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Abstract: After 40 years of the discovery of metallocene catalysts, there are still several aspects that
remain unresolved, especially when the “conventional” alkylaluminum activators are not used.
Herein, we systematically investigate the synthesis of PE via three different zirconocene catalysts,
with different alkyl substituents, activated via different organoboron compounds. The
polymerization behavior, as well as the properties of the materials, are evaluated. The results
demonstrate that the highest catalytic activity is shown by Bis(cyclopentadienyl)dimethylzirconium
activated by trityl tetra(pentafluorophenyl)borate. Also finding that toluene is the optimum solvent
for these systems and at these reaction conditions. Moreover, to validate our experimental results,
a comprehensive mathematical model is developed on the basis of thermodynamic and kinetic
principles. The concentration of ethylene transferred to the solvent phase (toluene) in a liquid-vapor
equilibrium (LVE) system is estimated based on the Duhem’s theorem. Arrhenius expressions for
the kinetic rate constants of a proposed kinetic mechanism are estimated by a kinetic model, in
which the rate of polymerization is fitted by a least-square optimization procedure and the
molecular weight averages by the method of moments. The simulations of the coordination
polymerization suggest the presence of two types of active sites, principally at low temperatures,
and the reactivation of the deactivated sites via a boron-based activator. However, the effect of the
temperature on the reactivation step is no clear; a deeper understanding via designed experiments
is required.

Keywords: Ethylene polymerization;, metallocene; zirconium-based catalyst; organoboron
compounds; kinetic modeling.

1. Introduction

Polyethylene (PE), one of the most used and commercialized thermoplastics in the world, is
produced by the polymerization of ethylene which is catalyzed via two main different routes: using
heterogeneous processes with Ziegler-Natta catalysts, or via metallocene catalytic systems. Since the
discovery of the catalytic activity of the homogenous catalysts based on biscyclopentadienyl-titanium
or zirconium dialkyl systems in the ethylene polymerization in the '80s by Kaminsky and Sinn[1-4],
metallocene systems have revolutionized the polyolefins field, as they allow to obtain PE with narrow
molecular weight distributions, low content of extractables, good processability, and superior
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properties[5]. Moreover, metallocene catalysts, in comparison to Ziegler-Natta types, show a single
type of active site, which allows predicting the properties of the resulting polymers.

Several factors play an important role in the olefin’s polymerization via metallocene catalysis.
For instance, the formation of weakly coordinate

ng anions with a weak bonding to the metallocene active centers (acting as co-catalysts). The
anions interact with the cationic metal species, in the reaction medium, creating active sites (ion-
pairs), followed by the subsequent polymerization. Methylaluminoxane (MAO) is a popular activator
due to its high efficiency; however, a large excess of MAO is usually required, and, despite extensive
efforts, its detailed active-site structure has not been fully elucidated yet [6-8]. A prominent
alternative to replace MAO is the use of other bulky coordinating anions like organoboranes, such as
tris(pentafluorophenyl)borane (B1) [9,10] and organoborates such as N,N-dimethylanilinium
tetra(pentafluorophenyl)borate (B2) or trityl tetra(pentafluorophenyl)borate (B3)[11,12]. This type of
activators can ionize the metallocene (pre-alkylated) catalyst, acting as Lewis acids, leading to
excellent active cationic metallocene catalysts for the polymerization of olefins in quasi-equimolar
amounts between the metallocene catalyst and the boron-based activator, and resulting in catalytic
complexes with a definite chemical structure[13-15]. A breakthrough in this field was the
introduction of the weakly coordinating tris(pentafluorophenyl)borate [B(CsFs)3] as a counterion,
which can abstract a methyl group from the alkylated metallocene catalyst, to form ionic species such
as [CP2ZrMe]*[MeB(C¢Fs)s], followed by the coordination of a monomer molecule and subsequent
propagation.[10] Nevertheless, residual coordinative interactions between the activated metal center
and the anion, via the abstracted methyl group, can slightly decrease the catalyst reactivity. Ionic
organoboron activators, such as [CsHsNHMez]*[B(CsFs)4]- and [(CeHs)sCJ*[B(CeFs)4];, on the other
hand, avoid this form of ion-ion contact between the abstracted methyl group and the transition metal
atom, while the cationic species takes the function of activating the metal active center (see Figure 1).
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Figure 1. Schematic representation of the activation of a zirconocene catalyst (CP2ZrCl2) by (a) [B(CsFs)s], (b)
[(CeHs)sC]*[B(CéF5)4]- and (c) [CsHsNHMez]*[B(CeFs)4]-

There is a wide variety of metallocene catalysts with different symmetries and substitutions, as
the configuration of the catalyst is another factor governing the polymerization behavior. For

