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SYNOPSIS 

ABCBA-type amphiphilic block copolymers comprising polydimethylsiloxane (PDMS), 
poly(ethy1ene oxide) (PEO), and heparin segments were synthesized by coupling reactions 
between end-functionalized oligomers. These multiblock copolymers were characterized to 
examine bulk properties using 'H-NMR, FTIR, end-group analysis, and sulfur elemental 
analysis. Block copolymers were further characterized in bulk using differential scanning 
calorimetry and X-ray diffraction measurements. The PDMS glass transition remains un- 
changed with increasing PEO content, indicating coexistence of pure PDMS with mixed 
phases. Furthermore, endothermic melting of the block copolymers shifts to higher tem- 
peratures and becomes more intense with increasing PEO molecular weight. Additionally, 
the crystallinity of the PEO segment in the block copolymers increases with increasing 
PEO molecular weight. The PEO melting endotherm peak shifts from near 318 to 323 K 
with annealing. In the cooling thermogram, the block copolymers exhibit two crystallization 
exotherms, one near 303 K and the other near 193 K, attributed to PEO and PDMS 
recrystallization and nucleation, respectively. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

Many block copolymer systems exhibit two-phase 
morphology, consistent with nonideal intra- and in- 
terpolymer segmental interactions. Because of their 
segmented construction and covalent bonds between 
chemically distinct blocks, block copolymers exhibit 
immiscibility and morphological properties mani- 
fested on a micro- rather than macroscale dimension 
typical of incompatible physical blends.' This is due 
to the influence of the intersegment linkage that 
restricts the extent to which incompatible phases 
can separate. Nevertheless, the thermal properties 
of block copolymers resemble those of physical 
blends. They display multiple thermal transitions, 
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such as glass transitions and/or crystalline melting 
points, characteristic of each component.' By con- 
trast, random copolymers display a single, homo- 
geneous phase with a respective, compositionally 
dependent glass transition temperature. Further- 
more, although crystallinity is possible in block sys- 
tems due to long sequences, it is diminished or elim- 
inated in the random copolymer systems due to a 
disruption of chain regularity. Because of differing 
chemistries in each block, segments are often not 
completely compatible in a thermodynamic sense, 
resulting in varying degrees of phase separation in 
the solid state. 

Amphiphilic copolymers composed of hydrophilic 
and hydrophobic blocks have demonstrated unique 
bulk and surface properties and interfacial behav- 
i o r ~ . ~ - ~ '  Polymeric hydrophilic/hydrophobic micro- 
phase-separated structures have been proposed4 as 
a key parameter for controlling the interfacial reac- 
tivity between polymers and blood as they are re- 
ported to inhibit both protein deposition and platelet 
aggregation. Additionally, several polymer surfaces 
have been modified with the natural glycosamino- 
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glycan bipolymer, heparin, in order to inhibit surface 
induced clotting."-15 H ydrophilic spacer groups have 
also been used to extend immobilized heparin away 
from surfaces to enhance its interaction with co- 
agulation factors.16-" 

Block copolymer strategies have incorporated 
hydrophobic polymer blocks connected to heparin 
via hydrophilic copolymer b l o ~ k s . ~ - ' ~  Vulic et al.5 
reported the synthesis of ABC-type block copoly- 
mers containing a heparin block, a hydrophilic 
poly(ethy1ene oxide) block, and a hydrophobic poly- 
styrene block and also characterized their blood 
compatibility. Recently, Sung et a1.6 reported the 
bulk and surface characteristics of biocompatible 
PDMS-PEO-heparin multiblock copolymers. Other 
work7-" has described the synthesis, characteriza- 
tion, and surface properties of amphiphilic ABC and 
ABCBA-type block copolymers containing PDMS, 
PEO, and heparin. Silicone polymers have shown 
significant and widespread success as biomaterials 
in implant and pharmaceutical applications.'' PEO 
has also received much attention as a potential bio- 
material with unique, biocompatible properties.22 By 
attaching these polymers linearly as block copoly- 
mers, the aim of these efforts was to provide a blood- 
compatible, heparinized coating to improve the bulk 
and surface properties of existing polymer sub- 
strates. Much of the surface and interfacial prop- 
erties of these novel polymer materials has been 
studied.'-'' Not only was heparin detected at  the 
surface of these copolymer but heparin was 
found to be bioactive using in both in ~ i t r o ' , ~  and in 
uiuo assays'.'' using serum and whole blood. Nev- 
ertheless, the bulk properties of these amphiphilic 
heparin-containing block copolymers have not yet 
been studied in significant detail. 

