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Terminal and penultimate models for controlling copolymer composition distribution
(CCD) in ethylene and norbornene (NB) copolymerization were developed by taking
into account the variation of active site concentration with the initial comonomer ratio.
The models were validated by batch polymerization experimental data. The terminal
model gave better correlation with the composition data whereas the penultimate
model had a better fit to the rate data. The terminal model was then used to design
NB feeding policies in semicontinuous processes for targeted CCD profiles. Based on
the model results, a series of ethylene-NB copolymers with various NB contents were
prepared. With the same NB content, the semicontinuous process produced a uniform
composition, whereas the batch process yielded broad CCD. The batch samples had
lower Tg values and broader transition ranges, even yielded crystalline materials. In
contrast, the semicontinuous samples overcame the disadvantages. � 2009 American

Institute of Chemical Engineers AIChE J, 55: 663–674, 2009
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Introduction

Ethylene-norbornene copolymer (ENC) has excellent trans-
parency, low moisture absorption, high heat resistance, etc. It
is an important class of industrial materials with a broad
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range of applications in optical, electric, and medical fields.1

The norbornene (NB) content is the key parameter for the
properties of ENC materials. With increasing NB content,
the copolymer changes from crystalline to amorphous sub-
stance while its glass transition temperature (Tg) can be
adjusted in the range of 20–2608C by varying its NB con-
tent.2–6

The ethylene and NB copolymerization with homogeneous
metallocene catalysts has been studied by many workers over
the past decade.1–33 Several groups have investigated the
effects of copolymer composition on the ENC thermal prop-
erties and reported the linear Tg vs. NB content relation-
ships.1,4,6,16,26,27 However, Tg is not only determined by the
average NB content, but also by the chain microstructure
such as composition and sequence distributions. For example,
random copolymers have higher Tg’s than alternating stereo-
regular counterparts of similar NB contents.28 Block NB
sequences can improve chain stiffness and Tg.29 The molecu-
lar dynamic simulations have been applied to calculate its
Tg.30 The molecular weight of ENC (if not very high) also
plays an important role in the thermal behaviors of the mate-
rials.31

For the next generation optical applications, the ENC
materials must have high NB content and uniformity in chain
microstructure for higher Tg and better transparency. To
achieve this goal, both sequence length distribution and co-
polymer composition distribution (CCD) must be carefully
designed and controlled. The sequence distribution is mainly
determined by structure and symmetry of metallocene cata-
lyst, electronic effect and steric hindrance of ligand and rele-
vant polymerization conditions. The most comprehensive
analysis of the sequence length distribution of ENC was con-
tributed by Tritto et al.20–23 Another significant contribution
was by Choi and coworkers6–9 through modeling effort.
Assuming no loss of the active sites, they employed classical
first-order, second-order and reduced third order Markov
models to describe copolymer composition and sequence dis-
tribution. Each model has advantages and weaknesses in pre-
dicting polymerization rate, average copolymer composition,
and NB sequence length distribution.

There have been some investigations on the effects of
CCD on the ENC’s thermal properties.8,33 The batch copoly-
merization experiments were often carried out in very short
reaction times for reducing CCD effect. Choi and coworkers8

found that the obtained copolymer’s Tg decreased with the
reaction time because less NB was incorporated into the co-
polymer at the late stage of reaction and then the melting
peak of polyethylene began to appear in the samples. To pro-
duce the copolymer of uniform composition, the comonomer
ratio should be kept constant during the polymerization.
They proposed a continuous process operated at steady state
for adding both ethylene and NB. These studies have opened
a widow for designing more efficient copolymerization proc-
esses.

In general, there are three approaches for ENC produc-
tions: batch, semicontinuous, and continuous. This classifica-
tion is based on the NB feeding strategy during copolymer-
ization because ethylene is always continuously supplied to
reactor. In the batch process, composition drift can be dra-
matic due to the different reactivity ratios and the resulting
copolymer has a broad CCD if the reaction time is long. The

uniform composition can only be achieved by semicontinu-
ous and continuous processes. Compared with continuous
process, semicontinuous process with adjustable adding rate
is more flexible for the preparation of copolymers having
different CCDs but similar average compositions.

