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ABSTRACT: In this paper we describe the synthesis and characterization of modified polyurethaneurea—
polyether (PEUU) multiblock copolymers, designed to elicit lower permeability to water vapor and gases.
The approach was to create polyisobutylene (PIB) segments, which were linked to the PEUU copolymer
as combs. Macromonomers of PIB were synthesized, containing two hydroxyl sites on the initiating ends
of the molecules for subsequent condensation polymerization. By using a polymerization scheme that
offered no termination and no chain transfer, the PIB macromonomer would be assured of having two
(and only two) hydroxyl groups. Characterization of the macromonomers and their precursors was
performed by GPC, 'H NMR, and FTIR. Using these products, amphiphilic copolymers, with a
polyurethaneurea—polyether multiblock backbone and polyisobutylene combs, were synthesized by a
condensation reaction. PIB incorporation varied between about 2 and 30%, with comb lengths ranging
from ~3000 to 29 000 g/mol. Characterization of this new multiblock multicomb copolymer was performed
by GPC, FTIR, solid state 13C NMR, and Soxhlet extraction techniques.

Introduction

Poly(ether urethaneurea) segmented block copolymers
(PEUU) are used in a variety of biomedical applications,
most prominently as blood sacs in ventricular assist
devices and total artificial hearts.! These materials are
solution-processable elastomers that exhibit good me-
chanical properties, while simultaneously exhibiting
good in vivo biocompatibility. One undesirable charac-
teristic however is the relatively rapid permeation of
air and water vapor through PEUU membranes, e.g.,
ref 2.

One approach to resolving this problem, the focus of
this research, consists of synthesizing a polymer that
has a backbone essentially identical to the PEUU co-
polymer, but which also possesses polymeric combs of
a material with superior barrier properties. The PEUU
backbone should render the new copolymer “compatible”
with existing PEUU multiblock copolymers, while the
combs, which are anticipated to microphase separate,
should reduce the transport of air and water vapor. The
combs could also be designed to increase compatibility
with an external barrier layer; i.e., the comb polymer
could act as an effective tie layer between biocompatible
PEUU and a barrier film. Polyisobutylene (PIB) was
chosen as the comb material in our work due to the
combination of its good barrier properties with respect
to air and water, its controllable (living cationic) po-
lymerization, and its mechanical properties.

There are a number of possible routes for attaching
PIB chains to PEUUs. One approach is to perform a
post-polymerization grafting reaction, reacting a site on
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the PIB chains to an active site on the polymer back-
bone.® Another option is to perform a post-fabrication
grafting reaction, which leads to the selective attach-
ment of PIB chains to the surface of a film or form.*
[For additional background on telechelic PIBs and
incorporation of PIB soft segments into polyurethane
copolymers see, for example, refs 5—9.] In this paper
we describe an alternative approach: the attachment
of PIB chains as combs during the formation of the
multiblock PEUU backbone. To this end, a polyisobu-
tylene macromonomer with dual functionality at one
end of the molecule (for subsequent condensation po-
lymerization) was synthesized. It is possible for the
functional groups to be incorporated onto either the
initiating or terminating end of the molecule. An initia-
tor was designed so that the difunctionality was placed
on the initiating end, in order for it to be well character-
ized and present throughout the reaction. This unique
initiator possessed one site for initiating the polyisobu-
tylene polymerization and two protected sites for sub-
sequent polymerization. If any chain transfer occurred,
PIB chains would either have two functional groups or
none. To decrease the possibility of chain transfer or
termination occurring, the reaction conditions were
deliberately chosen to be as similar as possible to those
of known living cationic systems. Once the polymeriza-
tion took place, the two protected sites were converted
to form an a,o'-dihydroxy-polyisobutylene, the desired
macromonomer.

Having synthesized the functionalized PIB macro-
monomer in varying molecular weights, the next step
was to copolymerize the macromonomers with the
PEUU monomers. This results in the formation of a
multiblock backbone with PIB combs. The synthetic
method mimics, as closely as was possible/practical, the
reaction conditions for conventional biomedical PEUUSs.
As such, the relative ratio of reactants was kept at 1:2:
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1, diol:diisocyanate:diamine. A one-pot, two-step syn-
thesis scheme was adapted. A mixture of 25/75 viv
dimethylacetamide/m-xylene was used to solubilize the
reactants (and products) as much as possible. At el-
evated temperatures, the telechelic polyether diol mac-
romonomer and the diisocyanate were allowed to react
to form a “prepolymer”, which was subsequently chain
extended at room temperature with the diamine.

In this paper, we describe the synthesis and initial
characterization of these amphiphilic PEUU—PIB comb
polymers. The permeability characteristics as well as
insight into their solid-state structure will be presented
in future publications.

Experimental Section

Materials. Argon (99.9%) was obtained from MG Industries
and used as received. Anhydrous hydrochloric acid (HCI gas,
99.995-+%) was purchased through Aldrich Chemical and was
used as received. Isobutylene (2-methylpropene) was also
obtained from Aldrich and was distilled through a Drierite
column before each use.