In this work, we describe the further character- 
ization of ABCBA-type amphiphilic block copoly- 
mers containing PDMS, PEO, and bioactive heparin 
segments. The glass transition temperature, crys- 
talline melting characteristics, annealing effects, and 
cold crystallization of the block copolymers were 
determined by differential scanning calorimetry. 
Assessment of block copolymer crystallinity was also 
determined using X-ray powder diffraction. 

EXPERIMENTAL 

Synthesis of Multiblock Copolymers 

a,o-Di[heparin-PEO-DMS pentablock copolymers 
[PDMS(PEO-Hep),] were synthesized via a cou- 
pling reaction of the triblock copolymer precursor 

PDMS( PEO-NH')' with derivatized heparin' by a 
similar procedure as used for fabricating the ABC 
triblock copolymer, PDMS-PEO-H~P.~ For these 
experiments, diamino-terminated PEO with molec- 
ular weights of 2000 (PE02), 4000 (PE04), and 6000 
(PE06) (Jeffamines, Texaco) were coupled to 
PDMS(TDI)2 in separate reactions. PDMS(TD1)' 
was prepared by adding PDMS(NH2)2 (Petrarch- 
Huls) (15% w/v in toluene) dropwise to a solution 
of toluene diisocyanate (TDI, 2% w/v in toluene), 
and a final ratio of [NH,]/[NCO] = 0.5 was obtained. 
PDMS(PEO-NH2)2 block copolymers were synthe- 
sized by adding the PDMS(TD1)' toluene solution 
to a,w-diamino PEO (15% w/v in toluene) until the 
final ratio of [NH,]/[NCO] was 2.4. All reactions 
were stirred under nitrogen for several days. Un- 
reacted PDMS(NH2)2 and PEO(NH2)' were re- 
moved by washing reaction products with a 10-fold 
excess mixture of ether and hexane (3 : 7 v/v) for 
12  h and a 10-fold excess of water for 24 h. To in- 
crease heparin solubility in organic media, com- 
mercial heparin was subjected to cation exchange 
with benzyltrimethylammonium bromide to yield 
the triton-B form with one aldehyde group per mol- 
ec~le.~. '  This heparin form was coupled to 
PDMS( PEO-NH2)2 block copolymers by reductive 
amination using sodium cyan~borohydride.~,' 

Identification of Block Copolymers 

Infrared spectra of both prepolymers and block co- 
polymers were obtained from films cast on sodium 
chloride cells using a Nicolet 5-MX FTIR spectro- 
photometer. Proton NMR spectra were obtained 
from samples in chloroform-dl using a JEOL PMX 
instrument (90 MHz). Amino group functionaliza- 
tion for the PDMS and PEO prepolymers as well as 
the PDMS( PEO-NH2)2 copolymers was analyzed by 
potentiometric t i t ra t i~n.~" Sulfur elemental analysis 
was obtained on a Lecox Corp. Model SC1321IR 
analyzer. 

Thermal Characterization of Block Copolymers 

A Perkin-Elmer DSC-4 equipped with a TADS 
computer was used for differential scanning calo- 
rimetry measurements (DSC) to measure Tg and T,. 
Calibration was most conveniently carried out by 
melting a carefully weighed sample of very pure ref- 
erence material, usually semiconductor-grade in- 
dium. Samples of 5-10 mg were measured over a 
range of temperature from 123 to 423 K under he- 
lium at a scanning rate of 20"/min. For annealing 
thermograms, sealed aluminum pans were annealed 
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in the DSC cell for 20 min at 323 K and then rapidly 
quenched to 123 K. DSC scans were taken after 
quenching with each sample being used only once. 
For cooling thermograms, the DSC cell was heated 
to 323 K (above the highest DSC endotherm tem- 
perature exhibited by the samples). DSC scans taken 
were recorded immediately during cooling at  a scan- 
ning rate of 20°/min. 

X-ray Characterization 

X-ray powder diffraction profiles were recorded for 
copolymer solid samples using a CuKa beam ( A  
= 1.54 A) in an X-ray diffractometer (Rigaku D- 
MAX IIIB). 

