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Validation of the Cossee-Arlman Mechanism for Propylene 
Oligomerization on Ni/UiO-66
Benjamin Yeh,a Saumil Chheda,a,b Jian Zheng,c Julian Schmid,c Laura Löbbert,d Ricardo Bermejo-
Deval,d Oliver Y. Gutiérrez,c Johannes A. Lercher,c,d Laura Gagliardi,e and Aditya Bhana,* 

Steady state rates expressions can be derived to distinguish the Cossee-Arlman and metallacycle mechanisms postulated for 
propylene oligomerization on nickel-based catalysts based on product selectivities, where product selectivities for the former 
are a function of olefin pressure because sequential coordination and insertion steps lead to independent mechanistic pathways 
for different hexene isomers. In contrast, the metallacycle mechanism presents pressure-independent product selectivities due 
to successive coordination prior to the kinetically relevant steps in each mechanism. In this work, steady state propylene 
oligomerization rates and selectivities were measured in the absence of an activator on nickel functionalized UiO-66 metal 
organic framework (MOF), Ni/UiO-66, to validate the Cossee-Arlman mechanism for light olefin oligomerization. In-situ NO 
titrations reveal that ~5% of nickel sites were active during the reaction, and thus, not all nickel sites are relevant for catalysis. 
Propylene dimerization was first order in propylene pressure from 5 to 500 kPa with an apparent activation energy of ~20 kJ 
mol-1 from 453 to 493 K. Calculated apparent activation energies with density functional theory (DFT) calculations on cluster 
models of Ni/UiO-66 are in agreement with experiment to corroborate the Cossee-Arlman mechanism. Selectivities of hexene 
products and the ratio of hexene product selectivities on Ni/UiO-66 are in accordance with selectivity expressions derived 
from the Cossee-Arlman mechanism. Analysis of product selectivities can be used more extensively to demarcate the Cossee-
Arlman and metallacycle mechanisms for olefin oligomerization on metal-based catalysts. 

1. Introduction
The Shell Higher Olefin Process (SHOP) that is practiced 

industrially accomplishes homologation of ethylene  to linear 
alpha olefins (LAOs) on nickel-based homogeneous catalysts .1–3 
The coordination-insertion mechanism, also known as the 
Cossee-Arlman mechanism, and the metallacycle mechanism 
have been proposed on these homogeneous nickel catalysts to 
describe oligomer chain growth on these materials. The Cossee-
Arlman mechanism involves coordination and subsequent 
insertion of olefin molecules and has been postulated on nickel-
based homogeneous catalysts for ethylene oligomerization 
through comparisons of external and internal oligomer 
selectivities from reinsertion and the inclusion of an 
alkylaluminium cocatalyst to form Ni-alkyl intermediates 
posited in the mechanism.4–10 On the other hand, the 
metallacycle mechanism for ethylene oligomerization is 
associated with successive coordination of olefin molecules prior 

to carbon-carbon coupling and is proposed to produce LAOs, 
such as 1-butene and 1-hexene, on transition metal catalysts such 
as nickel, chromium, titanium, and tantalum in the absence of 
cocatalysts.5,11,12 

Motivated by the high selectivity for LAOs in homogeneous 
nickel catalysts for olefin oligomerization, heterogeneous nickel-
based catalysts have been formulated for this chemistry as they 
typically do not use cocatalysts or activators.1,13 Prior work on 
heterogeneous nickel catalysts has supported the Cossee-Arlman 
mechanism for olefin oligomerization/dimerization based on 
comparisons of the Cossee-Arlman and metallacycle 
mechanisms from density functional theory (DFT) 
calculations,14–22 infrared (IR) spectroscopy to illustrate 
kinetically relevant Ni-alkyl surface intermediates for olefin 
oligomerization,21,23 analysis of isotopomer product distributions 
with ethylene and perdeuteroethylene mixtures,18 use of 
nonconjugated diene probe molecules to evince coordination and 
insertion,18 and hydrogen cofeeds to suggest a Ni-hydride 
intermediate.24,25 Nevertheless, analysis of olefin 
oligomerization reactivity and mechanisms on heterogeneous 
nickel catalysts are often convoluted because typically only a 
fraction of nickel sites are active with26,27 or without20,28,29 the 
use of an activator, the  catalyst deactivates on-stream,19,23,30–33 
and residual acid site reactivity induces competing 
pathways.25,34,35 

While DFT, molecular cofeeds and probes, and spectroscopic 
methods can be used to elucidate the Cossee-Arlman mechanism 
for olefin oligomerization, analysis of the product selectivities at 
various process conditions is seldom performed to validate the 
mechanism. For ethylene oligomerization on nickel catalysts, 
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both sequential coordination-insertion and successive 
coordination of ethylene in the Cossee-Arlman and metallacycle 
mechanisms, respectively, yield butene product selectivities that 
are invariant with process conditions, as only one kinetic 
pathway occurs before the rate-limiting carbon-carbon coupling 
steps.14–18 However, propylene can insert on nickel through 
either the  or  carbon in the Cossee-Arlman mechanism, which 
generates two distinct mechanistic pathways prior to the 
kinetically relevant step.36–38 In contrast, successive coordination 
of propylene in the metallacycle mechanism invokes only one 
pathway prior to the kinetically relevant step. The distinct 
mechanistic pathways lead to pressure-dependent and pressure-
independent hexene product selectivities that can be examined to 
differentiate the Cossee-Arlman and metallacycle mechanisms. 

