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Abstract

The synthesis of hydroxy-terminated poly(2,2-substituted-1,3-propylene oxide) polyoxetane telechelics and co-telechelics bearing
semifluorinated (-CH,OCH,(CF,),,CF;) and functional bromomethyl pendant groups is reported. Characterization utilized 'H NMR
spectroscopy, temperature modulated DSC (MDCS), and gel permeation chromatography (GPC). Analysis of relative reactivity ratios for a
1:1 3FOx to BrOx feed indicates that in the early stages of reaction BrOx—BrOx dyad mole fraction is below the statistically predicted
amount. However, a model suggests that the final telechelic dyad composition at complete reaction is not very different from a statistical
copolymer. The co-telechelics have low T,s (—33 to —39 °C) and molecular weight in a desirable range (M, = 3-5 k). Telechelics were
incorporated in polyurethanes (PUs) with isophorone diisocyanate (IPDI) and butanediol (BD) as the hard block. Characterization of
polyurethane composition and bulk properties by '"H NMR, MDSC, and GPC is described. The new polyurethanes hold promise for a

‘reaction on polymer’ approach to polyurethanes with functional soft blocks.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Incorporating a surface-modifying additive (SMA)
during coating, forming, or similar process is an important
method for controlling surface properties [1]. The SMA
approach is simpler than plasma [2,3], plasma followed by
grafting [4-6], or chemical processes [7-9] since in
favorable cases there are no post-processing steps.

The potential value of SMAs in enhancing surface
properties such as adhesion, diffusion control, biocompat-
ibility, biofouling, and electromagnetic radiation absorption
are readily apparent. Thus far, surface modifying additives
have been employed principally to change wetting
characteristics. Surfaces are made hydrophobic with
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poly(dimethylsiloxane) SMAs [10—15] or both hydrophobic
and oleophobic with fluorinated SMAs [16-22].

Our goal is to provide a broader palette of SMA options
such as hydrophilicity, photophysical behavior, biocompat-
ibility, adhesion promotion, and antimicrobial properties. In
working toward this goal we have incorporated functional
groups into semifluorinated oxetane telechelics. Such
functional telechelics are then precursors to functional
polyurethane SMAs. This approach leverages the tendency
of soft blocks to concentrate at the air-polymer interface
[23-25].

In addition, surfacephilicity of fluorinated side chains is
employed to surface concentrate functional groups. Semi-
fluorinated groups have been used previously to surface-
concentrate non-surfacephilic photostabilizers [26] and
fullerenes [27]. Chaudhury has reported polyurethanes
with multiple soft blocks that are hydrophobic (fluorinated,
dimethylsiloxane) and hydrophilic (poly(ethylene glycol)).
The presence of the fluorinated soft block acts to
concentrate the hydrophilic block near the surface. These
polyurethanes undergo reversible hydrophobic—hydrophilic


http://www.elsevier.com/locate/polymer

U. Makal et al. / Polymer 46 (2005) 2522-2530 2523

wetting behavior in response to the polarity of the
contacting medium.

In beginning to explore surfacephilic tendencies we
reported amphiphilic polyoxetane telechelics with hydro-
phobic semifluorinated and hydrophilic alkyl ether (meth-
oxyethoxyethoxy) pendant groups [28]. In order to obtain
surface-active telechelics bearing reactive groups, we have
now prepared co-telechelics containing semifluorinated and
bromomethyl groups.

Oxetanes are typically polymerized under cationic ring-
opening conditions [29,30]. Poly(2,2-substituted-1,3-propy-
lene oxide)s with controllable molecular weights were
prepared using BF;-etherate and 1,4-butanediol as a co-
catalyst [31]. Ring-opening of hydroxymethyloxetanes
catalyzed using BF; complexes has been studied by
Bednarek [32,33]. Oxetane telechelics with semifluorinated
side chains were synthesized using cationic ring opening
polymerization in several ways [16,17,34].

The present paper describes the homo- and co-polym-
erization of 3-bromomethyl-3-methyloxetane (BrOx) with
previously utilized 3FOx and 5FOx (-OCH,CF,CF3) [28].
BF;-etherate was chosen rather than BF;-tetrahydrofuran
since tetrahydrofuran (THF) ring-opens under cationic
conditions and is incorporated in the polymer main chain
[17]. Using the new P(FOx/BrOx) telechelics, where ‘P’
designates the monomer-in-telechelic, polyurethanes were
prepared employing isophorone diisocyanate (IPDI)/butane
diol (BD) hard blocks. Preliminary reports on the synthesis
of P(BrOx:FOx) telechelics have appeared [35]. Separately,
we report that the new telechelics prove useful for
introducing surface concentrated functionality.