Our hypothesis is that the ENC materials with uniform
composition distribution prepared by semicontinuous process
would have better properties than the ones having the same
NB content but broader CCD by batch process. In other
words, to obtain the same grade of ENC materials, the use of
semicontinuous process would require less consumption of
the costly NB monomer. In this work, we made a good effort
to synthesize ENC samples with narrow CCD by semicontin-
uous process and to investigate the effects of CCD on ENC’s
thermal properties. Modified terminal and penultimate mod-
els for ethylene and NB copolymerization had been devel-
oped and compared. Some model parameters were estimated
by correlating experimental data from the batch process and
the others were from the literature. It was then extended to
the semicontinuous process and was used to design NB feed-
ing strategies for the targeted CCD profiles by systematic
experimental investigation and detailed model development.

Model Development

For the model-based design and control of CCD of ENC,
the challenge is to give an accurate prediction of polymeriza-
tion rate and copolymer composition. In this work, we devel-
oped a terminal model and a penultimate model. The general
reaction mechanisms, the mainframes of both models, and
the kinetic parameters used in the stimulation were adopted
from the literature.6–9 However, we introduced a dependence
function of active site concentration on NB/E ratio, to better
correlate the experimental data. We found the correlation
becomes poor without taking account into this dependence.
The model was firstly verified by the batch process and then
extended to design NB feeding profiles for uniform composi-
tion.

Terminal model

For the ethylene and NB copolymerization with metallo-
cene catalysts, the rapid formation of active centers can be
assumed. The polymerization rate and copolymer composi-
tion are determined by the following propagation reactions:

P�
r;1 þM1 �!

kp11

P�
rþ1;1 (1)

P�
r;1 þM2 �!

kp12

P�
rþ1;2 (2)

P�
r;2 þM1 �!

kp21

P�
rþ1;1 (3)

P�
r;2 þM2 �!

kp22

P�
rþ1;2 (4)

where M1 is ethylene, M2 is NB; P�
r;1 and P�

r;2 are growing
polymer chains with ethylene and NB as the terminal unit,
respectively. The kinetic parameters were shown in Table 1.

Applying the quasi-steady-state assumption to live poly-
mers, we can have the following copolymer composition
equation,
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M2

M1

� �
p

¼ X
r2X þ 1ð Þ
r1 þ Xð Þ (5)

where ðM2

M1
Þp and X ¼ ½M2�

½M1� are the NB/E mole ratios in poly-
mer and monomer populations, respectively.

The instantaneous NB content in copolymer can be calcu-
lated,

F2 ¼
M2

M1

� �
p

1 þ M2

M1

� �
p

(6)

If we assumed c* � Y�1 1 Y�2, the live polymer could be
expressed as follows:

Y�
1 ¼ kp21½M1�

kp21½M1� þ kp12½M2�
c�; Y�

2 ¼ kp12½M2�
kp21½M1� þ kp12½M2�

c�

(7)

where c* is the activated catalyst; Y�1 and Y�2, the total con-
centration of growing polymer chains with ethylene and NB
as the terminal unit. The ethylene and NB consumption rates
are expressed as:

dM1

dt
¼ �VRp1 þ F1;in (8)

dM2

dt
¼ �VRp2 þ F2;in (9)

dV

dt
¼ F1;in

Mw1

q1

þ F2;in
Mw2

q2

(10)

where F1,in and F2,in are the molar flow-in rates of ethylene
and NB; Mw1 and Mw2, the molecular weights of monomer
ethylene and NB; q1 and q2, the densities of ethylene and
NB in solvent; and Rp1 and Rp2, the ethylene and NB poly-
merization rates, respectively: Rp1 5 (kp11Y

�
1 1 kp21Y

�
2)[M1],

Rp2 5 (kp12Y
�
1 1 kp22Y

�
2)[M2].

