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Abstract The cationic polymerization of C4 mixed feed and isobutylene co-initiated by AlC13xOPr2, ‘BuAlCl2%xnO'Pr2, and [emim]Cl-
FeCl3xnO'Pr2 ([emim]Cl: 1-ethyl-3-methylimidazolium chloride) has been investigated. AICI3xOPr» co-initiated cationic polymerization
of Cs4 mixed feed proceeds at a lower rate than polymerization of isobutylene affording polymers with higher molecular weight.
Complexes of ‘BuAlCl, with diisopropyl ether of different compositions are more suitable co-initiators than AlC13xOPr; for the synthesis
of highly reactive polyisobutylene (HR PIB) from C4 mixed feed due to their higher activity in the polymerization as well as possibility to
prepare polyisobutylenes with lower molecular weight and higher content of exo-olefin end groups. However, ‘BuAICl: needs activating
via addition of external water (initiator) and/or interaction with salts hydrates in order to increase the reaction rate and the saturated
monomer conversion. [Emim]CI-FeCl3/'Pr20 is a quite promising catalyst for the preparation of HR PIB with high exo-olefin end group
content (> 80%) and relatively low polydispersity (Mw/Mn < 2.8) via cationic polymerization of C4 mixed feed. The sonication of reaction

mixture in case of using [emim]CIl-FeCl; allowed increasing the reaction rate and decreasing the molecular weight.
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INTRODUCTION

Highly reactive polyisobutylene (HR PIB), a low molecular
weight polyisobutylene bearing mainly exo-olefin terminal
group, is used as a precursor in the preparation of ashless
dispersants for fuel and motor oil.l'! Among different cata-
lytic systems for the synthesis of HR PIB discovered during
the last decade,>®] the use of complexes of AICIl3 with
ethers, which was independently reported in 2010 by Kostjuk
et al.®) and Wu et al.l'], is more promising due to their low
cost as well as high activity and regioselectivity at ambient
conditions. Since this discovery, the complexes of other
metal halides such as FeCls,[!'"131 GaCls,l31 TiCly, 16171
HfCl4,['8] and WCL'®! with ethers/alcohols were shown to
be suitable for the synthesis of HR PIB. Although these
complexes displayed high activity towards cationic poly-
merization of isobutylene (IB) in polar solvents>>*-111 or
toluene,'%2% their activity and regioselectivity significantly
reduced in non-polar hydrocarbons due to their poor solu-
bility.'31821] The solubility issue was addressed by using
complexes of alkylaluminum dichlorides with ethers, which
are fully soluble in n-hexane and other non-polar sol-
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vents.[?70] These new initiating systems, under optimized

conditions, induced fast cationic polymerization of isobuty-
lene at high temperature (0—20 °C) and monomer concen-
tration (up to 5 mol-L™!) to afford HR PIB with desired low
molecular weight (M, < 2500 g-mol™") and high content of
exo-olefin end groups (> 80%).223% However, the poly-
dispersity of obtained PIBs was typically high (Mw/My =
3-5), which is detrimental for the application.['l The poly-
dispersity can be improved (Mw/Mn = 2.3-3.5) by using the
mixture of two ethers of different basicities and steric
structures (diethyl and diisopropyl ethers) instead of ProOB!]
or micromixing conditions.[*?] Very recently, we demonst-
rated that chlorometallate acidic ionic liquids in the presence
of ethers initiated the cationic polymerization of IB affording
HR PIB with relatively low polydispersity (Mw/Mn = 2.0—
3.0).33:34 This was made possible due to the heterogeneous
nature of polymerization process, which proceeds at the par-
ticle interface.[3334]

