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A kinetic model was developed for the living copolymerization of ethylenell-octene using the fluorinated FI-Ti catalyst
system, bis[N-(3-methylsalicylidene)-2,3,4,5,6-pentafluoroanilinato] TiCly/dried methylaluminoxane is presented. The
model was first validated by batch polymerization experiments. Kinetic parameters were estimated from the model corre-
lations with online ethylene consumption rates and end-of-batch copolymer molecular weight. The model was then used
to calculate the microstructural properties of ethylenel/l-octene copolymers with controlled composition profiles (uni-
form, diblock, and step triblock), which were synthesized using sequential comonomer feeding policies in semibatch
copolymerization. The synthesized block copolymers had the exact composition distributions and molecular weights as
the model simulated. It was demonstrated that the polymer chain microstructure in the living copolymerization of olefins
could be precisely regulated by using semibatch comonomer feeding policies. © 2013 American Institute of Chemical

Engineers AIChE J, 59: 4686-4695, 2013
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Introduction

Molecular weight and chain microstructure are two factors
that, to a large extent, determine materials’ properties and final
applications of polymers. For polyolefins produced with coordi-
nation catalysts, it is well-known that chain microstructure is
determined by catalyst type. Over decades, numerous efforts
have been spent in developing new catalysts for targeted chain
microstructure.' It is probably less recognized that reaction
engineering also plays an important role in determining chain
microstructure.” Different processes yield different products in
polyolefin production, even with the same catalyst. Kinetic
study is an essential part in polymer reaction engineering. Com-
bination of modeling and experimentation represents a most
powerful approach in the kinetic study of polymerization.® A
good kinetic model can help to establish the relationships
between reaction conditions and chain microstructural proper-
ties of resulting polymers.“’5 Modeling also facilitates under-
standing and elucidation of the polymerization mechanisms.®
Furthermore, in the olefin copolymerization, kinetic models can
be used to design and control polyolefin chain microstructure.’

In controlled/living radical copolymerization, kinetic mod-
els have been used in designing copolymer molecular weight
and composition, targeting for novel material properties.8 For
examples, a series of styrene/butyl acrylate copolymers having
well-controlled composition distribution along chain back-
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bones were prepared via a reversible addition-fragmentation
chain transfer polymerization (RAFT), on the basis of a semi-
batch kinetic model design.” The copolymer samples having
different composition profiles from one chain end to another
gave very different thermal properties, even with a same aver-
age composition. Through semibatch modeling, Luo et al.'’
also synthesized via RAFT polymerization a series of pre-
cisely designed triblock copolymers of styrene, n-butylacry-
late, and styrene, which exhibited thermoplastic elastomeric
properties. It was demonstrated that the ultimate tensile
strength of these triblock copolymers was solely determined
by their composition. The microstructural properties of
copolymers could also be controlled by atom transfer radical
polymerization through a model-based semibatch design.11
Luo and coworkers'” synthesized methyl methacrylate/tert-
butyl methacrylate copolymers having linear and hyperbolic
gradient composition profiles. These examples have shown
that kinetic modeling and semibatch control provide a power-
ful tool in the precision synthesis of tailor-made copolymer
products in the controlled/living radical polymerization.

Over the decade, remarkable progresses have also been
achieved in living olefin polymerization.'? Significant advances
have been obtained in the control of polyolefin chain micro-
structure via living polymerization mechanisms. Polyolefin
samples having complex chain architectures have been synthe-
sized, such as star polyethylenes,14 hyperbranched polyethy-
lenes,'” olefin block copolymers,m‘17 and so forth, which could
not be prepared from the traditional coordination polymeriza-
tion. Since late 1990’s, living coordination catalyst systems
have attracted much attention in the research community.'® As
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Scheme 1. The structure of the fluorinated FI-Ti cata-
lyst used in this work.

the f-H chain transfer reactions are limited, the fluorinated FI
catalyst is among the most efficient living catalyst systems.18
Using this catalyst, ethylene/propylene and ethylene/1-hexene
block copolymers were prepared.'®'”'” These block copoly-
mers exhibited superior extensibility and toughness compared
to their random counterparts.20 However, kinetic modeling, an
important reaction engineering tool, has not been extensively
applied in living olefin polymerization systems for precise con-
trol over polyolefin chain microstructure.

