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ABSTRACT: Binuclear dianionic cocatalysts can bring cationic
active metal centers into close proximity to study center−center
enchainment cooperativity effects in olefin polymerization catalysis.
The previously reported binuclear diborate cocatalyst,
(Ph3C

+)2[1,4-(C6F5)3BC6F4B(C6F5)3]
2− (B2,H), is poorly soluble

in alkane and aromatic solvents and requires undesirable
haloaromatic additives to fully solubilize it for efficient olefin
polymerizations. Here, two binuclear diborate-based cocatalysts,
(Ar3C

+)2[1,4-(C6F5)3BC6F4B(C6F5)3]
2− (B2,t‑Bu; Ar = 4-t-Bu-

C6H4-; B2,n‑octyl; Ar = 4-n-octyl-C6H4-), are synthesized and
characterized by multinuclear NMR spectroscopy, density func-
tional theory computation, and by single-crystal diffraction for B2,t‑Bu. B2,n‑octyl exhibits good solubility in low-polarity solvents such
as toluene and methylcyclohexane (MeCy), enabling the study of (μ-CH2CH2-3,3′){(η5-indenyl)[1-Me2Si(

tBuN)](ZrMe+)2
[EBICGC(ZrMe+)2]-catalyzed ethylene homo- and co-polymerizations in solvent systems of decreasing polarity (toluene/
difluorobenzene → toluene → MeCy). Product Mws are bimodal and sensitive to the above solvent progression, with the high-Mw
fraction (wt %) increasing from 41 → 92 → 100%, respectively, for ethylene homopolymerization, and from 15 → 53 → 93%,
respectively, for ethylene + 1-hexene copolymerization. Under scaled/industrial high temperature, higher pressure operating
conditions, the same soluble binuclear diborate is an active olefin copolymerization cocatalyst, giving high polymer Mws and similar
dispersity, D̵.
KEYWORDS: olefin polymerization, cocatalyst, alkane-soluble cocatalyst, binuclear cocatalyst, enchainment cooperativity

■ INTRODUCTION

Since the pioneering heterogeneous olefin polymerization
discoveries of Ziegler and Natta in the 1950s, polyolefins have
become some of the most important synthetic materials
worldwide.1,2 More recently, there have been remarkable
advances in molecular homogeneous polymerization processes,
reflecting extensive breakthroughs in both catalyst and
cocatalyst science and technology.3−5 In contrast to the great
proliferation of known organometallic catalysts, there are
relatively few cocatalysts4−7 of major academic or industrial
importance, principally aluminoxanes (MAO and MMAO),8,9

boranes [B(C6F5)3], and tetrakis(pentafluorophenyl)borate-
based ion pairs with triphenylcarbenium (B1,H, Figure 1A) or
ammonium countercations.10−12 These cocatalysts have
enabled a broad array of homogeneous polymerization
processes, some of which have achieved impressive industrial
success.13−18 Unfortunately, one limitation of cocatalyst B1,H is
its insolubility in aliphatic solvents, which are preferred in
large-scale processes. Therefore, any potential activity/
selectivity enhancements in aliphatic-only solvents have been
largely unattainable with trityl borate derivatives until the
recent advent of a more soluble borate cocatalyst [(4-n-octyl-

C6H4)3C]
+[B(C6F5)4]

− (B1,n‑octyl, Figure 1A). Here, surprising
and informative solvent effects are observed in CGCZrMe2-
catalyzed ethylene polymerizations, including significantly
enhanced activity and polyethylene branch densities, as well
as altered chain-transfer kinetics.19

The trityl binuclear diborate cocatalyst, (Ph3C
+)2[1,4-

(C6F5)3BC6F4B(C6F5)3]
2− (B2,H, Figure 1B), has been

prepared and investigated.20−22 Using this diborate dianion
as an electrostatic linker can bring two catalytically active
cationic metal centers into spatial proximity, enabling
binuclearity/cooperativity effects versus the mononuclear
analogues in terms of enhanced comonomer enchainment,
ethyl branch density, and product stereoselection.20−22

Nevertheless, the widespread use of B2,H-type cocatalysts has
been severely limited by the poor solubility in aromatic and
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aliphatic solvents, requiring the use of polar haloaromatic
additives such as 1,2-difluorobenzene (DFB) to enhance
solubility. With very different dielectric constants (ε = 13.38,
2.38, and 2.02 for DFB, toluene, and MeCy, respectively), and
basicities as quantified by gas phase proton affinities, the d0

metal σ- and π-bonding tendencies of these solvents should
differ substantially.23−25 In view of these limitations, we sought
to design and synthesize new soluble binuclear diborate
cocatalysts while retaining the robust, charge-dispersing [1,4-
(C6F5)3BC6F4B(C6F5)3]

