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Cationic polymerizations of p-methylstyrene (pMS) with H2O/AlCl3/triphenylamine (TPA) or triethyl-
amine (TEA) initiating system were carried out in mixed solvents of n-hexane and dichloromethane at
�80w �50 �C. The effects of TPA or TEA concentration, solvent polarity, polymerization temperature and
time on monomer conversion, number-average molecular weight (Mn), molecular weight distribution
(MWD, Mw/Mn), stereoregulatity and crystallinity of poly(p-methylstyrene) (PpMS) were investigated.
The stereospecific cationic polymerization of p-methylstyrene could be achieved and high molecular
weight (Mn ¼ 116,000 w 436,000 g mol�1) polymers with isotactic-rich segments (more than 75% of
meso dyad) along macromolecular chains could be successfully synthesized. A possible mechanism for
stereospecific cationic polymerization of pMS was proposed. The propagation proceeded via the domi-
nant back-side attack and insertion of monomer from the growing ion paired species. The steric course of
propagation was mainly determined by the tightness of the growing ion paired species and steric
hindrance in counteranion. The resulting isotactic-rich PpMS could form crystal morphology with
10 w 30 mm in size by flow-induced crystallization under pressure at 180 �C. A possible model for the
aligning mechanism was sketched to describe crystallization and to explain the multi-melting peaks and
lower glass transition temperatures of PpMS. This is the first example of stereospecific cationic poly-
merization of p-methylstyrene to get crystallizable polymers with such high molecular weights and
isotacticity.

� 2012 Published by Elsevier Ltd.
1. Introduction

Stereoregularity is one of the most important factors to affect
seriously the crystallinity and physical properties of polymers.
Styrene and its derivatives such as p-methylstyrene are capable of
undergoing the controlled/living cationic polymerization coini-
tiated by various Lewis acids, such as BCl3, SnCl4, TiCl4 or FeCl3 or
B(C6F5)3 [1e12]. However, it is really rather difficult to achieve high
stereoregulation in cationic polymerization for the lack of
controlling the stereochemistry. Namely, the stereoregularity
control is generally poor in cationic polymerization and only few
stereoregular polymers such as [poly(3-methyl-1-butene)], poly-
benzyls and poly(vinyl ether)s could be prepared [13�21]. The
efforts for stereoregulation and stereochemistry have been made in
cationic polymerization of vinyl ether monomers [15�22]. In the
cationic polymerization of isobutyl vinyl ether, the unsubstituted
counterparts (TiCl4, SnCl4, etc.) gave nearly atactic products while
Elsevier Ltd.
bis[(2,6-diisopropyl)phenoxy] titanium dichloride gave isotactic-
rich polymers with a meso dyad (m) of 90e92% in the presence
of a bulky pyridine (2,6-di-tert-butyl-4-methylpyridine) under
similar conditions [20]. Mechanisms have also been proposed for
the formation of isotactic and syndiotactic enchainments in
cationic polymerization [19�21]. The front-side attack of monomer
leads to the formation of syndiotactic polymer, and on the other
hand, the back-side attack of momomer leads to the formation of
isotactic polymer [19�21]. The tacticity of poly(vinyl ether) was
influenced by Lewis acids or counteranions, substituents of
monomers, solvent polarity and temperature [20�25].

It has been reported that the polymerization of linear olefins
using the equivalent of 0.1 mol excess AlCl3 in ionic liquid 1-butyl-
3-methylimidazolium tetrachloroaluminate ([bmim][AlCl4]) in the
presence of ethyl aluminum dichloride resulted in the formation of
atactic oligomers with large molecular weight distribution [26].
Very recently, the cationic polymerizations of styrene in ionic liquid
have been reported to produce polymers with a slight predomi-
nance of syndiotactic sequences but no information on crystalline
of polystyrene was presented [27,28]. The controlled cationic
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polymerization of styrene was achieved using bisoxalatoboric acid
as an initiator in ionic liquid to obtain polymers with lowmolecular
weights (Mw < 3000 g mol�1) and a mixture of polymer triad
sequences (syndiotactic, isotactic, and atactic) with a predomi-
nance (w43%) of syndiotactic sequences (rr) could be obtained [27].
The cationic polymerization of styrene was also conducted in
supercritical CO2 and/or [bmim][PF6] to produce low molecular
weight polymers having a higher intensity for the rr triad centered
at 145 ppm related to syndiotactic sequences or sometimes a slight
tendency for the predominance of isotactic sequences [28].

