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ABSTRACT: Surface composition of a series of segmented poly(siloxane—urea—urethane)s have been
determined by angle- and energy-dependent ESCA. The polymers are based on aminopropyl end-capped
dimethylsiloxane oligomers, isophorone diisocyanate, and 1,4-benzenedimethanol. Effects of segmental
length and annealing on the surface composition were investigated. It was found that when the average
molecular weight of the siloxane segments reaches 27K, the topmost surface region (within 18 A of the
free surface) of a film cast from tetrahydrofuran solution is nearly pure siloxane phase. To achieve a
comparable degree of surface phase concentration in films of copolymers with a siloxane segmental
molecular weight of 10K, annealing at 120 °C for 15 min was required. Depth profiles based on these
data showed that in as-cast films a siloxane deficient (hard-block enriched) phase several nanometers
thick occurs beneath the siloxane surface layer. Annealing increases the thickness of both the siloxane-

enriched and the siloxane-deficient regions.

Introduction

We are interested in multicomponent polymers and
the thermodynamic and kinetic effects which influence
the nature of the polymer surfaces. Our goal is to
discern the compositional and morphological features
relevant to the formation of minimally adhesive surfaces
which inhibit the settlement of marine organisms.!

We have previously reported the synthesis and char-
acterization of polyurethanes based on a series of
fluorinated diols and hexamethylene diisocyanate.?
Analysis of contact angle and angle-resolved electron
spectroscopy data® revealed that surface composition
and properties were identical to those in the bulk. To
achieve surface phase separation of the low surface
energy polymer component, longer chain length diols
containing low surface energy segments were sought.
In a continuation of that work and with the dual criteria
of creating surfaces with low surface energy and low T
to minimize mechanical locking of a prospective adher-
ent, we have prepared and characterized a series of
segmented copolymers based on aminopropyl end-
capped dimethylsiloxane oligomers and isophorone di-
isocyanate (IPDI) with 1,4-benzenedimethanol (BDM)
as the chain extender and investigated the effects of
chain extenders on material properties.*

Surface composition and morphology of block copoly-
mers containing poly(dimethylsiloxane) (PDMS) seg-
ments have been previously studied using angle-
dependent electron spectroscopy for chemical analysis
(ESCA), cross-sectional transmission electron micros-
copy (TEM), and attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR). The scope
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of materials investigated includes PDMS—polysulfone,?
PDMS—poly(methyl methacrylate), PDMS—nylon-6,”
poly(a-methylstyrene)~PDMS,® (Bisphenol A poly-
carbonate)—~PDMS, 21! and polystyrene—PDMS12-14 of
various block architectures and overall compositions.
Enrichment of PDMS segments in the surface region
was detected in each case due to the lower surface
energy of the PDMS component in these block copoly-
mers.

This work builds on the observation that surface
composition of multicomponent polymers depends on not
only their structure but also sample history. It was
shown that surface composition of solution cast films
of block copolymers can be changed by either using
selective solvents”!5 or by annealing.?811,16

We are interested in the region within 100 A of the
air—polymer interface, and ESCA has been established
as an effective tool to probe this region. However,
photoelectron intensities detected by ESCA are convo-
luted signals, i.e. all atoms within the path of the
probing X-ray contribute to the signal but the contribu-
tion of each decreases exponentially with the distance
from the free surface.l” The convoluted nature of the
signal distorts depth profiles for samples with compo-
sitional gradients. To recover the depth profiles for such
samples, a deconvolution procedure must be applied to
the ESCA data.

Several research groups have addressed this problem
of deconvolution. The methods developed generally
involve introducing additional constraints to the equa-
tions describing the convoluted signals. These equa-
tions can be solved by numeric methods,!® by inverse
Laplace transform,'92° or by the method of regulari-
zation.21-23 In this paper we show that, with the
constraints generally adopted in the deconvolution
process, depth profiles of the individual segments in a
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Table 1. Molecular Weights of the Segmented Copolymers

reacn stoichiometry copolymer MW?
no. sample ID PDMS MWe PDMS:IPDI:BDM M, M, M/M,
1 PDMSI1K-IP-BO 1000 1:1:0 16 700 12 000 14
2 PDMS1K-IP-B0.5 1000 2:3:1 17 600 11 800 1.5
3 PDMS2.4K-IP-BO 2400 1:1:0 65 000 30 700 2.1
4 PDMS2.4K-IP-B1 2400 1:2:1 76 500 27 700 2.8
5 PDMS2.4K-IP-B2 2400 1:3:2 42 700 19 100 2.2
6 PDMS10K-IP-BO 10000 1:1:0 109 000 54 500 2.0
7 PDMS10K-IP-B2 10000 1:3:2 81 200 29 200 2.
8 PDMS27K-1P-B2 27000 1:3:2 198 000 149 000 1.3
@ Amino-terminated siloxane oligomers with molecular weight provided by the supplier. ® Polymer molecular weight determined by
GPC.
temperature was chosen to be about 25 deg above the highest
OH transition temperature (about 100 °C) detected by dynamic
NCO mechanical analysis.* No other treatment was applied to the
polymer films before analysis.
HO Angle-dependent ESCA experiments were performed on a
NCO Perkin-Elmer Physical Electronic Model 5300 ESCA with a
hemispherical analyzer and a single channel detector. The
IPDI BOM ESCA spectrometer was equipped with both Mg Ko and Ti

