
Published: March 25, 2011

r 2011 American Chemical Society 2552 dx.doi.org/10.1021/ma101926c |Macromolecules 2011, 44, 2552–2558

ARTICLE

pubs.acs.org/Macromolecules

Radical Copolymerization of Isobutylene and Ethyl Acrylate
with LiCB11Me12 Catalyst
Hua Mei,†,|| Christos Douvris,† Victoria Volkis,†,^ Phillip Hanefeld,‡ Nicole Hildebrandt,§ and Josef Michl*,†

†Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309-0215, United States
‡BASF Future Business GmbH 4, Gartenweg Z 25, 67063 Ludwigshafen, Germany
§BASF SE, GKS/M - B001, 67056 Ludwigshafen, Germany

bS Supporting Information

’ INTRODUCTION

The radical homopolymerization of isobutylene (IB) is unusual
but can be accomplished under catalysis with LiCB11(CH3)12 (1) in
poorly coordinating solvents at ambient pressure and tempera-
ture.1-3 It yields a novel highly branched form of polyisobutylene
(b-PIB) with molecular weights in the thousands (up to ∼2.5 �
104) according to GPC relative to polystyrene standards. Presently
we examine the use of the LiCB11(CH3)12 catalyst with azo-tert-
butane (ATB) radical initiator for the copolymerization of IB with
ethyl acrylate (EA), as previously briefly mentioned in a short
communication.2 We find that it leads to an unusual somewhat
branched nonalternating high molecular weight copolymer with up
to ∼56 mol % of IB.

EA and IB can be copolymerized, but it is difficult due to
different reactivity.4 IB is normally polymerized cationically to a
linear polymer with AlCl3 in halogenated hydrocarbons in the
presence of traces of water.5 In contrast, ethyl acrylate is ordinarily
polymerized under radical initiation, sometimes under catalysis with
rare earth metal complexes6 or other metal-containing species.7-10

The poor copolymerization potential of IB with acrylic esters
in a radical process is apparent from the monomer reactivity ratio.
The Alfrey-PriceQ-e value11 reactivity ratio of IB is more than 10
times lower than that of EA.12 Still, conventional radical copolym-
erization of the two monomers results in a poly(ethyl acrylate)
(PEA) containing a fair number of IB units.13,14 For example,
thermal or UV peroxide initiated radical copolymerization of IB and
EA provides a low molecular weight product containing 20-30
mol% of IB.14 The situation is improved by addition of strong Lewis
acids, such as AlRnCl3-n,

15-17 BF3,
18 SnCl4,

18 ZnCl2,
18 etc. A high

molecular weight alternating copolymer containing 50 mol % of IB

was obtained using alkylaluminum and alkylboron halides as
catalysts.19

Metal-catalyzed coordination polymerizations are highly ef-
fective for olefins, but less so for polar acrylic monomers. Although
recently, functionality tolerant late transition metal catalysts were
used to catalyze the copolymerization,20,21 EA/IB copolymers are
still produced commercially by free-radical polymerization because
other methods are too costly.22

’EXPERIMENTAL SECTION

Materials. IB (Airgas) was pure grade (>99%) and was dried over
activated 3 Å molecular sieves. EA (Aldrich) was distilled, dried over 4 Å
molecular sieves, and stored in a Schlenk tube. 1,2-Dichloroethane (DCE,
Aldrich) was dried with P2O5 and distilled twice before use. ATB (Aldrich)
was ∼97% pure. EA-d5 and IB-d8 were ordered from CDN Isotopes Inc.
LiCB11Me12