Cationic polymerization of C4 mixed feed is used at the
industrial scale for production of conventional poly-
isobutylene, i.e. low molecular weight polyisobutylene with
internal tri- and tetra-substituted olefinic end groups.[!:2-]
Therefore, the polymerization of C; mixed feed to yield
polyisobutylene with high content of exo-olefin end groups
is challenging. Despite the huge progress achieved in the
synthesis of HR PIB from neat isobutylene using complexes
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of Lewis acids with ethers as catalysts,[2-3:22-34] considerably
less attention has been paid to polymerization of C, mixed
feed.[16:28.35.36] Most of examples reporting the cationic poly-
merization of C, mixed feed deal with application of the first
generation of catalysts, namely complexes of metal halides
with ethers.[16:28:35.36] On the other hand, only limited inform-
ation is available in the literature regarding to the polymeri-
zation of C,; mixed feed co-initiated by complexes of alkyl-
aluminum dichlorides?837] and little data was about the
activity of acidic ionic liquids/ethers systems towards poly-
merization of C4 mixed feed.

Industrial C, mixed feed used in this work along with
isobutylene (45.7 wt%) contains significant amount of 1-
butene (24.1 wt%) and 2-butenes (16.7 wt% cis and trans
isomers) (see experimental section for precise composition
of C, mixed feed). Since these olefins may act as chain trans-
fer agents or even terminate the polymerization,37-38] de-
tailed study of the cationic polymerization of C4 mixed feed
is required. The aim of this study is to estimate the activity
and regioselectivity of above-mentioned three generations of
catalysts for the synthesis of HR PIB, i.e. complexes with
ethers of metal halides, alkylaluminum dichlorides, and acid-
ic ionic liquids, in the cationic polymerization of C, mixed
feed. The similarities and differences in the polymerization
behavior of C4 mixed feed and neat isobutylene will be dis-
cussed and the optimum catalytic system for the polymeriza-
tion of C4 mixed feed will be finally selected.

EXPERIMENTAL

Materials

Isobutylene (Aldrich, 99%) was dried in the gaseous state by
passing through a column packed with drierite. C4 mixed
feed containing 45.7 wt% isobutylene, 24.1 wt% 1-butene,
10.0 wt% trans-2-butene, 6.7 wt% cis-2-butene, 10.0 wt%
n-butane, 3.4 wt% isobutane, and traces of 1,3-butadiene and
methylcyclopropane was purified similarly to isobutylene.
n-Hexane (Sigma-Aldrich, > 95%) and CH2Cl> (Sigma-
Aldrich, > 99.5%) were treated with sulphuric acid, washed
with aqueous sodium bicarbonate, dried over CaCly, and
distilled twice from CaH: under an inert atmosphere. Di-
isopropyl ether (‘Pr20, Fluka, > 98.5%) and diethyl ether
(Sigma-Aldrich, 99%) were distilled over CaH> under argon.
1-Ethyl-3-methylimidazolium chloride ([emim]Cl, Sigma-
Aldrich, > 95%) was dried in vacuum for 5 h before use.
AICI3 (Sigma-Aldrich, 99.999%), ‘BusAl (1 mol-L™! solution
in hexanes, Sigma-Aldrich), FeCls; (Sigma-Aldrich, > 97%),
CDCIs (Euriso-top®), ethanol (Sigma-Aldrich, > 96%), and
tetrahydrofuran (anhydrous, Sigma-Aldrich, > 99.9%) were
used as received. Complex of AICI3 with Pr2O (as 1 mol-L~!
solution in CH2Cl2) was synthesized following the recipe
described in Ref. [21]. Isobutylaluminum dichloride (‘Bu-
AIlCI2) was obtained by mixing AICI3 and Bu3AICl solutions
in a 2:1 molar ratio at room temperature according procedure
described in Ref. [28]. The pre-activation of ‘BuAlCl> was
performed in the presence of required amounts of MgSOj4-
7H>0 (15 mol% of H20 to ‘BuAlCly) as described in Ref.
[31]. [Emim]CI-FeCl; was obtained by simple mixing of
required amounts of [emim]Cl and FeCl3 under argon atmo-

sphere according to a procedure described in the literature.!34!

