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ABSTRACT: Isobutylene was initiated using 5-tert-butyl-1,3-di(2-chloro-2-propyl)benzene/TiCl4 in 60/
40 hexane/methyl chloride: [IB]0 ) 1.0 M, [TiCl4] ) 0.12 or 0.24 M, [t-Bu-m-DCC] ) 0.0119 M, T )
-(40-80) °C. Most polymerizations contained a Lewis base or other additive, i.e., 2,4-dimethylpyridine,
2,6-di-tert-butylpyridine, tetra-n-butylammonium chloride, and/or pyridine hydrochloride. Polymerizations
containing an additive yielded theoretical molecular weights, narrow polydispersity index, and apparent
absence of irreversible chain termination (linear kinetic plots, ATR-FTIR spectroscopic data) and chain
transfer, with two exceptions: coupled product was obtained at -40 °C, and protic initiation occurred
with n-Bu4NCl alone. Polymerizations without an additive produced bimodal molecular weight distribu-
tions; however, essentially all chains were initiated from t-Bu-m-DCC. With an additive, Eact for
propagation was -(5.3-5.5) kcal/mol. Removal of additives increased polymerization rate moderately at
-80 °C but dramatically at -60 and -40 °C; this yielded higher Eact compared to that of systems containing
additives. These results indicated that both paired and unpaired (free) ions are propagating species in
absence of additives, with free ions less important at lower temperatures; free ion concentration and
lifetime suggested the presence of adventitious common ions and chain transfer between free ions and
tert-chloride-terminated PIB chains. The primary role of additives is suppression of free ions through in
situ production, via the scavenging of protic impurities, of common ions.

Introduction

Polyisobutylene (PIB) is an industrially important
polymer that is obtainable solely through carbocationic
polymerization. A little over a decade ago, conditions
were discovered whereby the polymerization of isobu-
tylene (IB) could be initiated in a controlled fashion,
yielding living polymers with narrow polydisperisity
index (PDI).1-3 It was soon postulated that these
polymerizations are not really living, but quasiliving,4
which denotes existence of an ionization equilibrium
between reversibly terminated (dormant) chains pos-
sessing tert-chloride end groups and actively propagat-
ing carbocations (Scheme 1). For IB, the particular
conditions that transform conventional, uncontrolled
carbocationic polymerizations into quasiliving systems
usually involve either TiCl4 or BCl3 as co-initiator,
solvents (or solvent mixtures) of medium to low polarity,
relatively low reaction temperatures, and the presence
of Lewis base additives including nucleophiles and
proton traps.

Both living and quasiliving polymerizations are ideal
cases, and real systems approach the ideal more or less
closely. The degree of livingness within a particular
polymerization may be ranked quantitatively on the
basis of the ratios of rate constants of chain transfer
and termination (or other chain breaking events) to that
of propagation (i.e., ktr/kp or kt/kp).5 For a quasiliving
system with finite kt/kp, particularly when this quantity
is relatively large, a low ionization equilibrium constant
makes the apparent degree of livingness seem higher
because it increases the effective lifetime of the polym-
erization reaction and thereby provides increased time
for practical synthetic manipulations.6

Several mechanistic theories have been advanced to
describe the changes that occur when conventional
carbocationic systems are converted to quasiliving

polymerizations via the addition of additives. One of the
earlier concepts, so-called “carbocation stabilization”,
holds that Lewis bases (electron donors) and/or their
complexes with Lewis acid interact with the growing
chain end to reduce its “cationicity” (i.e., degree of
ionization and/or degree of separation between carboca-
tion and counterion) and, moreover, that the reduction
in cationicity significantly decreases the polymerization
rate, suppresses chain transfer and termination reac-
tions, and narrows the product PDI.3,7-9 In a recent
review, Iván10 emphasized that only electron donor/
Lewis acid complexes, and not electron donors them-
selves, interact with the carbocations and that this
interaction forms a propagating center with reduced
reactivity. Plesch has interpreted the role of Lewis base
additives in terms of a psuedo-cationic polymerization
mechanism.11 According to this author, the Lewis acid
is a “positive modifier” that coordinates with the ter-
minal ester (chloride) group, and the Lewis base is a
“negative modifier” that coordinates to the acidic â-pro-
tons on the ultimate repeat unit of the propagating
chain end. In this interpretation, apparently, the two
modifiers balance the reactivity of the strictly covalent
chain end and thereby facilitate monomer insertion via
a 6-centered cyclic transition state. The characteristic
feature of this mechanism is the predominance of the
activated ester, rather than the ion pair, in propagation.
Penczek12 has hypothesized that the Lewis base lowers
the activation energy for ionization of the covalent
species (ester, chloride, etc.) by causing ionization to

Scheme 1. Ionization Equilibrium between Dormant
tert-Chloride Chain Ends and Actively Propagating

Carbocations
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proceed through an intermediate onium ion. He pro-
posed that the Lewis base attacks the backside of the
halide (or ester), creating onium and halide ions. The
latter reacts with Lewis acid to form the counterion, and
the onium ion decomposes to form the carbenium ion
that is active in propagation. All of the above-discussed
interpretations involve σ-bonding of a nucleophilic ad-
ditive with various electrophilic sites associated with
the active chain end. The principal deficiency of these
theories is that nonnucleophilic proton traps13,14 and
nonbasic salts such as tetraalkylammonium halides,15-19

which cannot take part in the proposed mechanisms,
also yield quasiliving polymerizations. In fact, as we will
show, these nonnucleophilic and nonbasic additives
yield results that are virtually indistinguishable from
those obtained using nucleophiles; i.e., the kinetics and
energetics of polymerization and the structure, molec-
ular weights, and PDIs of the products are essentially
identical.

As a counterpoint to the theories above, Matyjaszew-
ski et al.20,21 and Szwarc6 have ascribed the “apparent”
stabilization of the growing chain ends to a reduction
in the instantaneous carbocation concentration, instead
of a modification in the structure and reactivity of the
active species itself. In their view, living cationic
polymerizations do not proceed by a new mechanism,
but rather are the result of control of the reaction
kinetics through proper selection of polymerization
components, initiator concentration, and temperature.
Similarly, Faust et al.13,14 have attributed living behav-
ior to the removal of protic impurities by externally
added electron donors. In their view, synthetic control
is achieved through the elimination of “induced” chain
transfer while maintaining only reversible termination.
The proton-scavenging theory of Faust and co-workers
was a direct refutation of carbocationic stabilization and
was advanced primarily due to the observed effective-
ness of the hindered base 2,6-di-tert-butylpyridine (DtBP)
in bringing about living behavior. DtBP is widely
thought to be unable to complex with Lewis acids, and
thus it was reasoned that it could not participate in any
stabilizing interactions with carbocations. Other inves-
tigations have revealed that unpaired (free) ions do not
participate as chain carriers within IB polymerizations
mediated by nucleophilic additives or proton traps;22,23

also, as mentioned above, conventional carbocationic
polymerizations have been converted to quasiliving
systems through the exclusive use of common ion salt
precursors such as n-Bu4NCl,15-19 n-Bu4NI,19 or crown-
16-ether in conjunction with KCl.24 These facts suggest
that nonliving behavior may be simply attributed to
uncontrolled propagation by dissociated, free carboca-
tions. From the foregoing, it is clear that controversy
exists within the carbocationic polymerization com-
munity regarding the precise role of additives in bring-
ing about quasiliving behavior in polymerizations.

Other inquiries have been reported as well, including
investigations on the mechanism of initiation,25,26 de-
termination of rate constants of the individual elemen-
tary reactions involved,27-29 determination of the kinetic
order of propagation with respect to Lewis acid,22,30-34

and characterization of side reactions that cause devia-
tions from ideal living behavior.35,36-38 Recently, we
discovered that the dominant chain-interrupting event
in TiCl4-co-initiated IB polymerizations is a complex
combination of carbenium ion rearrangement and â-pro-
ton transfer to the counterion or to a proton trap, if

present.35,39 The relative rates of the various chain-
breaking events were dependent on both [TiCl4] and
Lewis base identity and concentration;39 therefore, a
more complete understanding of the physical/chemical
state of the active chain carriers within these polymer-
izations was needed to interpret the mechanism of chain
rearrangement/termination. To relate the rates of these
chain-breaking events to that of propagation, we mea-
sured propagation kinetics under the same conditions,
i.e., those that yield products of low molecular weight
to facilitate end group analysis and high rates to
promote completion of chain-end degradation processes
within reasonable times. This paper reports the results
of our study of propagation kinetics, including compari-
son of the structure and reactivity of propagating chains
in both conventional (no additives) and quasiliving IB
polymerizations, with particular attention given to
elucidating the mechanism by which additives convert
the former into the latter.

Experimental Section

Materials. The preparation of 5-tert-butyl-1,3-bis(2-chloro-
2-propyl)benzene (t-Bu-m-DCC) has been previously reported.30

Hexane (Hex) (95+%, Aldrich Chemical Co.) was dried prior
to use by distillation from CaH2. IB and CH3Cl (MeCl) (both
BOC, 99.5%) were dried through columns packed with CaSO4

and CaSO4/4 Å molecular sieves, respectively. TiCl4 (99.9%,
Aldrich Chemical Co., packaged under N2 in SureSeal bottles)
was refluxed over copper filings under N2 and then vacuum-
distilled into dry glass ampules.40 2,4-Dimethylpyridine (DMP)
and 2,6-di-tert-butylpyridine (DtBP) (both Aldrich Chemical
Co.) were distilled from CaH2 under reduced pressure into dry,
glass ampules (final purity by GC 99.9+% for both Lewis
bases). All ampules were sealed under vacuum and stored at
0 °C until just prior to use. Tetra-n-butylammonium chloride
(n-Bu4NCl, 99+%), pyridine hydrochloride (Pyr-HCl, 98%), and
anhydrous methanol (MeOH, 99.8%) were used as received
from Aldrich Chemical Co.