2− core. Here, we report that this
objective can be achieved by introducing large alkyl
substituents on the cocatalyst trityl countercations (Figure
1B). It will be seen here that the new soluble cocatalysts enable
polymerizations in additive-free toluene or aliphatic solvents,
and that solvent-dependent activity, and wt % high-Mw product
effects are observed. Under scaled/industrial high temperature,
higher pressure operating conditions, the same soluble
binuclear diborate is an active olefin copolymerization
cocatalyst, giving high polymer Mws and similar dispersity, D̵.

■ RESULTS
In presenting our results, we organize the discussion as follows:
the synthesis of the hydrocarbon-soluble binuclear cocatalysts
is first discussed, followed by single crystal diffraction
characterization of the molecular geometry and ion-pairing in
B2,t‑Bu. Next, the molecular dynamics of the B2,t‑Bu and B2,n‑octyl
ion pairs is probed in solution by 19F NMR spectroscopy and
by density functional theory (DFT) computation. Finally,
ethylene polymerization and ethylene + α-olefin copolymeriza-
tion experiments are described with the binuclear organo-
zirconium and organotitanium catalysts under both laboratory
and industry relevant conditions.
Cocatalyst Synthesis. The synthesis of the new

cocatalysts is shown in Scheme 1. Binuclear B2 cocatalysts
are prepared in moderate to good isolated yields (37% for
B2,t‑Bu and 60% for B2,n‑octyl) by salt metathesis of the
corresponding trityl chlorides with the known dilithium
diborate.22 Both were characterized by 1H (Figures S4 and
S8) and 19F NMR (Figures S5, S6, and S10−S12), high-
resolution mass spectrometry (ESI), and elemental analysis.
The goal is to probe catalyst and cocatalyst nuclearity effects in
very minimally coordinating solvents, and it is important to
assess the conformational dynamics of the weakly coordinating
diborate dianion, and thus, we carried out a detailed study of
the dianion conformational dynamics using combined single-

crystal X-ray diffraction, variable-temperature NMR spectros-
copy, and DFT analysis.

Solid-State Structure. Single crystals of B2,t‑Bu suitable for
X-ray diffraction analysis were obtained by slow evaporation of
toluene/DFB solutions. The basic molecular structure consists
of two trityl cations and one dianion (Figure 2). The distances

between trityl carbon atom C24 (or C24′) and boron atoms
B1 and B1′ (or B1′ and B1) are 7.329(2) and 5.637(2) Å
(6.483 Å average), respectively, indicating unsymmetrical
cation···anion interactions. In comparison, the corresponding
average B···C distance in the mononuclear cocatalyst Ph3C

+B-
(C6F5)3

− is 6.799(6) Å,26 approximately the average distances
of C24 to B1 and B1′. The B2,t‑Bu trityl carbon atoms C24 and
C24′ are essentially trigonal planar (the sum of bond angles
around C24, C24′ = 359.8°) and lie roughly above and below
the plane defined by the C6F4 core. The closest fluorine atom

Figure 1. (A) Mononuclear cocatalyst and catalyst structures.19 (B)
Binuclear cocatalysts and (C) binuclear catalysts existing as
diastereomers.

Scheme 1. Synthesis of Cocatalysts B2,t‑Bu and B2,n‑octyl

Figure 2. Structure of cocatalyst B2,t‑Bu shown from two perspectives.
H atoms are omitted for clarity. Selected atom···atom distances (Å):
B1···B1′ = 6.211(3), B1···C24 = 7.329(2), B1···C24′ = 5.637(2),
F12···C24′ = 3.236(2). See Tables S9−S11 for crystal structure
details.
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to C24 is F12 with a F12···C24 distance of 3.236(2) Å. This
distance is near the sum of the C and F van der Waals radii,
3.17 Å.11,27 The B1···B1′ distance is 6.211(3) Å. The
approximate B1, B1′ tetrahedral environments are confirmed
by all C−B−C angles lying between 112.5 and 113.7°.
Solution Phase StructureNMR. The two diborate

cocatalysts were also characterized by solution 1H and 19F
NMR spectroscopy, and the multiple resonances for each type
of F site (ortho-F, meta-F, para-F, C6F4, Figure 3) were

assigned based on the literature.20−22 Furthermore, 19F EXSY
experiments were carried out to probe exchange processes for
each type of F site, while solvent and concentration
dependence were used to study ion pairing effects. VT 19F
NMR was used to study the reversible peak coalescence
behavior and approximate free energy barriers for the exchange
process in these binuclear cocatalysts. Two resonances for the
−C6F4− fluorine atoms are found in the 19F NMR spectrum of
B2,t‑Bu near room temperature in C6D5Cl (Figure 3), which
broaden slightly on raising the temperature and then eventually
coalesce at highest temperatures. This process is reversible and
suggests some combination, perhaps concerted, of hindered
rotations about the B−C6F5 (see DFT results below) and B−
C6F4−B axes and/or reorganization of the tight ion-
pairing.28,29 The free energy barrier for this process, ΔG363