2. Experimental section

2.1. Materials

3-(2,2,2-trifluoroethoxymethyl)-3-methyloxetane (3FOx),
3-(2,2,3,3,3-pentafluoropropoxymethyl)-3-methyloxetane
(5FOx), and 3-bromomethyl-3-methyloxetane (BrOx)
were synthesized following published procedures [17]
or were generously provided by Gencorp Aerojet
(Sacramento, CA) or OMNOVA Solutions (Akron OH).
Monomers were distilled under vacuum before use:
3FOx and 5FOx at 100 °C/5 mmHg and BrOx at 85 °C/
5 mmHg. Boron trifluoride dietherate (BF3O(C,;Hs),),
was used as received. Methylene chloride and other
organic solvents were either used as received or dried
and stored over 4 A molecular sieves. Isophorone
diisocyanate (IPDI, 98%) and dibutyltin dilaurate cata-
lyst (T-12) were obtained from Aldrich. 1,4-butanediol
(BD) was purchased from Acros chemicals and used as
received. Poly(tetramethylene oxide) (PTMO-2000) was
purchased from Aldrich and used as received.

2.2. Telechelic synthesis

Homo and copolymerization of BrOx and FOx mono-
mers were carried out by a modification of the procedure
reported by Malik [17]. Cationic ring opening polymeriz-
ation was employed with BF; etherate and 1,4-butanediol as
catalyst and co-catalyst, respectively. A typical procedure
follows.

2.2.1. Poly(2-bromomethyl-2-methyl-1,3-propylene oxide)
P(BrOx)

Methylene chloride (5.06 g) was poured into a round
bottom flask under nitrogen followed by 1,4-butanediol
(1.08 g, 11.98 mmol). BF;-OEt, (3.05 ml, 24.17 mmol) was
then added followed by stirring under nitrogen for 45 min.
The solution was cooled to between —25 and —20 °C with
a dry ice/ethanol bath, and 3-bromomethyl-3-methyloxetane
(39.5 g, 239.2 mmol) in methylene chloride (59.4 g) was
added dropwise (0.5 ml/min). The mixture was kept at this
temperature for 4 h with stirring, brought to room
temperature, and quenched with deionized water. The
organic phase was separated, washed with 2 wt% HCI (aq)
and then with 10% NaCl (aq). Phase separation of the
desired product was effected by addition of (3:1) metha-
nol:deionized water. The product was placed in a vacuum
oven (50 °C/5 mmHg) overnight to give a clear, viscous oil
(36.4 g, >90% yield). '"H NMR (CDCls) 6 1.05 (-CHs, 3H,
s), 0 3.20-3.38 (backbone -CH,—C-CH,—, 4H, s), 6 3.40-
3.44 (sidechain CH,-Br, 2H, s).

2.2.2. Poly(2-trifluoroethoxymethyl-2-methyl-1,3-propylene
oxide) P(3FOx)

P(3FOx) and P(FOx:BrOx) co- telechelics were prepared
in a similar manner. P(3FOx) '"H NMR (CDCl5): 6 0.92
(-CHs3, 3H, s), 6 3.15-3.22 (backbone —CH,—C-CH,—, 4H,
m), 6 3.41-3.48 (sidechain CH,-O, 2H, s), ¢ 3.70-3.81 (O-
CH,—CF;, 2H, q). Typical '"H NMR spectrum for co-
telechelic P(3FOx:BrOx-1:1) (CDCl3): 6 0.90-0.98 (FOx
—CHs;, 3H, s), 6 1.05 (BrOx —CH3, 3H, s), 6 3.15-3.30
(backbone —CH,—C-CH,—, 8H, m), ¢ 3.40-3.45 (sidechain
CH,-Br, 2H, s), 6 3.40-3.45 (sidechain CH,-O, 2H, s), 6
3.75-3.85 (O-CH,, 2H, m).

2.3. Reactivity ratios

Copolymerization of 3FOx and BrOx was carried out in
methylene chloride at 0°C and terminated below 10%
monomer conversion to minimize errors due to changes in
feed ratio [36]. Copolymer compositions were calculated
from integration of C—CH; peaks in the "H NMR spectra.