Instrumentation. Molecular weights and molecular weight
distributions were determined using a gel permeation chro-
matography (GPC) system equipped with a Waters Alliance
2690 separation module, a Waters 484 tunable absorbance
detector operating at 265 nm, an on-line multiangle laser light
scattering (MALLS) detector operating at 690 nm (MiniDawn,
Wyatt Technology Inc.), an interferometric refractometer
(Optilab DSP, Wyatt Technology Inc.) operating at 35 °C, and
two PLgel GPC columns (Polymer Laboratories Inc.) connected
in series. For characterization of monomodal products, two
mixed E columns (pore size range 50-103 Å, 3 µm bead size)
were used; for bimodal products, two mixed D columns (pore
size range 50-104 Å, 5 µm bead size) were used. THF was used
as the mobile phase at a flow rate of 1 mL/min. Sample
concentrations were approximately 5-10 mg/mL in freshly
distilled THF, with an injection volume of 100 µL. Detector
signals were simultaneously recorded, and absolute molecular
weights and PDIs were calculated using ASTRA software
(Wyatt Technology Inc.). A dn/dc value of 0.107 mL/g was used
for PIB in THF. Peak deconvolution/fitting of RI and UV
chromatograms was performed using Grams/32 peak-fitting
software. Chromatograms were fitted to a mixed Gaussian/
Lorentzian curve, with fitting iterations performed until a ø2

value e1 was reached.
Solution 1H NMR spectra were obtained on a Bruker AC-

300 spectrometer using 5 mm o.d. tubes with sample concen-
trations of 5-15% (w/v) in deuterated chloroform (CDCl3)
(Aldrich Chemical Co.) containing tetramethylsilane as an
internal reference.

A ReactIR 1000 reaction analysis system (light conduit type)
(ASI Applied Systems, Millersville, MD), equipped with a
DiComp (diamond composite) insertion probe, a general-
purpose type PR-11 platinum resistance thermometer, and
CN76000 series temperature controller (Omega Engineering,
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Stamford, CT), was used to collect infrared spectra of the
polymerization components and monitor reactor temperature
in real time as previously described.41

Polymerization and ATR-FTIR Data Collection Pro-
cedure. Polymerizations were carried out under dry nitrogen
gas in a Mbraun Labmaster 130 glovebox, equipped with an
integral heptane bath cooled by both a FTS RC210 recirculat-
ing chiller (FTS Systems) and liquid nitrogen, the latter
regulated by a CN76000 series temperature controller (Omega
Engineering).

The rapid acquisition mode of the ReactIR 1000 was utilized
to collect ATR-FTIR data during reagent addition and sub-
sequent polymerization of the isobutylene. Each spectrum was
the Fourier transformation of 2-32 acquisitions collected over
the spectral ranges 4000-2200 and 1900-650 cm-1, with an
instrument resolution of 8 cm-1.25 The IB absorbance at a given
time was determined by measuring the peak height at 887
cm-1, referenced to a two-point baseline. The absorbance for
isobutylene at 887 cm-1 decreases with increasing temperature
by a factor of 0.42%/°C;25 the data were corrected by this factor
when the reactor temperature rose above the nominal polym-
erization temperature due to polymerization exotherm. Thus,
characteristic absorbance vs time profiles were generated and
converted to relative IB concentrations using the following
relationship:

where Ab is the average value of the baseline absorbance at t
) ∞, after complete reaction of the monomer. A0 is the average
absorbance of the reaction solution before the introduction of
the co-initiator TiCl4 and is proportional to the initial monomer
concentration, [IB]0. [IB]t and At are the monomer concentra-
tion and absorbance, respectively, at time t, and ∆T is the
difference between the actual temperature of the reactor
contents, measured by a platinum resistance thermometer,
and the nominal temperature of the experiment.

IB Polymerization Kinetics. Polymerizations were per-
formed at temperatures of -80, -70, -60, and -40 °C. The
nominal TiCl4 concentration ([TiCl4]nom) was varied as 0.12 and
0.24 M for each reaction temperature and additive used. The
additive concentration ranges utilized were [DMP] ) [DtBP]
) 2.5 × 10-3 M, [n-Bu4NCl] ) (2.7-18.2) × 10-3 M, and [Pyr-
HCl] ) 4.3 × 10-3 M; [t-Bu-m-DCC]0 ) (0.617-11.9) × 10-3

M. The following reaction conditions were held constant:
reaction volume ) 0.2 L; [IB]0 ) 1.0 M. Table 1 lists specific
recipes used for the various polymerizations. A representative
experimental procedure was as follows: the DiComp probe was
sheathed within a stainless steel scabbard, submerged within
the -80 °C heptane bath, and allowed to reach thermal
equilibrium. An air background spectrum was then obtained
by averaging 1024 scans at a resolution of 8 cm-1; this
spectrum was subtracted from all subsequent spectra to correct
for absorbances due to the DiComp probe. The heptane bath
was partially drained, and the scabbard was removed. A 250
mL four-neck round-bottom flask equipped with a mechanical
stirrer and platinum resistance thermometer was placed
around the probe, and the heptane bath was raised and
allowed to return to -80 °C. The flask was charged with 2.38
× 10-3 mol (0.682 g) of t-Bu-m-DCC, 110.5 mL of Hex, 73.7
mL of MeCl, 5.0 × 10-4 mol (57.8 µL) of DMP, and 0.20 mol
(15.8 mL) of chilled IB (-80 °C). The reaction mixture was
stirred until the solution reached thermal equilibrium as
indicated by the platinum resistance thermometer, and then
0.024 mol (2.61 mL) of TiCl4 (neat and at room temperature)
was rapidly injected into the reactor. Using a chilled Pasteur
pipet, polymer samples for GPC and NMR analysis were
obtained at various reaction times by withdrawing 1-2 mL
aliquots from the reaction vessel and immediately adding them
to separate scintillation vials containing 10 mL of anhydrous
MeOH.

Results and Discussion

IB polymerizations were performed to compare four
different reaction variables: initiator concentration,
type and concentration of additive (i.e., DMP, DtBP,
n-Bu4NCl, or Pyr-HCl), co-initiator concentration
([TiCl4]nom), and polymerization temperature. Additional
polymerizations were conducted in the absence of any
additive (conventional polymerizations) at varying ini-
tiator concentrations and polymerization temperatures.
To minimize the introduction of contaminants, the
Lewis acid was rigorously purified and stored in sealed
ampules until just prior to use. A difunctional aromatic
initiator was used, and most of the polymerizations were
designed with a relatively low monomer/chain end ratio
of 42. These conditions yield oligomeric PIB that is
amenable to end group characterization via 1H and 13C
NMR, and it provides a single UV-active initiator
fragment per chain that is accurately quantified using
GPC with UV detection. This relatively high initiator
concentration yields fast reactions whose kinetics, al-
though difficult to measure gravimetrically, were easily
measured using real-time in situ ATR-FTIR spectros-
copy, a technique recently developed for these systems
by Storey et al.25,31,41 and Puskas et al.33,34,42,43

Effect of Temperature on Lewis Base-Mediated
IB Polymerizations. The effect of temperature on the
rate of Lewis base-mediated IB polymerizations was
investigated by measuring first-order kinetics for poly-
merizations at -40, -60, -70, and -80 °C while holding
concentrations of IB, t-Bu-m-DCC, and Lewis base
constant at 1.0, 1.19 × 10-2, and 2.5 × 10-3 M,
respectively, within a Hex/MeCl (60/40 v/v) cosolvent
mixture. Polymerizations were carried out at two nomi-
nal TiCl4 concentrations, 0.12 and 0.24 M, utilizing
DMP or DtBP as the Lewis base. Figure 1 shows

[IB]0

[IB]t
)

A0 - Ab

(At - Ab)(1 + 0.0042∆T)
(1)

Table 1. Isobutylene Polymerization Recipes Utilizing
Common Ion Salt and/or Lewis Basea

temp
(°C)

[TiCl4]nom
(M)

[n-Bu4NCl]
× 103 (M)

[DMP]
× 103 (M)

[DtBP]
× 103 (M)

-80 0.12 - 2.50 -
5.40 2.50 -
- - 2.50
5.40 - 2.50
5.40 - -

0.24 - 2.50 -
- - 2.50

-70 0.12 - 2.50 -
- - 2.50
2.7 - -
4.1 - -
8.1 - -

18.2 - -
0.24 - 2.50 -

- - 2.50
-60 0.12 - 2.50 -

5.40 2.50 -
- - 2.50
5.40 - 2.50
5.40 - -

0.24 - 2.50 -
- - 2.50

-40 0.12 - 2.50 -
5.40 2.50 -
- - 2.50
5.40 - 2.50
5.40 - -

0.24 - 2.50 -
- - 2.50

a Reaction conditions: [IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 1.19 ×
10-2 M; 60/40 Hex/MeCl cosolvents (v/v).
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semilogarithmic kinetic plots (ln([M]0/[M]) vs time) for
the [TiCl]nom ) 0.12 M data, which are representative.
Rate constants, kapp’s, for all of the reactions at both
Lewis acid concentrations are listed in Table 2.

All of the first-order plots were linear and showed no
evidence of irreversible termination, even at the highest
temperature studied (Supporting Information, Figure
A). Two minor deviations from linearity were observed,
however, which are characteristic of this particular
system. Most of the first-order plots displayed a slightly
higher slope at very short times compared to the rest
of the plot, giving the appearance of a positive y-
intercept. This initial period of rapid monomer con-
sumption has been ascribed to the increased ionization
equilibrium constant for the tert-benzylic chloride initia-
tor relative to the tert-alkyl chloride PIB chain ends.25

This effect becomes more pronounced with decreasing
temperature, in agreement with an earlier paper.25 In
general, the rapid monomer consumption event is much
less pronounced within the present regime of [TiCl4]nom
compared to that in the earlier report, which was over
an order of magnitude lower. A second minor deviation
is the very slight, gradual upward curvature of the plots,
most apparent in the -60 °C data in Figure 1. This
gradual increase in the apparent rate constant occurs

as the initial exotherm of the polymerization reaction
is dissipated, and the cooling system reestablishes the
correct reactor temperature.

