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Feature Article: This article features macromolecular
engineering via carbocationic polymerization, the focus of
research of the recently established Macromolecular Engi-
neering Research Centre (MERC) at the University of
Western Ontario. The fundamental philosophy of MERC
is interdisciplinary research with a strong industrial orien-
tation, while emphasizing the quest for fundamental
understanding of polymerization processes and polymer
structure-property relationships. First, a brief overview of
living polymerizations in general, and living carbocationic
polymerizations in particular will be given. This latter
technique is of interest because some monomers (€. g., iSo-
butylene) can be polymerized by cationic techniques only,
to yield polymers with unique properties (e. g., polyisobu-
tylene with superior chemical and oxidative stability, low
permeability and high damping). This will be followed by
an overview of our research strategy and a summary of
our latest results. These include the development of a
fiber-optic mid-FTIR method for the real-time monitoring
of low temperature polymerization processes, the discov-
ery that selected epoxides initiate effectively the living
carbocationic polymerization of isobutylene, fundamental
studies into the mechanism and kinetics of living carboca-
tionic polymerization, and the design and synthesis of var-
ious polymer architectures (e.g., branched homo- and
block copolymers) with improved properties and nanos-
tructured phase morphologies.
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Introduction

Macromolecular engineering is a relatively new term, and
is used to describe the ability to have control over poly-
merization processes in order to design and make well-
defined and complex macromolecular architectures. It has
been recognized that changing the molecular architecture
of well-known polymers can lead to improved and/or new
properties, opening avenues for new applications.!'=!

These new structures can be stars, brush-like chains,
hyperbranched and arborescent structures, or self-assem-
bling block copolymers with various molecular architec-
tures (Figure 1). There is considerable industrial and aca-
demic interest in synthesizing various polymer architec-
tures and establishing structure-property relationships.
Industry has also a vested interest in designing commer-
cially feasible processes to produce polymeric structures

Macromol. Mater. Eng. 2001, 286, No. 10

© WILEY-VCH Verlag GmbH, D-69451 Weinheim 2001

1438-7492/2001/1010-0565$17.50+.50/0



566

Macromobecalar
Blmterials anc

J. E. Puskas et al.

with improved properties. Research and development in
macromolecular engineering need to be a collaborative
effort between academe and industry, achieving a synergy
that neither side could achieve alone. The Macromolecular
Engineering Research Centre (MERC) was founded in
1996 at the University of Western Ontario, Canada, to fos-
ter such synergistic research. As the director of MERC and
the principal author of this feature article, I will try to give
an overview of our research philosophy as well as our lat-
est results in macromolecular engineering. Having trans-
ferred from industry into academe, I feel that [ have a good
understanding of industry’s needs, which I try to highlight
to our students. At the same time, I have a quest for funda-

mental understanding, which cannot always be accommo-
dated by the time constraints of industry. I believe that the
results presented here will demonstrate the success of our
approach to macromolecular engineering through colla-
boration. This approach is very broad based, and spans
process research, product characterization, chemical engi-
neering, chemistry, materials research and applications
ranging from commodity to specialty medical applica-
tions. While this approach is broad, the collaborative
efforts of outstanding individuals ensure that it is not shal-
low. The results will speak for themselves.

In macromolecular engineering, it is recognized that
living polymerization is the only viable technique avail-
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able to control molecular architecture."- We have been  tion provides control over the molecular weight (MW)
using this technique, more specifically, living carbocatio- and molecular weight distribution (MWD) of the poly-
nic polymerization, in our research. In the next sections, mers produced. The number-average molecular weight
living polymerization in general and living carbocationic ~ (M,) at any given conversion can be calculated from
polymerization in particular will be discussed. Equation (1):

. . M, (g/mol) = AM (g)/I (mol 1
Living Polymerization n (g/mol) (8)/1 (mol) M
The term, ‘living polymerization’, was introduced by where AM is the amount of monomer converted into
Szwarc.”! He used this term to distinguish polymeriza-  polymer, and I is the molar amount of initiator. In living
tions in which chain breaking processes such as termina-  polymerizations, M, increases linearly with conversion,
tion and transfer reactions are absent. Living polymeriza- and in the case of instantaneous initiation, the polymers
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Figure 1. Star, brush-like and hyperbranched structures and
block copolymers.

produced in a batch reactor will have a polydispersity
described by the Poisson distribution:

M,/M, = DP,/DP,=1+ 1/DP, 2)

where M, and DP,, and M,, and DP,, are the number- and
weight-average MW and degree of polymerization (DP),
respectively. Under controlled conditions, nearly uniform
polymers can be produced at sufficiently high MWs. The
term ‘living polymerization’ is now related to synthetic
polymers and represents controlled processes. This con-
trol, however, is still far from real living polymerizations
that produce truly monodisperse long chain molecules
such as proteins.® The achievement of this type of con-
trol requires the interfacing of polymer science with
genetic engineering, a new revolution for the second mil-
lennium. Our perspective of the history of living poly-
merization was described recently.™

It has been predicted, based on theoretical considera-
tions, that living carbocationic polymerization cannot be
achieved due to the inherent instability of carbocations.!!
Living radical polymerization seemed even less possible.
Living cationic and radical polymerizations are a reality
today. Key to achieving living conditions is the utilization
of “temporary deactivation” at the active centers:™

