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ABSTRACT: Living cationic polymerization of isobutylene (IB) with 1-chlorine-2,4,4-trimethyl pentane (TMPCI)/TiCly/isopropanol
(iPrOH) or isoamylol (iAmOH) has been achieved in the presence of 2,6-di-tert-butylpyridine (DtBP) at —80°C. Polyisobutylenes
with nearly theoretical M, based on TMPCI molecules and more than 90% of fert-chlorine-end groups could be obtained at high
[TMPCI]. The S-proton elimination from —CHj in growing chain ends increased with increasing polymerization temperature and
decreasing solvent polarity. A chain-transfer-dominated cationic polymerization process with H,O/TiCl,/iAmOH could be achieved in
n-hexane at —30°C. The monomer conversion and content of exo-olefin end groups increased while molecular weight decreased with
increasing [/AmOH]. To the best of our knowledge, this is the first example to achieve the direct synthesis of highly reactive polyiso-
butylene with low M, of 1200~1600, carrying more than 80% of exo-olefin terminals by a single-step process via cationic polymer-

ization co-initiated by TiCl, in nonpolar hydrocarbon. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42232.
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INTRODUCTION

Polyisobutylene (PIB) has excellent properties in chemical sta-
bility, thermal stability, and resistance to oxidation, ozone, and
UV."™® As well known, the living cationic polymerizations of IB
have been achieved to synthesize PIBs with theoretical molecu-
lar weight and tert-Cl end groups by using BCl;, TiCl,, FeCls,
or organoaluminum chlorides, such as Et,AlCl and Me,AlICl as
co-initiators in combination with an initiator selected from
organic tertiary ester, ether, alcohol, halide, and substituted
epoxide.®>™* Strong electron donors, such as dimethylsulfoxide,
N,N-dimethylacetyamide, amines, and pyridine, were normally
introduced to these above polymerization systems co-initiated
by BCl; or TiCl, to increase initiation efficiency, stabilize propa-
gating species, and suppress chain transfer reaction and termi-
nation.”™" Highly reactive polyisobutylenes (HRPIBs) with low
molecular weight and preferably more than 80 mol % have
high reactivity for further functionalization and could be used
as intermediates in the preparation of additives for fuels and

lubricants.* 2073

HRPIB can be mainly prepared by two major techniques: (A)
single-step process and (B) two-step process. Commercial
HRPIBs can be produced by process (A) via cationic polymer-
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ization of isobutylene (IB) in hexane with the complexes of BF;
with secondary aliphatic alcohol and/or tertiary ether initiating
systems at temperature below 0°C.>°7% Several research groups
have also developed many other initiating systems for synthesis
of HRPIBs, such as BFs-cyclohexanol, solvent-ligated
[M(NCMe)4]?* (M™ = Mn, Cu, Mo, Fe, or Zn) complexes with
bulky noncoordinating borate counteranions, tert-butyl chlo-
ride/EtZnCl, (NH4 "), 5Hy sPW,,040, AlCls/dialkyl ether, FeCls/
dialkyl ether, GaCl,/dialkyl ether, AlCl;/0-cresol, FeCls/isopropa-
nol, and EtAICl,/dialkyl ether.’*~*> However, HRPIBs with more
than 80% of exo-olefin end groups has never been directly syn-
thesized by a single-step process via cationic polymerization
coinitiated by TiCl,.

HRPIBs synthesis by process (B) could also be conducted via
specific termination reaction after completion of living cationic
polymerization coinitiated with TiCl, by addition of allyltrime-
thylsilane, strong hindered bases, such as 2,5-disubstituted pyr-
roles, hindered aliphatic tertiary amines, partially hindered
pyridines or sulfides, or modification from tert-chloro-termi-

nated functional PIB chains reaction.®>”>

The TMPCI/FeCl3/iPrOH initiating system has been recently
developed in our research group to achieve living cationic
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polymerization of IB in CH,Cl,/hexane mixture at —80°C."
Very interestingly, the chain-transfer-dominated cationic poly-
merization of IB with H,0/FeCl;/iPrOH initiating system in
nonpolar hydrocarbons at —40 to 20°C has also been achieved
in our research group, leading to direct synthesis of HRPIBs
with more than 90 mol % of exo-olefin.®* It indicates that living
cationic polymerization of IB co-initiated by FeCl; could be
transformed to chain-transfer-dominated process by changing
reaction conditions. Moreover, a preliminary study on IB poly-
merization with H,O/TiCl,/CH;OH initiating system in our
research group indicated that the content of exo-olefin end
groups increased with MeOH concentration in the polymeriza-
tion system and PIBs with <71 mol % (normally ca 50 mol %)
exo-olefin end groups could be prepared at —30°C.”® Therefore,
these previous research results encouraged us to further investi-
gate the possibility of direct synthesis of HRPIB via cationic
polymerization of IB with H,O/TiCly/alcohol initiating system
in nonpolar hydrocarbon media. In this article, we will present
the characteristics of cationic polymerization of IB in hexane or
in the mixed C, fraction feed with H,O/ isoamylol/TiCl,/iso-
propanol or isoamylol initiating systems under different poly-
merization  conditions. The effect of polymerization
temperature, solvent polarity, and alcohol concentration on
number-average molecular weight, molecular weight distribu-
tion, and the content of end groups of the resulting PIBs has
been investigated.

