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1. Introduction

The world production of polymers is about 260 x 10 tons/years.
Polyolefins (low density polyethylene, LDPE; high density
polyethylene, HDPE; linear low density polyethylene, LLDPE; iso-
tactic polypropylene i-PP; high impact polypropylene, hiPP; and
ethylene-propylene rubbers and elastomers, EPDM) account for
about 50% of the polymer market.

In spite of their broad use, the presence of olefins in the markets
in which the formation of a thin film, well adhered to the substrate
surface, is required (e.g., coatings, adhesives) is very limited. These
markets are served by solventborne and waterborne polymers, and
because of the environmental reasons, waterborne dispersed poly-
mers are gaining share in the market. The presence of water limits
the type of polymerization that can be used to synthesize these
materials. Waterborne dispersed polymers are mostly prepared by
free radical polymerization, which has a limited capability for poly-
merizing olefins and for controlling the polymer microstructure.
Ethylene can be polymerized by free radical polymerization at high
pressure [1], but a-olefins cannot be efficiently polymerized by free
radical polymerization because the radical formed is too stable.

Catalytic polymerization is extensively used in the produc-
tion of polyolefins. LLDPE, HDPE, polypropylenes, and EPDM are
produced using Ziegler-Natta [2,3], Philips [4] and metallocene cat-
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alysts [5-10]. These catalysts allow a good control of the polymer
microstructure, but they are based on early transition metals (Ti,
Zr, Cr and V), which are oxophilic, and hence very reactive with
water. Therefore, they cannot be used in aqueous systems although
some success has been obtained by prepolymerizing styrene with
metallocene catalysts and dispersing the polymer encapsulated
metallocene in water [11]. Late transition metals (Ru, Co, Rh, Ni,
Pd) are much less oxophilic and therefore they may be used in
aqueous systems. Excellent reviews on the late transition metal
catalysts have been published [12-18]. These catalysts were orig-
inally developed for solvent-based polymerization and recently
have been applied to aqueous systems [19,20].

A pioneering development in late-metal catalysts for ethylene
polymerization was the discovery of Keim et al. that neutral Ni
complexes of [P,0]-chelating agents were excellent catalysts for the
oligomerization of ethylene to short linear a-olefins [21,22]. These
catalysts represented the base for the Shell Higher Olefin Process
(SHOP), a process which produces primary C;1-C;y5 fatty alcohols
for use in detergent industry [23]. The reason of getting short lin-
ear ai-olefins is that late transition metals are prone to suffer chain
transfer by B-hydride elimination [16]. Therefore, much efforts
were devoted to develop catalysts able to produce high molecu-
lar weight polymers (namely, able to suppress chain transfer) and
at the same time maintaining a fast polymerization rate.

Ostoja-Starzewski [24,25] and Klabunde et al. [26] modify-
ing the ligand structure of the neutral Ni(II)-P,0 based catalysts
were able to obtain very high molecular weights (My, = 10° g/mol)
and high productivities in hexane (TOF=30,446 x 10> h~1Pa~1);
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where TOF is the turnover frequency defined as

TOF = mOISe.thylene—reacted (] )
molscatysed - time(h) - pressure(Pa)

In addition, the catalysts were active in polar organic media (ace-
tone, DMF and alcohols) [25].

Johnson et al. [27] developed a class of catalyst based on
cationic metal (Ni, Pd) complexes of neutral multidentate ligands
with nitrogen donor atoms substitutes with bulky groups. Activ-
ities of up to 6188 x 10> (h~1Pa~1) and high molecular weights
(>8 x 10° g/mol) were reported. The key feature was the retarda-
tion of the chain transfer by the bulky O-aryl substituents. A highly
branched polymer, which was attributed to a chain-walking mech-
anism, was produced. The unique chain-walking characteristics of
these catalysts have been used to synthesize a variety of dendritic
materials, which could find application as processing aids, rheolog-
ical modifiers, and amphiphilic core-shell nanoparticles for drug
delivery and dye formulation [28,29].