The ethylene concentration can be kept constant by main-
taining the total pressure constant, i.e.,

d½M1�
dt

¼ 0 (11)

For the batch process, F2,in 5 0, F1,in can be given,

F1;in ¼ Rp1

1 � ½M1�Mw1

q1

V ¼ K0V; K0 ¼ Rp1

1 � ½M1�Mw1

q1

 !
(12)

Then,

dV

dt
¼ K0

Mw1

q1

V (13)

d½M2�
dt

¼ �Rp2 � ½M2�K0

Mw1

q1

(14)

Given the initial conditions, Eqs. 13 and 14 can be solved
numerically. The composition profile, catalyst activity, NB
conversion, polymerization rate and copolymer composition
can then be predicted. It should be pointed out that Eqs. 11–
14 are not needed in designing the NB feeding profile for the
composition control.

The molar numbers of monomer unit ethylene and NB in
copolymer, m1 and m2, can be obtained by numerical integra-
tion. The cumulative NB content in copolymer is,

F2 ¼ m2

m1 þ m2

(15)

Penultimate model

For a penultimate model, the polymerization rate and co-
polymer composition are determined by the following propa-
gation reactions:

P�
r;11 þM1 �!

kp111

P�
rþ1;11 (16)

P�
r;11 þM2 �!

kp112

P�
rþ1;12 (17)

P�
r;22 þM1 �!

kp221

P�
rþ1;21 (18)

P�
r;22 þM2 �!

kp222

P�
rþ1;22 (19)

P�
r;21 þM1 �!

kp211

P�
rþ1;11 (20)

P�
r;21 þM2 �!

kp212

P�
rþ1;12 (21)

P�
r;12 þM1 �!

kp121

P�
rþ1;21 (22)

P�
r;12 þM2 �!

kp122

P�
rþ1;22 (23)

where P�
r;ij represents the propagating polymer MiMj

*. The
subscript notation r denotes the length of chain. The kinetic
parameters were shown in Table 2.

The reactivity ratios are defined as follows,

r11 ¼ kp111

kp112

; r22 ¼ kp222

kp221

; r21 ¼ kp211

kp212

; r12 ¼ kp122

kp121

(24)

Applying the quasi-steady-state assumption to live polymers,
we also have the copolymer composition equation for the
penultimate model.

Table 1. Kinetic Parameters Used in the Terminal
Model Stimulation

Parameter Value Parameter Value

kp11 1.67 3 107 L mol21 h21 r1 1.47
kp22 7.80 3 104 L mol21 h21 r2 0.024
kp12 1.14 3 107 L mol21 h21

kp21 3.25 3 106 L mol21 h21

Table 2. Kinetic Parameters Used in the Penultimate
Model Stimulation

Parameter Value Parameter Value

kp111 1.67 3 107 L mol21 h21 r11 1.47
kp112 1.14 3 107 L mol21 h21

kp121 3.07 3 106 L mol21 h21 r12 1.024
kp122 7.37 3 104 L mol21 h21

kp211 1.63 3 107 L mol21 h21 r21 0.887
kp212 1.84 3 107 L mol21 h21

kp221 1.78 3 105 L mol21 h21 r22 9.0 3 1024

kp222 1.56 3 102 L mol21 h21
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M2

M1

� �
p

¼
1 þ r12X r22Xþ1ð Þ

ðr12Xþ1Þ

1 þ r21 r11þXð Þ
Xðr21þXÞ

(25)

If we assumed c* � Y�11 1 Y�12 1 Y�21 1 Y�22, the live poly-
mer concentrations could be expressed as follows,

Y�
11 ¼ ac� (26)

Y�
21 ¼ aX

kp112

kp211

c� (27)

Y�
12 ¼ aX

kp112

kp121

1 þ X
r21

1 þ r12X
c� (28)

Y�
22 ¼ ar12X

2 kp112

kp221

1 þ X
r21

1 þ r12X
c� (29)

where a ¼ ð1 þ kp112

kp211
X þ X

kp112

kp121

1þ X
r21

1þr12X
þ r12X

2 kp112

kp221

1þ X
r21

1þr12X
Þ�1

, Yij
*

is the total concentration of MiMj
*.