Two different grades of tetrahydrofuran were used: HPLC
grade (Thomas Scientific) and anhydrous (99.995+%, Aldrich).
The anhydrous THF was stored under argon. Lithium bromide
(99.9995%) and HPLC grade N,N-dimethylformamide were
obtained from Acros Organics. All of the following chemicals
were purchased from Aldrich Chemical and were used as
received: deuterated chloroform (99.8 at. % deuterated),
diethyl ether, n-butyllithium solution (2.5 M in hexanes),
methylene chloride (99.995+% anhydrous), hexanes (99.995+%
anhydrous), methanol (99.995+% anhydrous), N,N-dimethyl-
acetamide (99.995+% anhydrous), m-xylene (99.995+% anhy-
drous), Terathane 2000 polyether glycol, butyl acetate, ethyl-
enediamine (redistilled, 99.5+%), hydrochloric acid (37 wt %
in water, 99.999%), tetrabutylammonium fluoride (1 M in
THF), silica gel (50—250 A, 70—130 mesh), 3,4-dihydroxybenz-
aldehyde (97%), sodium hydride (60% dispersion in mineral
oil), tert-butyldimethylsilyl chloride (97%), ammonium chloride
(99.5+%), magnesium sulfate (98%), methyltriphenylphospho-
nium bromide (98%), 4-tert-butylcatechol (97%), pyridine
(anhydrous, 99+%), 2,6-di-tert-butylpyridine (97%), titanium
tetrachloride (99.995+%), and sodium bicarbonate (99%).

Equipment. Air- and water-sensitive experiments were
conducted in a double size Vacuum Atmospheres Corp. model
HE—-43 Dri-Lab glovebox, under an argon atmosphere. The
inert gas was recycled and kept air- and water-free by the
Vacuum Atmospheres Corp. model MO-40—1H Dri-Train unit.

Gel permeation chromatograph experiments were conducted
using a Waters model 510 pump and model 410 refractive
index detector. Two separate eluents were used, correspond-
ingly, with two different column sets. When tetrahydrofuran
(35 °C) was used, the system was equipped with one 5 um
A8530N-LMB linear mixed bed column (obtained from Poly-
mer Standards Service ). For dimethylformamide (80 °C) with
lithium bromide salt (0.05 M), two PLgel 5 um Mixed-C
columns (Polymer Laboratories) were used. Data analysis was
performed using Waters Millennium Chromatography Man-
ager software. Standard calibrations in THF were performed
using narrow poly(isobutylene) standards (Dr. R. F. Storey,
University of Southern Mississippi), ranging from 3400 to
128 100 g/mol. In the more polar DMF/salt solution, narrow
poly(ethylene oxide) standards (Polymer Laboratories), ranging
from 10 000 to 963 000 g/mol, were used.

All 'H NMR analyses were performed on a 200 MHz Bruker
WP-200 FT-NMR spectrometer in deuterated chloroform. Solid
state 3C NMR analyses were performed on a Chemagnetics
CMX 300 spectrometer. For solid-state NMR samples, cross
polarization and magic angle spinning (CPMAS) and CPMAS
with total suppression of spinning sidebands (TOSS) experi-
ments were used. For the physical polymer mixture samples,
high-speed CPMAS with spin rates above 10 kHz were used
to suppress the spinning sidebands. All solid-state NMR
samples were prepared by drying the bulk copolymer samples
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or polymer mixtures from solution at =80 °C under vacuum
for at least 24 h to remove the solvents.

Fourier transform infrared (FTIR) spectroscopic studies
were performed on a Bio-Rad FTS-45 spectrometer. Samples
were in the form of thin films, cast from a concentrated
solution of each copolymer in 25/75 viv DMF/m-xylene onto
KBr windows. Cast samples were heated to =80 °C under
vacuum for 16 h to remove residual solvent. Neat PIB samples
were cast from THF and dried at room-temperature overnight.
Analyzed in transmission, the spectral absorbances for all the
materials were kept within the Beer's law region (<0.6
absorbance units).

Soxhlet extractions were performed on the amphiphilic
PEUU-PIB copolymers by extracting a small sample in THF
for 48 h. Extracts were dried and analyzed by *H NMR.

Initiator Synthesis. The first step, the protection of the
diphenolic compound, is shown in reaction 1. First, in a drybox,
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OH Si
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3.57 g (0.0259 mol) of 3,4-dihydroxybenzaldehyde (DHBA), was
dissolved in anhydrous THF. Then, 2.275 g (1.40 g pure, or
0.057 mol) of sodium hydride, in dispersion, was added slowly
to the reaction flask. After approximately 30 min, 9.35 g (0.062
mol) of tert-butyldimethylsilyl chloride was added, also slowly,
and the resulting solution was allowed to stir for at least 4 h.
The reaction flask now contained primarily 3,4-di(tert-butyl-
dimethylsiloxy)benzaldehyde. The diprotected benzaldehyde
(DPBA) was washed using ether and ammonium chloride solu-
tion. The ether/THF solution was dried with magnesium sul-
fate and filtered and the DPBA isolated by rotary evaporation.

The DPBA was converted to a styryl moiety, utilizing a
Wittig reaction, as shown in reaction 2. In a 250 mL round-
bottom flask, 11.08 g (0.031 mol) of methyltriphenylphospho-
nium bromide and ~100 mL of anhydrous THF were stirred
under an inert atmosphere. Then, approximately 11.4 mL
n-butyllithium solution (about 0.03 mol of n-BuLi) was added
to the slurry to form the Wittig reagent, to which the DPBA
was added. The mixture was allowed to stir at ambient
temperature for at least 4 h. The product was subsequently
washed three times with water and dried. A trace amount of
tert-butylcatechol was added to the solution after filtration,
to inhibit the polymerization of the 3,4-di(tert-butyldimethyl-
siloxy)styrene. The diprotected styrene (DPS) was isolated by
rotary evaporation and then dissolved in cyclohexane. The
DPS—cyclohexane solution was filtered to remove the insoluble
impurities. Finally, silica gel was added to trap the remaining
polar impurities, which were then filtered from the cyclohex-
ane solution. The approximate yield of DPS was about 93%
(9.47 g of DPS was expected, and 8.82 g was observed).

