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In this paper the bulk, surface and interfacial structures of a series of polyureas 
containing polydimethylsiloxane segments are examined. The silicone polyureas studied 
here all contain 25 wt% of a 5,000 molecular weight aminopropyl-terminated 
polydimethylsiloxane diamine, along with various ratios of a 900 molecular weight 
polypropylene oxide diamine soft segment and hard segments comprised of isophorone 
diisocyanate and 1,3 diamino pentane chain extender. The bulk morphology and 
rheology of the silicone polyureas are studied using transmission electron microscopy, 
differential scanning calorimetry, and dynamic mechanical thermal analysis. The 
siloxane segments are observed to form well-phase-separated spherical microdomains, 
while the matrix phase is comprised of a mixture of the polypropylene oxide soft 
segments and the hard segments. The single glass transition temperature of the matrix 
phase increases systematically as the ratio of hard segment to polypropylene oxide soft 
segment increases. The surfaces of the silicone polyureas are characterized using contact 
angle analysis, X-ray photoelectron spectroscopy and static secondary ion mass 
spectrometry. All of the silicone polyureas exhibit a thin 15 to 20 t! overlayer of the 
siloxane segments at their surface. The ability of the silicone polyurea surfaces to 
restructure upon contact with either water or an acid-functional acrylate pressure 
sensitive adhesive is also studied. The cxtent and rate of decrease in the receding water 
contact angle, as  a function of water dwell time and temperature, are related to the 
segmental mobility within the near-surface region of the silicone polyurea coatings. 
Silicone polyureas having higher hard segment content, and higher non-silicone matrix 
glass transition temperatures. are better able to maintain a high water receding contact 
angle, due to their lower segmental mobility. The observed increases in adhesion of the 
pressure sensitive adhesive, with increasing aging time and/or temperature, are attributed 
to an increase in the acid-base interactions between urea groups in the silicone polyurea 
and acrylic acid groups in the PSA. The initially low peel forces can be more readily 
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2 D. J. KINNING 

maintained for the silicone polyureas having high hard segment contents, due to the 
reduced segmental mobility and reduced degree of interfacial restructuring within the 
silicone polyurea. 

Keywords: Silicone; Polyurea; Surface; Interfacial restructuring; Adhesion 

INTRODUCTION 

It is well known that block and segmented type copolymers exhibit an 
enrichment of the low surface energy component at their surfaces due 
to the minimization of surface free energy [ l  - lo]. It has also been 
realized that polymeric materials, by their very nature, exhibit some 
degree of segmental mobility and can restructure upon contact with 
another medium [I 11. Restructuring of polymeric surfaces, driven by 
the minimization of interfacial energy, has been shown to occur for a 
number of multicomponent polymeric materials, including hydrogels 
[ 12 - 141, oxidized or surface functionalized olefins [ 13, 15, 161 or 
fluorocarbon polymers [17, 181, graft or block copolymers [3,19-291, 
alkyl [30,31] or fluoroalkyl [32] side chain polymers, polymer networks 
[33,34], and polyurethanes [5, 6,25,35 - 371. Such restructuring can 
lead to changes in the chemical interactions at  interfaces and is, 
therefore, an important phenomenon to consider in applications in- 
volving properties such as adhesion, wetting or repellency, biocom- 
patibility, printability, etc. 

In this paper the bulk, surface and interfacial structures of a series of 
polyureas containing polydimethylsiloxane segments, and a range of 
hard segment contents, are examined. The thermal and rheological 
response of these silicone polyureas is related to their composition, 
bulk microdomain morphology and the degree of mixing of the 
different segments. While all of the silicone polyureas show a sig- 
nificant enrichment of the siloxane segments at their surface, they 
respond quite differently to contact with orienting media. The degree 
and rate of interfacial restructuring is probed through measurements 
of contact angles and adhesion of a pressure sensitive adhesive (PSA). 
The changes in the water receding contact angle and peel adhesion of 
the pressure sensitive adhesive, with increasing contact time and/or 
temperature, are related to the segmental mobility within the silicone 
polyureas. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
3
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



CHARACTERIZATION OF SEGMENTED COPOLYMERS 3 

EXPERIMENTAL METHODS 

Synthesis of Silicone Polyureas 

The silicone polyureas studied here all contained 25 wt% of a 5,000 
molecular weight aminopropyl-terminated polydimethylsiloxane di- 
amine, prepared according to the method described by Hoffman 
and Leir [38]. In addition, the silicone polyureas contained various 
amounts of a 900 molecular weight amine-terminated poly(propy1ene 
oxide) diamine, (Jeffamine"" DU-700, obtained from Huntsman, 
which also contains a urea linkage in the middle), isophorone 
diisocyanate (IPDI, obtained from Bayer), and 1,3 diamino pentane 
(DYTEK I' EP, obtained from Dupont). Silicone polyureas containing 
20,35,45 and 65 wt% hard segment (defined as the combined wt% of 
IPDI and DYTEK '' EP chain extender) were prepared by adding a 
stoichiometric amount of IPDI, dropwise, to a solution of the three 
diamines in isopropyl alcohol, while stirring. The reactions were 
carried out at a 15% concentration in the isopropyl alcohol at room 
temperature in  a I-liter round bottom flask purged with dry nitrogen, 
with a batch size of 0.5 liters. The completion of the reactions, 
typically within 4 hours of stirring, was confirmed by amine titration 
and FTIR analysis. The silicone polyurea samples will be referred to, 
for example, as 25/55/20, indicating 25 wt% polydimethylsiloxane 
(PDMS), 55 wt% Jeffainine"' DU-700, and 20 wt% hard segment. The 
molar ratios of the components used for the four different silicone 
polyureas are given in Table I.  