⧧ ,
is ∼18 kcal/mol, estimated from the coalescence temperature
of 363 K (Figure 3).30,31 A similar coalescence temperature of
376 K is observed for B2,n‑octyl.; however, B2,n‑octyl begins to
decompose in C6D5Cl after prolonged high-temperature
exposure.
For B2,t‑Bu,

19F EXSY NMR spectra in C6D5Cl (mixing time
= 300 ms) at 50, 60, and 70 °C show exchange between the
resonances at δ −135.25 and −135.50 ppm, assigned to the
C6F4 fragment, as well as exchange between the two multiple
peaks at δ −129.20 to −129.66 ppm and −130.43 to −131.04
ppm, assigned to C6F5 ortho-F nuclei (Figure S7) are
consistent with conformational exchange between nuclei in

the same cocatalyst molecule. Interestingly, the two multiplet
peaks belonging to the ortho-Fs do not coalesce at temper-
atures as high as 393 K, whereas the two C6F4 peaks coalesce at
significantly lower temperature, qualitatively suggesting a
higher barrier for −C6F5 rotation or reorganization. For
B2,n‑octyl,

19F EXSY spectra under the same conditions (Figure
S9) also exhibit similar exchange features as observed in B2,t‑Bu.
All data confirm that the spectral features belong to the same
cocatalyst molecule.
The changes in chemical shifts with temperature may be

related to an interplay of steric, solvation, and aggrega-
tion19,29,32−34 factors in the ion pairs. Thus, varying the solvent
and ion pair concentration was carried out in the 19F NMR
studies of B2,n‑octyl, enabled by the good solubility in various
solvents. Changing CD2Cl2 to C6D5Cl, to toluene-d8, and to
cyclohexane-d12 changes the 19F NMR chemical shifts only
slightly (Figure S10), suggesting only minor changes in ion
pair aggregation. Furthermore, changing the B2,n‑octyl concen-
tration from 5.75 to 0.34 mM in toluene-d8 (Figure S11), and
from 4.41 to 0.31 mM in cyclohexane-d12 (Figure S12), leads
to near-negligible absolute and relative 19F NMR chemical shift
changes, arguing that changes in the ion pair aggregation
state19,29,32 must be relatively minor over this concentration
range. Note that the catalyst concentrations for polymer-
izations are much lower (0.1 mM), so ion pair aggregation is
even less likely.19

DFT Analysis. To better understand the structural
dynamics of the diborate dianion, relaxed potential energy
scans of the B−C6F5 torsion of tetrakis(pentafluorophenyl)-
borate (B1) and the B1−C6F4 torsion of the diborate dianion
(B2) were performed utilizing DFT computation (see the
Supporting Information for details). Cartesian coordinates for
B1 and B2 were obtained from the B1,H and B2,t‑Bu crystal
structures with the triphenylcarbenium and (4-t-Bu−
C6H4−)3C+ species removed and served as input for fully
relaxed geometry optimizations using both density functionals.
The electronic contribution to the relaxed potential energy
surfaces was obtained using the ωB97X-D35,36 density
functional (Figure 4). Computed surfaces are similar for B1
and B2 and are characterized by two unique minimum energy
structures, M1 and M2, with electronic energies that differ by
<0.1 kcal/mol. For B1, the interconversion between M1 and

Figure 3. Variable-temperature 470 MHz 19F NMR spectra of B2,t‑Bu
in C6D5Cl and resonance assignments.