Recently, we investigated copolymerization of ethylene
with 1-octene using a fluorinated FI-Ti catalyst system.
The living copolymerization behavior of this catalyst sys-
tem has been clearly demonstrated in our previous work.?!
The living feature was retained at an extremely high como-
nomer level. In this study, we used a modeling approach
coupled with experimental work targeting at precise control
over chain microstructure of polyolefins through the living
coordination polymerization. It is believed that there are
still a lot to explore with polyolefins if microstructure of
individual chains can be précised designed and controlled.
Digital synthesis and precision production would result in
novel polyolefin products with desired tailor-made
properties.

A kinetic model is developed for the living ethylene/1-
octene copolymerization system. The kinetic parameters are
estimated from model correlation with batch experimental
results. The model is then used to simulate the chain micro-
structural profiles of the living ethylene/l-octene block
copolymers, which are validated by experimental results.

Experimental Section
Materials and preparation

The experimental procedure has mostly been described in
our previous article.”! We repeat it here for reader’s conven-
ience. All the air- and/or moisture-sensitive materials were
manipulated through standard Schlenk techniques or in a
high-purity nitrogen-filled glovebox. Toluene (HPLC/Spectro
grade, Tedia Company) was refluxed over sodium/potassium
for more than 24 h before use. It was under the protection of
nitrogen with benzophenone as an indicator. 1-Octene
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(99+%, Acros Organics) was also distilled over sodium
under nitrogen for 3 h and was then sealed with molecular
sieves and stored in glove-box. Polymerization-grade ethyl-
ene (Sinopec Yangzi Petrochemical Company Ltd) was puri-
fied by sequentially passing through columns filled with
CuO, 5A molecular sieves and ascarite. The purification col-
umns and glovebox were reactivated every 2 months. Meth-
ylaluminoxane (MAO), purchased from Albemarle as a 10
wt % Al toluene solution, was first evaporated under vacuum
at 50°C. It was then washed with distilled n-hexane twice
and was finally dried in vacuum and stored as white powder
in glovebox (dried MAO, dMAO).zz’23

Scheme 1 shows the structure of the catalyst complex
used in this work, bis[N-(3-methylsalicylidene)—2,3,4,5,6-
pentafluoroanilinato] titanium(IV) dichloride. The synthesis
was performed following to the literature.>*

Ethylene/l-octene copolymerization

A 500-mL three-necked glass bottle with a Teflon
mechanical stirrer was used to carry out polymerization. The
ethylene consumption rate was recorded by a Brooks 5860E
mass flow meter. Data acquisition was performed by a
PCI8735 data acquisition card on the PC mother board,
which could linearize the analog output of 4-20 mA from
the mass flow meter.

The catalyst and cocatalyst dMAO toluene solutions were
freshly prepared prior to each experiment. The reaction tem-
perature was controlled at 25°C by a water bath. The reactor
was thoroughly dried before anhydrous toluene was charged
through a vacuum hose. The toluene was then stirred (600
rpm) under an ethylene atmosphere. A predetermined
amount of 1-octene was injected into the reactor followed by
the addition of dMAO solution. The polymerization was
started by injecting the catalyst solution. Once the catalyst
was injected, the ethylene consumption rate was recorded
immediately. Ethylene was fed continuously to maintain the
constant pressure of 1 atm during the reaction. To synthesize
block copolymers, 1-octene was fed to the reactor in a step-
wise fashion, following the designed feeding policy. After
the preset reaction time, the polymerization was terminated
by shutting off ethylene feeding and by injecting 10-mL
alcohol. The resulting mixture was poured into acidified
alcohol (2 vol % of hydrochloric acid). After filtration,
washed with excess alcohol, the polymer sample was finally
dried in vacuum at 50°C for 8 h.