instance, the steric and electronic environment of the ligand substituents of the metal catalyst, as well
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as the ion-ion interactions between the electrophilic metal and the counterion, are critical factors that
can dramatically alter the polymerization behavior due to steric hindrance and electronic factors.
Several works have previously studied this behavior. For instance, Ewen and Chien[13, 16,],
studied the effect of different alkyl substituents in cyclopentadienyl (CP) groups for several
Zirconocene (Zr) catalysts, reporting the following behavior in terms of catalyst efficiency:
(MeCP)2ZrClz > (EtCP)2ZrCl2 > CP2ZrCl2 > (MesCP)CPZrClz. Through this, they concluded that single
alkyl substituents increase the catalytic activity due to electron-withdrawing effects, while the steric
hindrance of bulky substituents has a detrimental effect instead. Similar results were found by
Kaminsky et al.[4], who reported that alkyl substitution in the CP ring improves the catalytic activity
when the electron-releasing effect plays a greater role than a steric hindrance. Zr-based catalysts have
been also studied in heterogeneous systems for ethylene polymerizations, for example, Charles et al.
reported the ethylene polymerization using catalysts derived from activation of Zr aluminohydride
complexes, supported on silica, which was previously treated with MAO. The results were compared
with those using the more traditional Zr dichloro complexes, finding higher activity in the first
ones.[17] Zeolites [18] and solid polymethylaluminoxane [19] are among the supports reported for
carrying out ethylene polymerizations catalyzed by Zr-based metallocenes, achieving high catalytic
activities, high molecular weights, and narrow distributions. Although these works provide general
features about the influence of the alkyl groups on the ligand substituents, and also the influence of
using solid supports during the polymerization, they were all carried out using MAQO as the activator.
Few works have studied in-detail the ethylene polymerization behavior when the metallocene
is activated by the bulky, weakly-coordinating organoboron anions (B). In this sense, our research
group reported the wuse of tris(pentafluorophenyl)borane and N,N-dimethylanilinium
tetrakis(pentafluorophenyl)borate (B1 and B2 in this work, respectively) to act in conjunction with
MAQO as activators on ethylene polymerization by using the catalyst CP2ZrClz. The addition of these
organoboron compounds of ionic and nonionic nature in a molar ratio Bl1(or B2)/Zr = 5 promoted a
partial deactivation of the catalyst, causing a reduction in the catalytic activity; however, the
crystallinity degree, as well as the macromolecular, thermal and dynamic-mechanical properties of
the obtained polyethylenes were improved, especially with Bl as co-activator in this evaluated
catalytic system [14]. In the same context, Gonzalez-Hernandez et al.[20] reported the ethylene
polymerization using catalysts derived from Zr aluminohydride complexes activated with
tris(pentafluorophenyl)borane (B1 in this work), although with limited utility (catalytic activity) of
these catalysts systems when compared with the corresponding use of MAO as the activator.
Supported zirconocene catalysts activated by boron compounds for olefin polymerizations are not as
widely reported in the literature, but there are some related works such as the one reported by
Charoenchidet et al. who treated silica with tris(pentafluorophenyl)borane (B1 in this work) to
produce borane-functionalized support, which was then used as a support and co-catalyst for the
CP2ZrCl2, CP2ZrCL/TIBA, CP2Zr(CHs)2 and CP2Zr(CHs)/TIBA catalyst systems for ethylene
polymerizations. The activations of the catalysts were carried out in two ways, pre-activation, and in-
-situ activation. The pre-activated and in-situ activated metallocene systems produced PE with Mw
between 96 and 154 Kg mol! and dispersity index (D) around 3. The bulk density of PE products was
higher for the in-situ activated systems, but there was no significant difference between the products

of both types of zirconocenes.[21]
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On the other hand, the kinetics of the catalyst coordination polymerization has been previously
simulated, but a low number of reports can be found, compared to free-radical polymerization
systems. Chien and Wang[13] reported the first kinetic model to study the polymerization using
zirconocene dichloride (CP:2ZrClz) and MAO as catalyst and co-catalyst, respectively. The kinetic
mechanism proposed the chain transfer to MAO, fhydride chain transfer, multiple types of active
sites, and deactivation step. Estrada and Hamielec[22] developed a model with two types of active
sites, where the first one suffered a gradual transition (a state change) to the second type, this step
was supported on the bimodal molecular weight distribution observed in the SEC measurements.
Both models did not provide an estimation of the ethylene concentration in the liquid phase.
Moreover, Jiang et al.[23] carried out a comparative study between different models, in one of them,
the reactivation of MAO was included as part of the kinetic mechanism, resulting in better agreement
with the experimental polymerization rate profiles. A strategy of parameter estimation was reported
by Ahmadi et al.[24], in which a multivariable nonlinear optimization problem was solved using the
Nelder-Mead simplex method. The methodology combined the numerical solution of the kinetic
model with the optimization algorithm, resulting in good agreement with the experimental data.
Mehdiabadi and Soares[25] carried out a semi-batch reaction of constrained geometry catalyst with
MAO and a kinetic model was proposed and then refined based on monomer uptake curves and
polymer yield data. The deactivation of the catalyst/MAO system during ethylene polymerization
was of the first order, the mechanism also included reversible activation and deactivation with MAO.
The mechanism described the full kinetic picture. To the best knowledge of the authors, no study
exists dealing with the modeling of zirconocene catalyst coordination polymerization using
organoboron activators.

In this work, we aim to provide insights into the polymerization of ethylene catalyzed by Zr
catalysts activated by organoboron compounds. Three Zr-based catalysts, with different ligand
substituents, activated by three different organoboron compounds (B1, B2, and B3), were used for the
PE synthesis. This work is focused on establishing the relation between the catalytic system
configuration with the polymerization behavior and with the final properties of the resultant
polymers, in terms of molecular weight characteristics, crystallinity, and thermal behavior.
Furthermore, the catalytic system leading to the highest catalytic activity is further analyzed
employing different solvents to elucidate the role over the features of the polymers. Moreover, a
kinetic mechanism is proposed for the B3/Zr catalytic system, based on previous studies of MAQO,
and a mathematical model has been developed to estimate the kinetic rate coefficients of the two
types of active species in the propagation, chain transfer to monomer, polymer transition,
spontaneous deactivation, and reactivation steps. With the knowledge of the kinetic parameters, the

catalytic system is deeply studied and some unexpected behaviors are analyzed.

2. Materials and Methods

2.1. Materials

All manipulations were carried out under an inert atmosphere using an MBraun glove box or
via standard Schlenk techniques. Toluene, hexane, heptane, and isooctane were purchase from Sigma
Aldrich (anhydrous grade) and were twice distilled from sodium and benzophenone before use.
Bis(cyclopentadienyl)dimethyl zirconium (CP2Zr(CHzs)2), dimethylbis(t-
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butylcyclopentadienyl)zirconium  ((t-butyl-CP)2Zr(CHs)2) and  dimethylbis(indenyl)zirconium
((ind)2Zr(CHs)2) were purchased from Sigma Aldrich and were wused as received.
Tris(pentafluorophenyl)borane (B(CsFs)s), N,N-dimethylanilinium tetra(pentafluorophenyl)borate
([CsHsN(CHs)H]*[B(CsF5)+) and trityl tetrakis(pentafluorophenyl)borate ([(CsHs)sC]*[B(CsF5)4]-) were
supplied by Strem Chemicals and were used as received. Polymer-grade ethylene was purchased
from Praxair and was purified by passing it through 3 - 4 A activated molecular sieves.