RESULTS AND DISCUSSION 

Identification of Multiblock Copolymers 

The IR spectra of PDMS(NH&, PDMS(TDI),, and 
PEO(NH,), are shown in Figure 1. Telechelic iso- 
cyanated PDMS was prepared from the telechelic 
diamine-terminated PDMS oligomer using TDI in 
solution coupling reactions: IR vibrational bands 
characteristic of urea bond formation are indicated 
by the presence of N-H stretch at 3320 cm-', 
amide I a t  1645 cm-', and amide I1 at 1540 cm-' as 
shown in Figure l(B).  These peaks were unique to 
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Figure 1 
PDMS(TDI12, and (C) PEO(NH212. 

FTIR spectra for ( A )  PDMS(NH2)2, ( B )  

products from TDI functionalization and were not 
present in simple mixtures of the PDMS and diiso- 
cyanates. A strong adsorption at 2270 cm-' is char- 
acteristic of free isocyanate groups. The FTIR spec- 
tra of the triblock and heparinized pentablock co- 
polymers are also shown in Figure 2(A) and (B), 
respectively. When isocyanated PDMS prepolymers 
were coupled to amino telechelic PEO, FTIR spectra 
demonstrated new N - H stretching absorbance 
bands at 3520 and 3380 cm-', and the prominent 
isocyanate peak disappeared, indicating the for- 
mation of urea linkages between PDMS and PEO 
in two different chemical environments. 

Proton NMR spectra for PEO, PDMS, and the 
PDMS(PEO-NH,)* block copolymer are shown in 
Figure 3. Methyl proton resonance signals of the 
siloxane backbone at 0.1 ppm and the methylene 
resonance of PEO at  3.4-3.8 ppm are shown. Signal 
integration confirms the proper ratio of protons in 
the block copolymer constituents as listed in Table 
I. NMR integral ratios indicate that the desired 
coupling reactions have been accomplished in the 
anticipated stoichiometry. In addition, end-group 
analysis, also shown in Table I, demonstrates the 
presence of functional amino groups in all steps of 
the synthetic process. This supports the assertion 
that the desired stoichiometric products are ob- 
tained. Elemental analysis shows that pure heparin 
contains 6.1% sulfur by weight, whereas the sulfur 
content of PDMS(PE0-Hep), was 1.3% by weight, 
indicating that heparin comprises 21.3% (w/w) of 
the heparinized block copolymers. This result con- 
firms that heparin is coupled into each block co- 
polymer chain at a ratio of 2 : 1, providing additional, 
consistent evidence for ABCBA-type pentablock 
copolymer formation. 

DSC Thermograms of Block Copolymers 

DSC results for the triblock copolymers, the hepa- 
rinized pentablock copolymers, and pure oligomer 
samples of PEO, PDMS, and heparin are summa- 
rized in Table 11. Glass transition temperatures were 
chosen as the intersection of the curve tangent line 
and the upper base line, a point near the onset of 
heat capacity change through the transition region. 
The melting temperature, T,, and the crystallization 
temperature, T,, were defined as the extrapolated 
onset points. According to the nomenclature for dif- 
ferential thermal analysis the extrapolated 
onset is best defined as the point of transition be- 
cause the point of intersection gives the most re- 
producible value experimentally independent of the 
operator. 
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Table I Composition and End-group 
Concentrations in Block Copolymers 

3800 2200 1400 800 
WAVENUMBERS(CM-~)  

Figure 2 FTIR spectra for block copolymers ( A )  
PDMS(PE0-NH,), and (B)  PDMS( PEO-Hep),. 

Pure PEO shows a Tg a t  232 K and a T,  at about 
323 K. The crystalline melting temperature location 
is consistent with that found by  other^.^^,^^ Pure 
PDMS shows a Tg a t  150 K, a crystalline transition 
for PDMS at 183 K, and a melting peak of crystalline 
of PDMS a t  223 K.26,27 Heparin displays a large exo- 
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Figure 3 
PDMS ( PEO-NH2)2 triblock copolymer. 