Instrumentation

Size exclusion chromatography (SEC) was performed on a
Ultimate 3000 Thermo Scientific apparatus with Agilent
PLgel 5 um MIXED-C column (300 x 7.5 mm) and one
precolumn (PL gel 5 pum guard 50 x 7.5 mm) thermostated at
30 °C. The detection was achieved by differential refracto-
meter (thermostated at 35 °C). Tetrahydrofuran (THF) was
eluted at a flow rate of 1.0 mL-min'. The calculation of
molar mass and polydispersity was carried out using poly-
styrene standards (Polymer Labs, Germany). 'H-NMR (500
MHz) spectra were recorded in CDCl3 at 25 °C on a Bruker
AC-500 spectrometer calibrated relative to the residual sol-
vent resonance. The sonication was performed using Elma-
sonic S30H ultrasonic batch (ultrasonic power: 80 W;
ultrasound frequency: 37 kHz).

Polymerization Procedures

The polymerization reactions were carried out in glass tubes
equipped with a cold finger condenser under argon atmo-
sphere at temperatures from —20 °C to 10 °C. As an example
of a typical procedure, polymerization of C4 mixed feed was
initiated by adding 9.6 mL of C4 mixed feed to a mixture
(total volume 0.58 mL) consisting of solutions of diisopropyl
ether (0.15 mL, 1 mol-L™! in hexane), 6 pL (3.3 x 10 mol)
of deionized H>0, and pre-activated ‘BuAICl> (0.38 mL,
1 mol-L™"). After a predetermined time, ca. 2 mL of aqueous
ammonia (25%) was poured into the glass reactor to term-
inate the polymerization. The quenched reaction mixtures
were diluted by n-hexane and filtered, evaporated to dryness
under reduced pressure, and dried in vacuum (< 60 °C) to
give the product polymers. Monomer conversions were de-
termined gravimetrically.

RESULTS AND DISCUSSION

AICI3 x O'Pr as Catalyst

Equimolar complex of AICI3 with diisopropyl ether was
selected for the comparative study of cationic polymerization
of IB and Cs4 mixed feed as one of the most active
representatives of the first generation catalysts (complexes of
metal halides with ethers) for the synthesis of HR
PIB.[>3%21] The cationic polymerization of C4 mixed feed
co-initiated by AICI3xOPr> proceeded at a considerably
lower rate in comparison with the polymerization of IB
affording polymers with higher molecular weight and exo-
olefin end group content (runs 1 and 2 in Table 1). Since
adventitious water acts as the initiator in these experiments
and the solubility of H20 in IB/n-hexane mixture and Ca
mixed feed may be different, we then investigated the effect
of adding external H2O on the cationic polymerization of
these two monomers. The addition of H2O allowed to
increase the monomer conversion for the polymerization of
C4 mixed feed, although the reaction rate was still lower
than that of IB polymerization (runs 3 and 4 in Table 1).
However, cationic polymerization of C4 mixed feed using
H20/AICI3xO'Pr initiating system resulted in polymers with
considerably higher molecular weight than it is required for
practical application (M < 2300 g-mol™").['l As we showed
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Table 1 Cationic polymerization of C4 mixed feed and isobutylene in the presence of AIC13xO'Pr; as co-initiator

. . . B b B End group distribution (mol%
Run M  Time (min) Initiator (mmol-L™")  7(°C) C(()&‘S M (gmol™)  My/Ma oo £ pendo Tt ( tetra)l

1 1B 10 - -20 70 5950 3.8 71 12 17
2 Cy4 30 = -20 28 10800 2.9 82 11 7
3 1B 10 H20 -20 77 2280 44 68 13 19
4 Cs 30 HO -20 64 6570 2.7 75 10 16
5 1B 10 = 0 57 2950 2.7 71 12 17
6 Cs 30 - 0 42 4370 2.4 73 11 16

2 [AICI3xO'Pr2] = 22 mmol-L~'; [IB] = [C4] = 5.2 mol-L'; [H20] = 30 mmol-L'; ® With respect to isobutylene content in the case of C4 mixed feed poly-

merization; © Adventitious water acted as initiator

carlier,l'2!] the reaction temperature is a powerful tool in
controlling the molecular weight during AlCls3xether co-
initiated isobutylene polymerization. Indeed, the increase
of temperature from —20 °C to 0 °C resulted in some low-
ering of Mn of polymers obtained from Cs4 mixed feed up
to 4370 g-mol™!, which is about two times higher than that
of the polyisobutylene synthesized from neat IB (Table 1).