2.4. Polyurethane synthesis
Polyurethanes (PUs) were synthesized in two steps [24].

First, a calculated amount of telechelic and excess
diisocyanate (IPDI) was introduced into a three-neck
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round-bottomed flask equipped with a mechanical stirrer,
nitrogen inlet, and condenser. The reaction was started in
DMF with an initial 85-90 wt% concentration of reactants.
After addition of dibutyltin dilaurate catalyst (0.15-0.20
wt% of the total reaction mixture in THF), the reactants
were kept at 65-70°C for 3 h. The preparation of
diisocyanate-terminated prepolymer was confirmed by FT-
IR spectroscopy (urethane carbonyl, 1724 cm ™!, and N-H,
3346 cm™ !, absorbances).

In the second stage, BD was added and heating was
continued (65 °C) until all isocyanate groups were con-
sumed (ca. 4 h). The course of the chain extension reaction
was monitored with FT-IR by following the disappearance
of sharp isocyanate band at 2267 cm ™~ '. As the viscosity
increased during the chain extension reaction, DMF or
DMF/THF was added to dilute the reaction mixture. The
final solids content of the polymer solution was 30-40%.
The product was precipitated into methanol or methanol/
water for purification. The final polyurethane compositions
were verified with "H NMR.

Reactions were run in DMF or DMF/THF because phase
separation was observed using THF alone. However, once
prepared all polyurethanes were soluble in THF which was
the only solvent used for coating deposition.

2.5. Hard block synthesis

Hard block was synthesized in one step. A calculated
amount of diisocyanate (IPDI) was mixed with BD, so that
the NCO/OH ratio equalled 1. THF was employed as the
reaction solvent. Dibutyltin dilaurate catalyst was added and
the reaction mixture was held at 55-60 °C. FTIR was used to
monitor the reaction completion. The product was pre-
cipitated into methanol/water mixture for purification. The
final hard block composition was verified by 'H NMR
spectroscopy.

3. Characterization

Telechelic (CDCl3) and polyurethane (Dg-DMSO) 'H
NMR spectra were recorded using a Varian Spectrometer
(Inova 400 MHz) operating at 400 MHz. FT-IR spectra
were obtained using a Nicolet 400 FT-IR spectrometer using
neat liquids (telechelics) or solution cast films on KBr discs.
Differential scanning calorimetry (DSC) was done with a
TA-Q 1000 Series™ instrument (TA Instruments). Unless
otherwise noted, measurements were carried out at a heating
rate of 10 °C/min from —75 °C. Indium metal was used for
calibration. In addition to standard DSC, temperature
modulated DSC (MDSC) with modulation amplitude
of £0.5 °C, modulation period of 60 s, and heating rate
of 3°C/min was also carried out for telechelics and
polyurethanes. DSC samples of telechelics and poly-
urethanes were directly deposited on the DSC pan,
while physical mixtures were first generated in

homogeneous solution (CHCI;) followed by deposition
through solvent evaporation.

3.1. Molecular weight determination

3.1.1. Gel permeation chromatography (GPC)

Polyurethane molecular weights were measured using a
Viscotek TriSEC triple detector GPC system (THF) with
sample concentrations of 10-15 mg/ml and a flow rate of
1 ml/min. Universal calibration by polystyrene standards
was used for calculation of molecular weight (M,,, M,,) and
polydispersity.

3.1.2. End group analysis

The degree of polymerization (D) and M, are deter-
mined by end group analysis, which utilizes the reaction of
trifluoroacetic anhydride (TFA) with telechelic hydroxyl
end groups [28]. An estimated 2—4 fold molar TFA excess
was added to the telechelic solution in CDCl3. The solution
was stirred at room temperature for 1 h before determining
the '"H NMR spectrum. The ratio of signals of methylene
protons next to the fluoroacetyl group compared to the
methyl of the repeat unit was used for calculation of D, for
the telechelics.

4. Results and discussion
4.1. Telechelics

4.1.1. Synthesis

Scheme 1 shows the ring-opening polymerization for
BrOx and 3FOx monomers using BFs-etherate catalyst and
1,4-butanediol as co-catalyst. Reactions were carried out at
—20 to —25°C under slow nitrogen purge with a BF;-
etherate/1,4-butanediol ratio of 2.02:1. It is important to run
the reaction at low temperature (ca. —20 °C or less) because
higher reaction temperatures often give rise to products with
carbonyl IR absorbance and M,, different from anticipated
values. Table 1 contains telechelic compositions, catalyst