A reviewer suggested that the -40 °C plots in Figure
1 should display downward curvature, since Faust et
al.37 showed that the polymerization of IB is not free of
termination at this relatively high temperature. We
have addressed this point in detail in an upcoming
paper,36 where we report that approximately 5-6
propagation half-lives would be required before a de-
tectable amount of termination (10%) had occurred at
-40 °C under the conditions of Figure 1. The reactions
at -40 °C in Figure 1 were conducted to only 2-3 half-
lives; thus, termination was not detected. Our systems
appear more living than those of Faust et al.37 princi-
pally because our chain-end concentration is over 1
order of magnitude higher.

Several new absorbance bands appeared within the
ATR-FTIR spectra of reaction mixtures at -60 and -40
°C, with the most intense of these located at 783 cm-1.
This absorbance band was only observed for reaction
mixtures containing DMP (Figure 2). Similar findings
were reported by Storey and Donnalley, who found that
accurate kinetic analysis of TiCl4-co-initiated IB poly-
merizations conducted at temperatures in excess of -60
°C was impeded by the overlap of this new absorbance

Figure 1. First-order kinetic plots for IB polymerizations at
various temperatures. [IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 1.19 ×
10-2 M; [TiCl4]nom ) 0.12 M; 60/40 Hex/MeCl cosolvents (v/v);
filled symbols, [DMP] ) 2.5 × 10-3 M; open symbols, [DtBP]
) 2.5 × 10-3 M.

Table 2. Apparent First-Order Rate Constants, kapp, and Apparent Activation Energies, Eact, for the Polymerization of
Isobutylenea

103kapp, s-1 at specified temp

[TiCl4]nom (M) additive [additive(s)] × 103 (M) -40 °C -60 °C -70 °C -80 °C Eact (kcal/mol)

0.12 DMP 2.50 2.20 6.81 14.14 23.29 -5.32
DtBP 2.50 2.91 7.78 17.50 28.62 -5.31
n-Bu4NCl 2.71 19.79

4.06 18.75
5.40 2.95 9.64 18.02 32.80 -5.44
8.13 19.33

18.20 17.21
Pyr-HCl 4.30 64.84
Pyr-HClb 4.30 13.13
n-Bu4NCl + DMP 5.40 + 2.50 2.03 6.57 22.71 -5.51
n-Bu4NCl + DtBP 5.40 + 2.50 2.64 7.73 28.57 -5.44
no additive 26.11 33.05 47.21

0.24 DMP 2.50 5.07 18.44 34.39 62.20 -5.59
DtBP 2.50 7.09 18.80 43.87 74.10 -5.25

a Reaction conditions: [IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 1.19 × 10-2 M; 60/40 Hex/MeCl cosolvents (v/v). b TiCl4 and Pyr-HCl were
added as a solution in MeCl.

Figure 2. Partial ATR-FTIR spectra of DMP-mediated IB
polymerization medium at -40 °C prior to addition of TiCl4
(solid line) and at various IB conversions. [IB]0 ) 1.0 M; [t-Bu-
m-DCC]0 ) 1.19 × 10-2 M; [DMP] ) 2.5 × 10-3 M; [TiCl4]nom
) 0.12 M; 60/40 Hex/MeCl cosolvents (v/v).
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with the dCH2 wag of IB at 887 cm-1.25 Although this
absorbance increases in intensity with increasing reac-
tion time and temperature, it did not significantly
interfere with the 887 cm-1 band used to monitor IB
decay in any of the polymerizations performed in this
study. We speculate that this absorbance is due to
insoluble TiCl4:DMP complex that gradually plates onto
the diamond-composite probe surface at higher temper-
atures; moreover, as polymerization temperature is
lowered, the solubility of this complex increases, thus
reducing the amount of plating onto the probe. Since
the TiCl4 concentration used by Storey and Donnalley
was approximately an order of magnitude lower than
in the present study, the fact that these authors
reported a much more intense absorbance at 783 cm-1

suggests that the solubility of the complex is enhanced
with increases in TiCl4 concentration. Since no distinct
absorbance bands were noted at 783 cm-1 within the
spectra of DtBP-mediated IB polymerizations (Support-
ing Information, Figure B), we assume that either there
is no complex formed between DtBP and TiCl4,13,14,44 or
if a complex does exist,45,46 it is completely soluble
within this particular medium.

Mn (GPC) vs IB conversion (ATR-FTIR monitoring)
plots for [TiCl4]nom ) 0.12 M are shown in Figure 3. Plots
obtained at [TiCl4]nom ) 0.24 M were similar. The
extremely high rates of the polymerizations performed
at -80 and -60 °C did not allow GPC aliquots to be
taken at low IB conversions; consequently, the first
samples analyzed were at approximately 70% and 35%
IB conversion, respectively. Chain transfer is largely
absent as demonstrated by the linearity of the plots and
the close agreement of the data with the theoretical line.
PDIs of the aliquots decreased with conversion, starting
at about 1.7-1.8 for the earlier aliquots (e35% conver-
sion) (Supporting Information, Figure C). Regardless of
polymerization temperature or [TiCl4], the final (≈98%
conversion) PIBs produced in the presence of either
Lewis base were all monomodal with narrow PDI (1.02-
1.05). In general, at a given conversion PDIs increased
slightly with decreasing temperature (Supporting In-
formation, Figure D). This is caused by increasing
propagation run number (i.e., the average number of
monomer units added to a chain per ionization pe-
riod23,25,28) with decreasing temperature.

Aliquots removed from the -80 °C polymerizations
exhibited monomodal peaks in GPC analysis and a

linear increase in Mn throughout the range of IB
conversions sampled, for both Lewis bases and TiCl4
concentrations studied. At -60 and especially at -40
°C, however, a broad shoulder was observed on the
leading edge (low elution volume side) of GPC chro-
matograms of aliquots taken during the early stages of
polymer growth (i.e., e35% conversion), for both DMP
and DtBP. This shoulder is clearly visible in Figure 4
for the 12.5% conversion aliquot of the -40 °C polym-
erization conducted in the presence of DtBP. Moreover,
it was visible in both the RI and UV traces, indicating
that this high molar mass fraction contains the aromatic
t-Bu-m-DCC initiator fragment and eliminating the
possibility that it represents initiation by adventitious
moisture. As will be discussed in the ensuing section,
this shoulder is ascribed to a transient fraction of
unpaired (free) carbocations that propagate prior to the
formation of excess [Ti2Cl9

-] anions via the proton
scavenging function of the Lewis base. We further
hypothesize that this shoulder would also be observed
at -80 °C (and at -60 °C for polymerizations utilizing
[TiCl4]nom ) 0.24 M) if an experiment were designed to
collect aliquots at such short times.

Returning to Figure 3, the -40 °C polymerizations
produced data points that were above the theoretical
line at the very lowest and very highest conversions.
Elevation of the low-conversion points above the theo-
retical line is probably caused by the well-known
overestimation of molecular weight for very low molec-
ular weight polymers using MALLS and is unrelated
to the leading shoulder in GPC chromatograms dis-
cussed above. Elevation of the high-conversion points
(g70% conversion) above the line is caused by a small
fraction of chain-coupled polymers, clearly visible in
Figure 4, especially for the 93.7 and 100% traces, as a
narrow shoulder at an elution volume corresponding to
twice the targeted Mn. Chain coupling results when a
propagating carbocation reacts with olefin-terminated
PIB. The latter is formed by terminative chain transfer
(â-proton transfer to the Lewis base), which may be
either unimolecular (transfer occurring first to the
counterion) or the result of abstraction by free (i.e.,

Figure 3. Mn vs monomer conversion plots for IB polymeriza-
tions at various reaction temperatures. [IB]0 ) 1.0 M; [t-Bu-
m-DCC]0 ) 1.19 × 10-2 M; [TiCl4]nom ) 0.12 M; 60/40 Hex/
MeCl cosolvents (v/v); filled symbols, [DMP] ) 2.5 × 10-3 M;
open symbols, [DtBP] ) 2.5 × 10-3 M. Line is theoretical.

Figure 4. GPC chromatograms for DtBP-mediated IB polym-
erization at -40 °C at varying IB conversions (labeled above
each trace). [IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 1.19 × 10-2 M;
[DtBP] ) 2.5 × 10-3 M; [TiCl4]nom ) 0.12 M; 60/40 Hex/MeCl
cosolvents (v/v).
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uncomplexed) Lewis base. Recent reports from our
laboratory and others have shown that IB polymeriza-
tions performed at higher polymerization temperatures
undergo unimolecular â-proton elimination37,39 and/or
nucleophilic proton abstraction.39 The RI GPC chro-
matograms at complete conversion at -40 °C revealed
a chain-coupled mass fraction of 5.7 and 2.3% for DtBP-
and DMP-mediated polymerizations, respectively. The
enhanced degree of chain coupling seen for DtBP-
mediated systems suggests that its participation in
â-proton abstraction is greater than for DMP.

An analytical technique utilizing GPC developed by
Kennedy et al.,47 and later refined by Nagy,48 is an
effective diagnostic method to probe the structural
homogeneity of polymer molecules containing spectro-
scopically identifiable functional groups. PIBs prepared
using a dicumyl-type initiator contain a UV-active
moiety, whose distribution within the polymer chains
can be quantified using the simultaneously recorded RI
and UV detector data obtained during GPC analysis.
Since the heights of the UV and RI traces are propor-
tional to the number of chromophores and mass fraction
of sample, respectively, at any given elution volume, the
distribution of aromatic moieties within the polymer
may be calculated by constructing a plot of

where (UV/RI)m and (MW)m are reference values for the
detector response ratio and molecular weight, respec-
tively, taken at some arbitrary reference elution volume,
and x denotes (UV/RI) and molecular weight values at
various elution volumes. The Kennedy-Smith-Nagy
(KSN) plot affirms that, if a slope of unity is obtained
with the absence of a y-intercept, then at every elution
volume, x, the number of chromophore per macromol-
ecule is constant. Figure 5 shows a representative GPC
trace and corresponding KSN plot of a PIB sample that
was prepared at a polymerization temperature of -80
°C using DMP, with the reference elution volume for
the KSN plot taken at the maximum of the RI trace. In
agreement with the findings of Nagy,48 ambiguous
results were obtained for data lying within the outer
extremities of the chromatograms (i.e., points at very
low detector response); therefore, examinations were
confined to those areas bracketed by the shaded regions
of the chromatograms in Figure 5. A slope of 1.01 and
an intercept value of -0.004 demonstrate that each of
the polymer molecules within the distribution contains
the same number of aromatic moieties, i.e., one t-Bu-
m-DCC residue. These results confirm the absence of
protic initiation and chain transfer events during the
polymerization. KSN analysis performed at the various
reaction temperatures (Table 3) revealed that all poly-
merizations carried out in the presence of a Lewis base
additive, whether DMP or DtBP, yielded PIB molecules
of uniform structure that were all initiated from the
t-Bu-m-DCC initiator. The only exception was the small
fraction of coupled chains observed with either Lewis
base at -40 °C.