Grubbs et al. [30,31] and Johnson et al. [32] developed a neu-
tral nickel catalysts based on salyicylaldimine ligands that yielded
moderately branched to linear polyethylenes. Activities up to
13250 x 10~> (h~1Pa~!) were reported [31]. These catalysts are
active in polar solvents such as ethers, ethyl acetate, acetone and
water [31].

Monometallic palladium catalysts containing a sulfonated phos-
phine ligand chelated to the palladium and a P-C ¢ bond, which
is stable and isolable and contains a weak auxiliary ligand, are
particularly promising [14]. A single-pot method to synthesize sul-
fonic acid phosphine ligands has been developed [33]. Increasing
the steric hindrance in the ortho-positions yielded high molecular
weights, which was attributed to the bulky substituent blocking at
least one of the axial positions on the palladium center.

These catalysts can be effectively used to homopolymerize ethy-
lene or copolymerize ethylene with acrylates [34,35] and a variety
of polar monomers including vinyl ethers [35,36], vinyl fluoride
[37], N-vinyl-2-pyrolidone and N-isopropylacrylamide [38].

Skupov [39] studied the performance of a series of palladium
catalyst in the solution co(polymerizations) of ethylene and ethy-
lene/acrylates. Very high activities were found for the homopoly-
merization of ethylene (up to 36,300 x 10> (h~! Pa~1) at 100°C)
with high molecular weights (M, =133,000g/mol). The activity
decreased rapidly as temperature decreased (2400 x 107> h~1 Pa~1!
at 85°C). The molecular weight increased when the polymeriza-
tion temperature was reduced (M, =156,000 g/mol at 85°C). The
catalysts were able to incorporate acrylates, although the activ-
ity strongly decreased with the degree of incorporation of the
acrylate.

Claverie et al. [40] showed that the palladium catalysts
containing sulfonated phosphine ligands were effective in the
homopolymerization of ethylene and the copolymerization of ethy-
lene and acrylates in aqueous media. However, catalyst activity was
severely reduced by the presence of both water and acrylates.

Copolymerization of ethylene with vinyl acetate [41], acrylates
[42,43] and vinyl sulfones [44] using palladium/alkylphosphine-
sulfonate catalysts have been reported. In all cases, incorporation
of the polar monomer led to a decrease in the catalyst activity.

The articles reviewed above were mainly devoted to the devel-
opment of the catalyst. However, the kinetics of the process
was mostly limited to the determination of the average turnover
frequency (TOF), which gives an idea about the average polymer-
ization rate. Skupov et al. [45] studied the kinetics of the ethylene
homopolymerization and copolymerization with acrylates using a
sulfonated arylphosphine Pd-based catalyst. Using a kinetic scheme
in which the pyridine played a central role, they were able to fit
well the effect of the monomer concentration on TOF during the
homopolymerization of ethylene. Surprisingly, the kinetic scheme
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Fig. 1. Catalyst used (provided by Rohm and Haas).

did not consider the coordination of ethylene to the vacant site of
the palladium.

This is the first of a series of articles aiming at investigat-
ing the kinetics of the catalytic polymerization of ethylene using
a monometallic palladium catalyst containing phosphine ligands
(Fig. 1). The catalyst was generously provided by Rohm and Haas
and it is interesting because it has the potential to be used in aque-
ous media. The first article is devoted to the polymerization of
ethylene in toluene. The effect of temperature, monomer concen-
tration, and catalyst concentration on polymerization rate, polymer
molecular weights, polymer architecture and crystallinity was
studied. The influence of the diffusional limitations was assessed.
The kinetics was analyzed by using a mathematical model and a
mechanism for the process was proposed. In a following article,
the catalytic polymerization of ethylene in aqueous media will be
reported.

2. Experimental

The Pd-catalyst used is sensitive to oxygen, water and other
impurities. Therefore, ethylene, nitrogen and toluene were purified.
Ethylene (purity 99.9%, O, <0.1 ppm) and nitrogen (purity 99.999%,
0, <0.1 ppm) were further purified in a 3 L-packed column with
molecular sieves (13X, 4A and 3A types, Sigma-Aldrich). Toluene
purification was performed in two steps. First, it was purged with
purified nitrogen at 90 °C for 10 hin a system formed by three round
bottom flasks in series equipped with condensers. The reason for
having three flasks in series was to avoid the diffusion of atmo-
spheric oxygen to the first flask. Then, the toluene from the first
flask was introduced in a glove box and passed through an oxygen
removal catalyst R3-11 (BASF) with a flow rate of 1L toluene in 8 h.