Br OCH,CF,
m +  1m BF;(OEt,)/ BD
o >
0 CH,Cl, (-20 to -25°C)
Br OCH,CF,
HO o o) H
m 1-m

n

Scheme 1. Synthesis of P(3FOx:BrOx) co-telechelics by cationic ring-
opening polymerization.
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Table 1
Compositions and molecular weights of telechelic poly(oxetanes)

Telechelic Monomer feed ratio™® Poly(oxetane) telechelics
3FOx SFOx BrOx P(FOx:BrOx)° D,f M, X 10730

P(3FOx) 1.0 - - - 18.5 3.40
P(5FOx) - 1.0 - - 24.2 5.66
P(BrOx) - - 1.0 - 17.1 2.82
P(3FOx:BrOx-1:1) 1.0 - 1.0 1.2:1.0 27.0 4.71
P(3FOx:BrOx-2:1) 2.0 - 1.0 2.2:1.0 26.5 4.70
P(3FOx:BrOx-1:2) 1.0 - 2.0 1.0:1.7 19.6 3.36
P(SFOx:BrOx-1:1) - 1.0 1.0 1.2:1.0 20.5 4.09
P(SFOx:BrOx-2:1) - 2.0 1.0 1.9:1.0 11.9 2.50
P(SFOx:BrOx-1:2) - 1.0 2.0 1.0:1.8 18.1 3.40

# Monomer/catalyst (BF;-OEt,) mole ratio=10.
b Catalyst (BF3-OEt,)/ co-catalyst (1,4-butanediol) mole ratio=2.02.

¢ Determined by "H NMR end group analysis; Equivalent molecular weight=M,/2.

M,, by GPC with PS standards (universal calibration): P(BrOx); 2.6 X 103, P(SFOx:BrOx-1:2); 5.8 X 103, P(3FOx:BrOx-1:2); 4.1 X 10°.

¢ Polydispersities for these three telechelics by GPC were: P(BrOx) 1.58, P(SFOx:BrOx-1:2); 1.35, P(3FOx:BrOx-1:2); 2.04.

ratios and molecular weights. Compositions are designated
by the molar repeat ratio, e.g. P(3FOx:BrOx-1:1).

4.1.2. '"H NMR

Fig. 1D shows the 'H NMR spectrum of P(3FOx:BrOx-
1:1). The ratio of 3FOx:BrOx segments is easily determined
by integration of methyl peaks at 0.92 ppm (CH3, FOx) and
1.05 ppm (CH3, BrOx). Composition is further validated by
integral ratios of CH,-Br (3.45 ppm, BrOx) to CH,-O-
CH,CF; (3.49 ppm, 3FOx) or CH,—O-CH,CF,CF;
(3.44 ppm, 5FOx). The observed compositions for the
telechelics are close to the feed ratios (Table 1).

Br -CH,-C-CH,-O-

/\CHZ\

[
(o]
\CH
2~a
Mﬂ / J !
e S S
|
-CH,CF,

4 39 38 37 36 35 34 33 32 3.1

ppm

While the 2-methyl groups and 2-methylene groups are
useful for co-telechelic composition, the 'H chemical shifts
of these groups are almost identical to those observed for
homo-telechelics. The question of homo-telechelic mixtures
vs. co-telechelics is also addressed in Fig. 1. The "H NMR
spectra of P(BrOx) and P(3FOx) homo-telechelics (Fig. 1A
and B, respectively) are shown along with a spectrum of a
physical mixture of homo-telechelics (Fig. 1C).

Unlike the previously studied P(FOx:Me20x) telechelics
[28], the main chain —CH,—~C-CH,—O- protons have
markedly different chemical shifts in the putative co-
telechelic compared to the physical mixture and

Fig. 1. 'H NMR spectra of homo telechelics, (A) P(BrOx), (B) P(3FOx), (C) physical mixture of P(BrOx) and P(3FOx), and (D) co-telechelic, P(3FOx:BrOx-

1:1).
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homo-telechelics. The peaks for the —CH,—C-CH,-O-
protons appear at 3.3 ppm for P(BrOx), Fig. 1A, and
3.2 ppm for P(3FOx), Fig. 1B. The 'H NMR spectrum
obtained at 400 MHz reveals an interesting feature for
P(3FOx) not reported previously [20]. The main chain
methylene protons, which are diastereotopic, appear as a
broadened AA’ quartet. In P(BrOx) telechelic, there is a
much smaller chemical shift difference between these
protons, and they appear as a singlet.