Characterization

Molecular weight (M,, and M,) and polydispersity index
(PDI) of the copolymers were analyzed by high-temperature
gel permeation chromatography (GPC). A PL-GPC 220 sys-
tem equipped with an in-line capillary viscometer was used
in this work. The column was calibrated with monodisperse
polystyrene (PS) standards. The Mark—Houwink constants
for universal calibration were K = 591 X 10°* and
o =0.69 for PS, and K=1.21 X 10~* and o = 0.707 for PE.
The solvent of 1, 2, 4-trichlorobenzene was pumped at a
flow rate of 1.0 mL/min at 150°C.

Copolymer composition was determined by '*C NMR
spectra. Solutions with 10 wt % polymer in deuterated o-
dichlorobenzene were prepared at 150°C. It was scanned at
125°C using a Bruker AC 400-pulsed NMR spectrometer.
Instrument conditions, such as 90° pulse angle, inverse-gated
proton decoupling, and 8000-Hz spectral width, were
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Table 1. Kinetic Model for Living Ethylene/1-Octene
Copolymerization

Element Reactions

Initiation C*+M; _/3]1)1/ =12
Propagation P +M,; Tr TPt
P,’;2+M| o P,,H‘1
Pl tMy P,
ProtMy——P.. ,
Chain transfer to Al P, ;4 Al—C"+D,
Deactivation P, —Cq+D,

Species
C": active centers Py ;: living polymer chains with n repeat D,
C,: inactive CdtdlyStUﬂltS and with last inserted i monomer
M,: ethylene D,, Dead polymer chains with n repeat units
M,: 1-octene Al: alkyl-aluminum in the cocatalyst

optimized for quantitative NMR. The pulse delay time was 8
s and acquisition time was 1.3 s. Approximate 5000 scans
were collected for a good signal to noise ratio. The carbon
assignments and the composition calculation of the copoly-
mers were performed using ASTM D5017-96 method.>
Thermal properties of the copolymers were measured by TA
Q200 thermal analyzer under N, atmosphere. To remove ther-
mal history, samples of 5.0-7.0 mg were first heated to 160°C
at 30°C/min and remained isotherm at 160°C for 5 min.
Recrystallization was then achieved by cooling the samples to
—90°C at 10°C/min. The samples were reheated from —90 to
160°C at 10°C/min after isotherm at —90°C for 3 min. Crys-
tallization temperature (7.) was determined from the cooling
curve. Glass transition temperature (T,) and peak melting tem-
perature (T},,) were determined from the second heating.

Model Development

The kinetic mechanism was summarized in Table 1, based
on the following assumptions: (1) activation of complex and
cocatalyst is instantaneous; (2) chain growth is initiated by
insertion of the first ethylene unit (k,; =0); and (3) chain
transfer reactions to 1-octene are absent in this living cata-
lyst system. As the penultimate effect was found minor for
this copolymerization system,21 the terminal model was suit-
able for the monomer insertion mechanism.

The average chain lengths are calculated from the method
of moment. The i-th order moments are defined as follows

o0 00 00

Pi= Zn" {P,’;l}; P= Zn" [P;z}; Di= Zn"[Dn] 1)

n=1 n=1 n=1

Mass balance equations are as follows

Active catalyst sites
d[C*)/dt=ku (P +PY) [All=ka [C*][M1]—kn[C*] M) (2)

Deactivated catalyst sites

d[Cy]/dt=kq(P)+P3) 3)
[C*]y=[Ca]+[CT]+PV+P 4)

Monomers
d[M,]/dt=gin — (ki [C*]+kp11 P +kpo1 P3 ) [M)] 3)
d[M>]/dt=— (kp[C*]+kp12P) +kp2oPS) [M)] (6)

Zero-order moments for the living and dead polymer
chains
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dPY [ dt=k; [C*)[M1]+ k21 PY[M ]| — k12 PO [Mo] — (keat[AL + kg ) PY

)

dPg/df=ki2[C*][M2] k12P [MZ] p21P0[M1] (ka/[Al]+kd)Pg
()]

dD° /di=(ki[Al] +kq) (P} +P3) ©)

