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Control of polymer surface chemistry and morphology
is the subject of continuing fundamental studies and is
important for adhesion and biomedical applications.
Postprocessing methods such as plasma and chemical
treatments have been used to modify surfaces of a
variety of polymers.!~* Modification by surface-initiated
graft polymerization and related methods also provides
surfaces with tailored functionality.>® A surface modify-
ing additive (SMA) approach is an attractive alternative
for economical surface modification while retaining bulk
properties.”® The importance of the soft block in defining
surface composition for polyurethanes®13 has led us to
continue exploring novel surface-active soft block com-
positions and architectures that may be useful in SMAs.

To introduce surface multifunctionality, we have
focused on telechelic polyoxetanes [substituted poly(1,3-
propylene oxide)diols] with structure 1, where R¢is a
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semifluorinated group and R is a functional group.
Recently, we reported the synthesis of novel telechelics
with hydrophobic semifluorinated and hydrophilic oli-
goalkyl ether pendant groups.!4 In this communication,
we report the synthesis of oxetane telechelics with
hydrophobic semifluorinated and hydrophilic oligoalkyl
ether pendant groups having random and block se-
quences as well as polyurethanes incorporating these
novel soft blocks. The polyurethanes have different
nanoscale surface morphologies (TM-AFM) and water
contact angles depending on soft segment sequence,
again reflecting soft block dominance in determining
surface nanostructure.

Ring-opening polymerization of oxetanes is well-
known, and several copolyoxetanes have been synthe-
sized.1%16 There is uncertainty about molecular weight
control (cyclic oligomer formation and likely chain
transfer), but we have reported microstructural infor-
mation on PIME20x-co-5FOx) from a kinetic study of
the monomer reactivity ratio (“P” distinguishes mono-
mer from repeat in telechelic).1* Reaction solvent polar-
ity affected slightly the reactivity ratios, but the mono-
mer distribution in the copolymer was nearly random.

The reaction mechanism of cationic ring-opening
polymerization (ROP) of oxetane monomers using boron
trifluoride (BF3) has seen considerable study, and the
general features are known.!>~18 In the present work,
modified reaction conditions were used to give telech-
elics having different monomer sequences.!® The goal
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Figure 1. Reversible heat flow curves for polyoxetane telech-
elics by MDSC (3 °C/min) and modulation amplitude +0.5 °C,
30 s: (a) P(BFOx), (b) P(ME30x-block-3FOx) (2/3, mol/mol),
(c) PME3Ox-ran-3FOx) (1/1), (d) P(IME3Ox-block-3FOx) (2/
1), (e) P(ME30x), and (f) physical mixture of P(ME30x) and
P(3FOx).

of this work was to learn whether monomer sequence
distribution would affect surface properties of derived
polyurethanes.
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To obtain a blocky-type copolymer, monomer addition
order and addition speed were varied. When 3FOx
monomer 2 was polymerized first in the presence of
BF3—OEte and butanediol (BD) cocatalysts and the
second monomer ME30Ox 3 was added, a two-phase
mixture of homotelechelics was obtained. Interestingly,
when ME30x was added as the first monomer followed
by 3FOx, the product was a one-phase viscous liquid,
suggesting formation of a block copolymer. After the
reaction of first monomer ME30x, M, determined by
end group analysis with trifluoroacetic anhydride is 2.6
kg mol~1. Then, after slow addition of 3FOx, a cotelech-
elic was obtained with M,, = 4.2 kg mol~1. A parallel
increase in My, by GPC was obtained.

GPC molecular weight determinations on telechelics
usually showed the presence of a peak corresponding
to cyclic tetramers (0—20%).20 At present, only qualita-
tive conclusions are drawn from DSC and F NMR
data. However, DSC and *F NMR data on P[3-FOx]
from which cyclics were removed are little changed
compared with the tetramer-containing product.?! Once
telechelics are incorporated in polyurethanes, cyclics are
removed in repreciptitation as telechelics are nonpolar.
Details of separation and analyses will be presented in
a full paper.

Figure 1 shows reversible heat flow curves for a series
of homo- and cotelechelics obtained by modulated-DSC
measurements.?? P(3FOx) and P(ME30Ox) homotelech-
elics have Ty’s at —47 and —74 °C, respectively (Figure
la,e). A physical mixture of P(IME30x) and P(3FOx)
(Figure 1f) shows two Ty’s as the homotelechelics are
largely immiscible. DSC data are supported by visual
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Figure 2. Typical F NMR spectra in chloroform-d for (a)
P(3FOx), (b) P(IME30x-block-3FOx), and (¢) P(IME3Ox-ran-
3FOx).

observation of immiscibility when the homotelechelics
are mixed. However, partial phase mixing is evident
from the T, shifts relative to pure homotelechelics. The
random (1:1) cotelechelic T is —62 °C (Figure 1c), which
is close to the average of the homotelechelics. Each block
telechelic (2:3 and 2:1) also has only one T (Figure 1b,d)
that approximates the expected average. In summary,
the DSC results provide evidence that POIME30Ox-block-
3FOx) is not a mixture of homopolymers.