The ethylene and NB polymerization rates are,

Rp1 ¼ ðkp111Y
�
11 þ kp211Y

�
21 þ kp121Y

�
12 þ kp221Y

�
22Þ½M1� (30a)

Rp2 ¼ ðkp112Y
�
11 þ kp212Y

�
21 þ kp122Y

�
12 þ kp222Y

�
22Þ½M2� (30b)

Design NB feeding profile

Our objective is to control composition drift through semi-
continuous operation. The strategy used in this work is to
design NB feeding profile. For the copolymers with uniform
composition, we can apply the following constraint: F2 5

constant. i.e., keeping the NB/E constant in the reactor.
With

d½M1�
dt ¼ 0, i.e. to keep the NB/E constant, it is neces-

sary to have
d½M2�
dt ¼ 0. With these two conditions, the mono-

mer feeding profile for the targeted uniform copolymer
composition can be obtained.

F1;in ¼
VRp1ð1 � Mw2

q2
½M2�Þ þ VRp2

Mw2

q2
½M1�

ð1 � Mw1

q1
½M1�Þð1 � Mw2

q2
½M2�Þ � Mw1Mw2

q1q2
½M1�½M2�

(31)

F2;in ¼
VRp2ð1 � Mw1

q1
½M1�Þ þ VRp1

Mw1

q1
½M2�

ð1 � Mw1

q1
½M1�Þð1 � Mw2

q2
½M2�Þ � Mw1Mw2

q1q2
½M1�½M2�

(32)

V ¼ V0 exp K1

Mw1

q1

tþ K2

Mw2

q2

t

� �
(33)

where V0 is the initial volume of reaction mixture; t is the
reaction time.

Experimental Section

Materials

Ethylene with 99.95% purity, supplied by Foshan Kedi
Gas Chemical Industry Co., Ltd. of Guangdong Province in
China, was dried by passing through columns filled with 3 Å
molecular sieve and Cu catalyst. NB with 99% purity was
purchased from ACROS and dried over CaH2 and distilled

for 6 h before use. Toluene was distilled for 6 h with a so-
dium/potassium alloy under dry nitrogen atmosphere prior to
use. The metallocene catalyst was rac-[Et(Ind)2]ZrCl2 from
ACROS. The cocatalyst was MAO (10 wt % in toluene,
AKZO NOBEL).

Polymerization

The polymerization procedures were similar to that
reported in the previous work except for the addition of
NB.34 Ethylene consumption was measured with a flowmeter.
Before the addition of cocatalyst and catalyst, certain
amounts of NB determined by the initial NB/E, were added
to the reactor. The additional NB was then added according
to the designed feeding policy by a peristaltic pump con-
trolled by computer. The NB federate profiles in Figure 11
calculated by the model were followed in the polymerization
processes. The initial reactor volumes were the sum of added
toluene (50 ml), MAO (1.8 ml) and initial added NB volume
(varied with the initial NB/E ratio). We injected NB solution
(20 vol % toluene and 80 vol % NB). The largest volume of
the injected NB solution was \5.5 ml. The largest volume
change was thus \10%. The NB feed rates in Figure 11 are
the actual amount of neat NB fed to the reactor, not includ-
ing the 20 vol % toluene in the values. The toluene amount
fed was small (about 1 ml) and its effect on the reaction
system can be neglected.

Characterization and measurements

The thermal behaviors of the produced ENC materials
were investigated by a differential scanning calorimeter, Per-
kin-Elmer DSC 7. In each experiment, 9–10 mg of sample
was used and the DSC was run under dry nitrogen. All the
samples were first heated from 30 to 2008C at a rate of
108C/min, held at 2008C for 3 min, cooled to 308C at 108C/

Figure 1. 13C NMR spectra of typical ENC samples pro-
duced by batch and semicontinuous proc-
esses in this work (18–21 mol % NB).
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min, and held at 308C for 3 min. The samples were then
scanned from 30 to 2008C at a rate of 108C/min. The second
heat curve was used for analysis.