P, <= P*
inactive active

PE+M = P%,,

The active species can be free radicals or ionic species.
It has been demonstrated by computer simulation that liv-
ing conditions, i.e., steady polymerization rates demon-
strated by linear semilogarithmic rate plots, together with
linear M, vs conversion plots and narrow MWD, can be
achieved with the coexistence of species with different

reactivities, provided the exchange between these species
is fast enough.! The temporary deactivation process
seems to protect the free radicals or ionic species from
side reactions long enough for synthetic manipulation. It
is understood that chain-breaking processes might be
identified in polymerizations which are considered living
today.">) According to our pragmatic macromolecular
engineering view, the real essence of living polymeriza-
tion is the ability to control the process.™ Except for
block copolymer production, the uniformity of the poly-
mer can be considered a disadvantage, since polydisper-
sity improves the physical properties and/or processabil-
ity of commodity polymers.!"” From an industrial point of
view, it is also considered to be a disadvantage in living
polymerizations that one initiator molecule produces only
one polymer chain. However, the ability of living poly-
merization to produce new polymeric structures in a con-
trolled manner may override these and other concerns.
Anionic living polymerizations have long been commer-
cialized, producing branched polybutadienes for high
impact polystyrene production, styrene-isoprene-buta-
diene terpolymers and various functionalized rubbers for
tire production, and styrenic block copolymers (recycl-
able rubbers).l'” Therefore, it is quite interesting that
anionic polymerization is still viewed as a delicate
experimental technique with limited capabilities.[ In
fact, ionic living polymerizations, including the relative
newcomer, cationic living polymerization, are quite
robust if handled with expertise. Ironically, large-scale
commercial ionic polymerizations require less stringent
conditions than laboratory procedures, due to the much
smaller surface-to-volume ratios. Commercial examples
of living cationic polymerizations include poly(vinyl
ethers) used in liquid crystal technology,!''! polystyrene-
polyisobutylene-polystyrene block copolymers and func-
tionalized polyisobutylenes which have been test-mar-
keted recently."? Our research efforts concentrate on liv-
ing carbocationic polymerizations, so this process will be
discussed in more detail.

Living Carbocationic Polymerization

Certain monomers such as isobutylene (IB) can only be
polymerized cationically. The importance of this mechan-
ism is demonstrated by various commercial processes.!?!
Due to the high reactivity of carbocations, which tend to
enter into irreversible termination and chain transfer reac-
tions via b-proton expulsion, achievement of carbocatio-
nic living polymerization was considered to be impossi-
ble.”’ The discovery that reversible temporary deactiva-
tion “protects” the carbocations from entering into side
reactions, provided the key to controlling carbocationic
polymerizations and achieving living conditions. This
deactivation is shown for a typical living carbocationic
polymerization of isobutylene (IB):
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TMPCl+ TiCl, “—> TMP*//A- 3)
TMP//A +M ——> Pr//A- )
P Cl+TiCl, “=> P A" (5)
PIA +M —> P 7IA 6)

where A~ in general represents a counteranion, and 2-
chloro-2,4,4-trimethylpentane (TMPCI) is an effective
initiator. This system is used as a model for kinetic inves-
tigations, since TMPCI is essentially a polyisobutylene
(PIB) dimer, therefore, k; = k, and K, can be considered
to be the same during initiation and propagation. Thus the
overall (apparent) rate of polymerization, k., = K, * &, is
comparable to the overall rate of initiation, which allows
all the initiator molecules to start a chain in the early
stages of the polymerization. This also gives a chance for
all polymer chains to propagate with the same overall
rate, leading to more uniform polymers, i.e., narrower
MWDs. When £; is not comparable to &, overall initiation
rates faster than or equal to polymerization rates can be
achieved by adjusting K; relative to K, e.g., changing the
experimental conditions; the solvent composition, the use
of additives, etc. The key concept of “reversible termina-
tion” or “temporary deactivation” was obscured for a
long time. Similar to the history of living anionic poly-
merization,”™ living cationic conditions had been
achieved experimentally as early as 1974.° 'Y Some early
examples were called “pseudocationic” or “quasiliving”,
then “truly living”, but they displayed very similar char-
acteristics.”’ Remarkably, the same key concept applies
in living radical polymerizations. The real power of these
systems is their ability to control the polymerization pro-
cess in order to design and build new polymeric struc-
tures, allowing a pragmatic approach to the definition of
“livingness” in carbocationic polymerization. The exis-
tence of the dynamic equilibrium between dormant cova-
lent and active ionic species is now generally accepted.
Ligand exchange and dynamic NMR studies">~'¥ sup-
ported the evidence of the involvement of ionic species
even in polymerizations that were thought to proceed by
a “pseudocationic” or “insertion” mechanism. The nar-
rowness of the MWD will depend on the dynamics of the
equilibrium. The development of MWD in a living isobu-
tylene polymerization with reversible deactivation and no
detectable transfer was described as follows:!"”!

DP,/DP, =1 + I/DP, @)

where run length, [ = (ky/k_)[M], is the average number
of monomer units incorporating in a productive ionization
period. Equation (7) reduces to the Poisson distribution
when [ = 1 (see Equation (2)). The magnitude of / will
define the narrowness of the MWD. At sufficiently high

MW, [ = 25 still yields M,/M, < 1.1.1"%! Based on Equa-
tion (3), a further criterion for living carbocationic poly-
merizations with reversible deactivation can be defined
as follows:!

M, — M, = constant ®)

Thus the criterion of Poisson or very narrow MWD
does not seem to be necessary in the definition of living
polymerizations, because the Poisson distribution is a
subcase of the general definition for / = 1. In fact, living
carbocationic polymerization can be viewed as a process
where the most probable distribution of monomer incor-
poration during an active ionization period is superim-
posed on a Poisson distribution of the repeating events of
ionization periods. Depending on the lifetime of the
active cationic species, the run length / can be [ > 1,
resulting in broader MWD. For instance, at / = 50, at DP,
= 50 the MWD will be M,/M, = 2. With increasing con-
version, the MWD will get progressively narrower. It was
shown by computer simulation that the coexistence of ion
pairs and ions with identical reactivities but different life-
times could lead to a bimodal distribution.™ This is very
important in light of the groundbreaking work of Mayr
and coworkers who showed in model studies that the rate
constants of electrophilic addition of benzhydryl cations,
and corresponding ion pairs, to alkenes are identical.”*!)
Roth and Mayr!??! measured the rate constant of propaga-
tion for isobutylene to be in the diffusion range (k, =
6 x 108 L - mol™ - s™') so propagation proceeds practically
without activation energy, and entropy factors become
very important.” This phenomenon is in line with the
concept of “run length” discussed before, that is, that sev-
eral monomer units will incorporate into the chain during
each productive ionization period. It also indicates that
the methods successfully used to mediate living carboca-
tionic polymerizations (nucleophilic counteranions;
added nucleophiles; added salts™) in fact may alter the
dynamics of the equilibrium via entropy effects. The MW
criteria may also be relaxed. It is possible that slow termi-
nation/transfer is operational in carbocationic polymeri-
zations believed to be living today, and this might be the
reason for not reaching very high MWs. This can be over-
come by using multifunctional initiators, linking of
shorter chains with crosslinking agents, or producing
arborescent (random hyperbranched) polymers using an
initiator carrying a polymerization-active functional
group to reach high MWs. All three methods yielded
polymers with M, > 400000 g/mol.1*-3%