Effect of Temperature and Common Ion Salt on
IB Polymerizations. The synthesis of polymers with
narrow molecular weight distributions requires that the

active species within the polymerization system have
similar reactivity or that the exchange reactions be-
tween the species are rapid when compared to propaga-
tion.23,49 The participation of free ions in propagation
can be reduced or eliminated by adding substances
capable of forming a common anion, i.e., n-Bu4NCl.
Investigations of BCl3-co-initiated IB polymerizations
in polar solvents have shown that addition of a small
quantity of n-Bu4NCl converts conventional IB poly-
merizations to quasiliving ones, by preventing the
formation of the highly reactive free carbocations that
are responsible for chain transfer and termination.15 On
the basis of these findings, we decided to investigate
the effect of common ion addition to TiCl4-co-initiated
IB polymerization systems of lower solvent polarity. The
effect of temperature and n-Bu4NCl concentration on
the rate of IB polymerizations was investigated by
measuring first-order kinetics for polymerizations at
-40, -60, -70, and -80 °C while holding concentrations
of IB, t-Bu-m-DCC, and TiCl4 constant at 1.0, 1.19 ×
10-2, and 0.12 M, respectively, within a Hex/MeCl (60/
40 v/v) cosolvent mixture.

The kinetics of polymerizations conducted at the
various reaction temperatures using [n-Bu4NCl] ) 5.4
× 10-3 M were measured. The resulting first-order plots
were linear for all temperatures (Figure 6) and virtually
indistinguishable from the plots observed for the Lewis
base-mediated systems. Just like for the latter systems,
a strong decrease in polymerization rate was noted as
reaction temperature was increased (kapp’s are listed in

y )
(UV/RI)m

(UV/RI)m + (UV/RI)x
versus

x )
(MW)x

(MW)m + (MW)x
(2)

Figure 5. Top: RI and UV GPC traces of PIB produced at
-80 °C. [IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 1.19 × 10-2 M;
[TiCl4]nom ) 0.12 M; [DMP] ) 2.50 × 10-3 M; 60/40 Hex/MeCl
cosolvents (v/v). Bottom: Kennedy-Smith-Nagy analysis of
GPC traces, excluding fractions at very high and low elution
volumes (shaded areas in top figure).
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Table 2). Interestingly, the kapp’s of n-Bu4NCl-mediated
systems were slightly larger in most instances than
those for DMP or DtBP under otherwise identical
conditions. Mn vs monomer conversion plots (Supporting
Information, Figure E) were linear throughout the range
of IB propagation, with the only deviation from linearity
being due to coupling, which occurred only at high IB
conversions for polymerizations conducted at -40 °C.
The high molecular weight, leading shoulder noted in
the initial stages of polymer growth for Lewis base-
mediated polymerizations was significantly reduced, but
not altogether suppressed, with the use of n-Bu4NCl.
Since n-Bu4NCl is not basic, it cannot complex with
Lewis acid, nor can it scavenge protons or stabilize
carbocations. Its principal role is to provide the system
with a surplus of the common anion, Ti2Cl9

-, via the
reaction scheme in eq 3.

Thus, these findings suggest that the deviation from
livingness noted in conventional IB polymerizations may
be largely related to the presence of a fraction of free
carbocations. If the concentration of purposefully added
initiator is low and the protic impurity concentration

is high, then protic initiation might also become impor-
tant with regard to loss of livingness.

Quantitative GPC analyses utilizing the KSN method
were performed on PIBs produced in the presence of
n-Bu4NCl, at each polymerization temperature. Each
sample possessed a relatively uniform distribution of
chromophores throughout, with the KSN plots display-
ing near-linear relationships with slopes and intercepts
of approximately unity and zero, respectively (Table 3).
Slight dislocations in the KSN plots were apparent,
however, within relatively narrow ranges of elution
volume on the low molecular weight side of the RI and
UV chromatograms. For a representative sample, Fig-
ure 7 shows GPC traces and KSN plot in which the
dislocation has been bracketed by vertical lines. In
general, the observed dislocations separate the KSN
plots into two separate linear regions with similar slopes
but different y-intercepts. The origin of the observed
dislocations and y-intercept variations within the KSN
plot is an inhomogeneity of chromophores within the
distribution of molecular weights, the cause of which
must logically be due to either a small fraction of proton-
initiated chains (UV-invisible) or chains that possess
more than one aromatic moiety per molecule. The only
mechanism envisioned to produce multiple chromophores
within a single macromolecule is chain coupling; how-
ever, previous results within our laboratory have shown
clear chromatographic separation of chain-coupled ma-
terial from the main distribution. Since coupled chains
are not evident in the GPC chromatogram, coupling can
be eliminated as a plausible explanation for the anoma-
lous KSN plots for the n-Bu4NCl-mediated systems.
Since n-Bu4NCl cannot scavenge protic impurities, the
materials produced in its presence should contain a
fraction, albeit very small, of proton-initiated chains;
therefore, we propose that the KSN plot dislocations
observed for n-Bu4NCl-mediated systems are due to
proton initiation. Because the ratio [t-Bu-m-DCC]0/[H+]
is very large under these conditions, the overall contri-
bution of protic initiation is extremely small; moreover,
the efficiency and rate of protic initiation are not as
great as that of the purposefully added cumyl-type
initiator. Polymerizations conducted in the absence of
t-Bu-m-DCC showed that protic initiation is not sup-

Table 3. Quantitative Analysis of RI and UV GPC Traces (Kennedy-Smith-Nagy Method) of PIBs Produced under
Quasiliving and Conventional (No Additive) Isobutylene Polymerization Conditionsa

KSN analysis

temp (°C) additive(s) discontinuous? slope 1 (intercept 1) slope 2 (intercept 2)

-80 DMP no 1.013 (-0.0041)
DtBP no 0.989 (0.0031)
n-Bu4NCl yes 1.014 (0.0066) 0.995 (0.0025)
n-Bu4NCl + DMP no 0.991 (-0.0023)
n-Bu4NCl + DtBP no 1.105 (-0.0012)
no additive yes 1.20 (-0.0019) 0.999 (0.0028)

-60 DMP no 1.130 (0.0052)
DtBP no 0.993 (-0.0039)
n-Bu4NCl yes 1.023 (0.0136) 0.994 (0.0029)
n-Bu4NCl + DMP no 1.051 (0.0042)
n-Bu4NCl + DtBP no 1.102 (-0.0013)
no additive yes 1.151 (5.7 × 10-4) 0.998 (0.0041)

-40 DMP no 0.996 (0.0011)
DtBP no 1.019 (-0.0072)
n-Bu4NCl yes 1.039 (0.0038) 1.015 (-0.0076)
n-Bu4NCl + DMP no 1.103 (-0.0062)
n-Bu4NCl + DtBP no 0.989 (0.0011)
no additive no 0.994 (-7.16 × 10-4)

a Reaction conditions: [IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 1.19 × 10-2 M; [n-Bu4NCl] ) 5.4 × 10-3 M; [DMP] (or [DtBP]) ) 2.5 × 10-3 M;
[TiCl4]nom ) 0.12 M; 60/40 Hex/MeCl cosolvents (v/v).

Figure 6. First-order kinetic plots for IB polymerizations at
various temperatures. [IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 1.19 ×
10-2 M; [TiCl4]nom ) 0.12 M; 60/40 Hex/MeCl cosolvents (v/v);
[n-Bu4NCl] ) 5.4 × 10-3 M.

2TiCl4 + n-Bu4NCl h n-Bu4N
+ + Ti2Cl9

- (3)

5422 Storey et al. Macromolecules, Vol. 34, No. 16, 2001



pressed by the use of n-Bu4NCl at -80 °C; however,
these polymerizations displayed slow initiation and
required nearly 13 times longer to produce similar IB
conversions. It is highly unlikely that the small fraction
of UV-invisible chains could have originated from chain
transfer to monomer since its presence would have
caused characteristic downward curvature in Mn vs
conversion plots, which was not observed at any polym-
erization temperature studied.