EXPERIMENTAL

Materials

Dichloromethane (CH,Cl,, A.R. Beijing Yili Fine Chemicals)
and n-hexane (A.R. Beijing Yili Fine Chemicals) were dried by
distillation from calcium hydride before use. The mixed C, frac-
tion feed was dried with 4 A molecular sieves for more than 30
days. The mixed C, fraction feed contains 1.9 wt % of n-
butane, 49.1 wt % of isobutane, 21.9 wt % of n-butene, 24.9 wt
% of 1B, 2.0 wt % of 2-butene, and 0.15 wt % of 1,3-butadiene.
The 2-chloro-2,4,4-trimethyl pentane (TMPCI) was prepared by
passing dry HCI through a 30% solution of 2,4,4-trimethyl-1-
pentene (purity: 99%, Aldrich) in dried CH,Cl, at 0°C for
3 h." Anhydrous titanium chloride (TiCly, purity: 99%, Acros,
packaging under nitrogen), isobutylene (IB purity: 99.9%, Bei-
jing Yanshan Petroleum Chemical Corp.), 2,6-di-tert- butylpyri-
dine (DfBP, purity: 97%, Acros), isopropanol (iPrOH, A.R.
Beijing Chemical Company), isoamylol (/AmOH, A.R. Beijing
Chemical Company), and ethanol (A.R. Beijing Yili Fine Chem-
icals) were used as received.

Procedures

All the manipulation, reactions, and cationic polymerizations
were carried out under a dry nitrogen atmosphere. General pro-
cedures of reagents were as described as our previous
work, 286276780 gpecific reaction conditions are listed in the
captions of figures. The polymerizations were conducted under
dry nitrogen atmosphere in a tube reactor (120 mL).

Living Cationic Polymerization of IB. The monomer solution
([IB]o=1.0 mol-L™!) in the mixed solvents of hexane and
CH,CI, with volume ratio of 60/40 was prepared in a chilled
1000 mL round-bottom flask at —80°C. Typically, 20 mL of the
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monomer solution was air-tightly transferred to every test tube
(120 mL) via a 20 mL volumetric pipette followed by a specific
amount of iPrOH or /AmOH, DiBP, and TMPCI and then the
mixture was cooled at the desired reaction temperature for at
least 30 min. The cationic polymerization was started by addi-
tion of the solutions of TiCl, in CH,Cl, ([TiCly]o=4.0
mol-L™') into the monomer solution with syringe at —80°C.

Cationic Polymerization of IB in Hydrocarbon Media for Syn-
thesis of HRPIB. The monomer solutions in hexane ([IB] = 2.9
mol-L™") or the mixed C, fraction feed ([IB],=2.9 mol-L™})
were prepared in a chilled 1000 mL round-bottom flask at
—40°C. The monomer solution was transferred to test tube as
described above. The cationic polymerization was started by
addition of /AmOH and TiCl, in CH,Cl, with syringe at
—30°C.

The above polymerization systems were quenched and neutral-
ized at predetermined times by injection of 4 mL ethanol con-
taining 1% NaOH. After evaporation of the volatiles, the
polymer was rewashed with hexane and ethanol for three times.
The polymer products were dried in a vacuum oven at 40°C to
a constant weight. The monomer conversion was determined
gravimetrically.

Instrumentation

The H,O concentrations in the components and in the poly-
merization systems were monitored electrochemically with an
SF-6 water determination apparatus (Shandong Zibo Water
Analytical Company) in conjunction with a Karl-Fisher reagent
for coulometric titration according to the method
described.'”?¥6>7¢% The number-average molecular weights
(M,), weight-average molecular weight (M,), and molecular
weight distribution (MWD, M,/M,) of polyisobutylenes (PIBs)
were measured by gel permeation chromatography (GPC) using
a Waters 1515 isocratic HPLC pump connected to four Waters
Styragel HT3, HT4, HT5, and HT6 columns and a Waters 2414
Refractive Index Detector at 30°C. Tetrahydrofuran (THF) was
served as a solvent of PIB with concentration of 20 mg of PIB/
10 mL of THF and as a mobile phase at a flow rate of 1.0
mL-min~'. The columns were calibrated against the standard
polystyrene samples with molecular weights from 162 to
8,500,000 g-mol~'. Nuclear magnetic resonance (NMR) spectra
of PIB dissolved in deuterated chloroform (CDCIl3) in a 5 mm
(0.d.) NMR tube with concentration of 15% were recorded by
Bruker AV400 MHz NMR spectrometer operating at 25°C.
Chemical shifts (6) were referenced to tetramethylsilane (TMS)
as internal standard (dy=0.00) or to the solvent signal
(6c=77.0) in the 'H and >C NMR spectra. All NMR chemical
shifts are reported in ppm. The distortionless enhancement by
polarization transfer (DEPT) technique was further used for
structural characterization of polymers.

RESULTS AND DISCUSSION

Living Cationic Polymerization of IB with TMPCI/TiCly/
iPrOH or iAmOH Initiating Systems in the Presence of DfBP
at —80°C

The cationic polymerizations of isobutylene (IB) with TMPCI/
TiCl/iPrOH or iAmOH initiating systems were conducted in
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Figure 1. '"H-NMR spectra of PIBs obtained with TMPCI/TiCly/iPrOH or iAmOH initiating systems in the presence of DfBP at —80°C. [IB] = 1.0

mol-L
mmol- L™}, [{PrOH] =41.4 mmol-L™!, G=90.0 mol %,
[iPrOH] =552 mmol-L™!, G=92.6 mol %, A%=3.9 mol %,
[{AmOH] = 13.8 mmol-L™', G=96.7 mol %,

~!, [H,0] =0.75 mmol-L", [DtBP] = 2.1 mmol-L"', [TiCly] = 276 mmol-L™"', Hex/CH,Cl, = 60/40 (v/v), t, =10 min. iPrOH-1: [TMPCI] = 13.8
A=3.6 mol %, internal double bonds = 5.4 mol %; iPrOH-2: [TMPCI] = 13.8 mmol-L™},
internal double bonds=3.0 mol %; iAmOH-1:
A =33 mol %. iAmOH-2: [TMPCl] = 2.7 mmol-L™!, [/AmOH] =552 mmol-L™}, G=94.6 mol %,