Figure 4. Relaxed potential energy surfaces for rotation of the B−
C6F5 (B1) and C6F4−B1′ (B2) torsions computed with the ωB97X-D
density functional (see Figure S3 for comparison to another DFT
method). The labels M1−M2 and TS1−TS3 denote locations of fully
relaxed minimum energy and transition state structures, respectively.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c01676
ACS Catal. 2022, 12, 7589−7597

7591

https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01676/suppl_file/cs2c01676_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01676/suppl_file/cs2c01676_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01676/suppl_file/cs2c01676_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01676/suppl_file/cs2c01676_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01676/suppl_file/cs2c01676_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01676/suppl_file/cs2c01676_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01676/suppl_file/cs2c01676_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01676?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01676?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01676?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01676?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01676?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01676?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01676?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01676/suppl_file/cs2c01676_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01676?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c01676?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


M2 requires concerted rotation of each B−C6F5 torsion by
42−45° (see Supporting Information, Tables S5 and S6).
Likewise, for B2, interconversion between the two minima
proceeds when the B1−C6F4 and B1−C6F5 torsions rotate in
unison by roughly the same amount as observed for B1 (see
Supporting Information, Tables S7 and S8). Analysis of the
transition states at TS3, which are crossed after the rotation of
the respective torsions for B1 and B2 by ±21−23° relative to
the minimum energy structures, reveal normal modes with
vibrational motion indicative of concerted rotation. The
electronic energy barrier separating M1 from M2 is found to
be 3.2 and 3.5 kcal/mol for B1 and B2, respectively. Thermal
corrections to the electronic energies of M1, M2, and TS3 at a
temperature of 363 K are found to be ≤1.4 kcal/mol. The
resulting free energy of activation for interconversion of M1
into M2 is then 4.3 (B1) and 4.9 kcal/mol (B2).
As one B−C6F5 torsion of B1 or the B1−C6F4 torsion of B2

is twisted roughly 80° (65°) away from M1 (M2) and toward
TS1 (TS2), each B−C6F5 or B1−C6F4 torsion rotates in
response by roughly ±10−40°. For B2, concurrent elongation
of the B1···B1′ distance by 0.1 Å, half of which arises from
lengthening of the C6F4−B1′ bond, is observed (see
Supporting Information, Tables S9 and S10). Furthermore,
in an effort to accommodate the C6F5 groups that approach the
C6F4 core during rotation of the B1−C6F5 torsion, the two
nearest fluorine atoms move away from the plane defined by
the carbon atoms of the C6F4 core (see Supporting
Information, Figure S1). The electronic activation barrier
associated with these processes is found to be 19.8 (B1) and
19.1 kcal/mol (B2). Thermal corrections to the electronic
energies of transition states at TS1 and TS2 at the coalescence
temperature of 363 K were ≤1.0 kcal/mol. The computed free
energy barrier, ΔG363

⧧ , is found to be 20.2 for B1 and 20.1 kcal/
mol for B2, the latter showing reasonable agreement with the
experimental NMR estimate of 17.9 kcal/mol above.
Laboratory-Scale Olefin Polymerizations and Copoly-

merizations. As noted above, the trityl n-octyl substituents on
B2,n‑octyl significantly increase its solubility at 25 °C. Thus, the
solubility of B2,n‑octyl is more than 30 mg/mL in both toluene
and MeCy (Table S1), sufficient for both laboratory and

larger-scale industrial polymerization catalysis requirements.37

In contrast, more symmetrical and compact B2,t‑Bu achieves
only sparing solubility in toluene or MeCy, comparable to that
of B2,H. Thus, the excellent solubility of B2,n‑octyl allows for the
use of binuclear diborate cocatalyst even in an aliphatic solvent.
In contrast, the original binuclear diborate cocatalyst B2,H,
which can be viewed as a control, is completely insoluble even
in toluene, and the catalyst cannot be activated no matter how
much toluene or aliphatic solvent is used.
Ethylene polymerization studies using the binuclear catalyst

Zr2 with the soluble diborate cocatalyst were carried out to
study solvent effects on polymerization activity, selectivity, and
the resulting polyolefin properties. In a previous report, solvent
effect studies of polymerizations mediated by the mononuclear
analogue, Zr1 + B1,n‑octyl (Figure 1A), were described.19 The
present focus is on binuclearity effects, including solvent
effects, for a comparison of both laboratory scale and larger
scale polymerization, including a brief comparison/contrast
with the solvent effects previously observed for Zr1 + B1,n‑octyl.
Polymerizations were carried out using rigorously anhydrous
and anaerobic methodology with attention to exotherm and
mass transfer effects38,39 Note in viewing the data that
cocatalysts B2,H, B2,t‑Bu, and B2,n‑octyl have an identical
counteranion and that a small quantity of DFB is necessary
to dissolve B2,H and B2,t‑Bu, but not B2,n‑octyl.
For lab-scale Zr2 + B2-catalyzed ethylene polymerizations in