Kinetic investigations showed that living isobutylene
polymerization co-initiated by TiCls proceeds via ion
pairs!!®31-32 and that the ionization equilibrium is strongly
shifted towards covalent species (see Equation (6)). A
similar mechanism was suggested for the living polymer-
ization of isobutyl vinyl ether initiated by the monomer
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chloride/ZnCl, system. The following kinetic equations
were developed for both systems.?! 3!

In ([T]o/[I]) =k x [LA]ox1 ®

In (IM]/[M]) = k,’ x [LAJox [T]ox ' (10)
where LA stands for Lewis acid, and k, = K; * k, = (ki/
k) * k,. The reaction kinetics were studied in more detail
in living isobutylene polymerizations. While the various
systems investigated differ in the nature of initiator (I),
additives (electron pair donors or proton traps) and sol-
vents, the kinetic order with respect to initiator has been
reported to be 1. The reaction order of the monomer was
found to be 1 in most cases, but apparent zero order
monomer dependence has also been reported.!'’-34-38 The
reaction order with respect to the Lewis acid has been
debated. Most research groups reported second order
dependency in TiCly-coinitiated systems, but first order
dependence was also claimed under certain condi-
tions.B"¥-#1 The coexistence of monomeric and dimeric
counterions was also postulated.*”) The role of certain
additives is also debated.™ 43¢ While the effect of
nonpolar medium and common ion salts was demon-
strated to be shifting the ionic equilibria towards less dis-
sociated species, the role of added nucleophiles and pro-
ton traps such as 2,5-di-tert-butylpyridine is still obscure.
In the case of isobutylene polymerization, the effective-
ness of these nucleophiles or electron pair donors was
classified according to their Gutmann donor number;?%
defined as the molar enthalpy value of the interaction of
the donor with the reference acceptor, SbCls.*” The most
effective nucleophiles such as N,N-dimethylacetamide or
dimethyl sulfoxide have high Gutmann donor numbers. It
was suggested that the role of additives is merely proton
scavenging.!**33 In fact, some additives were used as col-
orimetric indicators of effective proton scavenging.® At
the same time, proton traps and donors were found to
reduce the rate of isobutylene polymerization,3%46-47.58)
For isobutylene, the effectiveness of electron pair donors
in preventing side reactions such as protic initiation, or
electrophilic aromatic substitution and improving initiator
efficiencies by reducing the overall propagation rate rela-
tive to initiation when aromatic initiators are used, were
shown to increase with increasing Gutmann donor num-
bers.B%31 The proton trap, 2,5-di-fert-butylpyridine, was
found to cause proton elimination and subsequent chain
coupling.%%-321

The exact mechanisms and kinetics of various carboca-
tionic polymerizations exhibiting living behavior remain
debated. It is still controversial whether living carbocatio-
nic polymerization is a chemical or kinetic phenom-
enon.-3% All investigators, however, agree on the syn-
thetic power of this method for the preparation of well-
defined macromolecules. This technique was called

“macromolecular engineering”.!! Both the term and the
technique are widely used in the scientific community.
Reaction order and polymerization rate information
become important in macromolecular engineering, thus
more research is needed in this area. Literature search
revealed that publication activity in fundamental studies
in cationic living polymerization peaked around 1993/
1994 and has since been declining.” The emphasis
shifted towards radical polymerizations exhibiting living
character*-® and macromolecular engineering using liv-
ing polymerization. Our research group has been concen-
trating on macromolecular engineering via carbocationic
polymerization, and structure-property relationships of
novel structures produced by carbocationic polymeriza-
tion. We have developed the capabilities to produce poly-
mers in sufficient quantity for meaningful mechanical
and physical characterization (1 pound/batch). The fol-
lowing sections will discuss our latest results.

Results and Discussion
1. Polymerization

Our approach towards macromolecular engineering tar-
geted a better understanding of the mechanism and
kinetics of living carbocationic polymerizations. We have
systematically been investigating several systems, includ-
ing new initiators, and developed novel monitoring and
characterization methods.

1.A) Real-Time Monitoring of Living Carbocationic
Polymerizations

In the course of our investigations, we developed a novel
fiber optic FTIR technique for the real-time in-situ monitor-
ing of low temperature carbocationic polymerizations. The
fiber optic probe can carry either an ATR (attenuated total
reflectance) or a more sensitive TR (transmission) head,
and is immersed into the reactor as shown in Figure 2.

The versatility of this system is apparent. This method
has been used to monitor homogeneous living polymeri-
zations as well as heterogeneous emulsion and suspension
polymerizations, and gave insight into the mechanism
and kinetics of initiation and propagation.?4!-30-631

1.B) New Initiators for Carbocationic Polymerization

We recently discovered that substituted epoxides can
initiate the carbocationic polymerization of isobutylene
and styrene. a-Methylstyrene epoxide (MSE), 2,4,4-tri-
methylpentyl epoxide-1,2 (TMPO-1), 2,4,4-trimethylpen-
tyl epoxide-2,3 (TMPO-2), and hexaepoxysqualene
(HES) were shown to initiate IB polymerization in con-
junction with TiCl, (see formulae).[%6-7%