[TMPCI] =2.7 mmol-L™},

A= 5.4 mol %. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

hexane/CH,Cl, (60/40, v/v) solvent mixture in the presence of
DBP at low temperature of —80°C. The reaction conditions
and representative experimental results are given in Figures 1

T T T T T M T T T T T T 1
32 34 36 38 40 42 44
Elution time / min
Figure 2. GPC profiles of PIBs obtained with TMPCI/TiCl,/iPrOH or
iAmOH initiating systems in the presence of DBP at —80°C. Conditions
are shown as in Figure 1. A: iPrOH-1, Conversion =100%, M,=3930
M, theo = 4050 g~m0171, M,/M,, =1.45; B: iPrOH-2, Con-
M, =4900 gmol™', M, e =4050 gmol ', M,/

g~m0171,
version = 100%,

M, =1.46; C: iAmOH-1, Conversion = 96.7%, M, = 8700 g-molfl,
M, theo = 20100 g»molfl, M, /M, =128 D: iAmOH-2, Con-
version = 94.6%, M,=6700 gmol™', My e = 19600 gmol™', M,/

M, = 1.31. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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and 2. The strong resonance signals at 6 = 1.11 (z) and 1.41 (y)
in Figure 1 are assigned to —CH; and —CH, protons of the
structural units along the main chain of PIB respectively. The
resonance appears at 6 =0.99 (x) for the protons in head group
of —C(CHs;); in PIB chains indicates TMPCI initiation and pos-
sible protic initiation from alcohol. Moreover, it can be clearly
seen from Figure 1 that the two strong resonances at 6 = 1.96
and 1.69 attributed to —CH,-C(CHj3),—Cl and —CH,—
C(CHj3),—Cl (structure G) presented in all the four polymers.
All the four polymers carried more than 90% of tert-Cl terminal
groups (structure G), which is similar to our previous work for
the synthesis of living PIBs with TMPCI/FeCl;/iPrOH initiating
system at —80°C."" There were still <10% of unsaturated termi-
nal groups or isomers during polymerization at high DBP con-
centration, which is attributed to elimination of f-proton from
—CHj; group in the growing PIB chain ends by DBP and its
derivate, leading to formation of small amount of
—C(CH;)=CH, terminal group (structure A) in the presence of
high concentration of DfBP ([DBP] = 2.1 mmol- L1382 Ag
shown in Figure 2, all the resulting polymers exhibit monomo-
dal molecular weight distribution and M,/M,, keeps ranging
from 1.28 to 1.46 under various polymerization conditions.
Very interestingly, M,, of the resulting polymers was close to the
theoretical one (M, eo) On the basis of initiation from TMPCI
molecules at high TMPCl concentration of 13.8 mmol-L™},
while it was much lower than M, ., at low TMPCI concentra-
tion of 2.7 mmol-L™". It suggests that the dominant initiation
from TMPCI molecules took place in the polymerization system
at high TMPCl concentration ([TMPCI]=13.8 mmol- L),
while both initiations from TPMCI and from alcohol (iPrOH or
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Figure 3. Effect of polymerization temperature on monomer conversion
and PIB concentration ([PIB] in cationic polymerizations of IB with
TMPCI/TiCly/iAmOH or TiCl,/iAmOH initiating systems in the presence
of DfBP. [TMPCl]=2.8 mmolL™', [iAmOH]=28 mmolL ™
[TiCly] =244 mmolL™', [H,0]=0.81 mmolL™% [DiBP]=4.0
mmol-L ™} M, theo= 19,000 for complete monomer conversion. Other
conditions are shown as in Figure 1. [PIB]= [IB] X 56 X Conv./M,.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

iAmOH) occurred in the polymerization system at low TMPCI
concentration ([TMPCl] = 2.7 mmol-L™).

Cationic Polymerization of IB with TMPCI/TiCl,/iAmOH or
TiCl,/iAmOH Initiating Systems at Various Temperatures in
the Presence of DtBP

In order to further prove the possible initiation from alcohol,
the cationic polymerizations of IB initiated by TMPCI/TiCl,/
iAmOH or TiCl,/iAmOH systems were conducted at low
[TMPC]] of 2.8 mmol-L™", high [{AmOH] of 28 mmol-L™" in
the presence of a large amount of DfBP at —80°C by keeping
other reaction conditions constant. The experimental results of
monomer conversion, M,, M,/M,, and content of terminal
groups of the resulting polymers are given in Figures 3-5. It can
be seen from Figure 3 that the cationic polymerization of IB
with TMPCI/TiCly/iAmOH initiating system at —80°C could
result in near 100% of monomer conversion and the formation
of PIB chains with relatively narrow molecular weight distribu-
tion (M,/M, = 1.35) carrying ca 96.7 mol % of tert-Cl termi-
nals. The M, of the resulting PIB was only 9200 g-mol ', which
was much lower than the theoretical value of 19,000 g-mol™'
on the basis of single initiation from TMPCI molecules. Surpris-
ingly, the cationic polymerization of IB with TiCl,//AmOH ini-
tiating system in the absence of TMPCI at —80°C could also
result in 100% of monomer conversion and formation of PIB
chains with M, of 10,600 g-mol~' and relatively narrow molec-
ular weight distribution (M,/M, = 1.51), carrying ca 94.0 mol
% of tert-Cl terminals. Therefore, it can be inferred that
iAmOH could also be used as an effective initiator in combina-
tion with TiCl, to create protic initiation and start the living
polymerization at —80°C, leading to PIB chains carrying a large
amount of fert-Cl terminals. It is worth mentioning that 100%
of polymer yield could be obtained by using ;AmOH/TiCl, ini-
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Figure 4. Effect of polymerization temperature on M, and M,/M, of
PIBs obtained with TMPCl/TiCl,/iAmOH or TiCly/iAmOH initiating sys-
tems in the presence of DBP in Hex/CH,Cl, mixture (60/40, v/v). [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

tiating system in the absence of TMPCl at [{AmOH] = 28
mmol-L™", suggesting that the protic initiation from AmOH
did occur under these conditions. This experimental result is
similar to the report of living cationic polymerization of vinyl
ether with methanol/metal chloride initiating systems by Aosh-
ima,*>®* but quite different from that in the FeCls-coinitiated
polymerizations in our previous works.'*?