In our previous work, a nickel functionalized zirconium 
oxide-based metal organic framework (MOF) catalyst, Ni/UiO-
66, was synthesized with isolated nickel atoms deposited on the 
zirconium oxide node through a missing linker defect, as evinced 
from comparisons between DFT-optimized cluster models and 
extended X-ray absorption fine structure (EXAFS) data.19 This 
material was active for ethylene and 1-butene oligomerization 
devoid of cocatalysts.19,20 Unprecedented stability for >10 days 
on-stream was observed during ethylene oligomerization, and 
only oligomers were detected to suggest absence of residual acid 
sites.20 After undergoing an induction period and reaching steady 
state, butene formation rates increased after exposing the catalyst 
to higher ethylene pressures when comparing rates at the lower 
reference partial pressure.20 This increase in rate was ascribed to 
an increase in nickel active site density, as higher ethylene 
pressures were proposed to facilitate a stoichiometric reaction to 
generate the catalytically relevant nickel-alkyl species during the 
induction period.19,20 The nickel species for ethylene 
oligomerization were enumerated with in-situ NO titration 
experiments to normalize reaction rates, and steady state kinetics 
were measured to compare experimental and DFT-computed 
activation energies to validate the Cossee-Arlman mechanism.20 

The unique stability for ethylene oligomerization on Ni/UiO-
66, the ability to titrate active sites and normalize reaction rates, 
and the production of only oligomers proffers Ni/UiO-66 as a 
platform to study propylene oligomerization and the reaction 
mechanism.  In the work presented herein, we report propylene 
oligomerization rates in the absence of a cocatalyst to measure 
steady state kinetics and hexene product selectivities. From 
steady state product selectivities, the Cossee-Arlman mechanism 
can be validated through analysis of the steady state rates and 
hexene product selectivities that are a function of pressure. 

2. Experimental
2.1 Catalyst Synthesis and Characterization

An ideal UiO-66 material is a zirconium oxide (Zr6O8) based 
MOF connected with twelve terephthalate ligands.39–43 Nickel 
can be functionalized on the Zr6O8 node through a missing linker 
defect to form Ni/UiO-66.19,20,44–47  The detailed synthesis of 
UiO-66 and deposition of nickel onto the inorganic node to 
formulate Ni/UiO-66 is described elsewhere.19,20,43 Powder X-

ray diffraction (PXRD), N2 isotherms, thermal gravimetric 
analysis (TGA), temperature programmed oxidation (TPO), 
proton nuclear magnetic resonance (1H NMR) spectroscopy on 
the digested Ni/UiO-66 MOF, scanning transmission electron 
microscopy−energy dispersive X-ray spectroscopy (STEM-
EDS), inductively coupled plasma−atomic emission 
spectroscopy (ICP-AES), IR spectroscopy, and X-ray adsorption 
spectroscopy (XAS) data for the as-synthesized Ni/UiO-66 were 
reported previously.19,20 Briefly, the as-synthesized Ni/UiO-66 
had a surface area of 1301 m2 g-1 with ~0.7 nickel atoms per 
zirconium oxide node.20

2.2 Catalytic Testing

Ni/UiO-66 was pressed (<6.9 MPa), pelletized, and sieved to 
obtain particle sizes of 180-420 μm (40-80 mesh). The sample 
(10-80 mg) was physically mixed with sand (~200 mg, subjected prior 
to an overnight wash in 2 M HNO3 solution followed by DI water 
rinse until pH ∼7, and a final thermal treatment in flowing dry air 
(0.83 cm3 s−1) at 1273 K (0.083 K s−1 ramp rate from ambient 
temperature) for 16 h; 10 < wtdiluent/wtcat < 15) and then packed 
between two quartz wool plugs (Technical Glass Products) in a  
tubular glass-lined stainless-steel reactor (6.35 mm O.D. and 4 mm 
I.D., SGE Analytical Science). The free volume of the reactor was 
filled with quartz rods (3 mm O.D.; Technical Glass Products) to 
prevent vertical displacement of the catalyst bed. The temperature was 
measured using a K-type thermocouple (Omega) wrapped around the 
periphery of the stainless-steel reactor with the tip placed at the center 
of the catalyst bed and regulated with an electronic controller 
(Watlow), respectively. The catalyst was pretreated in helium 
(Matheson, 99.997%, 0.83 cm3 s-1) from ambient temperature to 573 
K (0.08 K s-1) for 4 hours and then cooled to reaction temperature (473 
K) in flowing helium. Propylene (Matheson, 99.83%, 0.08-0.83 cm3 
s-1) was introduced to the reactor with mass flow controllers (Brooks 
5850E Series) and pressurized (105-550 kPa) using a back-pressure 
regulator (TESCOM Series 44-2300) placed downstream of the 
reactor with the gas-phase pressure measured using a pressure 
transducer (Omega) placed upstream of the reactor. Propylene gas 
phase pressures less than 105 kPa were obtained by feeding a mixture 
of helium (Matheson, 99.997%) and propylene at ambient pressure. 
The composition of the reactor effluent was quantified using a gas 
chromatograph (Agilent GC 7890A) equipped with a 
dimethylpolysiloxane HP-1 column (50 m × 320 μm × 0.52 μm) 
connected to a flame ionization detector (FID).