For the P(3FOx:BrOx-1:1) telechelic, the main chain
methylene protons have a broad envelope of peaks
intermediate between those for the P(3FOx) and P(BrOx)
telechelics. This has the appearance of a broad, three-
peaked envelope centered at 3.25 ppm, an intermediate
chemical shift not observed for either of the homo-
telechelics. This new resonance provides evidence for a
co-telechelic with a random AB sequence distribution.
Additional support comes from 'H-NMR peaks for the
trifluoroethoxy methylene peaks. A distinct quartet at
3.8 ppm is present in Fig. 1B and C, from spin—spin
splitting of —CH,— protons next to CF; (JoF-'H, 8.0-
8.2 Hz). The co-telechelic (Fig. 1D) has a peak at 3.8 ppm,
but a distinct quartet is not seen. Broadening of the peak
reflects the presence of various triad sequences of 3FOx and
BrOx. In summary, '"H NMR spectra give clear evidence
that ring-opening copolymerization of the fluoro- and
bromo-oxetane monomers gives a poly(co-oxetane)
telechelic.

4.1.3. Monomer reactivity ratios

Copolymerization kinetics of vinyl monomers are well
known and give important insight into reactivity and chain
composition [37]. The binary copolymerization equation
[38] has been applied with success to ring opening
copolymerization of oxetane monomers (cationic polym-
erization), although mechanistic details remain to be
clarified. For example, the copolymerization of oxetane
with 3,3-dimethyloxetane using a BF,-OEt, catalyst
provides ry (1.19) and r, (0.95), respectively [39]. In this
case the ryr; product is 1.1 indicating completely random or
ideal polymerization [38]. For the copolymerization of
tetrahydrofuran with 3,3-dimethyloxetane, r; (0.13) and r,
(8.1), respectively, and the rjr, product is 1.0 again
consistent with near-ideal selectivity [40]. Copolymeriza-
tion of 3,3-bis(chloromethyl)oxetane with e-caprolactone
reveals an alternating tendency with r; (0.26) and r, (0.48),
respectively, an r 7, product of 0.13 [41]. We have reported
a nearly random monomer distribution for copolymerization
of 3-methoxyethoxyethoxy-3-methyloxetane, ME20x, (ry,
1.65) and SFOx (73, 0.49) an r;r,=0.81 in methylcyclohex-
ane [28].

The Finemann—Ross (F-R) method was used to estimate
the reactivity ratios for 3FOx (monomer 1) and BrOx as well
as copolymer composition. The values r (ky,/k;») and r;
(koolkoy) are the ratios of homopropogation/crosspropoga-
tion rate constants for the respective monomers. The F-R

plot shown in Fig. 2A was fitted to a straight line with R*=
0.99. Two separate data sets were collected to demonstrate
reproducibility. The r; and r, values obtained from this plot
are 2.11 for 3FOx and 0.23 for BrOx. These r; and r, values
indicate that the active ends derived from either 3FOx or
BrOx favor reaction with the 3FOx monomer, so that the
3FOx growing species has monomer selectivity. The values
show r1>1>r, and rir, (=k;1kaolk ko) =0.49, smaller
than unity.

This analysis indicates that in the beginning of the
reaction, while the monomer ratio is close to 1:1, the
copolymer units formed have a BrOx-BrOx dyad mole
fraction below the statistically predicted amount. That is,
most BrOx exists in dyads combined with 3FOx. Also the
3FOx-3FOx dyad mole fraction is greater than the statistical
composition. If this trend is extrapolated, the final telechelic
dyad composition obtained at complete reaction is not very
different from a statistical copolymer.

Fig. 2B shows the composition diagram. That is, a plot of
mole fraction for BrOx in copolymer (F>) as a function of its
mole fraction in the monomer feed (f;). The dashed line
corresponds to the ideal random copolymerization (ry =r, =
1). The solid line is the F-R curve for r;=2.11 and r, =0.23
(r1r;=0.49). This reactivity analysis focuses on chain
growth via chain end reaction and ignores other possible
polymerization and depolymerization reactions. However,
the conclusion from kinetic analysis that a statistical
copolymer exists at complete reaction is consistent with
its '"H NMR spectrum. A broad, three-peaked envelope
centered at 3.25 ppm for main chain -CH,CCH,— seen in
Fig. 1 is that expected from a statistical copolymer.