Polymerizations were carried out in a 1L, jacketed, stainless
steel Biichi polyclave reactor, able to operate up to a pressure of
6 x 106 Pa and a temperature of 200 °C. An anchor stirrer rotating
at 200 rpm was used. The reactor was equipped with two transpar-
ent windows and two injection cylinders. It also had entrances for
ethylene and nitrogen.

Inside a glove box, the desired amount of catalysts was mixed
with 20 mL of clean toluene and sonified for 2 min using a Branson
S-450D sonifier (at 10% power). This process helps achieving a good
solubilization of the catalyst in toluene. The solution was placed in
a 30 mL stainless steel cylinder, which had a valve at each side. The
rest of the purified toluene was introduced in a 1L stainless steel
cylinder, which also had a valve at each side. The two cylinders
were removed from the glove box and attached to the reactor lid.

Before each reaction, the reactor was pressurized with nitrogen
(20 x 10° Pa) and checked for any leakage by using a soap-water
leak detector. The reactor was heated to 100 °C and repeatedly pres-
surized with nitrogen (106 Pa), purged and evacuated (<10 kPa).
This operation was performed 10 times to insure an oxygen free sys-
tem. The toluene contained in the 1L cylinder was introduced in the
reactor by pushing it with nitrogen. The toluene was purged with
ethylene at 40 x 10° Pa during 10 min for nitrogen removal. Then,
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the ethylene was evacuated and the system was again pressur-
ized with ethylene at 40 x 10° Pa allowing 10 min for the saturation
of toluene in ethylene and for temperature stabilization. Using a
nitrogen pressure, the catalyst was injected from the 30 mL cylin-
der connected to the reactor port. This operation was made trying
to minimize the amount of nitrogen entering in the reactor. This
started the polymerization. The reactor was sealed and the pres-
sure and temperature recorded. When the pressure in the reactor
decreased to about 20 x 10° Pa, ethylene was fed to increase the
pressure to 40 x 10° Pa. In some cases, this operation was repeated
several times. At the end of the experiment, pressure and temper-
ature were lowered. The polymer was precipitated in 4 volumes of
methanol, filtered and dried.

The polymerization in toluene started as a gas/liquid system,
but it was observed that the reaction mixture turned milky during
polymerization. This indicates that the polyethylene precipitated
in the reaction medium. At first sight, this is surprising because
the toluene-polyethylene interaction parameter varies from 0.9
at 298K to 0.4 at 373K [46]. Therefore, from this point of view,
polyethylene is expected to be soluble in toluene at 383K and it
may be soluble at 363 K. The formation of a separate phase may be
due to the fact that polyethylene crystallizes at high temperature
in good solvents [47-49]. In addition, the reaction medium con-
tained a substantial amount of ethylene (about 2.5 mol/L at 363 K
and 40 x 10° Pa) that is a non-solvent for polyethylene and this may
reduce the solubility of the polyethylene in the mixture. Therefore,
the system evolves to a gas/liquid/solid system as polyethylene is
formed. The catalyst may be part of the solid phase, because poly-
mer is formed by coordination polymerization in contact with the
catalyst. In such a system, the ethylene should diffuse from the gas
phase to the continuous liquid phase (toluene), and then through
the continuous phase to the dispersed phase before reaching the
catalyst. Therefore, it was necessary to estimate the rate of mass
transfer in the system.