'H-NMR spectra for PDMS, PEO, and the 

Mole Ratiob 
PEO Amino Groups 

Polymer (mol %)" PEO PDMS (mol/g X 

PDMS(PE02)2 10.2 1 4.5 4.38 
PDMS(PEO4)B 20.5 1 1.9 4.14 
PDMS(PEO6)* 30.7 1 1.3 1.26 

"In feed. 
By 'H-NMR integration. 

thermic peak a t  523 K due either to thermal deg- 
radation or recrystallization." As shown Figure 4, 
DSC thermograms of the complete ABCBA block 
copolymers shows well-defined thermal transitions 
that are easily identified as follows: glass transition 
for PDMS at approximately 150 K; crystalline tran- 
sition for PDMS a t  170 K; melting transition for 
crystalline PDMS a t  220 K; and an endothermic 
peak related to the melting of the crystalline PEO 
fraction ranging from 310 to 320 K. The T, of PEO 
in the nonheparinized triblock copolymers is con- 
sistently shifted to lower temperatures compared to 
pure PEO, indicating a small degree of phase mixing 
with PDMS (data not shown). The T,  of PEO in 
these heparinized block copolymers is also shifted 
slightly to 310-315 K, indicating a small degree of 
miscibility of the PEO with other blocks in the 
ABCBA system. These data suggest that the copol- 
ymers are semicrystalline materials characterized by 
the coexistence of distinct segregated chemically 
homogeneous domains. Surprisingly, both PEO and 
PDMS segments maintain significant crystallinity 
in copolymer samples. 

Glass transition temperatures for polymers de- 
pend strongly on thermal history, internal stresses 
present, side chains, molecular weight, and chemical 
structure. Glass transition temperatures for the 
PDMS segment in triblock and heparinized penta- 
block copolymers are represented in Figure 5 and 
Table 11. Very little shift in the PDMS Tg with var- 
ious coupled components is observed, suggesting that 
amorphous PDMS segments are unaffected by block 
copolymers with different PDMS and PEO com- 
positions, i.e., noncrystalline PDMS appears to be 
unaffected by the presence of PEO or heparin seg- 
ments. However, PDMS cold crystallization tem- 
peratures are influenced by the incorporation of 
PEO and heparin into the copolymer. As further 
described below, crystalline PDMS phases appear 
to undergo alterations as PEO content and chain 
length changes. This indicates at least three types 
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Table I1 Thermal Analysis of PEO and PDMS in the Block Copolymers 

PE04 
PDMS 
Heparin 
PDMS(PEO2), 
PDMS(PE04)z 
PDMS(PEO6)z 
PDMS( PEOS-H~P)~  
PDMS( PE04-Hep), 
PDMS(PEOG-Hep), 

323.2 
- 

- 

306.5 
318.0 
319.6 
308.7 
311.6 
315.8 

146.2 - - 

- 150.0 183.0 

31.5 148.9 188.0 
47.0 148.9 171.7 
42.0 149.9 169.3 

6.7 150.8 167.7 
21.8 151.2 170.2 
28.1 150.9 169.3 

- - - 

- 

223.0 

219.6 
215.1 
217.4 
219.6 
219.2 
216.6 

- 

- - 

-8.6 19.4 

-6.3 17.6 
-8.4 8.8 
-7.2 11.3 
-6.3 17.6 
-7.9 12.6 
-5.5 10.1 

- - 

- 
- 

523 
- 

- 

- 

547 
543 
523 

of PDMS phases: pure amorphous, pure crystalline, 
and a mixed amorphous phase with PEO. PEO crys- 
tallinity, which would necessarily exclude PDMS, 
is known to increase with its molecular weight. 
Crystalline fractions for PEO blocks in copolymers 
analyzed here (shown in Table 111) support this trend 
and will be discussed further below. 

Annealing Effects and Cooling Therrnograrns 

Annealing proved experimentally inaccessible in 
block copolymers having a T,,, above 343 K because 
of their poor thermal stability. However, these block 
copolymers could be first heated for 20 min to  323 
K and then studied using the calorimetric methods 
described above. Annealing results for PEO and 
PDMS in the triblock and the heparinized penta- 
block copolymers are shown in Figure 6 over tem- 

I I I I I I I I 

133 193 253 313 373 
TEMPERATURE (K) 

Figure 4 
copolymers. 