A competitive reaction mechanism was proposed for
initiation by epoxides, as shown in Figure 3 for MSE.
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Figure 2. A real-time fiber optic mid-FTIR system for the in situ real-time mon-

itoring of carbocationic polymerizations.
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The tertiary carbocation, or [I] forming by the Sy1 path-
way, will initiate carbocationic polymerization, while the
Sn2 pathway will produce polyethers, which are consid-
ered “side product” in the context of initiation. The latter
may act as electron pair donor, which have been shown to
have a positive influence on the polymerization. Accord-
ing to the proposed mechanism, initiator efficiency ()
will be defined by the competition between the Sx1 and
Sx2 reaction paths, which in turn will be influenced by
the structure of the epoxide. For instance, MSE showed
40% I, while TMPO-1 had less than 1% I In-situ
FTIR monitoring gave further insight into the initiation
step,’® supporting the proposed initiating mechanism.
Controlled initiation with external epoxides such as MSE
would yield a primary hydroxyl head group and a tert-
chloride end group. The presence of fert-chloride end
groups was verified by NMR spectroscopy, while the
presence of primary hydroxyl groups was inferred by
model experiments.®® Recently, we were able to verify

P — § ;
;
N /: 0
H
2-phenylpropanal

+ TiCl,

v

Orfase, |

o

@ CH.
o CH,—O
oTicl, /L "

)

N
v polyethers
cl
|
Q OTiCl,

Figure 3. Proposed initiating mechanism of epoxides, shown
for the MSE/TiCl, system.

that controlled initiation with MSE yielded one primary
hydroxyl head group per molecule.”"! Multiple initiation
by HES resulted in a star polymer with an average of 5.2
arms per molecule.'®” Epoxides are readily available or
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can be synthesized very easily, and are cost-efficient.
Therefore they are attractive initiators for potential com-
mercial living carbocationic polymerization processes.
Our research group is presently involved with the investi-
gation of various aspects of the new initiation process,
and identifying the most effective epoxides.

1.C) Kinetics and Mechanism of Living Isobutylene
Polymerizations

We have been investigating the kinetics of living iso-
butylene polymerizations, initiated by 2-chloro-2,4,4-tri-
methylpentane (TMPCI) in conjunction with TiCly in
methylcyclohexane (MeCHx)/methyl chloride (MeCl) or
hexane (Hx)/MeCl 60/40 v/v at —80°C in the presence of
2,6-di-tert-butylpyridine (DrBP) as a proton trap.!40-4!:63
This is the model system for the living carbocationic
polymerization of isobutylene, discussed in the Introduc-
tion. At TMPCI/TiCl, ratios higher than one, the reaction
order in TiCls was found to be close to 1. A comprehen-
sive kinetic/mechanistic scheme was proposed, involving
two competitive reaction pathways (Figure 4).14"

The pathway on the left (Path A) is first order in [TiCly],
and was found to dominate under TiCl, deficiency relative
to [I]o as discussed above. The pathway on the right (Path
B) is second order in [TiCl,] and dominates when excess
TiCly relative to [I], is used. Since both pathways proceed
simultaneously, the experimental [TiCls] reaction order
was measured to be 1.76. This value agrees with others
published in the literature.*>’ According to our present
understanding!®>7¥ the initiation step is greatly affected by
the first order pathway and very sensitive to solvent qual-
ity and monomer concentration (i.e., polarity), while the
overall propagation is dominated by the second order path-
way. Monomer concentration and temperature were found
to have a profound effect on the polymerization. The
apparent rate constant of polymerization, k, (k, = Keq * ky»
where K., is the equilibrium constant of the dormant-
active equilibrium characteristic of living isobutylene
polymerization, and k, is the polymerization rate con-
stant), increased exponentially with an increase of [IB], or
a decrease in temperature. More surprisingly, the kinetics
of the polymerization appeared to be very sensitive to sol-
vent impurities; different results were found when using
solvents from two different providers and/or with and
without further purification.”® Our most recent investiga-
tions found similar competitive pathways for styrene poly-
merizations as well. The results will be published
shortly.” Epoxides initiate only in the presence of excess
TiCly, since cation formation from [I] requires more than
equimolar amount of TiCl, relative to the epoxides. In
MSE-initiated living isobutylene polymerization, a TiCl,
order of 1.56 was found.”!"! The fraction order indicates
that following the initiation step, epoxy-initiated IB poly-
merizations will also proceed via a competitive mechan-
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Figure 4. Kinetic/mechanistic scheme proposed for TMPCl/
TiCl, initiated living IB polymerization.“%!
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Figure 5. In-situ fiber optic FTIR monitoring of the complexa-

tion between DMA and TiCl,. [DMA], = 0.05 mol/L; [TiCl], =
0.1 mol/L; [DtBP] = 0.01 mol/L; MeCHx/MeCl = 60/40 v/v; T
=-80°C.

ism, similar to that shown in Figure 4. The rate of initiation
was fast relative to propagation; this can be rationalized by
ki < kpbut Ki > Kl.

We have been investigating the effect of additives as
well. The DfBP concentration did not seem to have an
effect on the rate of polymerization under the conditions
investigated.'® Fiber-optic real-time FTIR monitoring
demonstrated that N,N-dimethylacetamide (DMA), a
strong electron pair donor, complexes with TiCly under
polymerization conditions as postulated by Storey.?” Fig-
ure 5 contains FTIR spectra of DMA before and after the
addition of TiCl,. DMA has a strong carbonyl absorption
at 1659 cm™, and another strong band at 1187 cm™,
assigned to the amide groups. Addition of TiCl, to DMA
in a 2:1 molar ratio shifted the 1659 cm™ band to 1631
cm!. In contrast, the 1187 cm™ band shifted to 1241
cm™!. These shifts indicate that TiCl, complexes both on
the carbonyl oxygen and the amide nitrogen.”> " Further




Macromolecular Engineering via Carbocationic Polymerization ..

investigations into the role of additives such as DMA in
living carbocationic polymerizations using the in situ
FTIR monitoring technique are in progress. Recent
research data provided insight into the mechanism and
kinetics of living carbocationic polymerizations and
assisted us in designing and synthesizing novel polymeric
structures. This work will be discussed next.