Bulk Characterization of Silicone Polyureas 

Films roughly 0.3 mm thick for transmission electron microscopy 
(TEM), differential scanning calorimetry (DSC), and dynamic 

TABLE I Molar ratios of components used for silicone polyureas 

Silicone Silicone clioniinc, J<fl-miinc~" D(1700 D YTEK"' EP IPDI 
oolvirrea moles moliJs nioles moles 

25/55/20 1 .0 
25140135 I .o 
25130145 I .o 
25110165 1 .o 

12.2 3.3 16.5 
8.9 14.8 24.1 
6.7 22.5 30.2 
2.2 37.9 41.1 
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4 D. J. KINNING 

mechanical thermal analysis (DMTA) were prepared by casting from 
15 wt% solutions in isopropyl alcohol into glass Petri dishes. Drying 
was carried out at room temperature, followed by placing the films 
in a vacuum oven at 65°C for several hours to assure complete re- 
moval of the isopropyl alcohol. Thin sections for TEM were prepared 
by cryoultramicrotomy at - 125°C using a dry-knife technique. 
The sections (unstained) were examined at 100 kV in the bright field 
mode of a JEOL lOOCX transmission electron microscope. The poly- 
dimethylsiloxane (PDMS) domains appear dark upon exposure to the 
electron beam. DSC was carried out using a Perkin-Elmer DSC-4 
at a heating rate of 20"C/min. DMTA was accomplished using a 
Rheometrics Solid Analyzer (RSA-2) in the rectangular tension mode 
at a frequency of 1 Hz and a heating rate of 2"C/min. 

Surface and Interfacial Characterization 
of Silicone Polyureas 

Coatings used for surface and interfacial analyses were prepared by 
coating a 2.5wtYn solution in isopropyl alcohol onto a PET film 
substrate using a #6 coating rod, followed by drying for 10 minutes at 
65°C (giving a silicone polyurea film thickness of about 0.15 micron). 

Contact angle measurements were made using the sessile drop 
method with a Rame Hart goniometer equipped with an environ- 
mental chamber. Water and methylene iodide used for contact angle 
measurements were distilled, while the hexadecane was used as 
received. Advancing and receding contact angles were obtained by 
increasing or decreasing the drop volume until the three-phase 
boundary moved over the coating surface. The capillary pipette of 
the microsyringe was kept immersed in the drop during the entire 
measurement. The contact angles reported here are the averages of 
measurements made on 4 to 6 different drops. 

X-ray photoelectron spectroscopy (XPS) and static secondary ion 
mass spectrometry (SIMS) were done using a Perkin - Elmer Physical 
Electronics 5100XPS/6000SSIMS instrument. For XPS, Mg K a l 2  
incident X-rays and a hemispherical analyzer were used. The angle, 0, 
between the sample surface and the analyzer (takeoff angle) was varied 
between 15 and 90 degrees. The depth in the sample, normal to the 
surface, from which 95% of the observed signal intensity is derived is 
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CHARACTERIZATION OF SEGMENTED COPOLYMERS 5 

given roughly as 3X sine, where X is the inelastic mean free path of the 
photoelectrons [39]. For organic materials, and the experimental 
conditions used here, X will be roughly 30w [40]. Therefore, sampling 
depths for takeoff angles of 15, 30,55  and 90 degrees are about 25,45, 
75 and 90 A, respectively. Atomic concentrations were determined by 
normalizing the areas under the high-resolution spectra of each 
element by the atomic sensitivity factors determined for the instrument 
(using a series of homopolymers of known composition). 

For static SIMS, a differentially pumped ion gun, a low energy 
electron flood gun (model 04-085), and a quadrupole mass spectro- 
meter (m/z 0-800) were used. The analyzer was positioned to collect 
ions normal to the sample surface, while the ion beam was oriented at 
a glancing angle to the surface. The incident ions were a defocussed 
beam of 3.5 keV Xe' ions, with a beam current density of 1.5 nA/cm2. 
All data was collected on samples exposed to < 10l3 ions/cm2 total ion 
dose in order to remain within the static regime. Both positive and 
negative ion spectra were obtained. The sampling depth with static 
SIMS has been reported to be on the order of lOA [39]. 

The same coatings used for surface analysis were also used for 
adhesion measurements. A polypropylene-backed tape having a 1 -mil- 
thick coating of an alkyl acrylate based pressure sensitive adhesive 
(PSA), containing 5 wt% acrylic acid comonomer, was used as a test 
tape. One-inch-wide strips of tape were rolled down onto the silicone 
polyurea coatings using 6 passes from a 2 Kg roller. Aging was done for 
various lengths of time (30 seconds to 4 weeks) and at various 
temperatures (between 21°C and 65°C) prior to peel testing, which was 
all done at 21°C and 50% relative humidity. A separate sample was 
used for each aging condition. For heat aging experiments, the PSA 
tape/silicone polyurea release coating composite samples were placed 
between preheated glass plates in the oven. After heat aging, the 
samples were removed from the oven and allowed to cool for 15 
minutes prior to peel testing. The 180" peel force was measured at a 
peeling rate of 90inches/min using an Instrumentors Inc. slip peel 
tester. The reported peel force is the average over a 5-second time 
interval. 