First-order moments for the living and dead polymer
chains

dP} /dt=Fki [C*|[M1]+kp11 P [M 1]+ k2
(P +PY) [M\]—kp12P | [M;] — (krAz[AI]Jfkd)P% (10)

dP) [dt=Fkp[C*][Ma]+kyoa P [Ma]+kp12
(P1+PY) Ma] = ko1 Py M1 ] = (kwi[All +ka)Py (1)
dD" /dt= (ki [Al|+ky) (P} +P}) (12)

Second-order moments for the living and dead polymer
chains

dP%/dl‘:kil [C*}[Ml]‘ka“ (2P1+P0)[M1]+kp21
(P3+2P)+PY) [M1]—ky12P [Mo] — (kwi[Al +k)PT  (13)

dPZ/df k,z[c*} [Mz] +k 22 (ZP; +P0) [Mz] +kp12

14
(P3+2P}+P)) [Ma] = kpo1 P3[M] = (koat[Al] + k4 ) P3 ()

dD? /di= (ki [Al]+ka) (P +P3) (5)

The ethylene pressure and reaction temperature remain
invariable during the reaction and the ethylene concentration
is thus assumed to be constant. Ethylene reaction rate was
the same as the ethylene consumption rate. 1-Octene conver-
sion is calculated according to Eq. 18. The average 1-octene
incorporation is calculated from Eq. 19. The molecular
weights (M, and M,,) are calculated from Eqs. 22 and 23

Ry1=gin = (ki [C*]‘kanp(])"'kpzlpg)[Ml] (16)
Ryp=—d[M>]/dt=(k[C*]+kp12P) + ko P ) [M>] (17)

XZZJRpZdt/ [M2], (18)

Fa= Jszd; / (Jszdt+ JRPI dz) (19)
P,=(Pi+Pi+D") /(PO +P)+D") 20)
P,=(P}+P3+D*)/(P\+P,+D") 21
My=P[m(1—F)+myF,] (22)
M, P [ml(l—F2)+m2F2] (23)
PDI =M,, /M, (24)

Results and Discussion
Parameters estimation

The kinetic parameters were estimated from correlating
the model to experiment data by a least-square method using
Matlab 2008b. The initial conditions of the above ordinary
differential equations were set to zero, except for the cata-
lyst, cocatalyst, ethylene, and 1-octene concentrations. The
monomer reactivity ratios were cited from our previous
work.?! The online ethylene consumption rate and the end-
of-batch measured molecular weight under solution
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Figure 1. Online ethylene consumption rate (¢) and
model correlation for the parameter estima-
tion.

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

conditions (at f>>0.77) were used to estimate the kinetic
parameters through the model correlation of the experimental
data in Ref. 21. Figure 1 shows the model fits to the ethylene
reaction rates. The estimated parameters are listed in Table
2. The experimental and model calculated values of Fy, M,
and PDI are compared in Table 3. All the experimental data
in Table 3 were cited from Ref. 21.

The assumption of k;; =0 indicated that the chain propa-
gation was hardly initiated by 1-octene comonomer in this
catalyst system. The smaller k;; than k,;; in Table 2 sup-
ported the hypothesis that the insertion of the first ethylene
unit was slow.?® In other words, the insertion of the first
ethylene unit was the rate limiting step in the chain
growth. The much smaller kj,; than k,;; was attributed to
steric hindrance of 1-octene unit to the incoming ethylene
monomer.”' This accounted for the ethylene consumption
rate reduction at high 1-octene concentrations. The value
of k,», was around 46 L mol™" S7!, reflecting the poor
ability of the FI-Ti catalyst in 1-octene homopolymeriza-
tion. Our experiments also confirmed that the FI catalyst
used in this work has almost no activity in 1-octene
homopolymerization.

The estimated parameters were used to predict new results
under different polymerization conditions. The experiment
data of Runs 6, 7, and 8 were not used in the parameter esti-
mation and were thus used for this model validation purpose.