To confirm our interpretation of the KSN analyses,
investigations were performed on well-characterized
PIBs containing varying fractions of chain coupled and
UV-invisible chains. To this end, both RI and UV GPC
traces were obtained for two separate materials: first,
a t-Bu-m-DCC-initiated PIB (4900 g/mol) containing a
known chain-coupled mass fraction of 6.3%; second, a
blend of two monodisperse PIBs (both 2000 g/mol), with
one containing the t-Bu-m-DCC moiety and the other
initiated with 2-chloro-2,4,4-trimethylpentane (TMPCl)
(UV-transparent). Both analyses revealed dramatic
dislocations in the KSN plots, with large variations
between initial and terminal intercepts. RI and UV
traces, along with the corresponding KSN plot, for the
PIB containing a fraction of chain-coupled material are
displayed in Figure 8. The inflection points in the KSN
plot represent end points of the range of elution volumes
over which the distributions of monomeric and dimeric
chains overlap. Over this range both types of chains are
eluting simultaneously, and the average number of UV
chromophores per chain in each elution slice is changing
from two to one (moving from low to high elution

volume). Strikingly, the inhomogeneity within the chro-
mophore distribution leads to a distinct change in
intercepts within the KSN plot, not an appreciable
modification of the slopes after inflection. Using either
linear region of the KSN plot, theoretical UV traces may
be fabricated (Figure 8, bottom), which represent the
chromatographic UV-detector responses needed to ac-
curately match the RI-detector response of PIB contain-
ing uniformly either one or two chromophores per chain,
thus producing linear KSN relationships throughout the
entire polymer sample. The theoretical UV trace corre-
sponding to one chromophore per PIB chain shows a
diminished response within the region of the chain-
coupled fraction (dotted trace). Likewise, assuming two
chromophores per chain causes intensification of the
response within the lower molecular weight fraction
(dashed trace). These theoretical traces accord well with
expectation given the known chromophoric inhomoge-
neity within this sample. KSN analysis of the PIB blend
produced a plot with very similar characteristics to the
one obtained with the chain-coupled PIB sample; how-
ever, an even greater dislocation was observed between
the two separate linear regions. The linear region
corresponding to low elution volume (known to be UV-
active from preliminary GPC analysis of the individual
PIBs) was used to fabricate a theoretical UV trace that
would result if all chains contained one chromophore
(Figure 9). Qualitatively, the fabricated UV trace ac-
curately coincides with the RI response, thus giving the
appearance of chromatogram sets obtained from mono-
disperse, UV-active PIBs analyzed within this study.

Figure 7. Top: RI and UV GPC traces of PIB produced at
-80 °C. [IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 1.19 × 10-2 M;
[TiCl4]nom ) 0.12 M; [n-Bu4NCl] ) 5.4 × 10-3 M; 60/40 Hex/
MeCl cosolvents (v/v). Bottom: Kennedy-Smith-Nagy analy-
sis of GPC traces, excluding fractions at very high and very
low elution volumes (shaded areas in top figure).

Figure 8. Top: RI and UV GPC traces with KSN plot (inset)
of PIB (Mn ) 4900 g/mol, PDI ) 1.15) containing 6.3 wt %
chain-coupled material. Bottom: theoretical UV traces fabri-
cated from linear regions of KSN plot.
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Therefore, the characteristic dislocations detected within
the KSN analysis may originate from UV-transparent
macromolecules eluting at relatively high elution vol-
umes (protic initiation), polymer chains containing
multiple UV-active chromophores eluting at relatively
low elution volumes (chain coupling), or a combination
of both. Elucidation of the predominant mechanism
responsible for nonlinearity, however, may be intuitively
deduced by examination of theoretical UV chromato-
grams constructed from each linear region within the
KSN plot. The methodology described above was used
to analyze RI traces obtained for all PIBs produced in
the presence of n-Bu4NCl. Preliminary evaluations of
KSN plots showed no deviations between theoretical
and actual UV traces, except that the latter were
slightly lower in intensity at higher elution volumes.
These results indicate the presence of an extremely
small fraction of proton-initiated chains that are of
significantly lower-than-targeted molecular weight
(≈1400 g/mol).

The effect of the n-Bu4NCl concentration on the rate
of polymerization was determined by measuring the
apparent rate constant at -70 °C using various n-Bu4-
NCl concentrations, while holding the concentration of
IB, t-Bu-m-DCC, and TiCl4 constant at 1.0, 1.19 × 10-2,
and 0.12 M, respectively, within a Hex/MeCl (60/40 v/v)
cosolvent mixture. Figure 10 shows the first-order
kinetic plots for the various n-Bu4NCl concentrations
studied, with the individual kapp’s given in Table 2. The
polymerization rate was independent of [n-Bu4NCl], and
the resultant PIBs possessed the targeted molecular
weight and very low polydispersities (PDI < 1.1).
However, the solubility of n-Bu4NCl within these po-
lymerization mixtures is limited, with even the lowest
[n-Bu4NCl] providing a heterogeneous slurry before and
after the addition of TiCl4. In addition, IR spectra taken
before the addition of TiCl4 displayed no distinct absor-
bance bands within the spectral limits of our instrument
that could be attributed to soluble n-Bu4NCl. Since each
of the polymerization systems that utilized n-Bu4NCl
exhibited linearity in both the first-order kinetic plots
and Mn vs IB conversion plots, a finite quantity of
solvated n-Bu4NCl must be available with the introduc-
tion of TiCl4 to produce a sufficient concentration of the
common anion, Ti2Cl9

-.

Effect of Temperature and Common Ion Salt/
Lewis Base Combinations on IB Polymerizations.
We hypothesized that a common ion salt/Lewis base
combination might synergistically enhance polymeri-
zation rate and molecular weight control in IB poly-
merizations. To test this idea, two series of polymer-
izations were carried out at -40, -60, and -80 °C, with
each system utilizing a combination of n-Bu4NCl and
DMP or n-Bu4NCl and DtBP. Both series employed
[n-Bu4NCl] ) 5.4 × 10-3 M and [DMP] (or [DtBP]) )
2.5 × 10-3 M, while the concentrations of IB, t-Bu-m-
DCC, and TiCl4 were held constant at 1.0, 1.19 × 10-2,
and 0.12 M, respectively, within a Hex/MeCl (60/40 v/v)
cosolvent mixture. The semilogarithmic first-order ki-
netic plots were virtually identical to those shown
earlier in Figure 1, except that the rates of polymeri-
zation were consistently slightly lower when the com-
bination of additives was used; the individual kapp’s are
listed in Table 2. When n-Bu4NCl was utilized in
combination with either of the Lewis base additives, the
resultant kinetic behavior mimicked that of a system
employing the corresponding Lewis base in isolation. In
contrast, however, the high molecular weight leading
shoulder observed at early IB conversions in the Lewis
base-mediated polymerizations (e.g., Figure 4) was
substantially reduced, which is very similar to the
behavior of polymerizations containing n-Bu4NCl only.
Correspondingly, KSN analysis of RI and UV GPC
traces obtained from polymerizations utilizing n-Bu4-
NCl/Lewis base combinations revealed completely linear
relationships with slopes of unity possessing zero y-
intercepts.

All polymerizations containing Lewis bases and/or
common ion salts displayed a strong increase in kapp
with decreasing polymerization temperature (Table 2),
indicating a negative apparent activation energy, Eact,
for IB polymerizations under these conditions. This
phenomenon has been often observed for quasiliving
carbocationic systems, with a value of -8.5 kcal/mol
having been earlier reported by Storey et al.,22 and
confirmed by others37 for IB polymerizations co-initiated
with TiCl4 in 60/40 hexane/MeCl cosolvents. To obtain
Eact values from the kinetic data herein, semilogarithmic
plots of ln(kapp) vs reciprocal temperature were con-
structed (Supporting Information, Figure F). Although
the relationships were linear, and the apparent activa-
tion energies were approximately equal for all three

Figure 9. RI (open squares) and UV (dashed line) GPC traces
of a binary blend of UV-transparent (Mn ) 2000 g/mol, TMPCl
initiated) PIB and UV-active (Mn ) 2000 g/mol, t-Bu-m-DCC
initiated) PIB, and theoretical UV trace (solid line) required
to match RI GPC traces assuming one chromophore per PIB
chain.

Figure 10. Effect of [n-Bu4NCl] on the rate of polymerization
of IB at -70 °C. [IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 1.19 × 10-2

M; [TiCl4]nom ) 0.12 M; 60/40 Hex/MeCl cosolvents (v/v).
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polymerization additives, the observed values of -(5.3-
5.5) kcal/mol (Table 2) are considerably higher than the
previously reported value of -8.5 kcal/mol. The differ-
ence between this and the earlier study is the much
greater rate of polymerization and the vastly larger
polymerization exotherm that results. The systems
herein produced low molecular weight PIB (≈5000
g/mol) in reaction times of less than 60 s for the lowest
temperature and the higher [TiCl4]nom. Under these
extreme conditions, the reactor temperature would rise
by as much as 15 °C, and thermal reequilibration would
not occur until several half-lives after essentially com-
plete monomer consumption. By virtue of the charac-
teristic negative apparent activation energy that char-
acterizes these quasiliving systems, the polymerization
exotherms were more severe at lower temperatures,
causing increases in actual reactor temperature, and
concomitant retardations in rate, which were likewise
more severe at lower temperatures. This effect produced
a higher apparent Eact. Subsequent evaluations of the
same kinetic data employing the actual average reactor
temperature (recorded using the platinum resistance
thermometer) instead of the nominal polymerization
temperature produced linear Arrhenius relationships
with slopes averaging -7.1 kcal/mol, more closely ap-
proximating the Eact value commonly reported for this
system.