Samples for studying the effect of water immersion were prepared by 
dipping the silicone polyurea coated PET films into a water bath for 2 
minutes, at the desired temperature, followed by quenching of the 
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6 D. J. KINNING 

films in an ice water bath. A separate film was used for each immersion 
temperature studied. 

RESULTS AND DISCUSSION 

Bulk Characterization of Silicone Polyureas 

Figure 1 shows a TEM micrograph of the 25/35/45 silicone polyurea 
sample. The PDMS phases appear dark in the micrograph. Discrete 
spherical PDMS domains, approximately 200 A in diameter, are 
observed. Similar morphologies were observed for all the other silicone 
polyureas studied here. The TEM results confirm that the PDMS 
segments of the silicone polyureas are well phase separated from the 
hard segments and polypropylene oxide segments. In order to establish 
the degree of phase separation between the hard segments and 
polypropylene oxide segments, both DSC and DMTA were employed. 

Figure 2 shows DSC traces of the silicone polyureas at temperatures 
from -75°C to over 200°C. The Jeffamine"* DU700 polypropylene 

FIGURE I Transmission electron micrograph of the 25/35/45 silicone polyurea. The 
siloxane phases appear dark in the micrograph. 
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I 

-1 00 -50 0 50 100 150 200 250 
Temperature (C) 

FIGURE 2 Differential Scanning Calorimetry traces of silicone polyureas containing: 
(a) 20 wt% hard segment. (b) 35 wt% hard segment, (c) 45 wt% hard segment, and (d) 
65wtY0 hard segment. 

oxide diamine exhibits a Tg of -60°C when tested by DSC, which is 
close to the literature value of -75°C for polypropylene oxide [41]. 
There is no evidence of a glass transition due to a polypropylene- 
oxide-rich phase for the silicone polyureas studied here. A single glass 
transition is observed between - 75°C and 200°C, with the (midpoint) 
Tg increasing steadily from - 1°C at 20wtY0 hard segment to 170°C 
at 65 wt% hard segment. Figure 3 gives the tensile storage modulus 
( E ’ )  and tan delta 1’s. temperature data for the silicone polyureas, 
at temperatures between - 100°C and 200°C. Over this temperature 
range, a single rheological transition is observed, with the temperature 
of the transition increasing with increasing hard segment content in the 
silicone polyurea. (Although not shown here, a slight transition was 
observed at about - 125°C for all the samples, attributed to the Tg of 
the phase-separated PDMS domains.) Again, there is no evidence 
of a polypropylene-oxide-rich phase in these silicone polyureas. The 
transitions observed by DSC and DMTA can be attributed to the 
glass transition of a non-silicone matrix phase consisting of a mixture 
of the hard segments and the short polypropylene oxide segments. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
3
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



8 D. J. KINNING 
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FIGURE 3 Log E' (filled data points) and tan delta (open data points) vs. 
Temperature plots for silicone polyureas containing 20 wt% hard segment (squares), 
35 wt% hard segment (triangles), 45 wt% hard segment (circles), and 65 wt% hard 
segment (diamonds). 

TABLE 11 Transition temperatures of silicone polyureas 

Silicone polyurea DSC Tp ("C) (Tan deltu),,, temp ("C) 

25/55/20 - 1  27 

25130145 116 145 
25/10/65 170 187 

25140135 74 101 

The glass transition temperature increases systematically as the weight 
ratio of hard segments to polypropylene oxide segments increases. 
Table I1 lists the Tgs and (tan delta),,, temperatures determined by 
DSC and DMTA measurements, respectively. The temperatures of 
the tan delta maxima are roughly 20 to 30 degrees higher than the 
corresponding Tgs determined by DSC, as is often observed. Although 
not discussed in this paper, it has been seen that silicone polyureas 
made with higher polypropylene oxide segment molecular weights 
do exhibit a phase-separated, polypropylene-oxide-rich phase, i.e., a 
three-phase microdomain structure. 
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CHARACTERIZATION OF SEGMENTED COPOLYMERS 9 

Surface Characterization of Silicone Polyureas 

Table 111 lists the advancing contact angles of water and hexadecane 
for the silicone polyurea coatings. The contact angles were measured 
roughly 10 seconds after the advancement of the liquid drops. In 
addition, the dispersive and polar contributions to the surface energies 
of the coatings were calculated from the dispersive and polar surface 
tension components of water and hexadecane, using the geometric 
mean equation [42]. Similar results are obtained for all coatings, with 
the calculated surface energies being almost entirely dispersive, 
between 21 and 22 mJ/m'. The surface energies of polydimethylsilox- 
ane and poly(propy1ene oxide) are reported [42] to be 20mJ/m2 and 
31 mJ/m2, respectively, and the surface energies of the polar urea 
segments are expected to be even higher. Therefore, the contact angle 
results indicate a high concentration of the polydimethylsiloxane 
segments at the coating surface. 