Usually, diblock copolymers comprised of segments
forming amorphous domains have two T,’s.23 However,
Baer has recently shown that, even for high molecular
weight glassy polymers, when the scale of phase separa-
tion is reduced to a few tens of nanometers, a separate
T, for each phase is not observed.?* Below, we describe
nanoscale phase separation for PIME3Ox-block-3FOx)
polyurethane surfaces. Perhaps a similar nanoscale
phase separation occurs in the bulk block telechelics
and accounts for the observation of a single T’s by
DSC.

To substantiate structural differences between block
and random cotelechelics, 1°F NMR spectra were ob-
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tained (Figure 2).25 The CF3— peaks in block and
random telechelics shift by about 0.1—0.2 ppm relative
to P(BFOx). A similar small shift is observed when
P(ME30x) is admixed with P(3FOx) solutions, indicat-
ing the shift for copolymers is largely a solvent-like
effect.?!

A comparison of the relative peak shapes is revealing.
Homotelechelics and bdlock telechelics show a series of
well-resolved peaks with J1-19r = 8 Hz. In contrast,
the random copolymer peak is broad with little resolv-
able structure. This observation supports the hypothesis
that the random telechelic is comprised of random
sequences with many sequence distributions. In con-
trast, the block cotelechelic contains (3-FOx),, sequences
that mimic those in the homotelechelic. Hence, P(3FOx)
and P(ME30x-block-3FOx) have similar 1°F NMR spec-
tra.?!

Polyurethanes were prepared using polyoxetane telech-
elics or a reference PTMO soft segment.26-28 Figure 3
shows the structure and 'TH NMR spectrum of a repre-
sentative PU, MDI/BD(27)/P(ME3Ox-ran-3FOx(1:1)),
PU-1 in DMSO-dg. Polyurethanes are designated iso-
cyanate/chain extender (hard segment wt %)/soft seg-
ment repeat 1-sequence-soft segment repeat 2 (mole
ratio). Other compositions were also determined by 'H
NMR spectra: MDI/BD(32)/P(ME30x-block-3FOx(2:3)),
PU-2, and MDI/BD(36)/PTMO, PU-3. Glass slides were
dip-coated from 20% DMAc solutions.??

TM-AFM was used for evaluating polymer surface
morphology.3° Figure 4 shows TM-AFM images (in air)
of PU films containing P(ME3Ox-ran-3FOx) (PU-1),
P(ME30x-block-3FOx) (PU-2), and PTMO (PU-3). The
root-mean-square (rms) height deviation R, for the area
interrogated is commonly used to evaluate the surface
roughness. By this measure, surfaces of all films are
topologically quite flat (Figure 4a,c,e) with R, less than
1 nm.
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Figure 3. Chemical structure and 'TH NMR spectrum of PU-1 containing POIME30x-ran-3FOx) soft segment in DMSO-ds.
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Figure 4. Tapping-mode AFM images of polyurethane films:
(a, b) PU-3 (PTMO); (c, d) PU-1, (P(ME30Ox-ran-3FOx)), and
(e, ) PU-2, (P(ME30x-block-3FOx)). (a, ¢, e) Height images, z
= 10 nm. (b, d, f) Phase images, z = 20°. Ry: (a) 0.6 nm, (c)
0.3 nm, and (e) 0.9 nm. A/Ay: (a, b) 0.87, (c, d) 0.83, and (e, f)
0.92.

The surface of PTMO-based PU-3 (Figure 4b) has
phase separation on the order of 10 nm due to the
hard and soft segments similar to that observed
previously.11713 We use a conventional interpretation of
modulus-sensitive phase images at light tapping where
the lighter color portions are assigned to the organized
domain, in this case the MDI—BD hard block. The phase
image of P(IME30Ox-ran-3FOx)-based PU-1 is featureless
(Figure 4d). This is consistent with a surface structure
where the random soft block predominates. With in-
creased tapping force (A/Ag = 0.5—0.6) a phase-sepa-
rated structure appears in the phase image (not shown),
reflecting the presence of near-surface hard blocks.