DSC thermograms for heparinized pentablock 

perature ranges relevant to  PEO and PDMS tran- 
sitions. Lower temperature transitions observed for 
the PDMS Tg and T, a t  150-170 K have disappeared 
with annealing. The PEO T,,, peak shifts from near 
318 K in the initial thermogram toward its pure T,,, 
of 323 K with annealing. The initial, low T,,, for PEO 
in this unannealed system suggests that PEO is ini- 
tially quite phase-mixed. I t  is difficult to  discern di- 
rectly whether PEO is mixed predominantly with 
heparin or PDMS. However, based on the thermal 
shifts seen for both triblock and heparinized block 
copolymers in Figure 6, phase-mixed regions of both 
PEO-heparin and PEO-PDMS with a larger portion 
of PDMS-PEO are likely present. The appearance 
of thermal transitions associated with pure PDMS 
and PEO phases as well as for phase-mixed regions 
of these constituents supports the contention that 

(A) JDMS(PEO6-Hep)z 

h D M S ( p E 0 4 - H e p ) ~  

>DMS(PE02-Hep)2 

(B) > PDMS(PEO6)2 

>PDMS(PEO4)2 

>PDMS( PEO2)z 

(c) J-PDMS 
I I I 

1 3 3  163 193 
TEMPERATURE (K) 

Figure 5 Glass transition temperature in PDMS seg- 
ments in ( A )  triblock and ( B )  heparinized pentablock 
copolymers. 
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Table I11 
of Melting of PEO in the Block Copolymers 

Crystalline Fractions and Enthalpies 

AHfn PEO Cry. 
Polymer (J/d (%I8 

PDMS(PE02)2 31.5 16 
PDMS(PE04)2 47.0 24 
PDMS(PE06)2 42.0 22 
PDMS( p E 0 2 - H e ~ ) ~  6.7 3 
P D M S ( P E O ~ - H ~ P ) ~  21.8 11 
PDMS(PEOG-H~P)~ 28.1 14 

a Weight fraction of PEO in copolymer that is crystalline 
X 100, i.e., wt crystalline PEO/total PEO X 100. 

the heparinized block copolymer is phase-separated 
to a certain extent after annealing with associated 
areas of phase mixing. 

Triblock and heparinized block copolymers show 
varied thermal behaviors after a melt recrystalli- 
zation cycle. Since thermal behavior for the block 

copolymers involves not only polymer melting char- 
acteristics, but also its crystallization, it is compel- 
ling to consider the characteristics of the sample 
under precisely controlled cooling conditions. Cool- 
ing results for both triblock and heparinized pen- 
tablock copolymers are shown in Figure 7. The data 
illustrate the crystallization behavior (exotherms) 
for two different types of crystalline phases in both 
triblock and the heparinized block copolymers. 
These copolymers exhibit two crystallization exo- 
therms, one near 303 K attributed to PEO and the 
other near 193 K due to PDMS cold crystalliza- 
t i ~ n . ~ ~ , * '  

PEO Segment Melting Point Depression 

Melting in crystalline polymers typically occurs over 
a finite range of temperatures. This phenomenon 
results from the fact that most crystalline polymers 
are not entirely crystalline and contain regions of 
crystallites surrounded by amorphous fractions. 

SCAN RATE : 20.0 deglmin 

PDMS(PEO4-Hep): 

PDMS(PE02-Hep); 

PDMS(PE04)z 
A 

>( PDMS(PEO2)2 

I I I I 
133 193 253 313 

TEMPERATURE(K) 

Figure 6 Annealing thermograms for triblock and heparinized pentablock copolymers. 
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SCAN RATE : -20.0 de@h 

PDMS(PEO4-Hqh 
V 

I I I I I I I 
153 213 273 333 

TEMPERATURE (K) 

Figure 7 Cooling thermograms for triblock and heparinized pentablock copolymers. 

Depending on the amorphous:crystalline ratios, dif- 
ferent melting temperatures are recorded. Enthalpic 
values of melting for PEO in both the triblock and 
heparinized pentablock copolymers vs. temperature 
as derived from DSC thermograms are also sum- 
marized in Table 11. In agreement with others,2s their 
endothermic melting points shift to higher temper- 
ature ranges and become larger with increasing PEO 
molecular weight. Plots of PEO molecular weight 
vs. T, for the PEO, triblock copolymers, and hep- 
arinized pentablock copolymers are shown in Fig- 
ure 8. 