The DPS was hydrochlorinated (see reaction 2), while still
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HCI gas through it for at least 90 min. The pure 1-chloro-1-
[3,4-di(tert-butyldimethylsiloxy)phenyl]ethane, CDPPE (for
chloro-diprotected phenylethane), was isolated by rotary evapo-
ration. The CDPPE was used as the initiator for the polym-
erization of isobutylene, as shown in reaction 3.

M L
o ‘7< —gl

Macromonomer Synthesis. As an example of the macro-
monomer synthesis, the details of the 17 800 (number-average)
molecular weight polyisobutylene material are given below.
In a completely inert argon atmosphere (glovebox), 24 mL each
of anhydrous hexanes and anhydrous methylene chloride were
placed in a three-necked 100 mL round-bottom flask. Also in
the flask were placed, each by a clean syringe, 385 mg (0.00096
mol) of CDPPE initiator, 388 uL (0.0048 mol) of pyridine, and
312 uL (0.0019 mol) of 2,6-di-tert-butylpyridine. In an addition
funnel, 12 mL of the anhydrous hexanes was placed, along
with 1.055 mL (0.0096 mol) titanium tetrachloride. The funnel
was sealed and attached to one neck of the reaction flask. In
another graduated vacuum addition funnel, 15—20 mL of
methanol was added, and the funnel was sealed and attached
to another neck of the three-neck flask. The third neck of the
reaction flask was fitted with a 180° valve, so that the inert
atmosphere could be maintained during removal from the
drybox and attachment to the vacuum line.

The assembly was fitted to a vacuum line and degassed with
three freeze/thaw cycles. At —78 °C, in a liquid nitrogen/butyl
acetate bath, the reaction flask was under the partial pressure
of its contents. Then, ~9.1 mL of liquid isobutylene (0.096 mol)
was condensed from the gas on the vacuum line into a
graduated tube and subsequently vacuum transferred into the
reaction flask. The contents of the flask were then stirred at
—78 °C until they were well mixed. Then, the TiCls solution
in the addition funnel was added, and the time was noted as
the beginning of the reaction. At this point a deep yellow tinge
in the reaction flask was observed, indicating the formation
of the active carbenium ion species. The reaction was allowed
to proceed, while stirring, for 90 min and was then quenched
with anhydrous methanol.

Upon quenching with methanol from the other addition
funnel, a stringy, translucent precipitate usually formed. The
mixed solvent was then decanted off, the product washed with
dry methanol, and the solvent was decanted off again. The
polyisobutylene was further purified by being redissolved in
methylene chloride and washed twice with 5% hydrochloric
acid, followed by two washes with a sodium bicarbonate
solution and three washes with distilled water. The organic
layer was dried with magnesium sulfate and filtered. The
solvent was removed by rotary evaporation to isolate the
purified polymer product, the protected PIB macromonomer.

Macromonomer Deprotection. Once isolation of the
protected macromonomer had been accomplished, the final
step was to regenerate the two phenolic moieties on the
initiator end of the polymer chain. Deprotection of (and
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protection with) tert-butyldimethylsilyl groups is common
practice in the chemistry of both small molecules!®!! and
polymers.’? The deprotection scheme involves the reaction of
the protected groups with tetrabutylammonium fluoride (TBAF)
in THF, at 0 °C for 5 min, then at room temperature for 40
min.tt

A slightly modified version of this method was used for the
deprotection of the polyisobutylene macromonomer (reaction
4). 3.95 g (containing about 0.45 mmol of protective groups) of

e
—Si
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BuyN*F in THF
a 4~ Cct (4)
1 0°C -- 30 mins. 1

A(S/o TX  25°C-90mins.  HO ERA

the protected polyisobutylene macromonomer was dissolved

i
VRN

in approximately 250 mL of anhydrous THF at 0 °C. About
2.2 equiv (~1.0 mL) of TBAF (~0.99 mmol) in solution was
added to the THF solution. The reaction was allowed to
proceed for 30 min at 0 °C, at which point the ice bath was
removed. The reaction proceeded for another 90 min at room
temperature. Because of the very high equivalent weight and
small quantities used, quantitative reaction yield could not
be established. However, spectroscopic analysis of the reac-
tants and products indicates qualitatively that there is sig-
nificant completion of the deprotection reaction.

When the reactions were complete, the deprotected PIB
macromonomers were purified in the same way as the pro-
tected materials, to isolate the o,a’-dihydroxypolyisobutylene.

Amphiphilic Copolymer Synthesis. In an effort to pre-
serve the stoichiometry and to create terpolymers having hard
segment contents similar to the PEUUs currently used in
biomedical devices, reactant ratios were kept at 1:2:1, total
diol:diisocyanate:diamine. As a result, increasing amounts of
dihydroxylpolyisobutylene were essentially substituted for the
polyether diol in the copolymerizations. The general synthesis
scheme is summarized in Scheme 1. As PIB substitution for
polyether altered the total weight of the reaction product,
sufficient DMAc/m-xylene 25/75 v/v solvent mixture was
introduced to compensate and keep the pre-reaction concentra-
tion at 10% w/v. The weight percent of hard segments
decreased modestly with PIB incorporation. For the copolymer
with maximum PIB incorporation (the 32% 29K copolymer—
see later), the wt % of hard segments was determined to be
approximately 15% from solid-state NMR measurements vs
~21% for the unmodified PEUU.