Effect of Temperature on “Conventional” IB
Polymerizations. To gain further insight into the
mechanistic differences between conventional (nonliv-
ing) and quasiliving carbocationic polymerizations of IB,
control experiments were performed in the absence of
any proton trap, nucleophile, or common-ion salt addi-
tive. The effect of temperature on the rate of conven-
tional IB polymerizations was investigated by measur-
ing the kinetics for polymerizations at -40, -60, and
-80 °C while holding concentrations of IB, t-Bu-m-DCC,
and TiCl4 constant at 1.0, 1.19 × 10-2, and 0.12 M,
respectively, within a Hex/MeCl (60/40 v/v) cosolvent
mixture. The results are displayed as first-order kinetic
plots in Figure 11; kapp’s were extracted from the linear
portions of the curves (times greater than about 25-30
s) and are listed in Table 2. Two features of the curves
are striking. First, regardless of temperature, about 22%
of the monomer is consumed almost instantaneously,
after which a relatively more controlled polymerization

ensues. Second, although these reactions are character-
ized by an apparent negative dependence of polymeri-
zation rate on reaction temperature, unlike the systems
mediated by additives, the dependence is not nearly as
strong. For example, the polymerization conducted at
-80 °C was only 1.8 times faster than the one at -40
°C. In contrast, the rate increased by about a factor of
10 over the same temperature range, under otherwise
identical conditions in the presence of an additive. The
characteristic negative apparent Eact noted for quasil-
iving carbocationic polymerizations has been attributed
to the ionization equilibrium between active and revers-
ibly terminated (dormant) chains.22,30,37 Modest in-
creases in reaction temperature markedly reduce the
overall rate because of a reduction in the instantaneous
concentration of active propagating centers. Undoubt-
edly, this ionization equilibrium operates whether a
Lewis base or other additive is present or not. Com-
parison of the apparent rate constants in Table 2 shows
that the rate at -80 °C is relatively unaffected by the
presence or absence of additives. However, the rate at
-40 °C is significantly higher in the absence of an
additive, and it is this effect that causes the relative
insensitivity toward temperature of the conventional
polymerizations. According to literature reports, the
dramatically higher rate in the absence of an Lewis base
is due to uncontrolled initiation by protic impuri-
ties.3,7,13,50

GPC analysis of the conventional IB polymerizations
(Figure 12) revealed bimodal molecular weight distribu-
tions at all three reaction temperatures; furthermore,
the mass fraction of high molecular weight material
diminished as reaction temperature was lowered. Peak
deconvolution of the RI GPC traces revealed that the
high MW distributions comprised approximately 90, 64,
and 23 wt % of the sample for polymerization temper-
atures of -40, -60, and -80 °C, respectively. On the
basis of literature reports,3,7,13,50 we initially assumed
that the high molar mass distribution resulted from fast,
uncontrolled protic initiation; however, the results of
two different analyses showed this to be incorrect. First,
the overall number-average molecular weight (both
modes of the distribution combined) was equal to the
target (number-average DP ) 84) for all three temper-
atures. Second, the KSN plot (Figure 12) constructed
from the RI and UV traces of the -40 °C PIB was linear
with a slope of unity that passed through the origin.
These results verified that all chains within both modes
of the distribution possess the same number of UV-
active initiator fragments. Further analysis of GPC
traces produced at lower polymerization temperatures
gave similar results; however, there were slight disloca-
tions within the KSN plots at -60 and -80 °C (Figure
12 and Table 3). These departures from linearity were
of greater magnitude than those seen in the n-Bu4NCl-
mediated IB polymerizations under similar conditions
but were much less severe than those observed with
either the purposefully chain-coupled or UV active/
transparent PIB blend described earlier. The methodol-
ogy outlined earlier was used to develop theoretical UV
traces that would fulfill the condition that every chain
in the sample possesses the same number of chro-
mophores (i.e., one per chain). Figure 13 shows the
fabricated UV traces for -60 °C (top set) and -80 °C
(bottom set). The results were the same at both tem-
peratures; to ensure one chromophore per chain re-
quired suppression of the higher molar mass fraction
(dotted trace) or enhancement of the lower fraction

Figure 11. First-order kinetic plots for IB control polymeriza-
tions (absence of additives) at various temperatures. [IB]0 )
1.0 M; [t-Bu-m-DCC]0 ) 1.19 × 10-2 M; [TiCl4]nom ) 0.12 M;
60/40 Hex/MeCl cosolvents (v/v).
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(dashed trace). Qualitative interpretation of these data
is ambiguous, since chain-chain coupling and/or protic
initiation may induce similar inflections within KSN
plots. It is certain, however, that the high molecular
weight fraction is not a consequence of uncontrolled
protic initiation. In fact, protic initiation should produce
low molecular weight chains, since it is slower than
t-Bu-m-DCC initiation, and consequently, protic-initi-
ated chains would begin to propagate only after much
of the monomer had been consumed.

Role of Additives in Quasiliving Carbocationic
Polymerization. First-order kinetic evaluations of IB
polymerizations conducted in the absence of a Lewis
base or common ion salt resulted in extremely fast
polymerization rates at higher (e.g., -40 °C) tempera-
tures where quasiliving polymerizations (i.e., those
carried out in the presence of an additive) are signifi-
cantly decelerated. GPC analysis of the same reactions
revealed bimodal distributions within both UV and RI
traces (Figure 12). Quantitative KSN analysis showed
that both modes of the distribution were composed of
polymer molecules containing a residue from the pur-
posefully added aromatic initiator and that the amount
of protic initiation and/or chain coupling was negligible,
particularly at the highest temperature studied (-40
°C). Bimodality observed in the absence of an additive
suggests that propagation proceeds via two distinctly
different active centers. Moreover, the enhanced polym-

erization rates imply a greater total concentration of
active centers, i.e., that formation of the second type of
species does not significantly perturb the equilibrium
concentration of the first. We propose that the additional
active species in the absence of an additive, responsible
for the higher molar mass fraction, is the free carboca-
tion, P+, resulting from dissociation of an ion pair. We
reject the explanation that the more active species
represents chain ends that have yet to become associ-
ated with an electron donor:TiCl4 complex.3,7-10 The
reasons for this are twofold: first, several authors have
argued that a DtBP:TiCl4 complex does not exist;13,14,44

second, polymerization rates are significantly reduced,
and the molecular weight distribution becomes mono-
modal and narrow upon the addition of the common ion
salt, n-Bu4NCl. Clearly the tetravalent ammonium ion
is nonnucleophilic and cannot form a complex with
Lewis acid. Assuming IB polymerizations mediated by
n-Bu4NCl are converted from “conventional” to quasil-
iving strictly due to the suppression of free ions via the
production of the common anion Ti2Cl9

-, it stands to
reason that Lewis bases must operate in a similar
fashion. It is well established that externally added
Lewis bases scavenge protic impurities;13,50 the product-
(s) formed from such processes are onium salts, which
in the presence of excess TiCl4, possess the counteran-
ion, Ti2Cl9

-. Formation of common anions is shown
below for the case of water (B ) a Lewis base such as
DMP).

Figure 12. Top: RI GPC traces of PIB produced at various
temperatures under conventional conditions (no additives).
[IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 1.19 × 10-2 M; [TiCl4]nom )
0.12 M; 60/40 Hex/MeCl cosolvents (v/v). Bottom: Kennedy-
Smith-Nagy analysis of GPC traces of top figure.

Figure 13. Theoretical UV traces fabricated from KSN
analysis in Figure 12 of nonmediated IB polymerizations at
-60 °C (top set) and -80 °C (bottom set).
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Thus, we postulate that Lewis bases and n-Bu4NCl
confer “livingness” in the same manner, i.e., through the
formation of common anions that suppress propagation
via free ions. This hypothesis is the same as the one
put forth by Storey and Maggio to explain the absence
of free carbocations within BCl3-co-initiated IB poly-
merizations in CH3Cl.51 In the case of TiCl4, however,
the proton scavenging function of Lewis bases also
prevents protic initiation, which becomes increasingly
important at low concentrations of purposefully added
initiator and at low temperatures. The broad leading
shoulder observed in GPC traces of Lewis base-mediated
polymerizations at low conversion is likely attributed
to a transient initial population of free ions that form
before the formation of common anions, via proton
scavenging, has had time to take place. Apparently,
n-Bu4NCl is able to from Ti2Cl9

- anions more rapidly,
thus reducing the amount of monomer consumed by free
ions prior to their complete suppression.

Two experiments were conducted to add support to
the hypothesis that Lewis bases confer “livingness”
primarily through suppression of free-ion propagation.
One involved the addition of preformed pyridinium salt;
the other involved promotion of ion pair dissociation
through chain-end dilution. To model common anion
formation via the reaction of adventitious proton sources
with TiCl4 and Lewis base, an investigation was per-
formed using pyridine hydrochloride (Pyr-HCl) as the
polymerization additive. A pyridine-based salt was
chosen for its ready availability and due to the fact that
pyridine-mediated IB polymerizations under conditions
similar to those described in this report display quasil-
iving characteristics.22 IB polymerizations were carried
out at -70 °C, with the concentrations of Pyr-HCl, t-Bu-
m-DCC, IB, and TiCl4 being 4.3 × 10-3, 1.19 × 10-2,
1.0, and 0.12 M, respectively, within a Hex/MeCl (60/
40 v/v) cosolvent mixture. Because of the limited solu-
bility of Pyr-HCl within the reaction medium, two
experimental procedures were used to investigate its
effect on the rate of polymerization. In the first method,
all of the reaction components were mixed thoroughly
at -70 °C, after which the polymerization was co-
initiated by TiCl4; the second method employed an
initiating solution of MeCl, TiCl4, and Pyr-HCl (keeping
component concentrations the same as in the first
method) that was preformed at -70 °C and then added
to the reaction vessel to commence polymerization. The
resulting first-order kinetic plots are shown in Figure
14, with the kapp’s given in Table 2. Polymerizations
utilizing neat TiCl4 were extremely fast, reaching near-
complete IB conversion in less than 50 s; furthermore,
a large heat of reaction was generated upon co-initiator
addition, inducing temperature increases of approxi-
mately 15 °C. GPC analysis of the resultant PIB
revealed a bimodal MWD identical to the ones obtained
from the conventional systems described earlier. Visual
inspection of the reaction solution before TiCl4 addition
indicated poor Pyr-HCl solubility within the relatively
nonpolar cosolvent system, with the FTIR analysis of
the mixture supporting this observation; however, we

expected its solubility to increase upon introducing
TiCl4. To discern whether the observed kinetic behavior
were attributed to Pyr-HCl insolubility or its inherent
reaction characteristics, polymerizations were co-initi-
ated using the preformed solution described above.
The co-initiator solution developed a large fraction of
yellow-white precipitate with the introduction of Pyr-
HCl to the TiCl4/MeCl mixture; furthermore, this pre-
cipitate persisted after its charge into the IB-containing
vessel, with the polymerization visually resembling the
solutions of typical pyridine-mediated IB polymeriza-
tions. In this case, GPC analysis revealed a narrow,
monomodal distribution of targeted average molecular
weight. Assuming that the Pyr-HCl lacks the capability
to scavenge protic impurities, the quasiliving behavior
observed in the second polymerization system must
be attributed to formation of the common ion salt,
PyrH+Ti2Cl9

-. The extremely high polymerization rate
and bimodal molecular weight distribution obtained by
the first method confirm two important assumptions.
First, in the presence of monomer, the solubilization of
Pyr-HCl upon the addition of TiCl4 is a sluggish process
and does not provide common ions to the system quickly
enough; second, IB propagation within these “nonme-
diated” systems occurs through a combination of sepa-
rate, yet distinct, active chain carriers.