2.3 In-Situ NO Titrations

The reactor setup is identical to the one described above. A nitric 
oxide/nitrogen mixture (Airgas, 1% NO, balance N2, 0.083-0.17 cm3 
s-1) was introduced in the propylene gas stream at various pressures 
(500 – 550 kPa) with a mass flow controller (Brooks 5850E Series). 
An online mass spectrometer (MKS Cirrus 2) was utilized to 
determine the effluent propylene, hexene, NO, and N2 signals (m/z: 
42, 84, 30, and 28, respectively). The N2 flow was used as a tracer to 
determine the average residence time of NO over the catalyst bed, 
which was normalized and used to calculate the amount of NO 
reacted/absorbed on nickel sites to suppress the rate of propylene 
oligomerization.
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2.4 Cluster Models of Ni/UiO-66 and Kohn-Sham Density 
Functional Theory (DFT) Calculations

Cluster models of Ni/UiO-66 were derived from a truncated Zr6 
node of an optimized periodic structure of UiO-66 with formate 
groups capping the inorganic linker.48 One formate group was 
removed and replaced with a [Ni(OH)2)]-1 group as nickel is deposited 
on the zirconium oxide node through missing linker defects,16,17,45 to 
give the cluster model formula of [NiZr6(μ3-OH)3(μ3-O)5(OH)2]11+ ● 

11(CHO2 -1).49 Kohn-Sham DFT calculations were performed with the 
M06-L density functional50 implemented in the Gaussian 16 software 
package.51 The def2-SVP and def2-TZVPP basis sets were used for 
C, H, and O atoms and Zr and Ni atoms, respectively,52,53 and the SDD 
effective core potential was implemented for Zr atoms.54 All cluster 
models and the individual gas phase olefin molecules were optimized, 
except the C atoms capping the Zr6 node to maintain the framework 
structure and rigidity.48 Zero-point energies and thermal contributions 
to enthalpies and Gibbs free energies were calculated from vibrational 
frequency calculations at 298.15 K and 101.3 kPa. 

3. Results and Discussion
3.1 Catalyst Performance and Active Site Enumeration

Figure 1 presents propylene oligomerization rates 
normalized by the total amount of nickel in Ni/UiO-66 with time 
on stream at 473 K and 5 kPa, 106 kPa, 259 kPa, and 500 kPa 
devoid of cocatalysts. The induction periods on Ni/UiO-66 for 
propylene oligomerization at 106 kPa and 500 kPa are ~2 ks and 
~8 ks which are significantly shorter than the induction periods 
of ~150 ks and ~85 ks, respectively, for ethylene oligomerization 
on the same material at the same partial pressures.20 It is 
postulated that induction periods are controlled by a heterolytic 
C-H dissociation step to generate a [Ni-ethenyl]- species and [µ-
OH]+ complex for ethylene dimerization and are necessary to 
form the kinetically relevant Ni-alkyl species.1,14,20,32,33 In our 
previous work, the induction period was attributed to the in-situ 
generation of relevant Ni-ethyl species during ethylene 
oligomerization, and higher ethylene pressures were required to 
create these active sites, as reference reaction rates increased 
after exposing the catalyst to higher ethylene pressures.20 
However, for propylene oligomerization, as shown in Figure S1, 
the catalyst returns to the same reaction rates at 5 kPa after 
exposing the catalyst to 500 kPa of propylene, suggesting that no 
additional active sites are formed at higher propylene pressures. 
The observed invariance in the induction period with propylene 
pressure shown in Figure 1 and in the number of Ni-alkyl species 
at different propylene pressures (Figure S1) plausibly arises 
because  propylene has a weaker  allylic C-H bond compared to 
the vinylic C-H bond of ethylene, where the former more readily 
forms the relevant Ni-alkyl species.55 While there are slight 
variations in the length of induction period when changing 
propylene pressures from 5 – 500 kPa as shown in Figure 1, these 
changes are minor compared to the days-long transients observed 
with ethylene oligomerization at similar ethylene pressures as 
relevant Ni-alkyl species are much more more rapidly formed 
during propylene oligomerization. The catalyst appears to be 
stable for propylene oligomerization, with the reaction rate 

decreasing <5% over 150 minutes. The steady state rates that are 
reported hereafter are those that are examined with a reference 
condition and do not change within 10% (Figure S3).    

Figure 1 Propylene oligomerization rates as a function of time on stream on 
Ni/UiO-66 at 500 kPa (■), 259 kPa (▼), 106 kPa (●) and 5 kPa (▲) at 473 K. 