23 was dried under reduced pressure (∼0.04 mbar) at 100 �C
overnight before use. It contained residual sulfolane in a molar ratio
sulfolane:LiCB11Me12 = ∼1:10.
Polymerization. Polymerization was conducted in a 25 mL stain-

less steel pressure reactor with a Teflon insert, a stir bar, and an accurate
pressure gauge. In a typical reaction, the dried catalyst (0.1 mmol), DCE
(0.50 mL), ATB (0.07 mL), and EA (1.4 mmol) were added to the reactor
under argon flow. The reactor was closed, cooled downwith liquid nitrogen,
and evacuated on a vacuum line. IB (30 mmol) was introduced into the
closed system, and the solution was stirred at 75-80 �C for 24 h. After this
time, the reactor was allowed to reach room temperature and opened, and
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ABSTRACT: In nonpolar media LiCB11Me12 catalyzes the radical copo-
lymerization of ethyl acrylate with isobutylene. The reaction is initiated by
azo-tert-butane at 75-80 �C or with UV-irradiated di-tert-butyl peroxide at
room temperature. Nonalternating copolymers with novel somewhat
branched structures were produced and characterized by NMR. Isobutylene
incorporation (up to 56 mol %) depends on the comonomer ratio, and a
copolymerization mechanism is proposed.
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the reaction mixture was quenched with methanol (10 mL). All contents
were transferred to a flask, the reactor was rinsedwithmethanol (10mL) and
THF (10 mL), and the washings were added to the flask. A small amount of
solid polymer was removed by filtration and was not investigated further. All
the volatiles were removed from the filtrate, first on a rotary evaporator and
then under high vacuum. The polymer was extracted from the residue with
50 mL of hexane:THF (80:20). The insoluble part was mostly the catalyst
which was regenerated.2 Hexanes and THF were removed from the soluble
part, and the residue was dried overnight in a vacuum line at 120 �C. The
sample was dissolved in CDCl3 for the measurement of NMR spectra,
evaporated to dryness, and dissolved in THF for GPC analysis. The polymer
wasdried in anoven at 80 �Cat∼0.04mbar overnightbefore characterization
by thermogravimetry (TGA) and differential scanning calorimetry (DSC).
Measurements. All manipulations were carried out using standard

vacuum and inert atmosphere techniques. NMR spectra were taken with
400 and 500 MHz NMR spectrometers at room temperature in CDCl3
unless noted otherwise. Chemical shifts are given in ppm with positive shifts
downfield. 1H chemical shifts were referenced to residual protons from the
solvent. Molecular weights and polydispersities of the polymers were
determined in THF solutions by the relative GPCmethod (GPC at ambient
temperature, calibrated against Aldrich polystyrene standards). A Waters gel
permeation chromatograph, refractive index detector (RI 2414), and EM-
POWER software were used, with a three-column bed (Styragel HR 4.6 300
mm columns for molecular weight ranges 100-10000, 500-30000, and
5000-6000000 and a flow rate of 0.3 mL/min). Representative samples
were later analyzed in THF using a GPC system with triple detection
(refractive index, RI, right angle light scattering, LS, and intrinsic viscosity, IV)
using Viscotek GPC instrument equipped with Viscotek G4000 and G6000
columns and OmniSec Software. TGA and DSC were obtained under
nitrogen with a TGA Q500 and DSC Q500 (TA Instruments-Waters
LLC), respectively,withheating rates of 10 �C/min. Sample size forTGAwas
normally 10-20 mg and for DSC, 5 mg. HPLC measurements for
copolymerswere done using a systemequippedwithUV-PhotometerAgilent
1200 VWD SL, Varian ELSD 2100 [UV = 260 nm] detectors, and a C18,
5 cm, 0.46 mm diameter column. Measurements were performed at 80 �C
with a flow rateof 3mL/min, using a gradientwater:THF from95:5 to 0:100.
Two-dimensional HPLC-GPC measurements used (i) in the first dimen-
sion, aWaters XBridgeC18 50� 4.6mmcolumn at 30 �Cwith a flow rate of
0.05mL/min, using a gradient water:THF from 95:5 to 0:100, and (ii) in the
seconddimension, a PSSPFG linMHS50� 4.6mmcolumn at 30 �Cwith a
THF flow rate of 10 mL/min and an ERC Corona detector.

’RESULTS

Synthesis and GPC. Table 1 shows the results from nine runs
selected from several dozen in which IB and EA were copoly-
merized at 75-80 �C under various experimental conditions.