2.2. Polymerization reactions

All polymerizations were performed in a 1 L stainless steel Parr reactor through the following
procedure: three vacuum-argon cycles were first undertaken at 150 °C before the reaction to eliminate
any traces of moisture. Then, the reactor was cooled down to room temperature and filled with 200
mL of solvent under an argon atmosphere. The reactor stirring system was set at 100 rpm and it was
heated to 50 °C. The catalyst system was then fed into the reactor as follows: i) boron compound
solution (B) in 5 ml of toluene; ii) metal catalyst solution in 5 ml of toluene. 12.8 mmol of zirconium
catalyst (Zr) was employed in all cases and the B/Zr molar ratio was fixed to 2.5. The polymerizations
were then initiated by introducing the ethylene monomer to the reactor at a continuous flow. All
experiments were performed at an ethylene pressure of 1 bar and for 45 min. The reactions were
terminated by the addition of acidified methanol. The resultant polymers were filtered off, washed
with methanol, and vacuum dried.

2.3. Characterization

The molecular weight characteristics were determined by high-temperature size exclusion
chromatography (SEC) with an Alliance chromatograph (GPC V-2000) equipped with two on-line
detectors: a differential viscometer and refractometer, using three linear columns PLgel 10 um
MIXED-B. The calibration was done under polystyrene standards using 1,2,4-trichlorobencene as
eluent and the measurements were carried out at a flow rate of 1 mL/min at 140 °C. The molar mass
number and weight averages of the different polymers relative to polystyrene standards were
corrected using the well-known principle of universal calibration employing the unique parameters
for the Mark-Houwink-Sakurada equation for polyethylene K = 0.000323 dL/g and a = 0.735. The
melting temperature and crystallinity degree of the polymers was measured by differential scanning
calorimetry (DSC) where the differents thermograms were obtained through a TA instrument DSC
2920 at a heating rate of 10 °C/min under an inert atmosphere. Each sample was heated twice to
eliminate the thermal history.

3. MATHEMATICAL MODELING

3.1. Kinetic Scheme

As the first approach to understand the mechanism, the following kinetic scheme is proposed in
the ethylene polymerization in the work of Estrada and Hamielec[22] and Jiang[23].

To keep the simplicity of the mechanism, here we considered that all the catalyst has been
instantaneously activated, producing the total concentration of the Active Sites (Cact), as other works
have used the named Instantaneous Initiation Hypothesis.[26] As shown in Figure 2, the monomer
addition to active sites results in polymeric chains, which are denoted as Active-Polymer of type 1,
(Pr1, where r is the degree of polymerization of the active polymer of type 1). In the propagation step,
these active species add monomer in the chains, increasing the degree of polymerization. Estrada and
Hamielec[22] firstly assumed the gradual transition of the Active-Polymer of type 1 (Pr1) to Active-
Polymer of type 2 (Pr2) in the catalyst coordination systems. The transition reaction is supported in
ethylene polymerization via zirconocene/organoboron catalysts by the two polymeric populations
found in the deconvolution of the SEC signal, as will be discussed later. Additionally, species Pr2
increase their chain length by propagation. Both Active-Polymer types can undergo a chain transfer
to monomer reaction by the abstraction of a proton H from a monomer molecule to Active-Polymer
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of type 1 or 2, obtaining Dead-Polymer (D1, where i denotes the polymer type) and an Active-
Polymer type either 1 or 2 with one monomeric unit in the chain. The deactivation of Pr1 is negligible,
and therefore only P:2 is spontaneously deactivated, which can present a reactivation by catalyst and
monomer, similarly to MAO cocatalyst polymerization.

M+B3

Figure 2. Proposed kinetic mechanism for the ethylene polymerization by zirconocene catalysts and organoboron activators

3.2. Population Balance Equations

The population mass balances for each species are derived from the kinetic scheme previously
described, so Active-Sites (Cac), Deactivated-Sites(Cpet), Active-Polymer type 1 or 2 (Pr1, and Prz,
respectively) and Dead Polymer type 1 or 2 (Dr1 and D:», respectively) have been considered in this
work.

Active-Sites
CAct = [Zr]o 1)
Deactivated- Sites

C = Cht = Yo1 Yo 2)

Deact

Active-Polymer of type 1, r=1

d[R, >
dt :I = kaZ[CDeact][B] _(kpl[M ] + kC )[Pll] + klrl[M ]| (Z[F)Sl] _I:Pllilj (3)
Active-Polymer of type 1, r >1
d| P,
[dt ] - kpl[M ][Pr—l,l] _(kpl[M I+ kc )[Prl] o ktrl[lvI ]l [Pfl} @

Active-Polymer of type 2, r =1

d[ R, .
A R[N R Y DILAECH] ?

Active-Polymer of type 2, v >1
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d[ P, -
% = k[P a1+ Koo [MIIR 2] = (KpalM + iz )[R o1+ ks [M ] (SZ_;[PS,ZJ—[H,ZJJ ©

Dead polymer type 1, r =1,2,3,...

d| D,
% =ka[M] [P, ] 7

Dead polymer type 2, r=1,2,3,...

d Dr,z
%:(ktrz[M]l—i_kdz)[PﬁZ] ®)

Polymerization rate Ry, Equation (10), is principally based on the monomer consumed by the
propagation, and the Long Chain Hypothesis (LCH) is assumed, so the monomer consumption in the
initiation and reactivation steps is negligible. The contribution of the chain transfer to the monomer

also is discarded, because kpi>> Ky

2
Ry =2 (K [M],Yo;) ©)
i=1
Because the monomer is fed on demand to keep constant pressure, the ethylene concentration is

almost constant with time (dM/dt = 0), as result, the course of the polymerization rate throughout the
reaction can be directly tracked in the flowmeter measurements.

A polymerization rate model of the kinetic mechanism presented in this study, Scheme 1, was
reported by Jiang et al.[23] Equation (10), it will be named Model 1.
* 7kc ] *
R = kpl [CAct]e () + kpZ [CAct]

p

*

. * 10
kckdz e—(kdz—kaz)(t—to)_ K _kaz e—kc(t—to) kaz (10)

C

(kc_kdz_kzz)(kd2+k;2) (kc_kdz_kzz) k;2+kd2

where kpl*: kpl[M]l ’ kpZ*: kpZ[M]l, ke = ka[B] [M]l

If the reactivation step of the deactivated sites is negligible, Equation (10) is transformed into
Equation (11) reported by Vela-Estrada ef al.[22] named as Model 2.
. KoK o e
R =[M]]| ke ke(t-tp) . _p277c (e kao(t-t) _ gke(t to)) (11)
p I et k —k
C d2

3.3. Liquid-Vapor Equilibrium (LVE)

The concentration of ethylene transferred to the liquid phase ([M])) in a liquid-vapor equilibrium
(LVE) system is estimated based on Duhem’s theorem, in which a T, P-flash calculation was
developed. We assumed that toluene at a pressure (P) equal or lower than its bubble-point pressure
(PBur), Equation (12), is partially evaporated since the pressure is reduced so an LVE is established
between toluene/ethylene phases.