Normalization of reaction rates is required to study reaction 
kinetics, as not all nickel species are active or yield the same 
reactivity during olefin oligomerization.20,28,29 In a prior report, 
we noted that incorrect reaction orders are obtained when nickel 
active site densities are not enumerated because active site 
densities increase with increasing pressure. This results in 
enhancement in reaction rates from an increase in site densities 
and from higher ethylene pressures being conflated. In-situ NO 
titrations enable us to disambiguate these contributions because 
the number of Ni species relevant for catalysis could be precisely 
determined and reaction rates could be normalized by measured 
site densities to determine the reaction orders for ethylene 
oligomerization.20 Following the same experimental protocols, 
the number of nickel active sites were assessed with in-situ NO 
titration experiments during propylene oligomerization as shown 
in Figure 2. Once the catalyst reached steady state at 493 K and 
550 kPa, a mixture of 1% NO and 99% N2 was introduced to the 
reactant gas stream. A decrease in the hexene flowrate is 
observed when N2 appears to break through the catalyst bed. The 
NO flow has a delayed breakthrough response, suggesting that 
NO titrates the nickel active sites on Ni/UiO-66 to impede the 
rate of hexene formation. The number of nickel active sites can 
be enumerated by mathematical integration between the NO and 
normalized N2 breakthrough curves.56,57 The number of nickel 
active sites enumerated during propylene oligomerization on 
Ni/UiO-66 is ~20 µmol gcat

-1, which is about 5% of nickel species 
from the ~430 µmol gcat

-1 of nickel in the MOF, as determined 
by ICP-AES, assuming one NO molecule binds to one nickel 
atom.20 This value is consistent with prior work showing that not 
all Ni species are active for catalysis on Ni/UiO-66 MOFs during 
ethylene oligomerization.20 Data from another in-situ NO 
titration experiment at 500 kPa and 473 K are presented in Figure 
S6 to affirm that ~5% of nickel sites are active for propylene 
oligomerization. 
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Figure 2 In situ NO titration showing a decrease in the rate of hexene formation 
(●) upon introduction of 0.083 cm3 s−1 of 1% NO (▲, light grey) and 99% N2 (■, 
dark gray) in 0.83 cm3 s−1 at a total pressure of 550 kPa at 493 K on 90.8 mg of 
Ni/UiO-66

3.2. Mechanisms and Kinetics for Propylene Oligomerization 

The Cossee-Arlman and metallacycle mechanisms are 
proposed on heterogeneous nickel-based catalysts for olefin 
oligomerization.14,25 In Scheme 1, we present the Cossee-Arlman 
mechanism for propylene oligomerization, showing the 
formation of all possible hexene isomers with nickel proposed to 
remain in the 2+ oxidation state throughout the entire cycle.21,38  
This mechanism is often posited on the basis of the inclusion of 
alkylaluminum cocatalysts that form Ni-alkyl species.18,27,38,47 
However, observed induction periods in the absence of activators 
during olefin oligomerization are often attributed to the creation 
of relevant nickel-hydride or nickel-alkyl species during 
catalysis.1,20,21,25,32,33,58 The mechanism is proposed to start with 
a nickel-hydride species (A) that binds to a propylene molecule 
(B). Species B can undergo two distinct regioselective hydride 
insertions to either form a 2,1-propyl species (C) or a 1,2-propyl 
species (D). Another propylene molecule can coordinate to C 
and D to yield species E and F, respectively. Regioselective 2,1 
and 1,2 olefin insertions, which are proposed to be the kinetically 
relevant steps, proceed on species E and F to generate four 
distinct Ni-hexyl species.14–19 The Ni-hexyl species undergo β-
hydride elimination to generate a nickel hydride species and the 
resulting hexene product that desorbs to regenerate A and form 
4-methylpentenes (4MP), 2,3-dimethylbutenes (DMB), linear 
hexenes (LH), and 2-methylpentenes (2MP). 

The metallacycle mechanism for propylene oligomerization 
on Ni/UiO-66, shown in Scheme 2, is also proposed on 
heterogeneous catalysts.5,14,25,31,59 This mechanism is postulated 
on catalysts for olefin oligomerization without the use of 
cocatalysts or observed induction periods due to the direct 
successive insertion of olefin molecules.1 The active species for 
the metallacycle mechanism is proposed to be Ni+ or Ni2+ ions 
(G) that undergo successive coordination of two propylene 
molecules, where the singly and doubly-coordinated propylene 
molecule on the nickel site are denoted as H and I, 
respectively.1,14 Species I undergoes oxidative coupling, which 

is the slow step of the catalytic sequence, to form three distinct 
metallacyclopentane intermediates.14,15 The 
metallacyclopentane intermediates undergo successive β-
hydride and reductive elimination steps to regenerate G and 
produce 4MP, DMB, LH, and 2MP. 

Scheme 1: Cossee-Arlman mechanism for propylene oligomerization on Ni/UiO-
66. Note the entire node is omitted for clarity.