Melting point trends in these systems are inter- 
esting: From a theoretical standpoint, melting points 
should not fluctuate and should be independent of 
block composition if the crystalline block is large 
enough and if the system is at thermal eq~ilibrium.~’ 
Given the various crystalline and amorphous con- 
tents in the block copolymers, progressive shifts in 
melting point peaks with PEO content may be ex- 
plained using Flory’s polymer diluent theory.30 
Lower melt points for crystalline PEO fractions and 
subsequent varying levels of miscibility may be 
caused in part by differing degrees of phase rnixin2l 
of PEO with amorphous PDMS phases or by dif- 

ferent forms of PEO crystals in the block copolymers 
and heparinized block  copolymer^.^^ Other systems33 
comparing polymer-diluent mixtures demonstrate 
melt peak shifts that  can be modeled by Flory’s the- 
ory correlating T, to  thermodynamic interaction 

330 

P 
;320 + 

310 

300 
1 2 3 4 5 6 ’  

PEO Molecular Weight (xlO-3) 

Figure 8 
in triblock and heparinized pentablock copolymers. 

PEO melting point vs. PEO molecular weight 
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parameters and volume fractions of each phase." 
Phase mixing of PEO and PDMS probably accounts 
for the peak shifts in T,,, as well as differing degrees 
of crystalline fraction in each case. The increasing 
amorphous PDMS content likely induces increasing 
levels of phase mixing, leading to crystalline imper- 
fections that cause melting point depressions. 

Degrees of Crystallinity for PEO Segments 

Calorimetric summation of different melt temper- 
atures and relative populations of crystallites bear- 
ing these T,,, will result in broadening of observed 
calorimetric peaks. Crystallite size and amorphous 
fraction, in turn, are functions of branching, chain 
length, and molecular weight distribution as well as 
of thermal history.34 Enthalpy changes associated 
with PEO's first-order melt transition, calculated as 
a ratio of DSC peak areas, are well characterized 
and reproducible by comparing the peak area of the 
endothermic peak with that of pure indium. A plot 
of PEO molecular weight vs. AH,,, for PEO, triblock, 
and heparinized pentablock copolymers is shown in 
Figure 9. The linear relationship in both triblock 
and heparinized pentablock copolymers supports a 
correlation between PEO molecular weight and the 
peak shift. Assuming that the Gibbs free energy 
change during a phase transition is nearly zero 
(equilibrium), the entropy of the transition can be 
calculated from the known data of AH and melting 
temperature: 

AG,,, = AH,,, - T,,, AS,,,, AG Z 0 (1) 

AS,,, = AHJT,,, (2) 

0 
1 2 3 4  5 6 7  

PEO Molecular Weight (x103) 

Figure 9 PEO melting enthalpy vs. PEO molecular 
weight in triblock and heparinized pentablock copolymers. 

Table I1 shows the T,,, derived from DSC ther- 
mogram peaks and the AH,,, obtained from peak 
areas. AS,,, is calculated from AH,,, and T,,, by this 
method for both PEO and PDMS segments. AH,,, 
values for PEO and PDMS segments in the copol- 
ymers are both less than those measured for pure 
PEO and PDMS, respectively, and these AH,,, values 
for pure phases are lower than those reported for 
higher molecular weight analogs.35 This likely re- 
flects differences in crystalline fractions as a func- 
tion of molecular weight (see below). Additionally, 
AH,,, values for these segments are inversely corre- 
lated: For a given sample, low AH,,, values for PEO 
segments are consistently associated with relatively 
high values of AH,,, for PDMS segments. For the 
heparin-containing samples, AH,,, values for PEO 
segments increase with PEO molecular weights, 
whereas those for PDMS decrease accordingly. 
These trends may indicate mutual effects of PEO 
and PDMS segment crystallization within these co- 
polymers where one segment (e.g., PEO) creates a 
crystallized phase of high AH,,,, compelling the other 
phase (e.g., PDMS) to  reduce its crystalline fraction 
(and AH,,,) during solidification. AS,,, for PEO values 
of the triblock and heparinized pentablock copoly- 
mers increase with increasing PEO molecular 
weight. A plot of PEO molecular weight vs. AS,,, for 
the PEO, triblock, and heparinized pentablock co- 
polymers is shown in Figure 10. 