Parameter Unit Value
kiy L mol !'Ss™! 13

ki Lmol !'S™! 0

ko1t Lmol 's™! 3.70e4
kot Lmol !'S™! 1.36¢3
1 (kpi1/kp12) 55

12 (kpoolkpa1) 0.034
ks L mol ! S™! 2.5

kq s 1.0e-4

These runs were in a slurry condition. Table 3 shows that
the model agreed well with most experimental data. In gen-
eral, M,, decreased as f, increased (Runs 1, 2, and 6, reaction
time = 3 min; Runs 3, 7, and 8, reaction time = 5 min). This
was attributed to the decreased ethylene reaction rate at
increased f,. Figure 2 shows the ethylene consumption rate.
Again, the model fits the data well. The kinetic parameters
estimated from solution conditions were still useful in pre-
dicting the slurry polymerization results. This was because
the mass-transfer effect was not dominating in the slurry
polymerization. The solid content was controlled below 3 wt
%. As reported in the literatures,>’*® the mass-transfer effect
could be minimized by applying high agitation speed and
controlling polymer solid content below 15 wt %. Figure 3
shows that the model simulated 1-octene reaction rate
increased with the 1-octene concentration, agreeing with the
increase of 1-octene activity with f>.2' This simulation result
provides information that 1-octene was consumed at a stable
rate in this living copolymerization system. Figure 4 also
shows the good agreement between model and experimental
F, and M,, results.

Ethylene/l-octene copolymer with uniform composition

In a batch process, variations in comonomer concentration
over the course of polymerization often result in copolymer
composition drifting. In a living copolymerization system, the
composition drift is not from chain to chain, but from end to
end of individual chains. However, in this work, 1-octene con-
version was controlled at a low level (<5%). The change in
the 1-octene concentration was small and negligible, giving a
stable comonomer feeding ratio during the reaction. Although
the instantaneous 1-octene polymerization rate (R,,) could not
be measured experimentally, the conversion of 1-octene could
be measured by combining the NMR analysis, 1-octene feed,
and weight of copolymer product. Figure 5 shows the model
prediction for a linear increase of l-octene conversion X,
with reaction time, which was verified by the experimental

Table 3. Experimental Data and Model Calculation Results at Different f,

Fa (%) M,, (e4g/mol) PDI

Run No* b Exp. Model (%) Exp. Model (%) Exp. Model 0 (%)
1 0.784 6.3 6.5 32 27.34 29.34 7.3 1.11 1.17 54
2 0.839 10.1 9.3 =79 22.07 19.90 -9.8 1.13 1.08 —4.4
3 0.870 11.4 11.6 1.8 25.25 24.27 -39 1.10 1.09 -0.9
4 0.889 132 139 53 28.51 26.32 =77 1.15 1.10 —4.3
5 0.953 32.7 31.2 —4.6 25.30 27.80 9.9 1.16 1.07 -7.8
6 0.329 0.88 0.89 1.1 3223 30.18 —6.4 1.20 1.17 —-1.7
7 0.655 35 34 —-29 35.09 36.60 4.3 1.15 1.18 2.6
8 0.736 4.9 5.0 2.0 31.65 32.01 1.1 1.14 1.15 0.9

“Experimental data cited from Ref. 21.

Relative errors.

AIChE Journal December 2013 Vol. 59, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 4689


wileyonlinelibrary.com

§ 400} - 1,=0.329
E
E 300l = f,=0.655
c
2
£ 200} - 1,70.736
3
3 100+ —Cal.Rp1
=
]
>
=
ﬁ 0 L i L L i

0 60 120 180 240 300

time (s)
Figure 2. Experimental data (H) and model predictions
of ethylene consumption rate at different f,.

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

data from Ref. 21. This linear increase was consistent with
the approximately constant 1-octene reaction rate, as simu-
lated in Figure 3. Figure 6 shows the variation of 1-octene
incorporation F, with the number average chain length.
Although 1-octene was introduced into the system in a batch-
wise process, F, was independent from the chain length. The
copolymer composition drifting was avoided at low 1-octene
conversions in the batch living copolymerization.

Figure 7 shows the copolymer molecular weight M,
increased continuously within the studied reaction time,
whereas the PDI values remained to be low, characteristic of
the living copolymerization behavior.