| y=2.1097x - 0.2346
R2=0.99

1.0 1.5 20

100

N A OO @
o O o o o
| | | |

F, ([BrOx] in
copolymer), mol%

20 40 60 80 100

f, ([BrOx] in monomer feed), mol%

o

Fig. 2. F-R plot (A), and composition diagram (B) for 3FOx/BrOx
copolymerization in CH,Cl,.
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4.1.4. Molecular weight

Table 1 lists telechelic molecular weights determined by
end group analysis. The number average molecular weights
(M,,) were obtained by integrating the high field methylene
peaks next to the trifluoroacetyl group at 4.2—4.3 ppm and
CHj;, P(FOx), 0.92 ppm, and CH3, P(BrOx), 1.05 ppm [16].
For those telechelics having a refractive index different
from THF, molecular weights were determined by GPC
using universal (PS) calibration. The observed values for
M,, and M, (footnote to Table 1) give the following
polydispersities: 1.58 for P(BrOx), 2.04 for P(3FOx:BrOx-
1:2), and 1.35 for P(SFOx:BrOx-1:2). These values are
similar to those previously reported for P(3FOx) and
P(5FOx) polyoxetane telechelics polymerized using BF;-
THF/neopentyl glycol catalyst/co-catalyst system [34].

4.1.5. FT-IR

Strong C—F bands between 1190 cm ™' and 1300 cm ™!
are observed for P(3FOx) and P(SFOx) homo-telechelics.
P(3FOx) has a strong band at 1280 cm™ ! due to CF;
asymmetric stretch. P(SFOx) has two absorbances due to
CF; asymmetric and symmetric stretches at 1197 cm ™! and
728 cm ™!, respectively. In addition, P(SFOx) has a CF,
absorbance at 1212 cm ™! that is absent in P(3BFOx). The
band due to CH,—Br (CH, wagging) is found at 1278 cm ™ !
that is, in the same region as the CF; asymmetric stretch in
P(3FOx). Other absorption bands were asymmetric C—O-C
stretching at 1160 cm ', OH at 3530-3450 cm ™~ ', and C-H
stretching at 29802860 cm ™~ '. As noted above, a strong
carbonyl absorbance at 1716 cm ™~ ' was observed for some
co-telechelics. The origin is unknown, but running the
polymerization reaction at —20 to —25°C with slow
addition of co-monomers eliminated the carbonyl peak.

4.1.6. Thermal analysis

Standard and temperature modulated DSC (MDSC) were
used to measure the telechelic T,s (Table 2). MDSC
experiments were performed at a heating rate of 3 °C/min
with a modulation temperature and period of +0.5 °C/min
and 60 s, respectively, in a manner similar to that previously
employed [28]. MDSC measurements resolve the normal

Table 2
Measured and calculated glass transition temperatures of homo and co-
telechelics

Homo- or Co-telechelic
poly(oxetane)

T, (°C) (DSC) T, (°C) (Calculated®)

P(BrOx) —24 -
P(3FOx) —51 -
P(5FOx) —48 -
P(3FOx:BrOx-1:2) —33 —32
P(3FOx:BrOx-1:1) —37 —36
P(3FOx:BrOx-2:1) —38 —39
P(SFOx:BrOx-1:2) —34 —33
P(SFOx:BrOx-1:1) -36 -36
P(SFOx:BrOx-2:1) —39 —39

? From the Fox equation.

heat flow into reversing and non-reversing components [42].
T, is reported using the reversing heat flow curves. This is a
more accurate measure compared to values measured from
the total heat flow curves since complications due to
enthalpic relaxation are not present [43]. The reversing heat
flows for the telechelics are shown in Figs. 3 and 4. P(BrOx)
has the highest (—24°C) and P(3FOx) has the lowest
(—51°C) T,. As the amount of P(BrOx) increases the
telechelic 7 shifts to higher temperatures. T,s were calculated
using the Fox equation, Y;éal) = wngjl + szgEI, where w
and w, are the weight fractions of each component (Table
2). The calculated T,s are close to those observed. Two
distinct T,s were observed for the physical mixture of
P(BrOx) and P(FOx) telechelics. These T,s were within 2—
3° of the pure telechelics indicating these materials are
essentially immiscible.

4.2. Polyurethanes

4.2.1. Synthesis

In designating compositions, such as IPDI-BD(40)/
P(3FOx:BrOx-1:1)(4700), the hard block composition is
followed with hard block wt% in parentheses. The soft
block segments are next, followed by their mole ratio and
M, in parenthesis. The segmented PUs were synthesized by
the two-step procedure shown in Scheme 2. First, an excess
of IPDI was added to telechelic. When all the alcohol groups
were consumed, BD chain extender was added until no
isocyanate absorption was detectible by FT-IR. As the
viscosity increased, DMF or THF/DMF was added so that
the solution contained about 30—40% solids at the end of the
reaction.