In order to increase molecular weight, enhance stereoregularity
and improve crystallinity, the H2O/AlCl3/triphenylamine (TPA) or
triethylamine (TEA) initiating systems have been developed to
initiate the stereospecific cationic polymerization of p-methyl-
styrene and to prepare crystallizable poly(p-methylstyrene) with
high molecular weight in this paper. The effects of TPA concentra-
tion, solvent polarity, polymerization temperature and time on
molecular weight, molecular weight distribution and crystalliz-
ability of poly(p-methylstyrene) products were examined. A
possible mechanism was proposed for the stereospecific cationic
polymerization of p-methylstyrene and a model for the aligning
mechanism was also sketched to describe the flow-induced crys-
tallization of poly(p-methylstyrene).
2. Experimental section

2.1. Materials

p-Methylstyrene (pMS, ACROS Company, purity > 98%) was
dried by introduction of CaH2 and freshly distilled under reduced
pressure before use. n-hexane (n-Hex, Beijing Houhui Chemical
Co.), CH2Cl2 (Beijing Houhui Chemical Co.) and tetrahydrofuran
(THF, AR, Beijing Yili Fine Chemical Co.) were distilled from CaH2
before use. Triphenylamine (TPA, ACROS Company, purity > 99%)
was dried under vacuum before use. Anhydrous aluminum tri-
chloride (AlCl3, ACROS Company, purity > 99%, packaging under
nitrogen), triethylamine (TEA, Tianjin Fuchen Chemical Reagents,
purity > 99%) and ethanol (AR, Beijing Yili Fine Chemical Co.) were
used without further purification.
2.2. Procedures

All the manipulation, reactions and cationic polymerizations of
p-methylstyrene were carried out under dry nitrogen in baked
glassware equipped with three-way stopcocks. Specific reaction
conditions are listed in the Figure captions. A representative
procedure was described as follows: The monomer solution in the
mixture of CH2Cl2 and n-Hex was prepared in a chilled 1000 mL
round-bottom flask at �80 �C. The monomer solution was air-
tightly transferred to the 20 mm � 200 mm test tube (polymeri-
zation reactor) via a 20 mL volumetric pipette and cooled at the
desired reaction temperature for more than 30 min. The solutions
of H2O, triphenylamine or triethylamin and AlCl3 in CH2Cl2 were
introduced through syringes into the above p-methylstyrene
solutions to initiate the polymerization for a given time and
terminated by ethanol containing 1% NaOH. The resultant polymer
was purified two times by re-precipitation from hexane/
ethanol, washed with water and ethanol and finally dried under
vacuum at 45 �C to constant weight. The monomer conversion was
determined gravimetrically. The control sample of atactic
poly(p-methylstyrene) (PpMS) with high molecular weight
(Mn ¼ 225,000 g mol�1, Mw/Mn ¼ 2.7) in the DSC experiments was
synthesized via bulk free radical polymerization of p-methylstyrene
at 120 �C.
2.3. Measurements

The H2O concentration in the polymerization system was
monitored electrochemically with an SF-6 water determination
apparatus (Shandong Zibozifen Instrument Co.) in conjunctionwith
a Karl-Fischer reagent for coulometric titration according to the
method described previously [29]. The number-average molecular
weight (Mn), weight-average molecular weight (Mw) and molecular
weight distribution (MWD, Mw/Mn) of poly(p-methylstyrene) were
measured by gel permeation chromatography (GPC) system
(Waters 515e2410) equipped with four Waters styragel columns
connected in the following series: 500, 103, 104, and 105, which
were connected to a Waters-1515 isocratic HPLC pump and
aWaters-2414 refractive index detector in tetrahydrofuran at 30 �C.
The columnswere calibrated against standard polystyrene samples.
THF was eluted at a flow rate of 1.0 mL min�1.

The theoretical molecular weight (Mn,theo) was calculated
according to the following equation:

Mn;theo ¼ ½pMS�0�conversion� 118=½H2O�0
The initiation efficiency (Ieff) was calculated according to the

following equation:

Ieff ¼ Mn;theo=
�
Mn;exp � conversion

�

The film of poly(p-methylstyrene) was prepared on slide under
a constant pressure of 10 kg cm�2 for about 30 s at temperature of
180 �C and then taken out and kept at room temperature for 10min.
The micrograph of polarized optical microscope (POM) on
poly(p-methylstyrene) film was recorded using Leitz SM-LUX-POL
POM. The film of poly(p-methylstyrene) for DSC measurement
was formed as same as the film for POM measurement, and was
characterized by the Q200 MDSC (TA Instruments Company) at
a scan rate of 5 K min�1 under nitrogen. Sample for TEM charac-
terization was sectioned using a F6C þ FC6 ultramicrotome
at �60 �C using a diamond knife to produce section samples with
around 100 nm thickness. Specimen was placed on 400-mesh Cu
grids without staining and TEM characterization was performed on
a HITACHI-800 transmission electronmicroscope at 200 kV. The 13C
NMR spectra were collected on a Bruker AV600 MHz spectrometer
for 4 h in o-dichlorobenzene at 25 �C under conditions of pulse
delay of 6.5 usec, acquisition time of 0.62 s and number of tran-
sients of 5500. The proportions of mmmm pentad, mm triad and m
dyad were determined on the basis of the integrals of characteristic
signals in the quantitative 13C NMR characterization [30].