toluene/DFB mixture, polymerization activity increases in the
order of B2,H < B2,t‑Bu ≈ B2,n‑octyl, with activities of 63, 118, and
137 (kg polymer)·(mol of metal)−1·h−1·atm−1, respectively
(Table 1, entries 1−3). When polymerizations are carried out
in toluene or MeCy without DFB, neither B2,H nor B2,t‑Bu
produces catalysts with significant activity (Table 1, entries 4,
5, 7, and 8), presumably due to their poor solubility and
therefore lack of reactivity in non-polar solvents. However, Zr2
+ B2,n‑octyl is active in all cases, although with activity falling as
137 → 45 → 18 (kg polymer)·(mol of metal)−1·h−1·atm−1 for
toluene/DFB → toluene → MeCy (Table 1, entries 3, 6, and
9; Figure 5A). Note that gel permeation chromatography
(GPC) analysis of the PEs obtained from Zr2 + B2,n‑octyl in the
three solvents show bimodal distributions, dominated by one

Table 1. Laboratory-Scale Ethylene Homo- and Copolymerization Dataa

entry cocat. monomer(s) solvent yield(g) act.b

HMW
(kg/mol);

Đc
wt %
HMW

LMW
(kg/mol);

Đc
wt %
LMW

ethyl
branches/1000 Cd

n-butyl
branches/1000 Cd

1 B2,H E toluene/DFB 0.21 63 238; 2.7 59 3; 2.4 41 3.6 0
2 B2,t‑Bu E toluene/DFB 0.39 118 190; 1.8 59 4; 1.2 41 4.6 0
3 B2,n‑octyl E toluene/DFB 0.46 137 221; 2.0 41 2; 1.0 59 5.7 0
4 B2,H E toluene 0 0 no activitye

5 B2,t‑Bu E toluene 0 0 no activitye

6 B2,n‑octyl E toluene 0.15 45 298; 2.3 92 2; 1.6 8 ∼0 0
7 B2,H E MeCy 0 0 no activitye

8 B2,t‑Bu E MeCy 0 0 no activitye

9 B2,n‑octyl E MeCy 0.06 18 315; 8.5 100f 0f 0.3 0
10 B2,n‑octyl E + H toluene/DFB 0.71 213 96; 2.1 15 2; 1.0 85 6.0 51.4
11 B2,n‑octyl E + H toluene 0.21 64 125; 1.9 53 4; 1.4 47 3.9 57.1
12 B2,n‑octyl E + H MeCy 0.07 21 113; 1.9 93 2; 1.0 7 0 68.2

aConditions: catalyst, Zr2, 5 μmol; cocatalyst, B2, 5 μmol; solvent for ethylene (E) polymerization, 50 mL of toluene or methylcyclohexane
(MeCy), or 48 mL of toluene + 2 mL of DFB (1,2-difluorobenzene); solvent for ethylene (E)/1-hexene (H) copolymerization: 5 mL of 1-hexene;
45 mL of toluene or methylcyclohexane (MeCy), or 43 mL of toluene + 2 mL of DFB; ethylene, 1 atm; temperature, 25 °C, reaction time, 20 min.
HMW = high Mw fraction; LMW = low Mw fraction.

bUnits (kg polymer)·(mol of metal)−1·h−1·atm−1. cGPC vs polystyrene standards in kg·mol−1;
low-Mw samples all have a similar low Đ pattern, likely reflecting imprecision in calibration.21,40 dBranch density (branches/1000 C) by 13C
NMR.41,42 eLikely reflects cocatalyst insolubility. fBroad Đ featuring a wide range of Mw distribution, including a low Mw “tail”.
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low-molecular-weight (LMW) fraction and one high-molec-
ular-weight (HMW) fraction (Figures 5B and S23−S30). Note
that the wt % LMW falls as the solvent is varied from toluene/
DFB → toluene → MeCy (Table 1, entries 3, 6, and 9; Figure
5B). Importantly, 13C NMR analysis of the bimodal PEs
obtained using Zr2 + B2,n‑octyl shows that branch density falls
from 5.7 ethyl branches/1000 C to essentially ∼0/1000 C as
the solvent is changed from toluene/DFB → toluene → MeCy
(Table 1, entries 6 and 9 vs 3). The ethyl branches appear to
be localized primarily in the LMW fraction, the percentage of
which decreases with the decrease in solvent polarity (see more
below). Note that the 1H NMR spectra of all polymer samples
in this study show chain end unsaturation as reported
previously,21,43 suggesting β-H elimination or chain-transfer
to monomer is the principal chain termination pathway. The
dicationic catalytic species is probably marginally soluble in
aliphatic solvents as Zr−CH3