H2N(CH2)3-[Si(CH3)2-Oln-Si(CH3)2-(CH2)3NH2

PDMS Oligomer

-[-PDMS-[(IPD)y-(BDM)m_-11}p-

PDMS-PU Segmented Copolymer
Figure 1. Structure of PDMS—PU segmented copolymers.

segmented copolymer can be reconstructed from ESCA
data by numerical methods. Ratner and co-workers
have solved a similar problem by the method of regu-
larization.22

Experimental Section

A series of segmented copolymers based on aminopropyl
end-capped dimethylsiloxane oligomers (PDMS) and isophor-
one diisocyanate (IPDI) with 1,4-benzenedimethanol (BDM)
as the chain extender was prepared with a two-step polym-
erization. First, reaction between IPDI and BDM was carried
out in bulk at elevated temperatures without catalyst. In the
second stage, the reaction between PDMS oligomers and
diisocyanate intermediates was carried out in tetrahydrofuran
(THF) solution at room temperature. Details of the synthetic
procedure have been described in a separate publication.* The
structure of these polymers is shown in Figure 1, and
molecular weight data are listed in Table 1. Nomenclature
for the copolymers is as follows, illustrated for PDMS27K-IP-
B2, where PDMS27K identifies the average molecular weight
of the soft segment, IP the diisocyanate (IPDI), and B the chain
extender (BDM) and 2 is the molar ratio of the chain extender
to the siloxane oligomer. The copolymers are also designated
as PDMS—PU copolymers.

Before the preparation of the films, the copolymers were
soaked in an excess amount of hexane for 1 day, to remove
unreacted siloxane oligomers. The copolymers were then
removed from the solvent and dried in a vacuum oven at 50
°C overnight. The dried copolymers were dissolved in THF to
make 0.5—1% solutions. The polymer solutions were cast into
clean aluminum weighing pans and then allowed to dry in air.
The films were further dried in a vacuum oven at ambient
temperature for over 2 days to obtain “as-cast” films. Using
the solution concentration and volume, the thickness of the
films was estimated at ~50 ym. Film annealing was ac-
complished by heating in a vacuum oven at 120 °C for 15 min
(short annealing) or 2 h (long annealing). The annealing

Ka X-ray sources, and each was operated at 300 W (15 kV
and 20 mA). The base pressure was maintained at lower than
10-8 Torr. A pass energy of 35.75 eV was chosen for all high-
resolution angle-dependent acquisitions. Four takeoff angles,
at 10, 15, 30, and 90°, were used with the Mg Ko X-ray source,
while a single takeoff angle at 90° was used for Ti X-ray ESCA
acquisitions. The takeoff angle is defined such that the
direction normal to the surface of the material is 90°.

The number of measurements using the Ti Ka X-ray source
was reduced to prevent radiation degradation of the samples,
since the kinetic energy of the Ti Ka X-ray (4510.9 eV) is much
higher than that of the Mg Ko X-ray (1253.6 €V) and the
acquisition time is longer to compensate for a lower Ti X-ray
intensity.?* The sampling depth, d,, was calculated from
equation d; = 31 sin 8, where A is the escape depth of the
photoelectrons and 6 is the takeoff angle. The escape depth
can be estimated from empirical equations that correlate this
quantity with the kinetic energy of the photoelectrons.?%

Films of nylon-6 (atomic ratio of N to C is 1/6) and poly(y-
benzyl glutamate) (atomic ratio of N to C is 1/12) were used
to calibrate the atomic sensitivity factor ratio of nitrogen to
carbon under the same ESCA experimental conditions applied
to the copolymer samples. In order to check the surface purity
of these films for use as standards the elemental composition
was shown to be equivalent within 3% relative standard
deviation to that calculated from the Physical Electronics
sensitivity factors for the instrument.?® Secondly, curve fitting
of the carbon 1s chemical states yielded predicted values for
nylon-6 (e.g. 5:1 ratio between CH, and C=0) and poly(y-
benzyl glutamate) (e.g. 8:2:2 ratio for CH,:(C—N + C—0):
(C=0).

For quantification of the ESCA signals in carbon 1s,
nitrogen ls, silicon 2p, and oxygen 1s regions, spectra were
recorded at high-resolution conditions. ESCA peak areas were
measured by a Perkin-Elmer 7500 computer with the PHI
ESCA version 2.0 software. An average of three independent
runs was taken for all ESCA measurements.

Calculations. For convenience, the PDMS—PU segmented
copolymer chains are divided into soft and hard segments. A
soft segment is an oligomeric siloxane with the two —NH; end
group moieties excluded, since the ~NH; groups become part
of the urea groups after polymerization. A hard segment
consists of the two urea groups from reactions between IPDI
and the siloxane oligomers and the moieties of IPDI and BDM.
The average number of IPDI and BDM moieties in a given
hard segment depends on the reaction stoichiometry. For
example, the hard segment of sample 5 (Table 1) is composed
of 2 —=NHj,, 3 IPDI, and 2 BDM groups. The soft segment for
this sample is a siloxane oligomer of 30 repeat units (MW =
2400).