2. Polymer Architectural Design and Synthesis

The real power of living polymerization is the ability to
control the process. This has allowed the synthesis of new
polymeric structures such as star-branched polymers,
grafts, arborescent (sometimes called hyperbranched)
polymers, block copolymers, etc. New polymeric struc-
tures yield new and interesting properties, as demon-
strated extensively by living anionic polymerization.'”
Cationic polymerization lags behind in the establishment
of structure-property relationships and block copolymer
morphology studies. In light of only a handful of studies
in this area, extensive research is needed, especially for
the industrially important polyisobutylene. Polyisobuty-
lene-based elastomers such as butyl and halobutyl rubbers
are the commercially most important polymers made by
carbocationic polymerizations (butyl rubber is a copoly-
mer of isobutylene with a small amount of isoprene, and
halobutyl is its chlorinated or brominated version™). Our
industrial collaboration is concentrating in this area.

2.A) Branched Polymers

Branched polymers have been in the forefront of research
recently, due to some properties markedly differing from
their linear counterparts. Branched polymers have lower
solution and bulk viscosities and less shear sensitivity
than linear polymers of the same MW. Interestingly, the
branched nature of some commercial polymers came to
light only recently, due to the development of modern
detection methods such as laser light scattering or visco-
metry coupled with size exclusion chromatography
(SEC). In traditional polymerization processes, there is
little control on branching, in contrast to living polymeri-
zation where both the number of branches and their
lengths can be controlled. The synthesis of branched
polymers by living carbocationic polymerization does not
have a long history. Some aspects have been
reviewed.!> 788 The following is a report of our latest
results in this area.

1) Star-Branched Polymers

Star-branched polymers can be made by the “arm first” or
the “core first” methods, which were first developed for
anionic systems.® In carbocationic isobutylene polymer-
ization systems, the “arm first” method was used success-

fully for the synthesis of star-branched polyisobutylenes
with 670 arms.?-3%83-8 In thig process, the monofunc-
tional living polyisobutylene chains were reacted with
bifunctional monomers such as divinyl- or diisopropyl-
benzene to form the crosslinked core. This method leads
to “ill-defined” cores thus the number of the arms cannot
be controlled precisely, and the reaction times were very
long (10—100 h). The “core first” method is based on the
usage of multifunctional initiators from which the star
arms are grown. This method was successfully used for
the synthesis of three- and four-arm star polyisobutylenes
in non-living systems®™~*1 and three- and six-arm star
polyisobutylenes in living systems.*°! Recently the ele-
gant synthesis of an eight-arm star polyisobutylene using
a calixarene-based multifunctional initiator was re-
ported.”” We successfully synthesized high MW multi-
arm-star polyisobutylenes by the “core first” method
using multifunctional macroinitiators carrying fert-
hydroxy functionalities prepared by the radical copoly-
merization of 4-(2-hydroxyisopropyl)styrene with sty-
rene.'”>°* Star-branched polyisobutylenes with M,’s of
about 400000 g/mol and average functionalities F' = 8§—
73 were obtained in 30—60 min. The branched structure
of the polymers was demonstrated by SEC analysis and
selective core destruction. SEC with universal calibration
using Mark-Houwink constants available for linear poly-
mers (UCL) underestimates the MW of branched poly-
mers, thus comparison of the MW measured by SEC-
UCL and the absolute MW measured by multi-angle laser
light scattering (MALLS) provides evidence for branch-
ing. For instance, a star with 23 arms and narrow distribu-
tion (M,/M, = 1.2) had M, = 267000 and 375000 g/mol
by SEC-UCL and MALLS, respectively. The preparation
of the macroinitiators is quite laborious and expensive.
Following the discovery of epoxy initiation, hexaepoxys-
qualene (HES) was selected as a robust and cost effective
multifunctional initiator. Polymerizations with HES/TiCly
produced star polyisobutylenes with MWs up to M, =
415000 g/mol (351000 by UC).[®® End-capping the living

!
*
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Figure 6. Plots of R.M.S. radius versus molar mass for star
PIB and standard linear PS based on SEC analysis. [HES] =
0.00035 mol/L; [DMA], = 0.007 mol/L; [TiCl]o = 0.15 mol/L;
[D¢BP] = 0.007 mol/L; [IB] = 2 mol/L; MeCHx/MeCl = 60/40
viv; T = —80°C; PIB M, = 290000 g/mol; standard PS M, =
400000 g/mol.
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PIBs with diphenylethylene™! yielded a polymer with 5.2
arms/molecule,® as indicated by NMR analysis. Addi-
tional evidence is the correlation between the size (radii)
and MW of the molecules. Figure 6 shows the radii-MW
plot for a representative HES-initiated polyisobutylene
and a linear polystyrene. The slope of the line is 0.3, as
expected for compact star polymers, in comparison with
around 0.5-0.6 expected for linear polymers.®®

The synthesis of star-branched polyisobutylenes using
HES as a multifunctional initiator, along with structure-
property relationship investigations, is in progress. An
initial study of the viscoelastic properties of selected
polymers has appeared recently.””

ii) Arborescent Polymers

Arborescent polymers belong to the class of dendritic
polymers. Dendrimers have generated a lot of interest in
recent years, due to their unusual properties.'”*1° In con-
trast to dendrimers, arborescent polymers have an irregu-
lar tree-like structure. We have used the term “hyper-
branched” to describe polyisobutylenes with this kind of
structure,% %711 but now believe that “arborescent” is a
better term.!"? These polymers are a relatively recent
development and very little structure-property relation-
ship data is available.!"" We have developed a commer-
cially feasible route for the synthesis of arborescent poly-
mers with very high MW. In this approach a small
amount of inimer, a compound carrying both and initiator
and a monomer functionality (IM), is copolymerized with
an olefin. Very high MW arborescent polyisobutylenes
were successfully synthesized by this method using 4-(2-
hydroxyisopropyl)styrene and 4-(2-methoxyisopropyl)-
styrene as IM in a “one-pot” living-type polymerization
system.* 1911 The structure is shown in Figure 7.
The branching frequency can be calculated as follows:

BR = (Mn/Mmlheo) - 1

where M, ., would be the expected M, if the IM acted as
an initiator only. BR can be varied by the judicious selec-
tion of reaction conditions, and can be determined experi-
mentally by selectively cleaving the aromatic junction
points.""® Table 1 shows very good agreement between
the calculated and experimentally measured BRs on
selected arborescent polyisobutylenes. These polymers
showed very interesting properties. Figure 8 contains the
stress-strain plots for selected samples, listed in Table 1,
together with a commercial linear butyl sample (because
of the very low isoprene content, this rubber can be con-
sidered as a linear PIB).