+ species. However, note that
B2,n‑octyl is very soluble in aliphatic solvents, and that the in situ
generated catalytic species is spray-injected into the rapidly
stirred olefin solutions to start the polymerization process. It is
reasonable that ethylene and 1-hexene coordination and the
rapid formation of growing polymer chains at the Zr cationic
center help stabilize the species, enhance its solubility, and thus
polymerization activity. The polydispersities near 2.0 in Table
1 entries 3, 6, and 12 are in reasonable accord with a normal
homogeneous single-site process; the exception is entry 9
which may reflect solubility constraints.
Next, ethylene + 1-hexene copolymerizations using Zr2 +

B2,n‑octyl were investigated. There is a minor increase in n-butyl
branch density, 51.4 → 57.1 → 68.2 n-butyl branches/1000 C,
by changing the solvent from toluene/DFB → toluene →
MeCy (Table 1, entries 10, 11, and 12). Interestingly, a
progressive fall in ethyl branch density is also observed over
this same solvent variation. These polyolefins also have
bimodal molecular weight distributions with HMW/LMW
ratios affected by the polymerization solvent. Similar to the
homopolymerizations discussed above, an increase in HMW

wt % from 15 → 53 → 93% is observed on solvent variation
from toluene/DFB → toluene → MeCy (Table 1, entries 10,
11, and 12). Note that single-site homogeneous olefin
polymerization catalysis usually produces characteristic narrow
molecular weight distributions with Đ ∼ 2.0. In some
scenarios, broadened polyolefin Đs and multimodality can
positively alter melt processing and polyolefin properties.44−47

For the present bimodal HMW + LMW PEs, an intriguing
question arises as to whether the branching detected in the
mixtures can be described by something as simple as the sum
of only two branch types and densities. Thus, a digital 13C
NMR spectral subtraction analysis was carried out using the
samples of Table 1, entries 9 and 3. Polyethylene samples of
these entries are either exclusively or partially HMW based on
GPC analysis (Figures 5B and S23−S30), with trace branching
evident in the 13C NMR of the former. Subtracting the 13C
NMR features of the entry 9 sample from that of entry 3
(Figure S22) yields a spectrum that arguably is near that of the
LMW fraction (Table 2). The calculated LMW fraction has

10.1 ethyl branches/1000 C leading to an averaged 5.7 ethyl
branches/1000 C for the bulk sample, corresponding to 55 wt
% LMW. This result is in good agreement with the 59 wt %
LMW determined by GPC analysis.

Larger-Scale Olefin Polymerizations. The above results
demonstrate that the soluble B2,n‑octyl cocatalyst enables
ethylene homo- and copolymerizations in toluene and even
an aliphatic solvent on the laboratory scale. Next, ethylene + 1-
octene copolymerizations were investigated using B2,n‑octyl
together with Ti2 and Zr2 (Figure 1C) under larger-scale
conditions relevant to industrial applications. Ethylene + 1-
octene copolymerizations were carried out at 120 °C in 2 L
semi-batch reactors. To load 46 g of ethylene in the reactor,
the ethylene pressure was maintained at 18.5 or 18.0 atm with
Isopar E (aliphatic solvent similar to MeCy) or toluene as the
solvent, respectively. Initial ethylene + 1-octene molar ratio
was 1:2.1 in the liquid phase and ethylene was fed on demand
to maintain steady concentration during the polymerization
reaction.
Solvent effects are again observed in these larger-scale Zr2 +

B2-catalyzed ethylene copolymerizations. On switching the
reaction solvent from toluene to aliphatic Isopar E, the
polymerization activity is not influenced, while the 1-octene
comonomer content increases from 8.7 to 16.5 mol %. The
corresponding polymer Mws are 18.5 and 26 kg/mol (Table 3,
entries 1 and 2), respectively, and both significantly higher
than those at 25 °C (Table 1). As in the above lab-scale
experiments, the product dispersity (Đ) indicates substantial
multimodal product formation under these polymerization

Figure 5. A) Cocatalyst effects on ethylene polymerization activity of
Zr2 + B2 in various solvents; (B) solvent effects on product wt %
(HMW) in Zr2 + B2,n‑octyl-catalyzed ethylene homo- and 1-hexene co-
polymerizations. Tol = toluene, DFB = 1,2-difluorobenzene, MeCy =
methylcyclohexane.