The relationship between the weight percentage of PDMS
(X) and the ratio of nitrogen atoms to carbon atoms, N/C,
measured by ESCA is expressed by eqs (1-6). Here, n is the
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N_ [(100 ~ X/(MW,0, )1, ) @
C ™ [(100 — XMW, )1#C,0r) + XMW 2 1(#C o)

MW, = 222#F7" + 138#°°M + 32 2

MW, , = 74n + 142 3)

B g = 20 + 2 4

#C,0rq = 12#F01 4 gBOM (5)

#on=2mn+1+86 (6)

number of repeat units in each siloxane oligomer, #¥P! and
#BDM are the numbers of IPDI and BDM, respectively, in a hard
segment. The numbers of carbon atoms in a hard segment
and a soft segment are #C,,,q and #C..s. Nitrogen atoms only
exist in the hard segments, and each hard segment contains
#Np .4 nitrogen atoms. The molecular weight of a hard segment
is MWh.ra and the molecular weight of a soft segment is MW,5.

The ratio of N/C, instead of Si/C, is chosen to calculate the
PDMS surface concentrations because of the larger variation
in nitrogen concentration at different sampling depths. This
results in higher sensitivity in PDMS wt % calculations.
Concentrations were also calculated from Si/C ratios for a
selected set of samples. The resultant concentration data fell
within error limits as equivalent to that calculated from N/C
ratios.

Recovery of the Depth Profile from ESCA Data. The
intensities of the photoelectronic response from nitrogen and
carbon atoms as functions of the takeoff angle can be formu-
lated in the derivative form. They are

dIN(G) = FQNNN(x)Ke—x/(}.N gin ) dx (7)

dI(6) = FooN(x)Ke ™58 gy (8)

where I is the detected intensity of photoelectrons from a given
atom, subscripts N and C denote nitrogen and carbon, respec-
tively, 6 is the takeoff angle, F is the X-ray flux, o is the cross-
section of photoionization in a given shell of a given atom for
a given X-ray energy, N(x) is the depth profile of the atomic
density, x is the vertical distance from the free surface, K is a
spectrometer factor, and A is the escape depth of the elec-
trons.!?

If one further assumes F, K, and o are independent of x
and define normalized intensity I'(6) as I(8)/(FoK). By inte-
gration, eqs 7 and 8 give

Iy(0) = Iy(®)/(FoyK) = ["Nyl)e ™™gz (9)

I(0) = I(0/(FacK) = [, Newe ™" ? dx  (10)

Normalized intensities for different atoms at a takeoff angle
@, usually reported as a ratio, such as In/I¢’, can be obtained
from the ESCA spectrum.

Atomic Density Profiles. Surface atomic density profiles
for nitrogen and carbon in the segmented copolymers were
obtained with the following procedures. The polymer chains
were first divided into soft and hard segments as described
above. The number densities of carbon atoms in each type of
segment were calculated to be from 25.8 to 28.7 mol/L for the
soft segments, 45.5 mol/L for non-chain-extended hard seg-
ments, and from 52.5 to 54.3 mol/L for chain-extended hard
segments. To calculate the atomic densities in the copolymer,
it was assumed that changes in density throughout the film
(<5%) and the difference between weight fraction and volume
fraction values (<3%) are negligible. Thus, if v(x) is the depth
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profile of the hard segments, atomic depth profiles for carbon
and nitrogen are

Nox)=nv +0o(l —v) (11)
Ny(x) = nuy 12)

where 77 and o are respectively the carbon densities for the
hard segment and the soft segment and y is the nitrogen to
carbon ratio in the hard segment.

The depth profiles described by eqs 11 and 12 are inserted
into eqs 9 and 10. The ratio of the detected intensities of
photoelectrons from carbon and nitrogen, now designated as
R, can be calculated and compared with experimental values.

Recovery of the Depth Profile. To facilitate the calcula-
tion, it was further assumed that photoelectrons from carbon
and nitrogen atoms have the same escape depth A. This
enabled us to express the depth profile in terms of a normal-
ized length [, which is defined as the distance from the free
surface, x, divided by the electron escape depth, 4. Depth
profiles of the volume fraction of the hard segment, v(x), were
approximated by both discrete and continuous models.

Besides expediting the calculation, the above described
assumption is also justified by the following consideration. The
escape depths in polymers for photoelectrons are not known
precisely; in practice, an estimation can be obtained using a
correlation suggested by Seah and Dench.?* By that correla-
tion it was calculated that escape depths for C 1s and N 1s
photoelectrons are 34 and 32 A, respectively. There is a
considerable degree of uncertainty associated with these
numbers, as the data used to derive the correlation scatter
significantly.?> On the other hand, by comparison of the
kinetic energies of the photoelectrons it is certain that the
difference between Ac and Ay is less than 10%. An assumption
of A¢c equal to Ax is warranted because the information used
as the basis is reliable. The effects of different assumptions
on the ratio between Ac and Ax on the shape of the deconvo-
luted concentration depth profile will be discussed in a later
section.