PðmmmmÞ ¼ A143:6

A143:6 þ A143:2 þ A142:8
� 100%

PðmmÞ ¼ A143:6 þ A143:2

A143:6 þ A143:2 þ A142:8
� 100%

PðmÞ ¼ A143:6 þ A143:2 þ A142:8
2

A143:6 þ A143:2 þ A142:8
� 100%

wherein, P(mmmm), P(mm) and P(m) are the proportion ofmmmm
pentad, mm triad and m dyad respectively; A143.6, A143.2 and A142.8
are the integrals of resonances at 143.6 ppm, 143.2 ppm and
142.8 ppm respectively in 13C NMR spectra by multi-peak fitting.

3. Results and discussion

3.1. Cationic polymerization of pMS with H2O/AlCl3/triphenylamine
initiating system

The control experiment of cationic polymerizations of
p-methylstyrene (pMS) with H2O/AlCl3 initiating system was
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conducted in the absence of amine at�80 �C for comparison. TheGPC
curve with the data of molecular weights and molecular weight
distribution for the control experiment in the absence of amine is
given inFig.1(a). The resultingpoly(p-methylstyrene) (PpMS-0) in the
control experiment has relatively low number-average molecular
weight (Mn ¼ 95,000 g mol�1) and broad molecular weight distri-
bution (MWD, Mw/Mn ¼ 4.5). Then, the cationic polymerizations of
pMS with H2O/AlCl3/triphenylamine (TPA) initiating system were
carried out in n-hexane/CH2Cl2mixture (60/40, v/v) at�80 �C. All the
resultingPpMSproducts are soluble in tetrahydrofuranandbutanone.
Fig. 1(b) shows the GPC traces of PpMS products (PpMS-1, PpMS-2)
obtained at different monomer concentrations and polymerization
times of 0.3 M, 0.2 min and 0.5 M, 30 min, respectively. The cationic
polymerization proceeded rapidly to reach 87.9% of monomer
conversion within 0.2 min even at low monomer concentration
([pMS]¼0.3M)andPpMS-1withhighMnof176,000gmol�1 couldbe
obtained. As shown in Fig. 1, all the monomer nearly completed
conversion and PpMS-2 with higher molecular weight
(Mn ¼ 276,000 g mol�1) could also be synthesized at [pMS] ¼ 0.5 M.
The intermolecular alkylation did not occur under monomer starved
conditionsdue to the existence ofeCH3 at thepara-position of phenyl
group. The fact that molecular weights of PpMS products obtained at
differentpolymerization time almost kept unchangedaftermonomer
consumption furtherproved theabsenceof intermolecularalkylation.
Therefore, the experimental molecular weights (Mn,exp) of these two
polymers are much higher than the corresponding theoretical values
(Mn,theo) of35,000gmol�1 forPpMS-1and73,000gmol�1 for PpMS-2
respectively, which is attributed to the relatively low initiation effi-
ciency (Ieff) of 0.23e0.26 from initiator (H2O). The monomodal but
broad molecular weight distributions (Mw/Mn ¼ 3.9 and 4.3) are
probably due to the slow initiation and rapid propagation.