Table 2. Polyethylene 13C NMR Spectrum Digital
Subtraction Analysis Compared to GPC Analysisa

wt %
(GPC)

wt % (NMR subtraction
method)b

ethyl branch density,
branches/1000 C

HMW 41 45 ∼0.3c

LMW 59 55 10.1
Mixture 100 100 5.7c

aFrom digitally subtracting the 13C NMR spectrum of sample entry 9,
Table 1 from that of sample entry 3, Table 1 (Figure S22). bwt %
(subtraction) calculated from ethyl branch density of LMW fraction
(by 13C NMR subtraction) and total sample. cEthyl branch density in
branches/1000 C determined by 13C NMR.
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conditions. Note that these activities in toluene and aliphatic
solvent Isopar E are significantly, and not surprisingly, higher
than those at 25 °C and 1.0 atm ethylene pressure in Table 1.
Cocatalyst B2,n‑octyl was also used to investigate Ti2-mediated

ethylene + 1-octene copolymerizations in toluene and Isopar E.
Overall, the Ti2 reactions proceed with higher activity and
yield higher Mw polymers than Zr2. Within the Ti2 series, there
is a slight increase in activity from 4208 to 5375 (kg polymer)·
(mol of metal)−1·h−1·atm−1 on changing the solvent from
toluene to Isopar E, with similar 1-octene incorporations, Mws,
and broad Đs. For example, ethylene polymerization using Zr2
in toluene (entry 1) affords polymer with 75 wt % LMW
fraction and 25 wt % HMW fraction; in contrast, polymer-
ization in Isopar-E affords polymer with increased HMW
fraction (52 wt %) versus LMW fraction (48 wt %). For
comparison, the CGC catalyst was run under the same
conditions with both B2,n‑octyl and B1,H. As expected, the CGC
complex exhibited higher overall activity with activity being
very similar for both dinuclear and mononuclear activators.
The polymer characterization data indicate single site behavior
for both activators and this study indicates that the new soluble
binuclear diborate cocatalyst functions well in polymerizations
under scaled industrial operating conditions.

■ DISCUSSION

Bimodal Products. Interestingly, the Đs of the HMW and
LMW fractions of most samples are below 2.7, consistent with
single-site-like behavior producing each fraction.48 Earlier work
showed that ion-pairing tightness, which is solvent polarity-
dependent, has a substantial effect on single-site catalyst
polymerization rate, comonomer enchainment selectivity,
product tacticity, and product polyolefin Mw.

21,40,49−51 There
are two reasonable scenarios that rationalize this intriguing
solvent-dependent Mw behavior:52 (1). There are two distinct
active sites, one for ethylene oligomerization producing vinyl-
terminated macromonomers, the LMW fraction, and the other
for ethylene homopolymerization producing the HMW
fraction. The solvent dependence could in principle arise
from either differential binding in competition with olefins of
the diastereomeric active sites by weakly coordinating solvents,
and/or by weakening their ion-pairing to different degrees, and
thus leading to solvent-dependent HMW/LMW product
ratios. Note that the Zr2 (and Ti2) catalysts exist as two
NMR-distinguishable but to date inseparable diastereomers
(Figure 6A).21,22 Once activated with the binuclear cocatalyst,
the Zr/Ti diastereomers are expected to form diastereomeric
catalytically active species, and these different active species
plausibly account for the low and high Mw product fractions.

Similarly in regard to scenario (1) above, note that different
catalytic performance by different catalytic diastereomers was
recently reported for a bimetallic constrained geometry Ti
catalyst also having rac- and meso-diastereomers (Figure 6B),
in that case separable by fractional crystallization. In that
example, the two diastereomers demonstrate distinctive and
different stereochemically linked cooperative effects on
product Mn, tacticity, and comonomer selection.53 (2)
Oligomerization at one diastereomer and the resulting vinyl-
terminated macromonomer reinsertion at another would yield
HMW and LMW fractions, respectively. The latter case should
lead to a HMW fraction with short and long branches (HMW)
due to branched macromonomer reinsertion. The negligible
branching in the present HMW samples (Table 1, entry 6)
indicates the latter scenario is less likely in the current catalyst
system. Note that we previously investigated the reaction of
Zr1 + B1,n‑octyl by in situ NMR and found facile and complete
activation.19 There is still an additional possible scenario
associated with the efficiency of catalyst activation, that is,
mono versus doubly activated catalyst(s), for which we have
no direct evidence.53