Discrete Model. In the discrete model, v(x) is approxi-
mated as the sum of nine step functions. Each step function
staggers the previous one by a distance varying from 0.14 to
0.854 determined by trial and error. The integrations de-
scribed by eqs 9 and 10 were carried out numerically, each as
the summation of a sequence of numerical values. The upper
limit for the integration was 54, and the increment was 4/100.
By continual adjustment of the heights of the constituent step
functions, a depth profile was obtained that gives photoelec-
tronic responses consistent with ESCA results for each co-
polymer.

Continuous Model. In fitting the experimental data with
the discrete model, it was revealed that v(x), instead of
monotonically increasing with x, has a maximum. This finding
was used to guide the selection of a continuous function to
describe v(x). We used a four-parameter compound Gaussian
distribution model of the form

y() =y, exp[—-0.5( — 1,)%5,°1 Is1,

=1+ (y, — 1) exp[—0.5( — 1,)%0,2] 1>1; (13)

where y = v(l)/v(e), v(eo) is the bulk value of v; y1, a parameter,
is the y value at the maximum of the profile; / is the distance
from the surface divided by the escape depth; /i, a parameter,
is the location of the maximum of the profile; o1, a parameter,
characterizes the shape of the profile to the left of the
maximum; and og, a parameter, characterizes the shape of the
profile to the right of the maximum.

Optimal values for the parameters were determined by
minimizing the objective function y defined as

Y = {Un Y {[Reu¥1,41,01,02,0,) = Rexy(6,)VR (0,011
(14)
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Table 2. PDMS Weight Percent of the As-Cast Samples from THF Solutions

PDMS wt %
no. sample ID 0 =10° 6 =15° 6 =30° 6 = 90° bulk
1 PDMS1K-IP-BO 936 +1.3 90.6 + 2.3 86.8 £ 2.2 83.5+1.3 79.0
2 PDMS1K-IP-B0.5 88.6 + 2.3 83.9+04 77.2+12 71410 68.8
3 PDMS2.4K-IP-BO 96.8 + 0.8 944+1.0 92.4 £ 0.2 90.6 £ 0.3 90.3
4 PDMS2.4K-1P-B1 95.0 £ 2.7 921+14 839+18 794+ 1.6 79.4
5 PDMS2.4K-IP-B2 88.0+18 849+ 16 78515 725+ 0.9 70.8
6 PDMS10K-IP-BO 98.9 + 0.7 98.5 + 0.5 97.7+0.1 97.0+ 0.6 97.5
7 PDMS10K-IP-B2 97.7+05 970+ 1.4 935+£1.0 90.0+ 1.5 91.1
8 PDMS27K-IP-B2 100 £ 0.0 99.1+0.9 98.0 £ 0.7 972+13 96.5

where n is the number of takeoff angles. The optimization
was achieved using the Gauss—Newton method.?” The start-
ing values for the optimization procedures were obtained by
scanning the five-dimensional space. In the latter, a grid was
imposed on the (y1,/1,01,02) space, y values at selected intersec-
tions were calculated, and the coordinates of the location where
the minimum was found were used as the starting values.

In principle, one should be able to find the absolute
minimum for the objective function ¥ with a sequence of
screening and optimization procedures as described above. The
following factors lead to uncertainties associated with the
resulting parameters. The larger the uncertainties of the
experimental data, the larger the uncertainties of the opti-
mized results. Larger coverage of the grid and shorter
distances between the intersections on the grid would reduce
uncertainties of the results. In this work, the calculated
atomic ratios between carbon and nitrogen based on the
optimized parameters usually agree with the ESCA data
within the experimental uncertainties.

Results and Discussion

Surface Composition of PDMS—PU Films by
ESCA. Structural Effects. The measured PDMS
surface concentrations of the PDMS—PU segmented
copolymer films cast from THF in air are summarized
in Table 2. The surface concentrations of PDMS in all
samples are higher than the bulk values. PDMS surface
phase separation can be attributed to the lower surface
energy of the PDMS segments at the polymer—air
interface as compared with that of the polar hard
segments.?® ESCA results for the PDMS-PU seg-
mented copolymers are angle-dependent, indicating a
gradient in concentration of PDMS over the surface
region.

The average soft and hard segmental lengths are
found to have significant effects on the surface composi-
tion. Concentrations of PDMS in the surface region
of the as-cast films of polymers PDMS1K-IP-BO,
PDMS2.4K-IP-B0, and PDMS10K-IP-BO are listed in
Table 2. There is no chain extender in the hard
segments of these three copolymers, and the average
molecular weights of the PDMS segments are 1K, 2.4K,
and 10K. In this series, polymer PDMS10K-IP-BO
shows the highest PDMS surface concentration at every
takeoff angle.