Varian Unity-400 nuclear magnetic resonance (NMR)
instrument was used to estimate the NB content of ENC. The
13C NMR spectra of the typical ENC samples produced in
this work were shown in Figure 1. The method of Ruchatz
and Fink was adopted for the chemical shift assignments and
copolymer composition estimates:3

mol %Norbornene

¼
1
5
INðC1�C4;C7Þ

1
2
ðIE;NðC5;C6Þ � 2

5
INðC1�C4;C7ÞÞ þ 1

5
INðC1�C4;C7Þ

3100

where IN(C1–C4,C7) 5 the integral of the C1–C4 and C7 sig-
nals of NB (33–56 ppm) and IE,N(C5,C6) 5 the integral of the
signals of ethylene and the C5 and C6 of NB (27–32.7 ppm).

The molecular weight and molecular weight distribution
were measured at 1508C in 1,2,4-trichlorobenzene using a
Waters GPCV 2000 with a combined refractive index and
viscosity detector.35

Results and Discussion

Batch process

Firstly, we assume an independence of the active site con-
centration (c*) on the NB/E ratio. The model results of the
copolymer yield and NB conversion vs. reaction time using

Figure 2. Copolymer yield/NB conversion vs. reaction time in the batch process for initial NB/E 5 1.3 (c* 5 con-
stant).

(a) Copolymer yield vs. reaction time; (b) NB conversion vs. reaction time. Conditions: catalyst concentration 5 4 3 1025 mol/l, Al/Zr 5
1500, toluene 5 50 ml, P 5 1 atm, T 5 708C, initial NB/E 5 1.3, total reaction time 5 10 min.

Figure 3. Copolymer yield/NB conversion vs. reaction time in the batch process for initial NB/E 5 19.6
(c*5constant).

(a) Copolymer yield vs. reaction time; (b) NB conversion vs. reaction time. Conditions: catalyst concentration 5 4 3 1025 mol/l, Al/Zr
5 1500, toluene 5 50 ml, P 5 1 atm, T 5 708C, initial NB/E 5 19.6, total reaction time 5 90 min.
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this assumption are shown in Figures 2 and 3. Large discrep-
ancies can be seen between the model calculation and experi-
mental data, particularly at high NB/E values. The models
can underestimate or overestimate the yield and conversion
values, depending on the active site concentration used in the
calculation. However, their trends cannot be caught if the
active site concentration remains unchanged. With the same
set of parameters, the penultimate model underestimates
whereas the terminal model overestimates their values.

We then assume the active site concentration is not only a
function of the catalyst concentration but also affected by the
initial monomer ratio. This concept may be explained by the
effect of NB concentration on the efficiency of catalyst acti-
vation. That is, c� ¼ f ð½c�0; ½MAO�0=½c�0; ½M2�0=½M1�0Þ. Based
on this concept, we develop a relationship between c* and

the initial NB/E ratio as described by the following equations
(also shown in Figure 4).

c� ¼ 2:0365310�6

2:1353
ð3:5016 � 0:1778X þ 0:007570X2

� 1:1926310�4X3Þ; X � 15 ð34Þ

c� ¼ 2:0365310�6

1:0996
ð1:9704 � 0:09221X þ 0:002972X2

� 4:1568310�5X3Þ; 15 < X < 45 ð35Þ

This relationship is evaluated by correlating experimental co-
polymer yields and compositions with the terminal model. It
has been reported that the terminal model gave better compo-
sition prediction than the penultimate model.6–9 The major
objective of this work is to control the composition drift.
Therefore, we chose the terminal model in Eq. 36 for finding
the dependence function. The experimental data were from
the literature.34 A nonlinear least-square criterion is used.
The object function is as follows

F ¼ w1

X Actexp � Actcal

Actexp

� �2

þw2

X F2exp � F2cal

F2exp

 !2

(36)

where wi is the weighting factor of each term in the function.
Act is the catalyst activity and F2 is the cumulative NB com-
position in copolymer.

Using the developed relationship between c* and NB/E ra-
tio in Figure 4, the copolymer yield and NB conversion
could be readily predicted by the terminal model, shown in
Figures 5 and 6. The penultimate model appears to give
slightly better prediction if the k222 value is increased by 20
times with the reactivity ratios remaining unchanged. It
should be pointed out that k222 is treated as an adjustable

Figure 4. Active site concentration vs. initial NB/E in
the batch processes.