In summary, AlCl;xOPr, co-initiated cationic polymeriz-
ation of C4 mixed feed proceeded at a lower rate than poly-
merization of isobutylene and afforded polymers with high-
er molecular weight and exo-olefin end group content as well
as lower polydispersity. The systematically observed lower
conversion and higher M, in the case of C, mixed feed poly-
merization can be explained by end-capping of the growing
polyisobutylene chains by 1-butene that can lead to slow-
down or termination of polymerization.3”] 'TH-NMR spectra
of the HR PIB synthesized from neat IB and C, mixed feed
are similar and independent of the catalyst used for polymer-
ization (Fig. 1) indicating very low or no incorporation of 1-
butene or other olefins into polymer chain. The similar con-
clusion was made by Wu ef al. through the comparison bet-
ween 13C-NMR spectra of commercial HR PIB (Glissopal®
1000) and HR PIB prepared from C, mixed feed.[33-3¢]
On the other hand, a very weak signal was observed in an
olefinic part of spectrum at 5.39 ppm (Fig. 2a), which cor-
responds to the olefinic end group formed after 1-butene ad-
dition to polyisobutylene macrocation followed by proton
elimination.37] Therefore, 1-butene may copolymerize with
IB, but its content in a polymer chain is rather low to be de-
tected by NMR.

BuAIClz X nO'Pr; as Catalyst
The cationic polymerization of both C4 mixed feed and IB
co-initiated by ‘BuAlCl>x0.80Pr> terminated at low mono-
mer conversions (runs 1 and 2 in Table 2) due to low con-
centration of adventitious H>O in the system as well as
consumption of two molecules of H2O for the generation of
one proton in the initiation stage.l?®! On the other hand, the
molecular weight of polyisobutylenes synthesized from both
C4 mixed feed and IB in the presence of ‘BuAlC1>x0.80Pr2
was much lower than those obtained with AIC13xOPr; (see
Tables 1 and 2). The addition of external H20 (33 mmol-L™")
led to the significant increase of monomer conversion and
lowering of M for the polymerization of C4 mixed feed
(Table 2).

It should be noted here that the mode of H,O addition into
to the system hardly affected the monomer conversion but
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Fig. 1 Typical 'H-NMR spectra of HR PIB synthesized from (A)

IB (run 1, Table 2) and (B) Cs4 mixed feed (run 8, Table 2)
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Fig. 2 Olefinic part of 'H-NMR spectra of HR PIB synthesized

from C4 mixed feed using (A) AIC13xOPr2, (B) ‘BuAlC12x0.80Pr2,
and (C) [emim]CI-FeCl3/0.5 'Pr20 as co-initiators
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Table 2 Cationic polymerization of C4 mixed feed and isobutylene in the presence of ‘BuAlCI2x0.80'Pr; as co-initiator

End group distribution (mol%)

Run M Time(min) Conv.®(%) M, (g'mol™) My/Mhn o o T i teira coupled
l1e 1B 10 36 1470 3.9 91 3 4 2
2¢ Cs 30 24 2600 42 86 7 6 1
34 IB 30 78 1900 3.7 80 9 11 <1
44 Ca 30 70 1450 44 79 10 9 2
5ef 1B 20 74 1230 3.4 88 4 3 5
6f Cs 30 30 930 6.9 91 3 0 6
7 eg IB 20 64 1260 3.4 90 4 3 3
g e Cs 30 64 1280 5.3 81 11 8 <1