Duplicate experiments gave similar but not exactly identical
results, nearly independent of the initial concentration of the
monomers. A decrease in the weight ratio of starting comono-
mers EA/IB increased the degree of incorporation of IB into the
copolymer until a ratio of ∼1:50 was reached. Beyond this
comonomer ratio, no further increase was observed. At 65 �C,
little polymer was formed. When the amount of catalyst was
increased, the polymer yield increased considerably.
In addition to thermal polymerization, we also performed

several runs in which copolymerization was induced at room tem-
perature by UV irradiation in a Pyrex vessel and observed similar
results. In these experiments, the pressure of IB was periodically
brought up to 1 bar, and its total amount was not known accurately.
Triple-Detection GPC and HPLC Analysis. The copolymers

from several runs were also analyzed using a GPC instrument
with triple detection, and all yielded similar results. The copolymer is
bimodal (Figure 1). For the major componentMw =∼48 000,Mz =
∼7600, andMw/Mn = 2.29. The intrinsic viscosity (IV) is 0.169, and
the Mark-Houwink slope is 0.213. The dependence of log Rh
(hydrodynamic radius) on log Mw is almost linear. For the minor
component Mw = ∼136 000, Mz = ∼287000, and Mw/Mn = 2.11,
but its RI signal is weak compared to IV and LS signals. The
copolymer has a hydrodynamic radius Rh ∼ 0.8.
Figure 2 shows the 2D HPLC-GPC of a crude copolymer

(filled level curve, a run similar to run 2 in Table 1) and of a
mixture of l-PIB standards of different Mw (plain, unfilled level
curves). It is seen that the crude product consists of two fractions.
The small one corresponds to pure l-PIB of low molecular
weight, and the main one, located underneath the spot for pure
l-PIB standards, is attributed to the copolymer.
NMR Analysis. 1H DOSY NMR24 confirms that the product

(Figure 3) contains a copolymer, small traces of organic impurities in
some runs, and no detectable homopolymers in most runs. In the

Table 1. LiCB11Me12-Catalyzed ATB-Initiated IB/EA Copolymerizationa

entry EA, mmol EA, mg cat., mmol IB, mmol Mw/10
4 b MWDb Td, �C EA/IB molar ratio in copolymerc wt % EA in copolymerc copolymer,d mg

1 0.92 92 0.10 35.5 5.6 3.2 425 0.7 54 42

2 0.92 92 0.10 165.4 5.3 4.6 275 0.4 44 46

3 0.92 92 0.20 34.2 4.4 1.1 345 0.6 50 91

4 1.84 184 0.10 53.4 4.3 1.1 250 1.7 75 50

5 0.92 92 0.20 137.1 3.6 2.6 432 0.7 54 42

6 0.92 92 0.20 22.3 3.9 4.7 345 0.9 62 105

7 0.92 92 0.20 115.8 3.6 2.1 358 0.8 54 95

8e 0.92 92 0.20 22.3 4.4 3.9 376 0.9 57 110

9f 0.92 92 0.20 22.3 3.1 4.8 0.9 55 110
aReaction mixture: 0.5 mL of DCE; 10 wt % of radical initiator; thermally initiated (75-80 �C). b From GPC with polystyrene standards. cDetermined
by NMR integration. dDetermined gravimetrically. e Similar to run 1, but with IB-d8 and twice the amount of catalyst. f Similar to run 1, but with EA-d5
and twice the amount of catalyst.

Figure 1. Triple detection GPC of typical copolymer (red, refractive
index; green, right angle light scattering; blue, viscometer).
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copolymers, signals due to the EA part and those due to the IB part of
the structure line up at the same value of diffusion coefficientD. The
intense cross-signal (Figure 3) occurs atD=∼2� 10-10m2 s-1, and
its 1H NMR corresponds to the copolymer. Under our polymeriza-
tion conditions, b-PIB typically appears at D =∼(10-14) � 10-10

m2 s-1, l-PIB appears at D = ∼(6-8) � 10-10 m2 s-1, and PEA
appears atD=∼0.5� 10-10m2 s-1 and below, and their spectra are
characteristic and different from the spectrum of the copolymer.
The structure of the copolymers was analyzed by 1H