Polymerizations in which propagation occurs via a
combination of both paired and unpaired ions typically
yield an increase in kapp/[I]0 with decreasing [I]0, as has
been reported for living anionic polymerizations in polar
solvents.52,53 Similar investigations have been performed
on TiCl4-co-initiated IB polymerizations in the presence
of Lewis bases, with results suggesting that only ion-
paired species participate as chain carriers.22,23 To
further corroborate the hypothesis that conventional IB
polymerizations are indeed characterized by free ion
propagation, a series of IB polymerizations were con-
ducted under similar conditions to those of the poly-
merizations described above; however, the [t-Bu-m-
DCC]0 was continually reduced to induce ion-pair
dissociation through chain-end dilution. The experi-
ments were carried out at -70 °C at four different [t-Bu-
m-DCC]0, in both the presence and absence of either
DMP, DtBP, or n-Bu4NCl, with the results given in
Table 4. Minor variations in the kapp/[t-Bu-m-DCC]0

Figure 14. First-order kinetic plot for the Pyr-HCl-mediated
polymerizations of IB at -70 °C. [IB]0 ) 1.0 M; [t-Bu-m-DCC]0
) 1.19 × 10-2 M; [TiCl4]nom ) 0.24 M; [Pyr-HCl] ) 4.3 × 10-3

M; 60/40 Hex/MeCl cosolvents (v/v). Filled symbols, TiCl4
added neat; open symbols, TiCl4 and Pyr-HCl added as a
premixed solution in MeCl.

B + H2O‚TiCl4 h BH+TiCl4OH- (4)

BH+TiCl4OH- + TiCl4 h BH+Ti2Cl8OH- (5)

BH+Ti2Cl8OH- + TiCl4 h BH+Ti2Cl9
- + TiCl3OH

(6)
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values were noted for IB polymerizations employing
either Lewis base or n-Bu4NCl; however, conventional
polymerizations demonstrated much larger increases in
kapp/[t-Bu-m-DCC]0 values with decreasing concentra-
tions of t-Bu-m-DCC, signifying that propagation pro-
ceeds in part via a fraction of free carbocations. When
examining the quasiliving IB polymerizations performed
at -70 °C using [t-Bu-m-DCC]0 ) 1.19 × 10-3 M (Table
2), however, the kapp/[t-Bu-m-DCC]0 values are much
lower in all cases. This is caused by poor thermal control
in these fast polymerizations. Since this chain-end
concentration is relatively high, the resulting large
reaction exotherm causes the actual temperature of the
reactor contents to be higher than the nominal temper-
ature of the polymerization. Thus, the kapp/[t-Bu-m-
DCC]0 values at this initiator concentration are de-
pressed. Because of this, the dilution experiments in
Table 4 were designed at low [t-Bu-m-DCC]0 to avoid
large exotherms and resulting poor thermal control.

Although it seems certain that the bimodal MWDs
observed for nonmediated IB polymerizations are a
result of propagation through a combination of paired
and unpaired ions, certain incongruities remain to be
explained. One concerns an issue discussed earlier by
Kazsas, Puskas, and Litt,23 namely, that the lifetime of
a free cation is simply too long and propagation is too
fast, to be consistent with the low degrees of polymer-
izations observed. Another is the fact that, in the
absence of a common ion source (i.e., when [P+] )
[Ti2Cl9

-]), the extremely low overall concentration of
carbocations (≈10-12 mol/L based on the rate constants
of Roth and Mayr27 and Faust et al.28) would dictate
that the majority of ionized chains exist as free, dis-
sociated ions. To restate the argument of Puskas et al.,23

we will assume that essentially all of the propagating
centers in the conventional IB polymerizations are in
the form of free ions. (This does not appear to be true,
particularly at -80 °C, but represents a limiting case.)
From the first-order plot for -80 °C (Figure 11), we
obtain an apparent rate constant, kapp ) kp[P+] ) 4.7 ×
10-2 s-1. Using a value of kp ) 7 × 108 L mol-1s-1

measured by Faust et al. for ion pair propagation28 and
assuming that paired and unpaired ions have similar
reactivities, we obtain [P+] ) 7 × 10-11 mol/L. We can
assign the shortest possible lifetime to a free carbocation

by assuming that the rate of reassociation of cation and
anion is diffusion-controlled. The average lifetime of a
free carbocation, τ, is given by

where kc is the rate constant for ion-pair association,
liberally approximated as 1010 L mol-1 s-1. In the
absence of a source of common ions, [P+] ) [Ti2Cl9

-],
and τ under these conditions may be calculated accord-
ing to eq 8.

We next calculate the kinetic chain length associated
with such a lifetime (at [M] ) 1 mol/L):

where the number-average degree of polymerization,
DP, is twice the kinetic chain length for a difunctional
initiator in the absence of chain transfer. KSN analysis
of the GPC chromatogram for the conventional polym-
erization at -80 °C revealed that, at most, only minor
amounts of chain transfer to monomer could have
occurred, which is further supported by the close agree-
ment between the actual and targeted molecular weight;
thus, chain transfer to monomer can be eliminated as
an important reaction, and the kinetic chain length and
DP/2 should be approximately equal. Clearly they are
not; the number-average DP for the high molecular
weight fraction of the -80 °C conventional polymeriza-
tion was 155, almost 7 orders of magnitude smaller than
predicted by eq 9. Although the assumption of 100%
dissociation made in the above exercise is inaccurate, a
more realistic approach utilizing a lower [P+] and a
combination of active propagation centers (i.e., paired
and unpaired ions) would yield a longer lifetime for free,
unpaired ions and thus even larger theoretical DP
values for the high molecular weight fraction.

The great discrepancy between the calculated kinetic
chain length and the observed DP for free ions, and the
fact that essentially all molecules have the expected
structure (i.e., a headgroup consisting of the aromatic
initiator fragment), suggest (1) the presence of adventi-
tious common anions, which could dramatically shorten
the effective lifetime of free carbocations (eq 7) and
would originate via proton scavenging by basic impuri-
ties within the system, in the presence of Lewis acid,
and/or (2) chain transfer to dormant, tert-chloride-
terminated chain ends, which would distribute the
kinetic chain length of a free ion over many chains via
an inifer-type mechanism.47,54,55 The latter transfer
reaction, characterized by the rate constant ktr, is shown
in Figure 15. We may now examine each of these
possibilities in turn. The case for an adventitious
common ion source is strong. The equilibrium constant
for ion-pair dissociation, KD (Figure 15), is estimated
to be ≈10-7 mol/L.56 If the total concentration of
carbocations, [P+,Ti2Cl9-] + [P+] ) 7 × 10-11 mol/L, then
>99.9% should be dissociated. Even if KD were as low
as 10-9 mol/L, >94.6% should be dissociated. However,
the high molecular weight fraction in the -80 °C GPC
trace in Figure 12 only represents about 10 mol % of
the total, suggesting that dissociation is strongly de-

Table 4. Effect of Chain-End Dilution on the kapp/
[t-Bu-m-DCC]0 Values for Quasiliving and Conventional

(No Additive) Isobutylene Polymerizationsa

additive
[t-Bu-m-DCC]0

× 104 M
kapp/[t-Bu-m-DCC]0

(L mol-1 s-1)

DMP 9.62 2.63
14.56 2.39
34.08 2.06
66.75 2.18

DtBP 6.51 1.78
12.71 1.86
37.31 1.68
65.44 1.71

n-Bu4NCl 12.94 1.47
19.84 2.10
34.81 1.85
64.41 1.72

no additive 6.17 5.80
13.7 4.05
36.31 3.02
65.75 2.12

a Reaction conditions: [IB]0 ) 1.0 M; [n-Bu4NCl] ) 5.4 × 10-3

M; [DMP] (or [DtBP]) ) 2.5 × 10-3 M; [TiCl4]nom ) 0.12 M; 60/40
Hex/MeCl cosolvents (v/v); temp ) -70 °C.

τ )
[P+]

kc[P
+][Ti2Cl9

-]
) 1

kc[Ti2Cl9
-]

(7)

τ ) 1
kc[P

+]
) 1.5 s (8)

DP ) 2kp[M]τ ) 2 × 109 (9)
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pressed. For KD ) 10-7 mol/L, a common ion concentra-
tion of ≈10-6 mol/L would be sufficient to reduce [P+]
to within the necessary range suggested by the GPC
results. This concentration of Lewis base impurity could
be present and remain undetected in the system.
Equations 7 and 9 predict, however, that the concentra-
tion of adventitious common ions would have to be on
the order of 10-4-10-3 mol/L to reduce the free car-
bocation lifetime sufficiently to produce kinetic chain
lengths on the order of the observed DP; it is doubtful
that proton scavenging impurities could be present at
this high concentration. As will become clear, adventi-
tious common ions are undoubtedly present and impor-
tant in depressing free ion participation in propagation,
but their presence is inadequate as a sole explanation
for the observed molecular weight depression.