The Cossee-Arlman mechanism on Ni/UiO-66 is considered 
to propagate olefin oligomerization over the metallacycle 
mechanism for ethylene and butene oligomerization due to 
observed induction periods in the absence of cocatalysts, 
persistence of Ni species in the 2+ oxidation state before and 
after reaction as determined by  X-ray adsorption near edge 
structure (XANES)  analysis, and agreement of apparent 
activation energies between experiment and computation with 
DFT.19,20 In Figure 1, short induction periods are observed to 
indicate in-situ generation of kinetically relevant Ni-alkyl 
species relevant for propylene oligomerization devoid of 
activators. Previous work has suggested that these induction 
periods are accompanied with in-situ generation of 
dienes,14,20,21,33 which is consistent with the observed hexadiene 
formation in this study as shown in Figure S2. When comparing 
the XANES spectra for the Ni/UiO-66 after thermal treatment 
and at steady state during propylene oligomerization (Figure 
S7a), no change in the pre-edge region is observed. The peak at 
8333 eV persists and is consistent with the presence of nickel(II) 
species assessed using a α-Ni(OH)2 reference from our previous 
work19 to suggest that nickel remains as 2+ during reaction, in 
line with the Cossee-Arlman mechanism. 

Scheme 2: Metallacycle mechanism for propylene oligomerization on Ni/UiO-66. Note 
the entire node is omitted for clarity.
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Steady state reaction orders and comparisons among 
experimental and computed activation energies can be examined 
to validate the Cossee-Arlman mechanism on Ni/UiO-66 for 
olefin oligomerization after normalization of reaction rates by 
the number of relevant active sites.19,20 The reaction was 
determined to be first order in propylene pressure from 5 kPa to 
500 kPa at 473 K on Ni/UiO-66, as shown Figure 3a in line with 
observations of ethylene and 1-butene oligomerization being 
first order in olefin pressure on Ni/UiO-66.19,20 Assuming only 
two propylene molecules are required to make hexene products, 
this suggests that a singly-coordinated propylene species on the 
nickel active site is the most abundant surface intermediate 
(MASI). From 453 K to 493 K, an Arrhenius plot in Figure 3b 
reveals an apparent activation energy of 21.0 ± 3.4 kJ mol-1, 24.6 
± 3.8 kJ mol-1, 15.7 ± 2.2 kJ mol-1, and 17.5 ± 2.8 kJ mol-1 for 
4MP, DMB, LH, and 2MP, respectively. These activation 
energies are lower than experimentally measured activation 
energies of 81 kJ mol-1 and 58 kJ mol-1 for ethylene and butene 
oligomerization on Ni/UiO-66 and lower than those measured on 
Ni-Na-X and Ni-MIL-127 for propylene oligomerization at 35 
kJ mol-1 and ~60 kJ mol-1, respectively.19–21,30 From the 
computed Gibbs free energy diagrams of the Cossee-Arlman 
mechanism using DFT on cluster models of Ni/UiO-66 shown in 
Figures S8-S11, the olefin insertion steps have the highest 
barriers, ranging from 88 kJ mol-1 to 143 kJ mol-1 depending on 
the hexene product being formed, and thus, C-C bond formation 
is the kinetically relevant step. For LH, the intrinsic free energy 
barrier for the olefin insertion is 96 kJ mol-1 which is in good 
agreement with the olefin insertion barriers for ethylene and 
butene oligomerization for the formation of linear dimers on 
Ni/UiO-66 of 80 kJ mol-1 and 87 kJ mol-1.19,20  From the first 
order kinetics determined in Figure 3a that suggests the resting 
state of the catalyst is a Ni-propyl species, the calculated 
apparent activation barrier from the Ni-propyl MASI, D, and the 
olefin insertion step for LH, is 21 kJ mol-1, as shown in Figure 
S10, which is in good agreement with the apparent activation 
energy of 15.7 kJ mol-1 obtained from experiment to corroborate 
the Cossee-Arlman mechanism. Energy diagrams for all other 
products and thermodynamic values for intermediates for the 
Cossee-Arlman mechanism are reported in Section S5.

Figure 3 (a) Hexene formation rate versus propylene partial pressure (5−500 kPa) 
at 473 K and (b) Arrhenius plot at 259 kPa for propylene oligomerization from 453 
K to 493 K for 4MP (○), DMB (●), LH(▲), and 2MP (▼) on Ni/UiO-66.

3.3. Hexene Product Selectivities for Propylene Oligomerization

While previous work on Ni/UiO-66 has presented evidence 
for the Cossee-Arlman mechanism for olefin oligomerization, 
we propose that the Cossee-Arlman and metallacycle 
mechanisms can be more broadly evinced through analysis of 
hexene product selectivities and product selectivity ratios 
derived from rate expressions for the proposed mechanisms. The 
rate expression and selectivity for species i is denoted as ri and 
si, respectively, with rate constants and equilibrium constants for 
each elementary step denoted as kj and Kj, respectively, from 
Schemes 1 and 2 for the Cossee-Arlman and metallacycle 
mechanisms, respectively. From DFT calculations, the 
kinetically relevant step for the Cossee-Arlman mechanism is the 
olefin insertion step on heterogeneous nickel catalysts.14–19 In 
our system, the proposed rate expressions for 4MP, DMB, LH, 
and 2MP assuming the olefin insertion step is kinetically 
limiting for the Cossee-Arlman mechanism are shown in 
Equations 1-4 respectively, based on Scheme 1. 