2
PBubI = Z X; F)iSat (12)
i=1


https://doi.org/10.20944/preprints202011.0658.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2020 d0i:10.20944/preprints202011.0658.v1

8 of 22

Dew — 2 yi (13)

sat
i1 R

where xi and y: are the molar fraction of the component i (i = ethylene or toluene) in the liquid and
vapor phase, respectively.

Vapor pressure of a pure species i is obtained by Equation (14), using the Antoine equation, and
whose parameters are shown in Table 1.

109,y (P [bar]) = A —(ﬁ} (14

Table 1. Parameters used in the Antoine equation for toluene and ethylene.

Component i Ai Bi Ci Temp. range (K) Ref.
Toluene 4.08 1346.38 53.51 273.13-297.89 [27,28]
Ethylene 3.87 584.14 18.31 149.37 - 188.57 [29,30]

The calculations of Equation (11) and (12) involve {xi}={zi} and {yi}={zi}, respectively, being zi the
overall composition in the components.

First, P must lie in the range of the following constraint, Equation (15)

I:)Dew 2Pz I:)Bubl (15)
The K-value correlations are estimated by Equation (16)
sat
K. = L (16)

'P
The moles in the vapor phase (V) is calculated via a nonlinear algebraic equation, Equation (16),

which is solved by the Newton method. The total molar mass in the liquid is obtained by the
difference with respect to the total molar amount.

2
3 _ K 17)
i1 1+ V( K, —1)
The factions yiand xi are calculated by Equation (17) and (18), respectively
z.K.
L\ (18)
F (k)
Y.
K

The total moles in liquid phase nL, Equation (21), is obtained from the mass balances of toluene,
Equation (19), and ethylene, Equation (20), in the both phases.

N, Yror N X501 = Mg (20)

N Ye + N Xge = Ngio (21)

n — netO _nT0|0¢ (22)
L

(XEt - XT0|¢)
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o=Ye (23)
yToI

Finally, the ratio between the moles of ethylene and the solvent volume (the volume of the
ethylene is very low, so it is negligible) gives the concentration of ethylene.

n
M] = —=+ 24
[M], v (24)

Tol,L

3.4. Optimization of the parameter estimation

The parameters kp1', k', ke, ka2, and k«2" in Equation (10) or (11) were found by an optimization
tool in Matlab 2015a, the minimization function, named fmincon[31], in which the objective function

was defied as Equation (25):
2 (RP(t)—RY (1) )
mln Z p ( |)M p ( |)
i=1 Rp (tl)

s.t.
KooK,k ok Ky, =0

1™ p2™a2™ctd2 —

KoKk i < R

(25)

P . - . .opMo.
Here, Rp (t;) denotes the predicted polymerization rate at the time i, Rp(i) is the measured

polymerization rate at the time i. Additionally, the coefficient of determination denoted R? was
calculated, Equation (26)

SS

R? === (26)
Tot
and
”(R;n_Rmnf 27)
SSRES - ;f
o (R, R
SS,, = Z p(i) p (28)

= n
3.5. Method of moments

In this section, the mathematical model is developed by using the Method of Moments, in which
an overall kinetic behavior is obtained. After writing out the mass balances of two polymer

populations (Equation 1-8), the three first moments are derived, considering the moment definitions
shown in Table 2.

d0i:10.20944/preprints202011.0658.v1
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Table 2. Definition of moments
Species Definition
N .
j-th moment for Active-Polymer of type i, i = 1,2 Y= Z n'[P. ]
=1
N .
j-th moment for Dead-Polymer of type i, i = 1,2 Z;, = Z n'[P,;]
=1
Zeroth moments
dy, .
TOJ = kaz ([CAct ] _YO,l _Yo,z) - chO,l (29)
dy,,
d—'[’ = cho,l - kd 2Yo,2 (30)
dzo 1 *
d—t’ = ktrlYO,l (1)
dzo 2 *
= =(k,, +k. ., Y, (32)
dt ( d2 tr2 ) 0,2
First Moments
dy. . . . .
d_;’l = kaz ([CAct ] _YO,l _Yo,z) + kpl Y0,1 - ch1,1 - ktrl Y1,1 + ktrl YO,l (33)
dy. . . .
d_iz = chl,l + kp2 Yo,z - ktr2 Y1,2 + ktr2 Yo,z - kd 2Y1,2 (34)
dz .
dtlyl =Ky Yy, (35)
dz .
-2 = ktr2 Y12 + kd 2Y1 2 (36)
dt ’ '
Second Moment
dy . . . . .
dil = kaz ([CAct ] _YO,l _Yo,z) + 2kp1 Yl,l + kpl YO,l - chz,l - ktrl Y2,1 + ktrl YO,l 37)
dY *, *, *, >,
22 = chz,l + 2kp2 Y1,2 + kp2 Yo,z - ktr2 Y2,2 + ktr2 Yo,z - kszz,z (38)
dz .
= e ®
dz *
22 — ktr2 Y2,2 + kd2Y2,2 (40)

dt
where kir1"= kn1[M]r and ku2"= ki2[ M)
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Number (M») and weight (Mw) average molecular weight were calculated by Equation (41) and
(42) respectively.

2 2
PRAED I
=1 =1

M =| =L =2 MW (41)

2 mon

2
2 Yoi 2.2,
i=1 i=1

2 2
Yo+ Z Z,,
M . — i=21 i;l MWmon (42)

ZYl,i + Zl,i
=1

i=1 i
4. Results and discussions
4.1. Polymerizations

With the aim to provide insights regarding the ethylene polymerization conceived by
zirconocenes and organoboron activators, we carried out a series of experiments using three different
zirconocene catalysts, with different ligand substituents, activated via three different organoboron
compounds. The polymerization behavior, as well as the final properties, were evaluated. Moreover,
we validated our experimental results via a kinetic modeling study, which is presented in the next
section of the article. The general properties of the result polymers are shown in Table 3.