Conditions: catalyst concentration 5 4 3 1025 mol/l, Al/Zr
5 1500, toluene 5 50 ml, P 5 1 atm, T 5 708C.

Figure 5. Copolymer yield/NB conversion vs. reaction time in the batch process for initial NB/E 5 1.3 (For the
model calculation, c* varies with the initial NB/E according to Figure 4).

(a) Copolymer yield vs. reaction time; (b) NB conversion vs. reaction time. Conditions: catalyst concentration 5 4 3 1025 mol/l, Al/Zr
5 1500, toluene 5 50 ml, P 5 1 atm, T 5 708C, initial NB/E 5 1.3, total reaction time 5 10 min.
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parameter here. We can also keep the literature value k222

but adjust the NB/E ratio dependence function of active site
concentration for the purpose of data correlation. The catalyst
activity, polymerization rate and copolymer composition are
also calculated using the modified terminal model and penul-
timate model.

Figure 7 shows the predicted and experimental catalyst ac-
tivity for the batch process with various initial monomer
ratios (NB/E). The model prediction agrees well with the ex-
perimental data. In general, the penultimate model gives
slightly better result. The activity decreases with increasing
NB/E, especially at high NB/E.

In addition, the polymerization rates of ethylene and NB
are also well predicted (Figures 8 and 9). Figure 8 shows
similar fits for both models. For the NB reaction rate (Figure
9), the penultimate model is also better than the terminal
model. The experimental ethylene and NB polymerization
rates are the 10 min averages of the initial stage of polymer-
ization. The ethylene polymerization rate decreases with the
increase of NB/E. There is a maximum in the NB polymer-
ization rate. Similar results have been reported by Fink and
coworker2 and Choi and coworkers.6 The main difference is
the NB/E range that the max NB rate occur. This NB/E mole
ratio is about 4 in our work, and the result of Fink is about

Figure 6. Copolymer yield/NB conversion vs. reaction time in the batch process for initial NB/E 5 19.6 (For the
model calculation, c* varies with the initial NB/E according to Figure 4).

(a) Copolymer yield vs. reaction time; (b) NB conversion vs. reaction time. Conditions: catalyst concentration 5 4 3 1025 mol/l, Al/Zr
5 1500, toluene 5 50 ml, P 5 1 atm, T 5 708C, initial NB/E 5 19.6, total reaction time 5 90 min.

Figure 7. Catalyst activity vs. initial NB/E in the batch
process (For the model calculation, c* varies
with the initial NB/E according to Figure 4).

Conditions: catalyst concentration 5 4 3 1025 mol/l, Al/Zr
5 1500, toluene 5 50 ml, P 5 1 atm, T 5 708C, reaction
time 5 10 min.

Figure 8. Rp1 vs. initial NB/E in the batch process (For
the model calculation, c* varies with the ini-
tial NB/E according to Figure 4).

Conditions: catalyst concentration 5 4 3 1025 mol/l, Al/Zr
5 1500, toluene 5 50 ml, P 5 1 atm, T 5 708C, reaction
time 5 10 min.

AIChE Journal March 2009 Vol. 55, No. 3 Published on behalf of the AIChE DOI 10.1002/aic 669



0.8–1. This may be due to the difference of the used cata-
lysts and reaction conditions.

Figure 10 shows the predicted and experimental NB mol
% in copolymer vs. initial NB/E in batch process. The termi-
nal model gives better prediction of the copolymer composi-
tion than the penultimate model. NB mol % in copolymer
increases significantly with increasing NB/E when NB/E is
\10. However, with further increase in NB/E, the NB con-
tent increases slowly since longer NB blocks are difficult to
form due to large steric hindrance.

Based on the results shown above, it is reasonable to con-
clude that the terminal model gives better prediction for the
copolymer composition than the penultimate model, although
the latter gives a slightly better prediction of the polymeriza-
tion rates. Furthermore, the terminal model is also much sim-
pler. Therefore, we select the terminal model to design NB
feeding policies for the targeted CCD profiles in this work.