𝑟𝟒𝑴𝑷 = 𝑘6[E]                                       (1)

𝑟𝑫𝑴𝑩 = 𝑘7[𝐸]                                      (2)

𝑟𝑳𝑯 = 𝑘8[𝐹]                                        (3)

𝑟𝟐𝑴𝑷 = 𝑘9[𝐹]                                      (4)

Assuming the first adsorption step between A and B is quasi-
equilibrated and all surface-bound species before the kinetically 
relevant step are at pseudo-steady state, the rate expressions for 
4MP, DMB, LH, and 2MP can be derived to only be expressed 
in terms of propylene pressures and the density of unoccupied 
nickel sites A, as shown in Equations 5-8 (See Section S4 for 
derivation).

𝑟𝟒𝑴𝑷 =
𝑘6𝑘4𝑘2𝐾1[𝐴]𝑃2

𝐶3𝐻6

(𝑘 ―4 + 𝑘6 + 𝑘7)(𝑘 ―2 ―
𝑘 ―4𝑘4𝑃𝐶3𝐻6

𝑘 ―4 + 𝑘6 + 𝑘7
+ 𝑘4𝑃𝐶3𝐻6)

         (5)
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𝑟𝐃𝐌𝐁 =
𝑘7𝑘4𝑘2𝐾1[𝐴]𝑃2

𝐶3𝐻6

(𝑘 ―4 + 𝑘6 + 𝑘7)(𝑘 ―2 ―
𝑘 ―4𝑘4𝑃𝐶3𝐻6

𝑘 ―4 + 𝑘6 + 𝑘7
+ 𝑘4𝑃𝐶3𝐻6)

        (6)

𝑟𝐋𝐇

=
𝑘8𝑘5𝑘3𝐾1[𝐴]𝑃2

𝐶3𝐻6

(𝑘 ―5 + 𝑘8 + 𝑘9)(𝑘 ―3 ―
𝑘 ―5𝑘5𝑃𝐶3𝐻6

𝑘 ―5 + 𝑘8 + 𝑘9
+ 𝑘5𝑃𝐶3𝐻6)

         (7)

𝑟𝟐𝐌𝐏

=
𝑘9𝑘5𝑘3𝐾1[𝐴]𝑃2

𝐶3𝐻6

(𝑘 ―5 + 𝑘8 + 𝑘9)(𝑘 ―3 ―
𝑘 ―5𝑘5𝑃𝐶3𝐻6

𝑘 ―5 + 𝑘8 + 𝑘9
+ 𝑘5𝑃𝐶3𝐻6)

           (8)

The selectivity for 4MP, DMB, LH, and 2MP for the 
Cossee-Arlman mechanism can be derived from Equations 5-8 
(see Section S4 for derivation) and these expressions are shown 
in Equations 9-12 with α, β, γ, δ, and ε defined in Equation 13-
17. The selectivity for all hexene isomers is a function of 
propylene pressure as shown in Equations 9-12. 

𝑠𝟒𝑴𝑷 =

k6

𝑘6 + 𝑘7
 (𝛽 +  𝛿𝑃𝐶3𝐻6)

𝜀(𝛼 +  𝛾 𝑃𝐶3𝐻6
) +  (𝛽 +  𝛿𝑃𝐶3𝐻6)

            (9)

𝑠𝐃𝐌𝐁 =

k7

𝑘6 + 𝑘7
 (𝛽 +  𝛿𝑃𝐶3𝐻6)

𝜀(𝛼 +  𝛾 𝑃𝐶3𝐻6
) +  (𝛽 +  𝛿𝑃𝐶3𝐻6)

            (10)

𝒔𝑳𝑯 =

k8

𝑘8 + 𝑘9
 (𝛼 +  𝛾 𝑃𝐶3𝐻6

)

(𝛼 +  𝛾 𝑃𝐶3𝐻6
) +

1
𝜀(𝛽 +  𝛿𝑃𝐶3𝐻6)

             (11)

𝑠𝟐𝐌𝐏 =

𝑘9

𝑘8 + 𝑘9
 (𝛼 +  𝛾 𝑃𝐶3𝐻6

)

(𝛼 +  𝛾 𝑃𝐶3𝐻6
) +

1
𝜀(𝛽 +  𝛿𝑃𝐶3𝐻6)

             (12)

𝛼 = 𝑘 ―2                                       (13)

𝛽 = 𝑘 ―3                                        (14)

𝛾 = 𝑘4 ―
𝑘 ―4𝑘4

𝑘 ―4 + 𝑘6 + 𝑘7
                         (15)

𝛿 = 𝑘5 ―
𝑘 ―5𝑘5

𝑘 ―5 + 𝑘8 + 𝑘9
                         (16)