Polyurethanes having different concentrations of soft
block were obtained by changing the ratio of telechelic to
chain extender (1,4-butanediol) ratio. The optimum hard
segment concentration was 40-45 wt%. Polyurethanes
having lower hard block content (25-35%) are mechani-
cally weak while those with higher hard block content (45—
60%) are rigid. Table 3 provides compositions, molecular

Reversing
Heat flow(mW)

Exo Up Temperature (°C)

Fig. 3. Modulated DSC curves for P(3FOx:BrOx) co-telechelics. (a)
P(BrOx), (b) P(3FOx:BrOx-1:2), (¢c) P(3FOx:BrOx-1:1), (d) P(3FOx:BrOx-
2:1), (e) P(3FOx).
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Reversing
Heat flow (mW)
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-60
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Fig. 4. Modulated DSC curves for P(SFOx:BrOx) co-telechelics. (a)
P(BrOx), (b) P(SFOx:BrOx-1:2), (c) P(SFOx:BrOx-1:1), (d) P(SFOx:BrOx-
2:1), (e) P(SFOx), (f) Physical mixture of P(SFOx) and P(BrOx).

weights, and DSC information. We were not able to
synthesize P(SFOx) homo-telechelic polyurethane. The
reaction mixture phase separated during the chain extension
apparently due to the different solubility parameters of
P(5FOx) soft and polyurethane hard blocks.

4.2.2. Molecular weights
Compositional designations, molecular weights, and
polydispersities of the new polyurethanes are shown in

et
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Table 3. GPC analyses gave Mys in the range of 30—60,000.
With one exception, My, for P(FOx:BrOx) polyurethanes are
lower than the conventional PTMO analog. While molecu-
lar weights are modest, all the polyurethanes formed
smooth, optically transparent coatings and freestanding
films.

4.2.3. Differential scanning calorimetry

Polyurethanes may have a lower soft block 7, and a
higher hard block T, [44—47]. To gain information on phase
separation, thermal analysis was performed with tempera-
ture modulated DSC (MDSC) as well as conventional DSC.
A hard block T, was not detected by standard DSC, but T,s
for hard and soft segments were detected by MDSC.

As a point of reference, the MDSC for IPDI-BD(50)/
PTMO(2000) was evaluated. Consistent with previous work
on IPDI-BD(50)/PTMO PUs [48], a melting endotherm was
not detected by MDSC scans to 250 °C. A soft block 7,
(—46 °C) and hard block T, (38 °C) were observed.

Values for pure PTMO T, are reported from —60 to
—86 °C [49-51]. We observed a —78 °C T, for PTMO by
MDSC. 17.2 K IPDI-BD was synthesized and found to have
a T, of 85 °C. Considering the pure soft block T, (—78 °C)
and hard block T, (85 °C), it is evident that considerable
phase mixing occurs in the IPDI-BD(50)/PTMO(2000) PU.
We use 85°C for the IPDI-BD hard block T, but the
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Scheme 2. Polyurethane synthesis. Ry: —CH,CF; (3FOx), —-CH,CF,CF; (5FOx).
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Table 3

Molecular weights, and glass transitions temperatures of polyurethanes

Designation M, (X107% M, (X1077) PD T (ss) 7" (hs) Phase sep*
IPDI-BD(50)/PTMO(2000) Base PU 233 52.5 2.26 —46 38 0.62
IPDI-BD(40)/P(BrOx)(2800) PU-1 19.4 429 221 —10 56 0.81
IPDI-BD(40)/P(3FOx)(3400) PU-2 17.5 374 2.14 —37 46 0.84
IPDI-BD(40)/P(3FOx:BrOx-2:1)(4700) PU-3 18.9 46.0 2.43 -29 73 0.89
IPDI-BD(40)/P(3FOx:BrOx-1:1)(4700) PU-4 17.9 36.8 2.05 —-29 62 0.90
IPDI-BD(40)/P(3FOx:BrOx-1:2)(3400) PU-5 16.5 339 2.06 —24 56 0.89
IPDI-BD(40)/P(5FOx:BrOx-2:1)(2500) PU-6 18.9 40.1 2.12 —=27 57 0.88
IPDI-BD(40)/P(5FOx:BrOx-1:1)(4100) PU-7 29.6 61.2 2.07 —25 64 0.89
IPDI-BD(40)/P(5FOx:BrOx-1:2)(3400) PU-8 16.6 33.8 2.04 —-29 64 0.89
IPDI-BD Hard block 17.2 31.8 1.85 NA 85 na*