Surface compositions of the as-cast films of three
copolymers PDMS2.4K-IP-B2, PDMS10K-IP-B2, and
PDMS27K-IP-B2 are also listed in Table 2. Each hard
segment of these copolymers contains on average two
BDM moieties, and the average molecular weights for
the soft segments are 2.4K, 10K, and 27K, respectively.
Again, the sample with the highest average molecular
weight for the soft segments has the highest PDMS
surface concentration.

Data shown in Table 2 also illustrate the change in
PDMS surface concentration with an increase in the
length of the hard segment. In the group of PDMS—
PU samples, PDMS2.4K-1P-B0, PDMS2.4K-IP-B1, and
PDMS2.4K-IP-B2, the average molecular weights for

the soft segments are the same, but the average lengths
for the hard segment are different. It appears that the
surface concentration of PDMS decreases as the length
of the hard segment increases. Comparison can also be
made for samples with similar bulk PDMS concentra-
tions. For such samples, the length ratios of PDMS
segment to hard segment are similar. Copolymers
PDMS2.4K-IP-B0 and PDMS10K-IP-B2 have similar
bulk concentrations of PDMS (90.3% and 91.1%). Re-
sults for these two copolymers can be found in Table 2.
Copolymer PDMS10K-IP-B2, which has larger average
segmental lengths, shows a higher surface concentration
of PDMS in three takeoff angles, while the difference
between results from the fourth takeoff angle is less
than the experimental uncertainty. These data indicate
that for copolymers with similar bulk compositions, the
thickness of the phase-separated regions at the surface
is influenced by the length of the low surface energy
soft block. To understand the significance of the two
comparisons described above, proper consideration must
be given to the fact that the composition of the hard
segments changes with the length. Therefore, in addi-
tion to phase separation due to the favorable entropic
effect of longer soft segments, of equal or greater
importance is phase separation driven by the enthalpic
effect of stronger hydrogen bonding of larger hard
blocks. These two effects may act in a synergistic
fashion. This topic will be explored further in a later
section.

The molecular weight distributions for the eight
samples are very different, with polydispersities ranging
from 1.3 to 2.8. It is not clear from our study what effect
polydispersity may have on surface properties.

Annealing Effects. The surface compositions of
PDMS~—PU copolymer samples after a short annealing,
as measured by ESCA, are summarized in Table 3, and
corresponding data for samples after a long annealing
are listed in Table 4.2°

For samples with the shortest PDMS segments
(MW,s = 1000), annealing does not have any detectable
effect on the surface concentration of PDMS. For
samples with PDMS segments of moderate length
(MW,oe = 2.4K), the only increase in PDMS surface
concentration was observed in the sample with the
longest hard segments. An annealing of 15 min at 120
°C was sufficient to cause the observed change. If the
PDMS segments are long (MW, = 10K), significant
changes in the PDMS surface concentrations are ob-
served regardless of the composition of the hard seg-
ment. For example, the concentration of PDMS in the
as-cast films of PDMS10K-IP-B0 and PDMS10K-IP-B2
measured at the lowest takeoff angle are 98.9 and
97.7%, respectively; after annealing, the corresponding
values are 99.9 and 99.4%. The dominance of PDMS
segments in the surface region is even more pronounced
in copolymer PDMS27K-IP-B2. No hard segments were
detected in measurements taken at the lowest takeoff
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Table 3. PDMS Weight Percent of the Copolymer Samples, Annealed at 120 °C for 15 min