Polymerization temperature is a critical factor for initiation,
propagation, and termination in the cationic polymerization of
IB. To examine the effect of polymerization temperature, the
cationic polymerizations of IB with TMPCl/TiCl,/iAmOH or
TiCl,/iAmOH initiating systems were further conducted at vari-
ous temperatures ranging from —80 to 20°C. It can be seen
from Figure 3 that monomer conversion kept 100% by varying
reaction temperature from —80 to —30°C and then sharply
decreased to ca 15% with further increasing reaction tempera-
ture to 20°C for both the polymerization systems in the pres-
ence of TMPCI and in the absence of TMPCl. The average
concentration of the resulting PIB chains ([PIB]) in polymeriza-
tion system gradually increased with polymerization tempera-
ture from —80 to —30°C due to the obvious chain transfer
reaction while decreased with further increasing polymerization
temperature from —30 to 20°C due to the serious termination
of growing chains. The corresponding M,, and MWD (M,/M,,)
for the resulting polymers at various polymerization tempera-
tures ranging from —80 to —30°C are given in Figure 4. It can
be clearly observed from Figure 4 that M, of PIB decreased
from 9200 to 3600 g-mol™~' and from 10,600 to 3800 g-mol ™'
with increasing polymerization temperature from —80 to
—30°C in the presence of TMPCI and in the absence of TMPCI,
respectively. The molecular weight distributions of the resulting
polymers at temperatures from —80 to —30°C almost kept rela-
tively narrow (M,/M,~1.5). The inverse effect of polymeriza-
tion temperature (7,) on molecular weights (M,) has been
quantitatively expressed by Arrhenius equation, ie., In M, =In
A—AE/RTP.SS’86 Arrhenius plots of In M, versus 1/T,, for IB
polymerizations with TMPCl/TiCl,/iAmOH or TiCly//AmOH
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9.4 tion, and irreversible termination, could be effectively sup-
pressed. The possible mechanism for living cationic
22 polymerization of IB with TPMCITiCly/ROH (iPrOH or
i iAmOH) initiating systems was proposed and is shown in

’ g isaraad Scheme 1.

R® =0.99

_ 88 In order to investigate the chain transfer reaction and termina-
= y=877x t4.3 tion with increasing polymerization temperature, the resulting
T 86 S PIBs with H,O/TiCL/iAmOH initiating system at various
c polymerization temperatures from —80 to 20°C were performed
' ) on 'H-NMR characterization. The effect of polymerization
i .wflh IDARct on the contents of tfert-Cl end group (structure G,
Wiy TMEC] —CH,—C(CHj3),—Cl), exo-olefin terminal group (structure A,
8.0 —CH,—C(CH;3)=CH,) and endo-olefin terminal group (struc-
0.004  0.0042  0.0044 0.0046 0.0048 0.005 0.0052 0.0054 ture B, —CH,—CH=C(CHj3;),) on the basis of the integral cal-
1T, (K™) culation is presented in Figure 6. It can be clearly observed

Figure 5. Arrhenius plots of In M, versus 1/T, for IB polymerizations
with TMPCI/TiCly/iAmOH or TiCl,/iAmOH initiating systems in the
presence of DBP in Hex/CH,Cl, mixture (60/40, v/v). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

initiating systems in the presence of DfBP are given in Figure 5.
It can be seen from Figure 5 that the two linear Arrhenius plots
of In M, versus 1/T,, for IB polymerizations with TMPCI/TiCl,/
iAmOH and TiCl,/iAmOH initiating systems were nearly paral-
lel to each other. The overall activation energy differences (AE
or Epp) were calculated to be —7.3 and —8.2 kJ-mol~! from
the slopes of the linear Arrhenius plots for the temperature
interval from —80 to —30°C. The molecular weights of PIBs
obtained with TMPCI/TiCl,/iAmOH and TiCl,/iAmOH initiat-
ing systems were less temperature dependent than that for the
polymerizations of IB with H,O/FeCls/iPr,O (—20.5 kj-mol™"),
H,0/AICL/iPr,0 (—13.9 kJ-mol™'), and H,0/FeCls/iPrOH
(—10.7 kJ-mol ") initiating systems.>*™**