As an example of the reaction scheme, the specifics of the
copolymerization of the 29 100 M, PIB (to a nominal 15 wt %
level) were as follows. In the argon atmosphere of a glovebox,
a 750 mL Erlenmeyer flask was heated to ~85 °C in a silicone
oil bath. Then, 29.75 mL of DMAc and 87.00 mL of m-xylene
were added to the reaction flask (the remaining 2.30 mL of
xylene was saved for later use with the diamine). At this point,
the mixture was vigorously and continually stirred by an
external mechanical stirrer. To the flask was added 7.877 g
(0.0039 mol) of Terathane (a 2000 g/mol telechelic poly-
(tetramethylene oxide) [PTMO] diol). Next, 1.786 g (0.000 062
mol) of the 29 000 M, dihydroxylpolyisobutylene macromono-
mer were allowed to dissolve. Then, 2.002 g (0.008 mol) of
freshly distilled methylene bis(phenyl isocyanate), MDI, was
added to form the “prepolymer”. This initial step was es-
sentially complete at the end of 2 h, at which point the reaction
flask was allowed to cool to room temperature.

Once cool, 2.30 mL of m-xylene was placed into an addition
funnel. To the funnel, 267 uL (0.004 mol) of ethylenediamine
(EDA) was added, and the contents were well mixed. This
solution was added extremely slowly, dropwise, into the
“prepolymer” solution. Even before all of the EDA was added,
the solution viscosity increased rapidly. The mechanical stir-
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Scheme 1. One-Pot, Two-Step Synthesis Reaction for Amphiphilic PEUU—-PIB Multiblock Comb Copolymers
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ring rate was increased to compensate, over the next 30 min.
The reaction was left stirring in this manner for at least four
more hours.

Terpolymers were synthesized aiming at 5, 15, and 25%
incorporation for the 29.1K, 17.8K, and 7.6K PIB macromono-
mers (the nominal 15% copolymer for the 7.6K PIB was not
synthesized). For the 3.4K PIB macromonomer, 5 and 15%
terpolymers were targeted. For comparison, a neat PEUU
multiblock copolymer was synthesized using the same reaction
pathway and conditions.

Results and Discussion

A. PIB Macromonomer. Characterization of Ini-
tiator and Its Precursors. The protected phenolic
aldehyde was characterized by 'H NMR in deuterated
chloroform (protonated chloroform can be seen at 7.24
ppm), as shown in Figure 1. The peaks associated with
the protecting groups are located at ~0.16 and ~0.95
ppm. The peaks at 1.7 and 3.6 ppm are associated with
unevaporated THF! while those at 1.25 and 0.87 ppm
are indicative of the presence of alkane contaminants
(from the mineral oil in the NaH dispersion).1*

As noted above, after isolation of the protected alde-
hyde, a styrenic compound was formed by reaction with
a Wittig reagent. 'TH NMR characterization of the DPS
product in CDCIj3 solution is shown in Figure 2. The
appearance of the peaks at ~5.1 and ~5.5 ppm, com-
bined with the disappearance of the peak at ~9.7 ppm,
indicate the completion of this reaction. A signal ap-
pearing in the range 7.4—7.7 ppm represents the very
stable byproduct of the Wittig reaction, triphenylphos-
phonium oxide. THF, CHCI3, and mineral oil are all
present again as contaminants.

Upon removal of the phosphonium oxide from the
solution, the isolated DPS was dissolved in cyclohexane
and underwent hydrochlorination for at least 90 min.
The secondary chloro-initiator, CDPPE, was isolated
from cyclohexane by rotary evaporation. The disappear-
ance of the 'H NMR peaks in the 5—6 ppm range
provides evidence of the completion of the hydrochlori-
nation reaction (Figure 3). The new peaks at ~1.8 and

PTMO OH

NH,

Nl mole

M PlB

. hn

~5.0 ppm confirm the proposed structure of the product.
It is important to emphasize that the silyl protective
groups remain intact despite the presence of HCI gas.
Macromonomerization Scheme. The cationic po-
lymerization of isobutylene was undertaken in a manner
similar to that Storey and Lee,'®> with several notable
differences. The isobutylene is polymerized here using
a monofunctional initiator, rather than a difunctional
one (used to synthesize telechelic PIB). Second, the
chemical structure of the initiator contains a secondary
chloride as its active site, not the traditional tertiary
chloride site (of a blocked dicumyl chloride). The con-
sequences of a secondary chloride reactive site in this
system are that the initiation of the chains will be
slower than that of a tertiary chloride reactive site.1®
The effects of this slower initiating species will be
discussed in more detail later. Third, the reaction is
conducted under partial vacuum (the atmosphere con-
sists of the partial pressures of the contents of the
reaction flask at —78 °C), instead of in an argon
atmosphere. Methylene chloride is used in the solvent
mixture instead of methyl chloride. The effect of this
change in solvent is to increase the polarity of the
solvent mix. The modest increase in polarity probably
results in a slight increase in the reaction rate.'” Last,
2,6-di-tert-butylpyridine was used as a free proton
scavenger, in addition to pyridine. The presumption is
that the pyridine—titanium tetrachloride (electron do-
nor—Lewis acid) complex acts as the gegenion to stabi-
lize the growing polyisobutylene chain.'® The consump-
tion of the pyridine in this manner makes it necessary
to add an additional proton scavenger. In this case, an
extra, sterically hindered electron donor was added to
scavenge any protic impurities or any protons released
during any termination or side reactions.
Macromonomer Characterization. Characteriza-
tion of the PIB macromonomers was accomplished by
IH NMR and GPC. A typical 'TH NMR spectrum, that
of the protected 18K material, is shown in Figure 4. Two
peaks dominate the spectrum at ~1.1 and ~1.4 ppm,

PTM
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Figure 1. 'H NMR spectrum, in CDClj, of the product from
the protection of dihydroxybenzaldehyde.
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Figure 2. 'H NMR spectrum, in CDClg, of the product from
the Wittig reaction to synthesize diprotected styrene.
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Figure 3. 'H NMR spectrum, in CDClj3, of the product from
the hydrochlorination of diprotected styrene to form the
cationic initiator.

which are typical of signals from pendant —CHj; protons
and backbone methylene protons, respectively.