PDMS wt %

no. sample ID 6 =10° 8 =15° 6 =30° 6 = 90° butk

1 PDMS1K-IP-BO 93.7 +£0.2 90.8+0.8 873+ 0.5 84.0 + 0.6 79.0

2 PDMSI1K-IP-B0.5 88.6 £ 2.2 819+16 7523+ 0.6 69.7 + 0.4 68.8

3 PDMS2.4K-IP-BO 97.14+£0.5 954+ 1.0 925+ 04 91.3+04 90.3

4 PDMS2.4K-IP-B1 948 +1.3 919+ 0.8 854+ 0.5 81.2+04 79.4

5 PDMS2.4K-IP-B2 93.6 + 1.8 89.5 +0.3 79.8 +£ 0.2 74.1 £0.3 70.8

6 PDMS10K-IP-BO 99.940.1 99.5 +£0.2 98.5 + 0.7 97.1+0.2 97.5

7 PDMS10K-IP-B2 99.4 £ 0.8 98.5 + 0.2 96.2+ 1.9 93.2+1.0 91.1

8 PDMS27K-IP-B2 100 £+ 0.0 99.9 + 0.0 99.1+£0.1 97.6 £ 0.2 96.5

Table 4. PDMS Weight Percent of the Copolymer Samples, Annealed at 120 °C for 2 h
sample PDMS wt %
no. ID 6 =10° 6 =15° 6 = 30° 6 = 90° 8 =90°¢° bulk
1 PDMS1K-IP-BO 919 +2.1 912+ 0.9 86.5+ 0.3 86.5 £ 0.3 83.7+ 1.2 79.0
2 PDMS1K-IP-B0 89.1+20 88.7+6.5 80.3+0.4 73.6 £ 0.2 72.56 £ 1.2 68.8
3 PDMS2.4K-IP-B0 985+1.2 98.4+0.8 94.3+0.1 919+1.1 89.2+1.1 90.3
4 PDMS2.4K-IP-B1 93.1+18 91.6 + 0.2 87.4 +£2.0 80.3 £ 0.7 791+ 0.5 79.4
5 PDMS2.4K-IP-B2 942+ 45 92,7+ 24 80.0 £ 0.8 73.1+21 69.2+04 70.8
6 PDMS10K-IP-BO 100+ 0.0 100 £ 0.0 99.1+0.1 98.5 + 0.4 97.6 £ 0.2 97.5
7 PDMS10K-IP-B2 100 £ 0.0 99.3 £ 0.2 97.2+1.2 91.4 £ 0.9 89.0 £ 4.2 91.1
8 PDMS27K-1P-B2 100 +£ 0.0 100 £ 0.0 98.9+0.7 976+ 0.4 87.0+1.8 96.5
e With Ti anode X-ray source.

distance from surface/escape depth

0.5 —_—
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P

vol. frac. of hard segment
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0 1 2 3 4
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Figure 2. Concentration—depth profiles for the hard segment
in as-cast films of copolymer PDMS2.4K-IP-B2. Profiles: (A)
constructed based on a continuous model; (B) constructed
based on a discrete model; (M) data measured by ESCA.

angle. The maximum sampling depth in ESCA mea-
surements using a Ti anode is estimated to be 210 A,
which is about twice the maximum sampling depth
attainable with a Mg anode. By using a Ti anode, the
composition over a larger span of polymer surface can
be evaluated. In Table 4, surface compositions of the
films after a long annealing are listed, including results
from a sampling depth at 210 A. A continuous decrease
in the concentration of PDMS in the surface region was
observed.

Segmental Concentration—Depth Profile. Depth
profiles for the hard segment in each copolymer have
been recovered, and the profiles reveal some features
that are not obvious in the ESCA data. In the following,
the depth profile for the hard segment in copolymer
PDMS2.4K-IP-B2 is used as a representative result to
illustrate these features. In Figure 2, curve A repre-
sents the profile calculated by the continuous model, and
curve B the profile calculated the discrete model. The
curves were generated on the basis of experimental data
and parameters listed in Tables 5—7. The keys to read
these tables are contained in Table 8. Experimental
ESCA data are plotted as a function of the sampling
depth in the same figure as a contrast. Both models
indicate a maximum in the profile, which is not readily
discernible from the experimental ESCA data. This

Table 5. Concentration—Depth Profile Data for
Copolymer PDMS2.4K-IP-B2 before Annealing

takeoff angle (deg) 10 15 30 90
upper uncertainty limit 374 29.0 20.5 16.2
C/N (ESCA data) 32.2 26.2 19.3 15.7
lower uncertainty limit 28.4 24.0 18.2 15.3
C/N (discrete model) 36.0 27.6 19.1 15.4
C/N (continuous model) 32.6 26.2 19.1 15.8

1. Parameters for the Depth Profile of the Hard Segment
for the Discrete Model

01 S2 U(eo) hl hz h3 hy h5 hs h7 hs

030 035 0292 0.2 08 12 15 1.2 10 10 1.0

2. Parameters for the Depth Profile of the Hard Segment
for the Continuous Model

» h 0 o2
1.30 1.00 0.50 0.38

Table 6. Concentration—Depth Profile Data for
Copolymer PDMS2.4K-IP-B2, Annealed at 120 °C for 15

min

takeoff angle (deg) 10 15 30 90
upper uncertainty limit 79.2 374 20.5 16.7
C/N (ESCA data) 57.8 36.4 20.3 16.5
lower uncertainty limit 45.7 354 20.2 16.4
C/N (discrete model) 55.4 36.6 20.5 14.9
C/N (continuous model) 55.6 36.9 204 146

1. Parameters for the Depth Profile of the Hard Segment

for the Discrete Model

o1 02 wv(=) h1 hs hs hs hs he h1 s
031 035 0292 01 06 12 18 19 15 11 1.0

2. Parameters for the Depth Profile of the Hard Segment
for the Continuous Model

¥y1 I 01 oy
1.99 1.30 0.50 0.48

underlines the fact that for polymers with partially or
completely phase separated surface regions, the convo-
luted nature of the photoelectron intensity signals
prevents a direct measurement of concentration—depth
profiles. Profiles suggested by both models, when
inserted into the convolution equations, lead to photo-
electron intensity ratios in very good agreement with
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Table 7. Concentration—Depth Profile Data for
Copolymer PDMS2.4K-IP-B2, Annealed at 120 °C for 2 h

takeoff angle (deg) 10 15 30 90
upper uncertainty limit 272.6 74.5 21.3 17.1
C/N (ESCA data) 63.4 51.0 20.5 16.0
lower uncertainty limit 37.0 39.1 19.8 15.1
C/N (discrete model) 97.0 47.2 22.7 16.0

