsWas measured and showed only a slight decrease"6f@ver

of 17.3 and 17.7 MPa were reached without failure, further the range of compositions (Figure 2C).
elongation could not be reached due to the limiting dimensions of ~ Surface Morphology. Hard segment morphologies of ther-
the climate chamber) and for 50 mol %:= 2. Because of the  moplastic elastomers were investigated using atomic force
shape pf the stressstrain cyrves,.yleld stresses and strains were microscopy (AFM)L° Especially phase images obtained with
gﬁﬁm%ﬁi t()'ﬁ;}':?(;;gi‘%‘:}gg{:gnoimsgggﬁlﬁgi?gdtm'”'t'al this imaging technique provided useful information and proved
indicative Young’s modulus was determined by calculating the slope '.[O be reasonably representative for bulk morpholob‘!dissphase
at 0% strain. images the hard phase of the polymer appears brighter than the
soft phase. AFM topography and phase images were recorded
Results in tapping mode in air at 37C; from DSC it is known that the
PCL soft block is completely amorphous at this temperature.
In this way the semicrystallinity of PCL was not interfering in
imaging the hard segment morphology. Phase as well as height
images of PCLWU showed a typical fiberlike morphology of
hard segments embedded in a soft matrix. The diameter of the
observed fibers was measured to bes5m in all cases. When
1 mol % of filler was added, the surface morphology looked
very much alike. When more and more filler was added, up to
23 mol %, always similar surface morphologies were observed
with similar fiber diameters. From 3.8 up to 23 mol % filler,
small white features of~1 nm thickness were observed in the
phase images (Figure 4). Phase images showed them to be
relatively hard with more white features at higher filler content.
These features, however, were not always evenly distributed

amine, exactly 1 equiv of 1,4-diisocyanatobutane was added©Ver the surface (for an example, see Supporting Information
by drops to obtain maximum chain extension (Scheme 1). In Figure 1). When more than 23 mol % filler was added to

this way, no amidation was observed, and the characterizationPCLU«U films, and even already on some locations of the 23
of the polymer by NMR, IR, and GPC fully confirmed the mol % sample, white features started to cluster and formed

structure assigned. GPC showed a molecular weightl,pf= bigger aggregates covering the whol_e surface. The white_feat_ures
56 kg/mol My = 109 kg/mol, PD= 1.9). PCLUU shows a were proposed to be the crystals of filler. As a resglt, no f|berI|I_<e
glass transition temperature -a66.5°C, a melting peak at 17 ~ morphology was observed anymore (see Supporting Information
°C of the poly¢-caprolactone) soft block, and a melting peak Figure 2).

at 107°C of the bis(ureido)butylene hard segments in DSC.  Mechanical Properties.Tensile tests were performed in air
The synthesis of various batches leads to small but insignificantat 37 °C to eliminate the influence of the semicrystallinity of
differences in glass and melting transitions for the different PCL, as was done with the AFM study. The results are listed
PCLU,U samples. For all measurements reported in this paperin Table 1 and plotted in Figure 5, derived from engineering
the data of a single batch are used. stress-strain curves. Figure 6 is based on the true s%recsijv

Synthesis of Supramolecular Filler and PCLUU. The
molecular filler was prepared by adding a solution of 1,4-
diisocyanatobutane in chloroform dropwise to a solution of 4
equiv of 2-ethylhexylamine in chloroform. The product was
isolated in high yields by precipitation from THF in 0.1 M
hydrochloric acid. In differential scanning calorimetry (DSC)
a melting peak was observed at I’I7. The product was further
characterized by NMR, IR, and mass spectrometry. The
synthesis of PCLLU was not straightforward since function-
alizing the PCL prepolymer with amine end groups easily results
in amide formation. To circumvent this problem, PCL-didl(
= 1250) was reacted with benzyl-protected aminohexanoic acid
in a DCC coupling using DPTS as a catalyst. The resulting
product was stable in time. Directly after deprotection of the
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Figure 2. DSC curves (Endo Up) of various amounts of filler in

PCLULU for (A) melting temperatures, (B) zoom of melting temper-
atures of three samples, and (C) glass transition temperatures.

elongation curves. With increasing amount of molecular filler
in PCLUsU, the Young’'s modulus increased up to 29 MPa at
28.6 mol %, more than double the value of the pristine PELU
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Figure 3. Melting temperatures (bottom) as a function of supramo-

lecular filler added to PCLW and AHn, (top), derived from DSC
curves in Figure 2A.