PpMS-0, PpMS-1 and PpMS-2 were characterized by polarized
optical microscope (POM) and the corresponding POM images are
shown in Fig. 2. It can be clearly observed that almost no crystalline
formed for PpMS-0, while PpMS-1 and PpMS-2 could form crystal
morphology with 10e30 mm in size under the same flow-induced
conditions. Compared to PpMS-1 with 38% of mmmm pentad, the
crystallizability of PpMS-2 with only slightly lower mmmm pentad
(37%) increased with increasing its molecular weight all other
factors almost being equal. Fig. 3 presents the internal structure of
the crystals of PpMS-2 characterized by transmission electron
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Fig. 1. GPC curves of poly(p-methylstyrene) obtained by cationic polymerization with H2O/A
[H2O] ¼ 1.23 mM, [pMS] ¼ 0.5 M, Tp ¼ �80 �C, Vn�Hex=VCH2Cl2 ¼ 6/4. tp ¼ 30 min, conversi
PpMS-1: [H2O] ¼ 0.90 mM, [pMS] ¼ 0.3 M, tp ¼ 0.2 min, conversion ¼ 87.9%, Mn,theo ¼ 3
conversion ¼ 99.9%, Mn,theo ¼ 73,000 g mol�1, Ieff ¼ 0.26.
microscope (TEM). It can bee clearly seen from TEM images of
PpMS-2 that there exist many fiber-like lamellar crystallines
emerged in PpMS matix resulted from the stereoregular sequences
along polymer chains. The orientation degree increased with
stereoregularity and length of the stereoregular sequence segments
in PpMS chains. It can be further observed that both the well-
ordered long fiber-like crystallines in Fig. 3(A) and ill-organized
short fiber-like crystallines in Fig. 3(B) existed in the crystallizable
polymer, leading to creation of the crystal morphology with various
sizes and shapes, as shown in Fig. 2. And the variform crystal
morphology could also give rise to the different thermodynamics of
the crystalline regions. Therefore, it can be induced that the short
isotactic sequences along polymer chain in the absence of external
TPAwere difficult to form obvious crystalline under the same flow-
induced crystallization conditions.

In order to confirm the crystallizability of PpMS products
obtained by cationic polymerization, PpMS-1 and PpMS-2 were
further characterized bydifferential scanning calorimetry (DSC) and
the representative DSC curves are given in Fig. 4. The atactic
poly(p-methylstyrene) (PpMS) with high molecular weight
(Mn ¼ 225,000) was used as a reference for DSC measurement and
the DSC curve of atactic PpMS is also given in Fig. 4. As shown in
Fig. 4, the atactic PpMS had a glass transition temperature (Tg) of ca.
110 �C, which is near to the theoretical value (ca.116 �C). And no
melting temperature (Tm) was detected of the atactic PpMS in the
DSC measurement. Compared to the atactic PpMS, it can be seen
from Fig. 4 that the high molecular weight PpMS-1 and PpMS-2
obtained by cationic polymerization presentmuch lower Tg at ca. 93
and 94 �C than that of ca.110 �C for atactic PpMSwith sufficient high
molecular weight. Tg is dependent on average degree of polymeri-
zation for many polymers including polystyrene and poly(a-methyl
styrene) [31]. It has be also recognized that Tg of polymer increases
with its molecular weight to a certain extent and then keeps
unchanged when the molecular weight is high enough. Therefore,
lower Tg for very highmolecularweight PpMS-1 and PpMS-2maybe
attributed to the relatively short sequences of atactic segments and
stereoregular segments along macromolecular chains of PpMS.
Moreover, the multiple endothermic peaks ranging from 159 �C to
227 �C for melting temperatures (Tms) of crystals could be also
observed in Fig. 4, which is attributed to the broad crystalline
segment distribution and variform crystal morphology [32,33].
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lCl3 initiating system in the absence and presence of TPA. (a) PpMS-0: [AlCl3] ¼ 3.8 mM,
on ¼ 99.9%; (b) [AlCl3] ¼ 3.8 mM, [TPA] ¼ 1.9 mM, Tp ¼ �80 �C, Vn�Hex=VCH2Cl2 ¼ 6/4.
5,000 g mol�1, Ieff ¼ 0.23; PpMS-2: [H2O] ¼ 0.81 mM, [pMS] ¼ 0.5 M, tp ¼ 30 min,