Number and weight-average molecular weights of all
synthesized macromonomers (protected), relative to
narrow PIB molecular weight standards, are provided
in Table 1. [In the text, the four macromonomers are
referred to by the M, of the protected species, rounded
to the nearest 1000.] Given that we were attempting to
attain a living polymerization of the PIB, the fact that
polydispersities are not all near 1.1 indicates a depar-
ture from the expected kinetics. The distributions are
monomodal, despite their relative breadth (for living
systems), indicating the lack of any appreciable side
reactions. Also, the measured molecular weights were
notably higher than the expected values. If chain
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Figure 4. *H NMR spectra, in CDClg, of (a) protected and (b)
deprotected PIB 18K macromonomers.

Table 1. Moleular Weight of Protected Polyisobutylene

Macromonomers

Mn Muw PDI
PIB-1 3400 5400 1.58
PIB-2 7600 10 600 1.39
PIB-3 17 800 21700 1.22
PIB-4 29 100 34 700 1.18

transfer were occurring, a reduction in molecular weight
from the target value would have been expected.

It could be hypothesized that only a certain percent-
age of the initiator molecules are effective in initiating
polymerization, with an initiation complex efficiency of
~30—40%. A more plausible explanation, however, is
that the initiator transition reaction (from dormant to
active) is slow. Since the rate of initiation is slower than
the rate of propagation, then any active cation will
propagate comparatively quicker, relative to the forma-
tion of another cation site. This effect will make it seem
as if only a certain percentage of initiator molecules are
“efficient” in initiating the polymerization. This being
the case, the CDPPE/TiCls/mixed electron donor system
should not yield a linear molecular weight vs time plot,
when studied by a technique such as incremental
monomer addition, because there would be some new
active sites that were not “efficient” during the last
polymerization period.1®

It has been shown that a secondary benzylic chloride
exhibits a much slower transition to a secondary cation
than a tertiary benzylic chloride.?’ Due to the fact that
secondary cations are much less stable than tertiary
cations, the reaction of a secondary chloride requires a
larger activation energy to attain its active state than
does a tertiary chloride. In the current system, the
secondary benzylic chloride was shown to have an Syl
solvolysis rate constant over 3 orders of magnitude lower
than that of the tertiary benzylic chloride.?® Also, a
compound closely resembling the propagating end of a
polyisobutylene chain is shown to have a solvolysis rate
constant an order of magnitude higher than the second-
ary benzylic chloride and 2 orders of magnitude lower
than the tertiary benzylic chloride. This slow activation
of the secondary benzylic chloride results in a synthesis
scheme where the initiation step is slower than propa-
gation. Typical results for controlled polymerization
systems with slow initiation still indicate a relatively
narrow polydispersity (~1.25—1.35) at moderate conver-
sions, while showing a higher molecular weight than
expected (from an analogous “living” system).20 The
characterization of our experimental system is directly
comparable to the expectations for a controlled polym-
erization with slow initiation.
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Consequently, the PIB polymerization described here
should not technically be classified as “living.” However,
in this study, the livingness of the system is not
paramount. The importance of using a “pseudo-living”
cationic system lies in the other qualities that living
systems offer, namely the absence of chain transfer and
the absence of chain termination. The molecular weight
is controlled by a simple adjustment, using a linear
extrapolation for a constant “initiating efficiency,” to
obtain a desired molecular weight. However, even
without precise control over molecular weight, the
functionality of the polymer chain is by far the more
important consideration. Since these polymers are mac-
romonomers to be used for subsequent reaction, it is
very important that they have exactly two reactive sites
(the two protected phenolic sites formerly on the initia-
tor, now at the head of the chain). Only the chains
formed by the difunctional initiator will have dual
functionality. If any chain transfer occurs, the new chain
would not have a difunctional head (it would have a
functionality of zero) and would therefore not participate
in subsequent polymerizations.

Deprotection Efficiency. Characterization of the
deprotected PIB polymers was performed by H NMR
and FTIR spectroscopy. The 'H NMR spectrum of the
18K deprotected product and the corresponding pro-
tected PIB is shown in Figure 4. There are a few subtle
differences in the two spectra. The two peaks at ~0.17
ppm and ~0.96 ppm in the spectrum of the protected
PIB, indicating the methyl and tert-butyl moieties
attached to the silicon of the protection groups, are small
but present. However, these peaks are absent in the
deprotected spectrum, indicating that the TBAF reac-
tion effectively deprotected the phenolic groups.

Additional evidence comes from FTIR spectroscopy.
Figure 5 shows the spectra of the 8K deprotected and
protected PIB products. The spectrum of the protected
material contains the bands characteristic of PIB,?! but
those associated with the protecting groups are not
evident. This is not surprising due to the very high
equivalent weight of these groups and the relatively low
absorptivity of the anticipated peaks. However, a dis-
tinct peak is seen in the deprotected spectrum at ~3640
cm~1, indicating the presence of phenolic hydroxyl
groups and confirming the deprotection. Secondarily, the
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appearance of a less intense band around ~1100 cm™?
(not shown) is indicative of the C—O bend of a secondary
H.