2 ['BuAlCl2] = 22 mmol-L™"; ['Pr20] = 18 mmol-L™'; [IB] = [C4] = 5.2 mol-L"; [H20]added = 33 mmol-L™'; 7= 10 °C; ® With respect to isobutylene content in
the case of C4 mixed feed polymerization; © Adventitious water acted as initiator; ¢ Polymerization was initiated by the addition of ‘BuAICl: to the reaction
mixture; © The sequence for components addition: Cs4, ‘Pr20, ‘BuAlCl2, H20, and n-hexane, 'Pr20, ‘BuAlClz, IB, H2O for the polymerization of C4 mixed feed
and IB, respectively; " H>O added after 3 min since the beginning of the polymerization; ¢ H>O added after 10 min since the beginning of the polymerization

influenced significantly the exo-olefin end group content. In-
deed, when water was introduced into system after some
time since the addition of co-initiator (‘BuAlCl,), the higher
amount of exo-olefin end group could be obtained (runs 5—8
in Table 2). In contrast, the addition of H,O before the co-
initiator resulted in polyisobutylenes with lower content of
exo-olefin terminal group (runs 3 and 4, Table 2). Import-
antly, the optimal time of H,O addition into the system was 3
and 10 min after the beginning of reaction for the polymeriz-
ation of IB and C, mixed feed, respectively (Table 2). This
observation is consistent with the lower reaction rate (lower
rate of consumption of H,O for the initiation) for the cation-
ic polymerization of C, mixed feed in comparison with IB.
Therefore, the delayed addition of H,O is required because
excess H,O could deactivate the catalyst.

Despite the significant increase of monomer conversion
after the addition of external H,O as initiator into the system,
the conversion was below 80% and 70% for the ‘BuAlCl,x
0.801Pr,-co-initiated cationic polymerization of IB and C,
mixed feed, respectively. Therefore, in order to increase the
polymer yield, it was proposed to add the initiator (H,O)
with several shots in the course of polymerization. Indeed,
the addition of H,O into two shots (after 3 and 7 min for IB
and after 3 and 15 min for C, mixed feed) afforded desired
low molecular weight HR PIB (M, < 2800 g-mol-!) with
high exo-olefin end group content (> 80%) in high yield (=
89%) (Table 3). The observed higher molecular weight of
HR PIB prepared from C4 mixed feed than the one synthes-
ized from IB can be explained by lower polymerization tem-
perature in the former case (see Table 3).

Another approach to increase the activity of ‘BuAlCl, in
the synthesis of HR PIB, which was developed by us,3!! in-

volves the pre-activation of co-initiator by its interaction
with salts hydrates. As shown in Table 4 and in our earlier
report,[3!] the pre-activated catalyst required lower amount of
ether in comparison with non-pre-activated one (Tables 2
and 3) to retain high functionality at the chain end. However,
for the cationic polymerization of isobutylene, the optimal
ratio of ‘Pr,O to ‘BuAlCl, was 0.4, while for the polymeriza-
tion of C; mixed feed, high exo-olefin end group content
could be observed only at ‘Pr,0O//BuAICl, = 0.5 (Table 4). At
this ratio, HR PIB with desired low molecular weight (M, <
2000 g-mol!) but with relatively high polydispersity (M,,/
M, ~ 4) can be obtained in a high yield (= 90%) in 10 min by
the cationic polymerization of C, mixed feed with H,O/'Bu-
AICl,x0.50Pr, initiating system (run 4, Table 4).

The polydispersity of HR PIB prepared from C,; mixed,
similarly to that of polyisobutylene synthesized from neat 1B,
can be improved by using the mixture of two ethers of differ-
ent steric structures and basicities instead of diisopropyl eth-
er (see runs 5 and 6 in Table 4).

To summarize, complexes of ‘BuAlCl, with diisopropyl
ether were more suitable co-initiators than AlCl;xOPr, for
the synthesis of HR PIB from C, mixed feed due to their
higher activity in polymerization as well as possibility to pre-
pare polyisobutylenes with lower molecular weight and high-
er content of exo-olefin end groups (see Tables 1—4). How-
ever, ‘BuAlCl, required activation in order to increase the re-
action rate and the saturated monomer conversion. Among
different ways of catalyst activation (addition of external wa-
ter (initiator) in one or two shots, reaction of ‘BuAlCl, with
salts hydrates), the pre-activation of ‘BuAlCl, by salts hy-
drate is the most promising approach due to its efficiency (>
90% of monomer conversion in 10 min) and simplicity. In