(Figure 4) and 13C (Figure 5) NMR spectroscopy. The EA/IB
ratios were determined from 1H NMR integration. The spectra

do not reveal the presence of any long l-PIB fragments in the
copolymer but are compatible with b-PIB and PEA fragments.
Comparison with the known spectra of pure homopolymers
b-PIB20 and EA25 and the results of 2D NMR analysis described
below permitted an assignment of the ester (c and d), methylene
(a), and methine (b) protons in the EA units to signals at 4.1, 1.3,
1.7, and 2.5 ppm, respectively, and the assignment of the methyl
(B) plus methylene (A) protons in the IB units to signals at 0.8-
1.0 and 1.3 ppm, respectively (Figure 4). 13C NMR spectra were
assigned in a similar manner (Figure 5). The backbone methy-
lene peak 1 is found between 47 and 48 ppm. The backbone
methine signal 10 appears at 29-34 ppm, close tomethyl carbons
from isobutyl groups and backbone C(CH3)2 groups. The signal
at 38 ppm is assigned to themethine 2. Themethylene group 1 of
the IB backbone appears at 48 ppm. The methyl group 5 and
methylene group 4 of the ethoxy group from EA are assigned at
28 and 64 ppm, respectively. The signals of these carbons are
deshielded due to their closeness to oxygen.
The use of gCOSY (Figure 6), gHMBCNMR (Figure 7), and

gHSQC (Figure 8) leads to the assignments marked in Figures 4
and 5. In units originating in EA, gCOSY NMR has identified
a-b and c-d proton correlations for CH2-CH segments in the
backbone and-C2H5 groups in the ester. In units originating in
IB, the B-C correlation is due to the PIB branch terminating
isobutyl group. gHMBCNMR (Figure 7), which uses interaction
based on J2 and longer range coupling, was used to assign links
between EA and IB components in the copolymer. Phase-
resolved gHSQC NMR (Figure 8) permitted a discrimination
between CH2, on the one hand, and CH3 or CH groups, on the
other hand, and was used to confirm all the assignments.
The 2D NMR results are summarized in Table 2.
Two deuterium-labeled copolymers (entries 8 and 9 in

Table 1) were also prepared and analyzed. A copolymer formed
from EA and IB-d8 showed only one broad signal in 2H NMR
(Supporting Information). In 1HNMR the intensities of signals of all
PIB segments of the deuteriated copolymer were smaller than those
in the unlabeled copolymer (Table 1). 2H NMR of the copolymer
formed from EA-d5 and IB showed CD2 and CD3 groups in the EA
part (Figure 9). Their integrated intensities were in a 1:4-1:5 ratio
instead of the anticipated 2:3. Given the poor signal-to-noise level
that wewere able to achieve, it was not clear whether the difference is
significant. It was also unclear whether the additional small peak that

Figure 3. 1H DOSY NMR of typical copolymer.

Figure 2. 2D HPLC-GPC of typical copolymer (filled level lines).
Superimposed (plain level lines) are results for a mixture of l-PIB
samples with different Mw.

Figure 4. 1H NMR of typical copolymer (see also structures in
Figure 5).

Figure 5. 13C NMR spectrum of typical copolymer with tentative
assignment.



2555 dx.doi.org/10.1021/ma101926c |Macromolecules 2011, 44, 2552–2558

Macromolecules ARTICLE

appeared in the spectrum is real. Tentatively, we assigned it to a
deuteriated isopropyl group.
An attempt to detect the presence of a hydrolyzable ester

group in the backbone by hydrolysis and GPC provided little or
no evidence for a substantial reduction of the copolymer
molecular weight.
Most of the copolymers had glass transition temperatures (Tg)

that varied fairly erratically within a narrow range of -18 and
-10 �C. In Table 3, their thermal properties are compared with
those of related homopolymers.