The enthalpy of melting, AH,,,, can be used to 
calculate the degree of crystallinity (x,) for related 
unknown polymer samples if a sample of 100% crys- 
talline phase is used as a reference. The degree of 
crystallinity, x,, was calculated by the following 
equation3? 

X ,  = AH,,,/AH: (3) 

where AH,,, is derived from DSC thermograms as 
described above and AH: is the enthalpy change of 
melting for a 100% crystalline sample standard. 
Calculations of x, for PEO according to PEO mo- 
lecular weight in the block copolymers are shown in 
Table 111. Degrees of crystallinity for PEO phases 
were calculated from the experimentally determined 
enthalpy of fusion and a value of 194 J/g for AH: 
derived for 100% crystalline PE0.22,25,27,28 Weight 
fractions of crystalline PEO increase with increasing 
PEO molecular weight in the block copolymers. 

X-ray Diffraction 

X-ray diffraction methods allow determination of 
the relative amounts of crystalline and amorphous 
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I '  material in a sample if it is possible to resolve the 
contributions of the two types of structures in the 
X-ray diffraction pattern. X-ray powder diffraction 
patterns used to investigate crystallinity for PEO, 
heparin, and block copolymers are shown in Figure 
11. The first main reflection for pure PEO (19") is 
very sharp and corresponds to an intermolecular 
spacing between PEO linear chains of 4.6 A. This 
PEO reflection is also observed in the block copol- 
ymers as well but peaks are broadened and dimin- 
ished, indicating structural perturbations. Diffrac- 
tion patterns for triblock and heparinized penta- 
block copolymers have reflections at  the same 
position as that for pure PEO, which become broader 
as the amount of PDMS increases. Apparently, in 
this case, phase immiscibility diminishes PEO crys- 
tallinity, supporting thermal analysis results. 

Tri- and pentablock copolymers exhibit a com- 
mon, broad reflection ( 1 2 O ) ,  corresponding to a chain 
spacing of 7.3 A. This peak is absent in both the 
pure heparin and PEO samples, implying that it 
might be attributed to the PDMS phase. Previous 
scattering has shown an interchain spacing 
of 9.0 A for pure silicone polymer networks. 

CONCLUSIONS 

ABCBA-type amphiphilic block copolymers were 
synthesized via coupling reactions of PDMS ( PEO- 
NH2)z with derivatized heparin. 'H-NMR results, 
FTIR spectra, and end-group and sulfur elemental 
analyses are all consistent with the synthesis of 
ABCBA pentablock copolymers. These samples were 

0.5 1 
- 0.4 
8? 

3 0.3 

0.2 

0.1 

0.0 

. x 
4 

PDMS(PE0)z 

a 
PDMS(PE0-Hep)z 

1 2 3 4 5 6 7 
PEO Molecular Weight (xlO3) 

Figure 10 PEO melting entropy vs. PEO molecular 
weight in triblock and heparinized pentablock copolymers. 
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Figure 11 
heparin, and block copolymers. 

X-ray powder diffraction profiles for PEO, 

characterized in bulk by differential scanning cal- 
orimetry and X-ray diffraction. 

The block copolymers were found to be semi- 
crystalline materials characterized by the coexis- 
tence of different segregated domains and segment 
aggregation states. The thermal data are consistent 
with multiple aggregation states for both PDMS and 
PEO in the copolymers that change with PEO chain 
length (and, hence, with PEO content). PDMS and 
PEO exist in pure isolated immiscible phases (mi- 
crophase-separated domains ) that coexist with a 
miscible PDMS-PEO mixed-phase fraction. As dis- 
cussed below, PEO in its pure state is at  least par- 
tially crystalline, whereas when mixed with PDMS, 
it is certainly much more amorphous. Block copol- 
ymer endothermic melting points shift to higher 
temperature and increase with increasing PEO mo- 
lecular weight. Crystallinity of PEO in the block 
copolymer also increases with increasing PEO mo- 
lecular weight. The PEO T,  peak shows shifts from 
near 318 K in the initial thermogram toward its pure 
T, of 323 K with annealing. In the cooling ther- 
mogram, the block copolymers exhibit two PEO 
crystallization exotherms, characteristic of PEO and 
PDMS, respectively. 
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ing calorimetry and Prof. Jan Feijen (Twente University, 
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ized copolymers. D.W.G. was a recipient of a Pharmaceu- 
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