Synthesis of ethylene/l-octene block copolymers

Living coordination polymerization is particularly useful

50
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Figure 4. Comparison between model and experimen-
tal results, (a): F2 and (b): M,,.

the targeted block structures. In this work, we set the con-
straint conditions for a diblock copolymer

in synthesizing olefin block copolymers. Ethylene/l-octene ) F2=0.9%, P, < 6300
block copolymers were prepared in this work. The objective Diblock : § _ o B 25)
. . S . Fy > 17%, P, > 6300
was to illustrate use of the model simulation in synthesis of
tailor-made polyolefin chain microstructure. Scheme 2 shows and a triblock copolymer
0.004
g f,=0.839 10
§ 0.003 f2=0_784 =2 L —— Model Cal. 1-octene conversion
E ;. st s EXxp. 1-octene conversion
S 0.002 6 |
g [2
et Q
3 :
oc 0.001 f,=0.329 9
f,=0.165 Q
g
0.000 . . . S
0 120 240 360 480 Q
time (s) A N s . .
Figure 3. Model predicted 1-octene reaction rate at 0 200 400 600 800 1000
different f». time (s)
[Color figure can be viewed in the online issue, which is Figure 5. Evolution of 1-octene conversion with reac-
available at wileyonlinelibrary.com.] tion time, f, = 0.870.
4690 DOI 10.1002/aic Published on behalf of the AIChE December 2013 Vol. 59, No. 12 AIChE Journal


wileyonlinelibrary.com
wileyonlinelibrary.com

0.5

| —Model Cal. F,
0.4} = Exp.F,
0.3}
ot
0.2}
0.1F . - —*

0-0 i i i A i
0 2000 4000 6000 8000 10000 12000
Number average chain length

Figure 6. Evolution of F, with number-average chain
length, f, = 0.870.

F>=0.9%, P, <6300
Fy=58%, 6300 < P, <11500  (26)
Fy > 17%, P, > 11500

Steptriblock :

as examples. It should be pointed that in theory any con-
straints could be proposed. But in practice, we need to con-
sider operation conditions. The degree of polymerization
6300 corresponded to 2 min in operation at the composition,
whereas it was 3 min from 6300-11,500. It is difficult to
experiment for too long and too short time in operation.

In synthesis of this type of olefin block copolymers, a
small fraction of l-octene was precharged to the reactor.
Mayo-Lewis equation was used to calculate the 1-octene
loads for targeted copolymer composition (F;). For the
diblock copolymers, 1-octene was fed in two stages. The
1-octene feeding ratio curve (f, vs. time) is shown in Figure
8a. The f, was initially maintained at 0.329 for 2 min and
was subsequently increased to 0.889 and continued for addi-
tional 10 min, to obtain the desired molecular weight and
diblock structure. Table 4 gives the recipes for the synthesis
of ethylene/l-octene diblock copolymers. Run 9 was used as
a control experiment.

Figure 8b shows the ethylene consumption rate. It
decreased in a stage-wise manner as l-octene was fed
sequentially, showing significant influence of 1-octene on the
rate of ethylene consumption. The model prediction matched
well with experimental data. The model-data mismatch dur-
ing the transition period was mainly introduced by experi-
mental operation. In the actual operation, it took a few
seconds to inject the large volume of 1-octene (nearly 50

(a) Dibklock Copolymer

80 2.0
| —Model Cal. M,,
s Exp. 1.8
5 801 o PoI -
% ' 11.6 _
< 40} { &
= 11.4
2 2
i ® ® A 1.2
®
[
0 L L L 1.0
0 250 500 750 1000
time (s)
Figure 7. Evolution of M,, and PDI with reaction time,
f, = 0.870.

mL). Once the 1-octene concentration reached stable, the
model prediction matched well with experimental data. Fig-
ure 8c shows GPC curves of the copolymer samples from
Runs 9 and 11. The molecular weight of Run 11 increased
significantly from that of Run 9, confirming the chain exten-
sion at a higher l-octene concentration in the second step.
Figure 8d shows the NMR spectrum and Table 5 gives the
triad sequence length distributions of the copolymers. Com-
paring Run 11 to Run 9, the fractions of [EEO+OEE],
[OEO], [EOE], and [EOO+OOE] obviously increased and
the fraction of [EEE] decreased, showing that the comono-
mer incorporation increased in the second step. The evolu-
tion of molecular weight and comonomer incorporation
confirmed the diblock structure for the copolymer from Run
11. Figure 8e shows the evolution of molecular weight and
polydispersity with polymerization time. The model corre-
lated nicely with the experimental results. Figure 8f shows
the variation of cumulative copolymer composition with the
number-average chain length. F, is the average composition
of the total copolymer, whereas F’, is the average composi-
tion in each block, which can be calculated from F, and M,,.
As 1-octene was fed stage-wisely, the increase of the block
average was also in a stage-wise manner. The model cap-
tured this trend and agreed with the experimental results.