(Figure 6A). The maximum was expected to lie between 23
(7.3 wt %) and 28.6 mol % (9.5 wt %) according to the DSC
measurements. When more than 28.6 mol % was added, a drop
in Young’s modulus was observed, followed by a gradual
increase upon adding even more of the supramolecular filler.
The vyield stress remained constant up to 16.7 mol %, with a
small decrease at 23 and 28.6 mol % and remained significantly
lower afterward (Figure 6B). Tensile strength and strain at break
were surprisingly not decreasing with increasing amount of
incorporated filler up to 28.6 mol %. The slightly lower value
at 16.7 mol % of filler, accompanied by a higher standard
deviation, was attributed to the use of two polymer films for
the determination of the tensile properties. One film apparently
was of slightly lower quality, resulting in three samples that
reached elongations at break around 2400% (true tensile strength
~325 MPa). A second film was of better quality, resulting in
two samples breaking over 3200% of elongation (true tensile
strength~510 MPa). When more than 28.6 mol % of molecular
filler was added, a decreasing trend for both tensile strength
and elongation at break was observed (Figure 6C,D). In Figure
6C,D the error bars around the transition going from the first
to the second regime are significantly larger as compared to
the other error bars. This and the decreasing values of the yield
stress at 23 and 28.6 mol % of filler indicate there is not a
sudden transition from the first to the second regime, but rather
one that is more gradual in nature.

The logarithm of the Young's modulus follows a linear
relationship with the volume fraction of crystallinity in trE:DV
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Figure 4. AFM topography (top) and phase (bottom) images atriscan sizes (insets: 150 nm) of PCjUWcontaining increasing amounts of
molecular filler: (A) 0, (B) 1, (C) 3.8, (D) 9.1, (E) 16.7, and (F) 23 mol Zoranges are 3, 5, 5, 5, 8, and 10 nm in {AF), respectivelyAg is

10°, 107, 120, 6°, 12°, and 5 for (A)—(F), respectively. Data obtained in tapping mode in air af@G7 CDV
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— Table 1. Mechanical Properties of PCLUU Containing Increasing

g 18+ Amounts of Filler; Data Derived from Engineering 6—e Curves

= 154 amount of

" filler in

Bh 4o PCLUs4 E Oyield €yield Omax €break

o 0 mol% [mol%]  [MPa]  [MPa] [%6] [MPa] %]

» —3.8 mol%

o 9+ 9.1 mol% 0 11.8+15 3.8+ 0.1 359+4.0 179+ 1.0 3000+ 60

c 16.7 mol% 3.8 11.6+£1.7 3.7£0.2 34.8+35 17.0 3020

= 6+ 23' mol% 9.1 13.0+£3.3 3.8+£0.3 28.3+35 17.0+£0.6 2920+ 160

8 286 mol‘)’u 16.7 19.8+ 15 3.8+04 20.8+£2.7 14.2+0.8 27104+ 600

£ 3 3?'5 mol%‘: 23 23.1+39 39+0.3 17.0+£3.1 17.8+£2.0 2910+ 350

[=2] : 28.6 28.7+3.8 3.7£0.1 144405 15.1+2.2 2920+ 300

S ol 50 mol% 375  21.6£13 32+01 16.7£23 13.3+24 2710+220
-— =60 mol% 50 249421 32401 17.1+£06 12.7+0.1> 2130+ 2
0 500 1000 1500 2000 2500 3000 3500 60 255+35 28+0.1 13.1+1.3 10.9+£0.6 2100+ 180

strain [%] an=1.bn=2
Figure 5. Representative engineering stresfongation curves for Discussion

PCLU,U with various amounts of incorporated supramolecular filler.
In an unusual way, we have tuned the mechanical properties
regime up to 28.6 mol % of filler. Since there is no crystallinity of our PCLWU thermoplastic elastomer by incorporating
in the pCL phase at 37C, this corresponds to the calculated supramolecular fillers via a modular approach. By mixing only
weight fraction of bisurea hard segmentdpturea = 172.2 7.3 wt % (23 mol %) of our supramolecular filler in PCLU),
g/mol). We compared this relation for our data with the data of it is possible to increase the Young’'s modulus from 12 to 29
poly(e-caprolactone)-based polyurethanes where the HB/SB ratio MPa. Concurrently, the yield stress, tensile strength, and strain
was altered by varying soft segment len§tfhe slope for the at break are not influenced by the filler. To our knowledge,
former is 3 times higher (13.8) than the slope of the latter (14.5) similar results have never been reported with other fillers or by

(see Supporting Information Figure 3). changing the hard bloeksoft block (HB/SB) ratio. According
35 7
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Figure 6. Young’s modulus (A), yield stress (B), tensile strength (C), ard break (D) of PCLWU films containing increasing amounts of filler.
Data derived from trug—A curves. CDV
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Figure 7. Schematic representation for two possible molecular
interpretations of the regime above 23 mol % of filler.

to Wegne£; a linear relationship between Idg(MPa) and the
HB content was found. With a slope of 13.8, the effect is
significantly higher than by increasing the HB/SB ratio in the
traditional way by changing the lengths of both segments. In
the latter, the data of Heijkants et®%yield a slope of 4.5 by
varying the soft block length in the covalent polymer chain.
This difference and the notion that only in our case the other
mechanical properties are not affected by increasingBhe
modulus prompt us to propose a molecular picture of our
modular approach using the DSC and AFM data.