Table 3. General features of the synthesized PE using different catalytic systems.

Sample = Catalyst ? Co-catalyst ¢ A4 Mw(Kgmol) De X/ (%) Tn(°C)
PE1 Zrl B1 24.6 282 25 62.4 135.7
PE2 Zrl B2 20.3 302 3.9 74.5 136.9
PE3 Zrl B3 61.0 456 3.1 65.8 136.1
PE4 Zr2 Bl 9.2 467 3.04 66.7 134.0
PE5 Zr2 B2 8.4 143 746 735 134.3
PE6 Zr2 B3 47.7 332 204 701 137.5
PE7 Zr3 B1 23.0 261 275 619 134.9
PES Zr3 B2 13.0 231 447 727 134.3
PE9 Zr3 B3 26.3 366 486 658 136.2

]sothermal polymerizations (50 °C) were performed in 200 mL of toluene for 45 min Zr = 1.28x10+
mol, molar ratio B/Zr = 2.5. Pressure = 1 bar.

v Zrl = CP2Zr(CHs)z; Zr2 = (t-butyl-CP).Zr(CHs)z; Zr3 = (ind)2Zr(CHs)e.

¢B1 = B(CeFs)s; B2 = [HNMe2Ph][B(CéFs)4];.B3 = [CPhs][B(CeFs)4].

4 Catalytic activity (Kgee molz1h1).

¢Dispersity index (Mw/Mn) determined by SEC.

fCrystallinity degree calculated by DSC.

The ethylene polymerization was greatly influenced by the type of organoboron compound used
as activator. Considering the catalytic activity, shown in Table 3, trityl
tetrakis(pentafluorophenyl)borate (B3) was the one promoting the ethylene polymerization to the
greatest extent irrespectively of the zirconocene precursors, which presumably is due to the possible
remaining interaction between the abstracted methyl group and the metal cation in the case of Bl.
While in B2, one of the by-products is a trisubstituted amine that might be able to trap the
coordinatively unsaturated cation formed in this reaction, as it has been previously reported for other
systems[32], both phenomena could potentially decrease the catalytic activity.
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On the other hand, opposed to the reported by Ewen and Chien[13,16] for MAO activated
systems, it was found that the non-substituted CP ring led to the highest catalytic activity, suggesting
that by employing these organoboron compounds as activators, the bulkiness of the substituent
groups on the CP ring (t-butyl and the indenyl group), shows dominance towards the electronic
releasing effect, decreasing the polymerization activity due to steric hindrance.

Concerning the molecular weight characteristics (shown in Table 3), the lowest molecular weight
was exhibited by employing B2 as the activator, besides accompanied by an increase in dispersity
index (D) suggesting chain transfer reactions during the polymerization, which was also reflected in
the multimodal behavior of the molecular weight distributions (MWD), shown in Figure 3. The MWD
was furthermore deconvoluted by statistical procedures to give an approximate notion of the number
of active sites carrying out the polymerization, considering that each active site possesses different
probabilities of chain transfer and termination, therefore producing polymers with individual molar
mass distributions, being the observed MWD a superposition of all.
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Figure 3. Deconvoluted molecular weight distributions of the synthesized PE using the different
catalytic systems.

A strong influence of the activator over the MWD was observed, while a narrow bimodal
molecular weight distribution was observed by using B1 as co-catalyst, at least three kinds of active
sites were observed in the case of B3. Concerning B2 as the activator, a broad bimodal MWD was
exhibited, presenting the Zr2 + B2 system the highest polydispersity (D =7.5) with the lowest catalytic
activity due to the poor compatibility between (t-butyl-CP)2Zr(CHs) and [CsHsN(CHs)2H]*[B(CsFs)4]
as catalyst system for ethylene polymerization. As far of the crystallinity degree, which was
determined through DSC (values are shown in Table 3). A relatively high crystallinity degree of
around 60-75% was observed in all cases, as expected for HDPE. However, a slightly higher degree
of crystallinity was observed with B2 (around 72%) as the activator, attributed to the relatively lower
molecular weight. Nevertheless, this activator also led to the broadest MWD, suggesting the presence
of chain transfer reactions during the polymerization, however, it could be thought that 3-hydride
was not predominant, since branching would take place thus decreasing the crystallinity. Concerning
the melting temperature, no significant differences were exhibited among the samples, remaining
above 134 °C as expected.
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To elucidate the influence of different solvents over the polymerization behavior and polymer
properties, Isooctane, heptane, and hexane were tested for the catalytic system CP:Zr(CHs): +
[(CsHs5)sCl*[B(CsFs)4]- (Zr1 + B3), which led to the highest catalytic activity. The results were compared
with those of the sample PE3, in which toluene was used. The results are shown in Table 4. As it can
be observed, a significant difference in the catalytic activity and molecular weight characteristics was
exhibited by varying the solvent. The highest catalytic activity was found when using toluene as
solvent, followed by isooctane, heptane and finally hexane; which results are directly proportional to
the polarity of the solvent, implying to play a fundamental role in the polymerization behavior. This
behavior is presumably due to an increase in the electron transfer degree in the catalytic complex, as
well as influence the nature of the equilibrium of the complexation reaction together with the
solvation effect. Concerning the molecular weight characteristics, the highest molecular weight was
obtained by using hexane, which is attributed to the reduced concentration of active sites, implied by
the low catalytic activity. On the other hand, by using heptane, the lowest molecular weight was
obtained which suggests the increase of termination reactions, and which is supported by the higher
polydispersity value reported in Table 4. Similar results were observed by using toluene and
isooctane as solvents.