The surface composition of the silicone polyurea coatings was 
examined further using X-ray photoelectron spectroscopy (XPS). For 
example, Figure 4 shows the Cls  spectra for the 25/40/35 silicone 
polyurea coating, at takeoff angles of I 5  and 90 degrees. The main 
peak in the Cls  spectra, centered at a binding energy of about 
284.6eV, can be assigned to C-C or  C-Si type bonding. At the 
larger sampling depth, a shoulder appears on the main peak at a 
slightly higher binding energy (1.5 to 2 eV higher) due to carbons 
singly-bonded to either oxygen or nitrogen. There is also a peak that 
develops at about 289 eV due to the carbons doubly-bonded to oxygen 
(carbonyl carbons) in the urea groups. Similar CIS spectra versus 
takeoff angle were observed for the other silicone polyurea coatings, 
consistent with an enrichment of polydimethylsiloxane, and a 
depletion of the polypropylene oxide soft segments and urea hard 
segments at the surface of the coatings. Table IV lists the atomic 

TABLE 111 Advancing contact angle analysis of silicone polyurea coatings 

Silicone OH20 oC1oH34 y" (mJ/n?) y" (mJ/m2) 
polyurea ( 2") ( f 2") ( f 0.5) ( f 0.1) 

25/55/20 110 37 22.1 0. I 
25/40/35 109 38 21.8 0.2 
25/30/45 109 39 21.6 0.2 
25/10/65 110 38 21.8 0.1 
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10 D. J. KINNING 

t : :  c 
292 290 288 286 284 282 280 

BINDING ENERGY (eV) 

FIGURE 4 XPS CIS spectra of the 25/40/35 silicone polyurea at takeoff angles of 15 
and 90 degrees. 

concentrations determined at the various takeoff angles, in addition to 
the bulk atomic concentrations calculated from the overall chemical 
composition of the silicone polyureas (neglecting the H atoms). As the 
sampling depth (takeoff angle) is decreased, the compositions 
approach that of polydimethylsiloxane (50% C, 25% 0, 25% Si), 
indicating a high concentration of polydimethylsiloxane segments at 
the coating surface, and a depletion of the urea hard segments and 
polypropylene oxide soft segments. At larger depths, the compositions 
approach the average (bulk) compositions of the silicone polyureas. 

The angle-resolved atomic concentration data were inverted, 
following the method outlined by Tyler el al. [43], to obtain atomic 
concentration versus depth data. The photoelectron mean free paths 
used in the data inversion were obtained from the equation 
X=0.087E1’2, as suggested by Seah and Dench [40], where E is the 
photoelectron energy. Figure 5 shows the atomic concentration versus 
depth profiles calculated for the 25/10/65 silicone polyurea coating. It 
is evident that roughly the top 15 to 20A of the coating consists 
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TABLE IV XPS atomic conc. YS. takeoff angle for silicone polyurea coatings 

25/55/20 15 55.9 23.3 20.5 0.3 
30 56.8 22.6 19.7 0.9 
55 58.5 22.4 17.1 2.0 
90 60.6 22.0 14.8 2.7 

Bulk 66.7 21.4 5.0 6.9 

25/40/35 15 55.3 23.4 20.9 0.5 
30 56.4 22.4 19.6 I .5 
55 58.5 22.4 16.5 2.6 
90 59.5 21.8 15.0 3.7 

Bulk 67.4 1X.8 5.0 8.8 
25130145 15 53.9 24. I 21.5 0.5 

30 55.4 23.0 19.9 1.8 
55 58.2 21.7 16.6 3.5 
90 59.5 21.4 14.7 4.4 

Bulk 67.8 17. I 5.0 10. I 
25/10/65 15 52.9 24.0 22.5 0.6 

30 54.0 23.0 21.2 I .8 
55 56.8 21.8 17.7 3.8 
90 58.8 20.6 15.9 4.7 

Bulk 68.7 13.6 5.0 12.7 
25/10/65 15 57.4 23.2 17.6 1.9 
Aged 3 days at 30 60.4 21.8 14.7 3. I 

90 64.6 19.2 10.3 5.9 
65°C against PSA 55 63.5 20.0 11.6 4.9 

80 

0 10 20 30 40 50 60 70 80 90 100 

Depth (Angstroms) 

FIGURE 5 Atomic concentration V.S. depth profiles for the 25/10/65 silicone polyurea. 
obtained by inverting the angle-resolved XPS data. 
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12 D. J. KINNING 

predominantly of polydimethylsiloxane, and that the polydimethylsi- 
loxane (silicon) concentration falls off quickly at larger depths. In addi- 
tion, the top 20w of the coating is devoid of urea linkages (nitrogen). 
Similar results were seen for the other silicone polyurea coatings. 

The surface composition of the silicone polyurea coatings was also 
examined by static SIMS. Both the positive and negative ion spectra of 
the silicone polyurea coatings were indistinguishable from the spectra 
of pure polydimethylsiloxane, providing further evidence of a poly- 
dimethylsiloxane overlayer (at least about 10 8, thick) at the coating 
surface. 