The pristine polymer, consisting of a polydisperse PCL soft
block and monodisperse small bisurea hard block, forms well-
known morphologies: nanofibers embedded into a soft ma-
trix.710 The nanofibers with &, of 107 °C have a very high
aspect ratio with a diameter of% nm. Since these fibers have

Supramolecular Fillers in TPE's7431

leaving the polymer soft matrix unaffected (Figure 1). The
significantly larger error bars around the transition from the first
to the second regime in the tensile strength and elongation at
break together with the decreasing values of the yield stress at
23 and 28.6 mol % once more indicate the existence of a
transition regime. In the second regime, significant amounts of
separate filler crystallites are present. The Young’'s modulus
showed a slower increase and tensile strength and strain at break
are decreasing. The mechanical behavior in this second regime
seems similar to the incorporation of more common micrometer
sized fillers. When we think of possible molecular understanding
in this regime, we could think of two options: large domains
of filler still present in the same bisurea stacks, large enough to
be visible by DSC (Figure 7A), or a physically separate filler
hard phase (Figure 7B).

Conclusions

A new way to increase stiffness in thermoplastic elastomers
is introduced. In this method a supramolecular filler is introduced
in the bis(ureido)butylene stacks of a segmented copoly(ester)-
urea. DSC, AFM, and mechanical analysis all support the same
model in which the molecular filler is completely implemented
in the bis(ureido)butylene stacks of the polymer up to ap-
proximately 23 mol % (7.3 wt %) via supramolecular interac-
tions. In this way we are able to increase the Young’s modulus
from 12 to 29 MPa without a reduction in tensile strength or
strain at break. Compared to using the more common micrometer-
sized reinforcement fillers, the same amount of filler results in
a much higher increase in Young’s modulus in our case.
Furthermore, the fact that molecular filler and the hard segments

monodisperse diameters, they are expected to have a cylindricaPf our thermoplastic elastomer form a single phase provides
morphology, most probably consisting of a few bisurea stacks excellent interfacial adhesion and is responsible for an unaffected
aligned together. By adding the supramolecular filler, we identify SOft matrix A 3 times higher slope of the straight line in a log-
at first glance two regimes in the phase diagram. At concentra- (E/MPa) vs hard segment content plot shows that, also compared
tions of filler below 28 mol %, intimate mixing between filler ~ to the second method, as described in the Introduction, our
and hard segment of the polymer is observed. The morphology@pPproach results in a larger increase in stiffness. In our system
as studied by AFM hardly changes (the small filler crystallites the increase of the hard phase in the HB/SB ratio is not in the
are assumed to be a surface phenomenon, only, since in thiglirection of the covalent polymer chains, but in a direction
regime no evidence for a separate hard phase is found in DSC)perpendicular to the covalent chain. In this way the covalent
while the T, and T, are only slightly shifted (less than ). pqumer chains are unaffected altogether. Most probably it is
For concentrations of 28 mol % and higher, both DSC and this property that causes the remarkable mechanical behavior.

AFM show the presence of crystallites of only the filler as a
second hard phase. DSC in this regime shows a separate meltin%
transition for the filler. Where DSC measurements are repre- y
sentative for the bulk sample, AFM only shows the morphology
of the surface, and therefore quantitative data are hard to discer
from these AFM measurements. From the phase diagram in
Figure 2 a sudden transition from the first regime to the second
: 0 .
e e 2 B e acy. phas mages of FCLAY Cotanin 9.1.mol 6 (-ure S an
’ 28.6 mol % (Figure S2) of filler; plot (Figure S3) of relation

morphology was very inhomogeneous, with sometimes mor- penyeen log) and hard segment content. This material is available

phologies as shown in Figure 4, but also the onset of clustering free of charge via the Internet at http:/pubs.acs.org.
of the small filler crystallites to larger aggregates was observed

(data not shown). Together with the more deviatixig,, data
between approximately 23 and 37.5 mol % filler from Figure
3, this gives rise to the idea of another regime: a less-define
transition regime when going from a single phase of filler and
polymer hard segments to a situation where also a separate filler
hard phase is present. As a result, also the homogeneity of the
sample will be less. This assumption grows stronger when
looking at the mechanical properties.

In the first regime, the Young’s modulus increases over 100%

without a decrease in tensile strength or strain at break. All the
filler is present in the hard segment stacks of the polymer,
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