C/N (continuous model) 61.2 40.4 21.9 15.3

1. Parameters for the Depth Profile of the Hard Segment
for the Discrete Model

61 d2 v(e) hy hy hs hy hs he hr  hg
034 035 0292 0 07 13 18 14 11 10 1.0

2. Parameters for the Depth Profile of the Hard Segment
for the Continuous Model

Y1 i 01 o2
1.82 1.30 0.50 0.64

experimental data as shown in Table 5. The effects of
annealing on depth profiles are shown in Figure 3
(based on the discrete model) and in Figure 4 (based on
the continuous model). Both models reveal increases
in the thickness of PDMS and hard-block-enriched
phases after annealing. The thickness of the topmost
PDMS layer with less than 5% hard segment content
increases from zero to 0.24 (about 0.7 nm). The thick-
ness of the layer enriched with hard segments, which
is responsible for the maximum in the profile, doubles,
in this case, from ~A to ~24. These observations again
illustrate the positive effects of annealing in enhancing
the surface concentration of PDMS.

Effects of different A¢ to Ax ratios on the shape of the
deconvoluted depth profile for the hard segment in
copolymer PDMS2.4KK-IP-B2 are illustrated in Figure
5, Curve A was obtained with A¢ equal to Ay, and for
curve B Ac equals 1.1 times Ay. We do not know the
true ratio of Ac to Ax to any precision beyond that it falls
between 1 and 1.1. The assumption used in this work
was Ac equals Ax. Had the assumption been A¢ is 1.1
times A, a slightly different depth profile would result.
The location of the maximum hard segment concentra-
tion and the shape of the shoulder to the left of the
maximum vary little; the height of the peak increases
and the shoulder to the right of the maximum broadens.
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These differences do not affect the conclusions reached
in this work regarding the distribution of the various
components and the effects of annealing on that distri-
bution. Both assumptions on the 4 ratio lead to depth
profiles characterized by a hard-segment-deficient top
surface and an adjacent hard-segment-enriched layer.
Annealing, as shown in Figure 4, has very strong effects
on the location of the peak; different assumptions on
A’s do not mask those effects.

Effects of Structure and Molecular Weight on
the Distribution of the Hard Segment. In addition
to the difference in surface energies, which is the
underlying driving force for the enrichment of PDMS
segments at the surface, there are two additional factors
that contribute to the observed surface phase separa-
tion. Long soft segments amplify entropically driven
phase separation, and increased hydrogen bonding in
hard segments augments the enthalpic driving force for
phase separation. The interplay of these factors under
different situations is discussed below.

We define vn(x) as

un() = {v)A1 — v()]}{v(ee)1 — v(e0)]} (15)

Equation 15 represents the normalization of the volume
fraction of the hard segment at the surface region, v(x),
with respect to the bulk value, v(e«). The quantity
uNn(x) can also be visualized in the following way.
Suppose a unit volume of soft segments with the
entrapped hard segments moves from the bulk (location
=) to the surface (location x), and during the movement
the hard segments gradually drop out this volume due
to the progress of phase separation, then vn{(x) repre-
sents the fraction of the initial hard segments remaining
at the end of the movement. Using this measurement,
materials can be compared on the basis of their “ef-
fectiveness” in separating the soft and the hard seg-
ments.

In Figure 6, vy depth profiles for copolymers
PDMS10K-IP-B0 (A, C) and PDMS10K-IP-B2 (B, D) are
shown. The curves are for films as-cast and after an
annealing at 120 °C for 15 min. These curves are
similar to those for PDMS2.4K-IP-B2 described earlier.
There is a hard-segment-enriched region beneath the

Table 8. Keys To Read Concentration—Depth Profile Data

C/N (ESCA data): the average of three measurements

upper uncertainty limit: the average plus one standard deviation based on three measurements

lower uncertainty limit: the average minus one standard deviation based on three measurements

C/N (discrete model): calculated from the discrete model (see text for details of this model) with the optimal parameters

C/N (continuous model): calculated from the continuous model (see text for details of this model) with the optimal parameters

Parameters for the Discrete Model

The depth profile is described with a series of 11 numbers. These numbers are used to specify the starting position and
height of each constituent step function. (Refer to profiles in Figure 2 for illustration.) The first two numbers are the staggered
distances between the two step functions. In this study, the distances staggered were kept alternating between two values.
For example, the staggered distances between two consecutive step functions for the profile shown in Figure 2 are 0.304 and 0.354,
alternately. The third number is the bulk value for the volume fraction of the hard segment, which is also equal to the sum of the
heights of all the nine step functions. The forth number is the height of the first step function; the fifth number is the sum of the
heights of the first and the second step functions. Similarly, each subsequent number is the sum of the previous number and the
height of an additional step function. (From the forth to the eleventh number, the value is normalized with respect to the bulk

volume fraction, i.e. the third number.)