Table 4. Influence of solvents over the ethylene polymerization using CP:Zr(CHs)2 (Zrl) as the
catalyst, activated by [CPhs][B(CsF5)4] (B3)

Sample « Solvent Solubility Parameter (cal/cc)'2 Ab M (Kg/mol) Dc¢
PE3 Toluene 8.8 61.0 456 3.2
PE10 Isooctane 6.9 46.0 473 2.8
PE11 Heptane 7.4 33.0 310 3.6
PE12 Hexane 7.3 10.5 613 2.0

“Jsothermal polymerization (50 °C) were performed in 200 mL of solvent for 45 min Zr = 1.28x10+
mol, molar ratio B/Zr = 2.5. Pressure = 1 bar.

b Catalytic activity (Kgee/molz/h).

¢ Dispersity index (Mw/M:) determined by SEC.

4.2. Kinetic parameter estimations

The catalytic system (B + Zr) that showed the highest catalytic activity was B3/Zr1 (in toluene),
therefore in the following mathematical modeling sections, a polymerization series using the
aforementioned system was synthesized. The resulting experimental data were analyzed in Table 5.
The ratio B3/Zr1 was varied in two levels (1 and 2.5) and the operating temperature was changed in
three levels (40, 50, and 60 °C). Additionally, the operating pressure was increased to 1.5 bar to
increase the catalytic activity.

Table 5. Reaction parameters and general features of the synthesized PE’s using CP2Zr(CHs)2 (Zr1)
/[CPhs][B(CsFs)4] (B3), used for kinetic modeling.

Sample ¢ Temperature (°C) B3/Zr Ab
PE13 40 1 12.07
PE14 40 2.5 12.75
PE15 50 1 15.59
PE16 50 25 16.29
PE17 60 2.5 15.70

« Polymerizations were performed in 200 mL of toluene for 45 min Zr = 1.28x10# mol, molar ratio
B/Zr =2.5. Pressure = 1.5 bar.
b Catalytic activity (Kgee molz! h).

The thermodynamic state of the liquid and vapor phases was considered under VLE because the
operational pressure (P =150 bar, T =40, 50, and 60 °C) lie between the bounds of Pguni and Ppew under
all the studied conditions, Equation (15). Therefore, a T, P-flash calculation protocol was carried out,

d0i:10.20944/preprints202011.0658.v1
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resulting in [M]:=0.17, 0.14, and 0.11 mol L, as shown in Table 6. As the temperature is increased, a
higher among of mass of both components (ethanol and toluene) is transferred to the vapor phase,
resulting in a lower concentration of ethylene in the liquid phase. According to Lee et al.[33] the
solubility of the ethylene in toluene is inversely proportional to a temperature increase, so the results
of our predictions are in agreement with these experimental findings. Figure 4 shows the dependency
of [M]: with respect to the operating temperature and pressure.

0.01400
0,03590
0.05780

@ 0.07970

| 0.1016

0.1235

_— 0.1454

0.1673

0.1892

02111

0.2330

Figure 4. Mapping of the influence of the temperature (°C) and pressure (Bar) on the monomer
concentration in the liquid phase (toluene).
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Figure 5. Polymerization rate profiles using Zr1/B3 as catalytic system, varying the temperature and
the [B]o for experimental data (continues lines), Model 1 (dashed lines), and Model 2 (dotted lines).
The operating conditions are shown in Table 6.
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The next step was to obtain the optimal values of the kinetic rate constants kp1, kyz, ka2, ke, and kaz
by fitting the experimental polymerization rate profiles to Model 1, Equation (10) and Model 2,
Equation (11), by using Matlab tools. It must be noted that the lower bound of each parameter was
limited to the value previously found at a lower temperature for experiments in the same series, i.e.
PE14, PE16, and PE17. It is clear that these constraints are based on the expected physical behavior,
described by the Arrhenius expression. A comparison between the optimization results of Model 1
(dashed lines), Model 2 (dotted lines), and the experimental profiles (continuous lines) for the five
selected experiments are illustrated in Figure 5 and the kinetic parameter values and the coefficient
of determination R? are presented in Table 6. The best fit with the experimental curves corresponds
to predictions by Model 1 with the reactivation step of the deactivated catalytic system, with closer
values of R? to the unity than those obtained by Model 2, Table 6. Therefore, it is assumed that the
reactivation has high importance in the adequate prediction of the polymerization rate profile.

Table 6. Operating conditions, [M];, estimated kinetic rate constants, and coefficient of determination
(R?), operating pressure P = 150 Bar.

Run PEI3 | PEM4 PE15 PE16 PE17
Temp. (°C) 40 50 60
[Zr] (mol L) 0.551
[M]:(mol L) 0.17 0.14 0.11
[B3] (mol L) 5.53 x10+4 1.38 x108 5.53 x10+ 1.38 x108 1.38 x10-8
Model 1 2 1 2 1 2 1 2 1 2
kpl x 10
) 252 1093 | 031 16.72 | 10.33 22.80 | 5.62 2556 | 36.15 42.43
(L mol! min)
ke x 102(min?) 9.00 727 | 11.00  8.26 9.00 727 | 11.00 826 | 11.00 8.26
kp2 x 105
X ) 40.76 1292 | 60.81 1895 | 4898 1553 | 61.84 24.17 | 62.38 29.19
(L mol! min)
ka2 x 101
) 3.72 5.47 3.90 6.58 3.88 5.47 487 1112 | 5.64 11.10
(L mol! min)
kaz x 102
) 0.08 - 0.03 - 0.23 --- 0.15 --- 1.18 ---
(L2 mol? min)
ki x 102
) 0.20 1.10 0.20 1.83 1.00 2.60 2.60 4.00 5.80 6.60
(L mol! min)
ki2 x 102
) 4.90 3.30 6.80 4.15 8.00 6.00 8.10 5.00 | 10.00  8.00
(L mol! min)
R? 0.94 0.92 0.94 0.90 0.62 0.27 --- - 0.98 0.92

To estimate the transfer chain kinetic rate constants (kw1 and ku2), the system of ordinary
differential equations (ODEs) was solved by a routine called ode23s in Matlab. The previously
estimated parameters for Model 1, shown in Table 6 were used, and the M» and Mw values, computed
by Equations (41) and (42), were fitted to the corresponding experimental values. The values of ki1
and k2 were assigned until to reach a good agreement with the experimental data, but the low bound
in the estimation was constrained to the fitted value at a lower temperature, analogous to the
procedure previously described. As presented in Table 7, the fitted M» and Mw values show an
excellent agreement with the experimental data with low values of the relative changes, and the
proper values for k#1 and kir2 are summarized in Table 6.