Fig. 2. POM images of PpMS-0, PpMS-1 and PpMS-2 after flow-induced crystallization under pressure. Pressure ¼ 10 kg cm�1, Tc ¼ 180 �C, other conditions are shown as in Fig. 1.
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In order to further investigate the stereoregularity and config-
uration of PpMS, the polymers were examined by 13C NMR spec-
troscopy and the representative 13C NMR spectra are given in Fig. 5.
The stereoregularity of PpMS can be determined from the intendity
ratios of the characteristic peaks of the aromatic C1 carbon in the
region of 142e144 ppm for isotactic, atactic and syndiotactic
sequences correspondingly. The 13C NMR spectra of PpMS in Fig. 5
present the main characteristic resonance signals at d ¼ 143.6,
143.2, and 142.8 ppm. The resonance at d ¼ 143.6 ppm is assigned
to the mmmm pentad of isotactic sequence. The resonance at
d ¼ 143.2 ppm is assigned to the rmmr triad, and the resonance
signal at d ¼ 142.8 ppm is for mmrm and mmrr triad or rmrm rrmr
dyad [34]. The characteristic resonance signal at d ¼ 142.3 ppm for
rrrr pentad was undetectable, indicating that there is hardly long
syndiotactic sequences along polymer chains [35]. The proportions
of mmmm pentad, mm triad and m dyad in PpMS-1 was deter-
mined to be 37%, 62% and 81% respectively [30]. The proportion of
mmmm pentad peak was almost independent on polymerization
time and monomer conversion since the proportions of mmmm
pentad, mm triad andm dyad in PpMS-2was determined to be 38%,
62% and 81% respectively. However, atactic PS has only 7% of
mmmm pentad and 45% of m dyad. Therefore, the stereospecific
polymerization of p-methylstyrene with H2O/AlCl3/TPA initiating
system could be achieved to create the crystallizable polymers with
high meso contents of more than 80%. These experimental obser-
vations show that character and properties of PpMS may be
modified by its tacticity, sequence distribution and molecular
weight, which may lead to developing a new series of PpMS
advanced materials by mediating the tacticity and sequence
distribution.

3.2. Effect of TPA concentration

The cationic polymerization of p-methylstyrene initiated with
H2O/AlCl3/TPAwere further carried out at various concentrations of
Fig. 3. TEM images of PpMS-2 after flow-induced crystallization under pressure. A: w
pressure ¼ 10 kg cm�1, Tc ¼ 180 �C, other conditions are shown as in Fig. 1.
TPA in n-hexane/CH2Cl2 (6/4, v/v) at �80 �C by keeping [AlCl3] at
3.8 mM. The GPC traces and the corresponding data for the
resulting polymers are given in Fig. 6. The monomer conversions
decreased slightly from 99.2% to 83.7% with increasing concentra-
tion of TPA from 1.9 nM to 2.7 mMwhile greatly decreased to 28.5%
when concentration of TPAwas further increased to 2.9 mM.Mn,s of
the resulting polymers with high yields increased gradually from
116,000 g mol�1 to 286,000 g mol�1, MWD narrowed and poly-
dispersity decreased from 4.1 to 2.8 with increasing concentration
of TPA from 1.9 mM to 2.7 mM. From these experimental data and
the GPC traces in Fig. 6, it can be clearly observed that the portion of
low molecular weight fraction decreased with increasing TPA
concentration and molecular weight at peak (Mp) increased, indi-
cating that the side reactions of chain termination or chain transfer
reaction could be greatly decreased. Thus, the mechanistic roles of
TPA were mainly to decrease the cationicity of growing species, to
increase the stability of growing species and steric hindrance in
counteranions, resulting in decreases in the polymerization rate
and molecular weight distribution while increases in the average
molecular weights. The polymerization proceeded via the propa-
gation from ion pair species. The monomer insertion on the
growing ion pair species was limited by the distance (tightness)
between cations and counteranions in growing ion pair species,
and the steric hindrance from counteranions as well, resulting in
formation of some stereoregular segments. “Back-side attack”
means that the incoming monomer attacks the carbonium ion on
the side opposite from the counterion, and “front-side attack”
means the incoming monomer attacks the carbonium ion on the
same side as the counteranion [24]. Due to steric interactions
within the ion pair, the side of the plane onwhich the counterion is
positioned is such that main back-side attack leads to an isotactic
sequence. Therefore, the isotactic-rich poly(p-methylstyrene)
products, such as PpMS-1, PpMS-2, PpMS-3 or PpMS-4, with very
high molecular weight and dyad m of more than 80% could be
synthesized via back-side attacking of monomer to propagating
ell-ordered long fiber-like crystallines; B: ill-organized short fiber-like crystallines;



Fig. 4. DSC curves of PpMS-1, PpMS-2 and atactic PpMS after flow-induced crystallization under pressure. Pressure ¼ 10 kg cm�1, Tc ¼ 180 �C, other conditions are shown as in Fig. 1.
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cations at appropriate TPA concentrations, i.e. [TPA] ¼ 1.9e2.3 mM.
However, excess TPA resulted in a slight decrease of the stereo-
regularity of segments along polymer chain for P(mmmm)
decreasing from 38% to 32%, as shown PpMS-3 and PpMS-6 in Fig. 6.