B. PEUU—-PIB Copolymers. FTIR and NMR spec-
troscopy were chosen to characterize PIB content in the
copolymers. Solution NMR could not be used since
complete solubility of the higher PIB content copolymers
could not be achieved in suitable NMR solvents. We
therefore used solid state 13C NMR to obtain quantita-
tive information about PIB incorporation.

13C NMR: PIB Content. Peak assignments for the
solid-state CPMAS and TOSS—CPMAS 13C NMR spec-
tra of neat PEUU and polyisobutylene were obtained
from refs 22 and 23, respectively (see Table 2). It is clear
from Figure 6 that the peaks at ~32 and ~39 ppm (less
so at ~60 ppm), that arise from PIB in the copolymers,
increase significantly in magnitude with the expected
increase in PIB content. However, because CPMAS and
TOSS—CPMAS spectral intensities depend on NMR
relaxation parameters, peak areas from curve fitting
cannot yield quantitative PIB concentrations. Quantita-
tive analysis was, however, accomplished by creating a
calibration curve derived from physical mixtures of the
neat PEUU and neat PIB.

The PIB used in the mixtures was obtained from
Polysciences (M, ~ 9300 g/mol) and it was physically
mixed with neat PEUU in 25/75 v/iv DMAc/xylene at
known compositions ranging from 5 to 20 wt %. The
mixtures were subsequently dried under the same
conditions as the copolymers, and curve fitting of the
various NMR peaks was accomplished similarly to the
copolymers. Only the peaks representing the ether
carbons, hard segment methylene carbons, and the PIB
carbons from the mixtures were used for calibration.
The TOSS correction affected the downfield (highest
ppm) part of the spectrum the most. In addition, the
individual peaks associated with the carbon bonds from
the MDI in the hard segments were difficult to resolve
from each other.

The relative ratios of the PIB peak areas (sum of the
three peaks) to the total peak area (excluding the hard
segment ring carbons and urea/urethane carbons) were
plotted against PIB concentration in the mixtures to
provide a calibration curve (see Figure 7). The peak area
ratios for the copolymers were calculated in the same
manner as the mixtures and the PIB concentrations
were determined. In a similar manner, a PTMO calibra-
tion curve was generated from the mixtures and applied
to the terpolymers in order to determine PTMO content.
For the purposes of this calculation, it was assumed that
the neat PEUU contained the stoichiometric amount of
soft segments, i.e., 78 wt %. Hard segment fractions
were then determined by difference (see Table 3). The
results presented in Table 3 confirm that the hard
segment content of the terpolymers varies only mod-
estly, from ~15 to ~21 wt %, as expected from the ratio
of the different components in the synthesis.

From Table 3 it is evident that the 3K macromonomer
was generally incorporated to a lower extent than the
other PIB macromonomers. Although the reasons for
this are unclear, the relative breadth of the molecular
weight distribution might provide some insight. The
polydispersity of the 3K macromonomer is a bit larger
(~1.6) than “expected” (~1.3, see the earlier discussion),
which may be indicative of some chain transfer or
termination during the polymerization. If some polymer
chains did not participate in the reaction due to their
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Table 2. 13C NMR Peak Assignments for Amphiphilic PEUU—-PIB Copolymers?223

peak location (ppm)

corresponding carbon bond (component)

27 internal (C—CH>—CH>—C) methylenes (PTMO)
31 pendant (> C—(CHgs)2) methyls (PIB)
38 quaternary (>C<) carbon (PIB)
41 methylene (—Ph—CH;—Ph—) from MDI (hard segment)
41 methylenes (HNCONH—-CH,;—CH>—NHCONH) from EDA (hard segment)
60 backbone (—CH2—C(CHs),—) methylene (PI1B)
65 external methylene (HNCOO—CH,—CH>—) closest to urethane (PTMO)
71 external (CH,—0O—CHy3) methylenes (PTMO)
119 ring carbons meta to MDI methylenes (hard segment)
129 ring carbons ortho to MDI methylenes (hard segment)
136 ring carbons para to MDI methylenes (hard segment)
136 ring carbons attached to MDI methylenes (hard segment)
154 urethane (—OC=ONH-) carbonyl (hard segment)
158 urea (—NH—C=ONH-) carbonyl (hard segment)

PEUU-comb-PIB 32% U
Y, K
PEUU-comb-PIB 15% L
PEUU-comb-PIB 5% J
R, SO, ;_....
Base PEUU L
‘ o NN A ;
200 150 100 50 0
ppm

Figure 6. Solid-state CP-MAS, TOSS-corrected *C NMR
spectra of the family of 29K PIB amphiphilic comb copolymers.

0.30

Adjusted Peak Area

0.00 0.10 0.20 0.30
weight fraction PIB in mixture

Figure 7. Peak area ratio vs PIB content for PEUU + PIB
mixtures analyzed by solid state *C NMR. The linear fit
through the data served as a calibration to determine PIB
contents in the amphiphilic terpolymers.

lack of functionality, resulting from chain transfer, then
a smaller percentage of PIB would be incorporated in
the copolymer.