The M,, of PIBS is similar to that of the linear sample
(PB301), but its 100% modulus is considerably higher
which would translate into improved “green strength”
(modulus at 300% strain of the unblended polymer, an

L@Wg

Figure 7. Structure of hyperbranched PIB synthesized by using
inimer-type living IB polymerization.

Table 1. M,, MWD (M,/M,) and branching frequency (BR) of
selected arborescent PIBs and a commercial linear sample.

Sample M, x10° M,/M, Branching frequency
g/mol
SEC-UCL SEC-MALLS Calc. Exp.
PIB1 382 365 2.6 3.8 3
PIB2 556 1039 2.6 14 12
PIB3 390 790 1.3 42 44
PIB4 464 984 1.3 55 57
PIBS 286 681 1.2 40 33
PB301 652 630 2.1 - -
—o PIB1
030 1
—=PIB2
; —+PIB3
” U -~ PIB4
= e ;\Qy\x —% PIB5
& aggeecee g . s —e— PB301
= U Ly T g
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Figure 8. Stress-strain plots of hyperbranched PIBs in compar-
ison with a commercial linear sample (see data in Table 1).

important property in tire building). Samples PIB3-5 all
have narrow MWD; their moduli values scale with M,,.
PIB2 has a higher M., and broader distribution than all the
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Figure 9. Dependence of the loss factor on shear rate in hyper-
branched PIBs (see data in Table 1).

other samples, and displays an interesting balance of
properties; a much higher elongation, higher moduli than
the linear sample, and loss factor (tan d) values nearly
independent of shear rate (see Figure 9). This behavior is
similar to crosslinked polymers. The mechanical and vis-
coelastic characterization of these polymers are in pro-
greSS.[104' 105]

2.B) Block Copolymers

Block copolymers are a very important class of polymers
because they give us a means to combine materials with
different properties that may be incompatible by simple
mixing. Since the block segments are covalently bonded,
microphase separation occurs leading to various phase
morphologies and interesting physical properties such as
thermoplastic elastomeric (TPE) or amphiphilic behavior.
TPEs behave like crosslinked rubbers, but can be pro-
cessed like thermoplastics. The first block copolymers
were made by sequential anionic living polymerization of
styrene and dienes.!'%! Most of these styrenic block copo-
lymers have the general formula S-E-S, where S repre-
sents a hard amorphous polystyrene block and E repre-
sents a soft elastomeric block. Others have a branched
structure with a general formula (S-E), X, where X repre-
sents a multifunctional junction point. These block copo-
lymers have a physically crosslinked elastomeric network
structure, with the microphase separated hard phases ser-
ving as “crosslinking” or anchoring points (Figure 10).
The commercially available styrenic block copolymers
are  polystyrene-block-polybutadiene-block-polystyrene
(SBS) or polystyrene-block-polyisoprene-block-polysty-
rene (SIS). These block copolymers are available in var-
ious grades having different hardness and mechanical
properties, depending on the ratio of polystyrene (PS) to
polybutadiene (PB) or polyisoprene (PI) segments. At
relatively low PS (=15-40 wt.-%) content, these block
copolymers behave like TPEs.!'-1%! The advantages in
processing flexibility, coupled with rubbery properties,

Soft elastomeric segment

Figure 10. Phase structure of S-E-S block copolymers.

make these materials attractive.'® ") The unsaturated
polydiene segments in SBS or SIS are often hydrogenated
to yield ethylene-butylene (EB) and ethylene-propylene
(EP) rubbery blocks, respectively, to improve their
weathering and aging properties.

A new class of styrenic block copolymers with polyiso-
butylene (PIB) elastomer segments has been developed
recently.P*110-1141 The goal was to develop novel block
copolymers with aging and damping properties better
than SBS or SIS. The synthesis of the first block copoly-
mers with polyisobutylene rubbery segments and poly-
styrene or polystyrene derivative hard segments exhibit-
ing thermoplastic elastomeric properties with good physi-
cal strength was reported by the Kennedy group.'''” Key
to the synthesis of sufficiently uniform PIB was the use
of electron pair donors. Sequential addition of styrene or
styrene derivatives to bi- or tridirectionally growing liv-
ing PIB-chains yielded linear or triarm-star branched
block copolymers. A unique feature of the living carboca-
tionic method was the ability to obtain copolymer hard
segments, adjusting the 7, of the hard segment by the
composition of the copolymer end block.!"'"! The pro-
found influence of molecular architecture on the physical
properties and their specific end-use property have made
PIB-based block copolymers an attractive research area
in recent years.[1%-115]

Figure 11 shows the comparison of the stress-strain
plots of a linear triblock and a three-arm star PS-PIB
block copolymer with nearly identical PS content (=40
wt.-%) and PIB arm length (M, = 30000 g/mol per arm).
It is apparent that the three-arm star block copolymer
shows higher modulus and lower elongation at break than
the linear one, however, the tensile strength remains
almost constant. The higher modulus of the 3-arm star
block copolymer, compared to the linear one, is believed
to be due to the permanent covalent junction point repre-
sented by the hub of the star within the elastomeric phase,
which acts as an additional crosslinking junction point.
Star block copolymers, therefore, would be more attrac-
tive than linear ones. Multiarm-stars would be even more
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Figure 11. Stress-strain plots of 3-arm star and linear PS-PIB

block copolymers.

preferred, due to their expected better shear stability. If
one arm is sheared off a tri-arm star block, a linear block
would be the result. In the case of multiarm stars, shear-
ing off of some arms would still leave a star polymer.
Eight-arm star block copolymers were made with
calix[8]arene-based initiators (core first method).!!!!
Another approach was the “arm first” method, in which
PS-PIB living diblocks were linked with divinylbenzene
to make stars.!'' Disadvantages of the former are the
expensive and not easily available initiator, and of the lat-
ter is the long reaction times and not well-defined struc-
ture. Our research group selected to use HES, a robust
and cost effective multifunctional initiator to make star-
branched PIB-based block copolymers.®® ! Figure 12
contains SEC traces of a living PIB chain before and after
PS blocking. PIB is transparent to UV, thus blocking is
demonstrated by the appearance of the intensive UV sig-
nal in the block.