The living cationic polymerization of IB with TPMCI/TiCl,/
ROH (iPrOH or iAmOH) initiating systems could be achieved
at —80°C to produce PIBs with dominant tert-Cl terminal
groups (~95 mol %) and the side reactions, such as f-proton
elimination from normal growing cations, chain transfer reac-

from Figure 6 that the termination via chlorine transfer from
counteranion decreased with increasing polymerization temper-
ature from —80 to 20°C, leading to a decrease in the content of
tert-Cl end group (structure G) from around 95 to 6%. Simul-
taneously, the content of exo-olefin terminal group (structure A;
0 =4.64, 4.85) increased gradually from 6 to 66.8 mol % when
reaction temperature increased from —80 to —30°C and then
slightly decreased to 54.3 mol % when reaction temperature fur-
ther increased due to the corresponding increase in the content
of —CH,—CH=C(CH3), terminal group (structure B,
0 =5.15). It can be inferred that the f-proton elimination could
be increased while the selectivity of f-proton elimination from
—CH3; in the growing PIB chain end could be decreased with
increasing reaction temperature. The transfer side reactions (iso-
merizations) could be effectively suppressed below the reaction
temperature of —30°C. The chain transfer to monomer after
the S-proton elimination did take place to form new polymer
chains, leading to an increase in [PIB] in polymerization system
and a decrease in molecular weight of the resulting PIBs with
increasing polymerization temperature. Very importantly, PIB
with 100% vyield, relatively low molecular weight (M, = 3800
g-mol™") and relatively narrow molecular weight distribution
(My/M, =1.5), carrying 66.8 mol % of exo-olefin terminal
group (structure A) could be directly prepared with TiCly/
iAmOH initiating system in Hex/CH,Cl, mixture (60/40, v/v)

CH; CH; CH; CH; CH_; CH, CHJ CH,
| w | G | " lee . O
H,C—C—C—C—Cl = C—C—CY Tl 0m, B8 . g c e C‘[ ]_ ¢ @O0, om),
| | TiClL,(OR) | | 80C I
e I CHy  CH, Hex/CH,C1,=6/4 cu, CH, (H, CH,
TMPCI ‘u
. 218 cH CH
R-OH E‘,._ HCl + TiCly(OR) I 3 3 3
ch—c-fcz -]—c c a * TiClea(OR),
|
2 TiCl
icl, HO ©Ti,Cly. . (OR), cH, CH, cuJ L
n=u0,1o0r
PIB-'CI

Scheme 1. Possible mechanism for living cationic polymerization of isobutylene with TMPCI/TiCl/ROH (iPrOH or iAmOH) initiating system in Hex/

CH,Cl, mixture (60/40, v/v) in the presence of DfBP at —80°C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Figure 6. Effect of polymerization temperature on the content of end-
groups in PIB chains obtained with TiCl,/iAmOH initiating systems with-
out TMPCI and in the presence of DfBP in Hex/CH,Cl, mixture (60/40,

v/v). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

at —30°C in the absence of TMPCI and in the presence of
D1BP.

Effect of Solvent Polarity on Cationic Polymerization of IB
with H,0/TiCly/iAmOH Initiating System in the Absence of
DBP at —30°C

Solvent polarity is an important factor for solvation, character
of active centers, and ion-pair species in cationic polymerization
of IB. It is necessary to investigate the effect of solvent polarity
on IB polymerization with H,O/TiCl,/iAmOH initiating system
in the absence of both TMPCI and DBP at high monomer con-
centration ([IB],=2.9 mol-L™!) at —30°C by changing the
fraction of hexane in hexane/CH,Cl, mixtures from 60 to 100%
while keeping other conditions constant. The effect of solvent
polarity on monomer conversion, M,, M,/M,, [PIB], and con-
tent of end-groups of PIB chains is given in Figures 7-9. It can
be seen from Figure 7 that solvent polarity had little effect on
the monomer conversion and more than 95% of polymer yield
could be obtained in all the different solvents with the fraction
of hexane in hexane/CH,Cl, mixtures from 60 to 100%. As
shown in Figure 8, molecular weight (M,) of the resulting PIBs
increased slightly from 2700 to 3400 g-mol~' when the fraction
of hexane in hexane/CH,Cl, mixtures increased from 60 to
100% due to weaker salvation and more contact ion-pair propa-
gating species in the solvents with lower polarity. Molecular
weight distribution became broad and M,/M, increased gradu-
ally from 1.57 to 3.09 when the fraction of hexane in hexane/
CH,Cl, mixtures increased from 60 to 100%. The concentration
of PIB chains in polymerization system slightly decreased from
51 to 42 mmol-L™" with decreasing solvent polarity. The protic
initiation from both H,O ([H,O]=0.75 mmol-L™") and
iAmOH ([{AmOH]=133 mmol-L™") might occur during poly-
merization in the absence of DfBP. Interestingly, it can be
clearly observed from Figure 9 that the content of fert-Cl end
group (structure G) in PIB chains decreased from 76.7 to
7.5 mol % while the content of exo-olefin end group (structure
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Hexane fraction in mixed solvents (%)
Figure 7. Effect of solvent polarity on monomer conversion and [PIB] for
IB polymerization with H,O/TiCl,/iAmOH initiating system in the
absence of DBP at —30°C. [IB] =2.9 mol-L™', [H,0]=0.75 mmol-L,
[{AmOH] = 133 mmol-L™!, [TiCl,] = 429 mmol-L™, t, = 60 min. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

A) in PIB chains increased from 14.1 to 82.6 mol % with
increasing the fraction of hexane in hexane/CH,Cl, mixtures
from 60 to 100%. The 'H-NMR spectrum of the resulting PIB
obtained with H,O/TiCl,/iAmOH initiating system at —30°C in
hexane is presented in Figure 10. The expansion of the olefin
region (inset in Figure 10) at 0 =4.64, 4.85 (a;, a,) and
0 =5.15 (b) indicates high content (82.6 mol %) of structure A
and very low fraction (2.8 mol %) of structure B in the PIB
chain ends. The content of tert-Cl end group was only 4.7 mol
%. A weak singlet peak at 6 =5.12 was attributed to the proton
in —C(CH;)=CHC—(CH3;), (structure D) and the content of
structure D was calculated to be 6.0 mol %. The visible peaks
at 0 =4.80 and 4.82 were assigned to internal vinylene isomers
F, and F,, respectively, and their total content was 2.2 mol %.
The internal double bond isomer at 6 =2.85 (structure E,