𝜀 =  
(𝑘8 + 𝑘9)𝑘5𝑘3(𝑘 ―4 + 𝑘6 + 𝑘7)

(𝑘6 + 𝑘7)𝑘4𝑘2(𝑘 ―5 + 𝑘8 + 𝑘9)
           (17)

Based on the Cossee-Arlman mechanism (Scheme 1), 
products 4MP and DMB are both formed from C, while products 

LH and 2MP are both formed from D. Consequently, the ratio 
between 4MP and DMB and the ratio between LH and 2MP 
should only be a function of the olefin insertion rate constants, 
as shown in Equations 18 and 19. This ratio arises simply from 
the possibility of propylene undergoing a 2,1- or 1,2- insertion 
for both intermediates E and F, which can be clearly seen from 
Equations 1-4. The two branching mechanistic pathways prior to 
the kinetically relevant step can be evaluated from the products 
derived from C, 4MP + DMB, and D, LH + 2MP, as shown in 
Equation 20, which shows that the selectivity ratio of LH + 2MP 
to 4MP + DMB is pressure dependent due to adsorption of a 
propylene molecule to form E and F from C and D, respectively. 
Thus, Equations 9-12 and 18-20 can be used to assess the 
coordination of propylene and insertion characteristics that 
would result from the Cossee-Arlman mechanism, which 
suggest that product selectivities and selectivity ratios are a 
function of propylene pressure. 

𝑆𝟒𝑴𝑷
𝑫𝑴𝑩

=
𝑘6

𝑘7
                                       (18)

𝑆 𝐋𝐇
𝟐𝑴𝑷

=
𝑘8

𝑘9
                                     (19)

𝑆 𝐋𝐇 + 𝟐𝐌𝐏
𝟒𝑴𝑷 + 𝑫𝑴𝑩

 =
(𝛼 + 𝛾 𝑷𝑪𝟑𝑯𝟔

)
(𝛽 + 𝛿 𝑷𝑪𝟑𝑯𝟔

) ∗ 𝜀              (20)

Selectivity characteristics of hexene isomers are distinct 
when considering the metallacycle mechanism and can be 
determined by deriving rate expressions for the mechanism 
shown in Scheme 2. The oxidative coupling step has been 
proposed to be the kinetically relevant step for olefin 
oligomerization via the metallacycle mechanism based on 
previous DFT calculations.14,15,19 The proposed rate expressions 
from 4MP, DMB, LH, and 2MP following the metallacycle 
mechanism (See Section S4) are shown in Equations 21-24. 
Assuming the first adsorption from G to H is quasi-equilibrated 
and the formation of species I is at pseudo-steady state, the rate 
expressions can be derived and only expressed in terms of 
propylene pressure and unoccupied nickel sites G. 

𝑟𝟒𝑴𝑷 = k13[𝐼] =
𝑘13𝑘11𝐾10[G]𝑃2

𝐶3𝐻6

𝑘 ―11 + 𝑘12 + 𝑘13 + 𝑘14
                (21)

𝑟𝐃𝐌𝐁 = k14[𝐼] =
𝑘14𝑘11𝐾10[G]𝑃2

𝐶3𝐻6

𝑘 ―11 + 𝑘12 + 𝑘13 + 𝑘14
                (22)

𝑟𝑳𝑯 = k12[𝐼] =
𝑘12𝑘11𝐾10[G]𝑃2

𝐶3𝐻6

𝑘 ―11 + 𝑘12 + 𝑘13 + 𝑘14
                (23)

𝑟𝟐𝑴𝑷 = k13[𝐼] =
𝑘13𝑘11𝐾10[G]𝑃2

𝐶3𝐻6

𝑘 ―11 + 𝑘12 + 𝑘13 + 𝑘14
                (24)

From the rate expressions shown in Equations 21-24, product 
selectivities for 4MP, DMB, LH, and 2MP can be derived as 
shown in Equations 25-28 for the metallacycle mechanism. 
Additionally, the ratio of product selectivities are only a ratio of 
rate constants and are not pressure dependent (Equation 29). 
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Uniquely, the ratio of product selectivities for 2MP and 4MP is 
proposed to be unity in the metallacycle mechanism (Equations 
21 and 24), as these two products share the same oxidative 
coupling step, and the distinct isomers are formed from the β-
hydride elimination step after the kinetically relevant step. Thus, 
individual product selectivities (Equations 25-28) and the ratio 
of product selectivities (Equation 29) are pressure-independent 
for the metallacycle mechanism. 