Branching. Ethyl branches are generally produced from
reinsertion of in situ generated macromonomers, which are
generated from β-H transfer to an ethylene monomer (e.g.,
Zr−Et group, Scheme 2A).22,54,55 In the present study, ethyl
branch density decreases with falling solvent polarity in the Zr2
+ B2,n‑octyl -catalyzed ethylene homo- and co-polymerizations
(Table 1). The decreased ethyl branch density correlates with
the decreased wt % LMW, arguing that the ethyl branches only
reside in the LMW product fraction, as confirmed by the 13C

Table 3. Large-Scale Ethylene + 1-Octene Copolymerizations at Higher Temperature and Pressurea

entry precatalyst (μmol) activator (μmol) solvent polymer (g) activityb Mw (g/mol)c Đc incorp. (mol %)d

1 Zr2 (1.0) B2,n‑octyl (1.0) toluene 10.5 1,750 18,500 21.5 8.7
2 Zr2 (1.0) B2,n‑octyl (1.0) Isopar E 9.8 1,633 26,000 23.5 16.5
3 Ti2 (0.4) B2,n‑octyl (0.4) toluene 10.1 4,208 117,000 7.3 18.9
4 Ti2 (0.4) B2,n‑octyl (0.4) Isopar E 12.9 5,375 112,000 6.2 25.4
5 CGC (0.2) B2,n‑octyl (0.2) Isopar E 49.0 81,667 43,000 2.4 28.5
6 CGC (0.2) B1,H (0.2) Isopar E 60.5 100,833 40,000 2.5 29.2

aConditions: 2 L batch reactor, cocatalyst, 1.0 equiv B2,n‑octyl; 605 g of Isopar-E, or 691 g of toluene; 295 g of 1-octene in Isopar-E, or 272 g of 1-
octene in toluene; 46 g of ethylene loaded (18.5 atm in Isopar-E, or 18.0 atm in toluene); temperature, 120 °C; reaction time, 10 min. bUnits (kg
polymer)·(mol of metal)−1·h−1·atm−1. cUnits kg/mol; polyethylene equivalent molecular weight by GPC relative to polystyrene standards. d1-
Octene incorporation in mol % determined by compositional GPC with IR5 detector, end group corrected bulk mol % comonomer; CGC = {(η5-
C5Me4) (SiMe2−N-t-Bu)TiMe2; B1,H = [Ph3C]

+[B(C6F5)4]
‑ (Figure 1A).

Figure 6. A) Diastereomers of the Ti2 and Zr2 precatalysts used in
this study. (B) Diastereomers of another series of binuclear group 4
polymerization catalysts.53
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NMR spectral subtraction of the polyethylene samples (Table
2). Note that such analysis is less straightforward for the
copolymers, but it is reasonable to assume that the ethyl
branch selectivity trend of the same catalyst in ethylene homo-
and co-polymerizations would be similar.
Regarding n-butyl branch density, it slightly increases with

falling solvent polarity in these Zr2 + B2,n‑octyl -catalyzed
copolymerizations (Table 1). Note that ethylene solubilities in
toluene and in MeCy are comparable, so this is not an
important variable.19,56 More polar/coordinating toluene and
toluene/DFB can compete with olefinic monomers for
coordination to the cationic Zr center, reasonably accounting
for the reduced 1-hexene incorporation in those solvents
(Scheme 2B). Note that a similar case was observed when
aliphatic solvent-soluble ammonium-based borate cocatalyst
was used for olefin polymerizations, in which the in situ formed
tertiary amine will coordinate to the cationic metal center and
interfere with the catalytic process as well as change the ion-
pairing scenario.57−60

■ CONCLUSIONS
Two new binuclear cocatalysts containing alkyl-functionalized
trityl cations for homogeneous olefin polymerizations were
prepared and characterized, with the structure of B2,t‑Bu ion
pair confirmed by single crystal X-ray diffraction. The newly
prepared B2,n‑octyl cocatalyst exhibits good solubility in toluene
and aliphatic MeCy solvents, enabling the first implementation
of binuclear diborate cocatalysts in low polarity media. In Zr2 +
B2,n‑octyl -catalyzed ethylene homo- and copolymerizations, the
catalytic systems respond on changing the solvent from
toluene/DFB → toluene → MeCy, with an increase in the
wt % HMW fraction in the bimodal product. Concurrently, the
ethyl branches, which reside predominantly in LMW fractions
of the products, have decreasing densities. However, there is a
slight increase in n-butyl branch density, which is derived from
1-hexene incorporation in ethylene/1-hexene copolymeriza-
tion. In parallel, the soluble binuclear diborate cocatalyst was
also successfully used in scaled/industrial high temperature,
higher pressure olefin polymerizations, demonstrating qual-
itatively similar solvent effects and comparably broad product
D̵s.
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