3.3. Effect of solvent polarity

The polarity of solvent is a crucial factor for salvation and
character of active centers in ionic polymerization. The effect of
solvent polarity on cationic polymerization of pMS with H2O/AlCl3/
TPA initiating systemwas conducted by changing the volume ratios
of n-hexane/CH2Cl2 from 8/2 to 0/10 while keeping other
conditions constant. The solvent polarity decreased with increasing
Fig. 5. 13C NMR spectra of PpMS-1, PpMS-2 and atactic PpMS. PpMS-1: P(mmmm) ¼ 38%, P(
PpMS: P(mmmm) ¼ 15%, P(mm) ¼ 32%, P(m) ¼ 66%. The full spectrum corresponds to PpM
n-hexane fraction in n-hexane/CH2Cl2 mixtures. The tightness of
the propagating ion pairs increased with decreasing polarity of
solvent in polymerization systems, leading to an increase in
possibility for monomer insertion via back-side attacking to the
growing cations. As shown in Fig. 7, the proportions of mmmm
pentad, mm triad and m dyad in poly(p-methylstyrene) products
increased from 27% to 40%, from 43% to 64% and from 72% to 82%
respectively with increasing Vn�Hex=VCH2Cl2 from 0 (0/10) to 4 (8/2).
Tg decreased from 99 to 92 �C while melting enthalpy increased
from 1.7 to 8.9 J g�1 with decreasing solvent polarity, which may be
attributed to the increasing possibility of back-side attack of
monomer to the more contact growing ion pairs for propagation.
Namely, the isotactic propagation is preferred in ion pair growing
mm) ¼ 62%, P(m) ¼ 81%; PpMS-2: P(mmmm) ¼ 37%, P(mm) ¼ 62%, P(m) ¼ 81%; atactic
S-1.
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Fig. 6. GPC traces of poly(p-methylstyrene) obtained in different TPA concentrations: [PMS] ¼ 0.5 M, [AlCl3] ¼ 3.8 mM, [H2O] ¼ 1.45 mM; Vn�Hex=VCH2Cl2 ¼ 6/4; Tp ¼ �80 �C;
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P(m) ¼ 81%; PpMS-5: [TPA] ¼ 2.7 mM, Conv% ¼ 83.7%, P(mmmm) ¼ 34%, P(mm) ¼ 58%, P(m) ¼ 79%; PpMS-6: [TPA] ¼ 2.9 mM, Conv% ¼ 28.5%, P(mmmm) ¼ 32%, P(mm) ¼ 53%,
P(m) ¼ 76%.
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ends in solvent with lower polarity, which is similar to the research
results in vinyl ether polymerizations reported by Higashimura and
Kunitake [23,24]. The effect of solvent polarity on Tg and total
melting enthalpy of multi-peaks of PpMS polymers with high
molecular weights (Mn ¼ 194,000e258,000 g mol�1) further
confirms the crucial factor of tightness in the growing ion pairs in
stereospecific cationic polymerization of p-methylstyrene.

3.4. Effect of nucleophilicity of amine

The tightness of the growing ion pairs was also increased by
introducing triethylamine (TEA) with stronger nucleophilicity or
basicity (pKa,TEA¼ 10.7) than TPA(pKa,TPA ¼�6.4) [36]. Kennedy and
Kaszas et al. have proposed the mechanistic role of carbocation
stabilization for external strong electron donors or nucleophiles on
the living carbocationic polymerization, suggesting that electron
donors and/or their complexes with a Lewis acid interact with the
growing chain end to reduce its cationicity and thus to convert
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Fig. 7. Effect of solvent polarity on isotacity, Tg and melting enthalpy of poly(p-methylstyr
Tp ¼ �80 �C, tp ¼ 30 min pressure ¼ 10 kg cm�1, Tc ¼ 180 �C.
highly reactive species into less reactive species [1,37]. The electron
donor was also proposed to affect the micro-surroundings with
more nucleophilicity around the growing species [29]. As expected,
PpMS-7 and PpMS-8 obtained in the presence of TEA with stronger
basicity had relatively narrow molecular weight distribution (Mw/
Mn ¼ 2.5e2.1) in comparison with those in the presence of TPA
(Mw/Mn ¼ 2.7e4.1). Strong base TEA might trap Hþ generated by
b-H elimination from the growing species during polymerization
and then decrease the chain transfer reaction. However, compared
to PpMS-3 obtained in the presence of TPA with bulky phenyl
groups, PpMS-7 and PpMS-8 had relatively low isotacticity of
P(mmmm) of 35%, 35% and 33% respectively. Therefore, the crucial
factors on the stereochemistry of monomer insertion include both
the tightness in the growing ion pairs and the steric hindrance of
counteranion in cationic polymerization of p-methylstyrene. TEA
with stronger basicity mainly contributes to mediate the molecular
weight distribution and TPA with larger steric hindrance mainly
influences the stereochemistry of monomer insertion. On the other
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Fig. 9. Arrhenius plot of ln(Mn) vs 1/Tp for cationic polymerization of IB with H2O/
AlCl3/TPA initiating system. [PMS] ¼ 0.5 M; [AlCl3] ¼ 3.8 mM; [TPA] ¼ 1.9 mM;
[H2O] ¼ 0.81 mM; Vn�Hex=VCH2Cl2 ¼ 6/4; tp ¼ 30 min.
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hand, Storey et al. [38] have theorized that basic additives suppress
the concentration of unpaired chain carriers through the in situ
production of common ions via the scavenging of protic impurities.
According to Storey’s theory on the mechanistic role of external
EDs, the function of the tertiary amine might be also supply
common counterions to the system, throughwater scavenging [38].
This suppresses dissociation of the propagating ion pairs and cause
propagation to proceed exclusively through contact ion pairs. The
resulting polymers (PpMS-7 and PpMS-8) also present beautiful
crystalline performance in Fig. 8.