The picture which emerges for the morphology of the silicone 
polyureas is shown schematically in Figure 6a. In the bulk, the silicone 

silicone segment 
I 

FIGURE 6 Schematics of the bulk, surface, and interfacial structure of the silicone 
polyureas. The silicone segments form discrete spherical domains in the bulk and 
accumulate at the coating surface, as  shown in 6a. Upon contact with an orienting 
medium, a restructuring may occur, whereby the silicone segments migrate away from 
the interface, as shown in 6b. 
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CHARACTERIZATION OF SEGMENTED COPOLYMERS 13 

FIGURE 6 (Continued). 

segments form spherical microdomains, with the hard segments and 
polypropylene oxide soft segments forming a mixed matrix region. The 
surface of the silicone polyureas is covered by a thin overlayer. roughly 
15 to 20A thick, of the polydimethylsiloxane segments. The 
unperturbed root mean square end to  end distance for 5,000 molecu- 
lar weight polydimethylsiloxane segments is roughly 50 A [41]. The 
thickness of the polydimethylsiloxane surface layer is considerably less 
than this value, which indicates that the polydimethylsiloxane 
segments at the surface are stretched in the plane of the film. Since 
the siloxane segments are connected to the other polymeric segments, 
chain packing requirements limit the amount of silicone that can be 
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14 D. J. KINNlNG 

present at the surface. However, since the siloxane segments are highly 
flexible, they can stretch from their unperturbed conformation in order 
to cover the surface of the coating and minimize the surface energy. 

Interfacial Characterization of Silicone Polyureas 

I t  is well known that polymer surfaces can undergo segmental 
restructuring or rearrangements upon contact with another medium, 
in order to minimize the interfacial energy. Therefore, studies were 
conducted to examine the response of the silicone polyurea surfaces, 
upon contact with different orienting media, as a function of the 
silicone polyurea composition. If the orienting medium has a favorable 
specific chemical interaction with a non-silicone portion of the silicone 
polyurea, and the segmental mobility in the near surface region of the 
silicone polyurea coating is high enough, an interfacial restructuring 
may occur, as shown schematically in Figure 6b, whereby the non- 
silicone segments come into contact with the orienting medium. For 
example, upon contact with water, it is expected that there would be a 
driving force for the hydrophobic polydimethylsiloxane segments to 
migrate away from, and for the more polar hard segments (urea 
groups) to migrate towards, the interface with water. Measurements of 
the receding water contact angle, as a function of the water dwell time 
(amount of time that the water droplet was allowed to contact the 
surface prior to receding the water droplet), were made at room 
temperature for the four different silicone polyurea formulations. The 
results are shown graphically in Figure 7, which shows the cosine of 
the receding water contact angle for water dwell times up to 5 minutes. 
Also included are the results for a crosslinked polydimethylsiloxane 
coating as a reference. For comparison, polyureas having composi- 
tions similar to the silicone polyureas studied here, except that no 
silicone segments were incorporated, were also examined. The receding 
water contact angle of the crosslinked polydimethylsiloxane reference 
is high, and remains high with increasing water dwell time. In contrast, 
the receding water contact angles of the silicone polyurea coatings are 
all reduced relative to the polydimethylsiloxane standard, even when 
measured with as little water dwell time as possible (initial receding 
contact angle). The initial receding contact angle is seen to decrease as 
the amount of hard segment in the polyurea is decreased. In fact, at  20 
wt% hard segment, the receding water contact angle is similar to that 
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FIGURE 7 Cosine of the water receding contact angle wwus the water dwell time. at 
room temperature. for the silicone polyureas containing 65 wt% hard segment (filled 
triangles), 45 wt% hard segment (filled squares), 35 wt% hard segment (filled circles), 
and 20 wt% hard segment (filled diamonds). Also shown arc the corresponding data 
for the polyureas without silicone segments: 0/10/65 (open triangles), 0/30/45 (open 
squares). 0/40/35 (open circles), and 0/55/20 (open diamonds), as well as for a 
crosslinked polydimethylsiloxane network (X). 

of a comparable polyurea having no silicone segments, at all water 
dwell times. For the other silicone polyureas the receding contact angle 
decreases with increasing dwell time of the water. It appears that most 
of the change in contact angle occurs within the first 2 minutes. For the 
silicone polyureas with 45 wt% or 65 wt% hard segment, the contact 
angle practically stabilizes at an intermediate value between that of 
pure polydimethylsiloxane and that of the corresponding polyurea 
containing no silicone. At 35 wt% hard segment, the receding contact 
angle after 5 minutes dwell time approaches that of the corresponding 
polyurea containing no silicone. These results indicate that significant 
changes in the surface composition of the silicone polyurea coatings 
can occur upon contact with water, even at temperatures significantly 
lower than the glass transition temperature of the non-silicone matrix. 
Recall that the T, of the 25/10/65 silicone polyurea is about 150°C 
higher than room temperature, yet the receding water contact angle is 
decreased markedly from that of a polydimethylsiloxane coating after 
only a few minutes contact. For the silicone polyurea containing 20 
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wt% hard segment, which has a matrix Tg about 20°C below room 
temperature, it appears that the silicone migrates away from the 
interface with water in less than the time it takes to make an initial 
contact angle measurement (Le., about 5 seconds or less). For silicone 
polyureas having higher non-silicone matrix Tgs, significant levels of 
silicone can be maintained at the interface for longer periods of time. 
This enhanced surface mobility relative to that in the bulk has been 
previously noted by Kajiyama et al. [44], who studied polystyrene- 
polymethylmethacrylate diblock copolymers and found extensive 
surface restructuring at temperatures 50°C less than the polystyrene 
block Tg. The rates of restructuring observed for the silicone polyureas 
studied here are relatively high compared with those reported for other 
silicone-containing polyurethanes [5,6] or polyurethane-ureas [37]. 
This difference is due, at  least in part, to the mixing of the short 
polypropylene oxide segments into the hard segments of our silicone 
polyureas. This mixing reduces the hard segment Tg and increases the 
segmental mobility within the polymer. 