FTIR. Select regions of the FTIR spectra of the 29K
copolymer family are shown in Figure 8. Comparing
these spectra to those of the neat PEUU and protected
PIB, the qualitative increase in PIB-specific absorptions
with increasing PIB content is evident. This is seen most
clearly by focusing on the bands at ~2980 and ~2870
cm~! (indicative of C—H asymmetric and symmetric
stretching, respectively, in —CHg3), as well as the band
at ~1465 cm~! (assigned to asymmetric —CH3 bending),
and two bands at ~1380 and ~1360 cm~! (symmetric
—CH; deformation).?*

Table 3. Component Concentrations in the Copolymers
from 13C NMR

actual PIB  PTMO

PIB comb target PIB hard segment

Mp wt % wt % wt % wt %
29K 25 33 52 15
29K 15 15 67 19
29K 5 5 75 20
18K 25 27 57 16
18K 15 13 68 19
18K 5 3 77 21

8K 25 22 61 18
8K 5 2 77 21
3K 15 6 74 20
3K 5 3 76 21

FTIR spectroscopy is an excellent probe of the influ-
ence of the PIB combs (and comb length) on urea and
urethane hydrogen bonding. Since the attachment
points for the polyisobutylene combs are mainly within
or at the edge of hard segments, it might at first be
expected that the PIB would influence hard segment
organization and microphase separation. The focus of
our analysis was in the carbonyl stretching region of
the spectra: between ~1625 to ~1750 cm™1,

To facilitate comparison of the FTIR spectra of the
various copolymers, the spectra were normalized to an
internal thickness band (at 1412 cm™1, associated with
the C—C stretch in aromatic rings?*). There are two
components in the PEUU—PIB copolymers that con-
tribute at this frequency: the phenyl rings from the
MDI in the hard segments and the relatively small
number of rings associated with the difunctional PIB
initiator. Since the PIB content is known from the NMR
experiments, the “excess” contribution to the 1412 cm~1
band from the PIB content of each copolymer could be
calculated.

Each 1412 cm™! peak area was evaluated using
SpectraFit 1.0.1%°> and the spectra normalized. No
quantitative information can be obtained at this point
by curve resolving the peaks in the carbonyl region of
the spectra, due to a lack of reliable information from
oligomers or model compound studies on peak shape,
width at half-peak-height and, to a certain extent, peak
location for the PEUUSs under consideration here.

Nevertheless, it is possible to draw some general
conclusions about the state of the hydrogen bonding in
these materials. One observation is that the relative
area associated with the “free” (non-hydrogen bonded)
urethane carbonyl peak (near 1733 cm~1) for the neat
PEUU and all terpolymers is significantly larger than
observed in model compound studies (see Figure 9 and
ref 26). This could arise from the presence of other
chemical species in the segmented copolymers that
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Figure 8. FTIR spectra, cast from 25/75 v/iv DMAc/xylene, of the family of 29K PIB amphiphilic comb copolymers in the (a) C—H

stretching and (b) fingerprint regions.
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Figure 9. FTIR spectra of neat PEUU and the 29K family of
PIB comb copolymers in the region from 1800 to 1600 cm™2.

dilute the population of urethane carbonyls to the point
where they are not able to locate hydrogen-bonding
partners. This is very unlikely however since the PEUU
and terpolymers are populated by a very large number
of ether linkages (well-known hydrogen-bonding accep-
tors) from the soft segment. Alternatively, it is more
likely that the population of “non-hydrogen-bonded”
urethane carbonyls arises from the association of ure-
thane amides with hydrogen-bonding acceptors, leaving
the urethane carbonyl unbonded. This suggests that a
significant portion of the urethane moieties reside in
interfacial or PTMO-rich regions, for all levels of PIB
incorporation.

Figure 9 displays spectra in the carbonyl stretching
region for the neat PEUU and the 29K family of
terpolymers. It is clear that there are no significant
differences between these spectra, indicating no signifi-
cant change in the hydrogen bonding characteristics
upon PIB incorporation. In a few cases (the 6% 3K and
the 21% 8K terpolymers) there may be some subtle
differences in the urethane carbonyl portion of the
spectra but, as noted earlier, the lack of information on
peak shape and even the number of peaks in this
spectral region, prevents unambiguous analysis.

Finally, while the urethane carbonyls show little
ordering in the hydrogen-bonded state (a peak near
1680—1690 cm~* would be expected in that case?f), the
hydrogen-bonded urea carbonyls in all synthesized

Table 4. Apparent Molecular Weight of Low PIB Content
PEUU-comb-PIB

Mn Mw PDI

PEUU 69 900 129 000 1.84
PEUU-comb-PIB 2.9% 3K 53 400 92 000 1.72
PEUU-comb-PIB 1.9% 8K 43 900 79 400 181
PEUU-comb-PIB 2.5% 18K 60 800 127 100 2.09
PEUU-comb-PIB 4.8% 29K 48 400 93 200 1.93
PEUU-comb-PIB 6.1% 3K 21 400 44 200 2.06

copolymers are primarily ordered?”:28 (see the prominent
peaks at ~1636 cm™! in Figure 9).

Molecular Weight Characterization. Because of
the strong hydrogen bonding in the regular hard seg-
ments, the neat PEUU has limited solubility. It can,
however, be dissolved over the course of at least 24 h
in DMF/0.05 M LiBr at elevated temperatures. How-
ever, as nonpolar PIB concentration in the copolymer
rises, there is an increasing dichotomy between the
solvating power of the DMF/salt solution toward the
hard segments and the immiscibility of the hydrocarbon
component in the ionic solvent system. As a result, even
copolymers containing a moderate level of PIB are not
completely soluble in the GPC eluent. Only the neat
PEUU and those copolymers containing the lowest PIB
contents were soluble (at low concentration) in DMF/
LiBr to permit nominal molecular weight analysis (see
Table 4). The apparent molecular weights are all
reasonable except for the 6 wt % 3K copolymer, whose
apparent molecular weight is only about a third of the
neat PEUU. However, in its as-synthesized form, this
copolymer is comparable in its gelatinous, semisolid
characteristics to the other copolymers and exhibits
substantial elastic behavior. It is likely that the appar-
ent reduction in molecular weight arises at least par-
tially from the relatively low hydrodynamic volume of
the more nonpolar copolymer, and not necessarily a
reduction in chain length.