3.5. Effect of polymerization temperature

Polymerization temperature is an important factor for the prop-
agation and termination in cationic polymerization. To examine the
effect of polymerization temperature, the cationic polymerizations
of p-methylstyrene with H2O/AlCl3/TPA initiating system were con-
ducted at various temperatures ranging from �80 to �50 �C. All the
experiments got almost complete monomer conversion within
30 min at different polymerization temperatures. The termination
and chain transfer reaction will be increased by increasing poly-
merization temperature, leading to decrease in molecular weight of
the resulting polymers, which is a common problem in the
conventional cationic polymerization. The inverse effect of poly-
merization temperature on molecular weights is quantitatively
expressed by Arrhenius equation, i.e. lnMn ¼ lnA� DE/RT, that isMn

depends on 1/Tp [39]. The overall activation energy difference (DE or
EDP) was calculated to be�14.4 kJ mol�1 from the slope of the linear
Arrhenius plot of ln(Mn) vs 1/Tp for the temperature interval
from �80 to �50 �C, as shown in Fig. 9. On the other hand, the 13C
NMR characterization indicates that the two PpMS products
obtained at �50 �C and �80 �C had almost the same isotacity, i.e.
P(mmmm), P(mm) and P(mm) for these two polymers are 38%, 62%
and 81% respectively. Therefore, polymerization temperature was
not the crucial factor on the stereospecific propagation and stereo-
regularity of PpMS in this polymerization system.

3.6. Mechanism for stereospecific polymerization

Based on the above experimental results and observations, the
crystallizable PpMS products with more than 75% of m dyad
configurations and with very high molecular weights could be
prepared via the stereospecific cationic polymerization of
p-methylstyrene initiated by H2O/AlCl3 in the presence of TPA or
TEA. A possible mechanism for stereospecific polymerization of
p-methylstyrene with H2O/AlCl3/TPA initiating system was
proposed to depict the formation of resulting long polymer chain,
as shown in Scheme 1. The propagation proceeded via the insertion
Fig. 8. POM images of PpMS-7 and PpMS-8 obtained at different concentrations of TEA
Vn�Hex=VCH2Cl2 ¼ 6/4, Tp ¼ �80 �C, tp ¼ 30 min. PpMS-7: [H2O] ¼ 1.45 mM, [TEA] ¼ 1.9
P(m) ¼ 79%; PpMS-7B: [H2O] ¼ 0.95 mM, [TEA] ¼ 1.9 mM, Conv% ¼ 63.2%, Mn ¼ 426,000; M
[TEA] ¼ 2.3 mM, conversion ¼ 24.6%, Mn ¼ 447,000, MWD ¼ 2.1, P(mmmm) ¼ 33%, P(mm
of monomer from the growing ion paired species consisting car-
benium ion and counteranion to form high molecular weight
polymer chain. The incoming monomer molecules attack the car-
bonium ion and then polymer chains grow, which depending on
both the tightness of the ion paired species and steric hindrance in
counteranion. In this polymerization system, counteranion was
formed by the combination of Lewis acid (AlCl3) with the anionic
part (OH� or Cl�) from initiator or the polymer chain terminal and
with complex of AlCl3 and nucleophiles (TPA or TEA). The coun-
teranion always associated with the growing carbocation and the
tightness of the ion paired species was determined by the distance
between carbocation and counteranion, depending on nucleophi-
licity of amines and solvent polarity. The stereochemical environ-
ment of the growing carbocation could be adjusted through
designing the tightness of the ion paired species, nucleophilicity
and bulkiness of the associating counteranions. The steric course of
propagation was mainly determined by the nature of the growing
species with appropriate tightness or bulkiness against the
monomer insertion and propagation. On the other hand, it has been
also pointed out that the conformation of the last two units of the
propagating polymer segment and the direction of approach of the
incoming monomer would determine the steric course of propa-
gation [25]. The front-side of monomer attack to the carbonium ion
gave rise to a syndiotactic placement while the back-side attack of
monomer led to isotactic placement [24]. Therefore, the isotactic-
after flow-induced crystallization under pressure. [PMS] ¼ 0.5 M; [AlCl3] ¼ 3.8 mM,
mM, Conv% ¼ 20.5%, Mn ¼ 436,000; Mw/Mn ¼ 2.5, P(mmmm) ¼ 35%, P(mm) ¼ 58%,
w/Mn ¼ 2.3, P(mmmm) ¼ 35%, P(mm) ¼ 58%, P(m) ¼ 79%; PpMS-8: [H2O] ¼ 0.95 mM,