The effect of temperature on the water receding contact angles has 
also been studied. For example, Figure 8 shows the water reced- 
ing contact angle versus water dwell time for the 25/30/45 silicone 
polyurea coating, at temperatures of 21"C, 50°C and 65°C. In 
addition, the receding contact angle data for the corresponding 
polyurea that does not contain silicone (0/30/45) are also shown at 
the three temperatures. The receding contact angles of the 0/30/45 
polyurea are quite low and change little with increasing water dwell 
time or increasing temperature. In contrast, the receding water contact 
angle of the 25/30/45 silicone polyurea decreases more rapidly as the 
temperature is increased, indicating a more rapid rate of restructur- 
ing of the silicone polyurea at the interface with water. At 5WC, the 
receding water contact angle of the 25130145 silicone polyurea 
approaches that of the polyurea containing no silicone after a water 
dwell time of about 10 minutes, while at 65°C this transition takes only 
2 minutes. In contrast, the receding water contact angle decreases 
much more slowly at room temperature. 

An alkyl-acrylate-based pressure sensitive adhesive (PSA) contain- 
ing 5 wt% acrylic acid was also investigated as an orienting medium. 
The force required to peel a polypropylene-backed tape coated with 
this acrylate PSA from the silicone polyurea coatings was measured 
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FIGURE X Cosine of the receding water contact angle versus the water dwell time for 
the 25/30/45 silicone polyurea at 21°C (filled squares), 50°C (filled diamonds), and 65°C 
(filled circles). Also shown are the corresponding data for the 0/30/45 polyurea that does 
not contain silicone at 21°C (open squares), 50°C (open diamonds), and 65°C (open 
circles). 

as a function of aging time and temperature. Figure 9 shows the 
measured peel forces ver.w.s room temperature aging time for the 
various silicone polyureas. Room temperature aging times between 30 
seconds (initial) and 1 month were studied. Note that, except for the 
silicone polyurea containing 20 wt% hard segment, the initial peel 
forces of the PSA tape are quite low at about 1 oz/in (30g/inch, 12g/ 
cm), typical of a silicone liner. Recall that initially, prior to PSA 
contact, all of the silicone polyurea coatings exhibited a thin overlayer 
of silicone at their surface, which can account for the low initial peel 
forces. However, the peel forces increase significantly with increasing 
aging time, especially for the silicone polyureas with lower hard 
segment contents. It should be noted that at peel forces below about 60 
oz/in (670g/cm), XPS and static SIMS measurements of the silicone 
polyurea and acrylate PSA surfaces, after peeling them apart, reveal 
that the failure mode is predominantly adhesive, i.e., at the polyurea/ 
PSA interface. However, at peel forces greater than about 60 oz/in 
(670g/cm), the locus of failure was actually within the PSA layer. At 
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FIGURE 9 Peel Force of the acidic acrylate PSA based tape versus (aging time)’”, 
at room temperature. for the silicone polyureas containing 20 wt% hard segment 
(diamonds), 35 wt% hard segment (circles), 45 wt% hard segment (squares), and 65 wt% 
hard segment (triangles). 

20wt% hard segment, the peel force increases to the point that a 
cohesive split of the PSA is seen after only 15 minutes aging time. This 
“build” in adhesion is slowed down somewhat at 35wt% hard 
segment, where one-day aging is required before the cohesive split of 
the PSA is observed. At 45 wt% and 65 wt% hard segment, the peel 
forces increase even more slowly, such that adhesive failures are ob- 
served after one month of room temperature aging. However, even 
at  65  wt% hard segment the peel force has increased by over a factor 
of 20 from the initial value after one month aging. 

Figure 10 shows the peel force vs. aging time for the 25/30/45 and 
25/10/65 silicone polyurea coatings for aging temperatures of 20”C, 
50°C and 65°C. Increasing the aging temperature results in an increase 
in the rate of adhesion build. For the 25/30/45 silicone polyurea, the 
adhesion builds to the point that a cohesive split of the PSA is 
observed after 1 day at 50°C and after only 15 minutes at  65°C. In the 
case of 65 wt% hard segment, the rate of adhesion build is much 
slower, and the PSA can still be cleanly removed from the silicone 
polyurea coating after long term aging at 65°C. Note that the peel 
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FIGURE 10 Peel Force of the acidic acrylate PSA based tape v e r s u ~  (aging time)'", for 
the 25,'30/45 silicone polyiirea after aging at 21 "C (open triangles), 50°C (open squares), 
and 65°C (open circle) and for the 25/10/65 silicone polyurea after aging at  21°C (filled 
triangles), 50°C (filled squares). and 65°C (fillcd circlcs). 

force vs time response for the 25/10/65 silicone polyurea aged at 65°C 
is roughly similar to that of the 25/30/45 silicone polyurea aged at 
room temperature, and the peel force vs. time response for the 25/30/ 
45 silicone polyurea aged at 50°C is roughly similar to that of the 25/ 
40/35 silicone polyurea aged at room temperature. 