In the synthesis of step triblock copolymers, 1-octene was
fed gradually in three stages, as shown in Figure 9a: f, was
maintained at 0.329 for 2 min, then increased to 0.736 for 3
min, and finally to 0.889 for 7 min. The recipe was also
summarized in Table 4. Run 12 was used as a control
experiment. Figure 9b shows the ethylene consumption rate

Scheme 2. Schematic illustration of chain structure of diblock (a) and (b) step triblock copolymers.
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online ethylene consumption rate with experimental data (¢) from Run 11 and model result (-); (c) GPC
curve; (d) ™*C-NMR spectrum; (e) molecular weight and polydispersity vs. reaction time; (f) cumulative
copolymer composition vs. number-average chain length, F, is the total 1-octene incorporation in the
final block copolymer, F'5 is the 1-octene incorporation in each block, calculated from F, and M,,.

vs. time. The model agreed well with the experimental NMR spectrum in Figure 9d and the results of triad sequence
result. Figure 9c¢ shows the GPC curves from Runs 9, 12, length distributions in Table 5 also demonstrated that the
and 14, confirming the chain extension after each step. The comonomer incorporation increased after each step,

Table 4. Recipes for the Synthesis of Ethylene/1-Octene Block Copolymers

First First Block, Second Second Block, Third Third Block,

Run® Targeted Copolymers Block f> t (min) Block f> t (min) Block f> t (min)

9 Random 0.329 2 - - - -

10 Diblock 0.329 2 0.889 5 - -

11 Diblock 0.329 2 0.889 10 -

12 Diblock 0.329 2 0.736 3 - -

13 Triblock 0.329 2 0.736 3 0.889 3

14 Triblock 0.329 2 0.736 3 0.889 7

“Reaction condition: P =1 atm, T = 25°C, complex [Ti] = 20 pmol/l, Al/Ti = 2000, toluene = 210 mL.
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Table 5. The Triad Sequence Length Distributions for Ethylene/1-Octene Copolymers Determined by *C-NMR

Run No. Fay (%)

EEE (%) EEO + OEE (%) OEO (%) EOE (%) EOO + OOE (%) 000 (%)
9 0.83 94.4 4.14 0.566 0.852 0 0
10 7.1 83.6 7.70 0.750 5.23 2.69 0
11 8.8 78.9 13.0 0.771 5.69 1.69 0
12 32 93.2 3.73 0.058 2.65 0.392 0
13 53 88.0 6.18 0.783 3.60 1.44 0
14 8.3 81.1 10.8 1.66 4.81 1.61 0

confirming the triblock structure from Run 14. Figure 9e
shows the molecular weight and polydispersity with time. It
is evident that the model and experiment results agreed well
with each other. Figure 9f shows the variation in cumulative
composition of the triblock copolymer with number-average
chain length. Each block segment had a different composi-
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tion and presented a step variation as the model simulated.
The composition distributions of the first and second blocks
were uniform. However, the third block gave a gradient dis-
tribution profile. This was because the chains grew very
slowly in the third block and thus inevitably involved chain
transfer reactions, which led to formation of dead chains and
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Figure 9. Synthesis of step triblock ethylene/1-octene copolymer: (a) 1-octene feeding ratio with reaction time; (b)
online ethylene consumption rate with experimental data (¢) and model result (-); (c) GPC curves; (d)
3C-NMR spectrum; (e) molecular weight and polydispersity vs. reaction time; (f) cumulative copolymer
composition vs. number-average chain length, F, is the overall 1-octene incorporation in the final
block copolymer, F} is the 1-octene incorporation in each block, calculated from F» and M.,,.
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generation of new chains. The model revealed these experi-
mental features.