) ¼ 56%, P(m) ¼ 78%. Pressure ¼ 10 kg cm�1, Tc ¼ 180 �C.



Scheme 1. Possible mechanism for stereospecific cationic polymerization of pMS and formation of long polymer chain with isotactic-rich segments.
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rich PpMS with very high molecular weight could be prepared via
cationic polymerization by the dominant back-side attack of
monomer to the growing ion paired species.
3.7. Model for aligning mechanism

A possible model for the aligning mechanism was sketched to
describe the flow-induced crystallization of PpMS with several
isotactic and atactic segments under pressure at 180 �C, as shown in
Fig. 10. After the orientation and arrangement, the polymer chains
with isotactic and atactic segments formed crystalline and amor-
phous regions. The thickness of different lamellaes in crystalline
regions was different due to the number and length of isotactic
segments, and overlap of some lamellaes.

Moreover, according to the following GibbseThomson equation
[40], the melting temperatures of every melting peak in DSC curve
Fig. 10. Possible model for the flow-induced crystallizatio
for PpMS are dependent on the length of isotactic sequences along
polymer.

Tm;i

Tm;o
¼ 1 ¼ 2se

li,DHu

where Tm,o is the equilibrium melting temperature, Tm,i is the
melting temperature of each melting peak, se is the basal surface
energy of polymer crystals, DHu is the heats of fusion for repeating
units, li is the length of isotactic sequences for the high molecular
weight random copolymer with atactic and isotactic segments.

The crystalline model in Fig. 10 demonstrates the different
length, surface and thickness of the crystalline districts, which
makes difference in melting temperatures and thus results in
multi-melting peaks in DSC curves in Fig. 4.

Furthermore, it can be inferred from themodel in Fig.10 that the
free volume of amorphous phases could be enlarged and the
entanglement of atactic segments could be decreased due to the
n of isotactic-rich PpMS with high molecular weight.
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formation of crystalline from the inter- or intra-isotactic PpMS
segments, leading to facilitate the movement of those atactic PpMS
segments in amorphous regions and thus lower Tg (w93 �C) of the
above isotactic-rich PpMS with high molecular weight than that
(w118 �C) for atactic PpMS.

4. Conclusions

The stereospecific cationic polymerizations of p-methylstyrene
have been achieved with H2O/AlCl3 initiating system in the pres-
ence of triphenylamine or triethylamine. The inverse effect of
polymerization temperature on molecular weights was observed
and the overall activation energy difference (DE or EDP) was
calculated to be �14.4 kJ mol�1. The propagation proceeded via the
dominant back-side attack and insertion of monomer from the
growing ion paired species consisting carbenium ion and counter-
anion to form high molecular weight polymers with isotactic-rich
segments along macromolecular chains. The steric course of
propagation was mainly determined by the tightness of the
growing ion paired species and steric hindrance in counteranions.
The bulky triphenylamine with relatively weak nucleophilicity,
triethylamine with strong nucleophilicity and solvent polarity did
play very important roles in achieving the stereospecific cationic
polymerization of p-methylstyrene for their contributions to the
ion paired species. Polymerization temperature was not the crucial
factor on the stereospecific propagation and stereoregularity of
PpMS. The resulting isotactic-rich poly(p-methylstyrene) with high
molecular weight, having highmeso dyad (m) content of more than
75% could form crystal morphology with 10e30 mm in size by flow-
induced crystallization under pressure at 180 �C. A possible model
for the aligning mechanism was sketched to describe the flow-
induced crystallization of PpMS with several isotactic and atactic
segments and to explain the multi-melting peaks and lower glass
transition temperatures. Further investigations will be done along
this line in our laboratory.
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