Control CCD using semicontinuous NB feeding policy

In the batch process of ethylene and NB copolymerization,
composition drift can be dramatic and resulting copolymer
has a broad CCD. A broad CCD may lead to a reduction in
heat resistance of the ENC materials. In this section, we try
to control the composition drift through a designed NB feed-
ing rate. The effects of CCD on thermal properties of ENC
are also investigated.

ENCs with five different targeted NB contents are pre-
pared about 20, 35, 45, 55, and 60 mol %. The designed NB
feeding profiles are shown in Figure 11. All runs using the
different NB feeding policies in this work are summarized in
Table 3. For the NB content in copolymer, the good agree-
ment between model calculation and NMR data is evident
(Table 3, Figures 12–16). The polydispersity (PDI) values in
Table 3 are the experimental data. In theory we assumed a
single active site. A possible reason for the high PDI’s in the
batch processes is the cumulative population of chains gener-

ated at different times having different molecular weights
(Table 4).

Figure 12 shows the calculated NB mol % vs. time and
the DSC curves for the samples with 20% NB content pre-
pared by batch and semicontinuous processes. It is found that
the copolymers with uniform CCD prepared by the semicon-
tinuous process are amorphous. However, the samples with
broad CCD from the batch process are crystalline. Their av-
erage NB contents are very similar. On the other hand, the
crystallinity could not be attributed to the molecular weight
effect. Since the molecular weight of Run 2 sample is even
larger than that of Run 1. The only reason for the crystallin-
ity is that some ENC chains in Run 2 sample have \18.3%
NB. Although Run 1 sample contains only 18.3% NB, it is
amorphous because of its uniform CCD.

Figure 9. Rp2 vs. initial NB/E in the batch process (For
the model calculation, c* varies with he initial
NB/E according to Figure 4).

Conditions: catalyst concentration 5 4 3 1025 mol/l, Al/Zr
5 1500, toluene 5 50 ml, P 5 1 atm, T 5 708C, reaction
time 5 10 min.

Figure 10. NB mol % in copolymer vs. initial NB/E in
the batch process (For the model calcula-
tion, c* varies with the initial NB/E accord-
ing to Figure 4).

Conditions: catalyst concentration 5 4 3 1025 mol/l, Al/
Zr 5 1500, toluene 5 50 ml, P 5 1 atm, T 5 708C, reac-
tion time 5 10 min.

Figure 11. Designed NB feeding profiles for preparing
copolymers with uniform composition.
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Figure 13 shows the comparison for the samples with 35%
NB content prepared through batch and semicontinuous proc-
esses. The two samples have similar upper limits of Tg. How-
ever, Run 4 sample has broader CCD than Run 3 sample.
The portion with lower NB content would lower Tg and lead
to the broader Tg range. As a result, the average Tg of Run 4
sample is 108C lower than that of Run 3. The similar Tg

reduction can be found in the samples with 45% NB content
(Runs 5 and 6), as shown in Figure 14.

Figure 15 shows the calculated time evolution of copoly-
mer content and the corresponding DSC curves for the sam-
ples with 53% NB content prepared by batch and semicontin-
uous processes. These samples have similar NB contents
(52.8–53.3%). The major difference is their CCD. It can be
seen that the sample with uniform composition by semicon-
tinuous process (Run 7) has only one Tg and the range of Tg

is very narrow. When the CCD becomes broader (Run 8),
the range of Tg becomes broader and a crystallization peak
appears in the DSC cooling curve. The appearance of crystal-
lization is very interesting, considering the high NB content
in Run 8 sample (53.3%). The copolymer composition drift
significantly in the batch process operated for a long time.

Figure 16 shows the calculated time evolution of copoly-
mer content and the corresponding DSC curves for the sam-
ples with 60.5% NB content prepared by batch and semicon-
tinuous processes. The Tg range of the sample with broad
CCD is slightly broader than the sample with uniform com-
position. Its Tg is slightly lower than the uniform counterpart.
The broad CCD does not significantly reduce the ENC ther-
mal properties as in the other NB content samples. The rea-
sons are two-fold: First, the CCD is not very broad, only
from 61.8 to 59.1%; Second, in this case, the NB content is
so high that all the individual chains from the batch process
contain adequately high NB content and thus the variation of
the average NB content would have no much influence on
the copolymer’s Tg.