Table 3  Effect of H>O addition on cationic polymerization of C4 mixed feed and isobutylene in the presence of ‘BuAIC1>%0.60°Pr; as co-

initiator @

End group distribution (mol%)

Run M H20 addition ® (min) Time (min) 7(°C) Conv. (%) Ma(grmol™) Mw/Ma oo endo i tea  coupled
1 1B 3+3 10 10 89 1900 3.6 80 9 11 <1
2 1B 3+7 30 10 93 1380 4.1 83 9 8 <1
3 Ca 3+3 10 0 50 2680 39 89 8 0 3
4 Cs 3+15 30 0 89 2790 43 81 11 7 1

3 ['BuAICl:] = 38 mmol-L'; [[Pr20] = 23 mmol-L'; [IB] = [C4] = 5.2 mol-L!; [H20]1 = [H20]2 = 15 mmol-L"!. The sequence for components addition: Ca,
Pr,0, ‘BuAlCl2, H20, and n-hexane, Pr>0, ‘BuAlCly, 1B, H2O for the polymerization of C4 mixed feed and IB, respectively; ® Time of H>O introduction since
the beginning of polymerization; ¢ With respect to isobutylene content in the case of C4 mixed feed polymerization

https://doi.org/10.1007/s10118-019-2290-4
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Table 4 Effect of ‘BuAlCl; pre-activation on cationic polymerization of C4 mixed feed and isobutylene in the presence of ‘BuAlCl; as co-

initiator ?

End group distribution (mol%)

Run M  OPryBuAlCl (mol/mol) T(°C) Conv.®(%) Ma(g'mol™) My/Mn o ondo 76 totra coupled

1 IB 0.4 10 94 1210 3.7 80 9 9 1

2 Cs 0.4 0 96 5230 3.6 66 18 16 0

3 1B 0.5 10 86 1420 3.7 81 7 8 4

4 Cs 0.5 0 90 2050 4.2 72 15 11 2
5¢4 1B 0.5 10 94 1190 2.6 82 6 10 2
(e 0.5 0 96 1180 3.3 80 10 8 2

3 ['BuAIClz] = 38 mmol-L!; [IB] = [C4] = 5.2 mol-L™!; [H20]added = 33 mmol-L™!; time: 10 min. Co-initiator was pre-activated by MgSO4-7H20 (15 mol% of
H20 to ‘BuAlCl2). The sequence for components addition: H20, ‘Pr20, ‘BuAIClz, Cs, and n-hexane, 'Pr20, H20, ‘BuAlCly, IB for the polymerization of Ca
mixed feed and IB, res(Pectively; b With respect to isobutylene content in the case of C4 mixed feed polymerization; ¢ Equimolar mixture of ‘Pr20 and Et20 was

used instead of 'Pr20; ¢ Reaction time: 30 min

addition, pre-activated catalyst can be stored up to 1 month
without any loss in activity. It should be noted that HR PIBs
prepared from C, mixed feed using ‘BuAICl, as a co-initiat-
or were typically characterized by higher polydispersity than
those synthesized from IB (Tables 2—4). Finally, HR PIBs
synthesized from C, mixed feed using H,O/BuAlCl,x
0.50Pr, initiating system did not contain any significant
amount of other olefin in a main chain, while very weak sig-
nal at 5.39 ppm (Fig. 2b) indicates that end-capping of poly-
isobutylene macrocations by 1-butene occurred (Fig. 2b).