# Soft segment (ss) glass transition temperature.
® Hard segment (hs) glass transition temperature.

¢ The maximum error for T, measurement is +2.7°, which leads to an estimated deviation of £0.03 in estimating pure soft phase content using the Fox

equation.
4 Not applicable.

molecular weight of hard segments in the polyurethanes
must be considerably lower. If the 7, is lower than 85 °C
due to lower molecular weight of the IPDI-BD hard block
segments, the estimated percent pure soft block in the soft
block domain represent lower limits. The weight fraction
of the soft block in the soft-segment phase calculated by
using the Fox equation is 62%. For comparison, Cooper
reported the soft segment weight fraction in the soft segment
phase for IPDI-BD/PTMO as 0.99 for PTMO-1250 and 0.38
for PTMO-3000 using the Couchman equation [48].

Fig. 5 shows the MDSC reversing heat flows for
representative P(BFOx:BrOx) PUs. The soft block T,s are
shifted to higher temperatures (5-14°) compared to the
telechelics. For example, the 7, for P(3FOx:BrOx-1:1) is
—37 °C while the corresponding value for PU-3 is —29 °C.
The hard segment 7,5 are lower (12 to 37 degrees) than the
T, of pure hard block (IPDI-BD). For example, the hard
block T, for IPDI-BD(40)/P(3FOx:BrOx-1:1)(4700) is
62 °C while the corresponding value for the pure hard
block (IPDI-BD) is 85 °C. These changes are attributed to
phase mixing of the urethane soft and hard segments [47,
52]. Knowing the T,s of pure hard and soft segments and
their respective T,s and weight fractions, phase mixing was
estimated by applying the Fox equation [48,53]. The
calculated values are shown in Table 3 expressed as weight

Reversing
Heat flow(mWw)

\

60 -30 0 30 60 90
Exo Up Temperature (°C)

Fig. 5. Modulated DSC curves for P(3FOx:BrOx) co-telechelic poly-
urethanes. (a) PU-3, (b) PU-4, (c) PU-5.

fraction of soft block in the soft-segment phase. The ‘pure’
soft block phase accounts for about 90% of the soft segment
for all co-telechelic PUs. According to this analysis, the co-
telechelic PUs are more phase separated than the P(BrOx)
homo-telechelic PU and marginally better phase separated
than the P(3FOx) homo-telechelic PU.

5. Conclusions

Novel polyoxetane (2,2-substituted-1,3-propylene oxide)
telechelics and co-telechelics with semifluorinated and
functional (C-Br) side chains were synthesized. The
P(FOx-BrOx) co-telechelics were characterized by 'H-
NMR spectroscopy to verify composition, microstructure,
and to estimate M, by end group analysis. Analysis of
relative reactivity ratios for a 1:1 3FOx to BrOx feed
indicates that the final telechelic dyad composition at
complete reaction is not very different from a statistical
copolymer. Modulated DSC (MDSC) analysis showed
telechelic and co-telechelic T,s ranged from P—51°C
(P(3FOx)) to —24°C (P(BrOx)). Telechelic molecular
weights were convenient for use as soft segments in
polyurethanes.

Polyurethanes (PUs) having these polyoxetane teleche-
lics as soft blocks (and a PTMO(2000) PU for comparison)
were prepared by employing isophorone diisocyanate
(IPDI) with 1,4-butanediol (BD) as the hard block. Thermal
characterization by MDSC showed two T,s due to PU soft
and hard segments, respectively. Phase separation of soft
and hard segments was modeled using the Fox equation.
The order of phase separation is IPDI-BD(50)/
PTMO(2000) << PU-1, PU-2<PU-co-telechelics. Perhaps
intra-soft block H-bonding may play a role in minimizing
phase mixing for PU co-telechelics.

Studies currently focus on the surface properties of the
new P(FOx:BrOx) polyurethanes and replacing -Br by
functional groups. Separately, we report an unprecedented
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copolymer effect on surface wetting behavior for IPDI-
BD(40)/P(FOx:BrOx) polyurethanes [54]. A ‘reaction on
polymer’ approach to substitute -Br has been successful in
introducing effective biocidal moieties [55].
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