The synthesis and characterization of branched PS-PIB
block copolymers with various compositions and block
lengths using HES as initiator are in progress. In this Fea-
ture Article, we would like to stress the techniques used
to design and produce various structures by living carbo-
cationic polymerization, which are available today.!'8-1221
Systematic study of structure-property relationships in
cationic polymerization lags behind anionic polymeriza-
tion. Hopefully more work will be done in this area.

3. Nanostructures Based on Block Copolymers

Nanostructured materials are a broad class of materials
with microstructures modulated in zero to three dimen-
sions on length scales less than 100 nm and the atoms are
arranged in nanosized clusters, which become the consti-
tuent grains or building blocks of the material.['?-!2%!
Conventional materials have grain sizes ranging from
microns to several millimeters and contain several billion
atoms each. Nanometer sized grains contain only about
900 atoms each. This smaller scale leads to a variety of
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Figure 12. SEC traces of a PIB before (a) and PIB after block-
ing with PS (b) [HES] = 1 mmol/L; [TiCL] = 150 mmol/L; [IB]
=2 mol/L; [DfBP] = 7 mmol/L; M, = 153000 g/mol (PIB); M,/
M, = 1.17; M, = 188000 g/mol (Block); M./M, = 1.38;
MeCyHx:MeCl = 60:40 v/v.

confinement effects that dramatically change the proper-
ties of most materials, creating the opportunity for the re-
engineering of existing products and the engineering of
novel products to unprecedented performance levels. The
material properties of nanostructured materials show
remarkable improvement or deviation from the properties
exhibited by coarser grained materials.['?* 124

One unique feature of block copolymers is their ability
to self-assemble into highly ordered microdomains or
nanoscale morphologies whose characteristics can be
easily controlled by changing the molecular weight,
architecture or composition. Because of their ability to
self-assemble into nanometer scale, they are classified as
nanostructured materials.!?%!

The phase morphologies of block copolymers prepared
by anionic living polymerization have been studied in
detail.['*6-1%% The microphase separation and the resultant
molecular structure of the block copolymers can be con-
trolled by varying the composition of the block copoly-
mers, or by the segregation of phases via temperature or
degree of polymerization. When the fraction of one com-
ponent deviates from 50% (that is, when the system
becomes increasingly asymmetric), transitions occur to
structures that possess more interfacial curvature. Thus
from a lamellar phase, the system goes through a hexago-
nal cylindrical phase to reach a body-centered cubic (bcc)
spherical phase. The small differences in interfacial free
energy between the different blocks tend to align the
resulting microdomains. In the case of symmetric diblock
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Figure 13. Phase morphology of SBS or SIS type block copo-

lymers as a function of composition (in wt.-%).

copolymers, an effective alignment of the lamellae paral-
lel to the plane of the film is observed. In addition, geo-
metrical constraints have been found to play a decisive
role in thin films whenever the film thickness is of the
same order of magnitude as the characteristic equilibrium
domain size."”” 1% Typical phase morphologies of SBS
or SIS block copolymers are shown in Figure 13.11%- 131

In recent years, so-called complex phases, such as the
bicontinuous gyroid, a phase of hexagonal packed cylin-
ders and body centered cubic phase and perforated layer
structures, have been identified for block copoly-
mers.'”®-133 In the intermediate segregation regime
(when xN = 15-60, where N is the chain length and y the
Flory interaction parameter between the two compo-
nents), the gyroid phase is found between the lamellar
and the cylindrical phases. Other ‘perforated layer’ struc-
tures have been reported, but seem to be metastable struc-
tures formed during transition to the gyroid structure.!*!
There have been many misassignments of structures
between the ordered bicontinuous double diamond mor-
phology (OBDD, space group Pn3m), which is based on a
tetrahedral arrangement of channels and gyroid, which
has Ia3d symmetry and based on a tripod arrangement of
channels.3¥

Ryan and Hamley have reviewed the morphology of
SBS or SIS triblock copolymers with a PS content of
about 15-40 wt.-%, in the melt and glassy states.!3!! As
the PS content increases, the morphology of the PS phase
changes from spheres to cylinders, both dispersed in a
continuous elastomeric phase. When the volume fractions
of the elastomer and PS phases are about equal, the two
form alternating lamellae. With a further increase in PS
content, a continuous PS phase is formed in which either
cylinders or spheres of the elastomer are dispersed in the

PS matrix.['7-1%8-310 The morphologies of solution cast
films depend on the nature of the solvent."**! Good sol-
vents for the PS segments favor the formation of a contin-
uous PS phase. This yields products that are relatively
stiff and inelastic. Conversely, good solvents for the elas-
tomer segments favor the formation of a dispersed PS
phase. The double gyroid structure appears in linear SIS
triblock copolymer in the PS composition range of 32—-36
wt.-%, independent of whether the minority components
are the end blocks or the mid blocks.!"* Thus, both the A
end blocks and the B mid block of an ABA triblock are
capable of forming the interconnected double networks.
Fetters and Thomas reported the ordered bicontinuous
double diamond (OBDD) cubic morphology as a new
equilibrium microdomain structure in star block copoly-
mers of PS and PI with &8, 12, and 18 arms, for a PS
volume fraction of 0.27.71% Transmission electron
microscopy (TEM) was performed on OsQOg-stained,
cryo-ultramicrotomed PS-PI block copolymer specimens.