Conclusions

In the batch process of ethylene and NB copolymerization,
the composition drift can be significant due to their different
reactivity ratios and the resulting copolymer has a broad
CCD. The broad CCD would reduce thermal and other prop-
erties of the ENC materials. In this work, we developed a

Table 3. Copolymerization of Ethylene with Norbornene Using Different Norbornene Feeding Policies

Run NB/E (at t 5 0) Polymerization Process Reaction Time

NB mol % in Copolymer

Mn PDIModel Experiment

1 0.6 Semicontinuous 60 20.8 18.3 8600 2.02
2 1.5 Batch 10 21.5 20.4 9200 3.43
3 1.7 Semicontinuous 30 35.7 34.7 30700 1.57
4 4.8 Batch 30 35.7 34.1 28800 2.38
5 4.1 Semicontinuous 60 44.8 44.1 40300 1.84
6 9.4 Batch 60 44.8 43.6 41200 2.21
7 12.3 Semicontinuous 90 53.4 52.8 70400 1.64
8 19.6 Batch 90 54.0 53.3 74100 3.11
9 25.8 Semicontinuous 60 60.5 59.1 105100 2.37

10 30.3 Batch 60 60.5 59.8 99200 3.01

Other conditions: catalyst concentration 5 4 3 1025 mol/l, Al/Zr 5 1500, toluene 5 50 ml, P 5 1 atm, T 5 708C.

Figure 12. Terminal model simulation and experimental data for Runs 1 and 2.

(a) Composition drift; (b) DSC curves. Run 1: semicontinuous process, initial NB/E 5 0.6; Run 2: batch process, initial NB/E 5 1.5.
Other conditions: catalyst concentration 5 4 3 1025 mol/l, Al/Zr 5 1500, toluene 5 50 ml, P 5 1 atm, T 5 708C.
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Figure 13. Terminal model simulation and experimental data for Runs 3 and 4.

(a) Composition drift; (b) DSC curves. Run 3: semicontinuous process, initial NB/E 5 1.7; Run 4: batch process, initial NB/E 5 4.8.

Figure 15. Terminal model simulation and experimental data for Runs 7 and 8.

(a) Composition drift; (b) DSC curves. Run 7: semicontinuous process, initial NB/E 5 12.3; Run 8: batch process, initial NB/E 5 19.6.

Figure 14. Terminal model simulation and experimental data for Runs 5 and 6.

(a) Composition drift; (b) DSC curves. Run 5: semicontinuous process, initial NB/E 5 4.1; Run 6: batch process, initial NB/E 5 9.4.
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mathematical model for the purpose of controlling CCD. The
model was first verified with the batch experimental data.
The model predictions of the batch polymerization and the
copolymer properties are in good agreement with the experi-
mental results. The model was then extended to the semicon-
tinuous process and was used to design NB feeding policies
for the control of CCD.

The effects of CCD on thermal properties of the resulting
ENC materials were investigated. The 20% NB content
copolymers prepared by the batch process contained chains
of lower than 18% NB and thus became crystalline materials.
In contrast, the samples prepared by the semicontinuous pro-
cess were amorphous due to their uniform CCD’s. For the 35
and 45% NB content copolymers, the Tg values of the broad
CCD samples were 108C lower than the uniform samples.
The broad CCD samples of 55% NB gave both Tg and Tm

whereas the uniform copolymers of the same NB content had
only one Tg and a narrower range of glass transition.
Although the broad CCD did not reduce the ENC thermal
properties significantly when the NB content in copolymer
was 60%, the sample still had a slightly lower Tg and a
broader range of glass transition. The CCD showed a signifi-
cant effect on the glass transition properties of ENCs. The
model-based design and control of CCD through semicontin-
uous process provides a powerful tool for producing new

high-quality ENC materials, and cost-saving in renovating
existing grades.
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