4000

3500+

3000+

2500+

= 2000+

1500 4

1000 +

5004

0

55 60 65 70 75 80 85 90 ‘)IS 100
Hexane fraction in the mixed solvent (%)
Figure 8. Effect of solvent polarity on M, and M,/M, of PIBs obtained
with H,O/TiCly/iAmOH initiating system in the absence of D/BP at
—30°C. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 9. Effect of solvent polarity on the content of end-groups of PIB
chains obtained with H,O/TiCl,/iAmOH initiating system in the absence
of DiBP at —30°C. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

—CH,—C(CH3)=C(CH3)—CH(CHs),) was almost undetect-
able. The isomerization via carbenium ion rearrangement to
form isomers, such as structure C, D, E, or F, was little depend-
ent on the solvent polarity. The direct synthesis of high-quality
highly reactive polyisobutylene with more than 80% of exo-ole-
fin terminals has been achieved by a single-step process via cati-
onic polymerization of IB co-initiated by TiCl, in hexane.
Therefore, this cationic polymerization of IB with H,O/TiCl,/
iAmOH initiating system in hexane at —30°C was a chain-
transfer-dominated process via highly selective f-proton elimi-
nation from —CHj in the growing chain ends, leading to for-
mation of HRPIB with large content of exo-olefin end groups
(structure A). However, M,, of this resulting HRPIB was still rel-
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atively high (3400 g mol™') and its molecular weight distribu-
tion was also still broad (M,,/M, = 3.09).

Effect of Alcohol Concentration on Cationic Polymerization
of IB in the Mixed C, Fractions in the Absence of DtBP at
—=30°C

The mixed C, fraction feed come from cracking of crude oil
contains saturated and unsaturated C, hydrocarbons including
n-butane, isobutane, n-butene, IB, cis-2-butene, trans-2-butene,
and 1,3-butadiene. The direct synthesis of HRPIB via highly
selective cationic polymerization of IB from the nonpolar mixed
C, fractions is attractive and challenged due to its simple pro-
cess and low cost. On the basis of the above optimistic results
of synthesis of HRPIBs with 82.6 mol % of exo-olefin end
groups in hexane, we further try to extend the investigation on
HRPIB synthesis via highly selective cationic polymerization
from the mixed C, fraction feed. Then, in order to further
decrease molecular weight and narrow molecular weight distri-
bution of the resulting PIBs obtained by using H,O/TiCly/
iAmOH in nonpolar medium, the effect of AmOH concentra-
tion (expressed by iAmOH/TiCl, molar ratio) on the selective
cationic polymerization of IB in the mixed C, fractions
([IB]o=2.9 mol-L™ ") was investigated in the absence of DfBP
at —30°C. The cationic polymerizations of IB from the mixed
C, fractions with H,O/TiCly/iPrOH initiating system were also
conducted at various PrOH concentrations (expressed by
iPrOH/TiCl, molar ratio) under the same other conditions for
comparison. The experimental results of monomer conversion,
[PIB], M,, M,,/M,, and content of end groups of PIBs obtained
at different concentrations of alcohol are given in Figures 11—
14. It can be seen from Figure 11 that the cationic polymeriza-
tion of IB with H,O/TiCl, initiating system in the mixed C,
fractions in the absence of alcohol had low monomer conver-
sion (6.2%), suggesting that the protic initiation from H,O
([H,0] =0.83 mmol-L™") actually happened in the

ay a b d
A " B D

81 cl
n n-1 n z
f, f; . B
ko F &

x20 a2

52 51 50 49 48 47 46 28

26 24 22 2.0 L3
l (ppm) 1 (ppm)
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T T T T T T T T T T T T T T
7.0 6.5 6.0 55 50 45 4.0 0 25 20 1.5 1.0 0s 0.0
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Figure 10. "H NMR spectrum of PIB obtained with H,O/TiCly/iAmOH initiating system in hexane at —30°C. A =82.6 mol %, B =2.8 mol %,
D = 6.6 mol %, E=1.0 mol %, F;+ F, =2.2 mol %, G=4.7 mol %. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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Figure 11. Effect of the molar ratio of alcohol/TiCl, on monomer conver-
sion and [PIB] via IB polymerization from the mixed C, fractions with
H,O/TiCly/alcohol initiating systems at —30°C in the absence of DBP.
[IB] =2.9 mol L™, £,=60 min, [H,0] =0.83 mmol L™, [TiCl,] = 429
mmol L™'. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

polymerization system. Moreover, both the monomer conver-
sion and [PIB] in polymerization system increased gradually
from <6.2 to near 60% with increasing molar ratios of
iAmOH/TiCl, or iPrOH/TiCl from 0 to 0.4. These experimen-
tal results further prove the protic initiation from alcohol, i.e.,
iAmOH or iPrOH, which is similar to the report by Aosh-
ima.?% As shown in Figure 12, the desired PIBs with lower
molecular weight and narrower molecular weight distribution
could be prepared at higher concentration of alcohol, which is
attributed to the increase in the initiation from alcohol and
concentration of initiating species. The M, of the resulting PIB
was 1200 g~m017l and M,/M, was 1.54 when iAmOH/
TiCl, = 0.4 (molar ratio). The M, of the resulting PIB was 1800
g~mol_l and M,/M, was 1.32 when PrOH/TiCl, = 0.4 (molar
ratio). The effect of the molar ratio of iAmOH/TiCl, on the cat-
ionic polymerization of IB in hexane was similar to that in C,