The high molecular weight nature of all the copoly-
mers was confirmed by solid state 13C NMR. A very
rough estimate of absolute molecular weight can be
gleaned from comparison of the peaks at ~71 and ~65
ppm, corresponding to the external ether carbon and
the carbon attached to the urethane, respectively.?? By
this method, the step growth polymerization scheme
yielded relatively high and similar molecular weights
for the majority of the copolymers.
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Confirmation of PIB Attachment. There is always
the question in the synthesis of complex copolymers
such as those under consideration of the actual attach-
ment of the co-units to the polymer chain. The GPC
traces of the lower PIB content copolymers, showed no
signs of a multimodal distribution or low molecular
weight impurities. Even when copolymer solutions were
not filtered, as they generally were before each GPC run,
there were no differences in the chromatograms to
indicate aggregation or oligomeric products. Since the
relative concentrations of attachment points are so low
(~0.12 mmol of linkages in ~12 g, for the case of the
15% 29K copolymer), most other conventional analytical
techniques were not helpful here.

One piece of evidence supporting attachment is that
the PIB macromonomer and PEUU could not be isolated
from solution. For example, DMF/0.05 M LiBr, a rela-
tively good solvent for the multiblock copolymer, does
not solvate neat PIB, but it solvated the terpolymers.
It remained to be seen whether a good solvent for the
PIB would be able to induce separation of any unreacted
PIB and PEUU.

Using a Soxhlet extraction apparatus, selected samples
were subjected to THF extraction for 48 h, and their
extract solutions analyzed by 'H NMR. It was found
that samples contained small amounts of both PIB and
oligomeric polyether, since unreacted PTMO and PIB
are soluble in THF but the copolymers are not. It is not
uncommon for PEUUs to exhibit ~2—3 wt % extract-
ables (mainly the oligomeric polyether).2%2° For the vast
majority of the extracts performed in our study, the
percent extractables were below 7%, with several low
PIB content samples, including the neat PEUU and 2%
8K copolymer, exhibiting extract amounts on the order
of ~2—3 wt %. As an example, *H solution NMR showed
that the 2% 7K PIB copolymer extract consisted mostly
of polyether, with some PIB macromonomer present.
PIB contents derived from solid-state NMR were not
“corrected” however, due to the relatively small amount
of extractables. In combination with the data from other
tests, these results validate the feasibility of attaching
PIB macromonomers onto a multiblock PEUU back-
bone.

Summary

A unique protected secondary chloride initiator was
synthesized in order to facilitate the polymerization of
well-defined polyisobutylene macromonomers. This ini-
tiator molecule was isolated using benchtop analytical
techniques and characterized in solution by 'H NMR.
This new initiator was subsequently combined with a
Lewis acid co-initiator, a complexing agent, a proton
trap, a certain mixture of solvents and isobutylene
monomer, under conditions previously cited to support
pseudo-living cationic polymerization.

Since the “all monomer in” technique® was employed
in this study, the linearity of the molecular weight vs
reaction time plot was not explored. The experiments
generally support an absence of chain transfer and chain
termination, but it is likely that the reaction conditions
do not elicit a linear response with time of the molecular
weight. Therefore, this is a controlled cationic polym-
erization system, though not a living one, even though
polydispersities of the resultant polymers are as low as
1.18. Nevertheless, it is paramount that the system
provided almost no evidence of chain transfer or termi-
nation.
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The molecular weights of the protected macromono-
mers were measured directly by GPC and calibrated
using PIB standards, to obtain “absolute” molecular
weights. The molecular weights of the macromonomeric
products were significantly higher than the targeted
values. This was likely caused by the initiation step in
the polymerization being somewhat slower than the
propagation steps. This did not translate into a lack of
control over molecular weight or a deviation from a well-
defined, relatively narrow molecular weight distribu-
tion.

The combination of FTIR and 'H NMR spectroscopy
shows that the deprotection scheme is effective. The
siloxyl protecting groups disappeared, while the hy-
droxyls were formed. The 'H NMR and FTIR spectra of
the deprotected product demonstrated the ability to
accurately synthesize a,o’'-dihydroxypolyisobutylene, a
macromonomer which was utilized for further conden-
sation reaction.

The one-pot, two-step synthesis scheme for creating
the amphiphilic PEUU—-PIB comb copolymers was
successful. A solids concentration of 10% w/v in a
solution of 25/75 dimethylacetamide/m-xylene kept the
polymerization homogeneous, up to the point where the
viscosity of the copolymer solution became the limiting
factor in reaction conversion. The molecular weights of
the low PIB content materials (<5 wt %) were compa-
rable to those of PEUUSs used in biomedical applications.
However, since the higher PIB content copolymers were
insoluble, their molecular weights could not be mea-
sured by GPC. For the higher PIB content copolymers,
solid state ¥C NMR was used to estimate molecular
weights, and the entire set of copolymers exhibits
reasonably high molecular weights.

The PIB content in the comb copolymers was quali-
tatively probed by FTIR, but it was solid state 3C NMR
that allowed quantitative determination of PIB incor-
poration. By analyzing physical mixtures of neat PEUU
and PIB at known concentrations, a calibration curve
was created for determining the PIB concentration in
each terpolymer. In addition to confirming the presence
of PIB in the copolymer, chemical attachment of PIB to
the copolymer in comb form was evidenced through a
combination of Soxhlet extraction in THF, molecular
weight distribution from GPC, and solution studies.

FTIR was useful in determining that there was no
detectable change in the hydrogen-bonding character-
istics of the hard segments, either with increasing wt
% of PIB or with increasing mol % of PIB combs in the
amphiphilic copolymers.
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