A system that has some similarity with the present one is latex
devolatilization [50], which is carried out to remove the unreacted
monomers (and other volatile organic compounds) from the latex.
This is a gas/liquid/solid system in which the mass transfer occurs
in the opposite direction (from the solid to the gas through the lig-
uid), but the principles are the same. For latex devolatilization, it
has been reported [50] that the mass transfer through the gas/liquid
interface is the rate determining step. Taking into account that the
latex is stripped with either steam or a water-saturated gas and
bubbles are formed, the gas-liquid interface area is larger than in
the present case (which is mostly restricted to the upper surface
of the reaction mixture). Consequently, the mass transfer of ethy-
lene from the gas to the liquid phase is expected to be the slowest
mass transfer process. Therefore, the gas-toluene mass transfer
rate was studied. The reactor containing a known amount of toluene
(~400g) was heated to the desired temperature and the ethylene
was rapidly fed into the system monitoring both the pressure in the
reactor and the ethylene flow rate (Bronkhorst Combi-Flow F1). It
was found that the mass transfer rate of ethylene was too fast to
be accurately measured at a given pressure. Nevertheless, it was
faster than 60 mol/h.

The molecular weight distribution was determined by high
temperature gel permeation chromatography (HT-GPC). A Waters-
GPCV 2000 instrument equipped with UV and viscometer
detectors was used. The polymer was dissolved at 140°C
in 1,2,4-trichlorobenzene (with 0.1, w/w Irganox 1010) and
passed through a column Styragel® HT-Waters of cross-linked
polystyrene/divinylbenzene (PS/DVB) particles with a flow rate of
1 mL/min. Polyethylene standards were used for the calibration.

13C NMR spectra were recorded at 130°C in a Bruker Avance
300MHz spectrometer using 1,2-dichlorobenzene and a pulse
delay of 10s. The signal at 30 ppm corresponding to the methy-

lene backbone was used as reference to determine the position of
the rest of the carbons.

The degree of crystallinity was estimated by differential scan-
ning calorimetry (DSC) by comparing the measured melting
enthalpy to that of a pure polyethylene crystal. The AH¢ for a pure
polyethylene crystal is estimated to be approximately 280]/g [51].
A Perkin Elmer Pyris 1 instrument with heating and cooling rates
of 10°C/min was used.

The melting transitions of the polymers are very sensitive to
its thermal history. Different crystalline structures are formed
depending on the thermal treatment of the sample. The crystallinity
data reported corresponded to the second heating cycle.

The morphology of the polyethylene was observed by means of
a Hitachi, model S-2700 scanning electron microscope.

3. Results and discussion

In order to evaluate the reproducibility of the process, two
reactions were performed at 363K, using the same catalyst con-
centration and an ethylene pressure between 40 x 10°Pa and
20 x 10° Pa. The results are presented in Fig. 2 and Table 1. Com-
parison between the results obtained in runs 1 and 2 show that
the polymerizations were reproducible. In addition, the evolu-
tion of the reactor pressure indicated that the polymerization rate
decreased with time, suggesting that the catalyst deactivated dur-
ing the process.

The average polymerization rate was 2 mol/h, which is much
smaller than the gas-liquid mass transfer rate (>60 mol/h). This
indicates that the process was not diffusionally controlled by the
mass transfer from the gas phase to the liquid phase. However, this
does not mean that the diffusion was negligible because a large
amount of polymer accumulated in the reactor. One wonders if this
high amount caused mass transfer limitations from the toluene to
the catalyst site. In order to determine the reactivity of the cata-
lyst, a shorter experiment (run 3, 1 h) was carried out using higher
ethylene pressures (from 40 x 10° Pato 33 x 10° Pa). The results are
given in Fig. 3 and Table 1. It can be seen that a substantial increase
of TOF was observed as compared to runs 1 and 2. The higher aver-
age ethylene pressure in the reactor was not the reason for this
increase because the value of TOF was given by unit pressure. There-
fore, it was due to either a higher average catalyst activity (which
would indicate the presence of catalyst deactivation) or to a lower
diffusional resistance from toluene to the catalytic site (which will
be called internal resistance).