’DISCUSSION

Polymer Structure. The gCOSY, HSQC, HMBC, 13C NMR,
and 1H NMR analysis of the copolymers and comparison with
spectra of PEA and PIB homopolymers provide evidence for the
presence of the copolymer segments shown in Chart 1. The
connection of IB to EA units via b-A and b-A0 follows from 2D
NMR as shown in Chart 2. Correlations between different
groups located within the copolymer that were identified using
2D NMR methods (Table 2) provide a picture of the local
structures but do not provide long-distance information, nor do

they differentiate between regularly repeating short blocks and
more random copolymer structures.

Figure 6. COSY NMR spectrum of typical copolymer with tentative
assignments (A: the whole spectrum; B: an expanded section).

Figure 7. gHMBCNMR spectrum of typical copolymer with proposed
assignments.

Figure 8. gHSQC NMR spectrum of typical copolymer with proposed
assignments. Red: CH3 and CH groups; blue: CH2 groups.
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Polymer Composition. HPLC data in comparison with the
same data for pure PEA and PIB with different Mw presented in
Figure 2 allow us to conclude that our products are copolymers

and not a mechanical mixture of two homopolymers, in agree-
ment with the conclusion drawn from the gradient NMR results.
In view of the much higher reactivity of EA in radical

polymerization, it is remarkable that the use of a large excess of
IB over EA permits an incorporation of IB into the copolymer to
an extent as high as ∼56 mol % (Table 1). The extent of IB
incorporation depends primarily on the monomer ratio. The
dependence may be complicated by the dependence of the
aggregation state of the lithium catalyst and thus its reactivity
on the detailed composition of the solution.
Polymerization Mechanism. The generally poor behavior of

IB in radical polymerization is believed to be due to degradative
chain transfer that dominates over propagation.27 We propose
that this dominance is reduced or removed in the presence of
Liþ, capable of activating IB toward propagation by complexing
to it. The copolymerization pathways proposed to operate in the
presence of a large excess of IB are presented in Scheme 1. In
the first step, the electron-rich tert-butyl radical formed by the
decomposition of ATB adds to the electron-deficient double
bond of the IB-Liþ complex or to the similarly electron-
deficient double bond of EA, yielding the b-A linkage in the
copolymer. In the first case, the addition yields an electron-rich
tert-alkyl radical similar to the starting tert-butyl radical. In the
second case, the addition produces an electron-poor radical that
is likely to attack a double bond in IB, again producing an
electron-rich tert-alkyl radical. This will behave similarly as the
initial tert-butyl radical, adding to the double bond of either
the IB-Liþ complex or the EA comonomer. The repetition of
the steps builds up the main chain. After several molecules of
either monomer have been incorporated and formed a longer
chain, the radical end of the chain can also abstract a hydrogen
atom from a methylene group contained in the main chain. This
terminates a side chain and transfers the main chain propagation
center to a new location.
The unexpected relative peak intensities in Figure 9 and the

presence of a peak possibly attributable to-CD(CH3)2 hint that
the IB-based radical end of the chain might also be able to
abstract a hydrogen atom from the ester ethyl group of the EA
moiety. Such abstraction is unusual in the homopolymerization
of EA. Because of the poor signal-to-noise ratio, the ratio of peak
intensities in Figure 9 is not sufficiently reliable for a definitive
claim. Since such abstraction would place an ester link into the
backbone, we looked for substantial degradation of molecular
weight upon acidic hydrolysis of the copolymer, but did not
find it under conditions that led to the hydrolysis of the ethyl
ester groups. It is conceivable that the hydrolysis of the
backbone was not observed because it is too slow, but it is
more likely that abstraction from the ester ethyl group does
not occur to a significant extent, and we did not investigate the
matter further.
The proposed steps account for the structure revealed by

NMR. Its main distiguishing features are the comparable reac-
tivity of the double bond of the IB-Liþ complex and of EA that is
responsible for the high incorporation of IB into the copolymer

Figure 9. 2HNMR spectrum of copolymer prepared from EA-d5 and IB
(run 9 in Table 1).