The build in peel force can be attributed to an interfacial 
restructuring at the silicone polyurea/PSA interface, whereby the 
non-silicone segments in the silicone polyurea (e.g., the urea groups) 
migrate towards the interface with the PSA, and the silicone segments 
in the silicone polyurea migrate away from the interface, as shown 
schematically in Figure 6b. In the case of an acrylate PSA containing 
acrylic acid, there is the potential for acid-base interactions between 
the acrylic acid in the PSA and the basic urea groups in the polyurea, 
and these specific favorable chemical interactions provide the driving 
force for the interfacial restructuring. The rate of increase in peel force 
with increasing aging time and/or temperature is expected to be 
dependent on the degree of segmental mobility in the polyurea coating 
near the interface with the PSA. Polyureas containing lower levels of 
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hard segment (e.g. ,  20 wt%) have a high degree of segmental mobility 
and, therefore, exhibit high peel forces even at short dwell times. 
Polyureas containing higher amounts of hard segment, and, thus, 
higher Tgs, have reduced mobility in the non-silicone matrix phase 
and, therefore, exhibit reduced rates of build in the peel force. Note 
that, even when the aging temperature is well below the non-silicone 
matrix T,, significant restructuring at the interface can still occur, as 
evidenced by the increased adhesion. For example, the matrix Tg of the 
25/10/65 silicone polyurea is about 150°C higher than room 
temperature, yet a significant build in peel force is still observed at 
room temperature. This result indicates that the segmental mobility 
within the silicone polyurea is higher at the surface (or interface) than 
it is in the bulk, consistent with the water receding contact angle 
measurements described earlier. 

The absolute magnitude of the peel force between the PSA and the 
silicone polyurea coatings is determined by the rheology of the PSA 
and the silicone polyurea coatings as well as the chemical interactions 
at their interface. It is expected that the rheology of the PSA will have 
a greater impact than the rheology of the silicone polyurea coating, 
considering that the silicone polyurea coating is quite thin. For the 
present studies the PSA is kept constant, and only the silicone poly- 
urea formulation is changed. As shown in Figure 3, at the tempera- 
ture where the peel measurements are made (21"C), the silicone 
polyureas containing 35 wt%, 45 wt%, and 65 wt% hard segment 
have similar storage modulii and tan delta values since they all 
have glass transition temperatures significantly greater than room 
temperature. Since the viscous flow component of these three materials 
is low, the rheology of these coatings is not expected to play a sig- 
nificant role in determining their peel forces. The only silicone poly- 
urea which has significantly different modulus and tan delta values 
at room temperature is the one containing 20 wt% hard segment, for 
which the tan delta is maximized near room temperature. The high 
initial peel forces for this silicone polyurea may be caused in part by 
the ability of this coating to dissipate energy during peel, in addition to 
the rapid interfacial restructuring, as discussed previously, that results 
in greater interfacial adhesion. 

XPS was used to examine the changes in surface composition of the 
silicone polyureas upon aging against the acrylate PSA. For example, 
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Table IV lists the atomic concentrations vs. takeoff angle for a 25/10/65 
silicone polyurea coating after aging against the acrylate PSA for 3 
days at 65°C (the peel force of the PSA tape was 30 oz/in (335 g/cm) 
after this aging). Note the increase in the concentration of nitrogen and 
carbon and the decrease in the concentration of silicon near the surface 
after aging against the PSA. At a 15-degree takeoff angle (smallest 
sampling depth) the concentration of nitrogen has increased by over a 
factor of three, indicating a large increase in the concentration of urea 
groups at the interface with the PSA. The silicon concentration in this 
region drops by about 25%, indicating that the silicone segments have 
migrated away from the PSA interface to a significant extent. 

Further investigations of the response of silicone polyurea surfaces 
upon contact with water were carried out, by immersing the coatings 
in water at various temperatures followed by surface analysis and 
adhesion measurements to probe the changes in surface composition. 
After the coatings were immersed in the heated water for 2 minutes 
they were quenched by adding ice water to the bath in order to try to 
lock in the surface structure. However, once the films are removed 
from the water bath and exposed again as a free surface, some degree 
of surface restructuring is expected to occur since the silicone segments 
will want to migrate back towards the free surface. For this reason, 
depending on the segmental mobility of the particular silicone 
polyurea studied, and the amount of time between removing the film 
from the water and carrying out the surface analysis, this type of 
experiment may not capture all of the restructuring due to the 
exposure to water. For example, for the 25/55/20 silicone polyurea 
coating that had been immersed in water at 80°C the advancing and 
receding water contact angles were very close to those measured on the 
coating prior to water immersion. In this case, the restructuring that 
had taken place in the water bath was quickly recovered once the 
coating was exposed again as a free surface, due to the high degree of 
segmental mobility for this silicone polyurea formulation at room 
temperature. For silicone polyureas with higher hard segment 
contents, and lower segmental mobility, part of the restructuring 
occurring in the water bath at elevated temperatures can be captured 
by the quenching procedure used here. For example, Figure 11  shows 
the cosine of the receding contact angles of water and methylene iodide 
versus water immersion temperature (up to SOOC) for the 25/30/45 
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FIGURE 1 1  Cosine of the receding water (filled squares) and methylene iodide (filled 
circles) contact angles Y ~ ~ S U S  water immersion temperature for the 25/30/45 silicone 
polyurea following a 2-minute water immersion. The receding contact angles for the as- 
cast film are also shown (unfilled data points). 