4000 -
W M AmOH) O MM (AmOH) 1

3500+ ® M (iPrOH) O MM, (iPrOH) 145

0 140

= 25004 b
€ 2000 | =
) | 130 "=
= ] IE-

= 1500 L.
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e 115

U T T

0.05 0.10 O‘IIS 0.‘20 0.‘25 [}..‘30 0.35 0.40
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Figure 12. Effect of the molar ratio of alcohol/TiCly; on M, and M,/M,
of PIBs obtained via IB polymerization from the mixed C, fractions with
H,O/TiCly/alcohol initiating systems at —30°C in the absence of DBP.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 13. Effect of the molar ratio of alcohol/TiCl, on the content of
PIBs prepared via IB polymerization from the mixed C, fractions with
H,0/TiCly/alcohol initiating systems at —30°C in the absence of DfBP.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

fraction mixtures. The monomer conversion and content of
exo-olefin increased and molecular weight decreased with
increasing the molar ratio of /AmOH/TiCl,. The monomer con-
version of pure IB in pure hexane was higher than that of selec-
tion of IB from C, fraction mixtures.

Compared to the H,O/TiCly/iAmOH initiating system, the
resulting PIBs via cationic polymerizations with H,O/TiCly/
iPrOH initiating system had higher M, and narrower MWD
when alcohol/TiCl, (molar ratio) was in the range of 0.05-0.4.
The polymerization was started from proton initiation gener-
ated from alcohol and counteranion [Ti,Cli,,)-(OR)(,] "
accompanied with the propagating species. The structure of
counteranion could influence the propagation and thus the
molecular weight of the resulting polymer. The basicity of sec-
ondary alcohol (iPrOH) was stronger than that of a primary
alcohol (JAmOH), leading to more tightness and stabilization of
propagation ion pair species and less side reactions, such as
chain transfer reaction and termination. Therefore, PIBs
obtained by H,O/TiCl,/iPrOH system had relatively high molec-
ular weight, narrow molecular weight distribution.

Very interestingly, it can be seen from Figure 13 that the con-
tent of exo-olefin end groups (structure A) also gradually
increased and reached upto around 80 mol % when {AmOH/
TiCl, > 0.2 (molar ratio). HRPIBs with near content of exo-ole-
fin end groups could be obtained in both hexane and C, frac-
tion mixtures. And the resulting PIBs with H,O/TiCl,/iAmOH
initiating system carried much larger amount of exo-olefin end
groups (structure A) than those with H,O/TiCl,/iPrOH initiat-
ing system. The content of tert-Cl end group (structure G) in
PIB chains decreased with increasing the concentration of alco-
hol and was higher in polymerization system in the presence of
iPrOH than that in the presence of AAmOH. The representative
"H-NMR spectra of HRPIB obtained at iAmOH/TiCl,; (molar
ratio) of 0.3 and 0.4 are given in Figure 14. The highly reactive
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Figure 14. '"H NMR spectra of PIBs obtained with H,O/TiCl,/iAmOH initiating system at various AmOH concentrations in C, fractions at —30°C.
iAmOH/TiCl,=0.3: M, = 1600 g-molfl, M,/M, =1.89, A=80.0 mol %, B=3.9 mol %, other internal double bonds =8.7 mol %, G =7.3 mol %;
iAmOH/TiCl,=0.4: M, = 1200 g-mol_l, M, /M, =1.54, A=281.8 mol %, B=1.6 mol %, other internal double bonds =10.8 mol %, G = 5.8 mol %.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

polyisobutylene with more than 80 mol % of exo-olefin end
groups (structure A) could be directly achieved via the selective
cationic polymerization of IB from the mixed C, fractions at
—30°C in the absence of DfBP for the first time. H,O/TiCl,/
iAmOH was recognized a preferred initiating system for direct
synthesis of HRPIB. The multiplet resonances at 6 =2.85 (e)
attributed to —CH,C(CH3)=C(CH3)—CH(CH3;), (structure E)
in PIB chain ends were almost undetectable. The little termina-
tion via chlorine transfer from counteranion at high concentra-
tion of AAmOH led to low content of tert-Cl terminal groups
—CH,—C(CHj;),—Cl (structure G) in the resulting PIB sample.
The absence of the characteristic resonance signals for n-butene
structural unit indicates that no copolymerization of IB and n-
butene occurred and no n-butene incorporated into polyisobu-
tylene chain even at high content of n-butene in the C, mixed
feed. The cationic polymerization of IB in the C, mixed feed
was also conducted at —20°C and the resulting HRPIB with
81.1 mol % of exo-olefin end groups could be obtained.

It is necessary to further investigate the possibility of incorpora-
tion of other olefins (n#-butane and 2-butene) or butadiene into
PIB polymer chains during IB polymerization from the mixed
C, fractions with H,O/TiCly//AmOH initiating system at
—30°C even though IB was more highly reactive than other C,
isomers (butadiene, n-butene, and cis—2-butene) in the cationic
polymerization co-initiated by TiCl,.*” In order to get further
insight into the chemical structure of resulting polymer chains,
C NMR characterization was performed on the representative
polymer sample obtained from selective cationic polymerization
of IB in the mixed C, fraction feed with H,O/TiCl,/iAmOH ini-
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tiating system at iAmOH/TiCl, = 0.3 at —30°C, and the com-
parative commercial HRPIB (BASE, Glissopal 1000, exo-double
bond = 90.1 mol %) obtained from IB polymerization in hex-
ane. The DEPT-135 technique was also used to analyze the
chemical structure of this resulting polymer since only the lines
of carbons bonded to hydrogen are detected and lines of
methine and methylene carbons exhibit a different phase in
DEPT-135 spectra. The *C NMR spectra and DEPT-135 spectra
of the above two samples, and the lines were assigned to the
labeled carbons are shown in Figures 15 and 16, respectively. It
could be observed that very strong resonance signals at
0 =114.1 and 143.5 for exo-olefin bond end groups (structure
A) existed in PIB chains and any other —CH,— (in opposite
direction) groups in polymer chain resulted from butadiene, n-
butene, or 2-butene were undetectable. Compared to the com-
mercial HRPIB sample (Glissopal 1000), the resulting PIB sam-
ple from selective polymerization of IB in the mixed C, fraction
feed with H,O/TiCl,/iAmOH initiating system is almost the
same except for some differences in the relative strength of cor-
responding resonance signals. Therefore, the detailed NMR
analysis shows that H,O/TiCl,/iAmOH initiating system shows
extremely high selectivity toward IB polymerization rather than
other 4C unsaturated fractions in the feed. The other C, frac-
tions were just used as inert solvents during the cationic poly-
merization of IB with H,O/TiCl,/iAmOH initiating system,
leading to an economical simple process for preparing the
desired HRPIB products directly. Consequently, alcohol plays
very important roles in improving monomer conversion,
decreasing molecular weight, narrowing molecular weight distri-
bution, and accelerating the selective [-H elimination from