All the kinetic rate constants of the series PE14, PE16, and PE17, where the temperature was
increased at 40, 50, and 60 °C, respectively, with constant molar ratio B3/Zr1 = 2.5, were used in the
estimation of the Activation energy (E4) and steric factor (Ao). Figure 6 depicts an Arrhenius plot (In
(kj) versus T-1) and the fitted equations for all the ks. An excellent fit was gotten for all the kinetic rate
constants (R? > 0.92), with exception of k., giving R? = 0.04, attributed to the almost null increase of
the constant with respect to the temperature, as shown in Table 6. In fact, when an optimization
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procedure without a constrained low bound on kc was run, a negative effect of the temperature on
this rate constant was computed. It is probably due to a reversible transition reaction is taking place,
in which the difference between the Ea(kc) and Ea(k-) leads to the formation of the Active-Polymer of
type 2 predominates at low temperatures, but at high temperatures, the formation of Active-chains
of type 1 could be favored, as reported for the ethylene polymerization using MAO and
CP2ZrCl2.[22,23] Hence, as a first approximation of the transition reaction in this system, in the next
section will be used a value of ke =0.11 min™ for all the simulations.

Table 7. Fitted (Model 1) and experimental molecular weights (gr mol) of polyethylene, and the
relative change (R.C.). P =150 Bar.

Run PE13 PE14 PE15 PE16 PE17
Time (min) 40 40 30 40 30 40 40

M. exp. (gr mol?) 248358 | 234792 | 185668 224373 | 147564 131544 | 176695
M. fitted (gr mol™) 249940 | 230240 | 211596 211370 | 152230 152026 | 174650

R.C. 0.006 -0.020 0.123 -0.062 0.031 0.135 -0.008
Mouw exp. (gr mol?) 507982 | 477332 | 480188 455629 | 380701 349233 | 352227
Mo fitted (gr mol?) 513070 | 492690 | 452210 451740 | 328990 328590 | 349270

R.C. 0.010 0.031 -0.062 -0.009 -0.157 -0.063 -0.008

On the other hand, contrary to the findings reported by Jiang et al.[23], in which the reactivation
reaction only was important at low temperature (at 50 °C ka2 = 19 L2 mol min", at 60 and 70 °C k. =
0), in this work the effect of the temperature on the reactivation of catalytic systems (Cpeuc) has been
well described, obtaining R?=0.9880 in the linear regression, as shown in Figure 6; with Ea(ka2) =153.44
kJ mol! and Ao (ka2) = 1.23 x10%” L2 mol2 min-'. The values estimated for the spontaneous deactivation
are Ea(ks) = 16.01 k] mol! and Ao(ks) = 185 L mol! min.

163::; ffffffffff O ® In(k ) =-132.9(1/T) + 16.04 R=0.9740
L \‘~\\\\\l\\\
124 el
m In(k,)) = -24781.46(1/T) + 89.67 R’=0.9988
< 84
R € ¢ k) =-200729(1/T) +12.95  R’=0.9949
" *- In(k ) =-17637.65(1/T) + 59.61 R’=0.9258
R4 In(k ) = -18455.66(1/T) +62.38 R?=0.9880
0.!‘ _____________ P | Ink,) =-1925.97(1/T) +5.22  R’=0.9901
0.0030 0.0031 0.0032
/T (K

Figure 6. Arrhenius plot for a set of ki values for the ethylene coordination polymerization using a
ratio Zr/B = 2.5 and their linear regressions.

Additionally, high differences in the E4 and Ao values between kp: and k2 are obtained, see Figure
6, attributable to more reactive Active-Polymers of type 2 than those initially generated of type 1.
While the values of Ea(kp2) = 1.09 k] mol! and Ao(ky2) = 9.16x10% L2 mol2 min! were estimated for the
former type, the following values of Ea(ky1) = 206.03 k] mol! and Ao(kp1) = 8.77x10% L mol! min-! were
estimated for the propagation step of the latter. As expected, the estimated behavior for the monomer
rate constants for each type was related to the ky values with Ea(ki1) = 146.63 k] mol"! and Ao (kv1) =
7.73x10% L mol! min?; and Ea(kw2) = 16.68 k] mol! and Ao(ku#2) = 4.21x10° L mol?! min?!. Given such
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high values of Ea(kp1), Ea(ki1), and Ea(ka2), at high temperature (i.e. 70 °C) one would expect the Active-
Polymer of type 1 to present lower molecular weights than the type 2, and also a competitive step
between the transition to type 2 and the chain transfer to monomer.

It is important to note a strong effect of the boron-based activator on the kinetic parameters since
a concentration change gives rise to different values during the fitting procedure, as shown in Table
6. If the values of E4 and Ao are estimated with the available experimental data at 40 and 50 °C with
a [B3] =5.53 x10-* mol L, the values in Table 8 are obtained. A considerable decrease in the frequency
factor and the activation energy of ky1 is observed in comparison to those estimated values at a high
concentration of B3 (Table 6). Additionally, the energetic barrier is increased for ky2 with respect to a
high concentration of B, but its frequency factor is greatly decreased, ascribable to an important steric
hindrance of the active site with the monomer.

Table 8. Parameter estimation results of the PE polymerization using B3 = 5.53 x 104 mol L.

Kinetic rate constant Ao Ea (k] mol?)
kp1 (L mol! min-) 1.54x104 15.44
kp2 (L mol! min-) 3.68x10° 41.20
ka2 (L mol! min?) 14.64 3.56
ka2 (L2 mol2 min) 1.56x1020 118.60
ki1 (L mol- s1) 7.54x102 135.27
ke (L mol! s1) 1.10x1012 84.60

4.3. Kinetic Simulations

The estimated kinetic rate constants were used as input in the mathematical model and the
results are shown in Figure 7. First, the effect of the temperature is studied in the series PE10, PE12,
and PE14, corresponding to polymerizations at 40, 50, and 60 °C, respectively, Figure 7a, ¢, and e. As
expected, a higher temperature leads to an increase in the polymerization rate (Figure 7a versus Figure
7e). The Ry curves show an increase before five minutes of reaction, which is attributed to the gradual
generation of Active-Polymer of type 2 (Yo:2) with higher propagation rate than the type 1 (Yo.2). Then,
the profiles reach a maximum when the highest concentration of (Yo2) is generated, as confirmed in
Figure 7b, d, and f. At longer reaction time, the deactivation of both active polymer chains is greater
than their generation, resulting in a decrease in ethylene consumption.