The morphology of PS-PIB block copolymers has scar-
cely been studied. Morphology study of a PS-PIB-PS tri-
block copolymer with 32 wt.-% PS by TEM showed both
spherical and cylindrical PS domains (20-30 nm) dis-
persed in a continuous PIB matrix.!"*) However, a PS-
PIB-PS triblock copolymer with a lower PS content (<20
wt.-%) contained only spherical domains."*! The mor-
phology of cryo-ultramicrotomed samples of 800—1000
thickness were investigated by TEM, by staining the PS
domains with RuQj, after sectioning. Optimized synthesis
conditions led to a very well defined phase morphology
with PS cylinders aligned with their long axes parallel to
each other in a hexagonal array.®® %7 Triblocks of poly(-
para-chlorostyrene) and PIB, PpCIS-PIB-PpClS, with 35
wt.-% hard segment, were found to display PpCIS cylin-
ders (40—70 nm long with 25—-30 nm diameter), dispersed
in a PIB matrix.!"*!! PaMeS-PIB-PaMeS triblocks with 20
wt.-% PaMeS showed spherical domains (15-20 nm),
while at 30 wt.-% PaMeS formed cylinders. At 40 wt.-%
and higher PaMeS content a lamellar morphology was
observed with uniform thickness (30 nm).!14%- 1421

Our research group has been studying the phase
morphologies of PS-PIB block copolymers. Solid-state
NMR revealed a cylindrical morphology with D = 10-50
nm and L = 26-90 nm for linear and three-arm star
blocks with PS = 13-31 wt.-%.[" Thin films stained
with RuO, were investigated with TEM, and a new bicon-
tinuous gyroid morphology was observed for linear PS-
PIB-PS triblock copolymers with 40 wt.-% PS con-
tent."* This was the first time this type of morphology
had been observed for PS-PIB block copolymers.

Thus PIB-based block copolymers display various
phase morphologies on a nanometer scale. The next sec-
tions will discuss the investigation of phase morphologies
of various PS-PIB block copolymers by atomic force
microscopy (AFM) in the tapping mode.
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Figure 14. AFM images of the surface morphology of linear PS-PIB-PS triblock copolymers con-
taining (a) 17.8, (b) 37.3 and (c) 40.3 wt.-% PS content before annealing.

3.A) Block Copolymer Synthesis

PS-PIB block copolymers were synthesized by living car-
bocationic polymerization with sequential monomer addi-
tion. Details of the synthetic procedures have been
described elsewhere.!"'"!"? Linear PS-PIB block copoly-
mers with 17.8, 37.3 and 40.3 wt.-% PS content were pro-
duced in kg quantity and used in the morphological stud-
ies. The number average molecular weights of the PIB in
the block copolymers were M, = 42800, 70000 and
61800 g/mol, respectively. The molecular weights and
compositions of the polymers were determined by SEC
and 'H NMR as described.!"*

3.B) Thin Film Preparation and AFM

Thin films of the PS-PIB block copolymers were pre-
pared by spin coating 3 wt.-% solutions in toluene onto
silicon wafers by using a headway resist spinner at 6000
rpm for 30 s. The silicon wafers were cleaned with
toluene, acetone and methanol in order to remove any

grease or dust particles on the surface. The spin-coated
films had a thickness of =150 nm. AFM was performed
on these samples and on samples annealed at 115°C for
25 h. AFM images were recorded with a Nanoscope III
from Digital Instruments, operated in the tapping mode in
air using microfabricated cantilevers with a spring con-
stant of 30 N * m'. For the analysis of the observed sur-
face structures, the Nanoscope image processing software
was employed. A lens-free AFM having a probe tip
mounted on the end of a microfabricated cantilever was
the instrument used.!"*!

3.C) Nanostructure of PS-PIB Block Copolymers

Figure 14 shows the morphology of the PS-PIB block
copolymers with 17.8, 37.3 and 40.3 wt.-% PS content.
For the block copolymer with 17.8 wt.-% PS content,
spherical PS domains of 25-35 nm diameter are dis-
persed in the continuous PIB phase. The block copolymer
with 37.3 wt.-% PS content showed a morphology in
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Figure 15. AFM images of the surface morphology of linear PS-PIB-PS triblock copolymers contain-
ing (a) 17.8, (b) 37.3 and (c) 40.3 wt.-% PS content after annealing at 115 °C for 25 h.

which PS forms a combination of cylinders and lamellae
with a PS domain size of 30—36 nm. However, at 40.3
wt.-% PS content, the morphology changes from cylin-
ders to an interpenetrating network structure or a gyroid
bicontinuous morphology (i.e. a combination of hexago-
nal-packed cylinders and spheres), in which PS forms
cylinders with 40-50 nm and spheres with 50-70 nm
diameter. This morphology is similar to that observed for
PS-PI diblock copolymers.[*®3! Figure 15 shows the
effect of annealing (115°C, 25 h) on the morphology of
the same block copolymers. It is evident that after anneal-
ing, the block copolymers show a more stable and
ordered morphology. The temperature of 115°C is above
the glass-transition temperature of both the PIB and PS
blocks, so that the polymer segments can relax and rear-
range into a position of a more ordered structure. It is
also apparent that there is an increase in PS domain size
after annealing. For example, the domain size of the
block copolymer containing 37.3 wt.-% increases from
30-36 nm to 50—60 nm after annealing. The disappear-
ance of the gyroid morphology in the block copolymer

with 40.3 wt.-% PS content after annealing indicates that
this morphology is not thermally stable.

This self-assembling behavior of PS-PIB block copoly-
mers lends itself to the preparation of PS or PIB nanopar-
ticles or nanostructures by selectively destroying one or
the other phase in the film. PS can be selectively
destroyed with a mixture of trifluoroacetic acid and 30%
aqueous hydrogen peroxide, which leaves the PIB
intact.'''® This method was used to destroy aromatic PS
linkages in star-branched and hyperbranched PS-PIB
block copolymers.!'°! 116 Tt was applied to an annealed (at
115°C for 25 h) linear PS-PS-PIB triblock copolymer
thin film containing 37.3 wt.-% PS. Selective destruction
of the PS cylinders, dispersed in the PIB matrix, created
nanosize holes in the PIB. The size and shape of the holes
can be changed, by changing the phase morphology of
the block copolymers. This opens up an interesting area
of application for these blocks.

In summary, this Feature Article presented an overview
of our recent developments in living carbocationic poly-
merization and the research philosophy of our group,
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rooted in interdisciplinary research. In addition to the
areas discussed here, we are presently exploring the use
of PIB-based materials for biomedical applications, with
very promising results that will be published shortly.
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