Table 3. Glass Transition Temperature (Tg) and Decompo-
sition Temperature (Td)

polymer Tg (�C) Td (�C)

PEA26 -22 337

l-PIB -40 300

b-PIB 15 221

copolymer -18 to -10 250 to 430

Chart 1. PIB Segments in the Copolymer

Chart 2. Copolymer IB-EA Linkage Fragments

Table 2. Summary of 2D NMR Spectra

unit COSY gHSQC gHMBC

EA c-d, a-b C2-Hb, C4-Hc, C1-Ha C5-Hc, C4-Hd, C5-Hd, C2-Ha

IB A-C, C-B C3-HB, C1-HA, C1-HA C3-HC, C3-HB, C2-HB, C20-HB, C1-HB, C2-HA

EA-IB b-A, a-A C2-Ha, C1-Ha
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and the propensity for backbiting that is responsible for sig-
nificant branching. We have NMR evidence for side-chain
termination due to abstraction of a hydrogen atom by a tert-alkyl
radical derived from the insertion of IB. Because of excessive peak
overlap, we do not have such evidence for side chain termination
by a radical located next to an ester group, derived from the
insertion of EA, but it is likely that it occurs as well.
We were pleasantly surprised to find that the presence of the

ester group in EA does not inhibit the Liþ-induced catalysis,
although it could be expected to bind to Liþ and deactivate it, as
excess sulfolane does. Conceivably, only one ester functionality
attaches to Liþ, leaving the cation still able to bind to IB.
Copolymer Properties.Most of the copolymers have higher

thermal decomposition temperaturesTd than the homopolymers
PEA or PIB (Table 1). All copolymers have higherTg than that of
the PEA homopolymer, but much lower than those of b-PIB
(Table 3). Tg is closely related to the micro-Brownian rotational
motion around carbon-carbon bonds in the polymer backbone.
The highTg of our copolymers may be attributed to the branched
IB chain and steric interaction restricting the motion of the
polymer backbone,20 in agreement with the observation in
Table 2 that b-PIB has a higher Tg than l-PIB.

CopolymerMw increases with increasing incorporation of EA.
For copolymers that consist mostly of EA, Mw values up to
1 000 000 were found. Presumably, high incorporation of
branched IB changes the conformation of growing polymeric
molecules in solution and causes steric difficulties for the
approach of the next monomer molecule.
GPC analysis with triple detection shows that the copolymer

has amajor and aminor component. Themajor component has a
molecular weight distribution similar to those of linear poly-
olefins produced with Ziegler-Natta catalysts.28 Relatively
low IV value suggests a high density polymer. A Mark-
Houwink slope of 0.213 is characteristic of spherical mole-
cules with short branching only (the length of the backbone is
longer than the average length of the chains). Also, the almost
linear dependence of log Rh on log Mw indicates that the
structure of the polymer is much closer to linear than to
branched. Small amounts of very high molecular weight
polymers, as a minor component of the same fraction, can
be indicated by LS and IV, but the RI signal is weak, which is a
characteristic of high molecular weight branched polymers
such as LDPE.29 In addition, a lower retention time from LS
and UV detectors compared to the RI detector is an indication
for a branched polymer.
The origin of the bimodality observed in some cases (Figure 2)

is uncertain. It is likely that the state of aggregation of the catalyst
and/or its mode or degree of complexation with the ester groups
and the IB monomer present are sensitive to minor details of the
composition of the solution, and they could change during the
polymerization reaction. If they affect the catalytic properties of
LiCB11(CH3)12, a bimodal distribution could result easily.

’CONCLUSIONS

Somewhat branched copolymers of IB and EA with moderate
to high molecular weight and high IB incorporation have
been synthesized via radical copolymerization catalyzed by
LiCB11(CH3)12. The properties of the copolymers are different
from those of the corresponding homopolymers. A copolymer-
ization mechanism has been proposed. The sensitivity of the
polymerization process to details of the reaction conditions is
attributed to the effects of poorly controlled catalyst aggregation
in the relatively nonpolar reaction medium, which requires
further investigation.
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