Figures 8 and 9 show that the block copolymers had the
exact composition distributions and molecular weights as the
model simulated, demonstrating good control over the polyo-
lefin chain microstructure.

Thermal properties of the block copolymers

Some thermal properties of the synthesized block copoly-
mers were studied by DSC analysis, with the random copoly-
mer counterparts for comparison. The T,, T., and T, data
are summarized in Table 6. The heat of melting AH,, was
used to evaluate crystallinity, with AH? =290 J/g as refer-
ence for infinite polyethylene crystal.”” Both high T,, and
low T, were retained in the block copolymers, as shown in
Figure 10. It is of interest to note that a bimodal melting
curve was observed from the diblock copolymer (Run 11),
and a trimodal melting curve was observed from the triblock
copolymer (Run 14). This multimodality in melting behavior
could be attributed to phase separation in the block copoly-
mers. Each block was long enough to form a distinct phase.
The 1-octene content in the hard block was only about 0.9
mol%, allowing the hard block to form plastic phase. Poly-
ethylene chains in a plastic phase normally form spheru-
lites,® giving the material a high T,, (113-114°C for the
block copolymers in this work). The soft block with the
1-octene content higher than 17 mol % composed an amor-
phous rubbery phase, in which polyethylene chains could
only form fringed micelles or bundled crystals with Ty,
around 40°C and T, lower than —50°C.*' The middle block
in the triblock copolymer had around 6 mol % 1-octene,
which might form a mixed transition phase possessing lamel-
lar crystals and bundled crystals, rendering the triblock
copolymer a middle melting summit at about 77°C.

The block copolymers clearly retained the crystallization
capacity of the hard block, and thus possessed the high melt-
ing temperature, together with the low-glass transition tem-
perature of the soft block.

Conclusions

In summary, a simple but useful kinetic model was devel-
oped for living ethylene/1-octene copolymerization. The

Endotherm ———

-50 0 50 100 150
Temperature (°C)

Figure 10. DSC melting curves of the block copolymers
in comparison with the random copolymer
counterparts.

The second heating was taken with the heating/cooling
rate of 10°C/min. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table 6. Summary of Ty, T,, and Ty, for Some Copolymers
Determined by DSC

AH, X2
Run T, (°C) T. (°C) T (°C) J/ig) (%)
4 ~55.6 22.4 413 28 10
9 —-324 103.6 117.7 112 39
11 —537 19.6, 99.2 39.9, 113.9 7325
14 —531 198,616,993 393,767, 1130 87 30

“Crystallinity from heat of melting, taking AH, of 293 J/g for the polyethyl-
ene crystal.

model parameters were estimated from online ethylene con-
sumption rate and end-of-batch molecular weight measure-
ments. The model prediction agreed well with the
experimental results. The estimated k;; was much smaller
than k,;;, suggesting that the insertion of first ethylene unit
was the rate limiting step in the polyolefin chain growth.
The comonomer concentration had significant influence on
the rate of ethylene consumption. The much smaller k,;
than k,;; implied the steric hindrance of 1-octene unit to the
incoming ethylene monomers, which accounted for the
decrease in ethylene consumption rate with increased
lI-octene concentration. The small k,,, value indicated poor
ability of this catalyst system in 1-octene homopolymeriza-
tion. The kinetic model with the estimated kinetic parameters
was then used to simulate the chain microstructural proper-
ties of ethylene/l-octene copolymers with controlled uni-
form, diblock, and step triblock composition distributions,
which were synthesized using semibatch sequential comono-
mer feeding policies. The resulting copolymers had the exact
composition distributions and molecular weights as the
model simulated. The block copolymers exhibited high melt-
ing temperature of the hard block and low-glass transition
temperature of the soft block.

This work demonstrated that the polyolefin chain micro-
structure could be precisely controlled through semibatch
comonomer feeding policies in living coordination polymer-
ization. It was demonstrated that such chain properties could
be predicted through modeling. Such design and control over
chain microstructure allow us to tailor-make polyolefin
materials.
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