Ionic Liquids as Catalysts
It was recently demonstrated that acidic imidazole-based
ionic liquids (ILs), especially [emim]Cl-FeCl; ([emim]Cl: 1-
ethyl-3-methylimidazolium chloride), in the presence of di-
isopropyl ether are very efficient catalysts for the preparation
of HR PIB with relatively low polydispersity (Mw/Mn < 3.0)
from neat IB.1**34] This catalytic system was tested for the
first time in the cationic polymerization of C4 mixed feed
(Table 5). Note that in all experiments the ionic liquid was
dispersed in n-hexane before Cs4 mixed feed addition;
therefore, the concentration of monomer was 3.8 mol-L .
According to Table 5, [emim]Cl-FeCl; either in the pres-
ence or in the absence of ‘Pr,O showed approximately two
times lower activity in the cationic polymerization of C,
mixed feed as compared to polymerization of isobutylene.
Interestingly, [emim]CI-FeCl; allowed to synthesize PIB
with quite high exo-olefin end group content from C,; mixed
feed even without the addition of ether into the system (runs
1 and 2, Table 5). Several key differences in the polymeri-

zation behavior of IB and C, mixed feed can be seen in
Table 5. Firstly, the high monomer conversion was obtained
for IB polymerization at [IL] = 33 mmol-L-!, while in the
case of C4 mixed feed polymerization, the higher concentra-
tion of ionic liquid was required (compare run 5 with run 6 in
Table 5). Secondly, the relatively high molecular weight
polymers were formed during [emim]Cl-FeCls-co-initiated
cationic polymerization of C, mixed feed at high co-initiator
concentrations as compared to the polymerization of IB (runs
5-9 in Table 5). On the other hand, independently of the
nature of monomer used (IB or C, mixed feed), all synthes-
ized polymers were characterized by relatively low polydis-
persity (M,,/M, < 2.8) due to the heterogeneous nature of the
polymerization process.[33-34]

Taking into account the heterogeneous nature of the poly-
merization and poor dispergation of [emim]CI-FeCl; in non-
polar n-hexane or n-hexane/monomer mixture, sonication of
reaction mixture before monomer addition was applied. Ac-
cording to the data presented in Table 6, sonication resulted
in significant increases of monomer conversion, especially in
the case of C, mixed feed cationic polymerization. Another
positive effect of sonication is the reduction of molecular
weight of HR PIB prepared from C; mixed feed (see runs
3—-5 in Table 6). On the other hand, the sonication did not in-
fluence the polydispersity of HR PIB but led to some de-
crease of exo-olefin end group content.

The comparison between the olefinic part of 'H-NMR
spectrum of HR PIB prepared from C,; mixed feed using
[emim]Cl-FeCl; as catalyst (Fig. 2c) and the spectra of HR
PIB synthesized with AlCl;xOPr, (Fig. 2a) and ‘BuAlCl,x

Table 5 Cationic polymerization of C4 mixed feed and isobutylene using [emim]Cl-FeCls as co-initiator at 0 °C #

End group distribution (mol%)

Run M IL (mmol-L™)  Conv.® (%) M (g-mol™) Mu/Ma exo endo + tri tetra PIBCI coupled
1¢ 1B 22 27 5400 3.8 53 20 19 7 1
2¢ C4 22 18 5800 35 74 16 7 3 0
3 1B 22 18 1700 22 84 7 3 4 2
4 Cs 22 19 1700 2.7 82 8 5 2 3
5 1B 33 71 1630 2.6 84 8 6 1 1
6 Cs 33 24 2200 2.8 86 5 4 4 1
7 1B 44 95 1800 2.5 87 8 3 1 1
8 Cs 44 68 3900 2.6 81 9 7 3 0
94 ¢4 44 88 3700 2.6 75 10 9 4 2

2 [IB] = 5.2 mol-L~!; [C4] = 3.8 mol-L'; [/Pr20] = 11 mmol-L; time: 30 min; ® With respect to isobutylene content in the case of C4 mixed feed polymeri-

zation; ¢ Without the addition of ‘Pr20; 4 Reaction time: 60 min
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Table 6 Effect of sonication of the reaction mixture on the cationic polymerization of C4 mixed feed and isobutylene using [emim]Cl-FeCl3

as co-initiator at 0 °C ?