In order to investigate the influence of the internal resistance
over the polymerization rate at 363K, a reaction was performed
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Fig. 2. Evolution of the pressure in the reactor in runs 1 and 2.
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Table 1
Summary of the catalytic polymerizations of ethylene in toluene.
Run Catalyst (mol) Time (min) Polyethylene (g) P(x1075 Pa) TOF x 10°2 T(K)
1 4.124x 1075 180 172.8 31.25 1584 363
2 4,124 x 1073 180 170 30 1637 363
3 4124 x 10> 60 120.1 36.5 2849 363
4 1.94x 105 60 70 37 3567 363
5 412 % 107> 180 253 36 204 343
6 412 x10°° 10 70 34 6427 383
7 1.94x 105 20 52.2 33.25 8758 383
8 1.03x 103 20 28.4 37.25 7932 383
2 TOF (mol ethylene x mol~! catalyst x h~! x Pa~1).
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using less quantity of catalyst (1.94 x 10> mol; run 4), obtaining a
lower amount of polymer. A value of TOF higher than in run 3 was
measured (Table 1). These results strongly indicate that the internal
resistance affected the observed polymerization rate.

In order to study the effect of temperature, two polymeriza-
tions were carried out at 343 K and 383 K, using the same quantity
of catalyst as in runs 1-3. Fig. 4 presents the pressure drop for
run 5. Because of the higher heat generation rate, reactor temper-
ature could not be controlled in run 6. In order to achieve a better
control of the reactor temperature, two reactions (runs 7 and 8)
were carried out with less quantity of catalyst (1.94 x 10~ mol and
1.03 x 10> mol catalyst, respectively). Fig. 5 presents the pressure
evolution for runs 7 and 8. Table 1 summarized the results obtained
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Fig. 4. Evolution of the ethylene pressure in run 5 (T=343 K).

Px10°(Pa)

N
(e}

10 20 30 40

time (min)

60 70

Fig. 5. Evolution of the ethylene pressure in runs 7 and 8 (T=383 K).

in runs 4-8. In this table, the TOF value for run 6 was calculated
using the first 10 min of the process.

Table 1 shows that the catalyst activity strongly depended on
the polymerization temperature. The TOF values for runs 4 and 6-8
were not affected by the gas-liquid mass transfer rate (external
resistance) because the overall polymerization rate of 3 mol/h was
much smaller than the mass transfer rate from gas phase to toluene
(>60 mol/h). It can be seen that TOF decreased and the total amount
of polymer increased when higher concentrations of catalyst were

used, supporting the hypothesis that the catalyst was less accessible
when the amount of polymer increased.
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The deactivation of the catalyst (if any) is a process that would
also reduce the polymerization rate during the process. This effect
cannot be easily separated from that of the internal resistance to
mass transfer of ethylene. Therefore, both processes were pooled
together in a rather simplistic way by assuming that the apparent
efficiency of the catalyst (a) varied during the process as described
in Eq. (3). The mathematical model for the process is:

dE
E=fkaE~CAT~a-CE~VL (2)
da
o= ka0 Ge (3)

where E is the ethylene in the reactor (mol), kpge (g~ 'min~1) is
the effective polymerization rate constant that includes the effect
of the pyridine coordination equilibrium, CAT (g) is the amount of
catalyst used in the experiment, a is the apparent catalyst activity
(a=1att=0), Cgisthe concentration of ethylene in the liquid phase,
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Fig. 10. '3C NMR spectrum of the polyethylene obtained in run 3.
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V1 is the volume of the liquid and kq (Lmin~! mol~1)is the so-called
deactivation rate constant.

Because the gas-liquid mass transfer (>60 mol/h) was much
faster than the polymerization rate (2-3 mol/L), ethylene was
assumed to partitioning between the phases according to equilib-
rium. The Peng-Robinson equation of state (PR EOS) [52] was used
to determine the relationship between the pressure and the con-
centrations of ethylene and toluene in the gas and liquid phases.
The binary interaction parameters of the van der Waals mixing rule
[53] given by Lee et al. [54] were used in the PR EOS. At time zero,
the measured pressure was used as an input to calculate the total
amount of ethylene in the system and its concentrations in each
phase by combining the PR EOS and the material balances. During
the polymerization, the total amount of ethylene given by Eq. (2)
was used to calculate the pressure and the concentrations in each
phase.