Parameters for the Continuous Model
The depth profile is described with a four-parameter compound Gaussian distribution model of the form

y) =y, exp[-0.5( — [)%0,"] 1<,
=1+, — Dexp[-0.5( - 1,)%0,7] 1>1,

where y is v(I)/u(ee), v(ee) the bulk value of v, the volume fraction of the hard segment; [ is the distance from the surface
divided by the escape depth. The four parameters are y;, the maximum y value of the profile; /;, the location of the
maximum of the profile; and 0; and ¢z which characterize the shape of the profile to the left and to the right of the

maximum, respectively.
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Figure 3. Concentration—depth profiles of the hard segments
in the surface region for the copolymer PDMS2.4K-IP-B2
under different thermal treatments. The profiles are con-
structed on the basis of a discrete model. Curves: (A) as-cast;
(B) annealed at 120 °C for 15 min; (C) annealed at 120 °C for
2 h.
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Figure 4. Concentration—depth profiles of the hard segments
in the surface region for the copolymer PDMS2.4K-IP-B2
under different thermal treatments. The profiles are con-
structed on the basis of a continuous model. Curves: (A) as-
cast; (B) annealed at 120 °C for 15 min; (C) annealed at 120
°C for 2 h.
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Figure 5. Effects of different Ac to Ax ratios on the shape of
the deconvoluted depth profile for the hard segment in
copolymer PDMS2.4K-IP-B2. Curve A was obtained with A¢
equal to Ax, and curve B with Ac equal to 1.1 times Ax.

hard-segment-deficient surface layer, and annealing
increases the thickness of both layers. In this section
we will focus on the lower left corner of Figure 6
representing the region less than one A (ca. 3.4 nm) from
the surface. That portion is enlarged and roplotted in
Figure 7. The two solid curves (A, B), representing
concentration profiles in the as-cast films, indicate that
the incorporation of chain extender promotes surface
phase separation at ambient temperature presumably
due to the increased interactions among the hard
segments. This advantage is lost in annealing as both
after-annealing profiles (dashed curves) are similar and
shift to lower hard segment concentrations. Since the
soft segments are the same and relatively large com-
pared to the hard segments, the occurrence of the
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from surface/ pe depth

Figure 6. ux as a function of depth in the surface region for
two copolymers. Curves: (A) PDMS10K-IP-BO as-cast; (B)
PDMS10K-IP-B2 ag-cast; (C) PDMS10K-IP-BO annealed at 120
°C for 15 min; (D) PDMS10K-IP-B2 annealed at 120 °C for 15
min.
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Figure 7. vy as a function of depth in the topmost surface
region for two copolymers. Curves: (A) PDMS10K-IP-BO as-
cast; (B) PDMS10K-IP-B2 as-cast; (C) PDMS10K-IP-B0 an-
nealed at 120 °C for 15 min; (D) PDMS10K-IP-B2 annealed
at 120 °C for 15 min.
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Figure 8. vn as a function of depth in the topmost surface
region for three copolymers. Curves: (A) PDMS2.4K-IP-B2
as-cast; (B) PDMS10K-IP-B2 as-cast; (C) PDMS27K-IP-B2 as-
cast; (D) PDMS2.4K-IP-B2 annealed at 120 °C for 15 min; (E)
PDMS10K-IP-B2 annealed at 120 °C for 15 min; (F) PDMS27K-
IP-B2 annealed at 120 °C for 15 min.

similar near-surface profiles after short annealing is
driven by enthalpy. Thus, the rate of disadvantaged
phase separation for PDMS10K-IP-BO catches up to that
of PDMS10K-IP-B2, as an increase in temperature
enhances the higher-energy-barrier phase separation
process for PDMS10K-IP-BO.

In Figure 8, vn profiles for copolymers PDMS2.
4K-IP-B2, PDMS10K-IP-B2, and PDMS27K-IP-B2 are
plotted. Cast at ambient temperature, the hard seg-
ment concentration in the surface region decreases with
an increase in the average molecular weight of the soft
segments. After annealing, the curves shift to lower
hard segment concentrations while the relative positions
to one another are maintained. The inverse correlation
between surface hard segment concentration and bulk
soft segment molecular weight as well as the insensitiv-
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ity of the shape of the curve to temperature points to
entropic origins for the observed differences.

Conclusions

We have investigated the effects of segmental length
and annealing on the surface composition of films of
segmented poly(dimethylsiloxane—urea—urethane)s. The
films were cast from solutions in THF, a mutual solvent
for the hard and soft segments. In general, the surface
concentration of PDMS increases with the length of that
segment. As the PDMS segmental molecular weight
reaches 27 000, ESCA data indicate that the topmost
surface region of the as-cast films of the copolymer is
composed of nearly 100% PDMS.

Annealing the as-cast samples increases the PDMS
concentration in the topmost region. Thus, the surface
of annealed copolymers (120 °C for 15 min) with a 10K
PDMS segmental molecular weight consists of almost
pure PDMS.

Segmental depth profiles were constructed from ESCA
data. The profile typically contains a maximum and can
be described by either a summation of step functions
or a compound Gaussian distribution. The existence of
a maximum indicates a PDMS-deficient region beneath
the PDMS-enriched region. Annealing increases the
thickness of both regions.

It has been demonstrated that both the length of the
soft segments and the interactions among the hard
segments affect the phase separation in the surface
region. Long soft segments amplify entropically driven
phase separation, and increased hydrogen bonding in
hard segments augments the enthalpic driving force for
phase separation.
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