silicone polyurea. The contact angles were measured within 10 minutes 
of removing the coatings from the water bath. The receding contact 
angles of water and methylene iodide decrease markedly as the water 
immersion temperature increases, indicating that a significant restruc- 
turing takes place fairly quickly upon contact with water, especially at 
the higher temperatures. In contrast to the case of the silicone polyurea 
containing only 20% hard segment, a significant amount of the 
restructuring that had taken place against the water could be captured 
for the silicone polyurea containing 45% hard segment. It should be 
noted that, upon annealing (10 minutes at 100°C) of the 25/30/45 film 
that had been immersed in water at 80°C, the original water contact 
angles were nearly recovered, indicating the reversible nature of the 
restructuring under the right conditions. 

XPS was also used to analyze the changes in silicone polyurea 
surface composition upon exposure to water. For example, Figure 12 
shows the atomicyo nitrogen and YO silicon vs. sin(takeoff angle) for 
the 25/30/45 silicone polyurea coating, as prepared, and after im- 
mersion in water at temperatures up to 80°C. The XPS measure- 
ments were done within 30 minutes after removing the films from the 
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FIGURE 12 XPS atomic percent nitrogen (filled data points) and silicon (open data 
points) versus sin(takeoff angle) for the 25/30/45 silicone polyurea as-cast (squares) and 
after water immersion for 2 minutes at 21°C (diamonds), 45°C (circles), 60°C (triangles), 
and 80°C (X). 

water bath. As the water immersion temperature is increased, the 
nitrogen content at the silicone polyurea surface increases and the 
silicon concentration decreases. For example, at a 15-degree takeoff 
angle, the nitrogen concentration increases from the initial value of 0.5 
atomic% to 5 atomic%, and the silicon concentration decreases from 
an initial value of 21.5 atomic% to 9.7 atomic% after the 2-minute 
water immersion at 80°C. The atomic concentrations at the 90-degree 
takeoff angle after the 80°C immersion are 8.2% nitrogen and 6.6% 
silicon, close to the calculated bulk compositions of 10.1 YO nitrogen 
and 5.0% silicon. These results are consistent with a restructuring of 
the silicone polyurea near the interface with the water, whereby the 
silicone segments migrate away from, and the urea groups migrate 
towards, the interface with water. The rate and extent of restructuring 
increases with increasing water temperature. 

The peel force of the alkyl-acrylate-based PSA tape was also 
measured for the 25/30/45 silicone polyurea coatings following immer- 
sion in water at the various temperatures. For these experiments, 
the PSA tapes were applied within 15 minutes after removing the 
coatings from the water bath. Figure 13 shows how the initial (30- 
second dwell) peel force depends on the surface compositions of 
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FIGURE 13 Initial peel force of the acidic acrylate PSA based tape peeled from the 25/ 
30/45 silicone polyurea versus the XPS atomic% silicon and nitrogen, detected at  a 15- 
degree takeoff angle, following water immersion of the silicone polyurea coating at 
temperatures between 21°C and 80°C. 

nitrogen and silicon, as determined by XPS at a 15-degree takeoff 
angle. A large increase in the peel force is observed as the water 
immersion temperature is increased due to the higher extent of inter- 
facial restructuring within the silicone polyurea. A good correlation 
is observed between the nitrogen or silicon concentration at the 
coating surface and the peel force of the PSA tape. Higher nitrogen 
levels indicate a higher concentration of the basic urea linkages at the 
interface with the acidic acrylate PSA, resulting in an increase in the 
acid-base interactions and an increase in the peel force. 

CONCLUSIONS 

In this paper; the bulk, surface and interfacial structures of a series of 
polyureas containing polydimethylsiloxane segments were examined. 
The siloxane segments were observed to form well-phase-separated 
spherical microdomains, while the matrix phase was comprised of a 
mixture of the polypropylene oxide soft segments and the hard 
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segments. The single glass transition temperature of the matrix phase 
increased systematically as the ratio of hard segment to polypropylene 
oxide soft segment increased. All of the silicone polyureas exhibited a 
thin 15 to 20 A overlayer of the siloxane segments at their surface. The 
ability of the silicone polyurea surfaces to restructure upon contact 
with either water or an acid-functional acrylate pressure sensitive ad- 
hesive was also studied. The extent and rate of decrease in the receding 
water contact angle, as a function of water dwell time and temperature, 
was found to be related to the segmental mobility within the near- 
surface region of the silicone polyurea coatings. Silicone polyureas 
having higher hard segment content, and higher non-silicone matrix 
glass transition temperatures, were better able to maintain.a high reced- 
ing water contact angle, due to their lower segmental mobility. The 
observed increases in adhesion of the pressure sensitive adhesive, with 
increasing aging time and/or temperature, are attributed to an increase 
in the acid-base interactions between urea groups in the silicone poly- 
urea and acrylic acid groups in the PSA. The initially low peel forces 
can be more readily maintained for the silicone polyureas having high 
hard segment contents, due to the reduced segmental mobility and red- 
uced degree of interfacial restructuring within the silicone polyurea. 
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