The parameters of the model at the different temperatures were
estimated by fitting the evolution of the ethylene pressure in the
reactor in runs 1-3, 5 and 8. The estimated values are given in
Table 2. Figs. 6-9 show the good fitting of the experimental data.
Arelatively small deactivation rate constant, which increased with
temperature, was estimated and the prediction of the model is that
after 1 hat a working pressure between 32 x 10° Paand 40 x 10° Pa
at 363 K, the activity of the catalyst was 53% of the initial one.

Table 3 presents the molecular weights of the polymer pro-
duced. It can be seen that the molecular weight decreased with
temperature. On the other hand, the concentration of ethylene
showed almost no effect on the molecular weights as roughly the
same molecular weights were obtained in runs 1-3, even tough
the average monomer concentration in run 3 was substantially
higher than in runs 1 and 2. This suggests that chain termination
occurred by chain transfer to monomer and that temperature pro-

Table 2

Estimated values of the kinetic parameters.
kpee (g~! min~') kq, (Lmin~" mol~") T (K)
0.078 1.89x10°3 343
1.22 46x1073 363
6.08 5.66 x 1072 383

motes the chain transfer over chain growth. However, dispersity
was slightly smaller than the value expected for a chain transfer
process (PM=2).

Figs. 10 and 11 present the 13C NMR spectra of the polymer
produced in runs 3 and 8, respectively. These figures also present
the peak assignment. The number average molecular weight can be
estimated from the 13C NMR spectra using the following equation:
MaNmMR = /‘\27/2 28 (4)
The values obtained were Myyvr =15,950¢g/mol for run 3 and
Mnnmr = 10,300 g/mol for run 8. These values agreed well with the
values obtained by GPC (Table 3). The 13C NMR spectra also showed
the presence of terminal double bonds (-CH,-CH,-CH=CH,). For
both runs, the number of CH=CH, groups is equal to the number
of methyl groups, which suggests that the chain transfer is taking
place by (3-hydride elimination.

Crystallinity was determined by DSC, using as reference a 100%
crystalline polyethylene standard. The crystallinity of the polyethy-
lene obtained was about 80% for all the polymerizations. The

Fig. 12. SEM micrograph of the polyethylene obtained in run 3.
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High temperature GPC measurements for the polyethylene obtained in toluene.
Run M, (g/mol) My, (g/mol) PM T(K) Time (h)
1 16269 28980 1.78 363 3
2 15674 27719 1.77 363 3
3 16170 28606 1.77 363 1
5 21316 41637 1.95 343 3
7 8459 15019 1.80 383 1
8 8764 16020 1.83 383 1
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Fig. 13. Proposed mechanisms for the polymerization of ethylene in toluene.

stiffness of the polymer led to the formation of a lamellar structure
(Fig. 12).

Fig. 13 presents the scheme of a mechanism that it is consistent
with the results obtained. Chain growth occurred by coordination
of ethylene to the vacant site of the catalyst followed by insertion.
Termination occurred through a 3-hydride elimination process;
therefore most of the chains contained a terminal double bond.
The decrease of the molecular weights with temperature indicated
that the activation energy for chain transfer was higher than those
of insertion and coordination of the ethylene.

4. Conclusions

The kinetics of the ethylene polymerization of ethylene in
toluene using a monometallic palladium catalyst containing phos-
phine ligands was studied under reproducible conditions. The
polymerization rate was much smaller than the gas-liquid mass
transfer, namely, the process was not diffusionally controlled by
the mass transfer from the gas phase to the liquid phase. How-
ever, the reaction was affected by the internal resistance to the
mass transfer. The effect of temperature, monomer concentration,
and catalyst concentration on the polymerization rate, molecular
weights and crystallinity was studied. Polymerization rate strongly
increased with temperature but the molecular weights decreased.
The so-called deactivation rate constant, which includes both inter-
nal resistance and deactivation, increased with temperature. 13C
NMR analyses showed that the polymer was mainly formed by lin-
ear chains terminated in a double bond at one end and in a methyl
group at the other end. This is consistent with a mechanism in
which termination occurred through (-hydride elimination. The
values of the molecular weights estimated from the 13C NMR spec-

tra agreed well with those determined by GPC. The kinetics of the
process was well fitted with the mathematical model developed.
The polyethylene obtained had 80% of crystallinity and presented
a lamellar morphology.
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