The concentration curves at 40 °C are shown in Figure 7b, in which Yo,: constantly decreases, but
Yo2 reaches a maximum before 5 minutes of reaction. A higher production Dead-Polymer of type 2
(Zo2) than that for type 1 (Zo1) is predicted by the model. Also, Mx for Zo: is 5-fold higher than that
for Zos, see Figure 8a, which reaches a plateau since the 5 minutes. As illustrated, the value of M for
the final polymer product is very similar to that obtained to that predicted for Zo: Note that the
experimental values for M» and M for the final product (symbols) show an excellent agreement with
the predicted values (lines) with dispersity of 2.03. Such difference in the values of M» between Zo1
and Zo2 results in two populations, which are observed in the MWD of the final product measured
by SEC, Figure 8b, being the long tail of the distribution attributable to Zo:. The two polymer
populations have been obtained by statistical deconvolution of the SEC experimental data and they
should be taken with wariness. More advanced deconvolution procedures can be found in the
literature,[34] and these will be explored in further works.

At 50 °C, the Ry profile is more sustained, Figure 7a, however, its maximum value is lower than
that predicted at 40 °C, it is probably due to a fast transfer chain to polymer rate. This gives rise to
similar concentrations for Zo: and Zo: species throughout the polymerization, as shown in Figure 7b.
At this temperature, the gap of M» values between the Zo:and Zo: species are lesser than at lower
temperatures, Figure 8a, and the populations of both species similarly contribute to the MWD, Figure
8a with dispersity of 2.65.


https://doi.org/10.20944/preprints202011.0658.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2020 d0i:10.20944/preprints202011.0658.v1

18 of 22
a) b)
Exp. 40°C
300 ~——— Sim. 40°C
2504 o
0 °
§= g
£ 2001 )
= 8
3 1501 §
g g
= Q
100 g
Q
504
O Ll T T T T ] ¢ T lo' T T T L) L) L) L) L) 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time (min) time (min)
c) d)
e Sim. 50°C
300 Exp. 50°C
250 oy
@ °
=1
g 200- g
; g
— =]
= 1504 g
g 5
. Q
xﬁ-l()() g
@]
504
0+ 10 =
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time (min) time (min)
e) f)
Exp. 60°C
300+ —— Sim. 60°C
250+ o
= °
g g
‘= 2004 N2
o g
= &
= 150 g
g g
. Q
xll()() g
@)
504
0 T T T T T T T T 107 T T T T T T T 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time (min) time (min)

Figure 7. Effect of the temperature variation at 40 (a, b), 50 (c, d), and 60 °C (d, f) on: Ry profiles (a, c,
and e) with the experimental data (gray symbols) and the simulation (continues lines), and total

concentration of polymer species (zeroth moment) (b, d, and f). The ratio of [Zr]o/[B]o =2.5 and P =
150 bar. Other operating conditions are shown in Table 6.

At 60 °C the model predicts very well the R, experimental profile, presenting a maximum point
at approximately 5 minutes, after that time, the curve suddenly falls until 100 mol L' min™ at 40
minutes of reaction, Figure 7e. The concentration of Yo:reaches a maximum at 5 minutes, followed
by a plateau where the concentration almost remains constant throughout the whole reaction, Figure
7f. Here, the concentration of Zo: is now higher than Zoz, but both species present very similar M
such values are overlapped with the experimental values of M», Figure 8e. Additionally, Figure 8f
presents the MWD and its deconvolution in two populations, corresponding to Zo: and Zoz, with a
higher concentration of Zi0as determined previously. The dispersity value is 2.00, so it is possible to
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assume that a single population, such as Zo:, is being only generated in the system, and Yo fulfills
the role of intermediary species or transition state of Yoz.
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Figure 8. Effect of the temperature variation at 40 (a, b), 50 (¢, d), and 60 °C (d, f) on M» and M for
the final product and both types of polymer species (a, ¢, and e) with the experimental data (green
symbols) and the simulations (lines), and molecular weight distribution (b, d, and f) for SEC data
(green line) and partial populations (blue and red lines). The ratio of [B]o/[Zr]o = 2.5 and P =150 bar.
Other operating conditions are shown in Table 6.
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5. Conclusions

A systematic study about the influence of different parameters over the catalytic activity and
polymer final properties was performed by using organoboron compounds as activators of
zirconocenes with different ligand substituents. Carbocation organoboron compounds
([(CsHs)sCJ*[B(CsFs)4]) promote the ethylene polymerization to the greatest extent, while
zirconocenes with cyclopentadienyl rings having non-substituted-ligands were found to yield the
highest activity, suggesting that, in this catalytic system, the steric hindrance from the substituents
plays a greater role than their electron releasing effect over the polymerization. Toluene was found
to be the best solvent among the compared ones for this kind of system.

A comprehensive kinetic model for the ethylene polymerization using a CP2Zr(CHs):
/[CPhs][B(CsFs)4] catalyst system and toluene as solvent was developed based on a proposed reaction
mechanism considering two active sites. A parameter estimation, involving the fit of the
polymerization rate profiles using a nonlinear least square optimization, was carried out. A
comparison between the two models reveals that the reactivation of the deactivated sites of type 2 is
a very important step, obtaining coefficients of determination around the unit. Additionally, the fit
of the chain transfer rate constants was fitted by using the method of moments, resulting in an
excellent agreement with the molecular weight experimental data. Moreover, E4 and Ao parameters
were estimated in two series of experiments at ratios of B3/Zr1 of 1 and 2.5, and they present high
energetic barriers for rate constants corresponding to the active site 2 with the higher ratio. The model
and the kinetic parameters were validated with the experimental data, confirming that a multiple
(two) active site consideration is a possible explanation of the multimodal MWD, observed in SEC
measurements. The predictions of the total concentrations expose a higher generation of the dead
polymer of type 1 than type 2 when the temperature is higher.
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