Let us now consider chain transfer to dormant, tert-
chloride-terminated chain ends. This appears to be the
only reasonable explanation for the observed DP of the
high molecular weight distribution, and there is strong
literature precedence for such reactions in carbocationic
polymerization, e.g., the inifer mechanism proposed for
BCl3-co-initiated IB polymerizations using cumyl-type
initiators.54 If transfer to polymer occurs, and there is
a source of common ions, eq 9 must be modified as
follows:

where ktr represents the rate constant for free carboca-
tion transfer to tert-chloride-terminated chains. We
assume that the total concentration of active centers is
small enough to use [t-Bu-m-DCC]0 to represent the

concentration of dormant chain ends. Equation 10
predicts that ktr/kp, the chain-transfer to polymer con-
stant, must assume a value of about 0.3 (at an average
value of [M] ) 0.5 M) to obtain a number-average DP
value that is similar to that found experimentally. This
is within the range of values reported for the early inifer
systems.47,54 In the absence of a purposefully added
source of common ions, the right-hand term in the
denominator of eq 10 is negligible and does not affect
the calculation. Even if a source of adventitious common
ion were present to provide [Ti2Cl9

-] as high as 10-5-
10-4 mol/L, chain transfer to polymer would still domi-
nate. Equation 10 predicts that if such transfer events
do indeed occur, their significance should be reduced,
and the DP of the high molecular weight fraction
increased, as [t-Bu-m-DCC]0 is lowered. To demonstrate
this, investigations were performed under identical
conditions to the conventional -80 °C polymerization
described earlier, but using [t-Bu-m-DCC]0 ) 6.17 ×
10-4 mol/L. Figure 16 shows the RI and UV GPC traces
of the PIB produced under these conditions. As pre-
dicted, the molecular weight of the high fraction (number-
average DP ) 1723) is considerably greater in this case
compared to the earlier polymerization utilizing higher
[t-Bu-m-DCC]0. (The molecular weight ratio between
high and low fractions is 6.7 in this case compared to
approximately 2.4 for the earlier case.) If molecular
weight were being controlled by adventitious common
ions rather than chain transfer to polymer, eq 10
predicts that a reduction in [t-Bu-m-DCC]0 should have
little effect on molecular weight of the high fraction.
Thus, chain transfer to dormant, tert-chloride-termi-
nated chain ends emerges as the only reasonable
explanation for the depression of the molecular weight
of chains created through propagation of free carboca-
tions. There remained a possibility, albeit very unlikely,
that the chain transfer process described herein involves
residual t-Bu-m-DCC that failed to initiate polymeri-

Figure 15. Proposed elementary reactions in the conventional carbocationic polymerization (no additives) of isobutylene.

DP )
2kp[M]

ktr[PIBCl] + kc[Ti2Cl9
-]

=

2kp[M]

2ktr[t-Bu-m-DCC]0 + kc[Ti2Cl9
-]

(10)

Macromolecules, Vol. 34, No. 16, 2001 Polymerization of Isobutylene 5429



zation and not dormant tert-chloride-terminated PIB
chain ends. Additional polymerizations were performed
using TMPCl under otherwise identical conditions as
the -40 °C conventional system reported above using
t-Bu-m-DCC. Typical of TMPCl-initiated IB polymeriza-
tions, the first-order kinetic plot (not shown) was void
of an apparent y-intercept (no rapid monomer consump-
tion event), due to the similar ionization equilibrium
constants for TMP-Cl and tert-chloride PIB chain ends;
however, the kapp ≈ 2.1 × 10-2 s-1 was very similar to
the kapp ≈ 2.6 × 10-2 s-1 for the t-Bu-m-DCC-initiated
conventional IB polymerizations. Further similarities
were noted in the GPC evaluations, with TMPCl pro-
ducing a bimodal MWD of targeted Mn analogous to the
behavior seen with t-Bu-m-DCC.

The polymerization reaction of Figure 16 contains
additional information concerning the occurrence of
protic initiation. KSN analysis of the product exhibited
a large dislocation within the high elution volume
regime of the GPC trace; furthermore, a theoretical UV
trace fabricated to compensate for the dislocation (bot-
tom trace of Figure 16) suggests the presence of a
fraction of UV-invisible chains located at higher elution
volumes. We envision that protic initiation becomes
more competitive at lower [t-Bu-m-DCC]0, thus produc-
ing relatively larger mass fractions of UV-transparent
macromolecules; furthermore, assuming that the initi-
ating efficiency of both sources is similar, the molecular
weights produced from protic initiation would be ap-
proximately half that of chains initiated by difunctional
t-Bu-m-DCC.

A final intriguing feature of the nonmediated IB
polymerizations is the decreasing contribution of free
ions to propagation as temperature is lowered. From
kinetics measurements, we know that the instantaneous
concentration of active centers increases with decreases
in polymerization temperature within quasiliving car-
bocationic processes.22,30 This behavior is attributed to
an equilibrium between dormant, covalent chain ends
and active, ion-paired carbocations.22,30,37 Assuming that
a similar equilibrium exists between paired and un-
paired ions, one might expect the mass fraction of the
high molar mass distribution found within conventional
polymerizations also to increase with decreasing polym-
erization temperatures. The ratio of the areas of the low
and high molecular weight distributions in the RI GPC
traces in Figure 12, obtained by deconvolution and
integration, represents approximately the ratio of the
concentrations of paired and unpaired ions at each
temperature. The apparent rate constant obtained at
each temperature, divided by the absolute rate constant
for propagation, which for simplicity is assumed to be
independent of temperature and the same for paired and
unpaired ions (i.e., kp

+ ) kp
( ) 7 × 108 L mol-1 s-1),

yields the total concentration of active species,
[P+,Ti2Cl9

-] + [P+]. From this information, the quanti-
ties [P+] and [P+,Ti2Cl9

-] were estimated for each
temperature, and the values are listed in Table 5. The
paired-ion concentrations are very close to the corre-
sponding values calculated for the DtBP-mediated po-
lymerizations conducted under otherwise identical con-
ditions; furthermore, calculation of an Arrhenius activa-
tion parameter for the paired-ion concentration yielded
a value of -5.8 kcal/mol, which nearly exactly matches
the values measured under quasiliving conditions. Thus,
the paired ions in the conventional polymerization
behave exactly like those in a quasilivng polymerization
(i.e., in the presence of an additive) and, importantly,
exhibit the expected behavior with regard to tempera-
ture. In contrast, the free ion concentration decreases
with decreasing temperature, although the magnitude
of change is not large (1.9 kcal/mol). This is the reason
for the relative temperature insensitivity of the rate of
the conventional polymerizations relative to the qua-
siliving polymerizations. The temperature dependence
of the free ion concentration suggests that the ion-pair
dissociation enthalpy may be positive, although only
slightly so. The few literature reports that exist con-
cerning the temperature dependence of ion-pair dis-
sociation in carbocationic polymerization indicate that
this process is generally slightly exothermic,57 but in
all cases the systems were studied in polar solvents, and
we assume that solvation of the dissociated carbocation
is the principal cause of the negative enthalpy. Thus, it
is possible that in the largely nonpolar 60/40 hexane/
MeCl medium, which should be poorly solvating, the
dissociation enthalpy is positive. Even if the dissociation
enthalpy were negative, a compelling alternative ex-
planation for the observed behavior concerns adventi-

Figure 16. Top: RI and UV GPC traces of PIB produced at
-80 °C. [IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 6.17 × 10-4 M;
[TiCl4]nom ) 0.12 M; 60/40 Hex/MeCl cosolvents (v/v). Bottom:
theoretical UV traces fabricated from linear regions of KSN
plot (not shown).

Table 5. Estimated Values for [P+] and [P+,Ti2Cl9
-] in

Isobutylene Polymerizations Conducted under
Conventional Conditionsa

temp (°C) [P+] (mol/L) [P+,Ti2Cl9
-] (mol/L)

-40 3.3 × 10-11 3.7 × 10-12

-60 3.0 × 10-11 1.7 × 10-11

-80 1.5 × 10-11 5.2 × 10-11

a Reaction conditions: [IB]0 ) 1.0 M; [t-Bu-m-DCC]0 ) 1.19 ×
10-2 M; [TiCl4]nom ) 0.12 M; 60/40 Hex/MeCl cosolvents (v/v).
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tious common ions, which are undoubtedly present in
our system, produced through proton scavenging by
trace amounts of basic impurities, in the presence of
Lewis acid. It is conceivable that production and dis-
solution of these common ions are slightly more favor-
able at lower temperatures, thereby depressing the free-
ion concentration.

Conclusions
The quasiliving polymerization of IB can be affected

through the use of polymerization additives such as
Lewis bases1-3,8,9,13-22 and/or common ion salts.15-24 In
the past, rationalization of this controlled behavior has
been system-specific, and the establishment of a unified
theory explaining the origin of “livingness” has been
prevented due to competing theories8,11-13 regarding the
mechanistic role of polymerization additives. It seems
evident that a simple, universal theory treating the
conversion between conventional and controlled systems
should be applicable to all “living” carbocationic poly-
merizations. Using real-time ATR-FTIR spectroscopy,
kinetics of fast IB polymerizations, producing relatively
low molecular weight materials, have been examined.
From the kinetic results, combined with detailed struc-
tural analysis of these low molecular weight materials,
we hypothesize that conventional IB polymerizations
(i.e., those conducted in the absence of an additive),
under the conditions given in this report, are relatively
free of chain transfer to monomer but are propagated
via a combination of paired and unpaired ions. This
causes poor synthetic control due to very fast rates and
bimodal molecular weight distributions.

n-Bu4NCl and other common ion salt precursors
confer livingness through formation of the common
anion, Ti2Cl9

-; this suppresses free ion propagation,
reduces the rate of polymerization, and yields narrow
PDI. Salts do not prevent protic initiation, however.
Nucleophiles such as DMP and proton traps such as
DtBP do scavenge protons and thus prevent protic
initiation. This is an important feature for control of
initiation, particularly for systems targeting high mo-
lecular weights, where the concentration of the intended
initiator is low. We propose, however, that the products
of proton scavenging, i.e., onium salts possessing com-
mon counteranions, are the principal contributors to
quasiliving behavior. We suggest that the identity,
concentration, solubility, and Lewis acid-depleting char-
acteristics of these onium salts are the primary factors
governing the subtle differences among polymerizations
utilizing different Lewis bases; therefore, it is crucial
that future investigations within the area of quasiliving
carbocationic polymerization include structural charac-
terization of these products.

Supporting Information Available: Figures showing
first-order plots, partial ATR-FTIR spectra, Mn and PDI vs
monomer conversion plots, GPC chromatograms, and Arrhe-
nius plot of ln(kapp) vs 1/T for IB polymerizations. This material
is available free of charge via the Internet at http://pubs.ac-
s.org.
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