𝑆𝟒𝑴𝑷 =
𝑘13

𝑘12 + 2𝑘13 + 𝑘14
                        (25)

𝑆𝐃𝐌𝐁 =
𝑘14

𝑘12 + 2𝑘13 + 𝑘14
                       (26)

𝑆𝑳𝑯 =
𝑘12

𝑘12 + 2𝑘13 + 𝑘14
                      (27)

𝑆𝟐𝑴𝑷 =
𝑘13

𝑘12 + 2𝑘13 + 𝑘14
                       (28)

𝑆 (𝐿𝐻 + 2𝑀𝑃)
(4𝑀𝑃 + 𝐷𝑀𝐵)

=
𝑘12 + 𝑘13

𝑘13 + 𝑘14
                     (29)

From the selectivity expressions and ratios derived from the 
Cossee-Arlman (Equations 9-12 and 18-20) and metallacycle 
mechanisms (Equations 25-29), the former and latter are 
pressure-dependent and pressure-independent respectively. 
These differences in product selectivities being pressure-
dependent or pressure-independent arise from the inherent 
mechanistic pathways, where the metallacycle mechanism is 
characteristic of successive coordination before the kinetically 
relevant olefin coupling while the Cossee-Arlman mechanism 
coordinates and inserts an olefin molecule before coordinating 
and inserting a second olefin molecule. Thus, only one pathway 
occurs before the kinetically relevant step in the metallacycle 
mechanism, while two pathways arise via a 2,1- or 1,2- hydride 
insertion step to form C and D in the Cossee-Arlman mechanism. 

In Figure 4, individual product selectivities for 4MP, DMB, 
LH, and 2MP are shown as a function of propylene pressure 
from 5-220 kPa to evaluate the verisimilitude of the Cossee-
Arlman or metallacycle mechanism for propylene 
oligomerization on Ni/UiO-66. At low propylene pressures (<50 
kPa), the selectivities of LH and 2MP increase with increasing 
propylene pressure while the selectivities of 4MP and DMB 
decrease with increasing propylene pressure until all product 
selectivities become invariant with propylene pressure (> 50 
kPa). These selectivity characteristics are consistent with 
selectivity expressions derived in Equation 9-12 for the Cossee-
Arlman mechanism where all product selectivities are a function 
of propylene pressure. Furthermore, the selectivities of 4MP and 
DMB decrease together while the selectivities of LH and 2MP 
increase together, which is consistent with the products of 4MP 
and DMB forming from intermediate C and with products LH 
and 2MP forming from intermediate D, where C and D are two 
distinct Ni-propyl intermediates posited in the Cossee-Arlman 
mechanism.38 

Figure 4 Selectivity of 4MP (▲), DMB (●), LH (●), and 2MP (■) as a function of propylene 
pressure at  473 K on Ni/UiO-66. 

In Figure 5a, ratios of 4MP to DMB (Equation 18), of LH to 
2MP (Equation 19), and of 2MP to 4MP (Equations 21 and 24) 
are plotted as a function of propylene pressure at 473 K from 5 
to 220 kPa to further assess the plausibility of the Cossee-Arlman 
or metallacycle mechanism on Ni/UiO-66. Comparing the ratio 
of selectivities of 4MP to DMB (blue) and of LH to 2MP (black) 
as shown in Figure 5a, the two distinct product ratios are 
unaffected by propylene pressure, which are consistent with 
Equation 18 and Equation 19, respectively, for the Cossee-
Arlman mechanism. However, when comparing the selectivity 
ratio of 2MP to 4MP, the ratio increases as a function of pressure 
at low propylene pressures (<50 kPa) and approaches a value of 
~2. The latter observation is incongruous with the metallacycle 
mechanism as the expected ratio should be pressure independent 
and be a value of unity (Equations 21 and 24). In Figure 4b, the 
ratio of LH + 2MP to 4MP + DMB is plotted against propylene 
partial pressure from 5 kPa to 220 kPa at 473 K. At low 
propylene pressures (<50 kPa), the ratio of LH + 2MP to 4MP 
+ DMB is function of propylene pressure before it becomes 
invariant with propylene pressure, consistent with the selectivity 
expression derived in Equation 20 from the Cossee-Arlman 
mechanism. The individual product selectivities and ratios of 
selectivities from Figures 4 and 5 are all consistent with 
Equations 9-12 and 18-20, respectively, to suggest propylene 
oligomerization occurs via the Cossee-Arlman mechanism on 
Ni/UiO-66. The Cossee-Arlman and metallacycle mechanisms 
can be distinguished based on sequential coordination and 
insertion branching pathways, which give unique product 
selectivities as a function of propylene pressure. 
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Figure 5 Ratio of selectivities for (a) 4MP to DMB (■), LH to 2MP (●), 2MP to 4MP 
(▲), where the dashed lines are meant to guide the eye and (b) LH + 2MP to 4MP 
+ DMB at 473 K on Ni/UiO-66

4. Conclusion 
This work affirms propagation of the Cossee-Arlman 

mechanism over the metallacycle mechanism on Ni/UiO-66 for 
olefin oligomerization, specifically for propylene 
oligomerization, through observations of induction periods in the 
absence of cocatalysts, analysis of the nickel(II) oxidation state 
through XANES, and comparison of apparent activation 
energies through experiment and DFT. This study also illustrates 
a new method to discriminate between the Cossee-Arlman and 
metallacycle mechanisms based on hexene product selectivities 
derived from rate expressions for each mechanism. The former 
shows that the product selectivities and selectivity ratios are a 
function of olefin pressure, consistent with observations reported 
herein to confirm the Cossee-Arlman mechanism. 
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