Importantly, the phase image for P(ME3Ox-block-
3FOx)-based PU-2 (Figure 4f) shows strong nanophase
separation attributed to ME3Ox and 3FOx domains. By
analogy with prior work, the light-colored domains are
assigned to the self-organized fluorinated domain.?! The
average domain size is about 20 nm in diameter, larger
than the hard- and soft-segment segregation observed
in PU-3 (Figure 4b). The observed phase separation is
ascribed to immiscibility and aggregation of P(3FOx)
and P(ME3Ox) block segments in the soft phase at room
temperature, which is at least 60 °C above the block
Ty's.

The interesting difference in nanoscale surface phase
separation for PUs containing random and block co-
telechelics is reflected in contrasting wetting behavior.
For evaluation of surface wetting properties, dynamic
contact angle (DCA) analysis by the Wilhelmy plate
method was used.3273* With R, less than 1 nm for all
coatings, topological roughness is an unlikely contribu-
tor to the advancing contact angle (0.4y). However, if
selective local swelling occurs in water, 6., might be
affected. Underwater AFM studies are planned.

The DCA results are summarized in Table 1.3¢ As a
point of reference, PU-3 containing the PTMO soft
segment was examined: PU-3, Oaqy, 93°; Orec, 49°. From
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Table 1. Polyurethane DCA Data

PU soft segment Oaav (deg) Orec (deg)
PU-3 PTMO 93 49
PU-1 P(ME30Ox-ran-3FOx) 104 39
PU-2 P(IME3Ox-block-3FOx) 106 56
homo P(3FOx) 110 70
homo P(ME30x) 93 32

previous work353¢ and our experience, Oagy, Orec, and A6
(44°) are typical values for PTMO PUs. The moderate
A6 (44°) is attributed to rapid surface reorganization of
the low-T; PTMO soft block, though TM-AFM suggests
there may be a near-surface hard block contribution as
well.

One approach to analysis of chemically heterogeneous
surfaces using wetting behavior is to compare an “AB”
surface to that of A and B alone. Several well-known
methods exist to analyze nonideality responsible for sur-
face behavior.3":38 Here, we use a qualitative comparison
of cotelechelic PUs with corresponding homotelechelic
PUs. Homotelechelic compositions and contact angles
are as follows: MDI/BD(29)/P(3FOx): 0.4y, 110°, Oy,
70°; MDI/BD(37)/P(ME30x); Oadv, 93°, Orec, 32°.

Analysis of PU-1 containing P(ME30x-ran-3FOx)
gave 0,qy = 104°, O.c = 39°, and A0 = 65°.3° The PU-1
surface is hydrophobic in air due to fluorinated groups
with 0,4y similar to the PU 3FOx homopolymer. How-
ever, PU-1 is hydrophilic in water (6., 39°) with a
receding contact angle closer to PIME30x) PU (32°) than
to P(BFOx) PU (70°). Clearly, extensive surface reorga-
nization occurs in water favoring hydrophilic ether side
groups at the water polymer interface. The result is a
very large contact angle hysteresis.

For PU-2 containing PIME30Ox-block-3FOx), 0,4y (106°)
is also close to 6,4y for P(3FOx) PU. In this regard, PU-2
and PU-1 are similar. However, 0. (56°) is 17° higher
than PU-1 (O, 39°), resulting in a smaller contact angle
hysteresis for PU-2 (50°) compared to PU-1 (65°). This
result indicates the PU-2 surface is hydrophobic in air
like P(3FOx) PU and only moderately hydrophilic in
water, more like the P(3FOx) PU than P(ME30x) PU.
Clearly, the nanophase-separated PU-2 surface struc-
ture is more hydrophobic overall than the corresponding
random soft block surface. This amplification of hydro-
phobicity occurs for PU-2 even though the fluorinated
nanodomains do not cover the whole surface (TM-AFM,
Figure 4f). Over the limited time scale investigated thus
far, the self-assembly responsible for fluorinated surface
nanodomains apparently inhibits access of a significant
fraction of near-surface, more hydrophilic polyether side
chains to water.

Summary. For the first time, the effect of soft block
sequence distribution on surface morphology and wet-
ting behavior is demonstrated. Surface nanophase
separation is observed for PU-2 containing P(ME30Ox-
block-3FOx), while PU-1 containing P(ME3Ox-ran-
3FOx) shows no surface microstructure. Interestingly,
wetting behavior is influenced by nanoscale surface
morphology. This observation suggests that surface
nanostructure must be taken into account for demand-
ing applications such as those that require biocompat-
ibility or “smart” behavior.

The extent to which surface properties are retained
when PUs such as PU-1 and PU-2 are used in small
amounts as SMAs is actively being investigated. Pre-
liminary results suggest that polyurethanes such as
PU-1 are highly effective in modifying the surface of
conventional polyurethanes.
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