End group distribution (mol%)

Run M Sonication® Conv.<(%) M (gmol) — Mu/Ma exo endo + tri tetra PIBC1 coupled
1 1B NO 71 1630 2.6 84 8 6 1 1
2 1B YES 93 1830 2.4 81 10 8 1 0
3 Cs NO 24 2200 2.8 86 5 4 3 2
4 Cq4 YES 51 2200 2.8 82 6 5 4 3
5¢ ¢4 YES 78 2500 2.5 81 7 7 3 2
2 [IB] = 5.2 mol-L™!; [C4] = 3.8 mol-L!; [emimCI-FeCl3] = 33 mmol-L"!; ['Pr20] = 11 mmol-L"!; time: 30 min; ® n-hexane/IL mixture sonicated for 3 min;

¢ With respect to isobutylene content in the case of C4 mixed feed polymerization; ¢ Reaction time: 60 min

0.807Pr, (Fig. 2b) reveals the appearance of a new signal at
3.9 ppm in addition to the signal at 5.39 ppm. This new sig-
nal corresponds to the methine proton of CH—CI group,
which was formed after PIB* capping with 1-butene fol-
lowed by irreversible termination via ion pair collapse.B37] It
should be noted that this signal is much more intensive than
the signal at 5.39 ppm, which corresponds to olefinic pro-
tons of internal double bond at the chain end formed due to
1-butene addition followed by S-H abstraction. These data
allowed for explaining the much lower activity of [emim]Cl-
FeCl; in cationic polymerization of C, mixed feed in com-
parison with IB as well as the necessity to use quite high
concentrations of ionic liquids to reach high monomer con-
versions. Indeed, the formation of CH—CI group led to irre-
versible termination and, in turn, to the decrease of active
species concentration. On the other hand, the formation of
olefinic end group after capping of PIB* with 1-butene resul-
ted in regeneration of active center and therefore, did not in-
fluence the concentration of active species.

In summary, [emim]Cl-FeCl; is a quite promising catalyst
for the preparation of HR PIB with the high exo-olefin end
group content (> 80%) and relatively low polydispersity
(M /M, < 2.8) via cationic polymerization of C, mixed feed.
However, due to the irreversible termination after end-cap-
ping of PIB* with 1-butene, a relatively high concentration
of ionic liquid catalyst was required to achieve the high reac-
tion rate and monomer conversion. This limitation of using
[emim]Cl-FeCl; for the polymerization of C, mixed feed can
be overcome by sonication of reaction mixture before poly-
merization. The sonication allowed to decrease the molecu-
lar weight of HR PIB synthesized from C,; mixed feed as
well.

CONCLUSIONS

Three generations of catalysts, namely the complexes of
AICI3, ‘BuAICly, and [emim]Cl-FeCl3 with diisopropyl ether,
for the synthesis of highly reactive polyisobutylene from Cs4
mixed feed were tested in this work. The key difference in
the polymerization behavior of C4 mixed feed as compared to
IB is the lower activity of all above-mentioned catalytic
systems, which can be connected with the end-capping of
PIB" by 1-butene that led to the decrease of polymerization
rate. Another difference is the systematically higher molecu-
lar weight of polyisobutylenes obtained from Cs mixed feed
in comparison with those prepared from IB. Among the
catalysts studied, ‘BuAICl> pre-activated by MgSO4-7H20 in

the presence of equimolar mixture of ‘Pr>O and Et,O repre-
sents the most promising catalyst for the synthesis of HR PIB
from Cs4 mixed feed. This catalytic system induced fast
cationic polymerization of C4 mixed feed (> 90% of mono-
mer conversion in 10 min) to afford HR PIB with desired low
molecular weight (My ~ 1200 g-mol™!) as well as reasonable
functionality (exo-olefin end group content of 80%) and poly-
dispersity (Mw/Mn = 3.3). Acidic ionic liquids in conjunction
with 'Pr20 could be considered as an alternative to ‘BuAICl»-
based initiating system for the cationic polymerization of C4
mixed feed. Although [emim]Cl-FeCls-co-initiated cationic
polymerization of C4 mixed feed was slower in comparison
with ‘BuAlCl-based initiating system, it resulted in HR PIB
with lower polydispersity (Mw/Mn = 2.5).
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