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42232
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Figure 15. ?C-NMR spectra of HRPIB prepared from the mixed C, fraction feed with H,O/TiCl,/iAmOH initiating systems (AmOH/TiCl,=0.3, top)
and commercial HRPIB (Glissopal 1000, bottom). PIB sample (top): A = 80.0 mol %, B = 3.9 mol %, D = 3.0 mol %, E= 4.8 mol %, G=7.3 mol %,
M, = 1600 g~m0171; Glissopal 1000 (bottom): A =90.1 mol %, B = 6.3 mol %, D= 3.6 mol %, M, = 1000 g'molfl. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 16. DEPT spectra of HRPIB prepared from the mixed C, fraction feed with H,O/TiCl,/iAmOH initiating systems (AAmOH/TiCl;=0.3, top) and
commercial HRPIB (Glissopal 1000, bottom). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Scheme 2. Possible mechanism for synthesis of HRPIB via cationic polymerization of isobutylene with H,O/TiCl,/ROH (iPrOH or iAmOH) initiating

system in nonpolar hydrocarbon media at —30°C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

—CH; group in the growing chain ends. This H,O/TiCly/
iAmOH initiating system exhibits extremely high selectivity
toward the cationic polymerization of IB from the mixed C,
fractions and a good property for selective fi-proton elimination
from —CHj; in the growing PIB chain ends, leading to direct
synthesis of HRPIB with low molecular weight and relatively
narrow molecular weight distribution, carrying more than
80 mol % of the desired exo-olefin end groups (structure A).

According to the above experimental results, a possible mecha-
nism for direct synthesis of HRPIB via cationic polymerization
of isobutylene with H,O/TiCl,/iAmOH initiating system was
proposed, as shown in Scheme 2. The reaction between AmOH
and TiCl, led to formation of TiCl3(OiAm) and HCL And
TiCl;(OiAm) then used partially as co-initiator in the presence
of high concentration of TiCly, in conjunction with initiators
(H,O an HCl; [HCl]>>[H,0]) to create protic initiations with
counteranion [TiCly_ ,(OiAm),]” (n=0, 1, or 2), leading to
formation of tert-butyl head group (CH;);C— in polymer
chain. Largely quick initiation from HCI resulted in higher
monomer conversion, lower molecular weight, and narrower
molecular weight distribution of PIBs at higher concentration
of ROH in the polymerization system. The counteranion
[TiCly_,(OiAm),]” (n=0, 1, or 2) did affect the cationicity of
the growing chain ends and selective f-proton elimination from
—CH; groups in the growing PIB chain ends. The
H"[TiCly_,(OiAm),]” (n=0, 1, or 2) resulted from p-proton
scavenging from —CH; in the growing PIB chain ends could
reinitiate IB polymerization and create new polymer chains,
leading to an increase in [PIB] in polymerization system during
polymerization.

CONCLUSIONS

Living cationic polymerization of isobutylene initiated with
TMPCI/TiCly/iPrOH or iAmOH systems could be achieved in
the presence of 2,6-di-tert-butylpyridine (DfBP) at —80° and
polyisobutylenes (PIBs) carrying more than 90% of tert-chlorine
end groups could be obtained. Alcohol could join the initiation

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

42232 (11 of 13)

and start the cationic polymerization in the polymerization sys-
tems, leading to an increase in monomer conversion and a
decrease in molecular weight of the resulting polymers. Molecu-
lar weight of the resulting polymers could be mediated by poly-
merization temperature, alcohol concentration, and solvent
polarity. On the other hand, f-proton elimination from —CHj;
or —CH,— in the growing chain ends increased with increasing
polymerization temperature and alcohol concentration, or
decreasing solvent polarity. The character of polymerization
could be turned from living polymerization without chain
transfer reaction to f-proton elimination dominated polymer-
ization with chain transfer reaction and termination by increas-
ing  polymerization  temperature, increasing AmOH
concentration and decreasing solvent polarity. Moreover, H,0/
TiCly/iAmOH initiating system possessed extremely high selec-
tivity toward the cationic polymerization of IB from the mixed
C, fractions, resulting in formation of HRPIBs with low molec-
ular weight (M, = 1200~1600 g:mol™') and relatively narrow
molecular weight distribution (M,/M, =1.5~1.9), carrying
more than 80 mol % of exo-olefin end groups. To the best of
our knowledge, this is the first example to achieve the direct
synthesis of high-quality HRPIB with more than 80% of exo-
olefin terminals by a single-step process via cationic polymeriza-
tion of IB co-initiated by TiCl, in nonpolar hydrocarbon media
(n-hexane or mixed C, fractions).
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